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Abstract

For more than 400 million years plants have maintained a mutualistic symbiosis with
arbuscular mycorrhizal (AM) fungi. The evolutionary success of this symbiosis which
is formed by more than 80% of all terrestrial plants can be traced to the reciprocal ex-
change of nutrients. The plant receives mineral nutrients, mainly phosphate, from the
fungus which profits from the plants photosynthates. Thus, a significant amount of
photosynthetically fixed carbon is transferred over the hyphal network of the fungus
into the soil. Studying this carbon flux is of great interest, as the AM symbiosis plays
a significant role in the global carbon cycle. Besides, AM fungi are used in agricul-
tural systems as biofertilisers. However, studies showed that certain soil managment
conditions, for example over-fertilisation, can increase the costs to outweigh the ben-
efits for the plant, resulting in reduced plant growth compared to non-mycorrhized
plants. Although several studies have been made, the molecular mechanism of carbon
transfer in the AM symbiosis is not known.
This study reports the isolation and characterisation of the first symbiotic sugar

transporter, GiMST1, of an AM fungus. GiMST1 was identified by Blast searches
together with four other sugar transporters in the genome database of Glomus in-
traradices. Of these transporters, GiMST1 was the only that was significantly ex-
pressed in planta. In situ hybridisation showed the location of GiMST1 in arbuscules
and the intraradical mycelium. GiMST1 functions as a high-affinity transporter for
glucose but transports also other sugars including xylose. Thus, it is suggested that
xylose is an alternative carbon source for AM fungi. This was verified by the identifi-
cation of genes of the xylose catabolism pathway. First experiments were performed
to investigate the regulation of GiMST1, indicating that xylose is a possible inducer
of GiMST1 expression. Furthermore, it could be shown that GiMST1 expression de-
pends on the phosphate homeostasis of the host root. An unexpected finding was the
expression of sugar transporters in the extraradical mycelium, a tissue so far believed
with no sugar uptake capacity.
In addition, two new monosaccharide transporters from S. tuberosum, StHT2 and

StHT6, were isolated from a cDNA library of arbuscule containing root cells. Ex-
pression analyses showed that StHT6 is up-regulated in mycorrhized roots whereas
StHT2 is not differentially regulated. The promoter of StHT6 and a second known
mycorrhiza-induced monosaccharide transporter from M. truncatula, MtST1, were
analysed in vivo and in silico to investigate their possible regulation in mycorrhizas.
With the results presented in this work, the existing model for carbon flux in the

AM symbiosis could be improved.





Zusammenfassung

Seit mehr als 400 Millionen Jahren bilden Pflanzen eine mutualistische Symbiose mit
arbuskulären Mykorrhiza (AM) Pilzen aus. Der evolutionäre Erfolg dieser Symbiose,
die mehr als 80% aller Landpflanzen eingehen, lässt sich vor allem auf den gegen-
seitigen Nährstoffaustausch zurückführen. Dabei profitiert die Pflanze im Besonde-
ren von einer verbesserten Phosphatversorgung durch den Pilz, dieser hingegen von
den Photosyntaten der Pflanze. Ein beträchlicher Teil des von der Pflanze fixierten
Kohlenstoffes gelangt somit über das Hyphennetzwerk des Pilzes in den Boden. Die
Untersuchung des Kohlenstoffflusses in der arbuskulären Mykorrhiza ist aus zweier-
lei Hinsicht von Bedeutung. Erstens, spielt die arbuskuläre Mykorrhiza eine nicht zu
vernachlässigende Rolle im globalen Kohlenstoffzyklus. Zweitens, werden AM Pilze
aufgrund ihrer positiven Eigenschaften zunehmend in der Landwirtschaft eingesetzt.
Studien zeigten allerdings, dass unter bestimmten Bedingungen wie Überdüngung,
die Kosten der Symbiose ihren Nutzen für die Pflanze übersteigen können. Mögliche
Folgen sind ein reduziertes Pflanzenwachstum im Vergleich zu nicht-mykorrhizierten
Pflanzen. Trotz vieler Studien auf diesem Gebiet, sind die grundlegenden Mechanis-
men des Kohlenstoffaustausches in der AM Symbiose nicht bekannt.
Die hier vorliegende Arbeit beschreibt die Isolierung und Charakterisierung des

ersten symbiontischen Zuckertransporters, GiMST1, eines AM Pilzes. GiMST1 wurde
zusammen mit vier weiteren Zuckertransportern mittels Sequenzanalysen in der Ge-
nomdatenbank von Glomus intraradices gefunden. Von diesen Zuckertransportern war
GiMST1 der einzige, der in planta signifikant expremiert war. In situ Hybridisierung
zeigte die Lokalisation von GiMST1 in Arbuskeln und dem intraradikulärem Myzel.
GiMST1 zeigt höchste Affinität für Glukose, transportiert aber auch andere Zucker
wie Xylose. Demzufolge wird angenommen, dass Xylose als alternative Kohlenstoff-
quelle von AM Pilzen genutzt werden kann. Dies wurde durch die Identifizierung
von Genen, die für die Verstoffwechselung von Xylose notwendig sind, bestätigt. Ers-
te Experimente um die Regulation von GiMST1 zu untersuchen zeigten, dass Xylose
die GiMST1 Expression induziert. Außerdem konnte gezeigt werden, dass die Expres-
sion von GiMST1 von dem Phosphathaushalt der Wirtswurzel abhängt. Des weiteren
wurde die Expression von Zuckertransportern im extraradikulärem Myzel beobach-
tet. Dies weist auf eine mögliche Aufnahme von Zuckern über das extraradikuläres
Myzel hin, was bisher ausgeschlossen wurde.
Zusätzlich konnten zwei neue Monosaccharidtransporter von S. tuberosum isoliert

werden, StHT2 und StHT6. Expressionsstudien zeigten, dass StHT6 in mykorrizierten
Wurzeln hochreguliert wird, während StHT2 nicht differenziell reguliert wird. Außer-
dem wurden in vivo und in silico Promoterstudien durchgeführt um die Regulation
von StHT6 und eines weiteren bekannten Myorrkiza-induzierbaren Monosaccharid-
transporters von Medicago truncatula, MtST1, zu untersuchen.
Anhand der Ergebnisse dieser Arbeit konnte das bestehende Modell des Kohlen-

stofffluss in der AM Symbiose ergänzt werden.
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Chapter 1

Introduction

1.1 No Plant Is an Island

No man is an island, entire of itself; every man is a piece of the continent,
a part of the main.

– J. Donne

In its very simplest and most prosaic sense the poem of John Donne reminds us that
human beings are interdependent. In a broader sense, this refers to all organisms,
from a single celled organism in the ocean to the mountain lion in the Andes of
South America. Also plants grown under natural conditions, are not isolated. They
live and interact with members of their kind, but also with herbivorous animals,
insects and microbes colonising different parts of the plant body. Especially the root
surface and its surrounding, the rhizosphere, are densely populated with bacteria,
fungi and oomycetes. The kind of interaction between the plant and its microbial
subtenant can range thereby from parasitism to mutualism.
Parasitic plant-microbe interactions are one of the main subjects in plant research.

Plants are the major source of food and biomaterial worldwide and infections of crop
plants with plant pathogenic microbes cause tremendous harvest losts every year.
One of the most prominent examples in history is the Great Irish Famine (1846/47) in
which the complete potato harvest from North Europe was destroyed in a few weeks
by the pathogenic oomycete Phytophtora infestans (Reader, 2009).
On the other side, mutualistic plant-microbe interactions come more and more

into the focus of research. Studies on mutualistic plant-microbe interactions can also
improve our knowledge of parasitic microbes, as the mechanisms to colonise the plant
and to circumvent plant defense responses are often similar. Of particular importance
are the benefits for the plant arising form these associations i.e., improved growth,
yield and heath. The rhizobial symbiosis, a relationship between leguminous plants
like beans and nitrogen-fixing bacteria, is a classical example. The bacteria supply
nitrogen to the plant and in return receive organic compounds as carbon source.
Another example is the arbuscular mycorrhizal symbiosis which is one of the most
curious cooperations between fungi and plants in the world. This symbiosis is the
subject of this thesis.
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1.2 The Arbuscular Mycorrhizal Symbiosis

Arbuscular mycorrhiza are the rule, not the exception.

– S.E. Smith and F.A. Smith

The name mycorrhiza (from the Greek ’mykes’, meaning fungus and ’rhiza’ meaning
root) was introduced by the german botanist Albert Bernhard Frank (original pub-
lication 1885; English translation 2005 in Mycorrhiza). During his scientific studies
on truffles he observed, that roots of some trees are enclosed by a ’mantle’ of fungal
hyphae. His interpretation of this phenomenon was that some trees are nourished by
fungi. This idea contrasted the common opinion at the beginning of the 19th century
that fungi colonising plants were exclusively pathogens. Today, the mycorrhizal sym-
biosis is commonly regarded as a mutualistic symbiosis in which the plant is supplied
over the hyphal network of mycorrhizal fungus with nutrients from the soil and in
return provides the fungus with organic carbon.
There are two major forms of mycorrhiza, the ectomycorrhiza and the endomycor-

rhiza. The ’fungal-roots’, which were described by Albert Frank, are an example for
ectomycorrhiza, a symbiosis between trees and fungi which are belonging to differ-
ent fungal phylums but with uniform structural features. These are a hyphal sheath
around the root, a system of fungal hyphae growing between epidermal and cortical
cells (the Hartig net) where nutrients are exchanged between the symbiotic partners,
and an expanding hyphal network in the soil. Typically the hyphae in ectomycorrhiza
remain extracellular whereas in endomycorrhiza the fungus penetrates into single
cells of the root cortex to form specialised hyphal structures for nutrient exchange.
The most common type of an endomycorrhiza is the arbuscular mycorrhiza (AM).

Arbuscular mycorrhizal fungi belong to the phylum Glomeromycota (Schüßler, 2001)
and live in permanent association with roots of more than 80% of terrestrial plants
including angiosperms, gymnosperms, some pteridophytes, or gametophytes (Read
et al., 2000). Consequently, AM can be regarded as the normal state of plants in
nature. Nevertheless, there are a few plant families which are characteristically non-
mycorrhizable like Brassicaceae (Glenn et al., 1985), Chenopodiaceae (Hirrel et al., 1978)
and Urticaceae (Vierheilig et al., 1996). AM fungi have a high impact on plant nutri-
tion, mainly on phosphate supply which is described in detail in Chap. 1.4. Addition-
ally, there is evidence that AM fungal colonisation improves the general fitness of a
plant by increasing resistance to pathogens (Dehne and Schoenbeck, 1979; Cordier et
al., 1998) and drought tolerance (Davies et al., 1993; Subramanian et al., 1995; Auge,
2001). In a broader context, AM have a strong influence on carbon and phosphate
cycles, biodiversity and productivity of ecosystems (Bever, 1999; van der Heijden et
al., 1998; Maherali, 2007). For the AM fungus itself, the symbiosis is obligate which
means that the fungus is incapable to complete its life cycle in the absence of a plant
partner. This might be due to the biotrophic life style of AM fungi, as they depend
on the photosynthetic carbon of their green partner.

4
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1.3 The Arbuscular Mycorrhizal Life Cycle

So test therefore who join forever if heart to heart be found together.

– F. Schiller

Roots in soil are colonised by AM fungi either by a pre-existing AM hyphal net-
work growing from living or dead root fragments, or by germinating spores. Asexual
spores are the only developmental stage of an AM fungus which is plant-independent.
Characteristically, AM fungal spores are 40 to 100 μm in length and filled with a huge
number of nuclei and storage lipids. The germination occurs spontaneously, inde-
pendent of plant-derived signals (Mosse, 1959) while forming a small pre-symbiotic
mycelium with limited growth (Mosse, 1988). During this pre-symbiotic phase the
spore maintains hyphal growth by degrading its lipid reserves as carbon source (Bago
el al., 1999). Nevertheless, a slight capacity to utilise exogenous sugars and acetate
was measured (Shachar-Hill et al., 1995; Bago et al., 1999).
In the absence of a host, hyphal growth ceases after 2 to 4 weeks (Mosse, 1988). Cy-

toplasm and nuclei are relocated to the spore accompanied by the formation of septa
starting at the hypal tip (Logi et al., 1998; Dickson et al., 2001). With this programmed
growth arrest the spore retains enough carbon to allow repeated germination until it
encounters a new host.
In the vicinity of roots and triggered by host-derived signals, growth and branching

of the fungus are intensified to increase the probability of direct hyphal-root contact
(Giovanetti et al., 1993). Strigolatons have been characterised by Akiyama at al. (2005)
as one of the crucial plant signals involved in this first crosstalk event between the
symbiotic partners. Strigolactons are carotenoid derived plant compounds which
are highly distributed in the plant kingdom and produced in larger quantities by
AM hosts under phosphate limited conditions. The perception of strigolactons by
the AM fungus triggers changes in hyphal architecture and increases mitochondrial
activity as well as mitosis (Akijama et al., 2005; Besserer et al., 2006). Interestingly
also parasitic weeds like Striga and Orobanche, which are also obligate biotrophs,
respond to strigolactons (Matusova et al., 2005). Analogue to plant-derived signals,
the fungus must emit signals to initiate the symbiotic program of the plant before
physical contact (Requena et al., 2007), like it is reported from the root nodulation
symbiosis (Long, 1996). Here, lipochito-oligosaccharides referred to as Nod-factors
are produced by the bacteria. The Nod-factors are recognised by a specific class
of plant receptor kinases which further activate the genetic program necessary for
nodule formation (Long, 1996). Recently, the chemical structure of the corresponding
Myc-factor was determined also as a lipochito-oligosaccharide compound (Denarie
et al., 2010). It is assumed that the Myc-factor is perceived by so far unknown plant
receptors and transmitted over a signal transduction cascade to trigger expression of
symbiosis related genes. Many of the plant genes involved in the following signal
transduction cascade which is partially conserved in both the mycorrhizal and the
root nodulation symbiosis were already identified by screening of AM or rhizobial
symbiosis defective mutants (for review see Parniske, 2008).
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After root attachment the fungus forms an appressorium from which it penetrates
into the rhizodermis. Therefore the fungus follows two ways either through the cleft
between two adjacent cells, which might involve the localised production of wall de-
grading enzymes as well as hydrostatic pressure (Garcia-Romera, 1991), or directly
through the rhizodermal cell (Genre et al., 2005). By the direct passage the plant cell
forms a prepenetration apparatus (PPA) that guides the invading hypha through the
cell. After the successful colonisation, the fungus grows extensively inter- and intra-
cellularly through the root cortex. The growth pattern describes two different mor-
phological types, named after the plant species in which they were first observed (Gal-
laud, 1905). The Paris-type AM symbiosis (from Paris quadrifolia) is characterised by
extensive development of intracellular coiled hyphae and little intercellular growth.
The Arum-type (from Arum maculatum) is distinguished by the formation of arbus-
cules. Arbuscules (Latin for ’little tree’) are highly branched hyphal structures which
develop by invagination in the root cortical cell. Often the fungus forms also intrara-
dical vesicles which might be used as lipid storage. The life cycle of an AM fungus
is completed with the development of a widespread hyphal network in the soil, the
extraradical mycelium (ERM), which absorbs phosphate and other soil-derived nutri-
ents, initiates the colonisation of other roots, and is also the site of sporulation.

1.4 Uptake and Transfer of Nutrients in the AM Symbiosis

Plants do not have roots, they have mycorrhizas.

– S. William

The AM symbiosis has a long history as predicted by fossil founds of arbuscules,
preserved in the Devonian Rhynie chert which is approximately 400 million years old
(Remy et al., 1994). However, Redecker et al. (2000) found fossil AM fungal spores
from the mid-Ordovician (460 million years ago). Early land plants had just primitive
roots and they were additionally confronted with nutrient-poor soils. Thus it is very
likely, that the mutualistic symbiosis with AM fungi was particularly important for
the nutrition of the first land plants. The highly absorptive extraradical mycelium
of the fungus replaced the primitive roots and allowed the plants to conquer the
terrestrial environment (Pirozynski et al., 1975). To this day, AM fungi contribute
significantly to the plant nutrition, mainly by delivering phosphorus (Karandashov
and Bucher, 2005) but also of nitrogen (Jin et al., 2005) and the micronutrients copper,
zinc, manganese and iron (Liu et al., 2000).

1.4.1 The Fungal-Soil Interface

An essential role in the uptake of soil-derived nutrients is attributed to the extrarad-
ical mycelium (ERM). The fine hyphae can be compared with pipelines transporting
nutrients to the plant and they outrange the plant roots by penetrating in soil pores
and exploiting fresh nutrient pools. For the uploading of nutrients into the fungal
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Figure 1.1. a, Life cycle of AM fungi. In the presymbiotic phase spores can germinate repeatedly in the
absence of host roots. Colonisation of a root starts with the formation of an appressorium from which
the fungus grows inter- and intracellularly through the root cortex forming arbuscules in the inner root
cortex. The life cycle is fulfiled with the formation of an extraradical mycelium in the soil and the
production of spores. b, Schema of an arbuscule. Plant and fungus are separated by the periarbuscular
space. The periarbuscular membrane of the plant is involved in uptake of nutrients delivered by the
fungus. c, Germinated spore. d, Colonised root (trypan blue stained). Fungal structures are shown in
blue. e, Arbuscule stained with trypan blue. f, ERM with spores. (ERM: extraradical mycelium, IRM:
intraradical mycelium, PAS: periarbuscular space, PAM: periarbuscular membrane)
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system, transporter proteins are required. Only a few of these transporters have been
identified so far, e.g. a zinc (Gonzaléz-Guerrero et al., 2005), an ammonium (Lopez-
Pedrosa et al., 2006), an amino-acid transporter (Cappellazzo et al., 2008) from G.
intraradices and three homologous high-affinity phosphate transporters isolated from
three different AM fungi (Harrison and van Buuren, 1995; Maldonado-Mendoza et
al., 2001; Benedetto et al.; 2005). All of these transporters depend on the function of
membrane H+-ATPases generating a proton gradient over the fungal membrane for
active transport. H+-ATPases active in the ERM have been isolated from G. mossae
and G. intraradices (Ferrol et al., 2000; Requena et al., 2003).
A central position in the AM symbiosis has the uptake and transfer of phosphate.

Phosphate is an essential nutrient for plant growth and development. Total phos-
phate concentration in the soil is high, but orthophosphate (Pi), the inorganic form
which is directly accessible for plants, is available only in minor concentrations due to
its low solubility and slow diffusion rate (Schachtman et al., 1998). As a consequence,
the rapid absorption of Pi by the plant results in the development of a depletion zone
around the root (Schachtman et al., 1998). In general, roots use two pathways of
phosphate absorption, the direct uptake trough root epidermis and root hairs which
depends on the extent of Pi depletion, and the mycorrhizal uptake via the extrarad-
ical mycelium which has access to Pi pools far beyond the depletion zone (Zhu et
al., 2001). The significance of the mycorrhizal pathway has been demonstrated in
experiments with radio-labelled Pi only accessible for the ERM (Smith et al., 2003).
These studies confirmed that the AM pathway can dominate the total Pi uptake while
decreasing the direct uptake pathway under low phosphate conditions.
In addition to phosphate, AM fungi assist the plant by providing a significant

amount of nitrogen taken up either as ammonium or as nitrate. Furthermore there
is evidence that AM fungi mineralise organic nitrogen sources (Hodge et al., 2001;
Leigh et al., 2009) and absorb small peptides and amino acids (Cappellazzo et al.,
2008).
For long distance transport towards the ERM, phosphate and nitrogen are con-

verted into special forms. Pi is accumulated in the vacuoles as polyphosphate (Callow
et al., 1978; Ezawa et al., 2003; Solaiman et al., 1999) whereas nitrogen is converted
to arginin (Cruz et al., 2007). Together with other nutrients they are delivered to the
intraradical fungal structures where they are taken by the plant cells at plant fungal
interfaces.

1.4.2 The Plant-Fungal Interface

The main place for nutrient exchange between plant and AM fungus is the arbus-
cule. Arbuscules are specialised feeding structures, comparable with haustoria of
biothrophic fungal pathogens, with the main difference that the nutrient transfer is
bidirectional.
When the fungal hyphae penetrates the cortical cell to develop an arbuscule, the

plant plasma membrane expands to surround the hyphae and forms the so called
periarbuscular membrane (PAM) (Fig. 1.1).

8
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The plant and the AM fungal cell stay separated by an apoplastic interface, the
periarbuscular space (PAS) (Fig. 1.1). The PAS contains non-assembled primary plant
cell wall components such as non-sterified polygalacturonans, xyloglucans, beta-1,4-
glucans and arabinogalactan proteins (Bonfante and Perotto, 1995). Typically these
cell wall components are not cross-linked maybe due to the activity of hydrolytic
enzymes released by the fungus. Low levels of AM fungal polygalacturonases have
been detected in the PAS (Peretto et al., 1995). Additionally, the activity of fungal or
plant xyloglucanases (Rejon-Palomares et al., 1996) and plant xyloglucan endotrans-
glucosylase/hydrolyase (Maldonado-Mendoza et al., 2005) is increased in colonised
roots. The function of plant xyloglucan endotransglucosylase/hydrolyase in the AM
is not known so far but they might be involved in the reorganisation of the plant cell
wall around the forming arbuscule.

Plant gene expression studies show that some genes are specifically induced in
cells containing arbuscules. The PAM shows for example a very high ATPase activity
(Gianinazzi-Pearson et al., 1991, 2000). This and the increased surface structure are
conform with the active transfer of fungal derived nutrients over this membrane.
The evidence for the transfer of phosphate over the PAS correlates with the isolation
of the first plant phosphate transporter (PT) from S. tuberosum (Rausch et al., 2001)
specifically expressed in arbuscule containing cells. Until now, several phosphate
transporters possibly involved in the uptake of AM fungal-derived Pi were isolated
from various plants (Rausch et al., 2001; Harrison et al., 2002; Paszkowski et al.,
2002; Glassop et al., 2005, 2007; Güimil et al., 2005; Nagy et al., 2005; Maeda et
al., 2006). According their expression level these transporters can be subdivided in
mycorrhiza up-regulated or specific transporters which were only located in the PAM.
The mechanism for Pi release in the PAS is still in discussion. It is proposed that
polyphosphate is hydrolysed and the released Pi follows passively a concentration
gradient over the arbuscule membrane into the PAS where it is actively taken up by
the plant cell (Javot et al., 2007).

Nitrogen is released from the fungus to the plant in inorganic form (Govindarajulu
et al., 2005). Arginin arriving from the ERM is broken down in the intraradical fungal
hyphae, liberating urea and ornithine which are further cleaved to ammonium (NH4)
(Jin et al., 2005; Cruz et al., 2007). NH4 is released into the PAS by an unknown
mechanism. The first plant ammonium transporter (AMT) mediating nitrogen uptake
in arbuscules was isolated recently in a screen on mycorrhizal induced genes in Lotus
japonicus by Güther et al. (2009).

Arbuscules are relatively short-living structures and degrade within seven days,
whereas the affected plant cell recovers and can be re-colonised by the fungus (Smith
and Read, 1997). The reason for the fast arbuscular collapse is not clear, particularly
because their development demands complex cell rearrangements from both sym-
biotic partners. Host defense reactions against progressive fungal invasion as well
as discrimination between efficient and inefficient arbuscules in term of phosphate
delivery are considered (Smith and Read, 1997). Because of the short life span of
arbuscules, the persistent intraradical mycelium of the fungus is also regarded to be
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involved in nutrient transfer (Smith and Read, 1997). Also here, high ATPase activity
indicating active transport processes was measured (Gianinazzi-Pearson et al., 1991,
2000).

1.5 Carbon Fluxes in the AM Symbiosis

Sweets for my sweet, sugar for my honey.

– The Searchers

In return to the absorbed nutrients, an estimated 20% of photosynthetically fixed car-
bon is transferred to the fungus (Jakobsen and Rosendahl, 1990). An indirect evidence
for the carbon transfer from the plant to the fungus is that AM fungi are only capa-
ble for ERM proliferation and spore production when the intraradical colonisation is
established. Additionally, several authors have shown that a decrease of irradiance
reduces fungal growth indicating that the fungus feeds on photosynthates (Hayman,
1974; Tester et al., 1985; Son and Smith, 1988; Smith and Gianinazzi-Pearson, 1990).
Early studies with plants exposed to radio-labelled CO2 proved a transfer of carbon
to the fungus (Ho and Trappe, 1973; Hirrel and Gardemann, 1979; Francis and Read,
1984). Further experiments of Solaiman and Saito (1997) using radiorespirometric
analysis demonstrated directly the sugar uptake capacity of isolated intraradical fun-
gal structures.
Pfeffer et al. (1999) were not only able to confirmed the previous experiments, they

were also able to determine in which form the carbon is transferred in planta using
in vitro cultures of G. intraradices and Daucus carota hairy roots grown in dual com-
partment plates (for a detailed description of the system see Chap. 2.1.6). In their
experimental assay they exposed the colonised carrot roots to radio-labelled sugars
(glucose, fructose, mannitol or succinate) and measured the incorporation of 13C in
fungal storage lipids by nuclear magnetic resonance spectroscopy (NMR). In sum-
mary, their results indicated that 13C-labelled glucose and to a lesser content fructose
but not mannitol or succinate are taken up by the fungus within the roots. Pfeffer et
al. (1999) confirmed also the findings of Sachar-Hill et al. (1995) which showed that
the delivered hexoses are rapidly incorporated into glycogen and trehalose to buffer
intracellular glucose concentrations. Furthermore, hexoses are either metabolised in
the IRM via the pentose phosphate pathway (PPP) or are converted into lipids which
are stored or transported to the ERM. Here hexoses can be released by gluconeogen-
esis and metabolised also via the PPP. Additionally, Pfeffer et al. (1999) were able to
demonstrate that the ERM has no capacity to utilise exogenous sugars for catabolism,
storage or transfer. This was tested by exposing only the separated ERM to 13C-
glucose of 13C-fructose in the dual compartment system. Thus, they showed that
the 13C-labelled sugars were not metabolised in the ERM by detecting the release
of respired 13CO2. Further they showed, that neither in the mycelium in the fungal
compartment nor in colonised roots in the root compartment 13C was incorporated
in fungal storage lipids using the NMR technique. The main conclusion of this ex-
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periment was, that the fungus takes up sugars only in the plant but not by the ERM.
Nevertheless, Bago et al. (2002, 2003) showed that other carbon sources than sugars
are taken up by the ERM. When exposing the ERM to radioactive-labelled glycogen or
acetate, they observed labelling of different fungal storage compounds like trehalose
and triacylglycerol (TAG).

AM fungi increase the sink strength, alter the carbohydrate pools and influence ex-
pression of genes required for hexose uptake in the plant and allocation in roots. Su-
crose is the main form in which photosynthetically fixed carbon is transported from
photosynthetic leaves (sources) to non-photosynthetic organs like the roots (sinks).
Thereby, sucrose is transferred in the phloem and delivered to the cells either via
apoplastic or symplastic transport through plasmodesmata (Atwell et al., 1999). In
sink tissues sucrose synthases or invertases cleave sucrose to glucose and fructose
(Atwell et al., 1999). Such sucrose-cleaving enzymes of plant origin have been shown
to be involved in carbon allocation in the AM symbiosis. Several studies revealed
increased transcript accumulation of cytoplasmic sucrose synthases (Blee and Ander-
son, 2002; Ravnskov et al., 2003; Hohnjec et al., 2003), and cytoplasmic (Schubert et
al., 2004) or apoplastic invertases (Schaarschmidt et al., 2006). Furthermore, Harrison
et al. (1996) identified a hexose transporter of M. truncatula (MtST1) with increased
transcript levels in roots colonised by the AM fungi G. versiforme. MtST1 is located in
the phloem and the root tips in non-mycorrhized roots. However upon AM fungal
colonisation transcripts could also be detected in arbusculated cells or cells close to
the IRM. The increased activity of MtST1 in AM symbiosis might be a result of the
higher metabolism of colonised cells or an attempt to restrict excessive hexose efflux
to the fungus.

The place of carbon delivery is a matter of debate. It is often assumed that the
arbuscule is the site of both phosphate and carbon transfer. The fact that hyphae can
colonise roots effectively even when producing no arbuscules suggests, that intercel-
lular hyphae might be at least in part of the location (Smith and Smith, 1996).

The mechanism of carbon uptake is also unclear. The uptake can be passive fol-
lowing a concentration gradient with high sugar concentrations at the plant-fungal
interface and lower concentrations in the fungus because of the rapid conversion of
the sugars to trehalose or glycogen (Bago et al., 2000), or it can by active by pro-
ton depending sugar transporters. H+-ATPase activity of arbuscules and the IRM
(Gianinazzi-Pearson et al., 1991) as well as the isolation of a fungal ATPase active in
planta indicate active transport processes. Additional evidence comes from the iso-
lation and characterisation of active sugar transporters from other biotrophic fungi
like ectomycorrhizal fungi or plant pathogens (Nehls et al., 1998; Voegele et al., 2001;
Nehls, 2004; Schüßler et al., 2006; Polidori et al., 2007; Wahl et al., 2010). Noteworthy
is the description of the first Glomeromycotan monosaccharide transporter GpMST1
from Geosiphon pyriformis, a near relative of AM fungi that forms a symbioses with the
cyanobacteria (Nostoc punctiformis) (Schüßler et al., 2001, 2006). GpMST1 was identi-
fied in a cDNA yeast-expression library from isolated ’bladders’, symbiotic structures
very similar to arbuscules, and therefore regarded as the relevant transporter in C-
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Figure 1.2. Metabolic fluxes in the AM symbiosis after Bago et al. (2000) and Parniske (2008). Plant hex-
oses are taken up by the fungus by an unknown mechanism. Hexoses are incorporated in triacylglyc-
eral (TAG) and glycogen (Glyc) for long distance transporter or metabolised via the oxidative pentose
phosphate pathway (PPP). In the ERM hexoses are synthesised from lipids by glucogneogenesis and
metabolised in the PPP. TAG and Glyc are used for synthesis of trehalose and chitin. Inorganic phos-
phate is taken up by the fungus from the soil and transferred as polyphosphate (PolyP) to intraradicular
structures. Nitrogen in form of amino acids or ammonium are transferred as arginine putatively bound
on PolyP to the arbuscules. Phosphate is released in the periarbuscular space and taken up by the plant
cell via plant specific phosphate transporters like PT4. Nitrogen is released as urea from arginine and
transferred to the plant as ammonium.

flow from algae to fungus. By heterologous expression of GpMST1 in yeast, Schüßler
et al. (2006) showed highest uptake rates for glucose and fructose, mannose, galac-
tose and xylose. Because of the wide substrate specificity of GpMST1 they speculated
that other monosaccharides than glucose liberated from the plant cell wall might be
used as carbon source by AM fungi in general. Schüßler et al. (2007) states, that ’the
GpMST1 sequence delivers valuable data for the isolation of orthologues from other
AM fungi and may eventually lead to the understanding of C-flows in the AM’. How-
ever, a sugar transporter from an AM fungi has not been isolated so far and the key
mechanisms in AM carbon transfer are not entirely known. The existing model for
carbon, phosphate and nitrogen fluxes in the AM symbiosis is shown in Fig. 1.2.

1.6 Motivation for this Thesis

In order to satisfy the worldwide demand for nutrients, the majority of agricultural
systems depend on the application of fertilisers. The total use of fertilisers increased
from 14 million tons in the year 1950 to 145 million tons in the year 2003 (Earth Policy
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Institute).
Phosphorous is one of the frequently limited nutrients in soil. The production of

phosphorous fertilisers is highly energy-consuming and depends on non-renewable
resources. It was estimated that the rock deposits, the main phosphorous sources,
could be depleted in almost 50 years (Vance et al., 2003). To prevent a ’potential
phosphate crisis’ for the coming generations, sustainable management of phosphate
in agricultural systems is indispensable (Abelson, 1999).
The application of arbuscular mycorrhizal fungi is one example for sustainable

agriculture. Mycorrhizal associations can maximise the amount of phosphate avail-
able for the plant, and therefore improve the plant productivity. However, this is not
always the case as the symbiosis can switch from mutualism to parasitism (Johnson
et al., 1997), depending on the carbon fee the plant has to pay. Under laboratory
conditions the plant invests around 17% of the photoassimilates in the fungus rather
than in the development of roots (Bryla and Eisenstaat, 2005). Under phosphate lim-
ited conditions, the benefit (a surplus of phosphate) outranges the cost (a loss of
carbon). However, the cost can also exceed the benefit for mycorrhizal plants under
well-fertilised conditions. Here, the plant can supply itself with adequate amounts
of phosphate from its surrounding, while still providing the fungus with carbon. For
this reason, some plants inhibit mycorrhizal colonisation at high phosphate concen-
trations (Menge et al., 1978; Bruce et al., 1994). Other plants, maintain high colonisa-
tion rates (Peng et al., 1993). In this case, the fungus acts as a parasite which can result
in growth depression relative to non-mycorrhized plants (Peng et al., 1993; Olsson et
al., 2010). However, not only phosphate but also carbon limitation of the plant e.g.
after shading can also minimise the beneficial effect of the AM symbiosis (Hayman,
1974; Olsson et al., 2010).
The aim of this work is the isolation and characterisation of sugar transporters

mediating the carbon flow from the plant to the AM fungus. The identification of
such transporters in the AM symbiosis has been elusive so far, despite many efforts
in several laboratories. However, their characterisation opens the field for research on
the key mechanisms involved in AM symbiotic carbon flow and its regulation.
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Chapter 2

Materials and Methods

2.1 Organisms and Culture Conditions

2.1.1 Organisms

Tabs. 2.1 and 2.2 give a detailed list of all organisms which were used for this study
considering genotype and origin of the strain or cultivar. The cultivation conditions
and the generation of the genetically modified organisms are described in the follow-
ing chapters.

2.1.2 Cultivation of Escherichia coli and Agrobacterium rhizogenes

E. coli and A. rhizogenes strains were grown in liquid cultures or on solid agar plates
supplemented with the appropriate antibiotics (Tab. 2.3) under aerobic conditions.
E.coli was cultivated at 37 ◦C on LB agar plates. Liquid cultures of E. coli were inoc-
ulated according the requirements in 3 to 20ml of LB medium and incubated over
night at 37 ◦C on a rotatory shaker at 180 rpm. A. rhizogenes was cultivated on TY
plates. Liquid cultures of A. rhizogenes were grown in 3ml TY medium at 28 ◦C on a
rotatory shaker at 200 rpm.
All media and glass ware for bacterial cultivation were sterilised by autoclaving

at 121 ◦C for 15min. Heat sensitive reagents like antibiotics were filter sterilised and
added after autoclaving.
For solid media 1.5% Agar-Agar were added before autoclaving.

LB medium

• 10 g tryptone
• 5 g yeast extract
• 10 g NaCl
• add 1000ml dH2O
• pH 7.0

LB/X-gal/ITPG plates for ’blue-white’ screening

• LB agar plates
• 40 μg

ml X-gal (2% stock solution in DMF)

15



Chapter 2 Materials and Methods

Strain�                        Genotype�  Reference�

Escherichia coli�

DH5α� F- endA1 glnV44 thi-1 recA1 relA1 gyr A96 
deoR nupG Φ80dlacZΔM15 Δ(lac ZY-argF)
U169, hsdR17 (rK- mK+), λ-�

Invitrogen (USA)�

TOP10 � F- mcrA Δ(mrr-hsdRMS-mcrBC) 
φ80lacZΔM15 ΔlacX74 recA1 araD139�

Invitrogen (USA)�

XL1 Blue� recA1 endA1 gyrA96 thi.1 hsdR17 supE44 
ralA1 lac [F’ proAB laclqZΔM15 Tn10 (Tetr)�

Stratagene (Germany)�

Agrobacterium rhizogenes�

ARqua1� Smr derivative of A. rhizogenes strain A4T 
(White et al. 1985)�

Quandt et al., 1993�

ARqua1-pMtPT4GFP-GUS-RR� ARqua1 transformed with the binary 
vector pMtPT4GFP-GUS-RR; Smr, Specr�

Provided by H. Kuhn 
(KIT, Germany)�

ARqua1-pHT6-GFP-GUS-RR� ARqua1 transformed with the binary 
vector pHT6-GFP-GUS-RR; Smr, Specr�

This work�

ARqua1-pST1-GFP-GUS-RR� ARqua1 transformed with the binary 
vector pST1-GFP-GUS-RR; Smr, Specr�

This work�

Saccharomyces cerevisiae�

EBYVW.4000� MATa Δhxt1-17 Δgal2 Δstl1 Δagt1 Δmph2 
Δmph3 leu2-3, 112 ura3-52 trp1-289 his3-
Δ1 MAL2-8c SUC2�

Wieczorke et al., 1999�

EBYVW.4000-pAOHX2� EBYVW.4000 transformed with 
pAOHX2; URA3�

This work�

EBYVW.4000-pNH196� EBYVW.4000 transformed with �
pNH196; URA3�

This work�

EBYVW.4000-pNH196-StHT6 � EBYVW.4000 transformed with �
pNH196-StHT6; URA3�

This work�

EBYVW.4000-pNH196-StHT2 � EBYVW.4000 transformed with �
pNH196-StHT2; URA3�

This work�

EBYVW.4000-pNEV-N� EBYVW.4000 transformed with�
 pNEV-N; URA3�

This work�

EBYVW.4000-pNEV-N-GiMST1 � EBYVW.4000 transformed with�
pNEV-N-GiMST1; URA3�

This work�

EBYVW.4000-pEX-TAG-GiMST1� EBYVW.4000 transformed with �
pEX-TAG-GiMST1; URA3�

This work�

EBYVW.4000-pEX-TAG-UmHXT1� EBYVW.4000 transformed with �
pEX-TAG-UmHXT1; URA3�

Provided by K. Wippel 
(FAU Erlangen, 
Germany)�

Aspergillus nidulans�

GR5� pyrG89;wA3;pyroA4; veA1� Waring et al., 1989�

GR5-pMST1-DsRed-StuA� GR5 transformed wiith pPMST1-DsRed-
StuA�

This work�

Arbuscular mycorrhizal fungi�

Glomus intraradices � DAOM 181602 (wt)� Schenk and Smith, 1982�

Table 2.1. List of bacterial and fungal strains used for this work.
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Strain�            Genotype� Reference�

                                                                                  Plants�

Solanum lycopersicum 
Mill.cv Rio Grande�

76R (wt)� Originally from Peto Seed 
Company, USA; seeds 
provided by E. Neumann 
(IGZ, Germany)�

S. lycopersicum Mill.cv rmc� Tomato mutant line showing reduced 
mycorrhizal colonisation (rmc), parental 
line S. lycopersicum Mill.cv Rio Grande 76R�

Barker et al., 1998;�
seeds provided by E. 
Neumann (IGZ, Germany)�

Medicago truncatula cv 
Jemalong �

A17 (wt)� No data�

                                                                             Hairy roots�

Daucus carrota-ARqua1� Transformed with ARqua1 � No data�

S. tuberosum-pStPT3-FT-
GUS�

Transformed with pBin19 carrying StPT3 
promoter-Fluorescent Timer chimeric 
gene�

Karandashov et al., 2004�

Rio Grande 76R-pMtPT4-
GFP-GUS-RR�

Transformed with ARqua1-pMtPT4-GFP-
GUS-RR;  RedRoot cassette, Kmr�

This work�

Rio Grande 76R-pHT6-GFP-
GUS-RR�

Transformed with ARqua1-pHT6-GFP-
GUS-RR; RedRoot cassette, Kmr�

This work�

Rio Grande-pST1-GFP-
GUS-RR�

Transformed with ARqua1-pSt1-GFP-
GUS-RR; RedRoot cassette, Kmr�

This work�

rmc-pMtPT4-GFP-GUS-RR� Transformed with ARqua1-pMtPT4-GFP-
GUS-RR; RedRoot cassette, Kmr�

This work�

M. truncatula-ARqua1� Transformed with ARqua1 � Kuhn et al., 2009�

M. truncatula-pHT6-GFP-
GUS-RR�

Transformed with ARqua1-pHT6-GFP-
GUS-RR; RedRoot cassette, Kmr�

This work�

M. truncatula-pST1-GFP-
GUS-RR�

Transformed with ARqua1-pST1-GFP-
GUS-RR; RedRoot cassette, Kmr�

This work�

Table 2.2. List of plant cultivars and hairy roots used for this work.
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Antibiotic� Provider� Final Conc.�  Stock Conc.�

(μg/ml) � (mg/ml) �
Ampicillin Sodium (Amp)� Carl Roth GmbH & 

Co KG, Germany�
100� 100�

Chloramphenicol (Cm)� Duchefa Biochemie, �
The Netherlands�

34� 34�

Kanamycin Monosulfate (Km)� Carl Roth GmbH & 
Co KG, Germany�

50� 50�

Streptomycin  Sulfate (Sm)� Duchefa Biochemie, �
The Netherlands�

60� 100�

Spectinomycin Dihydrochloride (Sp)� Duchefa Biochemie, �
The Netherlands�

100 (E.coli)�
600 (A. rhizogenes)�

100�

Tetracycline Hydrochlorid (Tet)� Carl Roth GmbH & 
Co KG, Germany�

25� 25�

Table 2.3. Antibiotics and their working concentrations used for bacterial media. Antibiotics were
dissolved in dH2O, filter sterilised and stored at −20 ◦C.

• 40 μg
ml ITPG (100mM stock solution in sterile dH2O)

TY medium

• 5 g tryptone
• 3 g yeast extract
• 0.9 g calcium chlorid dihydrate
• add 1000ml dH2O
• pH 7.0

2.1.3 Cultivation of Saccharomyces cerevisiae (Baker’s Yeast)

S. cerevisiae strains were cultivated on solid plates at 30 ◦C in a laboratory incubator.
Liquid cultures were inoculated according the requirements in 3 to 100ml medium
and incubated at 30 ◦C and 200 rpm on a rotatory shaker.
The autoclaving of media and glass ware for cultivation was usually carried out for

15min at 120 ◦C.
Amino acids and sugars were prepared separately as stock solutions, filter sterilised

and added after autoclaving to the media in the appropriate concentrations (Tabs. 2.4
and 2.5). For solid media 2% Agar-Agar was added before autoclaving.

Rich medium:

YPD medium

• 1% (w/w) yeast extract
• 2% (w/w) peptone
• 2% (v/w) sugar

1X YPDA medium
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Amino Acid� Provider� Final Conc.�  Stock Conc.�

(μg/ml) � (mg/ 100 ml)�

Adenine (hemisulfate salt)� Simga-Aldrich, Inc., USA� 40� 500�

L-histidine� Biomol Feinchemikalien GmbH, 
Germany�

20� 240�

L-leucine� Biomol Feinchemikalien GmbH, 
Germany�

60� 720�

L-tryptophan� Applichem GmbH, Germany� 40� 480�

Uracil� Applichem GmbH, Germany� 20� 240�

Table 2.4. Amino acid concentrations used for YNB medium. The amino acids were prepared as stock
solutions in dH2O, filter sterilised and stored at 4 ◦C.

• 1% yeast extract
• 2% sugar
• 0.003% adenine
• pH 6.5

2X YPDA medium

• 2% yeast extract
• 4% peptone
• 4% sugar
• 0.006% adenine
• pH 6.5

Minimal medium:

YNB medium

• 0.17% YNB -AA/AS (Formedium™, UK)
• 0.5% ammonium sulfate
• 0.1 or 2% sugar
• pH 5.6

The YNB medium was supplemented with amino acids depending on the yeast geno-
type and the auxotrophic markers used for the selection of transformants.

2.1.4 Cultivation of Aspergillus nidulans

The A. nidulans strain GR5 (Waring et al., 1989) was cultivated on solid or in liquid
minimal medium at 37 ◦C under aerob conditions. For solid media 1.5% Agar-Agar
was added before autoclaving.
The autoclaving of media and glass ware for cultivation was usually carried out for

15min at 120 ◦C.

Minimal Medium for Aspergillus Cultivation
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Carbohydrate Source� Provider� Final Conc.�  Stock Conc.�

%� %�
D(+)-Maltose� Sigma-Aldrich, Inc., USA� 2; 4� 20 or 40�

α-D(+)-Glucose� Carl Roth GmbH & Co KG, Germany � 0.1; 2; 4� 20 or 40�

D(-)-Fructose� Carl Roth GmbH & Co KG, Germany � 0.1; 2; 4� 20 or 40�

D(+)-Mannose� Carl Roth GmbH & Co KG, Germany � 0.1; 2; 4� 20 or 40�
D(+)-Galactose� Merck KGaA, Germany� 0.1; 2; 4� 20 or 40�

D(+)-Xylose� Carl Roth GmbH & Co KG, Germany � 0.1; 2; 4� 20 or 40�

D(+)-Sucrose� Carl Roth GmbH & Co KG, Germany � 0.1; 2; 4� 20 or 40�

Table 2.5. Carbohydrate sources and their concentrations used for different yeast media. The sugars
were prepared as 20 or 40% stock solutions in dH2O, filter sterilised and stored at 4 ◦C.

• 50ml 20X salt solution
• 1ml 1000X trace elements
• 100mM glucose
• 1 g uridine
• 1ml 500mM uracil
• 1ml 0.1% (w/v) pyridoxine
• add 1000ml dH2O
• pH 6.5

20X Salt solution

• 120 g NaNO3
• 10.4 g KCl
• 10.4 g MgSO4x7H2O
• 30.4 g KH2PO4

• add 1000ml dH2O

1000X Trace elements

• 22 g ZnSO4x7H2O
• 11 g H3BO3

• 5 g MnCl2x4H2O
• 5g FeSO4x7H2O
• 1.6 g CoCl2x5H2O
• 1.6 g (NH4)6Mo7O24x4H2O
• 1.1 g Na4EDTA
• add 1000ml dH2O
• pH 6.5

20
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2.1.5 Cultivation of Agrobacterium rhizogenes Transformed Roots

A. rhizogenes transformed roots (’hairy roots’) were grown on modified minimal me-
dium (M medium) with 1% saccharose (Bécard and Fortin, 1988; Tab. 2.6) on 9 cm
petri dishes at 28 ◦C. The dishes were wrapped two times with PARAFILM® (Amer-
ican National Can Company, USA) to exclude contaminations. The medium was
adjusted before autoclaving to a pH of 5.5 and solidified with 3% phytogel (Sigma-
Aldrich, USA). For continuous cultures, pieces of the roots were transferred to fresh
M medium.

2.1.6 In vitro Cultivation of Glomus intraradices

Many attempts have been made in the last decades to establish an in vitro system that
enables the sterile and continuous cultivation of AM fungi under laboratory condi-
tions. As the life cycle of the obligate biotrophic AM fungi depends fundamentally on
the intimate symbiosis with a plant root, the long term cultivation without a host is
not possible. One important step towards the in vitro cultivation was the application
of excised roots which were grown on synthetic mineral medium supplemented with
vitamins and a carbon source. Mosse and Hepper (1975) used such root-organ cul-
tures for first mycorrhization experiments with Glomus mosseae spores. Later Mugnier
and Mosse (1987) established the in vitro mycorrhization of Agrobacterium rhizogenes
transformed roots which are in comparison to non-transformed roots much easier to
handle on synthetic medium for long-term cultivations. However, it was the pioneer-
ing work of Bécard and Fortin (1988) that resulted in the first in vitro sporulation of
an AM fungus demonstrating that AM fungi are abel to fulfil their whole life cycle in
this artificial system.
For this work, the AM fungus G. intraradices (Schenk and Smith, 1982) was culti-

vated with A. rhizogenes transformed carrot roots according Bécard and Fortin (1988)
on modified M medium (Tab. 2.6). For continuous cultures mycorrhized roots were
transferred to fresh M medium and cultivated at 27 ◦C allowing continued prolifera-
tion of the pre-existing root fungal association.

G. intraradices was also cultivated in a dual compartment system introduced by St.
Arnaud et al. (1996) (Fig. 2.1) in which a 90 cm in diameter petri dish is subdivided by
a plastic bridge into two compartments called the ’root compartment’ and the ’fungal
compartment’. In the ’root compartment’ hairy roots of Daucus carota colonised by G.
intraradices are cultivated on M medium supplemented with sucrose. From this site
only the fungal hyphae are able to cross the border and to proliferate in the ’fungal
compartment’ on M medium without sucrose. The main advantages of this system
are the physical separation of hyphae and mycorrhized roots, which facilitates the
isolation of hyphae and spores in large quantities, a non-destructive monitoring of all
symbiotic stages otherwise hided by soil, and the sterile growth condition which is
mandatory for physiological, molecular and biochemical studies.
Fungal hyphae were also cultivated in liquid medium. For that, the solid medium

of the ’fungal compartment’ was replaced with 8ml of 2XMmediumwithout sucrose.
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Solution� Final Conc. (mg/l)� Stock Conc. (g/l)

Macroelements�

KNO3� 80� 3.2�

MgSO4 x 7H2O� 731� 29.24�

KCl� 65� 2.6�

Microelements�

MnCl2 x 4H2O� 6.0� 6.0�

H3BO3� 1.5� 1.5�

ZnSO4 x 7H2O� 2.65� 2.65�

Other Microelements�

Na2MoO4 x 2H2O� 0.0024� 0.02�

CuSO4 x 5H2O� 0.13� 1.3�

KH2PO4� 4.8� 48�

Ca(NO3)2� 288� 115.2�

NaFeEDTA� 8� 3.2�

Vitamin solution�

Glycine� 3� 0.3�

Myo-inositol� 50� 5�

Nicotinic acid� 0.5� 50�

Pyrodoxine HCl� 0.1� 10�

Thiamine HCl� 0.1� 10�

Sucrose� 1 %�

Phytagel� 3 %�

pH� 5.5�

Table 2.6. M Medium composition after Bécard and Fortin (1988). All stock solutions were stored
without autoclaving at 4 ◦C. The pH was adjusted to 5.5 and the media was solidified with 3% phytagel.
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Fungal compartment 
(M medium –sucrose) 

Root compartment 
(M medium +sucrose) 

a 

Fungal compartment 
(Liquid M medium -sucrose) 

b 

Root compartment 
(M medium +sucrose) 

Figure 2.1. In vitro cultivation of G. intraradices. a, Cultivation of G. intraradices in a dual compartment
system divided into a ’fungal compartment’ (magnification showing hyphae and spores of G. intaradices
grown on M medium without sucrose) and a ’root compartment’ (magnification showing a D. carota
root colonised with G. intraradices on M medium with sucrose). b, Dual compartment system for G.
intraradices cultivation showing fungal hyphae grown in liquid M medium.

To facilitate the growth of the hyphae, a small grid like a trellis for creeping plants,
was scratched on the bottom of the plate with a sterile scalpel.

M medium for the ’root compartment’

M medium described in Tab. 2.6 with 1% sucrose.

M medium for the ’fungal compartment’

M medium described in Tab. 2.6 without sucrose.

2X M medium for hyphal proliferation in liquid cultures

M medium described in Tab. 2.6 but with the double concentration of all solutions
except phosphate and without sucrose.

2.1.7 Isolation of G. intraradices Spores

AM fungal spores undergo a period of dormancy, a germination arrest which is often
influenced by exogenous factors like moisture, pH or temperature. Several authors
observed, that a cold period is essential to brake dormancy and synchronise germina-
tion of AM fungal spores (Tommerup, 1983; Juge et al., 2002), thus cold stratification
of spores has become a common laboratory practice.
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Prior spore isolation, four weeks old dual compartment plates of D. carota and G.
intraradices were stored for at least two weeks in a cold room at 4 ◦C. The ’fungal
compartment’ sides were cut out from the cold treated plates and the phytagel was
dissolved by stirring in an excess of citric acid buffer. The spores were finally col-
lected using a sieve system with decreasing mesh width of 1mm, 125 μm and 40μm.
Spores were surface sterilised overnight with antibiotics (100 μg

ml gentamycin, 200 μg
ml

streptomycin) and further treated with a 2% (w/v) chloramin T solution (Carl Roth,
Germany) for 15min. Collected spores were placed directly on water agar (MES)
plates onto 5 cm×5 cm sterile cellophane sheets. The spores were germinated at 27 ◦C
for three days.

Citric acid buffer

• 1.7% (v/v) 0.1M citric acid
• 8.3% (v/v) trisodium citrate
• pH 6.6

Water agar (MES)

• 1.9 g 10mM 2-(N-morpholino)ethanesulfonic acid (MES)
• 8.8ml 1M NaOH
• 11.2ml 1M NaCl
• 0.8% Agar-Agar
• pH 5.5

2.2 Experimental Design

2.2.1 In vitro Mycorrhization Assay of Hairy Roots

Unlike in the rhizobial symbiosis are signals from the plant shoot not obligatory for
the establishment of a functional AM symbiosis. Hence, hairy roots can be used as
well as host for AM fungi with the advantage, that they can be genetically manip-
ulated by A. rhizogenes to express or depress genes involved in the mycorrhization
process. Further, the fungal colonisation of the roots can be performed under sterile
conditions in the in vitro system (Chap. 2.1.6).
For mycorrhization experiments with hairy roots, the solidified medium on the

’fungal compartment’ site from three weeks old plates was cut out with a sterile
scalpel and replaced by new solid M medium with sucrose but with the half concen-
tration of phosphate (17.5 μM KH2PO4). This reduction of phosphate should imitate
phosphate limited conditions in the system, thereby stimulating the colonisation of
the hairy roots by the fungus. The medium was poured diagonally to the compart-
ment border like a gently sloping ramp to the other side to facilitate and to accelerate
the passage of the new developing fungal hyphae (Fig. 2.2 c). A cellophane sheet was
placed on top of the new medium on which the hyphae were allow to proliferate for
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a 

New host root 

Carrot roots 

c 

Fungal compartment Root compartment 

Cellophane Carrot roots 
New host root b 

AM-fungus Hyphae 

Root compartment Fungal compartment 

Figure 2.2. In vitro mycorrhization assay. a, Transgenic host root mycorrhized in the dual compartment
in vitro system. b, Schema of a plate used for the mycorrhization assay. The new host root is placed
between two cellophane sheets to increase contact sites with the fungal hyphae. c, Lateral view of a plate
prepared for the mycorrhization assay. The medium in the ’fungal compartment’ is poured diagonally
to the compartment boarder (indicated by the dashed arrow).

three to five days in order to synchronise the following colonisation of a new host
root. Hairy roots of tomato, potato or Medicago were placed into the ’fungal com-
partment’ on the cellophane proximal to the hyphae. Roots and hyphae were covered
with a second cellophane sheet to increase contact sides and to reduce contaminations
(Fig. 2.2 b). For time course experiments with potato, colonised roots were collected
after 3, 11, 14 or 32 days. In general full mycorrhized roots were harvested after 14 to
21 days co-incubation of roots and fungal hyphae at 27 ◦C in dark.

2.2.2 In vitro Mycorrhization of Medicago Plants

Additionally whole M. truncatula plants were mycorrhized for a time course experi-
ment in the dual compartment system but in liquid medium as described by Kuhn
et al. (2010). In this case, the medium in the ’fungal compartment’ side was replaced
with liquid 2X M medium without sucrose and the plates were incubated 10 days
at 27 ◦C for the development of extraradical hyphae (Chap. 2.1.6). Than three to five
days old seedlings were planted into openings in the plate lid of the ’fungal compart-
ment’ side. The plants were incubated for 1, 12, 25 days in liquid medium together
with the hyphae at 25 ◦C and with a photoperiod of 16 h of light.

2.2.3 Phosphate Treatment of Mycorrhized Roots

Hairy roots of potato (S.tuberosum-pStPT3-FT-GUS) were mycorrhized as described
in Chap. 2.2.1 on M medium with sucrose and the half concentration of phosphate
(17.5 μM KH2PO4). The plates were observed under the fluorescence stereo-microscope
for arbuscule formation which could be seen as green fluorescence of colonised cells
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because of the mycorrhiza-specific expression of the fluorescence timer gene (FT)
(for detailed description of the pStPT3-FT-GUS hairy root line see Chap. 2.8). Af-
ter one week, plates with an approximately equal colonisation status (estimated by
the amount of fluorescent arbuscules) were cultured for an additional week with
medium with a 200 fold increased phosphate concentration. Therefore, the mycor-
rhized potato roots were covered with 8ml M medium containing sucrose and 3.5
mM KH2PO4 (200X). As control, the roots were covered with the same medium but
with 17.5 μM KH2PO4 (0.5X). The roots were harvested after one week incubation at
27 ◦C in the dark.

2.2.4 Root Exudate Synthesis

Root exudates were isolated following the protocol of Bücking et al. (2008) with some
modifications. Potato hairy roots (S.tuberosum-pStPT3-FT-GUS) were grown on solid
M medium for three weeks. Than the roots were incubated in 50ml liquid 2X M
medium with sucrose in the dark by gentle shaking. After one week the medium
containing the roots and root exudates was harvested. The root exudate solution was
stored at −20 ◦C.

2.2.5 Treatments of Extraradical Mycelium in Liquid Cultures

To analyse the expression of fungal sugar transporters in the extraradical mycelium,
plates were prepared as described in Chap. 2.1.6. After 10 days of hyphal growth
the medium was replaced with 2X M medium supplemented with different sugars or
sugar derivatives used in an end concentration of 2%. The hyphae were harvested
after 5 days exposure to the sugars at 27 ◦C in dark. As control, ERM was cultivated
in 2X M medium without sugar.
Extraradical myceliumwas also co-incubated with hairy roots of the tomato cultivar

Rio Grande or the rmc tomato mutant in liquid medium. Therefore, liquid 2X M
medium with sucrose was added to the empty fungal side together with some hairy
roots. Both, roots and the ERM were allowed to proliferate for 2 weeks at 27 ◦C in the
dark before harvesting. In parallel, ERM was cultivated under the same conditions
but without roots as control.
For the treatment with root exudates (Chap. 2.2.4), the medium of one week old

ERM liquid cultures was replaced with 8ml fresh medium (3ml dH2O and 5ml 2X
M medium without sucrose) or with 8ml medium supplemented with root exudates
(3ml root exudate solution and 5ml 2X M medium without sucrose). The hyphae
were incubated for one week at 27 ◦C in dark before harvest.

2.3 Transformation Systems

2.3.1 Plasmids

Tabs. 2.7 and 2.8 list all plasmids used for this work.
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Plasmid� Description� Reference�

Bacterial Cloning Vectors�

pCR2.1-Topo� Cloning vector for Taq amplified PCR products; LacZα 
fragment, M13 reverse and forward priming site, 
multiple cloning site, T7 pomoter, fi and pUC origin, 
Ampr, Kmr �

Invitrogen (USA) �

pCRII-Topo� Dual promoter cloning vector for Taq amplified PCR 
products ; LacZα fragment, M13 reverse and forward 
priming site, multiple cloning site, T7 pomoter, Sp6 
promoter, fi and pUC origin, Ampr, Kmr �

Invitrogen (USA) �

pENTR/D-Topo � Vector for directional cloning of blunt end-PCR 
products in the Gateway system; attL1, attL2, M13 
reverse and forward priming site, T7 promoter, pUC 
origin, Kmr �

Invitrogen (USA) �

pCR2.1-GiMST1-NotI� Full CDS of GiMST1 in pCR2.1-Topo with NotI 
restriction sites on 5’ and 3’ end Ampr, Kmr �

This work�

pCR2.1-GiMST1-NcoI� Full CDS of GiMST1 in pCR2.1-Topo with NcoI 
restriction sites on 5’ and 3’ end Ampr, Kmr �

This work�

pCR2.1-DsRed-StuA� DsRed-StuA in  pCR2.1-Topo� Helber and Requena, 
2008�

pCR2.1-pyr4� pyr4 gene from Neurospora crassa in pCR2.1-Topo� AG Fischer (KIT, 
Germany)�

pCRII-pMST1� 1.7 kb of the putative promoter sequence of GiMST1 in 
pCRII-Topo�

This work�

pCRII-GiMST1-148bp � 148 bp CDS of GiMST1 in pCRII-Topo (reverse 
orientation); Ampr, Kmr �

This work�

pEntry-pHEX6 � 1.9 kb of the promoter region from StHEX6 in pENTR/
D-Topo; Kmr �

This work�

pEntry-pST1 � 2.3 kb of the promoter region from MtST1 in pENTR/
D-Topo; Kmr �

This work�

Plant Binary Vectors�

pPGFPGUS-RedRoot�  Binary destination vector for Gateway cloning; LB and 
RB, attR1 and attR2, RedRoot cassette, CmR-ccdB, gfp, 
gus, Smr, Spr, Kanr �

Kuhn et al., 2010�

pHT6-GFP-GUS-RR� Binary vector pPGFPGUS-RedRoot with promoter 
sequence of StHT6�

This work�

pST1-GFP-GUS-RR� Binary vector pPGFPGUS-RedRoot with promoter 
sequence of MtST1�

This work�

pMtPT4-GFP-GUS-
RR�

Binary vector pPGFPGUS-RedRoot with promoter 
sequence of MtPT4�

Provided by �
H. Kuhn (KIT, 
Germany)�

Table 2.7. List of bacterial and plant binary vectors used for this thesis.
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Plasmid� Description� Reference�

Yeast Expression Vectors�

pDR196� High-level yeast expression vector containing the S. 
cerevisiae ATPase promoter (PMA1) separated from the 
ADH1 terminator  (TADH1) by a multiple cloning site; 
Ampr, URA3, 2μ origin �

Rentsch et al., 1995 �

pGADT7-rec� For construction of Matchmaker librarys; PADH1 and 
TADH1 from S. cerevisiae, SMARTIII and CDSIII primer 
sequence, 5’ and 3’ PCR primer sequence, T7 promoter, 
HA tag, GAL4 AD polypepitde with SV40 NLS, LEU2, 
Ampr, pUC and 2μ origin �

Clontech (USA) �

pNH196� Derivative of pDR196 with SMARTIII/CDSIII and 5’/
3’ PCR sequences for homoloque recombination of 
SMART cDNA libraries �

This work�

pNEV-N� High-level yeast expression vector containing the S. 
cerevisiae ATPase promoter (PMA1) separated from the 
terminator  (TMA1) by a NotI restriction site; Ampr, 
URA3, 2μ origin �

Sauer and Stolz, 
1994 �

pEXTAG-GFP� For  gene localisation in yeast;�
URA3, Ampr, PMA1 promoter and gfp reporter gene�

Aluri and Büttner, 
2007�

pDR196-HXT1� CDS of HXT1 S. cerevisiae in pDR196� Doctorial Thesis A. 
Ocón �

pNEVN-MST1� pNEVN with full  CDS of GiMST1 in NotI site � This work�

pNH196-StHT2� CDS of StHEX6 ligated via homologue recombination 
in pNH196 �

This work�

pNH196-StHT6� CDS of StHT2 ligated via homologue recombination in 
pNH196 �

This work�

pEXTAG-MST1� CDS of GiMST1 (without stop codon) in pEXTAG-GFP� This work�

Aspergillus Vectors�

PpMST1-DsRed-StuA� Promoter of GiMST1 fused to DsRed-StuA in pCRII-
Topo�

This work�

Table 2.8. List of yeast expression and Aspergillus vectors used for this thesis.
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2.3.2 Transformation of Bacteria

Plasmid-DNA was introduced either into commercially available chemically compe-
tent E. coli cells from Invitrogen (USA) following the provided manual or into compe-
tent cells treated with CaCl2 prepared after the protocol of Ausubel et al. (1999). Al-
ternatively, plasmid-DNA was introduced into electrocompetent E. coli cells prepared
after Ausubel et al. (1999), using the Gene-Pulser II system from BioRad Laboratories
(USA) and 2 mm cuvettes (Peqlab Biotechnology, Germany). Prior electroporation,
salt was removed from the plasmid solution by the drop dialysis method (Silhavy et
al., 1984) using 0.025 μm Millipore membrane filters.

A. rhizogenes electrocompetent cells were produced and transformed after Mersereau
et al. (1990).
Transformed cells were selected on the appropriate medium and cultivated as de-

scribed in Chap. 2.1.2.

2.3.3 Transformation of Yeast

Plasmid-DNA was introduced in yeast following the transformation protocol of Gietz
and Woods (2001). Transformed yeast cells were selected according their auxotrophy
markers and cultivated as described in Chap. 2.1.3. cDNA libraries were transformed
as described in Chap. 2.9.5.

2.3.4 Transformation of Aspergillus nidulans

For studying the promoter of GiMST1 the Aspergillus expression vector PpMST1-
DsRed-StuA was constructed. First, the 1.7 kb GiMST1 promoter sequence was am-
plified using the primers pMST1_F1 and pMST_R1 and cloned in the pCRII-Topo
vector. The received plasmid was called pCRII-pMST1. The DsRed-StuA cassette was
released from the pCR2.1-DsRed-StuA vector (Helber and Requena, 2008) by BamHI
restriction-digestion and ligated in the respective sites of the BamHI linearised pCRII-
pMST1 vector. In the received plasmid, the auxotrophic marker gene pyr4 of Neu-
rospora crassa released by NotI restriction digestion from the pCRII-pyr4 vector, was
cloned in the NotI sites before the pMST1-DsRed-StuA fusion gene. The generated
plasmid was named PpMST1-DsRed-StuA.
The PpMST1-DsRed-StuA vector was introduced in the A. nidulans GR5 strain by

PEG/CaCl2-mediated transformation as described by Yelton et al. (1984). The trans-
formants were selected on KCl medium agar plates without pyridoxin but with uracil
and uridine. Positive clones were grown overnight at room temperature in liquid
minimal medium without pyridoxine either with 2% xylose or 2% glycerol as carbon
source for microscopy.

KCl Medium for Protoplast Regeneration

Minimal medium for Aspergillus cultivation as described in Chap. 2.1.4 but with 0.6M
KCl, 1.5% Agar-Agar and without pyridoxine.
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2.3.5 Generation of Hairy Roots from S. lycopersicum and M. truncatula

For the generation of hairy roots, seeds of S. lycopersicum and M. truncatula were sur-
face sterilised and germinated on water agar plates (4 g Agar-Agar in 500ml dH2O).
Tomato seeds were surface sterilised by incubation for 1min in 70% EtOH and

10min in 5% (w/v) calcium hypochloride solution (Carl Roth, Germany). The seeds
were washed several times with sterile dH2O and placed on water agar plates. After
a cold treatment of 2 days, the seeds were germinated for at least 5 days at 27 ◦C.

M. truncatula seeds were treated for 10min with sulfuric acid (Carl Rot), washed
several times with sterile dH2O and stored over night on water agar plates at 4 ◦C.
The seeds were germinated over night at 27 ◦C.
The seedlings of S. lycopersicum and M. truncatula were transformed with the A.

rhizogenes strain ARqua1 (Quandt et al., 1993) carrying different binary vectors (see
Tab. 2.1) according the protocol of Boisson-Dernier et al. (2001). All binary vectors
used for plant transformation contain in the T-DNA region a kanamycin resistance
gene and a constitutive expressed DsRed gene named RedRoot cassette for selection
of transgenic roots. Hairy roots emerging from the root section were checked under
the fluorescence binocular for DsRED expression. Red fluorescent transgenic roots
were explanted on 1X M medium with sucrose supplemented with 25 μg

ml kanamycin
for root selection and 400 μg

ml augmentin to eliminate A. rhizogenes contaminations. In
weekly steps, the roots were propagated on new M medium with decreasing concen-
trations of augmentin (300, 200, 100, 0 μg

ml ).

2.4 Preparation and Analysis of DNA

2.4.1 Preparation of Genomic DNA

Genomic DNA from plant and fungal tissue was isolated after homogenisation in
liquid nitrogen with the DNeasy Plant Mini Kit (Quiagen, Germany).

2.4.2 Preparation of Plasmid DNA from E. coli

Plasmid DNA was prepared from E. coli in two different scales depending on the
required amount and purity of the DNA. Mini preparations were isolated from 3ml
E. coli cultures with the alkaline lysis protocol described by Sambrook et al. (1989).
When high quality and quantities of plasmid DNA were required, the NucleoBond
PC 100 plasmid DNA purification kit (Macherey-Nagel, Germany) for midi prepara-
tions was used following the manual instructions.
The plasmid DNA concentration and the purity was determined by measuring

spectrophotometrically the absorption at 260 and 280 nm with the NanoDrop device
(Thermo Fisher Scientific, USA).
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2.4 Preparation and Analysis of DNA

2.4.3 Agarose Gel Electrophoresis

To asses the quality of DNA preparations or to visualise DNA fragmentation after
restriction endonuclease treatment, DNA samples were separated on agarose gels
with the Mupid-ex U electrophoresis system (Eurogentec, Belgium). Depending on
the DNA fragment size, agarose gels of 0.8 to 2.5% (w/v) agarose (Peqlab Biotech-
nology, Germany) in 0.5X TAE buffer were prepared. The DNA probes were mixed
before loading with 6X loading buffer (30% glycerol, 0.25% bromophenol blue). As
standard, the 2log marker from New England Biolabs (UK) was loaded in parallel.
The gel was afterwards stained in 0.5X TAE buffer with 0.5 μg

ml ethidium bromide
(Carl Roth, Germany). To visualise the DNA bands, the gel was illuminated by UV
light and photographed using a Quantum gel documentation station (Peqlab Biotech-
nology).

10X TAE buffer

• 48.4 g trisbase

• 11.42ml glacial acetic acid

• 7.44 g Na2EDTAx2H2O

• add 1000ml dH2O

• pH 8.5

2.4.4 Isolation and Purification of DNA from Agarose Gels

Specific DNA fragments were excised with a scalpel from agarose gels under low-
strength UV light to reduce UV damage The DNA was than recovered from the gel
following the freeze-squeeze procedure described by Thuring et al. (1975) or by using
either the QIAquick® Gel Extraction Kit (QIAGEN, Germany) or the Zymoclean™
Gel DNA Recovery Kit (Zymo Research Corp., USA).

2.4.5 Concentration and Precipitation of DNA

DNA was concentrated by ethanol precipitation with 1/10 volume of 3M sodium ac-
etate (pH 4.9) plus 2.5 volumes of absolute ethanol for 30min at −80 ◦C. After precip-
itation, the DNA was centrifuged for 30min with 13,000 rpm at 4 ◦C. The DNA pellet
was washed with 70% ethanol, air-dried and finally dissolved in sterile ddH2O.

2.4.6 Southern Blotting

All solutions for southern blotting and detection were prepared according the DIG
Application Manual for Filter Hybridization (Roche Diagnostics, Germany). The
digoxigenin (DIG) labelled probes were generated by PCR with gene specific primers
using the PCR DIG Probe Syntheses Kit from Roche Diagnostics following the pro-
vided protocol.
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known region unknown region 

Probe I GSP1 GSP2 a 

b c 

Figure 2.3. Isolation of the partial promoter sequence of StHT6. a, Location of the gene-specific primers
GSP1, GSP2 and the DIG-labelled probe I in the known sequence downstream of the promoter. b, EcoRI
digested pPCRII-Topo clones. c, Positive clones identified by binding of the sequence-specific probe I.

Southern Blotting was used as screening method for positive RACE PCR or Genome-
Walker™ PCR clones (see also Chap. 2.7.6 and Chap. 2.7.7). First, the by RACE or
genome walking amplified bands were transformed in the pCRII-Topo vector (Invit-
rogen, USA) and transformed in E. coli. Then the plasmids were recovered and cut
wit an appropriate restriction enzyme to release again the inserted DNA fragment.
The DNA was separated by electrophoresis and transferred over night on a positively
charged nylon membrane (GE Healthcare Life Sciences, UK) by capillary transfer
as described in the DIG Application Manual for Filter Hybridization (Roche Diag-
nostics). After the transfer, the membrane was UV crosslinked to fix the DNA and
prehybridised for at least 2 h with the DIG standard hybridisation buffer at 68 ◦C.
Hybridisation was performed under high stringency conditions at 68 ◦C over night
with a specific DIG-labelled DNA probe. The membrane was washed in several steps
according the DIG Application Manual. The probe-DNA hybrids were detected by
chemoluminescence using phosphatase-conjungated anti-DIG antibodies and CDP-
Star as alkaline phosphatase substrate (both available from Roche Diagnostics). Pos-
itive clones were sequenced for the full nucleotide sequence information. Fig. 2.3
shows exemplary the identification of positive clones from the first GenomeWalker™
PCR for the isolation of the StHT6 promoter sequence.

2.4.7 Sequencing of Plasmid DNA

Plasmid DNA was sequenced by Eurofins MWG Operon (Germany).

2.5 Enzymatic Modification of DNA

2.5.1 Restriction Endonuclease Digestion of DNA

In general, 1 μg DNA was restriction digested with 1 unit of the restriction endonucle-
ase in a reaction volume of 10 to 25 μl for 1 h at the required temperature. If necessary,
the restriction endonuclease was heat-inactivted for 20min at 68 ◦C. Restriction en-
donucleases were used from New England Biolabs (UK) or Fermentas (Canada).
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2.5.2 Ligation of DNA

For ligation of an insert DNA fragment in a plasmid, the T4 ligase from New England
Biolabs (UK) was used. When the plasmid was linerised with one restriction endonu-
clease producing cohesive ends, the DNA was treated right after restriction digestion
with SAP (shrimp alkaline phosphatase; Fermentas, Canada) for 30min at 37 ◦C in
order to remove 5’ phosphates and to prevent self-ligation. The linerised plasmid and
insert DNA were purified by gel electrophoresis and recovered from the gel using the
QIAquick® Gel Extraction Kit (Chap. 2.4.4). Following the recommendation of New
England Biolabs, a plasmid:insert ratio of approximately 1:3 was used. The ligation
products were introduced in E. coli and positive clones are selected on plate with the
appropriate antibiotics.
In order to produce bunt-ends for ligation, the plasmid and/or insert DNA were

treated for fill-in-reactions with 0.5 μl exo-Klenow fragment (Fermentas, Canada) in
addition with 0.5 μl dNTPs (25mM) for 15min at 37 ◦C. The reaction was stopped by
heating for 10min at 72 ◦C and the ligation protocol was followed as described above.

2.6 Preparation and Analysis of RNA

2.6.1 Preparation of Total RNA

Total RNAwas isolated from freshly harvested or RNAlater (Ambion, USA) preserved
fungal or plant tissues with the TRIzol reagent (Invitrogen, USA) which based on the
guanidine isothiocyanate method (Chomczynski and Sacchi, 1987).
Prior RNA preparation, Millipore water was stirred overnight with 0.1% (v/v)

of diethyl dicarbonate (DEPC) (Invitrogen, USA) to inactivate RNase enzymes. The
DEPC water was autoclaved before use for 20min to destroy DEPC traces which
might interfere with downstream reactions. Mortars, pestles and spatulas were soaked
30min with RNAase away solution (1M NaOH, 2mM EDTA in DEPC-treated water)
to avoid RNase activity and then rinsed thoroughly with DEPC-treated water. RNase-
free reaction tubes were prepared by autoclaving them two times for 20min. Gloves
and filter tips were always used while working with RNA.
AM fungal spores and roots were ground in liquid nitrogen and the fine pow-

der was transferred with a spetula in 1ml TRIzol. AM fungal hyphae were directly
ground in 1ml TRIzol. RNA from yeast cells was isolated from 10ml overnight cul-
tures with an OD600 of 0.6 (approximately 6× 106 cells). The cells were harvested by
centrifugation for 3min. The pellet was resuspended in 100 μl TRIzol and disrupted
using Lysis Tubes S from Analytik Jena (Germany) in a speed mill for 5min. Then,
TRIzol was added to an end volume of 1ml.
The homogenised samples were first shaken by vortexing for 15 s and then incu-

bated for 5min at room temperature. Remaining cell debris were removed from the
homogenate by additional centrifugation for 10min at 13,000 rpm and 4 ◦C. 200 μl
chloroform was added to the samples, shaken vigorously for 15 sec and rested at
room temperature for 3min followed by a 10min centrifugation step at 13,000 rpm
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and 4 ◦C. The upper RNA containing aqueous phase was recovered and mixed with
500 μl isopropyl alcohol for RNA precipitation. The sample was incubated at room
temperature for 10min and centrifuged for 15min at 13,000 rpm and 4 ◦C. Precipi-
tated RNA was washed with 70% EtOH (diluted in DEPC-treated water) by centrifu-
gation for 5min at 9,000 rpm. The pellet was air-dried, resolved in 30 μl of DEPC-
treated water containing 1% (v/v) RNase Out (Invitrogen, USA) at 80 ◦C for 2min
and finally stored at −80 ◦C.
Quantity and integrity of the isolated RNA was assessed using the NanoDrop spec-

trophotometer (Thermo Fisher Scientific, USA) measuring the absorption at 260 nm
and 280 nm, by running a denaturing agarose gel, or by northern blotting (see follow-
ing chapters).

2.6.2 Denaturing Agarose Gel Electrophoresis of RNA

The quality of total RNA was assessed by denaturing agarose gel electrophoresis and
ethidium bromide staining. As mentioned in the section before, all plastic and glass
ware was treated prior with RNase away solution for 30min or autoclaved twice to
inhibit RNase activity.
1 g agarose was dissolved by heating in 72ml DEPC-treated water. When cooled

to 60 ◦C, 10ml 10X MOPS buffer and 18ml 37% (v/v) formaldehyde was added.
The gel was poured in a gel tank and allowed to set. 5 μl of the RNA sample was
mixed with an equal volume of 2X RNA loading dye (Fermentas, USA) and denatured
for 10min at 70 ◦C. The denatured RNA was loaded on the formaldehyde-agarose
gel and separated in 1X MOPS buffer using the Mupid-ex U electrophoresis system
(Eurogentec, Belgium).
For staining, the gel was first treated twice 20min in 0.5M ammonium acetate to

remove the formaldehyde and then incubated in 0.5M ammonium acetate containing
0.5 μg

ml ethidium bromide for 30min. To visualise the 28S and 18S ribosomal bands,
the gel was first destaining in DEPC-treated water and then imaged with a Quantum
gel documentation station (Peqlab Biotechnology, Germany).

10X MOPS buffer

• 200mM 3-(N-morpholino)propanesulfonic acid (MOPS)
• 50mM sodium acetate
• 10mM EDTA
• disolved in DEPC-treated water
• pH 7.0

2.6.3 DNase Digestion and cDNA Synthesis

Prior cDNA synthesis 1 μg of total RNA was treated with DNaseI, Amplification
Grade (Invitrogen, USA) following the recommendations. Total digestion of genomic
DNA was verified by PCR before cDNA synthesis. Therefore, 0.5 μl DNase digested
RNA was used as template in a Taq PCR reaction (see Chap. 2.7.2) with primers for

34



2.7 Polymerase Chain Reaction (PCR)

the housekeeping genes used also in the quantitative real-time PCR (Chap. 2.13.1).
When no positive band was visible the cDNA was finally generated according the
Fermentas first-strand cDNA synthesis protocol using Oligo(dt)12-18 primers and
the SuperScriptII™ Reverse transciptase (both provided from Fermentas, Canada).

2.6.4 Northern Blotting and Dot Blot

Northern blotting was done after the DIG Application Manual for Filter Hybridiza-
tion (Roche Diagnostics GmbH, Germany). For RNA detection a DIG labelled probe
was used, which was constructed from a phage clone containing the complete 18S
RNA gene, the ITS of the 5.8S RNA gene and a part of the 25S rRNA gene from
Glomus mossae (Franken and Gianinazzi-Pearson, 1996). This probe was kindly pro-
vided by P. Franken (IGZ, Germany). The RNA was hybridised under non-stringency
conditions and RNA-probe hybrids were visualised following the manual by chemo-
luminescent detection (see also Chap. 2.4.6). The DIG labelling of non-radioactive
RNA probes for in situ hybridisation was tested in a Dot blot according the DIG Ap-
plication Manual for Filter Hybridization (Roche Diagnostics, Germany). For RNA
blotting all solutions were prepared with DEPC water. Plastic and glass ware were
treated with RNase away solution (Chap. 2.6.1) for 20min to eliminate RNase con-
taminations and rinsed several times with DEPC water.

2.7 Polymerase Chain Reaction (PCR)

2.7.1 Oligonucleotides

Tabs. A.2, A.1, A.3 and A.2 contain all oligonucleotides used for this work subdivided
in standard PCR primers, RACE and GenomeWalker™ PCR and quantitative real-
time PCR primers. All oligonucleotides were synthesised by Eurofins MWG Operon
(Germany).

2.7.2 Standard PCR

Standard PCR reactions were performed with Taq-DNA Polymerase from Thermus
aquaticus and the following protocol in 0.5ml reaction tubes.
For all PCR reactions the Tpersonal thermo cycler from Biometra (Germany) was

used. Tab. 2.9 shows exemplary a standard PCR program for Taq-amplification of
� 1 kb PCR product. The primer annealing temperature (Tm or melting temperature)
was set according the calculations of Eurofins MWG Operon (Germany). For PCR
reactions with unspecific overhangs, the first four cycles were performed at a lower
annealing temperature to ensure primer binding. In following steps the Tm was again
risen to the recommended temperature.

Standard PCR setup for Taq DNA Polymerase

• 16μl sterile Water
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Temp.� 98°C� 98°C� X°C� 72°C� 72°C�

Time� 3 min� 30 sec� 30 sec� 30 sec� 10 min�

Cycles� 1� 30� 1�

Table 2.9. Cycling parameters for standard PCR reactions for Taq polymerase amplification of 1 kb PCR
products. The annealing temperature of the primer pairs is variable.

• 2.5 μl 10X PCR Buffer (without MgCl2)
• 2.0 μl dNTP Solution (25mM)
• 1.0 μl MgCl2 (50mM)
• 1.0 μl forward Primer (F) (10 μM)
• 1.0 μl reverse Primer (R) (10 μM)
• 0.5 μl Taq DNA Polymerase
• 1μl DNA Template

Proof-reading polymerases like the Phusion High-Fidelity DNA Polymerase (Finn-
zymes OY, Finland) and Pfu Polymerase (Fermentas, Canada) were used after the
distributors protocol for the amplification of products used for further cloning reac-
tions (Chap. 2.7.3).

2.7.3 Cloning of PCR Fragments

PCR products were cloned either using the TOPO T/A Cloning® Kit for PCR pro-
ducts with TA overhangs or the TOPO ENTR Cloning® system for blunt end PCR
products (Invitrogen, USA).
TA overhangs of blunt-end PCR products used for TOPO T/A Cloning® were gen-

erated by additional incubation for 10min at 72 ◦C with 0.5 μl Taq Polymerase. The
PCR products were separeted and purified via gel electrophoresis. The appropri-
ate bands were recovered by ’freeze squeeze’ or by the gel purification system from
Zymoclean (Chap 2.4.4).
The TOPO ENTR Cloning® system was used for further sub-cloning of PCR am-

plified sequences (next chapter). For ENTR cloning, PCR products with 3’-CACC
overhang were produced which were site-directed cloned over the complementary
3’-GTGG overhangs of the pENTR/D-Topo vector.
Against the provided protocol, TOPO reactions were set up in 6 μl end volume with

0.5 μl TOPO T/A Cloning® or TOPO ENTR Cloning® vector, 1 μl salt solution and
4.5 μl purified PCR product. The reaction was incubated for 20–30min at 25 ◦C, stored
afterwards at −20 ◦C or directly introduced in E. coli. Positive clones were selected
on LB agar plates with the appropriate antibiotics. For TOPO T/A clones, LB/X-
gal/ITPG plates with ampicillin or kanamycin were used for ’blue-white’ screening.

2.7.4 Gateway Cloning

The Gateway cloning system is a commercialised technology invented by Invitrogen
(USA). This system is based on the phage λ-based site-specific recombination instead
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RB LB gus gfp 
attR2 attR1 

ccdB Pubi dsRed Tnos Kmr 

attL2 

promoter 

attL1 

CACC 
GAGG 

X X 

Kmr 

Sm/Spr 

ENTR 

pPGFPGUS-RedRoot 

Figure 2.4. Homologous recombination of a promoter sequence into the pPGFPPGUS-RR binary vec-
tor (Kuhn et al., 2010) via Gateway cloning. LB: left border sequence; RB: right boarder sequence;
Kmr: kanamycin resistance; Tnos: nopalin synthase terminator; Pubi: ubiquitin promoter; gus: β glu-
curonidase gene; gfp: green fluorescence protein; Sm/Spr: streptomycin/spectinomycin restistence.

of restriction endonucleases digestion and ligation.

For Gateway cloning, the sequence of interest was first cloned in the pENTR/D-
Topo vector where it is flanked by ’att’-recombination sites (Fig. 2.4). From the re-
sulting pENTR/D-Topo clone the sequence was subcloned in a destination vector by
homologous recombination on the att-sites which is presented on both vectors. This
reaction is mediated by the Gateway LR Clonase II Enzyme Mix (Invitrogen). The
recombination reaction was set up according the protocol provided from Invitrogen.

Positive clones were selected on LB medium with the appropriate antibiotics. Ad-
ditionally, the growth of clones containing the empty destination vector is prevented
due to the ccdB gene which is located between the att-sites and encodes for a bacterial
gyrase inhibitor. For this work the destination vector pPGFPGUS-RR (Kuhn et al.,
2010) for plant transformation via Agrobacteria was used. This vector is optimised
for promoter studies in plants. Promoter sequences can be shuttled by homologous
recombination over the att-sites before a GFP-GUS reporter cassette. Transgenic roots
can be selected on kanamycin containing medium or under green fluorescence light
due to the DsRED reporter which is under control of the constitutive active Ubiq-
uitin promoter (Pubi). In bacteria, pPGFPGUS-RR can be selected via the strepto-
mycin/spectinomycin resistance (Sm/Spr).

2.7.5 Colony PCR for the Selection of Agrobacterium Transformants

To select positive Agrobacterium rhizogenes clones after transformation, single colonies
were heat treated for 10min at 95 ◦C for cell break-down. 2 μl of the cell suspension
was used as template in a standard PCR reaction (Chap. 2.7.2) with primers ampli-
fying a distinct region of the transformed plasmid. Clones with a positive amplificat
were used for the generation of hairy roots (Chap. 2.3.5).
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5‘-CGACUGGAGCACGAGGACACUGACAUGGACUGAAGGAGUAGAAA-3‘ 

GeneRacerTM RNA Oligo 

GeneRacerTM 5‘ Nested Primer 
GeneRacerTM 5‘ Primer 

5‘-GCTGTCAACGATACGCTACGTAACGGCATGACAGTG(T)18/24-3‘ 

GeneRacerTM 3‘ Nested Primer GeneRacerTM 3‘ Primer 
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Figure 2.5. First strand cDNAs with primer binding sites and Digoxigenin labelled probe binding
sites for RACE PCR of unknown 3’ and 5’ cDNA ends. a, cDNA created with the GeneRacer™ Kit
(Invitrogen) and c, cDNA created with SMART cDNA library Kit (Clontech). b, Location of GeneRacer™
oligos in the GeneRacer™ RNA and Oligo dT sequence. GSP: gene specific primer.

2.7.6 Rapid Amplification of cDNA Ends (RACE)

Full-length 3’ and 5’ cDNA ends of partial cDNA sequences were obtained using the
GeneRacer™ Kit from Invitrogen (USA). Following the instructions of the provider,
1 μg of total RNA was dephosphorilated in a first step with the calf intestinal phos-
phatase (CIP) to eliminate truncated RNA and non-mRNA molecules. In a second
step the 5’ cap structure of full length mRNAs was removed with the tobacco acid
pyrophosphatase (TAP) and replaced using the T4 RNA ligase with the GeneRacer™
RNA oligo that serves as binding site for the GeneRacer™ 5’ Primer and the Gen-
eRacer™ 5’ Nested Primer. Differing from the protocol, the SuperScript II Reverse
Transcriptase (Invitrogen) was used in combination with the GeneRacer™ Oligo dT
Primer to create a first-strand cDNA with known priming sites at both cDNA ends
(Fig. 2.5).
5’ RACE PCR was performed with the GeneRacer™ 5’ Primer and a reverse ori-

ented gene-specific primer in the known cDNA region in a Touchdown PCR using
the Platinum Taq Polymerase (Invitrogen) in order to increase specificity and reduce
background amplification (Tab. 2.10). Correspondingly, 3’ ends were amplified using
the GeneRacer™ 3’ Primer and a forward oriented gene-specific primer. This pri-
mary PCR served then as template for a nested PCR after the standard PCR protocol
(Chap. 2.7.2) with the GeneRacer™ 5’ Nested Primer and a second reverse gene-
specific primer or the GeneRacer™ 3’ Nested Primer in combination with a second
forward gene-specific primer.

Touchdown PCR setup

• 16μl sterile Water
• 2.5 μl 10X High Fidelity PCR buffer)
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Temp.� 94°C� 94°C� 72°C� 94°C� 70°C� 94°C� 60-65°C*� 68°C� 68°C�

Time� 2 min� 30 sec� 1 min/ 
1kb DNA�

30 sec� 1 min/ 
1kb DNA

30 sec� 30 sec� 1 min/�
1 kb DNA

10 min�

Cycles� 1� 5� 5� 25� 1�

Table 2.10. Cycling parameters for Touchdown PCR. PCR starts with a high annealing temperature to
accumulate specifically gene-specific cDNAs. Successive decrease of the annealing temperature to the
Tm of the used GSP1 primer (*) should increase PCR efficiency. 1min extension was used per 1 kb DNA.

Temp.� 95°C� 95°C� 68°C� 68°C� 70°C �

Time� 1 min� 30 sec� 1-3 min*� 1 min� 10 min�

Cycles� 1� 25-35� 1� 1�

Table 2.11. Cycling parameters for Advantage 2 PCR. Depending on target size the extension was
performed for 1 (< 1 kb) to 3min (1–5 kb) (*). An additional 10min extension at 70 ◦C was added to
increase TOPO T/A Cloning® efficiency.

• 2.0 μl dNTP Solution (25mM)
• 1.0 μl MgCl2 (50mM)
• 1.5 μl GeneRacer™ 3’Primer/GeneRacer™ 5’Primer (10 μM)
• 0.5 μl gene-specific primer 1 (GSP1) (10 μM)
• 0.5 μl Platinum Taq DNA Polymerase (5 u/μl) (Invitrogen)
• 0.5 μl first strand cDNA

In analogy to the GeneRacer™ Kit, 3’ and 5’ cDNA ends were isolated using SMART
amplified cDNA libraries (Chap. 2.9.1). As SMART generated cDNAs are also flanked
by known priming sites (CDSIII at the 5’ and SMARTIII at the 3’ end), full length
cDNA sequences can be provided in a similar way. In a primary PCR, unknown
5’ end sequences were amplified with the CDSdownR1 primer binding in the CDSIII
priming site and a forward gene-specific primer by using the Advantage 2 Polymerase
Mix (Clontech, USA), 3’ ends were amplified using the SMARTupF1 primer that binds
in the SMART priming site and a gene-specific reverse primer, respectively.

RACE PCR setup for SMART amplified cDNAs

• 17μl sterile Water
• 2.5 μl 10X Advantage 2 PCR buffer)
• 2.0 μl dNTP Solution (25mM)
• 1.0 μl CDSdownR1/SMARTupF1 (10 μM)
• 0.5 μl gene-specific primer 1 (GSP1) (10 μM)
• 0.5 μl 50X Advantage 2 Polymerase mix (50X) (Clontech)
• 0.5 μl SMART cDNA

The RACE and SMART PCR products were separated by gel electrophoresis and sin-
gle bands of the predicted sizes were cloned directly into the TOPO T/A Cloning®
vector pCRII-Topo (Invitrogen). Positive clones were screened by southern blotting
using a specific DIG labelled DNA probe complementary to the known region down-
stream of the second gene-specific primer and sequenced (see also Chap. 2.4.6).
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5‘-GTAATACGACTCACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGT-3‘ 

GenomeWalkerTM Adaptor 

Adaptor Primer 1 (AP1) 
Nested Adaptor Primer 2 (AP2) 

3‘-H2N-CCCGACCA-PO4-5‘ 

AP1 AP2 

GSP1_F1 GSP1_F2 Probe1 

Probe2 

Known gDNA/ cDNA  

GSP1_R2 GSP1_R1 

5‘ 
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Figure 2.6. Example of an adaptor-ligated blunt end fragment for genome walking produced with the
GenomeWalker™ kit from Clontech (USA) showing position of the adaptor-specific primer binding sites
(AP1 and AP2) and the gene-specific primer binding sites (GSP1_F1 and the nested primer GSP1_F2 for
downstream amplification of unknown regions; GSP1_R1 and the nested primer GSP1_R2 for upstream
amplifications). DIG labelled DNA-probes for southern blot screening are shown in red. The design of
the GenomeWalker™ Adaptor is shown more in detail (highlighted in blue). The amine group at the 3’
end of the lower strand prevents the 3’ extension by the polymerase.

2.7.7 Isolation of Unknown Genomic Sequences by Genome Walking

Genome walking is a method for the isolation of unknown genomic regions upstream
or downstream of known genomic or cDNA sequences. In order to isolate putative
promoter sequences, the GenomeWalker™ Universal Kit from Clontech Laboratories
(USA) was used. According the manual, isolated genomic DNA was digested with
four restriction enzymes (DraI, EcoRV, PvuII and StuI) to produce blunt-end frag-
ments that were ligated at both ends to the GenomeWalker™ adapter (Fig. 2.6) to
create four respective GenomeWalker™ libraries.
In the following primary PCR with the Advantage 2 Polymerase mix (Clontech)

unknown genomic regions were amplified using a gene-specific (GSP1) and adaptor-
specific primer (AP1) (Fig. 2.6). Thereby, the amplification of unspecific PCR products
is reduced by the special design of the GenomeWalker™ Adaptor (Fig. 2.6). Briefly,
the GenomeWalker™ adapter contains at the lower 3’ strand an amine group, that
prevents the 3’ end extension through the polymerase and the formation of an AP1
binding site before the actual PCR cycle starts. With the first amplification round
of the searched target sequence with the gene-specific primer (GSP1) the first AP1
priming site should appear which secures that only fragments containing the specific
GSP1 binding site serve as template.
The preliminary PCR was then used as template for a secondary nested PCR with

the nested gene-specific primer GSP2 and the second adaptor-specific primer AP2.
The primary and secondary PCR products of all four libraries were analysed by gel
electrophoresis, the major bands were purified form the gel by the ’freeze squeeze’
method (Chap. 2.4.4) and cloned into the pCRII-Topo vector (Chap. 2.7.3). The screen-
ing of positive clones was done by southern blotting with a specific DIG labelled
DNA-probe binding downstream of the GSP2 primer binding site, and by sequenc-
ing (Chap. 2.4.6).
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Temp.� 94°C� 72°C� 94°C� 67°C� 67°C�

Time� 25 sec� 3 min� 25 sec� 3 min� 7 min�

Cycles� 7� 32� 1�

Table 2.12. Cycling parameters for the primary GenomeWalker™ PCR with the AP1 and GSP1 primer
pair.

Temp.� 94°C� 72°C� 94°C� 67°C� 67°C� 70°C�

Time� 25 sec� 3 min� 25 sec� 3 min� 7 min� 10 min�

Cycles� 5� 20� 1� 1�

Table 2.13. Cycling parameters for the secondary GenomeWalker™ PCR with the AP2 and GSP2 primer
pair.

PCR setup for primary GenomeWalker™ PCR

• 10μl sterile Water
• 2.5 μl 10X Advantage 2 PCR buffer)
• 0.5 μl dNTP Solution (10mM)
• 0.5 μl AP1 (10 μM)
• 0.5 μl gene-specific primer 1 (GSP1) (10 μM)
• 0.5 μl 50X Advantage 2 Polymerase mix (Clontech)
• 1 μl GenomeWalker™ library (1:10 diluted)

PCR setup for secondary GenomeWalker™ PCR

• 20μl sterile Water
• 2.5 μl 10X Advantage 2 PCR buffer)
• 0.5 μl dNTP Solution (10mM)
• 0.5 μl AP2 (10 μM)
• 0.5 μl gene-specific primer 2 (GSP2) (10 μM)
• 0.5 μl 50X Advantage 2 Polymerase mix (Clontech)
• 1 μl primary PCR (1:10 diluted)

2.8 Isolation of Arbusculated Cells for RNA Extraction

For the isolation of arbusculated plant cells, the S.tuberosum-pStPT3-FT-GUS potato
hairy root carrying the StPT3 promoter - Fluorescent Timer fusion gene (Karandashov
et al., 2004) were mycorrhized 2 to 3 weeks with G. intraradices in the dual compart-
ment system as described in Chap. 2.2.1.
The phosphate transporter StPT3 from S. tuberosum belongs to a group of my-

corrhiza-inducible plant phosphate transporters which are mediating the transfer of
fungal-derived phosphate from the periarbuscular space into the plant cell (Rausch et
al., 2001; Fig. 2.7 a). Mycorrhiza-inducible phosphate transporter genes are conserved
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Figure 2.7. Localisation and promoter activity of StPT3 in mycorrhized roots. a, The mycorrhiza-
upregulated plant phosphate transporter StPT3 from S. tuberosum is involved in the ATP dependant
phoshate uptake from the periarbuscular spaces (PAS) into the plant cell. The protein localises in the
plant plasma membrane surrounding the arbuscule. b-d, Fluorescent Timer protein expression under
control of the StPT3 promoter in potato hairy roots mycorrhized with G. intraradices. Green fluorescence
(b) indicates recent and red fluorescent (c) ceased promoter activity in arbusculated cells (arrows). d,
Merged image of (b) and (c) shows yellow fluorescence indicating continous promoter activity. e, Self-
constructed micro-razor blade. Razor blade has a length of 3–5mm.

among different plant species all showing an expression in arbuscule containing cells
of the inner root cortex where the protein is located in the plant plasma membrane
surrounding the arbuscule (Karandashov et al., 2004). Because of this specialised ex-
pression pattern, the promoters of mycorrhiza-inducible plant phosphate transporters
fused to a fluorescent reporter gene can be used as markers to visualise in vivo arbus-
cule containing cells.

In this work a reporter system based on the Fluorescent Timer (Terskikh et al.,
2000), a mutant form of the DsRed fluorescent protein from the coral Discosoma sp.,
fused to the StPT3 promoter was used. Because of a delayed fluorophore maturation,
the Fluorescent Timer gradually turns from bright green (500 nm emission) to bright
red (580 nm emission) giving informations about the StPT3 promoter activity. Green
indicates recent activity, yellow-to-orange (because of the overlap of green and red
fluorescence) continuous promoter activity and red fluorescence declined promoter
activity (Figs. 2.7 b–d). As arbuscules are highly dynamic symbiotic structures with
a quick turn over rate, the StPT3 dependant Fluorescent Timer expression helps to
distinguish between young and highly metabolic active arbuscules or old arbuscules
which are at the point of degradation correlating with a decrease in StPT3 promoter
activity.

Green fluorescent root regions indicating highly arbusculated areas were cut out
for RNA extraction under the fluorescent binocular (Zeiss, Germany) using micro-
razor blades (Fig. 2.7 e). The 2 to 7mm long root pieces were transferred quickly
in RNA later (Invitrogen, USA) to prevent RNA degradation and stored at −80 ◦C
until enough material (arbuscules of ca. 30 plates) was selected. RNA extraction was
performed as described earlier (Chap. 2.6.1).
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2.9 Screening of cDNA Libraries

2.9.1 SMART cDNA Synthesis and LD PCR Amplification

Prior cDNA synthesis for library construction, remaining DNA in RNA samples of
arbusculated cells or G. intraradices spores was eliminated by desoxyribonuclease di-
gestion. Therefore, up to 39.5 μl of total RNA (approximately 6 μg) was treated with
5 μl DNaseI, Amplification Grade (Invitrogen, USA), 5 μl of DNaseI buffer and 0.5 μl
RNase Out (Invitrogen) for 15min at room temperature in an end-volume of 50 μl.
DNaseI was inactivated by the addition of 5 μl EDTA solution to the reaction mixture
and heated for 10min at 65 ◦C. DEPC water was added to an end-volume of 100 μl
and the RNA sample was purified using the RNeasy Plant Mini Kit (Quiagen, Ger-
many) according the providers protocol. The purified RNA was eluted in 30 μl DEPC
water and was directly used for first strand cDNA synthesis using the Matchmaker
Library Construction and Screening Kits and user Manual (Clontech Laboratories,
USA; Protocol No PT3955-1, Version No PR79376), which takes advantage of the
’SMART’ technology (switching mechanism at the 5’ end of RNA transcript) based
on the intrinsic terminal transferase activity of the reverse transcriptase (Chenchik et
al., 1998).
Differing from the protocol, the Superscript II Reverse Transcriptase (Invitrogen)

was used to transcribe 3 μl RNA (approximately 200 ng) into singel-stranded (ss)
cDNA, which was initiated by the oligo (dt) primer CDSIII. Finally, the single-strand
cDNAwas treated with 1 μl RNase H at 37 ◦C for 20min in order to remove remaining
RNA from the sample. Generation of cDNA doubel-strands was performed by Long
Distance PCR Amplification (LD PCR) using the Clontech 3’ and 5’ PCR primers cor-
responding to the CDSIII and SMARTIII adaptors. The LD PCR setup is listed below.
The optimal cycle number for the LD PCR was determined a priory in a test PCR
under the same conditions by taken 15 μl samples at cycle 18, 21, 24, 27, 30 and 33.
After running an agarose gel, the optimal cycle number was defined as the cycle after
which no further increase of the cDNA size was visible, which was in general after
cycle 27 (Fig. 2.8 a).

PCR setup for Long Distance PCR

• 56μl DEPC-treated water

• 10 μl 10X Advantage 2 PCR buffer)

• 8.0 μl dNTP Solution (25mM)

• 2μl 5’ PCR Primer

• 2μl 3’ PCR Primer

• 10μl 10X GC Melt Solution

• 2μl 50X Advantage 2 Polymerase mix (Clontech)

• 10 μl SMART first strand cDNA (1:5 diluted)
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Figure 2.8. a, LD-PCR of cDNA from arbusculated plant cells. Samples from different cycles are shown.
The blue line indicates the increase of the cDNA length from cycle 18 to cycle 27. b, Two pooled
samples of LD-amplified cDNAs from arbusculated potato cells. c, Same LD-PCR as in (b) after size-
fractionation using the CHROMA SPIN Columns -400 (Clontech, USA). Arrows in (b) and (c) indicating
shift in cDNA size after the remove of smaller nucleotides in the size-fractionated sample (c) compared
to the untreated sample (b).

2.9.2 cDNA Size-Fractionation

CHROMA SPIN Columns -400 (Clontech, USA) were used to purify the synthesised
cDNAs (Chap. 2.9.1) from smaller nucleotides which can interfere with the recombi-
nation of putative sugar transporter genes into the yeast vector pNH196 (Chap. 2.9.4).
As the open reading frame of sugar transporter genes has in general an average

size of 1.6 kb, they can quickly move through the column matrix, whereas smaller
molecules then 100 nucleotides are held back and can be removed from the sample.
To size fractionise the LD-amplified cDNAs, two PCR samples were combined and
loaded on a pretreated column as described in the manual (CHROMA SPIN Columns
User Manual, Protocol No. PT1300-1, Version No. PR49719). The column was cen-
trifuged at 2,240 rpm for 5min and the flow out was recovered in a 2ml reaction
tube.
The now size-fractionated cDNAs were precipitated over night at −20 ◦C with

100% ethanol and 4M potassium acetate (pH 4.9), centrifuged the next day for 20min
at room temperature at 13,300 rpm and air dried for 20min. The dried pellet was fi-
nally resuspended in 23 μl RNAse free water.

2.9.3 Construction of cDNA Expression Libraries

In principal, there are two different methods for cDNA expression library construc-
tion. The first method based on restriction enzyme cleavage and ligation of cDNAs
into a cloning vector. This procedure bares the risk, that internal restriction sites in
the cDNA molecules are also cleaved resulting finally in truncated or chimeric clones.
An other disadvantage results from the ineffective ligation of large and rare cDNA se-
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quences which can lead to under-representation of some clones in the library. A more
efficient and simple method based on in vivo homologous recombination of cDNAs
into a cloning vector in yeast which was the method of choice for this work.

All cDNA libraries were constructed in vivo by homologous recombination of SMART
synthesised cDNAs directly into the yeast expression vector pNH196 (Fig. 2.10; see
also next chapter). As described more in detail in the following chapter, the vec-
tor pNH196 contains homologous sites for the SMARTIII and CDSIII primers which
are also flanking the cDNA molecules permitting the uni-directional incorporation of
cDNAs with high efficiency. Additionally, the library was directly screened for sugar
transporters by functional complementation of a hexose-uptake impaired yeast strain
(Chap. 2.9.5).

Simultaneous construction and screening of cDNA libraries in yeast is much faster
than the conventional method that provides as intermediate step the transfection of
E. coli or the bacteriophage λ, but it implies that the genes of interest can complement
an appropriate yeast mutant, which makes this method not suitable for all genes.
An other disadvantage is, once the library is transformed in the yeast mutant, the
screening is restricted for complementing genes (e.g. sugar transporters in a hexose-
uptake impaired yeast strain) and the library is finally lost for screening of genes with
differing functions.

2.9.4 Construction of the Yeast Expression Vector pNH196

The yeast expression vector pNH196 allows the construction of cDNA libraries in vivo
via homologous recombination and their high-level expression in yeast. It was created
by the ligation of the recombination-cassette from the commercial available pGADT7-
Rec vector (Clontech, USA) (Fig. 2.9), which is homologous to the Clontech SMAR-
TIII and CDSIII primers, into the backbone of the yeast expression vector pDR196
(Rentsch et al., 1997). Therefore, pGADT7-Rec was first digested with EcoRI which
cutes the vector before the homologous SMARTIII primer site. The resulting EcoRI 5’
overhangs were filled in using the exo-Klenow fragment in order to create blund ends
(see also Chap. 2.5.2). The recombination-cassette was finally released from pGADT7-
Rec by cutting the linearised vector with XhoI. The 45 bp blund-end/XhoI fragment
containing the full recombination-cassette was then ligated after gel purification into
the SmaI and XhoI site of pDR196 using the T4 ligase form New England Biolabs
(UK) (see also Chap. 2.5.2).

The new created pNH196 vector contains a fragment of the S. cerevisiae plasma
membrane ATPase promoter (PPMAI) separated from the alcohol dehydrogenase ter-
minator (TADH) by the SMARTIII/CDSIII recombination cassette with a central SmaI
restriction site for vector linearisation, a Ampr gene for selection in E. coli, URA3 as
auxotrophic marker for yeast selection, the 2 μ replicon origin and the unique cloning
sites SpeI, XbaI, ClaI, SacI and XhoI.
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Figure 2.9. a, Plasmid card of the yeast expression vector pGADT7-Rec (Clontech, USA). b, Recombina-
tion cassette of pGADT7-Rec for homologous in vivo recombination of SMART created cDNA libraries
in yeast. c, Plasmid card of the yeast expression vector pNH196.

2.9.5 Functional Complementation Assay in Yeast

The hexose transporter family of S. cerevisiae includes 20 genes which are important
for efficient hexose uptake. As shown in the work of Wieczorke et al. (1999), the dele-
tion of the hexose transporters hxt1-17, the galactose tranporter gal2 and additionally
of three genes belonging to the maltose permease family (the α-glucoside-permeases
mph2, mph3 and agt1) in the CEN.PK2-1C wild type background results in a mutant
(EBY.VW4000) which is incapable to grow on media with hexoses as the only carbon
source, but on the disaccharide maltose which is transported via a different uptake
system. Because of this, the EBY.VW4000 mutant (Matα leu2-3, 112 ura3-52 trp1-
289 his3-Δ1 MAL2-8c SUC2 Δhxt1-17Δgal2 Δstl1 Δagt1 Δmph2 Δmph3) is commonly
used for the characterisation of sugar transporters from various organisms (Schüßler
et al., 2006; Polidori et al., 2006; Hayes et al., 2007; Wang et al.; 2008).
Also for this work, the mutant EBY.VW4000 (kindly provided by Prof. E. Boles,

J.W. Goethe University, Germany) was used for the screening of cDNA libraries for
symbiosis-specific sugar transporters in mycorrhizas. As the construction of cDNA
libraries (Chap. 2.9.4) and their screening for transporters were performed simulta-
neously, SMART synthesised cDNAs and the SmaI-linearised yeast expression vec-
tor pNH196 were co-transformed into the yeast mutant EBY.VW4000 following the
Matchmaker Library Construction and Screening Kits User Manual (Clontech Labo-
rarories, Protocol No PT3955-1, Version No PR79376) with same modifications.
Competent cells of the yeast mutant EBY.VW4000 were prepared according the

LiAc method. One colony from a freshly streaked out YPDA agar plate was inocu-
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lated into 3ml of 2X YPDA with 2% maltose in a sterile 15ml tube and incubated for
8 h at 30 ◦C and 250 rpm. 5 μl of this pre-culture was further used to inoculate 50ml
2X YPDA with 2% maltose in a 250ml sterile flask and incubated for at least 16 h at
30 ◦C and 250 rpm to an OD600 of 0.15 to 0.3. The overnight culture was centrifuged at
700× g for 5min at room temperature and the cell pellet was resuspended in 100ml
of 2X YPDA with 2% maltose for a final incubation for 3 to 5 h at 30 ◦C and 250 rpm
to an OD600 of 0.4 to 0.5. Then, the cells were centrifuged again at 700× g for 5min at
room temperature, washed with 60ml of sterile water and resuspended in 3ml 1.1X
TE/LiAc solution. The competent cells were divided in two 1.5ml reaction tubes
and centrifuged for 15 s at high speed. Each pellet was resuspended in 600 μl 1.1X
TE/LiAc Solution and used immediately for transformation.
Therefore, 20 μl of the double-strained cDNA, 6 μl SmaI-linearised pNH196 (3 to

7 μg) and 20μl carrier DNA (2 mg
ml Salmon sperm, denatured in advance for 5min at

100 ◦C) were mixed in a 15ml tube. 600 μl of the competent yeast cells were added
and mixed gently before the addition of 2.5ml PEG/LiAc solution. Afterwards, the
transformation suspension was incubated for 45min at 30 ◦C and mixed every 15min.
At the end, the yeast cells were heat shocked after the addition of 160 μl DMSO for
20min in a 42 ◦C water bath, then centrifuged at 700× g for 5min at room temper-
ature, resuspended in 3ml 2X YPDA with 2% maltose and incubated for 90min at
30 ◦C and 265 rpm.
The transformed cells were centrifuged at room temperature 700 × g for 5min,

resuspended in 6ml 0.9% NaCl solution and 150 μl of the co-transformation was
plated onto YNB medium with 2% of either glucose, fructose, galactose or mannose
but without uracil.
After one week incubation at 30 ◦C, first colonies were streaked out for a second

selection round on YNB medium plates with 2% of either different hexoses glucose,
fructose, galactose or mannose and without uracil. Positive clones were finally iden-
tified by growing them in liquid 2X YPDA medium with 2% of glucose, fructose,
galactose or mannose.

TE buffer

• 0.1mM TrisHCl
• 10mM EDTA
• pH 7.5

1.1X TE/LiAc solution

• 1.1ml TE buffer
• 1.1ml 1M LiAC (Sigma-Aldrich), pH 7.5
• 7.8ml ddH2O

PEG/LiAC solution

• 8ml 50 % (v/v) PEG 3350 (Sigma-Adrich)
• 1ml 10X TE
• 1ml 1M LiAC
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Figure 2.10. One-Step cDNA library construction and screening. SMART generated double-strained (ds)
cDNAs were co-transformed with the SmaI linearised yeast expression vector pNH196 in the hexose-
uptake impaired yeast mutant EBY.VW4000. In vivo, ds cDNAs were integrated by homologous re-
combination in pNH196 over SMARTIII/CDSIII recombination sites. Putative hexose transporters were
isolated by functional complementation of EBY.VW4000 on selective medium without uracil and with
hexoses as only carbon source.

2.9.6 Plasmid Preparation from Yeast and Retransformation in E. coli

To identify the cDNAs cloned into pNH196, the transformed plasmids were recovered
from yeast. Therefore, 2ml of two days old yeast cultures inoculated in 3ml liquid
2X YNB medium with 2% maltose and without uracil were centrifuged for 3min
at 13,000 rpm. The cell pellet was resuspended in 500 μl Glucanex solution (120 mg

ml
Glucanex™(Novozyme, Denmark) and 60 mg

ml BSA (Carl Roth, Germany)) and incu-
bated at 30 ◦C for cell wall digestion. After 1 h, the cells were centrifuged for 1min
at 7,900 rpm, resuspended in 500 μl resuspension buffer and incubated for 5min at
room temperature. 50 μl 10% sodium dodecyl sulfate (SDS) was added, followed by
an incubation step at 68 ◦C for 30min. Proteins were precipitated by the addition of
200 μl 5M potassium acetate and a centrifugation step of 5min and 13,000 rpm after
a resting time on ice for 1 h. The supernatant was transferred in 750 μl isopropanol.
The plasmid DNA was precipitated by 10min centrifugation at 13,000 rpm, washed
with 800 μl 70% ethanol and dried at 68 ◦C. The dried pellet was resolved in 50 μl
ddH2O.
The isolated plasmids were transferred via electroporation in E.coli (Chap. 2.3.2)

and transformants were selected on LB agar plates with 100 μg
ml ampicillin. Plasmids

of at least three E. coli clones, from each transformation, were isolated by mini prepa-
ration (Chap. 2.4.2) and analysed for cDNA insert size by restriction endonuclease
digestion and agarose gel electrophoresis. Clones with an appropriate insert size of
more than 1.5 kb were sequenced in forward direction using the primer NH196_F1
(5’-tccacccaagcagtggtatc-3’) and in reverse direction with NH196_R1 (5’-agctcgatgga-
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tcccgtatc-3’).

Resuspension buffer

• 1M TrisHCl
• 0.5M EDTA
• 0.1 mg

ml RNaseA (Carl Roth)

2.10 Heterologous Expression of GiMST1 in Yeast

For the heterologous expression of GiMST1 in yeast, the 1.5 kb ORF of GiMST1 was
cloned in the yeast expression vector pNEV-N (kindly provided by K. Wippel, FAU,
Germany) right before the constitutively active promoter of the S. cerevisiae ATPase
PMA1. For this, GiMST1 was first amplified with the primers MST1atgNot_F1 and
MST1endNot_R1 containing Not1 restriction sites on the 3’ ends. The received am-
plificat was cloned in the vector pCR2.1-Topo. The resulting plasmid was named
pCR2.1-GiMST1-NotI. pCR2.1-GiMST1-NotI was digested with NotI and cloned in
the NotI-linearised vector pNEV-N. The created vector pNEV-MST1 was then trans-
formed in the EBY.VW4000 strain as described in Chap. 2.3.3.
In addition, a GiMST1-GFP fusion construct was generated to test the membrane

location of GiMST1 in yeast. Therefore, GiMST1 was amplified without stop codon
using the primers pEXTAGiMST1_F1 and pEXTAGiMST1_R1 containing NcoI restric-
tion sites on the 3’ ends and cloned in pCR2.1-Topo creating pCR2.1-GiMST1-NcoI.
From there, GiMST1 was released by NcoI digestion and cloned in the NcoI-linearised
yeast vector pEXTAG-GFP (kindly provided by K. Wippel, FAU, Germany). The re-
ceived plasmid pEXTAG-MST1-GFP was transformed in the yeast strain EBY.VW4000
as described in Chap. 2.3.3.

2.11 Spotting Test

The growth of the complemented yeast mutant strains on different sugars was deter-
mined in a spotting test. Therefore, the yeast strains were pre-grown in 3ml liquid
YNB medium with 2% maltose under selective conditions at 30 ◦C and 200 rpm over
night. The cells were centrifuged for 2min at 10,000 rpm, washed twice with sterile
distilled water and resuspended in sterile water to a final OD600 of 1. A dilution se-
ries was prepared (10−1 to 10−4), whereon 10μl of each 10-fold dilution was spotted
on YNB plates supplemented with 0.1 or 2% of different monosaccharides (maltose,
glucose, fructose, mannose) and with a pH of 6.5 or 5.5. The plates were incubated at
30 ◦C up to one week.

2.12 Uptake Experiments with Radioactive Labelled Sugars

Yeast cells were grown overnight in selective medium to an OD600 of 1.0, harvested
by centrifugation, washed twice in 50mM potassium-phosphate buffer pH 5.0 and
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resuspended in the same buffer to an OD600 of 40.
If not otherwise indicated, uptake was started by the addition of 1mmol of radio-

labelled sugar (14C glucose, 14C fructose, 14C xylose or 14C mannose) to 500 μl of
potassium-phosphate buffered yeast suspension shaken in a water-bath at 28 ◦C.
50 μl samples were taken at given intervals, filtered onto glass microfibers filters and
washed twice with Millipore water. The filters were transferred into scintillation vials
containing 4ml scintillation cocktail (LumaSafe PLUS; Lumac LSC, The Netherlands)
and radioactivity was measured with a scintillation counter.
For inhibition studies, yeast cells were pre-incubated for 1min with 50 μM of the

protonophore CCCP (carbonylcyanide m-chlorophenylhydrazone), before the reac-
tion was started by the addition of 14C glucose. pH dependancy was determined
by measuring 14C glucose uptake of yeast cells resuspended in 50mM potassium-
phosphate buffer with pH 5.0, 6.0, 7.0 or 8.0. Competition for glucose uptake was
performed by adding 10mM of the competitor to cells of an OD600 of 10. The yeast
cells were incubated 1min with the competitor before 0.1mM radio-labelled glucose
was added. The Km value was determined by measuring the uptake rates at different
glucose concentrations.
All uptake experiments were repeated with independent samples at least three

times.

2.13 Transcription Analysis

2.13.1 Quantitative Real-Time PCR (qPCR)

In order to compare the expression levels of genes in different samples a quantitative
real-time PCR (qPCR) was performed. For real-time reactions the MESA GREEN
qPCR MasterMix Plus (Eurogentec, Belgium) was used. Per reaction 12.5 μL MESA
GREEN was mixed with 0.5 μl forward and reverse primer (each 0.2 pm

μl ), 1 μl cDNA
and 10.5 μl DEPC H2O. The cDNA templates (1 μg of reverse transcribed total RNA)
were used as a dilution of 1:5 in DEPC-treated H2O. The primers for qPCR were
designed using the Primer3 software program. Primers used for qPCR are listed in
Tabs. A.1 and A.3. When possible, intron-spanning primers were used. Routinely
three technical replicates were set per reaction and the appropriate water controls
(containing water instead of template) were included to check for contaminations.
For real-time PCR the Bio-Rad iCycler MyIQ (Bio-Rad, USA) was used. The cycling
parameters were set as described in Tab. 2.14. At the end of the qPCR a meltcurve
was run by rising the temperature slowly from 57 to 97 ◦C to check for unspecific PCR
products or primer dimers formed during the reaction.
The relative expression was calculated by normalising the Ct values (threshold

cycle) of the target gene against the Ct values of an housekeeping gene:

Relative Expression = 2CtHousekeeping Gene−CtTarget Gene

For M. truncatula, S. tuberosum and G. intraradices the elongation factor alpha 1 (TEF)
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Temp.� 95°C� 95°C� 56°C� 72°C� 95°C� 57°C� 57-97°C�

Time� 1 min� 30 sec� 30 sec� 30 sec� 1 min� 1 min� 10 sec�

Cycles� 1� 40� 1� 1� 77�

Real Time Detection� Melting Curve�

Table 2.14. Cycle parameters for qPCR.

was used (TC106470; AJ536671; DQ282611), for S. cerevisiae specific primers against
the actin gene Act1p (NP_116614) was used.
Fold change expression was calculated by the comparative Ct method according

Livak et al. (2001):

Fold change = 2−ΔΔCt

ΔΔCt = ΔCtTarget Gene I −ΔCtTarget Gene II

ΔCtTarget Gene = CtTarget Gene −CtHousekeeping Gene

A minimum of a twofold change in expression was considered to be biologically
relevant. Errors were calculated as standard deviation (s.d.).

2.13.2 In situ Hybridisation of Mycorrhized Roots

The procedure was carried out as described by Schaarschmidt et al. (2006) with
some modifications. Medicago truncatula hairy roots, transformed with the Agrobac-
terium rhizogenes strain ARqua1, were mycorrhized for three weeks in dual compart-
ment plates with G. intraradices, as described before in Chap. 2.2.1. Root pieces of
3mm in length were vacuum infiltrated three times for 10min with 4% (w/v) para-
formaldehyde, 0.1% (v/v) Triton X-100 in phosphate buffered saline (PBS; pH 7.0)
and fixed for 2 h at room temperature with gentle shaking in fresh para-formaldehyde
solution. After a washing step with PBS (2x for 15min) following by dehydration of
the root pieces in a graded series of ethanol (30min 10% EtOH at RT, 60min 30%
at RT, 60min 50% at RT, overnight 70% at 4 ◦C) the material was stored at 4 ◦C.
For embbeding in Paraplast plus (Carl Roth, Germany) the roots were further dehy-
drated 30min with 90%, 60min with 100% EtOH and finally stained for 30min at
room temperature with 0.1 mg

ml Eosin G (Merck, Germany) in 100% EtOH. EtOH was
stepwise replaced by Rotihistol (Carl Roth) and the roots were slowly infiltrated with
liquid paraplast by addition of small droplets at 60 ◦C. Cross-sections of the embed-
ded material were cut using a microtome (HM 355, Microm International, Germany)
with a thickness of 8 μm and mounted on poly-L-Lysine slides (Sigma-Aldrich, Ger-
many). Sections were deparaffinised with Roticlear (Carl Roth) and hydrated with an
EtOH series from 96% to 10%. After 10min in 10mM TrisHCl (pH 8.0) the sections
were treated with 5 μg

ml Proteinase K in TrisHCl (pH 8.0) for 30min at 37 ◦C, washed
with the same buffer and blocked for 30min at room temperature with 1% (w/v)
Albumin Fraction V (BSA) (Carl Roth) with 2 mg

ml Glycin in 10mM TrisHCl (pH 8.0).
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Following an equilibration step in PBS, slides were treated for post-fixation with 4%
(w/v) paraformaldehyde for 10min and equilibrated in 0.1m triethanolamine (pH
8.0) (Sigma-Aldrich) before acetylation with 0.25% (v/v) acetic anhydride in 0.1M
triethanolamine (pH 8.0) for 10min. The sections were finally washed in TrisHCl
(pH 8.0), dehydrated with EtOH and air dried. Prior hybridisation, the sections were
pre-hybridisised for 1 h at 45 ◦C in hybridisation solution consited of 50% (v/v) For-
mamid, 0.3M NaCl, 10mM TrisHCl (pH 7.5), 5mM EDTA, 1X Denhardt’s solution,
1 mg

ml tRNA (Roche Diagnostics, Germany) and 0.5% (w/v) BSA to avoid unspecific
binding of the RNA probes. Finally, sections were incubated with hybridisation so-
lution containing 10 mg

ml RNase inhibitor and 1μg digoxigenin (DIG) labelled sense or
antisense probe overnight at 45 ◦C under humid conditions. Slides were washed with
0.2X SSC (2 times 30min at 55 ◦C), equilised with STE for 3min at room tempera-
ture, treated with 20 μg

ml RNase A in STE (30min at 37 ◦C) and washed again with STE
(5min, room temperature) and 0.2X SSC (30min, 55 ◦C).
For the immunological detection of RNA-RNA hybrids, sections were incubated

for 5min in TBS, for 30min in 1% (w/v) blocking reagent (Roche Diagnostics) in
TBS and for 120min with 1:1000 diluted Anti-DIG fab fragment conjugated with
alkaline phosphatase (Roche Diagnostics), 1% Blocking reagent and 1% acetylated
BSA (Aurion, Netherlands) in TBS.
For the histochemical staining, sections were incubated in detection buffer with

0.4M nitroblue-tetrazolium (NBT), 0.5M 5-bromo-4-chloro-3-indolyl-phosphat (BCIP)
and 10mM Levamisol (Sigma Aldrich), over night at 37 ◦C in a humid chamber. Reac-
tion was stopped with 10mM TrisHCl and 1mM EDTA and sections were preserved
in Glycerol:PBS (1:1).
Sense and antisense cRNA probe of GiMST1 were in vitro transcribed using the DIG

RNA labelling Kit (Roche Diagnostics, Germany). A 148 bp specific region of GiMST1
was amplified from a cDNA library of microdissected and arbusculated potato root
cells using specific primers MST1situ_F1 and MST1situ_R1, ligated in the polylinker
site of the dual promoter vector pCRII-Topo (Invitrogen, USA) which was afterwards
named pCRII-GiMST1-148bp (Fig. 2.11 a). For sense probe synthesis the vector was
cut with HindIII, purified by gel electrophoresis and 1μg of the linearised vector
was transcribed in cRNA via T7 RNA polymerase according the manual description.
For antisense probe synthesis the vector was linearised with XbaI, purified and tran-
scribed via Sp6 RNA polymerase. Sense and antisense probe were purified using the
Minielute PCR Kit from Peqlab Biotechnology (Germany). The RNA was eluted twice
from the columns with 20 μl RNase free water. The efficiency of the labelling reaction
was determined with a spot test following the DIG Application Manual for Filter Hy-
bridization (Roche Diagnostics) and equal yields of sense and antisense probe were
used for hybridisation (Fig. 2.11 b).

PBS

• 135mM NaCl
• 3mM KCl
• 8mM Na2HPO4
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• pH 7.0

STE

• 3mM TrisHCl (pH 7.8)
• 1mM EDTA
• 0.1M NaCl

20X SSC

• 3mM NaCl
• 300mM trisodium citrate
• pH 7.0

TBS

• 0.1M TrisHCl (pH 7.5)
• 0.15M NaCl

50X Denhardt’s Reagent

• 1% (w/v) Ficoll 400
• 1% (w/v) polyvinylpyrrolidone
• 1% (w/v) BSA

Detaction buffer

• 0.1M TrisHCl (pH 9.5)
• 0.05M MgCl2
• 0.1M NaCl

2.14 Histochemical Analyis

The β-glucuronidase gene (GUS) from E. coli was used in this work as reporter to
visualise promoter activities in plant tissues. The GUS assay is based on the activity
of the β-glucuronidase which catalyses the cleavage of X-Gluc (5-bromo-4-chloro-
3-indolyl-β-D-glucuronid) to an indoxyl-derivative which forms after oxidation by
potassium ferro/ferri cyanid a blue dye. Thus, blue tissue referes to promoter activity
and β-glucuronidase expression.
For GUS assays, fresh root material was heated for 30min at 53 ◦C in sterile dH2O.

Then the roots were incubated in GUS staining solution at 37 ◦C in dark over night.
To visualise fungal hyphae of mycorrhized roots, the stained material was transferred
directly to 10% KOH at 45 ◦C to clear the tissues, acidified with 1% HCl, and then
counterstained for 45min at 90 ◦C with acid fuchsin dissolved in lactoglycerol (lactic
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Figure 2.11. Preparation of sense and antisense probe for GiMST1. a, Cloning of the reverse transcribed
GiMST1 sequence in the pCRII-Topo vector. Location of T7 and Sp6 promoter sequences and XbaI and
HindIII restriction sites are shown in the black box. b, Spot test of the first and second elution of the
GiMST1 sense and antisense probe. The RNA probes were spotted in a dilution series from 10ng to
0.01 pg. The first elution of the probes showed a sufficient strength compared to the control RNA (Roche
Diagnostics).
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acid:glycerol:water, 1:1:1). The roots were destained over night in 50% glycerol by
gentle shaking and prepared the next day on microscope slides in 100% glycerol and
sealed. The stained material was analysed by light and fluorescent microscopy.

GUS staining solution

• 960 μl
ml TrisHCl/NaCl buffer

• 20 μl
ml 100mM potassium ferro/ferri cyanide solution (1:1)

• 25 μl
ml 20% (w/v) X-Gluc in DMF

TrisHCl/NaCl buffer

• 100mM TrisHCl (pH 7.0)
• 50mM NaCl

2.15 Imaging Techniques

Microscopy was done with the SteREO Lumivar.V12 stereo-microscope (Carl Zeiss,
Germany) or the AxioImiger Z1 fluorescence microscope (Carl Zeiss) equipped with
a 64X oil and water immersion objective. Images were captures using three different
cameras from Carl Zeiss: the AxioCamMRm (for fluorescence imaging), the Axiocam
ICc3 (for live color imaging), or the AxioCam HRc (for fluorescence or live color
imaging with the stereo-microscope). The AxioVision V4.5 software was used for
image analysis (Carl Zeiss).

2.16 Software and Webservices

The software and web pages used for data and sequence analysis are listed in Tab. 2.15.
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Software or Webservice� Description� Reference�

Ape-A plasmide Editor� Free plasmid analysis and 
editor software �

M. Wayne Davis, University of 
Utha�

Artemis � Free annotation  software� Ruhterford et al. (2000). 
Bioinformatics 16(10): 944-5�

DNA strider software � Free DNA and protein 
secquences analysis�

Marck (1988). Nucleic Acids Res. , 16
(5), 1829-36�

Jalview� Multiple alignment editor� Clamp et al. (2004). Bioinformatics 20 :
426-7�

ClustalW� Multiple sequence alignment 
program for nucleotide and 
protein sequences�

Thompson et al. (1994). Nucleic Acids 
Res. 22(22): 4673-80�

MEGA4 � Free software for molecular 
evolutionary genetics analysis�

Tamura et al. (2007). Molecular 
Biology and Evolution 24:1596-99�

THMM Server v. 2.0� Prediction of transmembrane 
helices in proteins�

Krogh et al. (2001). J Mol Biol. 305(3): 
567-80�

TopPred� Topology prediction of 
membrane proteins�

Claros and Heijne (1994). CABIOS 10: 
685-86�

PLACE Signal Scan� Database of Plant Cis-acting 
Regulatory DNA Elements�

Higo et al. (1999). Nucleic Acids 
Research 27:297-300�

TRANSFAC database� Database on eukaryotic cis-
acting regulatory DNA 
elements and trans-acting 
factors�

Ghosh (1991). Trends in Biochemical 
Sciences 16: 445-447�

TFD database� Transcritpion factor database� Wingender et al. (1996). Nucleic Acids 
Research 16: 1879-1902�

NCBI� Database for scientific 
publications; database for DNA,
RNA and protein sequences; 
bioinformatic software tools�

National Center for Biotechnology 
Information (USA)�

INRA GlomusDB database� G. intraradices genome database� INRA (France)�

Primer 3� Primer designing program� Rozwn and Skaletsky (2000). Methods 
in Molecular Biology. Humana Press, 
Totowa, NJ,  365-386�

Table 2.15. Software and webservices used for sequence and data analysis.
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Chapter 3

Results

3.1 Characterisation of Sugar Transporters from Potato

In order to identify sugar transporters featuring in the AM symbiosis, cDNA expres-
sion libraries were constructed from mycorrhized potato hairy roots and screened in a
functional complementation assay in the yeast mutant strain EBY.VW4000 (Wieczorke
et al., 1999). This method was already used successfully by Schüßler et al. (2006) to
isolate a symbiosis relevant sugar transporter in the AM-like Geosiphon-symbiosis.

3.1.1 Enrichment of Arbusculated Cells by Microdissection

The material used for the construction of cDNA expression libraries consisted of
potato roots colonised with G. intraradices. To enrich the material with RNA from
arbuscule-containing cells, the potato hairy root line S. tuberosum-pStPT3-FT-GUS was
microdissected under the fluorescent stereo-microscope using self-made micro-razor
blades as described in Chap. 2.8. From this material moderate amounts (200 to 400 ng

μl )
of high quality RNA could be isolated (Fig. 3.1 b).
To validate the enrichment of arbuscules, three different samples, non- (-myc), less-

(+myc) or heavily-mycorrhized (++myc), were compared by quantitative real-time
PCR (Figs. 3.1 a, c). As marker gene expressed exclusively in arbusculated plant cells,
the transcript level of the mycorrhiza specific phosphate transporter 4 from potato
(StPT4) was compared in all samples. Fig. 3.1 c shows the fold induction of StPT4 in
the -myc, +myc and ++myc samples. The increased expression of StPT4 correlated
positively with the arbuscule amount in each sample. A four-fold enrichment of
arbuscule-containing cells in the ++myc sample was achieved.

3.1.2 Screening of cDNA Libraries for Sugar Transporters

Two independently collected arbuscule-enriched RNA samples were used for the con-
struction of cDNA expression libraries in the yeast vector pNH196 (Chap. 2.9). The
construction and screening of the cDNA libraries was performed simultaneously in
the yeast mutant EBY.VW4000 (see also Fig. 2.10). Sample I was screened one time on
glucose plates, Sample II repeatedly on selection medium with different hexoses in
order to saturate the amount of clones which can be recovered from the cDNA pool
(Tab. 3.1).
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cDNA 
Library�

Selection 
Conditions�

Total of 
Clones�

Positive Clones after 2. Selection in Liquid Medium�

No� cDNA 
Size�

GC 
Content�

NCBI BLAST�

cDNA 
arbuscules�
(RNA I)�

YNB�
–Uracil 
+Glucose�

42� 1.�

2.�

1.8 kb�

1.8 kb�

40 %�

40 %�

XP_002510991| sugar transporter, 
putative [Ricinus communis]�
XP_00251099| sugar transporter, 
putative [Ricinus communis]�

cDNA 
arbuscules�
(RNA II)�

YNB �
–Uracil 
+Glucose�

160� 1.� 1.8 kb� 40 %� XP_002510991| sugar transporter, 
putative [Ricinus communis]�

cDNA 
arbuscules�
(RNA II)�

YNB �
–Uracil 
+Glucose�

131� 1.�

2.�

3.�

4.�

5.�

6.�

1.8 kb�

1.8 kb�

1.8 kb�

1.8 kb�

1.8 kb�

1.8 kb�

40 %�

40 %�

40 %�

40 %�

40 %�

40 %�

XP_002510991| sugar transporter, 
putative [Ricinus communis]
XP_002510991| sugar transporter, 
putative [Ricinus communis]
XP_002510991| sugar transporter, 
putative [Ricinus communis]
XP_002510991| sugar transporter, 
putative [Ricinus communis]�
XP_002510991| sugar transporter, 
putative [Ricinus communis]
XP_002510991| sugar transporter, 
putative [Ricinus communis]�

cDNA 
arbuscules�
(RNA II)�

YNB�
–Uracil 
+Glucose�

162� 1.�

2.�

3.�

1.8 kb�

1.8 kb�

1.8 kb�

40 %�

40 %�

40 %�

XP_002510991| sugar transporter, 
putative [Ricinus communis]�
XP_002510991| sugar transporter, 
putative [Ricinus communis]�
XP_002510991| sugar transporter, 
putative [Ricinus communis]�

cDNA 
arbuscules�
(RNA II)�

YNB�
–Uracil 
+Galactose�

25� 1.�

2.�

3.�

4.�

5.�

1.8 kb�

1.8 kb�

1.8 kb�

1.8 kb�

1.8 kb�

40 %�

40 %�

40 %�

40 %�

40 %�

XP_002510991| sugar transporter, 
putative [Ricinus communis]
XP_002510991| sugar transporter, 
putative [Ricinus communis]�
XP_002510991| sugar transporter, 
putative [Ricinus communis]�
XP_002510991| sugar transporter, 
putative [Ricinus communis]�
XP_002510991| sugar transporter, 
putative [Ricinus communis]�

cDNA 
arbuscules�
(RNA II)�

YNB�
–Uracil 
+Fructose�

165� 1.� 1.9 kb� 40 %� CAB52689|hexose transporter �
[Solanum lycopersicum]�

cDNA 
spores�

YNB�
–Uracil 
+Glucose�

  132�  -�      -�    -� -�

Table 3.1. List of clones isolated from cDNA libraries of arbuscule-enriched and spore material by
complementation of the yeast mutant strain EBY.VW4000.
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Figure 3.1. a, Example for less- (+myc) and heavily-mycorrhized (++myc) microdissected root regions
observed under the fluorescent binocular. Arbuscule-containing cells are green fluorescent. The shape
of the roots and of a single cell are indicated with a yellow dashed line. b, Integrity of the RNA
isolated from microdissected potato roots proved by northern blotting. Quality of cDNA was tested by
amplification of StTEF via qPCR. c, Fold change expression of StPT4 in -myc, +myc and ++myc samples.
StPT4 expression was normalised to StTEF. (Bars represent s.d.)

The recovered plasmids from complemented yeast clones were checked for cDNA
insert size by restriction endonuclease digestion. As the average cDNA size of mono-
saccharide transporters is around 1.5 kb (the average protein size for monosaccharide
transporters was estimated around 515 amino acids (aa), see alignment in Figs. B.3
and B.4), only plasmids with the appropriate insert size were sequenced for further
analyses. The obtained sequences were run against the NCBI database.
A frequently isolated false positive clone shared highest homology to the plant

kinetochor protein SKP1. To exclude false positive clones in following screenings,
a second selection step in liquid medium was introduced. Thus, it was possible
to isolate two distinct plant monosaccharide transporters named StHT6 according
to its homology to the monosaccharide transporter HEX6 which was identified in
Ricinus communis (Weig et al., 1994), and StHT2, which is closely related to the trans-
porter HT2 from tomato (Gear et al., 2000) (Fig. 3.2; Tab. 3.2). The here identified
potato transporters code for two proteins of 509 aa (StHT6) and 522 aa (StHT2) with
calculated molecular masses of 55.4 kDa and 57.4 kDa, respectively. The deduced
amino acid sequences showed a 12 transmembrane domain (TMD) topology, typical
for transporters of the major facilitator superfamily (MFS), with intracellular termini
and a long central loop (between TMD6 and TMD7) shared by most hexose trans-
porters (Fig. 3.3). Also conserved domains common in proteins of the MFS (cd06174)
and for sugar transporters (pfam00083) were found by NCBI domain blast search.
Both proteins shared high homology with other plant monosaccharide transporters
(Fig. 3.6; Tab. 3.2; Figs. B.3 and B.4).

StHT6 was the dominant transporter isolated repeatedly on glucose and galactose,
whereas StHT2 was isolated once on fructose selection medium (Tab. 3.1). Sequences
of fungal sugar transporters were not isolated from the cDNA libraries of arbuscule-
enriched material which represent a mixture of fungal and plant expressed genes.
Additionally, a cDNA library constructed from germinated spores was screened on
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Figure 3.2. a, BamHI and KpnI endonuclease restriction digestion of the isolated potato sugar trans-
porters StHT6 and StHT2 in the yeast vector pNH196. b, Position of KpnI and BamHI restriction sites
in pNH196-StHT6 and pNH196-StHT2. (UTR: untranslated region; PolyA: polyadenylated tail)
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Figure 3.3. TMDs predicted by TMHMM program for the monosaccharide transporters StHT6 and
StHT2.
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3.1 Characterisation of Sugar Transporters from Potato

Accesion Number� Organism� Description� Score� Evalue� Identity�

StHT6�

AAA79857� Ricinus communis� Hexose carrier 
protein HEX6�

741 (1912)� 0.0� 71 %�

NP_001149551� Zea mays� Hexose carrier 
protein HEX6�

642 (1655)� 0.0� 61 %�

AAP55016� Oryza sativa� Hexose carrier 
protein HEX6�

639 (1648)� 0.0� 59 %�

ACF22763� Brachypodium 
distachyon�

Sugar transport 
protein�

633 (1633)� 1e-179� 62 %�

NP_001105681� Zea mays� Monosaccharide 
transporter 1�

632 (1630)� 3e-179� 60 %�

StHT2�

CAB52689� Solanum 
lycopersicum�

Hexose transporter 
(LeHT2)�

992 (2565)� 0.0� 95 %�

CAA09419� Solanum 
lycopersicum�

Hexose transporter 
protein�

964 (2491)� 0.0� 92 %�

XP_002517216� Ricinus communis� Sugar transporter, 
putative�

873 (2256)� 0.0� 80 %�

Q94AZ2.2� Arabidopsis 
thaliana�

Sugar transporter 
(STP13)�

857 (2214)� 0.0� 79 %�

Table 3.2. NCBI protein Blast results for the monosaccharide transporters StHT6 and StHT2.

glucose plates for fungal sugar transporters active in the presymbiotic phase. Also in
this screen no fungal transporter was found.

3.1.3 Functional Analysis of StHT6 and StHT2 in Yeast

The EBY.VW4000 clones complemented with StHT6 or StHT2 were tested for their
ability to take up different hexoses as carbon source. First tests in liquid medium
showed no difference in growth between yeasts expressing heterologously StHT6 or
StHT2. Both transporters were able to complement the mutant which was able to
grow with glucose, fructose or mannose as the carbon source (Fig. 3.4). More in-
formation about substrate specificity and affinity was gained by spotting a dilution
series of the yeast mutants on solid medium with 0.1% or 2% of each sugar (Fig. 3.5;
Chap. 2.11). StHT6 expressing yeasts were able to grow efficiently on all sugars,
whereas yeasts complemented with StHT2 grew better on glucose and mannose but
lesser on fructose. This was more obvious comparing growth of StHT2 transformed
yeasts on 0.1% and 2% sugar plates. Both transporters sustained growth of the mu-
tant better on higher sugar concentrations. As control, all yeast clones were cultivated
in liquid medium with maltose, which is the only monosaccharide that can be used
by the EBY.VW4000 mutant without complementation. The high-affinity monosac-
charide transporter HXT2 from S. cerevisiae (accession no. CAA88528) was used as
positive control in all experiments.
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+ - Maltose 2% 

Glucose 2% Fructose 2% Mannose 2% 

StHT6 StHT2 

Figure 3.4. Growth test of the hexose-uptake impaired yeast mutant EBY.VW4000, complemented with
StHT6 and StHT2, in liquid medium. Overnight cultures of EBY.VW4000 expressing heterologously
StHT6 or StHT2, one negative control expressing the empty vector pNH196 and one positive control
expressing the S. cerevisiae high-affinity sugar transporter HXT2 were diluted to an OD600 of 1 and used
as inoculum for 2X YPDA (pH 6.5) with 2% hexose content. Cultures were incubated for 2 days at 37 ◦C
and 200 rpm.

3.1.4 Phylogenetic Analysis of StHT6 and StHT2

A phylogenetic tree was constructed based on the amino acid sequences of different
plant monosaccharide transporters including the newly isolated potato transporters
StHT6 and StHT2 (Fig. 3.6). According to this tree, four different groups of monosac-
charide transporters could be distinguished which are highlighted with green, or-
ange, or lilac boxes. It shows also, that StHT6 and StHT2 are only distantly related
and belong to to different groups. StHT6 clusters together with sugar transporters
from several plants like rice, maize, sorghum, Vitis vinifera and Arabidopsis thaliana in
the group highlighted in green, whereas StHT2 clusters together with transporters of
tomato, maize and A. thaliana in the orange group.

In addition, the NCBI database was screened by BlastN for orthologues of StHT6
in Solanum lycopersicum and Medicago truncatula. Thus, the putative orthologue from
Medicago could be identified on chromosome 3 (accession no. CU467812). The or-
thologue in tomato which was found in this Blast with the accession no. AK323115,
is described as a cDNA clone isolated from leave tissue by Aoika et al. (2010). The
tomato (SlHT6) and the Medicago transporter (MtHT6) were named according to their
homology to the potato hexose transporter 6.

None of the new identified potato sugar transporters appeared to be orthologous
to the monosaccharide transporter 1 (MtST1) identified in the model legume M. trun-
catula (Harrison et al., 1996). MtST1 was also isolated from mycorrhizal roots and
showed an enhanced expression during mycorrhization (Harrison et al., 1996).
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Figure 3.5. Growth test of the EBY.VW4000 yeast mutant complemented either with the S. tuberosum
monosaccharide transporter StHT6 and StHT2 or the S. cerevisiae high-affinity sugar transporter HXT2.
As negative control EBY.VW4000 was transformed with the empty vector pNH196. The yeast clones
were spotted in a dilution series on YNB medium (pH 6.5) containing different hexoses as carbon
source in two different concentrations (2% or 0.1%). The plates were incubated for 4 days at 37 ◦C. The
sampling schema is shown in the upper right panel.
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Figure 3.6. Phylogenetic tree of plant monosacchride transporters. The dendrogram was generated
by MEGA 4.0 software using ClustalW for the alignment and the neighbour-joining method for the
construction of the phylogeny. Bootstrap tests were performed using 1000 replicates. The branch lengths
are proportional to the phylogenetic distance. The sequences of the yeast hexose transporters HXT1 and
HXT2 were used as outgroup. Four groups were outlined with blue, green, orange and lilac boxes.
StHT6 is marked in green. The putative orthologues of StHT6 and MtHT6 are outlined with green
unfilled boxes. MtST1 is marked in blue, StHT2 in orange.
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3.1.5 Expression of Plant Sugar Transporters During Mycorrhization

The transcript levels of StHT6 and StHT2 were determined in microdissected sam-
ples (non- (-), less- (+) and heavily- (++) mycorrhized) using quantitative real-time
PCR (see also Chap. 3.1.1). Both transporters showed a basal expression level in
non-mycorrhized root samples but StHT6 had a higher overall expression. Interest-
ingly, StHT6 expression was upregulated with the increase of StPT4 transcript levels,
whereas StHT2 was not affected by mycorrhization (Fig. 3.7 a). To determine the pos-
itive correlation of StHT6 and StPT4 expression, a time course experiment with the
potato hairy root line S.tuberosum-pStPT3-FT-GUS was performed (Fig. 3.7 b). The
roots were mycorrhized with G.intraradices in the two-compartment in vitro system
(Chap. 2.2.1). After contact with fungal hyphae, full roots were selected after 3, 11,
14 and 32 days for RNA extraction. The expression of StPT4 was used to study the
dynamic of mycorrhization on the gene level. After three days no transcript levels
of StPT4 were detectable indicating that at this time no arbuscule formation occured.
With the formation of functional arbuscules, represented by a significant increase of
StPT4 level between 11 and 14 days, the symbiosis was fully established. A decrease
in StPT4 transcripts after 32 days correlated with arbuscular collaps which is typically
observed at this time. StHT6 showed a similar dynamic with the highest expression
after 14 days and a slight decrease after 32 days. In full roots the overall expression of
StHT6 was much higher than in the arbuscule-enriched samples (Fig. 3.7) indicating
that StHT6 is not exclusively expressed in arbuscule-containing cells but also in other
root tissues.
In addition, the expression of the M. truncatula monosaccharide transporters MtST1

and HT6 was measured in non-mycorrhized (non-myc) and mycorrhized (myc) M.
truncatula hairy roots (M. truncatula-ARqua1) 14 days after colonisation with G. in-
traradices (Fig. 3.8) . Expression levels were determined in three different root sam-
ples. MtST1 was reported as a mycorrhiza-inducible sugar transporter showing in-
creased transcription in colonised roots (Harrison et al., 1996) as it was observed for
the potato transporter HT6 (this work; Fig. 3.7). MtHT6 was found by BlastN analysis
as the most probable orthologue of StHT6 (this work; Chap. 3.1.4). Fig. 3.8 shows that
MtST1 transcripts accumulated in mycorrhized roots, as it was demonstrated previ-
ously by Harrison et al. (1996). In contrast, MtHT6 was not differential expressed
between non-myc or myc samples. The expression pattern resembled that of the iso-
lated potato transporter StHT2 (Figs. 3.7 a and 3.8). The expression of MtPT4 was
measured to determine internal colonisation and formation of functional arbuscules.
In non-mycorrhized roots no MtPT4 transcripts were detectable (data not shown).

3.1.6 Promoter Studies of StHT6 and MtST1

The promoter sequence of StHT6 was isolated by genome walking from a genomic
library. This library was constructed in this work from genomic DNA of the potato
hairy root line S.tuberosum-pStPT3-FT-GUS (Chap. 2.7.7). With the gene-specific primers
HT6_GSP1, HT6_GSP2 and HT6_GSP1a, HT6_GSP2a in combination with the adaptor-
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Figure 3.7. Effect of mycorrhization on StHT6 and StHT2 expression. a, Expression of StHT6, StHT2
and StPT4 in three microdissected root samples (non-mycorrhized, -myc; less-mycorrhized, +myc; full-
mycorrhized, ++myc). b, Expression of StHT6 and StPT4 in a time course of potato hairy roots mycor-
rhized for 3, 11, 14 and 32 days post inoculation (dpi) with G. intraradices. (Bars represent s.d.)
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Figure 3.8. Expression analysis of MtST1, MtHT6 and MtPT4 in non-mycorrhized (non-myc) and myc-
orrhized (myc) M. truncatula hairy roots. The roots were colonised in the two-compartment system with
G. intraradices for 14 days. Three independent root samples were used for quantitative real-time PCR
analysis (1, 2, 3). (Bars represent s.d.)
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Figure 3.9. Schema of the promoter isolation of StHT6 by genome walking. The first 900 bp were
amplified from the DraI library using the primers HT6_GSP1 and GSP2. Additional ca. 1,200 bp were
amplified from the StuI library with the primers HT6_GSP1a and GSP2a. The Probe I and Probe II
were used for the identification of positive clones by southern blotting. The upper scale represents bp
upstream or downstream of the ATG (+1).

specific primers ASP1, ASP2, it was possible to amplify a 2.0 kb fragment upstream
of the ATG (Fig. 3.9). The full sequence was amplified and cloned in the pENTR/D-
Topo vector using the primers pStHT6_F1 and pStHT6_R1. Additionally, 2.3 kb of
the promoter sequence of the sugar transporter 1 from Medicago truncatula (MtST1)
was isolated by PCR using the primers pMtST1_F1 and pMtST1_R1 and cloned in the
pENTR/D-Topo vector.
Both promoter fragments (pHT6 and pST1) were fused by Gateway cloning to

the GFP-GUS reporter cassette of the plant binary vector pPGFPGUS-RedRoot (see
Chap. 2.7.4). The new plasmids pHT6-GFP-GUS-RR and pST1-GFP-GUS-RR were in-
troduced in Medicago or tomato hairy roots via A. rhizogenes mediated transformation
(Chap. 2.3.5). The fluorescence reporter GFP was not useful for promoter studies un-
der the fluorescence microscope due to the high background fluorescence of the hairy
roots. Nevertheless, the GUS reporter gave a precise picture of promoter activity be-
fore and after mycorrhization. Fig. 3.10 shows the promoter activity of StHT6 and
MtST1 in non-mycorrhized tomato and Medicago roots. GUS was expressed for every
combination (pStHT6 expressed in tomato, pStHT6 in Medicago, pMtST1 in tomato
and pMtST1 in Medicago) in the vascular cylinder, in old root tips and young root
tips of newly developing lateral roots. However, GUS expression was also detected in
arbusculated cells (Fig. 3.11). While the activity of pHT6 in tomato, both solanaceous
species, was not surprising, the activity of pHT6 in Medicago, belonging to a different
plant family, as well as pST1 activity in tomato was quite interesting.
The fact that the promoters of S. tuberosum and of M. truncatula worked heterol-

ogously expressed in different plant species indicates that the promoter elements
for the expression of both sugar transporters are conserved. Therefore, promot-
ers of StHT6 and MtST1 were analysed in silico using the PLACE database. Thus,
different cis-regulatory elements were identified in both promoter sequences com-
monly found in genes regulated by sugar. One representative element was SURE
(sucrose responsive element) identified in genes up-regulated by sucrose (Grierson
et al., 1994). The SURE1 element (AATAGAAAA) was found in pHT6 at position
-1775 (+strand) and in pST1 at position -1349 (+strand). In addition, the SURE2 ele-
ment (AATACTAAT) was found in pHT6 at position -1384 (-strand) and one putative
Suc box 3 at position -137 (-strand) (AAAATCATAA) (Hattori et al., 1990; Tsukaya
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Figure 3.10. GUS staining of non-mycorrized M. truncatula roots transformed with promoter-reporter
constructs for StHT6 andMtST1. a-c, Homologous expression of the gus gene under control of the MtST1
promoter in M. truncatula. d-f, Heterologous expression the gus gene under control of the StHT6 pro-
moter in M. truncatula. d-f, Homologous expression the gus gene under control of the StHT6 promoter
in S. lycopersicum. i, j, Heterologous expression of the gus gene under control of the MtST1 promoter in
S. lycopersicum. Red arrows indicate GUS expression in old and new root tips. (Bars indicate 200 μm)
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Figure 3.11. GUS and acid fuchsin counter staining of mycorrized M. truncatula transformed with
promoter-reporter constructs for StHT6 and MtST1. a, c, e, g, i, k, m, o, Blue GUS staining indicates
promoter activity in arbusculated cells. b, d, f, h, j, l, n, p, Fuchsin stained fungal structures within roots
under the fluorescent light. GUS and fuchsin staining are overlapping. Red arrows indicate exemplary
arbuscule-containing cells.
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et al., 1991). A motif solely presented in pST1 at position -269, -1436 (+strand) and
-1744 (-strand) is the AMYBOX1 (TAACAAA) conserved in α-amylase promoters of
rice, wheat (Triticum aestivum), and barley (Hordeum vulgare) as an essential element
of negative regulation by sugar (Huang et al., 1990). The AMYBOX2 (TATCCAT)
(Huang et al., 1990) also known as sugar starvation enhancer element in α-amylase
5’region (Lu et al., 1998) was found in pST1 just at one position, -2231 (-strand). An-
other promoter element in common between both genes is the OSE1ROOTNODULE
(AAAGAT) and OSE2ROOTNODULE element (CTCTT) described in genes expressed
in root nodule infected cells as well as in arbuscule-containing cells (Vieweg et al.,
2004; Fehlberg et al., 2005). In pHT6 the OSE1ROOTNODULE element was found
four times on location -935 (+strand) and on location -790 and -1115 (-strand), the
OSE2ROOTNODULE (CTCTT) element seven times in minus-strand orientation on
postition -201, -358, -1029, -1077, -1708, -2038 and -1772. In pST1 the OSE1ROOTNO-
DULE element was found on the positive strand at -159, -198, -729, -1113, -1266, -1570
and on the negative strand at -989, -1302, -1939. OSE2ROOTNODULE was found
at position -25, -56, -111, -1589, -2190, -2198, -2342 (+strand) and at position -882, -
896, -1931 (-strand). Putative cis-regulatory elements common in mycorrhizal specific
phosphate transporters are the CTTC-motif (CTTCTTGTTCTA) presented in several
AM inducible genes and the TAAT-motif (TAATATAT) specific for AM phosphate
transporters (Karandashov et al., 2004). In the mycorrhiza-inducible sugar transporter
StHT6 a modified CTTC-motif was found in the minus strand at position -845 with
the sequence (AA)TCTTGTT(AAC) almost at the same position as in the promoter
region of MtPT4 (-838) and in the AM induced Medicago gene MtGST1 (-864) (Karan-
dashov et al., 2004). Also putative TAAT-motifs were located on the minus strand
at -771 and on the positive strand at -514 presented with the sequence (C)AATATA.
This motif was found in the StPT3 promoter (TAATATAT) at position -525, in MtPT4
(TAATATAT) at -90 and in LePT4 (GAATATAT) at -674 (Karandashov et al., 2004). In
pST1 a modified CTTC-motif ((A)TT(A)TTGTTC(GTA)) could be found at position
-671, whereas the full TAAT-motif was found at position -772 (-strand) and in modi-
fied form ((G)AATATAT) at -2168 (+strand). Fig. 3.12 shows the location of the most
prominent motifs in both promoter sequences.

3.2 Characterisation of AM Fungal Sugar Transporters

The main purpose of the cDNA library screens described in the previous chapters
was the identification of so far unknown sugar transporters from the AM fungus G.
intraradices. Unfortunately, this method emerged to be not sensitive enough to isolate
fungal transporters. However, with the release of the first draft of the G. intraradices
genome sequencing putative sugar transporter sequences could be identified by Blast
search in this work.
The United States Department of Energy’s Joint Genome Institute (JGI) started with

the sequencing of the G. intraradices isolate DAOM 197198 in 2004 using a whole
genome shotgun approach. Four years later they were able to present a 4-fold cov-
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Figure 3.12. Putative cis-regulatory elements in the promoter sequences of the sugar transporters StHT6
(pHT6: blue) and MtST1 (pST1: lilac). The lower scale represents base pairs upstream of the tran-
scriptional start codon ATG (+1). (closed triangle: SURE1; open triangle: SURE2; open box; pentagon:
SUCBOX3; closed circle: AMYBOX1; open circle: AMYBOX2; open box: OSE1ROOTNODULE; closed
box: OSE2ROOTNODULE; C: CTTC-motif; T: TAAT-motif; red: elements on the +strand; black: ele-
ments on the -strand; E means end-of-sequence)

erage of whole genome sequencing, but the assembly remained complicated due
to the great abundance of repetitive and polymorphic sequences. The size of the
G.intrardices genome is estimated at around 150Mb (Peter Young and Francis Martin,
personal communication). As expected for AM fungi, the genome of G. intraradices
has a very low GC content (approximately 30%) (Hosny et al., 1997). In addition, ESTs
derived from PCR amplified or normalised cDNA libraries of germinated spores or
extraradical mycelium (ERM) were sequenced. Sequences of ESTs and contig reads
are stored in the INRA GlomusDB database (����������	
��
������

��
������
��	������	�������������) available at the moment only for consortium members.

3.2.1 Screening for MFS Transporters in the Genome Database

The major facilitator superfamily (MFS) represents the largest family of secondary
membrane transporters (Pao et al., 1998). Originally MFS were believed to function
primarily in the uptake of sugars, but in the meanwhile they were expanded to 65
distinct families including transporters specific for phosphate, amino acids, drugs etc.
(����������������	
��). This superfamily is ubiquitous in all kingdoms of life acting
as uniporters, symporters or antiporters (Law et al., 2008). Typically MFS transporters
posse a uniform topology of 12 transmembrane helices forming two domains which
surround a substrate-translocation pore (Law et al., 2008).

To get an overview of the MFS superfamily in G. intraradices, the database was
screened in this work specifically for genes encoding MFS transporters. Fig. 3.13
gives an impression of MFS transporters in the G. intraradices genome.
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Figure 3.13. Putative MFS transporters found the G. intraradices genome database in this work. The out-
lined sections represent di- and monosaccharide transporters. (Disaccharide Transporters 1%; Monosac-
charide Transporters 12%; Amino Acid Transporters 15%; Peptide Transporters 7%; Phosphate Trans-
porters 22%; Nitrate/Ammonium Transporters 22%; UDP/GDP Sugar Transporters 18%; Multi Drug
Transporters 3%)

3.2.2 Putative Sugar Transporters of G. intraradices

Among the identified MFS transporters, five partial genomic or EST sequences be-
longing to the sugar transporter superfamily were found in the G. intraradices genome
by Blast search. Four of these transporters showed high similarity to genes encoding
monosaccharide transporters (GiMST1–4) whilst one of them had higher similarity to
a sucrose transporter (GiSUC1) (Tab. 3.3).

The Artemis annotation program was used to determine the partial open read-
ing frame and the deduced amino acid sequence of those sugar transporters. The
ClustalW program was used to generate a protein alignment in order to find out
which part the protein is missing. Thus, the partial monosaccharide transporters
sequences of G. intraradices were aligned against the sequence of the Uromyces viciae-
fabae sugar transporter HXT1 (CAC41332) as a typical fungal sugar transporter, where-
as the GiSUC1 was aligned against the Ajellomyces capsulatus sucrose transporter
EER44596. The results of these alignments are illustrated in Fig. 3.14. All partial
sequences are located near the N-terminus.

Expression analyses using quantitative real-time PCR during different developmen-
tal stages of the life cycle of the fungus (spores, ERM, arbuscules) revealed that only
GiMST1 was highly induced during the in planta phase, and just detectable during
the other stages (Fig. 3.15). Thus, it was proposed that GiMST1 is involved in the
symbiotic carbon transfer.
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Putative Sugar 
Transporters �

NCBI Blastp Search Results�

EST or Contig Name � Accesion 
Number�

Organism� Description� Score� Evalue� Identity�

Contig 22709 �
(GiMST1)�

XP_001270693� Aspergillus 
clavatus�

MFS sugar 
transporter, 
putative�

115 
(289)�

1e-24� 49 %�

Contig 92861 �
(GiMST2)�

XP_002487894� Talaromyces 
stipitatus�

Sugar transporter, 
putative�

187 
(475)�

7e-46� 42 %�

16504_0 �
(GiMST3)�

EEH47391� Paracoccidioides 
brassiliensis�

Glucose 
transporter�

164 
(416)�

5e-39� 40 %�

11118_1�
(GiMST4)�

XP_002376006� Aspergillus flavus� MFS glucose 
transporter, 
putative�

133 
(335)�

5e-30� 70 %�

7569_1�
(GiSUC1)�

EER44596� Ajellomyces 
capsulatus�

Sucrose 
transporter�

128 
(544)�

1e-53� 57 %�

Table 3.3. Putative sugar transporters found in the G. intraradices genome database by Blast searches in
this work.
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Figure 3.14. Location of the partial amino acid sequences of G. intraradices sugar transporters compared
to the Uromyces cia-vabae hexose transporter HXT1 (CAC41332) or the sucrose transporter of Ajelomyces
capsulatus (EER44596). The location of the PETKG motif which is characteristic for hexose transporters
is indicated at the C-terminus of HXT1.
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Figure 3.15. Expression analysis of putative sugar transporters of G. intraradices in different fungal
tissues by qPCR. The arbuscule-enriched material originates from the microdissection of potato hairy
roots colonised with G. intraradices. Results are presented as relative expression to the G. intraradices
transcription elongation factor alpha 1 (GiTEF). (Bars represent s.d.)

3.2.3 Isolation of GiMST1 and GiMST2

The original sequence of GiMST1 (contig 922709) was found by a Blast search in
the Glomus genome database using the amino acid sequences of the monosaccharide
transporter HXT1 from T. borchii (AAY26391) and of a high-affinity glucose trans-
porter from P. tritrici-repentis (XP001938670) as query. The intron/exon boundaries
in the genomic sequence were defined using the Artemis annotation program to de-
termine the predicted open reading frame (ORF) and the deduced amino acid se-
quence. A protein alignment with other fungal sugar transporters showed that 1.2 kb
of the GiMST1 3’ end were still missing. Thus, the full sequence of GiMST1 was
isolated by RACE PCR from an amplified SMART cDNA library of microdissected
micorrhizal potato roots (see Chaps. 2.8, 2.9.1, and 3.1.1). Additionally, 1 kb of the
GiMST1 cDNA sequence was isolated using the CDSdown_R1 with the GiMST1-
specific primer MST1down_F1 or the nested primer MST1down_F2. However, fur-
ther sequence analyses showed that the 3’ end was still absent which was isolated in
a second RACE PCR using the primers CDSdown_R1 and MST1down_F3 as well the
nested primer MSTdown_F4 (see Fig. 3.16). The 1.5 kb cDNA of GiMST1 encodes for
a 490 aa protein with 54 kDa. Protein analysis revealed that GiMST1 is a MFS sugar
transporter with the conserved motifs pfam00083 and cd06174 (characteristic for MFS
proteins). Hydrophopacity analysis using the TMHMM and the ToPred programm
predicted 12 TMD with cytoplasmic N- and C-terminal ends and an intracellular loop
between TMD6 and TMD7. The genomic sequence of GiMST1 is 2.9 kb and contains
12 introns. GiMST1 has a relative low GC content (37% for cDNA and 29% for
genomic DNA) which is typical for AM fungal genes.
In Blast screens using the sequences of the sugar transporter HXT1 from T. borchii

(AAY26391) and HEXT1 from U. fabae as query, a 1.2 kb genomic sequence of a sec-
ond sugar transporter was found in the contig 92861. This transporter was named
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Figure 3.16. Schema of the RACE PCR for the isolation of GiMST1. In a first RACE PCR with the
gene-specific primers MST1down_F1 and the nested primer MST1down_F2, 1 kb downstream of the
ATG was isolated. The 3’ end with 3’UTR (untranslated region) was amplified in a second RACE PCR
with the gene-specific primers MST1down_F3 and the nested primer MST1down_F4. Specific probes in
the known sequence regions were used for screening of the isolated clones. Scale bar represents base
pairs downstream of the ATG (+1).

GiMST2. As for GiMST1, amino acid sequence comparison with other transporters
demonstrated that 500 bp of the 5’ and 400 bp of the 3’ end were missing. Expres-
sion analysis of this transporter showed highest transcript levels for GiMST2 in the
ERM growing together with hairy roots of the tomato rmc mutant (see Chap. 3.5).
Thus, both missing ends were isolated from a ERM/rmc cDNA library which was
created in this work with the GeneRacer™ Kit by RACE PCR (Chapt. 2.7.6; Fig. 3.18).
The 5’ end was isolated using the GeneRacer™ 5’primer and the gene-specific primer
MST2_GSP1 and the nested primers GeneRacer™ 5’Nested and MST2_GSP2. The 3’
end was amplified with the primer GeneRacer™ 3’ and MST2_GSP1a and the nested
primers GeneRacer™ 3’Nested and MST2_GSP2a. The isolated 1.5 kb ORF of GiMST2
has a GC content of 34% and encodes a 512 aa protein of 57 kDa. The genomic se-
quence of GiMST2 is 2.7 kb with a GC of 29% and contains 14 introns. The amino
acid sequences of GiMST1 and GiMST2 show highly homologous regions and have
an identity of 63%. GiMST2 contains the same conserved domains as shown for
GiMST1. Nevertheless, hydrophobicity analysis of GiMST2 gave different predic-
tions. Thus, while the THMM program predicts 11 TMDs for GiMST2 in contrast to
the 12 predicted for GiMST1. However, using the ToPred program 12 TMD are also
found for GiMST2. Fig. 3.19 shows the protein alignment of both transporters and
the predicted TMDs.
Phylogenetic analysis showed that GiMST1 and GiMST1 cluster with a group of

fungal sugar transporters that includes several xylose transporters (Fig. 3.17). Surpris-
ingly, GiMST1 and GiMST2 are only distantly related to the G. pyriformis monosaccha-
ride transporter GpMST1 (24.6% amino acid identity with GiMST1 and 20.5% with
GiMST2). The protein alignment of the three glomeromycotan sugar transporters is
shown in Fig. B.10. The full cDNA sequences of GiMST1 and GiMST2 are shown in
Figs. B.7 and B.9.

3.2.4 GiMST1 Expression and Transcript Localisation in planta

Further quantitative real-time PCR experiments were performed to investigate the
function of GiMST1 in carbon acquisition in the AM symbiosis. First, transcript levels
of all sugar transporters in +myc and ++myc cDNA samples of microdissected myc-
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Figure 3.17. Phylogenetic tree of fungal monosaccharide transporter protein sequences. The dendro-
gram was generated by MEGA 4.0 software using ClustalW for the alignment and the neighbour-joining
method for the construction of the phylogeny. Bootstrap tests were performed using 1000 replicates.
The branch lengths are proportional to the phylogenetic distance. The sequence of the phosphate trans-
porter GiPT from G. intraradices (AF359112) was used as outgroup. GiMST1 is highlighted in green,
clusters together with fungal xylose transporters are shown in red. A square delimits a group of puta-
tive xylose transporters. The G. pyriformis monosaccharide transporter, GpMST1, is marked with a blue
circle.
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Figure 3.18. Schema RACE PCR GiMST2. The 5’ end with the 5’ UTR (untranslated region) was
amplified using the gene-specific primers MST2_GSP1 and GSP2. The 3’ end with 3’UTR was amplified
with the gene-specific primers MST2_GSP1a and GSP2a. Probe I was used to identify positive clones in
the 2nd RACE PCR. Upper scale represents bp upstream or downstream of the ATG (+1).
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Figure 3.19. Transmembrane domains of GiMST1 and GiMST2. a, Protein alignment of GiMST1 and
GiMST2. Sites of TMDs for GiMST1 predicted by the THMM program are shown as red bars. Sites of
TMDs for GiMST2 predicted by the THMM program are shown as green bars. The additional TMD
assessed by TopPred is indicated in orange. Blue indicates homologous regions. b, Schema of GiMST1
and GiMST2 TMD locations predicted by THMM. Purple TMD of GiMST2 represents TMD predicted
by TopPred.
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Figure 3.20. a, Relative Expression of the G. intraradices sugar transporters in +myc and ++myc samples
of arbuscule-enriched material from mycorrhized potato hairy roots and the corresponding expression
of the S. tuberosum phosphate transporter StPT4. b, Time course analysis of expression of StPT4 and
GiMST1 in mycorrhizal potato hairy roots after 3, 11, 14 and 32 days post inoculation (dpi). c, Time
course analysis of expression of MtPT4 and GiMST1 in mycorrhizal M. truncatula roots after 1, 12 and
25 days post inoculation (dpi). (Bars indicate s.d.)

orrhizal potato roots were determined (Fig. 3.20 a). This experiment showed clearly
that GiMST1 is the most prominent transporter expressed in arbuscules. Additionally,
comparing the +myc and ++myc samples, a positive correlation between GiMST1 and
StPT4 expression could be observed. This dependancy was further determined in two
time course experiments with potato hairy roots and M. truncatula plants (Figs. 3.20 b–
c). All three analyses revealed that GiMST1 expression is linked to the expression of
the symbiotic phosphate transporter PT4.

To identify the precise site of transcript localisation of GiMST1, in situ hybridisation
was carried out on M. truncatula hairy roots colonised with G. intraradices (see also
Chap. 2.13.2). Interestingly, GiMST1 transcripts could be detected in the arbuscules
but also in intraradical hyphae (Fig. 3.21). This indicates that not only arbuscules but
also intraradical hyphae are sites of sugar uptake by the AM fungus.
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Figure 3.21. In situ hybridisation of M. truncatula hairy roots mycorrhized with G. intraradices. a,
Overview of a cross-sectioned mycorrhized M. truncatula root. b, Detail of a cross-sectioned mycorrhized
root hybridised with the antisense probe for GiMST1. Positive purpel staining at arbuscules and IRM
indicates GiMST1 expression. c, No staining is visible in samples of the same root hybridised with the
GiMST1 sense probe. (C: cortex, VB: vascular bundle, AR: arbuscule, IRM: intraradical mycelium)

3.2.5 Functional Analysis of GiMST1 in Yeast

For biochemical studies, GiMST1 was expressed in the hexose-uptake impaired S.
cerevisiae mutant EBY.VW4000. This yeast mutant was already used for the charac-
terisation of diverse fungal or plant sugar transporters (Schüßler et al., 2006; Polidori
et al., 2006; Hayes et al., 2007; Wang et al., 2008). Nevertheless, it represents an het-
erologous expression system and instability of mRNA, mistargeting or subcellular
localisation of the transporter might interfere with a successful yeast complementa-
tion. Thus, transcription and protein localisation of GiMST1 in yeast was verified in
a preliminary experiment.
Transcript accumulation of GiMST1 was tested by quantitative real-time PCR in

the EBY.VW4000 strain transformed with the yeast expression vector pNEV-MST1
(Chap. 2.10) The relative expression rates of GiMST1 and StHT6, which was shown
to be well expressed in yeast (this work, Chap. 3.1.3) are shown in Fig. 3.22 a. Both
transporters were expressed at high levels in yeast.
The membrane localisation in yeast was tested using a GiMST1-GFP-tagged ver-

sion. Therefore, the plasmid pEXTAG-MST1-GFP was transformed in the yeast strain
EBY.VW4000 (Chap. 2.10). EBY.VW4000 expressing the GiMST1-GFP fusion protein
and a positive control, expressing the U. maydis transporter HXT1 fused to GFP were
compared for protein localisation under the fluorescent microscope. In both strains
the GFP fusion proteins were localised at the plasma membrane (Fig. 3.22 b).
Sugar uptake of GiMST1 was first investigated in a spotting test. Three clones

expressing the pNEV-MST1 vector were tested for growth on medium with low or
high sugar concentrations together with three negative controls and one positive con-
trol (Fig. 3.23). As the optimal pH for GiMST1 was unknown to that time, a mean
pH of 6.5 was used. The GiMST1 expressing yeasts grew very poorly compared to
the positive controls and growth was not visible until 11 days of incubation. The
growth test showed that GiMST1 is functional and able to restore the mutation in
EBY.VW4000. Thereby, GiMST1 complemented yeasts grew better on mannose and
on plates with 2% then with 0.1% sugar concentration. Unfortunately, S. cerevisiae
is unable to metabolise and thus to grow on pentoses like xylose or arabinose which
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Figure 3.22. a, Relative expression of GiMST1 and StHT6 which are heterologous expressed in the yeast
mutant EBY.VW4000. b, Localisation of the GiMST1-GFP fusion protein in the plasma membrane of the
yeast mutant EBY.VW4000. The EBY.VW4000 strain expressing the Ustillago maydis sugar transporter
HXT1 fused to GFP was used as positive control (kindly provided by K. Wippel, FAU, Germany).

could therefore not tested in this assay. However, the phylogenetic tree showed a
relation of GiMST1 to fungal xylose transporters (Fig. 3.17). The transport of xylose
by GiMST1 was tested in following studies using radio-labelled 14C sugars.
Quantitative uptake studies and affinity tests with radio-labelled 14C sugars were

also performed in the EBW.VW4000 strain expressing heterologously GiMST1 as de-
scribed in Chap. 2.12. The uptake was measured by the addition of radio-labelled
sugars to a growing yeast suspension. The increase of radioactivity in the yeast cells
with time was determined using a scintillation counter. Highest rates were thereby
measured for glucose than for mannose, xylose and fructose (Fig. 3.24 a).
The substrate affinity of GiMST1 for glucose was determined by measuring the

Michaelis-Menten constant (Km) which defines the substrate concentration at half
of the maximal velocity. To determine the Km value, uptake rates of GiMST1 for
different concentrations of 14C glucose were measured. The Michaelis-Menten graph
is shown in Fig. 3.24 b. The Km of GiMST1 for glucose is 33 ± 12.5 μM (s.e.m.).
The pH optimum of GiMST1 was defined by measuring the uptake of 14C glucose

by yeast cells resuspended in phosphate buffers with different pH values (pH 5, 6,
7 and 8). Fig. 3.24 c shows the mean uptake rates for glucose depending on the pH
value. The highest uptake was found at pH 5 (Fig. 3.24 c).
Glucose transport was found to be sensitive to the presence of the protonophore

CCCP (carbonylcyanide m-chlorophenylhydrazone). CCCP is a lipid soluble molecule
that transports protons over the plasma membrane, thereby disturbing the proton
gradient over the membrane which is important for active transport processes (Del-
rot und Bonnemain, 1981). The transport by GiMST1 was significantly reduced by
CCCP indicating a proton-depending transport mechanism (Fig. 3.24 d). The uptake
of glucose without CCCP was set as 100%.
The versatility of GiMST1 as a sugar transporter was shown in competition assays.

Therefore, the reduction of 14C glucose uptake was tested in the presence of non-
labelled competing sugars (glucose, mannose, fructose, galactose, arabinose, xylose
and ribose), sugar alcohols (mannitol, sorbitol, xylitol, myo-inositol), or carboxylic
acids (glucuronic acid, galacturonic acid) which was added in 100-fold molar excess.
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Figure 3.23. Growth test of the hexose-uptake impaired yeast mutant EBY.VW4000, complemented with
the G. intrardices monosaccharide transporter GiMST1, on different sugars. Three clones expressing
heterologously GiMST1, three yeast clones expressing the empty pNEV-N vector as negative controls
and one positive control expressing the S. cerevisiae high-affinity sugar transporter HXT2 were spotted
in a dilution series on YNB medium (pH 6.5) with different hexoses in two concentrations (2% or 0.1%
). Plates were incubated for 11 days at 37 ◦C. Sampling schema is shown in the right upper panel.
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The uptake of glucose without competitor was set as 100%. The uptake reduction of
radio-labelled-glucose in the presence of an excess of non-labelled glucose was tested
as control. Primary plant cell wall monosaccharides, such as galactose, mannose,
glucuronic and galacturonic acid, and xylose were able to efficiently outcompete the
uptake of glucose (Fig. 3.24 e). These substrates are able to interfere with the catalytic
center of the transporter, which is not a clear evidence that they are transported by
GiMST1. However, the transport and uptake of xylose was verified using 14C xylose
(Fig. 3.24 a).

3.3 Xylose as Putative Carbon Source for AM Fungi

The in Chap. 3.2.5 presented uptake tests in yeast showed that GiMST1 has also the
ability to transport xylose. Thus, it seems likely that AM fungi can use xylose as a
carbon source. In the following sections results are presented assessing the hypothesis
that not only glucose but also xylose might be catabolised by AM fungi.

3.3.1 Xylose Utilisation Pathway Genes of G. intraradices

In general, the use of xylose as carbon source requires its conversion to D-xylulose-5-
phosphate via the xylose utilisation pathway before entering the pentose phosphate
pathway (Fig. 3.25 a). In bacteria, xylose is directly converted in D-xylulose by a
xylose isomersase (XI) and further activated to D-xylulose-5-phosphate by a xylu-
lose kinase (XK). In contrast, fungi are not able to convert D-xylose directly into
D-xylulose-5-phosphate. The conversion requires first the reduction of D-xylose to
D-xylitol and a dehydrogenation to D-xylulose which can then be phosphorylated by
the xylulose kinase. As previously noted, S. cerevisiae spp. are not able to metabolise
directly xylose because they lack genes encoding for xylose reductases (XR) and xy-
lose dehydrogenaes (XDH).
In AM fungi it was found that intraradical hexoses are subject of significant pentose

phosphate pathway activities (Saito, 1995; Pfeffer et al., 1999) but so far there was no
hint for the direct utilisation of xylose. To see if G. intraradices is able to metabolise
xylose, I screened for genes of the xylose utilisation pathway the genome and studied
their expression during different stages of the fungal life cycle. Thus, two xylose re-
ductases (GiXR1 and GiXR2), one xylitol dehydrogenase (GiXDH1) and one xylulose
kinase (GiXK1) were identified (Tab. 3.4).
Gene expression analyses showed that the xylose reductase GiXR2 was highly in-

duced in planta (Fig. 3.25 b). In contrast, the xylitol dehydrogenase and the xylulose
kinase were not differentially regulated.
The missing 5’ end of the xylose reductase GiXR2 was isolated from a cDNA library

of arbuscule-enriched material (see Chaps. 2.8, 2.9.1, and 3.1.1) using the primers
XR2_GSP1 and XR2_GSP2 by RACE PCR. The isolated 966 bp ORF encodes a 322
aa protein with 37 kDa and contains conserved domains cd06660 and cl00470 typical
for the aldo-keto-reductase superfamily. Phylogenetic analysis showed that GiXR2
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Figure 3.24. Sugar uptake experiments with the EBY.VW4000 mutant transformed with pNEV-MST1.
a, Uptake of different radio-labelled substrates (1 mM). (open circles, vector control; closed circles, D-
glucose; closed squares, D-xylose; open triangles, D-mannose; closed triangles, D-fructose) b, Growth
test of GiMST1 expressing yeasts on different sugar plates with a pH of 5.5. c, Michaelis-Menten kinetics
of glucose uptake at pH 5. c, Uptake of glucose is optimal at acidic pH-values. e, Glucose transport
is sensitive to the protonophore CCCP. f, Uptake of 14C-glucose (0.1mM) without competitor (w/o) or
with potential substrates of GiMST1 (100-fold molar excess). (Error bars represent s.e.m.)

Xylose Utilisation �
Pathway Genes�

NCBI Blastx Search Results�

EST or Contig Name � Accesion Number� Organism� Description� Score� Evalue� Identity�

16366_0�
(GiXR1)�

XP_001269678.1� Magnaporthe 
grisea�

D-xylose reductase � 238 �
(607)�

4e-61� 55 %�

6273_1�
(GiXR2)�

EEQ46327.1� Candida albicans� NAD(P)H-Dependent 
D-xylose reductase I,II�

80.5 
(197)�

5e-14� 62 %�

5629_1�
(GiXDH1)�

XP_002153215.1� Penicillium 
marneffei�

Xylitol dehydrogenase� 305 �
(782)�

5e-81� 51 %�

Contig 94763  �
(GiXK1)�

EDV10064.1� Saccharomyces 
cerevisiae�

Xylose kinase� 168 �
(426)�

7e-40� 34 %�

Table 3.4. Table of putative genes of the xylose utilisation pathway found in this work by Blast search
in the G. intraradices genome database.
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Figure 3.25. Evidence of the xylose utilisation pathway in G. intraradices. a, Schema of the xylose utilisa-
tion pathways in fungi and bacteria. (XR: xylose reductase, XDH: xylitol dehydrogenase, XK: xylulose
kinase, XI: xylose isomerase, PPP: pentose phosphate pathway) b, Expression of genes involved in xy-
lose utilisation in G. intraradices during different stages of the life cycle. (ERM: extraradical mycelium,
error bars represent s.d.)

clusters together with yeast xylose reductases (Fig. 3.26).

3.3.2 Activity of Xyloglucan Modifying Enzymes During Mycorrhization

The primary cell wall of higher plants is composed mainly of the polysaccharides
cellulose, hemicellulose, and pectin, but also of proteins and inorganic molecules
(Carpita and McCann, 2000). Several models have been proposed to explain the or-
ganisation of these molecules in the primary cell wall (Cosgrove, 2001). However,
these models have all in common that cellulose and the main hemicellulose xyloglu-
can form the basic network which accounts for the mechanical strength of the primary
wall (Cosgrove, 2001). Xyloglucan, a heteropolymer of a β-(1 4)-glucan backbone
and α-(1 6) xylose side chains which are often substituted with galactose or fu-
cose residues, is thereby responsible for the cross-linking of the cellulose microfibrils
(Eckardt, 2008). However, the primary cell wall is not a rigid framework but a highly
dynamic structure that shows a balanced interaction of wall synthesis, dissamembly,
and reorganisation. Several cell wall modifying plant enzymes are involved in these
processes like xyloglucan-specific endohydrolases (XEH) and xyloglucan endotrans-
glycosylases (XET) both designated as xyloglucan endotransglucosylase/hydrolases
(XTH) (Rose et al., 2002). Xyloglucan endohydrolases can break down the xyloglucan
backbone whereas the xyloglucan endotransglycosyslases reconnect the xyloglycan
molecules. The combined action of both enzymes enables elongation and growth of
the wall despite a high turgor pressure and without loosing the mechanical strength
of the cell wall (Rose et al., 2002).
Xyloglucan can also be the target of microbial hydrolytic enzymes (Pauly et al.,

1999; Hasper et al., 2002; Yaoi and Mitsuishi, 2004). Soil microorganisms posse sev-
eral xyloglucan hydrolytic enzymes to degrade dead plant material (Pauly et al., 1999;
Yaoi and Mitsuishi, 2004). Plant pathogenic fungi secret cell wall degrading enzymes
to hydrolyse the plant cell wall and colonise the host plant (Judge, 2006). Because
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Figure 3.26. Phylogenetic tree of fungal xylose reductase protein sequences. The dendrogram was
generated by MEGA 4.0 software using ClustalW for the alignment and the neighbour-joining method
for the construction of the phylogeny (Tamura et al., 2007). Bootstrap tests were performed using 1000
replicates. The branch lengths are proportional to the phylogenetic distance. The sequences of the
phosphate transporter GiPT from G. intraradices (AF359112) and of GiMST1 were used as outgroup.
GiXR2, highlighted in green, clusters together with yeast xylose reductase (blue square). Full alignment
of GiXR2 and other fungal xylose reductases is shown in Fig. B.12.
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Figure 3.27. Increased expression of the xyloglucan endotransglucosylase/hydrolases StXTH1 and
MtXTH-1 in mycorrhized potato and Medicago roots. Expression is represented as fold induction and
normalised to StTEF or MtTEF, respectively. (Error bars represent s.d.)

of this, plants evolved protein inhibitors for those enzymes also for xyloglucanases
to repel the pathogenic attack (Judge, 2006). Interestingly, xyloglucanase activity was
also measured in AM fungal spores, the ERM, but also in mycorrhized roots (Rejón-
Palomares et al., 1996) which probably facilitates the penetration and colonisation
of the host root. The presence of non-crosslinked cell wall molecules in the periar-
buscular space indicates also a weak and localised activity of AM fungal hydrolytic
enzymes (Bonfante and Perotto, 1995; Balestrinin and Bonfante, 2005). Additionally,
Maldonado-Mendoza et al. (2005) showed the increased activity of the plant xyloglu-
can endotransglucosylase/hydrolase MtXTH-1 in mycorrhized M. truncatula roots. It
was proposed that MtXTH-1 is involved in plant cell wall rearrangements of colonised
cells. However, the type of enzymatic activity is not confirmed for MtXTH-1. Thus,
MtXTH-1 might act as endohydrolases which is involved in cell wall loosening or as
xyloglucan endotransglycosylases which reinforces the cell wall.
Despite the measured activity of AM fungal xyloglucanses, Blast searches in the

genome using protein sequences of different fungal xyloglucanses as query gave no
positive hits. However in this work, an orthologoue of MtXTH-1 was identified by
Blast search in S. tuberosum with the annotation no. Caj77496. The S. tuberosum XTH
named StXTH1 shares 44 % identity with MtXTH-1. Both genes showed elevated
expression levels in hairy roots mycorrhized with G. intraradices (Fig. 3.27).

3.3.3 Orthologues of the XlnR Regulator in G. intraradices

The transcriptional regulator XlnR (xylanase regulator) belongs to the zinc binuclear
cluster family of transcription factors, found exclusively in fungi. XlnR belongs to the
GAL4 superfamily and regulates genes for cellulose- and hemicellulose-degradation
like xylanases (van Peij et al., 1998; Gielkens et al., 1999; Hasper et al., 2000, 2002),
the D-xylose reductase gene from A. niger (Hasper et al., 2000) and possibly sugar
transporters in different Aspergillus species (Anderson et al., 2008).
Six putative orthologues of XlnR were identified in the genome of G. intraradices by
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Putative xlnR 
Orthologues�

NCBI Blastx Search Results�

EST or Contig Name Accesion Number� Organism� Description� Score� Evalue� Identity�

Contig  54787� CBF74531.1� Aspergillus 
nidulans�

Putative 
Zn2Cys6 
transcription 
factor�

69 
(229)�

5e-17� 30 %�

Contig 19795� XP_710690.1� Candida 
albicans�

Potential fungal 
zinc cluster 
transcription 
factor�

59.3 
(142)�

5e-07� 55 %�

Contig 41282� CAY80378.1� Saccharomyces 
cerevisiae�

Asg1p, GAL4 
like 
transcripational 
regulator�

56.6 
(135)�

8e-07� 47 %�

Contig 60527� EEU07433.1� Saccharomyces 
cerevisiae�

Rgt1p, glucose-
response 
transcriptional 
activator�

42 �
(97)�

0,022� 31 %�

Contig  57206� CAY81843.1� Saccharomyces 
cerevisiae�

Stb4p, role in 
regulation of 
genes encoding 
transporters�

53.1 
(126)�

1e-05� 53 %�

Contig 33952� CBF74715.1� Aspergillus 
nidulans�

Putative 
Zn2Cys6 
transcription 
factor�

83.2 
(204)�

9e-15� 37 %�

Table 3.5. Putative orthologues of the transcriptional activator XlnR which were found in this work by
Blast search in the G. intraradices genome database.

Blast search using the XlnR sequence of A. niger (XP_001397110) as query (Tab. 3.5).
Only one orthologue, encoded in contig41, was highly expressed during the in planta
phase (Fig. 3.28). Thus, it is supposed that this gene encodes the transcriptional
regulator activating the expression of the xylose reductases and eventually fungal
cell wall hydrolytic enzymes and transporters in planta. However, evidence for the
regulatory function must first be provided.

3.3.4 GiMST1 Promoter Analysis

The promoter of GiMST1 was isolated by genome walking using different Genome-
Walker™ libraries which were constructed in this work from germinated spores of
G. intrardices (Chap. 2.7.7). In a first PCR a 840 bp sequence upstream of the ATG
was isolated from the PvuII library using the gene-specific primers MST1_GSP1 and
MST1_GSP2 binding in the known 3’ region of GiMST1 in combination with the
adaptor-specific primers ASP1 and ASP2, respectively (Fig. 3.29). The full puta-
tive promoter sequence of 1.7 kb was isolated in a second PCR from the EcoRV li-
brary which was constructed from the same material with the gene-specific primers
MST1_GSP1a and MST1_GSP2a in combination with the adaptor-binding primers
ASP1 and ASP2. The full sequence was amplified with the primers pMST1_F1 and
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Figure 3.28. Expression of putative orthologues of the XlnR transcriptional activator in different devel-
opmental stages of G. intraradices. (Error bars represent s.d.)
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Figure 3.29. Isolation of the GiMST1 promoter sequence by genome walking. 358 bp upstream of
the ATG were known from the GiMST1 sequence found in the genome database. In a first PCR
840 bp upstream of the ATG could be isolated using the gene-specific primers MST1_GPS1 (-147 bp)
and MST1_GPS2 (-187 bp). In a second PCR using MST1_GSP1a (-790 bp) and MST1_GSP2a (-816 bp)
primers located within the sequence of the PvuII library clone at least 1.79 kb upstream of the ATG
were isolated from the EcoRV library. Probe I was used to identify positive clones by southern blotting.
Upper scale represents base pairs upstream of the ATG (+1).
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pMST_R1 and cloned in the pCRII-Topo vector for sequencing.
In silico analysis was performed to find cis-regulatory elements. Therefore the

promoter sequence of GiMST1 was run against the TRANSFAC and TFD database.
Several GAL4-like regulatory elements were found within the sequence (Fig. 3.30 a).
GAL4 is a transcriptional activator in yeast regulating the expression of genes im-
portant for galactose and melobiose uptake, and metabolism. GAL4-like activators
are found exclusively in fungi and regulate genes which are involved in metabolic
processes.
One example for an GAL4-like activator is the XlnR transcriptional regulator which

activates different genes for cellulose or hemicellulose degradation, and xylose cata-
bolism (van Peij et al., 1998; Gielkens et al., 1999; Hasper et al., 2000, 2002). XlnR
was found to interact with the 5’-GGCTAA-3’ motif which is presented in xylanolytic
genes of different Aspergillus species and Penicillium chrysogenum (van Peij et al., 1998).
This motif was shown to be essential for the induction of genes in the presence of xy-
lose by XlnR. Recently, Andersen et al. (2008) found this motif in promoter regions of
xylose up-regulated sugar transporters in three different Aspergillus species. However,
the regulation of sugar transporters through XlnR is not experimentally tested. The
5’-GGCTAA-3’ cis-regulatory was also identified in the GiMST1 promoter sequence
at position -781 (plus strand) (Fig. 3.30 a).
In a preliminary experiment it was tested if the promoter activity of GiMST1 can

be triggered by xylose. This was studied in the Aspergillus nidulans strain GR5 as
heterlologous system. To visualise the promoter activity the 1.7 kb GiMST1 promoter
sequence was fused to the DsRed reporter gene (Chap. 2.3.4). Additionally, the DsRed
gene was fused to the nuclear localisation signal of the A. nidulans transcription factor
StuA to target the fluorescence to the nuclei and thereby to exclude unspecific or
profuse fluorescence signals within the cell (Chap. 2.3.4). Aspergillus clones expressing
the pMST1-DsRed-StuA fusion gene were cultivated overnight at room temperature
in liquid medium supplemented with 2% xylose or 2% glycerol as control. As shown
in Fig. 3.30 b, xylose in the medium induced the expression of the DsRed reporter
which accumulated the nuclei of the Aspergillus germling, whereas glycerol had no
effect on DsRed expression. This points to a possible role of xylose and of GAL-like
acitvators, for expample XlnR, on the expression of GiMST1.

3.4 Expression of Sugar Transporters in the ERM

It was long proposed, that the extraradical mycelium of AM fungi has no sugar up-
take function (Pfeffer et al., 1999). Unexpectately, some of the identified sugar trans-
porters from G. intraradices showed expression in the ERM (see Fig. 3.15). To test if
the expression of these transporters could be triggered by the presence of sugar in the
medium, the ERM of G. intraradices was exposed to different sugars or sugar deriva-
tives for five days as described in Chap. 2.2.5. As control, the ERM was cultivated in
the same medium but without sugars. Fig. 3.31 gives the relative expression levels of
each transporter normalised to GiTEF in the different treatments.
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Figure 3.30. Promoter analysis of GiMST1. a, Putative cis-regulative motifs in the promoter sequence of
GiMST1. GAL4-like consensus sequences (TCCTC; TTATC; TTATATATC) and XlnR-like motiv (GGC-
TAA). Scale represents base pairs upstream of the ATG (+1). (Red colour: design motifs on the positive
strand; black colour: design motifs on the negative strand; E means end-of-sequence). b, Expression of
PpMST1-DsRed-StuA in the Aspergillus strain GR5 in minimal medium with 2% xylose. DsRed signal
is visible in the nucleus of the germling. c, Expression of pMST1-DsRed-StuA in the Aspergillus strain
GR5 in minimal medium with 2% glycerol. No signal is visible in the nuclei. Bars indicate 10 μm.

Most transporters seemed to be specifically induced by one or more sugars. GiMST1
which was expressed at very low levels under routine growing conditions without
sugar was induced specifically in the ERM after the addition of xylose. None of the
other analysed monosaccharides, including glucose, mannose, galactose, arabinose
or glucuronic acid induced GiMST1. In contrast, the expression of the other sugar
transporters was either non-modified or non-specifically induced by xylose. Glucoro-
nic acid (GlucA) was tested because it could efficiently outcompete glucose in yeast
(Fig. 3.24 f). GlucA had either no (for GiMST4) or a repressive (for GiMST1, 2, 3) ef-
fect on sugar transporter expression. GiMST2 was inducible by both tested pentoses
(xylose and arabinose) but repressed by GlucA and mannose. GiMST3 was not in-
duced by any of the tested sugars. Contrary, galactose and GlucA repressed GiMST3
expression compared to the control treatment. Interestingly, glucose did only induce
the expression GiMST4 but not the expression of the other transporters. The relative
expression GiMST4 in the glucose treatment was the highest value reached for all
transporters in the ERM.

Because of the induction of the monosaccharide transporter GiMST1 by xylose,
the influence of xylose on the expression of xylose utilisation pathway genes and of
putative XLnR transcriptional regulators was tested in the same material. None of the
tested xylose utilisation pathway genes were upregulated by the exposure to xylose.
Only one putative XLnR orthologue (contig33) showed increased transcription in the
ERM after the xylose treatment.
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Figure 3.31. Expression analysis of sugar transporters and genes involved in xylose usage in the ERM.
a, Expression of sugar transporters in the ERM exposed for five days with 2X M medium containing
2% sugar. As control, ERM was cultivated under standard conditions (2X M medium without sugar).
(Gluc: glucose, Man: mannose, Gal: galactose, GlucA: glucuronic acid Xyl: xylose, Ara: arabinose) b,
Expression of xylose utilisation genes in xylose and control treatment. (XR: xylose reductase, XDH:
xylose dehydrogenase, XK: xylose kinase) c, Expression of XlnR orthologues in xylose and control
treatment. (Error bars represent s.d.)
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3.5 GiMST1 and GiMST2 Expression in the Vicinity of Roots

Because the ERM develops in the soil in the vicinity of other roots, it was tested
whether the exposure of the mycelium to roots or their exudates could induce the
expression of GiMST1 and its homologue GiMST2 (Chaps. 2.2.4 and 2.2.5). Root exu-
dates represent an inhomogeneous mixture of different compounds including pentose
sugars (Lugtenberg et al., 1999) which were shown to influence GiMST1 or GiMST2
expression. Also several authors described the influence of roots and their exudates
on the AM fungal development (Graham, 1982; Elias and Safir, 1987; Bécard and
Piché, 1989; Bücking et al., 2008).
The results presented in Fig. 3.32 showed that neither the vicinity of wild type (wt)

tomato roots nor their root exudates have an comparable induction effect like it was
observed for free xylose (Fig. 3.31). Contrary GiMST1 expression was repressed in
vicinity to wt roots and slightly increased in the presence of root exudates compaird
to the control. GiMST2 expression was not altered by direct contact to wt tomato
roots, whereas wt root exudates caused a clear repression of GiMST2 in the ERM.
Interestingly, the vicinity of roots from the mycorrhiza-defective tomato mutant

rmc (Barker et al., 1998) increased the expression of both transporters significantly
whereas the rmc root exudates showed no effect.
The rmc mutant (reduced mycorrhizal colonisation) is a mycorrhiza-deficient tomato

mutant, that is impaired in the colonisation by several AM fungi including G. in-
traradices, but allows the colonisation by G. versiforme (now Glomus sp. WFVAM23;
Gao et al., 2001).
So far it is not known which gene is affected in the rmc mutant, but the defect

was demonstrated to rely on a single mutation on chromosome 8 in the vicinity of
R genes and R gene homologues, suggesting rmc could be involved in the percep-
tion or recognition of microbial ligands (Larkan et al., 2007). A defect in recognition
processes would also explain the tolerance of the rmc mutant towards root knot nema-
todes and Fusarium wilt (Barker et al., 2005). However, due to the unknown function
of the rmc locus, it is difficult to relate the genetic defect of the mutant to the increased
GiMST1 and GiMST2 expression.

3.6 Functional Relevance for GiMST1 in the AM Symbiosis

In the previous chapters it was shown that GiMST1 transcripts accumulate in planta
and that its expression correlates well with the increase of PT4 expression. Addi-
tionally, in situ hybridisation revealed that transcripts localise in arbuscules and in
intraradical hyphae. Furthermore, uptake studies in yeast demonstrated that GiMST1
is well adapted to use sugars of primary cell wall components which were also found
the periarbuscular space (Bonfante and Perotto, 1995). In summary, GiMST1 appears
as the perfect candidate for a transporter involved in symbiotic carbon transfer. The
best method to validate this assumption would be the knock out or gene silencing of
GiMST1 to look for the symbiotic phenotype. This is a difficult task and due to the
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Figure 3.32. Expression of GiMST1 and GiMST1 in ERM a, in the vicinity of wild type (wt) tomato or
rmc mutant hairy roots (ordinate is presented in logarithmic scale) or b, in the presence of their root
exudates. The control was treated identical but was incubated either without roots or without root
exudates. (Error bars represent s.d.)
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Figure 3.33. Effect of elevated phosphate levels on the expression of (a) GiMST1, (b) StPT4, (c) StHT6,
in mycorrhizal potato hairy roots. The roots were treated after establishment of the AM symbiosis with
a surplus of phosphate (3.5mM P). Standard conditions are 17.5mM of KH2PO4. (Error bars represent
s.d.)

lack of an efficient transformation system for AM fungi not possible.
To circumvent this problem and to show the physiological relevance of GiMST1 in

symbiotic carbon transfer, a physiological experiment was performed based on the
long-standing hypothesis that carbon supply towards the fungus is connected with
the phosphate status of the plant (reviewed in Fitter, 2006). Therefore, potato hairy
roots were mycorrhized in the dual compartment system as described in Chap. 2.2.1.
After the symbiosis was established, the amount of available phosphate from 17.5 μM
to 3.5mM KH2PO4 for the mycorrhizal potato roots were increased. As a consequence
the roots shut-off the expression of the symbiotic phosphate transporter PT4 to pos-
sibly rely on the non-symbiotic phosphate pathway (Fig. 3.33 b). Most interestingly,
the expression of GiMST1 was concomitantly down-regulated (Fig. 3.33 a). Also the
expression of the mycorrhizal inducible plant sugar transporter StHT6 was decreased
after surplus of phosphate relative to the control treatment (Fig. 3.33 c).
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Discussion

4.1 Cloning of Two New Sugar Transporters of Potato

To identify sugar transporters expressed in the AM symbiosis, cDNA libraries were
constructed by isolation of arbuscules from mycorrhized potato hairy roots using
a new and low budget microdissection method (Chap. 3.1.1). Several clones were
isolated by simultaneous cloning and screening of cDNA libraries from arbuscule-
enriched material in the yeast hexose-uptake mutant EBY.VW4000 (Chap. 3.1.2). As
the library contained plant and fungal sequences, the clones could be from both
organisms. The high GC content of the isolated sequences attested clearly their plant
origin (Chap. 3.1.2).
Two distinct plant sugar transporters named StHT6 and StHT2 were isolated in

these screens. Phylogenetic analysis revealed that both transporters belong to dis-
tinct groups of plant monosaccharide transporters (Chap. 3.1.4). However, StHT6 and
StHT2 are able to complement the yeast mutant EBY.VW4000. Thereby, the comple-
mented yeasts showed the highest affinity for glucose (Chap. 3.1.3). Additionally,
the direct uptake of radio-labelled fructose, mannose and glucose was determined
for StHT6 showing highest uptake rates for glucose and very low rates for fructose
(Fig. D.1). Nevertheless, the complete biochemical characterisation of StHT6 and
StHT2 is still missing.

4.1.1 StHT6: a Mycorrhiza-inducible Plant Hexose Transporter

Expression analyses in this work demonstrated that both transporters StHT6 and
StHT2 are active in roots (Chap. 3.1.5), but their expression in other plant tissues
can not be excluded. While StHT2 was not differentially expressed, StHT6 showed
increased transcript levels upon mycorrhization in roots (Chap. 3.1.5). In contrast,
the expression of the putative orthologue of StHT6 in M. truncatula (MtHT6) which
was identified in this work, was not increased in mycorrhized Medicago hairy roots
(Chap. 3.1.4 and 3.1.5). To my knowldege StHT6 is the fourth described plant mono-
saccharide transporter regulated by AM fungal colonisation. Before, two mycorrhiza-
inducible hexose transporters were isolated from M. truncatula (MtST1) (Harrison et
al., 1996) and maize (ZmST1) (Wright et al., 2005) showing also an increased expres-
sion in AM roots as it was observed for StHT6. A third mycorrhiza-inducible sugar
transporter was isolated from tomato with increased transcript levels in leaves of my-
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corrhized plants (Garcia-Rodriguez et al., 2005). Interestingly, StHT6 is only distantly
related to any of these transporters (Chap. 3.1.4). However, expression and promoter
analyses which were performed in this work, showed that StHT6 and MtST1 are
similarly regulated in roots in response to AM fungal colonisation. Using promoter-
reporter constructs it was observed that StHT6 and MtST1 are constitutively active in
cells of the vascular cylinder, in root tips, and in arbuscle-containing cells of mycor-
rhized roots (Chap. 3.1.6). This is in line with in situ hybridisation experiments done
by Harrison et al. (1996) which showed transcripts of MtST1 in primary phloem cells
of the vascular cylinder, in regions of cell elongation and cell division on the root tip,
and in arbuculated root cells.
The role of MtST1 and StHT6 during mycorrhization is unclear. For MtST1, it was

proposed that the expression is increased in mycorrhized roots, because the colonised
cells need more hexoses to support their increased metabolism (Harrison et al., 1996).
Besides the mutualistic AM symbioses, activation of plant sugar transporters was also
reported in associations with pathogenic fungi. For example, Fotopoulos et al. (2003)
reported an A. thaliana sugar transporter (AtSTP4) induced during infection with
the fungal biotroph Erysiphe cichoracearum. Those authors suggested that induction
of AtSTP4 in Erysiphe-infected leaves is a consequence of increase carbon need of
the plant cells for repair and defense responses. Although AM fungi are able to
induce defense responses, these reactions are transient, localised and weaker than
those induced by pathogenic fungi (Pozo et al., 2002). Thus, a similar function of
MtST1 or StHT6 is very unlikely. It is rather more likely, that MtST1 and StHT6
control the carbon flow towards the AM fungus. That plants actively regulate the
carbon flow was recently demonstrated by Olsson et al. (2010). Those authors showed
that less carbon is transferred to the fungus when the benefit of the symbiosis was
decreased, e.g. by phosphate fertilisation.

4.1.2 Putative Regulatory Mechanisms for StHT6 and MtST1 Expression

The similar regulation of the StHT6 and MtST1 promoters in two distinct plant species
indicates that conserved regulatory mechanisms are triggering the expression of both
transporters. In silico studies of the StHT6 and MtST1 promoter sequences revealed
motifs regulating the expression in the presence of sugars (Chap. 3.1.6). SURE ele-
ments in both promoters indicate the regulation of StHT6 and MtST1 in response to
increased sucrose concentrations. Additionally, AMYBOX elements in the MtST1 pro-
moter sequence refer also to a sugar-dependant regulation. These findings are con-
form with the increased expression of both transporters in arbusculated cells where
the fungus reinforce the sink strength of the root tissue.
Furthermore, putative motifs regulating the expression of StHT6 and MtST1 dur-

ing mycorrhization were found. A common regulation of mycorrhiza-specific plant
phosphate transporters was reported in different plant species by heterologous ex-
pression of promoter-reporter fusion constructs (Karandashov et al., 2004). With the
expression of truncated promoter versions of the S. tuberosum phosphate transporters
3 (StPT3), those authors defined a minimal promoter of 125 bp necessary for my-
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corrhiza specific response. Within this promoter region they identified one motif,
the CTTC motif, which was also presented in the promoters of the AM-regulated
M. truncatula phosphate transporter 4 (MtPT4), and the AM-inducible M. truncatula
glutathione S-transferase 1 (MtGst1). A second motif, the TAAT motif, was found
only in the phosphate transporters STPT3 and MtPT4. Both motifs were found
in the StHT6 and MtST1 promoter sequence together with OSE1ROOTNODULE
and OSE2ROOTNODULE elements which were also described in genes expressed
arbuscule-containing root cells (Vieweg et al., 2004; Fehlberg et al., 2005).
These findings indicate that the systemic expression of StHT6 and MtST1 in mycor-

rhized roots might be triggered by increased sink strength, AM fungal colonisation,
plant-fungal interactions in general, or a combination of all. Nevertheless, this has to
be demonstrated experimentally. To verify the specific induction of StHT6 and MTST1
by AM fungi, it has to be shown first that their expression levels during infection with
pathogenic fungi are not increased as well. Furthermore, promoter dissection studies
and targeted mutations of the identified motifs are needed to define the regulatory
domains mediating a possible mycorrhiza specific expression of StHT6 and MtST1.

4.2 Isolation of Fungal Sugar Transporters

With the aim of isolating the fungal sugar transporters featuring during mycorrhiza,
cDNA libraries were constructed for complementation in yeast. However, although
the presence of these transporters in the libraries was proved later, the complementa-
tion approach was unsuccessful. One possible reason is that the arbuscule-enriched
RNA used for the library construction contained much more mRNAs of plant than of
fungal genes. Another reason is the used screening method. The transformed yeast
strains were screened on plates with a pH value of 6.5, the pH optimum for the glom-
eromycotan monosaccharide transporter GpMST1 (Schüßler et al., 2006). However
the characterisation of GiMST1 which was isolated in this work, revealed that in con-
trast to the G. pyriformis transporter, GiMST1 has an optimum at pH 5 (Chap. 3.2.5).
Fungal sugar transporters were also not isolated from spore material, although it

was later shown that some transporter are expressed in the presymbiotic stage (see
Chap. 3.2.2). However, the expression of these transporters was very low and the
library was screened only one time on glucose medium (Chap. 3.1.2).

4.3 First Description of AM Fungal Sugar Transporters

The genome sequencing of G. intraradices enabled the identification of genes encoding
proteins of the major facilitator superfamily including several partial sequences of
potential sugar transporters. In total, four putative monosaccharide and one putative
disaccharide transporters were found (Chaps. 3.2.1 and 3.2.2).
The number of hexose transporters in fungi can be quite variable. The largest num-

ber, with 48 potential sugar transporters, was found in the human pathogenic fungus
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Cryptococcus neoformans (Loftus et al., 2005) followed by the fermentative yeast S. cere-
visiae with 20 hexose transporters (Boles and Hollenberg, 1997), the plant pathogenic
fungus Ustilago maydis with 19 (Kämper et al., 2006) and the saprotrophic living fun-
gus A. nidulans with 17 putative hexose transporters (Wei et al., 2004). Genome se-
quencing of the ectomycorrhizal fungus Laccaria bicolor revealed the presence of 15
potential candidate genes (Fajardor Lopez et al., 2008). The actual number of sugar
transporters which can be expected from strictly biotrophic living fungi is unknown.
Only one sugar transporter was isolated so far from haustoria of the biotrophic
plant pathogenic fungus Uromyces fabae (Voegele et al., 2001). Also, just one hexose
transporter is known from Geosiphon pyriformis forming an AM-like symbiosis with
cyanobacteria (Schüßler et al., 2006). The identification of several sugar transporters
in the G. intraradices genome in this work indicates that obligate biotrophic fungi
could as well rely on more than one sugar transporter. Furthermore, the presence of
not yet annotated sugar transporters in the G. intraradices genome is very likely.
Expression analysis in different developmental stages (spores, ERM and arbus-

cules) of the identified G. intraradices sugar transporters showed clearly that only one
of them, named GiMST1, was almost exclusively expressed in the symbiotic stage.
In contrast, other transporters seemed to be more expressed during the presymbiotic
phase (germinated spores) like GiMST2 or in the extraradical mycelium (ERM) like
GiMST4.
The activity of sugar transporters in the presymbiotic phase is not surprising. Bago

et al. (1999) showed using radio-labelled substrates a slight uptake of exogenous glu-
cose by spores which possibly is carried out by one of the sugar transporters identi-
fied in this work. However, the expression of these sugar transporters was very low in
spores germinated under standard conditions (water agar plates without sugar), but
might be triggered by the presence of sugars in the medium. Future experiments has
to focus on the identification of those sugar transporters and their transporting con-
ditions. This might be interesting, as the long-term cultivation of AM fungi without
a host root is not possible, although the germination of spores could be prolonged,
e.g. by different sugar combinations (Azón-Aguilar and Bago, 1994), root exudates,
or increased atmospheric CO2 (Bécard and Piché, 1989).
Unexpected was the expression of sugar transporters in the ERM, a tissue so far

believed to be incapable for sugar uptake (Pfeffer et al., 1999). A detailed discussion
of these results is presented in Chap. 4.5.

4.4 GiMST1: a Symbiotic Sugar Transporter of G. intraradices

4.4.1 GiMST1 Is Active at Different Plant/Fungal Interfaces

GiMST1 was the only hexose transporter significantly expressed in planta while the
expression in other fungal tissues was negligible (Chap. 3.2.2). This indicates that
GiMST1 takes up plant-derived carbohydrates during mycorrhization. To investi-
gate this assumption, the expression of GiMST1 and the AM specific plant phos-
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phate transporter PT4 was studied in time course experiments with S. tuberosum or
M. truncatula as plant partners (Chap. 3.2.4). PT4 was used to quantify the amount
of arbuscules in the root, because it is exclusively active in arbuscule-containing root
cells and very tightly regulated at the transcriptional level. The observed correlation
between GiMST1 and PT4 expression suggests that GiMST1 is active in arbuscules
(Chap. 3.2.4). However, several facts indicate that GiMST1 is also active at other
locations. On the one hand, GiMST1 is expressed, albeit slightly, before PT4 expres-
sion is even detectable (Chap. 3.2.4). On the other hand, an in situ localisation analysis
showed transcripts of GiMST1 not only in arbuscules but also in the IRM (Chap. 3.2.4).
The uptake of sugars by the IRM is supported by the activities of H+-ATPases at the
interface along the hyphae and the plant cells which indicates active transport pro-
cesses (Gianinazzi-Pearson, 1991, 2000). Furthermore, the ERM is developed before
the formation of arbuscules (Mosse and Hepper, 1975). The energy needed for the
ERM development could come from sugars taken up by the IRM. Other authors de-
scribed reduced growth of the ERM in plant mutants that prevent the fungus from
forming arbuscules after internal colonisation. This suggests that carbon is taken up
even when the fungus is unable to complete its life cycle (Gao et al., 2001).

4.4.2 GiMST1 Supports the Biotrophic Lifestyle of AM Fungi

Several monosaccharide transporters from plant pathogenic or mutualistic fungi in-
volved in biotrophic carbon acquisition are characterised (Nehls et al., 1998; Voegele
et al., 2001; Nehls, 2004; Schüßler et al., 2006; Polidori et al., 2007). All of these
proteins are localised on plant/fungal interfaces and catalyse the uptake mainly
of glucose via a proton-symport mechanism. The Km values for glucose of these
transporters are reported in the range of high-affinity transporters, between 38μM
to 1.2mM. Sugar transporters from mutualistic plant/fungal systems are predom-
inantly described in ectomycorrhizas. As mentioned above, only one transporter,
GpMST1, was isolated and characterised from the glomeromycotan fungus G. pyri-
formis (Schüßler et al., 2006). This fungus forms an interface for nutrient exchange
similar to those of bonafide AM fungi.
The monosaccharide transporter GiMST1 isolated and characterised in this work is

only distantly related to any of these symbiotic sugar transporters, including GpMST1
(Chap. 3.2.3). Nevertheless, the uptake studies in yeast showed that GiMST1 is also a
high-affinity transporter for glucose with a Km of 33 ± 12.5 μM (s.e.m.) (Chap. 3.2.5).
These results confirm the transfer of glucose from the plant to the AM fungus previ-
ously observed using NMR and respirometric studies (Solaiman and Saito, 1997; Pf-
effer et al., 1999). The low Km of GiMST1 is also in the range typical for high-affinity
plant sugar transporters in roots (15 to 80 μM for glucose, see Büttner and Sauer,
2000). This enables GiMST1 to efficiently compete with these plant transporters for
sugars in the apoplast. An additional hint for this competition is the observed up-
regulation of the plant hexose transporters StHT6 and MtST1 in mycorrhizal roots
(Harrison et al., 1996; this work).
It has to be emphasised that both glomeromycotan sugar transporters, GpMST1
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and GiMST1, are different in two points. First of all, the measured Km of GiMST1 is
much lower than reported for the G. pyriformis transporter (1.2mM) (Schüßler et al.,
2006) showing that GiMST1 is much better adapted to low apoplastic sugar concen-
trations. Another difference between the two glomeromycotan transporters is their
pH optimum. Whereas the Geosiphon transporter has an optimum at pH 7 (Schüßler
et al., 2006), GiMST1 showed highest uptake rates at pH 5 (Chap. 3.2.5). The periar-
buscular space has been shown to be very acidic due to increased proton-dependant
transport processes (Guttenberger, 2000). Thus, the pH optimum of GiMST1 is con-
sistent with its localisation in the apoplastic space, and particularly in the arbuscules.
This is also comparable to other transporters located at the periarbuscular space. For
example, the M. truncatula phosphate transporter MtPT4 and the ammonium trans-
porter LjAMT2 of Lotus japonicus have acidic pH optima of 4.25 and 4.5, respectively
(Harrison et al., 2002; Güther et al., 2009).

However, both glomeromycotan transporter are similar in their relatively broad
substrate specificities for different monosaccharides as it was shown in competition
studies in yeast (this work; Schüßler et al., 2006). These studies showed for GiMST1
that the glucose uptake can be efficiently outcompeted by sugars that are present in
the primary cell walls of plants, like galactose, mannose, glucoronic acid, galacturonic
acid and xylose (Chap. 3.2.5). Furthermore, a direct uptake could be demonstrated
not only for radio-labelled glucose, but also for radio-labelled xylose, mannose and
fructose (Chap. 3.2.5). This is in contrast to the reported narrow substrate specificities
of pathogenic or ectomycorrhizal fungi (Nehls et al., 1998; Voegele et al., 2001; Nehls,
2004; Schüßler et al., 2006; Polidori et al., 2007). It was shown that the transporters
of those fungi are mainly restricted to the uptake of glucose and fructose which are
produced by the hydrolysis of sucrose by fungal invertases. AM fungi produce no
invertases to hydrolyse sucrose. However, an enhanced activity of plant invertases
and sucrose synthases was measured in mycorrhizal roots possibly providing hex-
oses for the fungus (Blee and Anderson, 2002; Ravnskov et al., 2003; Hohnjec et al.,
2003; Schubert et al., 2003; Schaarschmidt et al., 2006). The fact that artificially in-
duced invertase activity in roots does not alter the AM fungal colonisation status
suggests that either the amount of available free hexoses in roots is already optimised
for the carbon demand of the fungus, or that the mycorrhizal induced invertases play
more a role in providing the highly metabolic-active arbuscule-containing cells with
an extra supply of sugars instead of the fungus. The last point is in line with the
increased expression of the plant glucose transporters StHT6 and MtST1 in arbus-
culated cells (Harrison et al., 1996; this work). It is tempting to speculate that AM
fungi, as ’perennial’ biotrophs, might avoid the excessive induction of invertases and
the use of glucose and fructose to keep plant defense responses low. It was reported
by several authors that the invertase-derived monosaccharides in the apoplast act as
signaling molecules that trigger plant defense response (Herbers et al., 1996; Ehness
et al., 1997). One strategy to avoid this is the direct uptake and use of sucrose as it
was reported for the maize pathogen U. maydis (Wahl et al., 2010). However, G. in-
traradices might circumvent this by the versatility of GiMST1 which takes up glucose
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but also other plant cell wall sugars.
The ability of AM fungi to feed on cell wall components was proposed long time

ago (Schwab et al., 1991) and fits well to the observed activity of cell wall weakening
enzymes in mycorrhizal roots. This includes the systemic activation of plant xyloglu-
can endotransglucosylase/hydrolyases (Maldonado-Mendoza et al., 2005; this work),
the measured activity of plant and AM fungal xyloglucanases (Rejon-Palomares et
al., 1996) and the presence of fungal polygalacturonases at the periarbuscular space
(Peretto et al., 1995). That AM fungi possibly feed on the plant wall material might
explain also the observation of Bonfante and Peretto (1995). They described, that
the primary cell wall material which fills the periarbuscular space is not crosslinked
probably because of the localised activity of fungal hydrolytic enzymes.

4.4.3 Xylose as Alternative Carbon Source for AM Fungi

The uptake studies in yeast demonstrated that GiMST1 transports not only glucose,
but also other monosacchrides, for example xylose. Xylose is the main monomer
of the hemicellulose xyloglucan which is predominantly found in primary plant cell
walls. The measured activity of xyloglucanases in colonised roots lets assume that
free xylose is available for AM fungi in the apoplast. In addition, plant xyloglucan
endotransglucosylase/hydrolyases which can also play a role in cell wall loosening
processes, were shown to be induced in mycorrhized roots of Medicago and tomato
(Maldonado-Mendoza et al., 2005; this work). Thus, xylose is suggested as an alter-
native carbon source for AM fungi. Of course, this proves not that xylose is really
metabolised by the fungus. However, it was demonstrated that AM fungi metabolise
hexoses mainly via the pentose phosphate pathway (PPP), which is active in all devel-
opmental stages, e.g. spores, intraradical structures, and the extraradical mycelium
(for a review see Bago et al., 2000), and which is also the biochemical route for the
metabolism of xylose. Before entering the PPP, xylose has to be first converted to
xylulose-5-phosphate. This conversion is catalysed in fungi in a three step reaction
involving a xylose reductase, a xylitol dehydrogenase and a xylulose kinase. Together,
these enzymes form the xylose utilisation pathway. Quantitative real time analyses
showed that only the xylose reductase GiXR2 was significantly expressed in planta
(Chap. 3.3.1). Thus, it is suggested that GiXR2 initiates the conversion of xylose in
the intraradical structures of the fungus which also proves the metabolism of xylose
by AM fungi. The following reactions of the xylose utilisation pathway are then per-
formed by a xylitol dehydrogenase and a xylulose kinase isozyme, which are not yet
identified.
Additionally, orthologues of the transcriptional regulator XlnR were identified in

G. intraradices (Chap. 3.3.3). This fungal regulator activates the expression of genes
involved in xyloglucan or cellulose degradation, or of xylose reductase genes as re-
ported for A. niger (Hasper et al., 2000). A possible XlnR-like regulator (contig41)
which is highly active in the in planta phase is suggested as a possible regulator of
GiXR2 (Chap. 3.3.3). However, this has to be verified in further experiments.
To summarise, several genes involved in xylose metabolism were identified for the
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AM fungus G. intraradices. The existance and activity of xylose utilisation pathway
genes and the predominant metabolism of carbon through the PPP confirms that
xylose taken up via GiMST1 can be used as carbon and energy source. Whether
xylose is really taken up by the fungus in planta as a carbon source and how much
in comparison to other sugars cannot be said at this moment. In addition, a possible
regulator of the xylose reductase GiXR2 in planta was identified.

4.4.4 GiMST1 Expression Depends on the Root Phosphate Status

A long standing hypothesis is that the exchange of carbon is coupled to the phos-
phate homeostasis of the root. The ’carbon-for-phosphate’ model proposes that the
local increase of symbiotically delivered phosphate at the arbuscular interface stim-
ulates the flow of carbon at the sites of fungal colonisation where it can be taken up
by the fungus (Fitter, 2006). Vice-versa, increased carbon availability stimulates the
phosphate uptake by the fungal mycelium (Bücking et al., 2005). However, high over-
all phosphate concentrations in roots due to high external phosphate amounts reduce
the flow of carbon towards the fungus, resulting in lower colonisation rates and in
lesser amounts of functional arbuscules (Olsson et al., 2006).

Indeed, several studies indicate that high external phosphate reduces fungal coloni-
sation (Menge et al., 1978; Bruce et al., 1994). A direct effect of high phosphate con-
centrations on the carbon flow towards the fungus was shown in the experiments of
Olsson et al. (2006, 2010) using NMR techniques. The authors observed a decrease of
carbon allocation and of fungal hyphal growth after increasing the amount phosphate
which was available for the mycorrhizal roots.

To investigate the effect of increased phosphate concentrations on the expression
of GiMST1, hairy roots of potato mycorrhized with G. intraradices were treated either
with 17.5 μM (low) or 3.5mM (high) phosphate concentrations in the dual compart-
ment system (Chap. 3.6). After one week, an almost complete shut-off of the symbiotic
phosphate transporter PT4 was observed in the treatment with 3.5mM phosphate.
Interestingly, PT4 down-regulation was accompanied with a decrease of GiMST1 ex-
pression in planta. The down-regulation of GiMST1 possibly implies a reduced carbon
flow towards the fungus under high phosphate conditions which is in line with the
results of Olsson et al. (2006, 2010). Interestingly, StHT6 expression levels were in-
creased in the high phosphate treatment (3.5mM) (Chap. 3.6) possibly to reduce the
carbon flow towards the fungus. Fig. 4.1 summarises schematically the hypothesised
regulation of PT4 and GiMST1 at low or high external phosphate concentrations.

The coupled regulation of the symbiotic phosphate-uptake pathway and the ex-
pression of GiMST1 manifests the assumption that GiMST1 plays a role in the uptake
of symbiotically delivered carbon. Nevertheless, it can not be excluded that other, yet
unknown transporters might also contribute to the symbiotic carbon transfer. It is
likely, that AM fungi might have different uptake systems for high and low glucose
affinity as it is known for most fungi (Scarborough, 1970; Özcan and Johnston, 1999).
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Low Pi concentration 

High local Pi concentrations 

Activation of symbiotic Pi-uptake pathway 

Stimulated carbon flow to the AM fungus 

PT4  

Enhanced development of the fungus , 
Increased Pi uptake via the ERM 

GiMST1  

High Pi concentration 

High tissue Pi concentrations 

Restricted growth of the fungus,  
lower colonisation rates, 

 less functional arbuscules 

Limited carbon flow to the AM fungus 

PT4  

GiMST1  

Deactivation of symbiotic Pi-uptake pathway 

(StHT6    ) 

Figure 4.1. ’Carbon-for-phosphate’ hypothesis. At low external phosphate (Pi) concentrations the fun-
gus provides the plant with Pi which leads to a local increase of Pi concentrations in colonised root
regions. This triggers the activation of the plant symbiotic phosphate transporter PT4. Furthermore,
the carbon flow towards the fungus is stimulated which possibly triggers the expression of GiMST1.
At high Pi concentrations in the surrounding, the plant can independently take up Pi from the soil.
The symbiotic Pi-uptake pathway is shut-off leading to a decrease of PT4 expression. The carbon flow
towards the fungus is restricted possibly by increased uptake of glucose into the plant cells via plant
sugar transporters like StHT6. This leads to the down-regulation of GiMST1 and to reduced fungal
growth and colonisation.
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4.5 Sugar Uptake as Possible New Function of the ERM

An unexpected finding of this work was that sugar transporters are expressed in the
ERM and that their expression is inducible by the addition of sugars to the medium
(Chap. 3.4). This indicates that the ERM might be able to take up sugars from the
soil. However, this is contradictory to the findings of Pfeffer et al. (1999). In their
experiments, the ERM was exposed in the dual compartment in vitro system either
to radio-labelled glucose or fructose, and tested the presence of radioactive carbon
in fungal storage lipids or metabolites using the NMR technique. They showed that
the ERM is not able to take up sugars from its surrounding. However, other authors
observed the uptake of acetate and glycogen in small amounts by the ERM (Bago
et al., 2002, 2003). Hence, the uptake of carbohydrates can not be excluded and the
expression of sugar transporters in the ERM which is shown in this work supports
this assumption.
Particularly, two of those sugar transporters, GiMST4 and GiMST1, showed inter-

esting expression patterns in the ERM. GiMST4 was the main transporter expressed
in the ERM under standard culture conditions (without sugar) and it could be signif-
icantly induced by exposing the ERM to glucose. This suggests the possible uptake
of glucose in the ERM by GiMST4 which is contrary to the results of Pfeffer et al.
(1999) described above. However, it must be considered that the sugar concentrations
used for the induction of GiMST4 were approximately 4 times higher as those used
by Pfeffer et al. (1999). In addition, four to eight weeks old ERM was used for their
experiments. Observations in our laboratory showed that the ERM in in vitro cultures
ages very fast, which leads to the formation of spores, the septation of the hyphae
and finally to hyphal death after approximately three weeks. Thus, it is question-
able whether the ERM in the experiments of Pfeffer et al. (1999) were still functional.
Furthermore, GiMST4 was induced by glucose concentrations which presumably are
seldomly reached in soils. Free sugars are generally presented in very small concen-
trations in the soil, because of their rapid turnover by microorganisms (Sparks et al.,
1998). For example, glucose which is the predominant monosaccharide in different
soils reaches minimal concentrations between 0.1 to 1.0mM (Wainwright et al., 1996),
whereas other sugars like xylose or arabinose are found in much lesser amounts
(Sparks et al., 1998). The glucose concentration used for the induction of GiMST4
was around 100 times higher then the soil concentration. Thus, it is very unlikely
that GiMST4 expression is induced under natural soil conditions. Whether GiMST4
is functional and transports sugars in the ERM cannot be said at this moment. To
verify this, biochemical studies in yeast and in mycorrhiza cultures are needed.
Compared to the control treatment the expression of GiMST1 in the ERM was

increased by a factor of 30 at high xylose concentrations. However, the expression
level was still two times lower than the maximum observed in planta. The uptake
of xylose or other pentoses by the ERM was never tested before and could therefore
not be excluded. The use of xylose as alternative carbon source was discussed in
Chap. 4.4.3. Saito (1995) reported that the pentose phosphate pathway is highly active
in the ERM, meaning that pentoses could be directly metabolised after uptake from
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the soil. However, transcriptional induction of genes of the xylose utilisation pathway
were not found in the ERM grown on xylose. The uptake of xylose by the ERM has
to be investigated in future experiments using radio-labelled xylose.
An alternative source of pentoses in soil are root exudates. Root exudates repre-

sent a mixture of various components including pentoses (Lugtenberg et al., 1999).
Because of this, the expression of the GiMST1 and of a second presumably pentose-
regulated transporter GiMST2 was determined in the ERM in the presence of roots
or their root exudates (Chap. 3.5; Fig. 3.32). The results showed no comparable in-
duction of both transporters by wild type roots nor by their exudates as it was shown
for free pentoses. On the contrary, GiMST1 was down-regulated by both roots and
root exudates in the ERM whereas only root exudates reduced GiMST2 expression.
Possibly sugar transporters are down-regulated in the ERM when they perceive sig-
nals from a root that can be newly colonised and/or when the mycelium begins to
colonise a new host root. In parallel, the expression of GiMST1 and GiMST2 was
tested in hyphae cultivated together with roots of the rmc mutant or only their exu-
dates. The observed extreme induction of GiMST1 and GiMST2 expression in hyphae
with contact to rmc mutant roots is surprising and difficult to explain, because the
function of the defected rmc locus is not known. Whereas the root exudates showed
no effect on both transporters, the direct contact with the roots must somehow trig-
ger their expression. At the moment it can only be speculated that maybe a defect in
the cell wall synthesis of the rmc mutant, which leads to the release of free xylose or
xyloglucan components, induces the expression of GiMST1 and GiMST2.
In summary, the induction of sugar transporters in the ERM reveals a new func-

tion, the possible uptake of exogenous sugars. So far, the uptake of hexoses by the
ERM was excluded, and no direct evidence for the uptake of pentoses exists. It is
hypothesised that sugar transporters in the ERM are less induced under natural soil
conditions, but that their expression is inducible by extremely high concentrations
of some sugars. Indeed, uptake of sugars from patches of organic matter in soil,
where carbons are in higher quantities and much easier accessible for the fungus,
was considered already (Hodge et al., 2001).

4.6 Possible Regulation of GiMST1

The transport processes in AM fungi are highly polarised. Whereas carbohydrates
are taken up by intraradical fungal structures and transferred to the extraradical
mycelium, phosphate and other nutrients are taken up by the ERM and transferred
to the arbuscules. Consequently, genes involved in these processes must be regulated
spatially and temporally. However, gene regulation mechanisms in AM fungi are not
yet well understood.
The differential expression of genes within AM fungal hyphae was observed, for

example, for the G. versiforme phosphate transporter GvPT. GvPT is mainly expressed
in the ERM where phosphate is taken up by the fungus from the soil, whereas low
expression levels were measured in intraradical structures within the root (Harrison
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and van Buuren, 1995). The opposite was observed for GiMST1 which shows highest
expression levels in planta and lower expression levels in the ERM. However, in this
work it was also shown that the expression of GiMST1 could be triggered in the ERM
by the presence of xylose. Thus, xylose is suggested as a possible inducer of GiMST1.
This is supported by the performed in silico analysis of the GiMST1 promoter se-
quence. In this study, the 5’-GGCTAA-3’ cis-regulatory motif was identified. This
motif was shown to be recognised by the fungal transcriptional regulator XlnR (van
Peij et al., 1998). As mentioned above, XlnR activates several genes in the presence
of xylose, for example genes for xyloglucan degradation, or the xylose reductases of
the xylose utilisation pathway (van Peij et al., 1998; Gielkens et al., 1999; Hasper et
al., 2000, 2002). However, XlnR cis-regulatory motifs were recently found in xylose-
upregulated sugar transporters of Aspergillus ssp. suggesting their regulation by XlnR
(Andersen et al., 2008). In addition, several orthologues of the XlnR activator were
identified in the G. intraradices genome. One of these orthologues was highest ex-
pressed in planta and another in the ERM in the presence of xylose. The induction
of the GiMST1 promoter by xylose was finally confirmed in vivo using a promoter-
reporter construct expressed heterologously in A. nidulans.
In addition, several GAL4-like regulatory motifs were identified in the GiMST1

promoter. A GAL4-like protein is reported to be mediating the switch between the
biotrophic and the necrotrophic lifestyle in the plant pathogen Colletotrichum linde-
muthianum (Dufresne et al., 2000). Thus, it is possible that GAL4-like proteins play
also a role in the AM symbiosis, for example as activator of biotrophic sugar trans-
porters like GiMST1.

GiMST1 was also regulated by the phosphorous homeostasis of the plant root
(Chap. 3.6). It was shown, that increased exogenous phosphate amounts decrease PT4
and GiMST1 expression. Hence, it is possible that the down-regulation of GiMST1 is a
consequence of the decreased symbiotic carbon flow sensed by the fungus. However,
it might also be possible, that specific plant signals required for GiMST1 expression in
planta are turned off when the delivery of symbiotic phosphate is no longer necessary.
In summary, xylose seems to be an important signal which might activate GiMST1

expression through a XlnR orthologue, but also plant-derived signals seem to be
involved in the regulation of GiMST1. Nevertheless, these results are preliminary
and have to be verified by future experiments.

106



Chapter 5

Conclusion and Outlook

Although several studies have been undertaken to understand the carbon flux in the
arbuscular mycorrhizal symbiosis, little is known about the molecular mechanism of
the carbon transfer and its regulation. However, a better understanding of the carbon
flow is crucial to calculate the costs of the symbiosis for the plant. This is mainly
important for the application of AM fungi in agricultural systems. Furthermore, AM
fungi play a significant role in the global carbon cycle, as large amounts of carbon are
transferred over their hyphal network into the soil (Staddon et al., 2002).
The aim of this study was the isolation and characterisation of genes involved in

the symbiotic carbon transfer in arbuscular mycorrhizas. Making use of the first
draft of the Glomus intraradices genome sequencing it was possible to isolate the first
symbiotic sugar transporter, GiMST1, from an AM fungus. The characterisation of
GiMST1 helps to answer long standing questions, for example ’How is carbon taken
up by the AM fungus?’, ’Where is it taken up?’, and ’Which carbohydrates are trans-
ferred?’. First, this study showed that AM fungi take up sugars actively over a proton
dependent sugar transport mechanism. Furthermore, in situ hybridisation studies of
GiMST1 showed that arbuscules and intraradical hyphae are the locations of carbon
transfer. Finally, it could be shown that GiMST1 prefers mainly glucose, but trans-
ports also other monosaccharides, such as galactose, mannose and xylose. Whether
other sugars besides glucose are taken up by AM fungi could not be directly tested.
However, genes of the xylose catabolism were identified in this work and shown to
be highly expressed in planta indicating that at least xylose is taken up and used as
alternative carbon source.
The existing model for carbon uptake and metabolism in the AM symbiosis pro-

posed by Bago et al. (2000) and Parniske et al. (2008) is presented in Fig. 5.1, while
taking the results of this work into account. According to this model, GiMST1 and
mycorrhiza-induced plant hexose transporters, for example MtST1 (Harrison et al.,
1996) or StHT6 (identified in this work), compete for glucose in the apoplast. Glucose
taken up via GiMST1 is rapidly converted into glycogen and triacylglycerol (TAG),
which are used for carbon storage and long-distance transfer to the ERM (Pfeffer et
al., 1999). Enzymatic and genetic studies provided evidence for different metabolic
pathways which are active in AM fungi. These are the glycolysis (Franken et al.,
1997; Harrier et al., 1998), the tricarboxylic acid cycle (MacDonald and Lewis, 1978;
Saito, 1995), the glyoxylate cycle (Lammers et al., 2001), and the pentose phosphate
pathway (Saito, 1995). The cytoplasmic glucose was shown to be metabolised mainly
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via the oxidative part of the PPP in planta and in the ERM (Saito, 1995; Pfeffer et al.,
1999). In the ERM, hexoses are synthesised from glycogen or TAG through gluconeo-
genesis. TAG and glycogen are also converted to trehalose and chitin (Pfeffer et al.,
1999). In addition, GiMST1 takes up xylose from the periarbuscular space. There, free
xylose molecules are released from primary cell wall components due to the activity
of plant or fungal cell wall hydrolytic enzymes (Bonfante and Perotto, 1995; Perotto
et al., 1995; Rejon-Palomares et al., 1996; Maldonado-Mendoza et al., 2005; this work).
Xylose is taken up via GiMST1 and converted in the xylose utilisation pathway to
xylulose-5-phosphate which is metabolised in the PPP.
So far it could not be answered whether GiMST1 is the only sugar transporter in the

AM symbiosis or if there might be other yet unidentified transporters. The isolation
and characterisation of GiMST1 can be seen as a first step for a better understanding
of the carbon flow in the AM symbiosis. However, further work has to be done to
explore the function of GiMST1 in symbiotic carbon uptake. All experiments in this
study took advantage of the in vitro system for the cultivation of G. intraradices. Sev-
eral studies revealed that this system is a useful tool to investigate nutrient transfer
mechanisms in the AM symbiosis (Pfeffer et al., 1999; Olsson et al., 2006). Never-
theless, the next step is to study the regulation of GiMST1 in pot experiments with
full plants. In these experiments it would be interesting to combine the tracing of
the carbon flow in mycorrhizas using isotopic labelling with the expression analy-
ses of GiMST1 under different phosphate and light conditions. First experiments in
the in vitro system showed already that increased phosphate amounts supplied to
the host root down-regulate GiMST1 in planta which is in line with results of Olsson
et al. (2006, 2010) showing that the phosphate homeostates of the plant regulates
the carbon flow towards the fungus. However, a correlation between carbon flow in
mycorrhizas and the expression of GiMST1 has first to be demonstrated in pot exper-
iments as described above. This would be a positive proof for the function of GiMST1
in symbiotic carbon uptake.
Future studies should also focus on the activity of sugar transporters in the ERM

and in spores. The possibility to induce the activity of sugar transporters in the
presymbiotic phase or the ERM might be important for the axenic cultivation of AM
fungi which is not possible at the moment.
Besides, the results presented here show clearly how important the genome se-

quencing of G. intraradices is for the mycorrhizal symbiosis. At the moment the
genome database is the most important tool to study the fungal site of the AM sym-
biosis.
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Figure 5.1. Carbon and phosphate flux in the AM symbiosis (after Bago et al., 2000; Parniske, 2008;
this work). GiMST1 is involved in the symbiotic carbon uptake in arbuscules or intraradical hyphae.
Mycorrhiza-inducible invertases cleave sucrose (Suc) into glucose (Gluc) and fructose (Fruc). Mainly
glucose is taken up by the fungus via GiMST1 from the periarbuscular space (PAS). Cell wall sugars
like xylose (Xyl) but possibly also mannose (Man), galactose (Gal), glucuronic and galacturonic acid
(GlucA, GalA) can be taken up via GiMST1 and used as alternative carbon sources. Xylose and glucose
are metabolised in the pentose phosphate pathway (PPP). Glucose is converted in triacylglycerol (TAG)
or glycogen (Glyc) and transferred to the extraradical mycelium (ERM). There, glucose is synthesised
via gluconeogenesis from TAG. TAG and Glyc are converted in chitin and trehalose. GiMST1 is also
expressed in the ERM exposed to high levels of xylose, but its function there is not known. The plant
sugar transporters StHT6 (S. tuberosum) and MtST1 (M. truncatula) compete with the fungus for glu-
cose. In the opposite direction phosphate is transferred to the plant. Phosphate (Pi) is taken up by
fungal phosphate transporters in the ERM, converted to polyphosphate (PolyP) and transported to the
intraradical structures. In planta, Pi is released in the PAS and taken up by mycorrhiza-specific plant
phosphate transporters like PT4.
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Appendix A

Oligos

Primer Name� Sequence (5’ ->3’)� GC� Tm� Remarks�

qPCR Primer for S. tuberosum and M. truncatula�

Stef1_F1� GAACATCCATTGCTTGCTTTC (21 bp)� 42.9 % 56.0 °C�
Amplicon length 200 bp�

Stef1_R1� CACAATTTCATCGTACCTAGC (21 bp)� 42.9 % 56.0 °C�

StPT4_for� ATGAAGGGAAGCCATTTGATG (21 bp)� 42.9 % 56.0 °C�
Amplicon length 200 bp�StPT4_rev� TACCTTTCCCATGTTAATCGC (21 bp) � 42.9 % 56.0 °C�

StHT6_F1� ATGTTCAGTTTTGGGGGAATC (21 bp) � 42,9 % 56,0 °C�
Amplicon length 181 bp�StHT6_R1� GAACTAACCATCCTAATGGAC (21 bp) � 42,9 % 56,0 °C�

StHT2_F1� ACACGACAAGAAAACTTGGTC (21 bp) � 42,9 % 56,0 °C�
Amplicon length 156  bp�StHT2_R1� CTGCCTGATTGGCGAAAC (18 bp) � 55,6 % 56,0 °C�

StXTH1_F1� CCTGTTTGGGCTGATAATTTC (21 bp) � 42.9 % 56.0 °C�
Amplicon length 186 bp�StXTH1_R1� ATTTCCAGGTACGAGTTTGAG (21 bp) � 42.9 % 56.0 °C�

MtTEF_F1� GATTGCCACACCTCTCACAT (18 bp)� 50.0 % 57.3 °C�
Amplicon length 197 bp�MtTEF_R1� TCTTCTCCACAGCCTTGATG (18 bp) � 50.0 % 57.3 °C�

MtPT4_F1� GTGCGTTCGGGATACAATACT (18 bp)� 50.0 % 57.3 °C�
Amplicon length 200 bp�MtPT4_R1� GAGCCCTGTCATTTGGTGTT (18 bp)� 50.0 % 57.3 °C�

MtHT6_F1� ATCAGGCAGTCCCATTATATC (21 bp)� 42.9 % 56.0 °C�
Amplicon length 246 bp�MtHT6_R1� TGTTTTGAATTATGCTGTTTGGTG (24 bp)� 42.9 % 56.0 °C�

MtXTH1_F1� CAATCCATGGCCATATTTTCC (21 bp) � 42.9 % 56.0 °C�
Amplicon length 96  bp�MtXTH1_R1� TCTTCCCCCAACAAAAACACA (21 bp) � 42.9 % 56.0 °C�

Table A.1. Primers used for quantitative real-time PCR (qPCR) of S. tuberosum and M. truncatula genes.
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Primer Name� Sequence (5’ ->3’)� GC� Tm� Remarks�

qPCR Primer for G. intraradices�

Gitef_for� TGTTGCTTTCGTCCCAATATC (21 bp)� 42.9 %� 56.0 °C�
Amplicon length 177 bp�

Gitef_rev� GGTTTATCGGTAGGTCGAG (19 bp)� 52.6 %� 56.0 °C�

GiMST1Real_F1� GGCAGGATATTTGTCTGATAG (21 bp)� 42.9 %� 56.0 °C�
Amplicon length 100 bp�GiMST1Real_R1� GCAATAACTCTTCCCGTATAC (21 bp)� 42.9 %� 56.0 °C�

GiMST2Real_F1� ATTCTCGATTCTTGGTGCATC  (21 bp)� 42.9 %� 56.0 °C�
Amplicon length 100 bp�GiMST2Real_R1� ATACGCCAGCAACGACTC (18 bp)� 55.6 %� 56.0 °C�

GiMST3_F1� AAAATCTACCGGCTCCAAATG (21 bp)� 43.0 %� 56.0 °C�
Amplicon length 120 bp�GiMST3_R1� AAAGTAATGATCCTATCAATCCAC (24 bp)� 33.0 %� 56.0 °C�

GiMST4_F1� TAGCTACATTTGCTATTGGTTTAG (24 bp)� 33.0 %� 56.0 °C�
Amplicon length 153 bp�GiMST4_R1� CCCTAACTTCCAAAAATAATGAAC (24 bp)� 33.0 %� 56.0 °C�

GiSuc1_F1� GGCAGGTATCGCGTATTC (18 bp)� 55.6 %� 56.0 °C�
Amplicon length 169 bp�GiSuc1_R1� TGCACGACATGACGCTTG (18 bp)� 55.6 %� 56.0 °C�

Gixyr1_F1� TAAAATTAAATCCAACCGGACAAC (24 bp)� 33.0 %� 56.0 °C�
Amplicon length 169 bp�

Gixyr1_R1� TTAAGACCTATACCGATTTCTTTC (24 bp)� 33.0 %� 56.0 °C�

Gixyr2_F1� GGTGTGTACAACGTCAAATTG (21 bp)� 42.9 %� 56.0 °C�
Amplicon length 174 bp�

Gixyr2_R1� CAAAGATTGGTAAATCGAAATCAG (24 bp)� 33.3 %� 56.0 °C�

Gixyd1_F1� CATCACCAAAACCAAACGAAG (21 bp)� 43.0 %� 56.0 °C�
Amplicon length 189 bp�Gixyd1_R1� CGCCAACCTTCAAGATTTTAC (21 bp)� 43.0 %� 56.0 °C�

Gixyk1_F1� TTCGACTTATCAACTCAACAATTG (24 bp)� 33.0 %� 56.0 °C�
Amplicon length 105 bp�Gixyk1_R1� ATGTGGCAATTCTTTGTCAAAATG (24 bp)� 33.0 %� 56.0 °C�

Contig60527_F1� AAGCGAGGTCCACGAAAC (18 bp)� 55.6 %� 56.0 °C�
Amplicon length 192 bp�Contig60527_R1� TGGGTACCAAATAAGCATATAATC (24 bp)� 33.3 %� 56.0 °C�

Contig54787_F1� CTGTACGTTCCGATCCTG (18 bp)� 55.6 %� 56.0 °C�
Amplicon length 118 bp�Contig54787_R1� ATAAGGGCAGCTATTGTAGAC (21 bp)� 42.9 %� 56.0 °C�

Contig41282_F1� ATGAGAAGGTACCAGAAAGTC (21 bp)� 42.9 %� 56.0 °C�
Amplicon length 145 bp�Contig41282_R1� TGCAGTTCCAATTACGATCAC (21 bp)� 42.9 %� 56.0 °C�

Contig572026_F1� GGCAAAGGGTAACGGTAG (18 bp)� 55.6 %� 56.0 °C�
Amplicon length 110 bp�Contig572026_R1� ATCAAAAATGCATTCCTTGTCATG (24 bp)� 33.3 %� 56.0 °C�

Contig33952_F1� CGAGTGAGGCTGAAACTC (18 bp)� 55.6 %� 56.0 °C�
Amplicon length 149 bp�Contig33952_R1� ACTAGGAAGGTATGTACAATTTAC (24 bp)� 33.3 %� 56.0 °C�

qPCR Primer for S. cerevisiae�

Act1p_F1� AGGTTGCTGCTTTGGTTATTG (21 bp)� 42.9 %� 56.0 °C�
Amplicon length 177 bp�Act1_R1� TCTTGGATTGAGCTTCATCAC (21 bp)� 42.9 %� 56.0 °C�

Table A.2. Primers used for quantitative real-time PCR (qPCR) of G. intraradices and S. cerevisiae genes.
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Primer Name� Sequence (5’ ->3’)� GC� Tm� Remarks�

Primers for RACE PCR and GenomeWalkerTM DNA walking �

GeneRacerTM5’Primer� CGACTGGAGCACGAGGACACTG
A (23 bp) �

61.0 %� 74.0 °C� Invitrogen (USA)�

GeneRacerTM5’Nested � GGACACTGACATGGACTGAAGG
ACTA (26 bp) �

50.0 %� 78.0 °C� Invitrogen (USA)�

GeneRacerTM3’Primer� GCTGTCAACGATACGCTACGTAA
CG (25 bp) �

52.0 %� 76.0 °C� Invitrogen (USA)�

GeneRacerTM3’Nested Primer� CGCTACGTAACGGCATGACAGTG 
(23 bp) �

57.0 %� 76.0 °C� Invitrogen (USA)�

Adaptor Primer 1 (AP1)� GTAATACGACTCACTATAGGGC �
(21 bp) �

45.0 %� 59.0 °C� Clontech (Canada)�

Nested Adaptor Primer (AP2)� ACTATAGGGCACGCGTGGT �
(19 bp) �

58.0 %� 71.0 °C� Clontech (Canada)�

Smartup_F1� CACCCAAGCAGTGGTATCAACGC
AGAG (27 bp) �

55.6 %� 68.0 °C�

CDSdown_R1� TAGAGGCCGAGGCGGCCGACAT
G (23 bp) �

69.6 %� 69.6 °C�

MST1down_F1� CGCACTTGCGGCAGGATATTTGTC
TGATAG (30 bp) �

50.0 %� 68.0 °C�

MST1 down_F2� CGGGAAGAGTTATTGCTGGCCTT
GCAGTTG  (31 bp)�

53.3 %� 69.6 °C�

MST1 down_F3� GGATAGATCGTTTGGGACGTAAA
CCTACTC (30 bp) �

46.7 %� 66.8 °C�

MST1down_F4� GGGGCCCGACTGGATGGATTTAT
CCTG (27 bp) �

59.3 %� 69.5 °C�

MST2_GSP1� CGTAGCAGTTGCTTGCAAAACAC
TACCGAC (30 bp)�

50.0 %� 68.1 °C�

MST2_GSP2� CCAGAGGGAAACTTTTCGCGGAA
GTGAG (28 bp)�

53.6 %� 68.0 °C�

MST2_GSP1a� CCACGCTGGTTGGTACATTCCGAT
CGTG (28 bp)�

57.1 %� 69.5 °C�

MST2_GSP2a� GAGCCGGTGGCGATAGAACTGCA
GTG (26 bp)�

61.5 %� 69.5 °C�

HT6_GSP1� GCAACGATGGATGATAACACCAC
AAACACA (30 bp) �

46.7 %� 66.8 °C�

HT6_GSP2� ATCCCTCACTTGTTGGGACAATAC
CAACTG (30 bp) �

46.7 %� 66.8 °C�

HT6_GSP1a� ACTTGTTCAGCCCAGTCACACCA
CATATG (29 bp)�

48.3 %� 66.7 °C�

HT6_GSP2a� CAACTCCCATAACCACTCACTATC
ACCTAAC (31 bp)�

45.2 %� 66.8 °C�

MST1_GSP1� GTGGTCAGTCCCCTAGTACTATTG
TTGATC (30 bp) �

46.7 %� 66.8 °C�

MST1_GSP2� CGTGCGAAAGAAAACTTGCCGA
ATTAGTCAC (30 bp) �

46.7 %� 66.8 °C�

MST1_GSP1a� ATGATCGACATTCCGATCATCAA
GCGAGTC (30 bp)�

46.7 %� 66.8 °C�

MST1_GSP2a� AGTCAAATCCGCCAGATAACACA
TG (25 bp)�

44.0 %� 61.3 °C�

XR2_GSP1� GCAAGACGATCATGATTATTAGAT
TTTGGTAC (32 bp)�

34.4 %� 63.1 �

XR2_GSP2� GGTACAATAGCAATTTGACGTTGT
ACACAC (30 bp)�

40.0 %� 64.0�

Table A.3. Primers for RACE PCR and genome walking.
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Appendix A Oligos

Primer Name� Sequence (5’ ->3’)� GC� Tm� Remarks�

Primers for TOPO T/A and ENTR Cloning�

pStHT6_F1� CACCATCCATCAAAATACATAC � 36,4 % � 54,7 °C � CACC not in 
sequence �

pStHT6_R1� TCTTCTCTACAAGTTCAAGTTC � 36,4 % � 54,7 °C �

pMtST1_F1� CACCGACAATATCCACCAAC � 50,0 % � 56,5 °C �

pMtST1_R1� TTTTTCTGACCTCAGTAGCAAG � 40,9 % � 56,5 °C �

MST1atgNot_F1� GCGGCCGCATGGGTAGCGTTTATG (24 bp)� 62.5 %� 67.8 °C� with NotI 
restriction sites on 
the 5‘ ends�MST1endNot_R1� GCGGCCGCTCAAAGCTGCTTCAAG (23 bp)� 62.5 %� 67.8 °C�

pEXTAMST1_F1� CCATGGGAGCGTTTATGTATACGTATG (28 bp)� 42.9 %� 63.7 °C� with NcoI 
restriction sites on 
the 5‘ ends�pEXTAMST1_F1� CCATGGAAGCTGCTTCAAGCTCC� 56.5 %� 64.2 °C�

pMST1_F1� AGACTCTAAAGTTCTAAGATTATTAAAC �
(27 bp)�

25.9 %� 55.9 °C�

pMST1_R1� TTCGGTTAATTTTATTATGGATAGTTG (27 bp)� 25.9 %� 55.9 °C�

Primers for DIG-Labelled Probes�

ProbeI-MST1_F1� AAGAGTTATTGCTGGCCTTG (20 bp)� 45 %� 55.3 °C�
Amplicon 91 bp�ProbeI-MST1_R1� ACGCCCACGAATTTCTTTTG (20 bp)� 45 %� 55.3 °C�

ProbeI-MST2_F1  � CTGTACAGAAGGAATACAC (19 bp)� 42.1 %� 52.4 °C�
Amplicon 126 bp�ProbeI-MST2_R1 � TTCCCAATAATACTCTTCTAC (21 bp)� 33.3 %� 52.0 °C�

ProbeI-pHT6_F1� CATGTTACATAAGTCAGAC (19 bp)� 55.6 %� 55.0 °C�
Amplicon 98 bp�ProbeI-pHT6_R1� GACAATACCAACTGCCATTTC (21 bp)� 42.9 %� 55.9 °C�

ProbeII-pHT6_F1� AGATATATACAAAACCTCAACTGTC (25 bp)� 32.0 %� 56.4 °C�
Amplicon 103 bp�ProbeII-pHT6_R1� CTAACCCAATTGTTCTAAACAATAG (25 bp)� 32.0 %� 56.4 °C�

ProbeI-pMST1_F1� CTGGTAAAATTCGTAAAAGGAATG (24 bp)� 33.3 %� 55.9 °C�
Amplicon 165 bp�ProbeI-pMST1_R1� CAATCTACATTTATTCTCCAGATC (24 bp)� 33.3 %� 55.9 °C�

MST1situ_F1� CGTTGGTTAGTTGATCATGATC (22 bp)� 40.9 %� 56.5 °C�
Amplicon 148 bp�MST1situ_R1� TTGCAGCAATTTCCCGCTC (19 bp)� 52.6 %� 56.7 °C�

Table A.4. Primers for TOPO T/A and TOPO ENTR Cloning® and the generation of DIG labelled
probes for southern blotting and in situ hybridisation.

114



Appendix B

Sequences and Alignments

ATGGCAGTTGGTATTGTCCCAACAAGTGAGGGTTCCGCGGATTACAATGGAAGGATTACGTGGTTTGTGGTGTTATCATCCATCG�

TTGCAGCCACCGGAGGAATCATCTTTGGTTATGATATCGGAATTTCAGGAGGAGTGATCTCTATGGCGCCGTTTCTGAAGAAATT�

CTTCCCAGAAGTGTTCACTAAGATGACACATGTAGCTGAAATAAGCAACTACTGTGTATTTGACAGCCAACTACTGACCTCTTTC�

ACTTCCTCTTTATACATTGCTGGTCTTATTGCTTCCTTCTTGGCCTCACCAGTCACTCGTACATATGGTCGTAAACCATCAATTA�

TAATCGGTGGAATAGCATTTCTCATCGGTTCTGCCCTTGGAGGTGCAGCATCCAATATCTACATGTTATTACTTGGTCGAATCCT�

GCTAGGTGTAGGTGTTGGTTTTGCAAATCAGGCAGTCCCTTTATACCTTTCAGAAATGGCACCTGCTAAGTACAGGGGATCTTTC�

AACATCGCGTTCCAATTATGTGTAGGAATTGGAGTACTATTTGCTAGCCTTCTTAACTACGGTGTTCTAAAGATTAAAGGTGGTT�

GGGGATGGAGAATTTCCTTAGCAATGGCTGCAGCTCCTGCTACATTTCTAACAATAGGAGCATTTTTTCTCCCAGAAACCGCAAA�

CAGCCTAATTCAAcATGGAAATGATCATCAAAAAGCTAAGAAGATTCTACAACGTGTACGTGGTACAACCGATGTGCAAGCAGAA�

CTAGACGATCTCATCAAAGCAAGTGACAAGTCAAAAGCCGTCAAGCATCCTTTTAAGCAAATCATTAAACGGAAATACAGGCCAC�

AACTTGCTATGTCAATATTAATACCATTCTTCCAACAGGTGACTGGGATCAACGTGATCTCCTTCTACGCTCCAATTCTGTTTCA�

AACAATAGGCCTAGGCGCGAGTGCATCACTTATGTCTGCTGTGGTGACAGGTGTGGTAGGCACCAGTGCAACTTTCTTAGCATTG�

TTGATAGTTGACAGGGTGGGGCGAAGGGCTATGTTCAGTTTTGGGGGAATCCAAATGTTTGTATCGCAAATATTGATAGGGATAA�

TAATGGCAGTTAAGTTAGGAGATCATGGGGTGTTGAGCAAGGGGTATGGGCTATTGGTTTTGGTGTTGATATGCATTTATGTTGC�

AGGTTTTAGTTTGTCATGGGGTCCATTAGGATGGTTAGTTCCAAGTGAAATATTTCCATTAGAAATAAGGTCAGCAGGACAAAGC�

ATAACAGTGGCTGTGGGGTTAATATTCACTTTTATAATTGCTCAGACTTTCTTGGCTATGCTTTGCCATCTAAAATCAGGGATTT�

TTTTTTTTTTTGGGGCATGGGTTGCAATCATGACTGTATTTGTCTACTTTTTCTTGCCAGAGACAAGGAATTTGCCAATTGAAAA�

TATGGAAAGCATATGGAGGGATCATTGGTTTTGGAAGAGATTTGTTTTTGATGAGCAAGACTATGACAAAGGTGACACTACTTAA�

StHT6_F1 

StHT6_R1 

Figure B.1. ORF of StHT6 with location of qPCR primers StHT6_F1 and StHT6_R1 (shown in blue).
Start and stop codon are highlighted in red.
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Appendix B Sequences and Alignments

ATGGCCGGTGGAGGATTTTCGACCTCCGGTAACGGAGGAACGCATTTCGAGGCTAAAATAACACCAATTGTTATCATTTCTTGTA�

TTATGGCTGCTACTGGAGGACTCATGTTTGGTTATGATGTTGGAGTTTCTGGTGGTGTTACATCGATGGATCCATTTTTACAAAA�

ATTCTTCCCAACGGTTTACAAGAGAACAAAGGAGCCAGGTTTAGACAGTAATTACTGCAAATACGATAATCAAGGCCTACAATTA�

TTTACTTCATCTTTATATTTAGCCGGTTTAACGGCGACGTTTTTCGCTTCTTACACGACAAGAAAACTTGGTCGGAGATTAACTA�

TGTTAATCGCCGGTTGTTTTTTCATCATCGGAGTTATACTAAATGCTGCTGCTCAAGATTTAGCTATGCTTATTATTGGAAGAAT�

TCTCCTTGGTTGTGGCGTTGGTTTCGCCAATCAGGCAGTTCCACTATTTTTATCAGAAATAGCACCAACAAGAATTCGTGGAGGA�

CTTAACATTTTGTTCCAACTTAACGTAACTATTGGTATTCTTTTTGCCAACCTCGTTAACTACGGAACAGCCAAAATTAGTGGAG�

GATGGGGATGGAGATTATCATTAGGGTTAGCAGGATTTCCAGCAGTCTTGTTGACTTTGGGTGCATTATTTGTTGTTGAAACCCC�

AAACAGTTTGATTGAAAGAGGTTATTTAGAAGAAGGCAAAGAAGTACTTCGAAAAATCCGAGGTACCGACAACATTGAACCTGAA�

TTCTTGGAACTTGTTGAGGCTAGTCGTGTTGCTAAAGAAGTCAAACACCCTTTCAGAAATTTACTCCAACGTAAAaATAGACCTC�

AATTGATCATCTCTGTTGCCCTCCAGATATTCCAACAATTCACAGGAATCAACGCTATATTCTACGCGCCcGTTtTaTtTCAAaC�

ACTAGGGTTCGGAAGCAGTGCAGCTCTTTACTCAGCCGTCATCACgGGAGCCGTCAACGTTCTCTCCACcGTAGTCTCGCTCTAC�

TCCGTTGACAAGCTCGGACGACGAATCCTCCTCCTAGAAGCCGGGGTTCAAATGTTACTATCCCAAATAATAATCGCTATAATCC�

TCGGTATCAAAGTTACGGATACTTCAGACAACCTTAGCCACGGTTGGGGAATCTTCGTAGTAGTTTTGATCTGCACATATGTATC�

GGCTTTCGCGTGGTCGTGGGGCCCACTAGGATGGTTAATTCCTAGCGAAACGTTCCCGTTGGAAACTCGTTCAGCCGGTCAAAGT�

GTTACAGTGTGTGTTAACTTGCTCTTCACGTTTGTTATGGCACAAGCATTTCTCTCAATGCTTTGTCATTTCAAGTATGGGATAT�

TCTTGTTCTTTTCGGGGTGGATTTTCGTTATGTCGTTGTTCGTTTTCTTCTTGTTGCCTGAGACGAAGAATGTTCCCATTGAGGA�

GATGACGGAGAGGGTGTGGAAGCAACATTGGTTGTGGAAGAGGTTTATGGTTGATGAAGATGATGTTGATATTGTTAAAAAGAAT�

GGACATGCTAACGGATATGATCCCACTTCTCGGTTGTAA 

StHT2_R1 

StHT2_F1 

Figure B.2. ORF of StHT2 with location of qPCR primers StHT2_F1 and StHT2_R1 (shown in blue).
Start and stop codon are highlighted in red.
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VTRTYGRKPSIIIGGIAFLIGSALGGAASNIYMLLLGRILLGVGVGFANQAVPLYLSEMAPAKYRGSFNIAFQLCVGIGVLFASLLNYGVLKIKGGWGWRISLA-MAAAPATFL
TTRKLGRRLTMLIAGCFFIIGVILNAAAQDLAMLIIGRILLGCGVGFANQAVPLFLSEIAPTRIRGGLNILFQLNVTIGILFANLVNYGTAKISGGWGWRLSLG-LAGFPAVLL
TTRKLGRRLTMLIAGCFFIIGVVLNAAAQDLAMLIIGRILLGCGVGFANQAVPLFLSEIAPTRIRGGLNILFQLNVTIGILFANLVNYGTAKISGGWGWRLSLG-LAGFPAVLL
IADYIGRKGAMRMSSGFCVAGWLAIFFAQGALALDIGRLATGYGMGVFSYVVPVFIAEIAPKDLRGALTTINQLMICCGVSVSFIIG-------TMMTWRTLAL-TGLIPCAIL
TTRKLGRRLTMLIAGCFFIIGVVLNAAAQDLAMLIIGRILLGCGVGFANQAVPLFLSEIAPTRIRGGLNILFQLNVTIGILFANLVNYGTAKISGGWGWRLSLG-LAGFPAVLL
VTRAFGRKPSILLGGXVFLAXAALGGAAVNVYMLIFGRVLLGVGVGFANQAVPLYLSEMAPPRYRGAINNGFQFSVGIGALSANLINYGTEKIEGGWGWRISLA-MAAVPAAIL
VTRRFGRRTSILIGGTVFVIGSVFGGAAVNVYMLLLNRILLGVGLGFTNQSIPLYLSEMAPPQYRGAINNGFELCISIGILIANLINYGVEKIAGGWGWRISLS-LAAVPAAFL
VTRRYGRRTSMLIGGTVFIAGSVFGGAAVNVFMLLINRILLGIGLGFTNQSIPLYLSEMAPPRYRGAINNGFELCISLGILFANVLNYCVVKITAGWGWRISLS-MAAVPAAFL
VTRAVGRKWSMLVGGLTFLVGAALNGAAQNIAMLIIGRILLGVGVGFANQSVPVYLSEMAPARLRGMLNIGFQLMITIGILAAELINYGTNKIKAGYGWRVSLA-LAAVPAAII
VTRSWGRKPSIFLGGVSFLAGAALGGSAQNVAMLIIARLLLGVGVGFANQSVPLYLSEMAPAKYRGAISNGFQLCIGIGFLSANVINYETQNIKH--GWRISLA-TAAIPASIL
ITRNYGRRASIICGGISFFIGAVLNAAAVNLGMLLSGRIMLGVGIGFGNQAVPLYLSEMAPAHLRGCLNMMFQLATTLGIFTANMINYGTSKLHP-WGWRLSLG-LAAAPAFVM
TTRTLGRRLTMLIAGVFFIIGVALNAGAQDLAMLIAGRILLGCGVGFANQAVPLFLSEIAPTRIRGGLNILFQLNVTIGILFANLVNYGTAKIKGGWGWRLSLG-LAGIPALLL
VTRKFGRRLSMLFGGILFCAGALINGFAKHVWMLIVGRILLGFGIGFANQAVPLYLSEMAPYKYRGALNIGFQLSITIGILVAEVLNYFFAKIKGGWGWRLSLG-GAVVPALII
ITRNYGRRASIVCGGISFLIGSGLNAGAVNLAMLLAGRIMLGVGIGFGNQAVPLYLSEVAPTHLRGGLNMMFQLATTIGIFTANMVNYGTQQLKP-WGWRLSLG-LAAFPALLM
ITRVFGRKWSMFLGGFTFFIGSAFNGFAQNIAMLLIGRILLGFGVGFANQSVPVYLSEMAPPNLRGAFNNGFQVAIIFGIVVATIINYFTAQMKGNIGWRISLG-LACVPAVMI
VTRKLGRRLSMLSGGILFCAGALINGFAQNVAMLIIGRIFLGFGIGFANQSVPLYLSEMAPYKYRGALNIGFQLSITIGILVANVLNYFFAKIH--WGWRLSLG-GAMVPALII
VTRVLGRKWSMFAGGLTFLIGAALNGAAENVAMLIVGRILLGVGVGFANQSVPVYLSEMAPARLRGMLNIGFQLMITIGILAAELINYGTAKIKAGWGWRVSLA-LAAVPAAII
ITRRFGRKLSMLFGGLLFLVGALINGFANHVWMLIVGRILLGFGIGFANQPVPLYLSEMAPYKYRGALNIGFQLSITIGILVANVLNYFFAKIKGGWGWRLSLG-GAMVPALII
ITRRFGRKLSMLFGGLLFLVGALINGLAQNVAMLIVGRILLGFGIGFANQSVPLYLSEMAPYKYRGALNIGFQLSITIGILVANILNYFFAKIKGGWGWRLSLG-GAMVPALII
VTRRFGRKLSMLFGGLLFLVGALINGFAQHVWMLIVGRILLGFGIGFANQSVPLYLSEMASYKYRGALNIGFQLPITLVFLVANVLNYFFGKIHGGWGWKIEVWEGAMVPALII
ITRKFGRRLSMLFGGILFCAGAIINGFAQAVWMLILGRMFLGFGIGFSNQSVPLYLSEMAPYKYRGALNIGFQLSITIGILVANVLNYFFAKIRGGWGWRLSLG-GAMVPALII
ITRKFGRKLSMLFGGVLFFAGAIINGLAKAVWMLILGRILLGFGIGFANQSVPLYLSEMAPYRYRGALNIGFQLSITIGILVANVLNYFFAKIHGGWGWRLSLG-GAMVPALII
VTRKFGRKLSMLFGGVLFCAGAILNGFAKAVWMLIVGRILLGFGIGFANQSVPLYLSEMAPYKYRGALNIGFQLSITIGILVANVLNYFFAKIEGGWGWRLSLG-GAMVPALII
VTRKLGRRLSMLCGGVLFCAGALINGFAQNVAMLIVGRILLGFGIGFANQSVPLYLSEMAPYKYRGALNLGFQLSITIGILVANVLNYFFAKIH--WGWRLSLG-GAMVPALII
TTRRLGRRLTMLIAGVFFIVGVIFNGAAQNLAMLIVGRILLGCGVGFANQAVPLFLSEIAPTRIRGGLNILFQLNVTIGILFANLVNYGTAKIHP-WGWRLSLS-LAGIPAALL
ITRAFGRKPSILVGGAAFLIGAALGGAALNIYMLILGRVLLGVGIGFANQAVPLYLSEMALPRYRGAINIGFQLCVGIGVLSANLINFGTEKIKDGWGWRISLA-MAAVPATIL
ITKKFGRKPTILAGGAAFLIGSALGGAAFNVYMVILGRILLGVGVGFANQAVPLYLSEMAPPRYRGAINNGFQFSIGVGALSANLINFGTEKIKGGWGWRVSLA-LAAVPASIL
VTRTYGRRPSIIIGGIAFLIGSALGGAASNIYMLLLGRILLGVGVGFANQAVPLYLSEMAPAKYRGSFNIAFQLCVGIGVLFASLLNYGVQKIKGGWGWRITLA-MAAAPATFL

230 240 250 260 270 280 290 300 310 320 330 340

TIGAFFLPETANSLIQHGN---DHQKAKKILQRVRGTT-DVQAELDDLIKASDKSKAVKHP-FKQIIKRKYRPQLVMSILIPFFQQVTGINVISFYAPILFQTIGLGASASLMS
TLGALFVVETPNSLIERGY----LEEGKEVLRKIRGTD-NIEPEFLELVEASRVAKEVKHP-FRNLLQRKNRPQLIISVALQIFQQFTGINAI-FYAPVLFQTLGFGSSAALYS
TLGALFVVETPNSLIERGY----LEEGKEVLRKIRGTD-NIEPEFLELVEASRVAKQVKHP-FRNLLQRKNRPQLIISVALQIFQQFTGINAIMFYAPVLFSTLGFGNSAALYS
LFGLFIIPESPRWLAKIGH----QKEFELALRKLRGKDADISEEAAEIKDYIETLEKLPKVNLFDLFQRRYSSSLIVGVGLMVFQQFGGINGICFYTGSIFESSGFSSD---IG
TLGALFVVETPNSLIERGY----LEEGKEVLRKIRGTD-NIEPEFLELVEASRVAKQVKHP-FRNLLQRKNRPQLIISVALQIFQQFTGINAIMFYAPVLFSTLGFGNSAALYS
TFGALFLPETPNSLIQRSN---DHERAKLMLQRVRGTT-DVQAELDDLIKASIISRTIQHP-FKNIMRRKYRPQLVMAVAIPFFQQVTGINVIAFYAPILFRTIGLEESASLLS
TVGAIYLPETPSFIIQRRGGSNNVDEARLLLQRLRGTT-RVQKELDDLVSAT-RTTTTGRP-FRTILRRKYRPQLVIALLVPFFNQVTGINVINFYAPVMFRTIGLKESASLMS
TIGAVFLPETPSFIIERDG---DTDKARILLQRLRGTT-SVQKELDDLVAASNLSRTVQYP-FRNIFKRKYRPQLVIALLVPFFNQLTGINVMNFYAPVMFRTIGLKESASLLS
TLGSLFLPDTPNSLLERGH----PEEARRMLRRIRGTD-DIGEEYADLVAASEEARQVRHP-WRNILRRRYRAQLTMAVAIPFFQQLTGINVIMFYAPVLFDTLGFKNDASLMS
TLGSLFLPETPNSIIQTTG---DVHKTELMLRRVRGTN-DVQDELTDLVEASSGSDTDSNA-FLKLLQRKYRPELVMALVIPFFQQVTGINVVAFYAPVLYRTVGFGESGSLMS
TVGGMLLPETPNSLIEQGN----KTKGRHVLERIRGTE-NVDAEFEDMVDASELARSVKHP-FRNILKRRNRPQLIMAILMPTFQILTGINIILFYAPVLFQSMGFKRAASLYS
TVGALLVTETPNSLVERGR----LDEGKAVLRRIRGTD-NVEPEFADLLEASRLAKEVKHP-FRNLLQRRNRPQLVIAVALQIFQQCTGINAIMFYAPVLFSTLGFGSDASLYS
TIGSLVLPDTPNSMIERGQ----HEEAKTKLRRIRGVD-DVSQEFDDLVAASKESQSIEHP-WRNLLRRKYRPHLTMAVMIPFFQQLTGINVIMFYAPVLFNTIGFTTDASLMS
TLGGYFLPETPNSLVERGL----TERGRRVLVKLRGTE-NVNAELQDMVDASELANSIKHP-FRNILQKRHRPQLVMAICMPMFQILTGINSILFYAPVLFQTMGFGGNASLYS
MIGALILPDTPNSLIERGY----TEEAKEMLQSIRGTN-EVDEEFQDLIDASEESKQVKHP-WKNIMLPRYRPQLIMTCFIPFFQQLTGINVITFYAPVLFQTLGFGSKASLLS
TIGSLFLPETPNSMIERGN----HDEAKARLKRIRGIE-DVDEEFNDLVIASEASRKIEHP-WRNLLQKKYRPHLTMAIMIPFFQQLTGINVIMFYAPVLFKTIGFGTDASLMS
TLGSLFLPDTPNSLIDRGH----PEAAERMLRRIRGSDVDVSEEYADLVAASEESKLVQHP-WRNILRRKYRAQLTMAICIPFFQQLTGINVIMFYAPVLFDTLGFKSDASLMS
TIGSLVLPDTPNSMIERGD----RDGAKAQLKRIRGIE-DVDEEFNDLVAASEASMQVENP-WRNLLQRKYRPQLTMAVLIPFFQQFTGINVIMFYAPVLFNSIGFKDDASLMS
TIGSLILPDTPNSMIERGD----RDGAKAQLKRIRGVE-DVDEEFNDLVAASETSMQVENP-WRNLLQRKYRPQLTMAVLIPFFQQFTGINVIMFYAPVLFNSIGFKDDASLMS
TVGSLVLPDTPNSMIERGD----REKAKAQLQRIRGID-NVDEEFNDLVAASESSSQVEHP-WRNLLQRKYRPHLTMAVLIPFFQQLTGINVIMFYAPVLFSSIGFKDDAALMS
TVGSLLLPDTPNSLIERGN----RDEARSKLQRVRGVD-DVDEEFNDLVAASEESKQVEHP-WTNLLRRKYRPHLAMAILIPFFQQLTGINVIMFYAPVLFNTIGFGSDASLMS
TVGSLVLPDTPNSMIERGQ----YEEARSQLKRVRGVH-DVDEEFNDLVLASEESKKVEHP-WRNLLQRKYRPHLTMAIAIPFFQQLTGINVIMFYAPVLFNTIGFGNDASLMS
TVGSLVLPDTPNSMIERGQ----HDEAKEKLKRIRGVD-DVEEEFCDLVAASEASQLVENP-WRNLLQRKYRPHLSMAILIPFFQQLTGINVIMFYAPVLFNTIGFGSDASLMS
TIGSLFLPETPNSMIERGN----HDEAKARLKRIRGID-DVDEEFNDLVVASEASRKIENP-WRNLLQRKYRPHLTMAIMIPFFQQLTGINVIMFYAPVLFKTIGFGADASLMS
TLGALFVVDTPNSLIERGR----LEEGKAVLRKIRGTD-NVEPEFNEIVEASRVAQEVKHP-FRNLLQRRNRPQLVIAVLLQIFQQFTGINAIMFYAPVLFNTLGFKTDASLYS
TLGAFFLPETPNSIIQNSK---NHQKAKLMLQSIRGTH-DVQQEFEDLIEASIMSNSIKHP-FKNILQRKYRPQLVMAIAIPFFQQFTGINVISFYAPILFLTIGLGESASLLS
TLGALFLPETPNSLIQRSK---DYGKAELMLQRVRGTN-DVQAELDDLVKASSLAKTINDP-FKKILQRKYRPQLVMAIAIPFFQQVTGINVIAFYAPVLFRAIGLGVSASLLS
TVGAFFLPETANSLIQHGN---DHQKAKKILQRVRGTT-DVQAELDDLIKASDNSKAVKHP-FKQIIKRKYRPQLVMSVVIPFFQQVTGINVISFYAPILFQTIGLGASASLMS

Figure B.3. ClustalW alignment of the deduced amino acid sequences of plant sugar transporters. Dark
blue indicates high conserved amino acids in all sequences, blue indicates similar amino acids and
light blue less similar amino acids. The red box highlights the conserved PETKG motif of MFS sugar
transporters. Average length of the transporters is approximately 515 amino acids. (Part I)

117



Appendix B Sequences and Alignments

StHT6
StHT2
S.lycopersicum_(HT2)_CAB52689
S.lycopersicum_(LeST3)_AJ278765
S.lycopersicum_CAA09419
R.communis_(HEX6)_Q07423
Z.mays_(HEX6)_NP_001149551
O.sativa_(HEX6)_AAP55016
Z.mays_(MST1)_NP_001105681
A.thaliana_(STP3)_CAA05384
S.lycopersicum_(HT3)_ACX47460
A.thaliana_(STP13)_NP_198006
A.thaliana_(STP1)_NP_172592
A.thaliana_(STP7)_CAC69067
A.thaliana_(STP4)_NP_188627
S.lycopersicum_(HT1)_ACX47459
O.sativa_(MST3)_BAB19864
M.truncatula_(ST1)_AAB06594
V.faba_CAB07812
G.max_CAD91335
D.glomerata_CAD30830
H.brasiliensis_(HT1)_CAN87006
J.regia_(HT2)_AAY89232
N.tabacum_CAA47324
O.sativa_(MST4)_AAQ24871
MtHEX6_CU467812
V.vinifera_AAT09978
SlHT6_(AK323115)

StHT6
StHT2
S.lycopersicum_(HT2)_CAB52689
S.lycopersicum_(LeST3)_AJ278765
S.lycopersicum_CAA09419
R.communis_(HEX6)_Q07423
Z.mays_(HEX6)_NP_001149551
O.sativa_(HEX6)_AAP55016
Z.mays_(MST1)_NP_001105681
A.thaliana_(STP3)_CAA05384
S.lycopersicum_(HT3)_ACX47460
A.thaliana_(STP13)_NP_198006
A.thaliana_(STP1)_NP_172592
A.thaliana_(STP7)_CAC69067
A.thaliana_(STP4)_NP_188627
S.lycopersicum_(HT1)_ACX47459
O.sativa_(MST3)_BAB19864
M.truncatula_(ST1)_AAB06594
V.faba_CAB07812
G.max_CAD91335
D.glomerata_CAD30830
H.brasiliensis_(HT1)_CAN87006
J.regia_(HT2)_AAY89232
N.tabacum_CAA47324
O.sativa_(MST4)_AAQ24871
MtHEX6_CU467812
V.vinifera_AAT09978
SlHT6_(AK323115)

350 360 370 380 390 400 410 420 430 440 450

AVVTGVVGTSATFLALLIVDRVGRRAMFSFGGIQMFVSQILIGIIMAVKLG---DHGVLSKGYGLLVLVLICIYVAGFSLSWGPLGWLVPSEIFPLEIRSAGQSITVAVGLIFT
AVITGAVNVLSTVVSLYSVDKLGRRILLLEAGVQMLLSQIIIAIILGIKV--TDTSDNLSHGWGIFVVVLICTYVSAFAWSWGPLGWLIPSETFPLETRSAGQSVTVCVNLLFT
AVITGAVNVLSTVVSVYSVDKLGRRVLLLEAGVQMLLSQIIIAIILGIKV--TDHSDNLSHGWGIFVVVLICTYVSAFAWSWGPLGWLIPSETFPLETRSAGQSVTVCVNLLFT
TIIYAIIQVPITALGAALIDRTGRKPLLLVSGTGLVIGCILTGISFYMKG-----HEMAIKAAPILAVTGILVYIGSFSVGMGAVPWVVMSEIYPINIKGAAGSLATLVNWFGA
AVITGAVNVLSTVVSVYSVDKLGRRVLLLEAGVQMLLSQIIIAIILGIKV--TDHSDNLSHGWGIFVVVLICTYVSAFAWSWGPLGWLIPSETFPLETRSAGQSVTVCVNLLFT
SIVTGLVGSASTFISMLIVDKLGRRALFIFGGVQMFVAQIMVGSIMAAELG---DHGGIGKGYAYIVLILICIYVAGFGWSWGPLGWLVPSEIFPLEIRSAGQSIVVAVSFLFT
AVVTRVCATAANVVAMVVVDRFGRRKLFLVGGVQMILSQAMVGAVLAAKFQ---EHGGMEKEYAYLVLVIMCVFVAGFAWSWGPLTYLVPTEICPLEIRSAGQSVVIAVIFFVT
SVVNRLCATFANIMAMIVVDRFGRRKLFLVGGIQMILSQLAVGAILAAEFK---DYGSMDREYAYLVLITMCVFVAGFAWSWGPLTFLVPTEICPLEIRSAGQSIVVAVVFLMT
SVITGLVNVFATVVSIVTVDRVGRRKLFLQGGAQMIVCQLIVGTLIAAKFGTSG-TGDIAKGYAAVVVVFICAYVAGFAWSWGPLGWLVPSEIFPLEIRPAGQSINVSVNMFFT
TLVTGIVGTSSTLLSMLVVDRIGRKTLFLIGGLQMLVSQVTIGVIVMVADV---HDGVIKEGYGYAVVVLVCVYVAGFGWSWGPLGWLVPSEIFPLEIRSVAQSVTVAVSFVFT
SALTGAVLASSTLLSMATVDRWGRRVLLITGGIQMIICQVIVAIILGLKF--GSDKE-LSRGYSIIVVVFICLFVAAFGYSWGPLGWTVPSEIFPLETRSAGQSITVTVNLFFT
AVVTGAVNVLSTLVSIYSVDKVGRRVLLLEAGVQMFFSQVVIAIILGVKV--TDTSTNLSKGFAILVVVMICTYVAAFAWSWGPLGWLIPSETFPLETRSAGQSVTVCVNLLFT
AVVTGSVNVAATLVSIYGVDRWGRRFLFLEGGTQMLICQAVVAACIGAKFGVDGTPGELPKWYAIVVVTFICIYVAGFAWSWGPLGWLVPSEIFPLEIRSAAQSITVSVNMIFT
SALTGAVLVLSTFISIGLVDRLGRRALLITGGIQMIICQVIVAVILGVKF--GDNQE-LSKGYSVIVVIFICLFVVAFGWSWGPLGWTIPSEIFPLETRSAGQSITVAVNLLFT
AMVTGIIELLCTFVSVFTVDRFGRRILFLQGGIQMLVSQIAIGAMIGVKFGVAG-TGNIGKSDANLIVALICIYVAGFAWSWGPLGWLVPSEISPLEIRSAAQAINVSVNMFFT
AVITGGINVIATIVSIYYVDKLGRRFLFLEGGIQMLFSQIAVAILIAIKFGVNGTPGELPKWYAIVVVIFICVYVAGFAWSWGPLGWLVPSEIFPLEIRSAAQSINVSVNMIFT
AVITGLVNVFATLVSIFTVDRLGRRKLFLQGGAQMVVCQVVVGTLIAVKFGTSG-IGDIPKGYAAVVVLFICMYVAGFAWSWGPLGWLVPSEIFPLEIRPAGQSINVSVNMLFT
AVITGVVNVVATCVSIYGVDKWGRRALFLEGGAQMLICQVAVAAAIGAKFGTSGNPGNLPEWYAIVVVLFICIYVAGFAWSWGPLGWLVPSEIFPLEIRSAAQSVNVSVNMLFT
AVITGVVNVVATCVSIYGVDKWGRRALFLEGGVQMLICQVAVAVSIAAKFGTSGEPGDLPKWYAIVVVLFICIYVAGFAWSWGPLGWLVPSEIFPLEIRSAAQSVNVSVNMLFT
AVITGVVNVVATCVSIYGVDKWGRRALFLEGGVQMLICQAVVAAAIGAKFGTDGNPGDLPKWYAIVVVLFICIYVSAFAWSWGPLGWLVPSEIFPLEIRSAAQSINVSVNMLFT
AVITGCVNVAGTLVSIYGVDKWGRRFLFLEGGFQMLICQAVVAAAIGAKFGVNGNPGELPKWYAIVVVLFICIYVAGFSWSWGPLGWLVPSESFPLEIRSAAQSINVSVNMIFT
AVITGLVNVFATMVSIYGVDKWGRRLLFLEGGVQMLICQAVVAACIGAKFGVDGHPGDLPRWYAIVVVLFICIYVAGFAWSWGPLGWLVPSEIFPLEIRSAAQSVNVSVNMLFT
AVITGIVNVGATMVSIYGVDRWGRRFLFLEGGAQMLICQAVVTAAIGAKFGVDGNPGDLPKWYAIVVVLFICIYVAGFAWSWGPLGWLVP-------------SVNVCVNMIFT
AVITGGVNVLATVVSIYYVDKLGRRFLFLEGGIQMLICQIAVSICIAIKFGVNGTPGDLPKWYAIVVVIFICVYVAGFAWSWGPLGWLVPSEIFPLEIRSAAQSINVSVNMIFT
AVITGAVNVLSTLVSVYSADRVGRRMLLLEAGVQMFLSQVAIAVVLGIKV--TDRSDNLGHGWAIMVVVMVCTFVSSFAWSWGPLGWLIPSETFPLETRSAGQSVTVCVNLLFT
AVMVGIVGTTSTFISMLIVDKLGRRVLFISGGIQMFFSQILIGSIMAAQLG---DHGEISKKYAYLILVLICIYVAGFAWSWGPLGWLVPSEIFPLEIRSAAQSITVAVNFLFT
AVVTGVVGMASTFISMLIVDKLGRRVLFLVGGIQMLVSQIMVGGILAAELG---DHGGVSKVYAFLVLLLICVYVAGFGWSWGPLGWLVPSEIFPLEIRSAGQSITVAVSFIFT
AVVTGVVGTSATFLALLIVDRVGRRAMFSFGGIQMFVSQMLIGIIMAVKLG---DHGVLSKGYGLLVLVLICIYVAGFSFSWGPLGWLVPSEIFPLEIRSAGQSITVAVGLTFT

460 470 480 490 500 510 520 530 540

FIIAQTFLAMLCHLKSGIFFFFGAWVAIMTVFVYFFLPETRNLPIENMES-IWRDHWFWKRFVFDEQDY------DKGDTT------------
FVMAQAFLSMLCHFKYGIFLFFSGWIFVMSLFVFFLLPETKNVPIEEMTERVWKQHWLWKRFMVDEDDVDIVK---KNGHANGYDPTSRL---
FVMAQAFLSMLCHFKYGIFLFFSGWIFVMSLFVFFLLPETKNVPIEEMTERVWKQHWLWKRFMVDEDDVDMIK---KNGHANGYDPTSRL---
WACSYTFNFLMTWNSFGTFVLYAAVNALSILFVIKIVPETKGRTLEQIQAAINAS--------------------------------------
FVMAQAFLSMLCHFKYGIFLFFSGWIFVMSLFVFFLVPETKNVPIEEMTERVWKQHWLWKRFMVNEDDVDMIK---KNGHANGYDPTSRL---
FVVAQTFLSMLCHFKSGIFFFFGGWVVVMTAFVHFLLPETKKVPIEKMDI-VWRDHWFWKKIIGEEAAE------ENNKMEAA----------
FLIGQTFLAMLCHLKFGTFFLFGGWVCVMTLFVYFFLPETKQLPMEQMEQ-VWRTHWFWKRIVDEDAAGEQPREEAAGTIALSSTSTTT----
FVIGQTFLAVLCRIKSGTFFFFAGWICLMTVFVYFFLPETKKLPMEQMEQ-VWRKHWFWKKIVGEEE------EKQAEKTALPSM--------
FCIAQAFLTMLCHFKFGLFYFFAGWVVIMTVFIAFFLPETKNVPIEEMVL-VWKSHWFWKRFIADEDVH--VGIGNNHPAKNGS--DTKGADA
FAVAQSAPPMLCKFRAGIFFFYGGWLVVMTVAVQLFLPETKNVPIEKVVG-LWEKHWFWRRMTSKRD--------IQETTILSH---------
FAIAQSFLSLLCAMRFGIFLFFSCWIAVMTIFIYLFLPETKGVPIEEMMR-LWEKHWFWKKIVSEDQQVKNTN---GLNHA------------
FIIAQAFLSMLCHFKFGIFIFFSAWVLIMSVFVMFLLPETKNIPIEEMTERVWKKHWFWARFMDDHNDHEFVNGEKSNGKSNGFDPSTRL---
FIIAQIFLTMLCHLKFGLFLVFAFFVVVMSIFVYIFLPETKGIPIEEMGQ-VWRSHWYWSRFVEDGEYG---NA--LEMGKNSNQAGTKHV--
FIIAQAFLGLLCAFKFGIFLFFAGWVTVMTIFVYFLLPETKGVPIEEMTL-LWSKHWFWKKVLPDATNLEDES---KNVSV------------
FLVAQLFLTMLCHMKFGLFFFFAFFVVIMTIFIYLMLPETKNVPIEEMNR-VWKAHWFWGKFIPDEAVN---------MGAAEM--QQKSV--
FAVAQVFLTMLCHLKFGLFLFFAFFVVIMTVFIYFFLPETKNIPIEEMVI-VWKEHWFWSKFMTEVDYPGTRNGTAVEMAKGGA--GYKIV--
FVIAQAFLTMLCHMKFGLFYFFAGWVVIMTVFIALFLPETKNVPIEEMVL-VWKSHWFWRRFIGDHDVH--VGA--NHVSNNKL--QP-----
FLVAQVFLIMLCHMKFGLFLFFAFFVLVMSIYVFFLLPETKGIPIEEMDR-VWKSHPFWSRFVEHGDHG---NG--VEMGKG----APKNV--
FLVAQIFLTMLCHMKFGLFLFFAFFVVVMTIYIYTMLPETKGIPIEEMDR-VWKSHPYWSRFVEHDD-----NG--VEMAKG----GVKNV--
FLIAQVFLTMLCHMKFGLFLFFAFFVLIMTFFVYFFLPETKGIPIEEMGQ-VWQAHPFWSRFVEHDDYG---NG--VEMGKG----AIKEV--
FAIAQIFLTMLCHLKFGLFIFFAFFVVVMSIFVYFFLPETKGIPIEEMGR-VWKSHWYWSRFVTDADYT---IGSGVEMGKGAQ--ELKNI--
FIVAQVFLTMLCHLKFGLFLFFAFFVLVMSIFVYYFLPETKGIPIEEMGQ-VWKSHWYWSRYVTDEHFP---NGT-LEMGKGGQ--GPKTV--
FVVAQAFLAMLCHMKFGLFLFFAFFVMVMTVFVYFFLPETKGIPIEEMNR-VWKTHWYWSRFVSDDNNP---K---VEMGKGGR--AIKNV--
FIVAQVFLTMLCHLKFGLFLFFAFFVVIMTVFIYFFLPETKNIPIEEMVI-VWKEHWFWSKFMTEVDYPGTRNGTSVEMSKGSA--GYKIV--
FVIAQAFLSMLCHLKYAIFAFFSAWVVVMSLFVLFFLPETKNIPIEEMTERVWKQHWFWKRFMDDADKHHVVP---NGGKSNGATV-------
FIVAQTFLSMLCHFKYGTFFFFGGWVVIMTVFVYFLLPETKNVPIEQMDR-VWREHFFWKRIVGDKIE--------GKQTVVP----------
FIVAQTFLSMLCHFKSGIFFFFGGWVVLMTAFVYYLLPETKSIPIEQMDR-VWKEHWFWKRIVVEKLS--------NPKMETA----------
FIIAQTFLAMLCHLKSGIFFFFGAWVAIMTAFVYLFLPETRNLPIENMES-IWRDHWFWKRFVCDEQDY------DKGDTTYTSIS-------

Figure B.4. ClustalW alignment of the deduced amino acid sequences of plant sugar transporters. (Part
II)
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TCCAATAATTTAACCACACCATCCATCAAAATACATACACTAAAACATATATCACTTAAAGGGACATAAAGTGAATGCATTCAAC�

TCAAAACGAAATTTAGAACATACGATAAGGCTATTAATATTGTGTCGAAGCTTTGACCTAAGACACTTTCTAGAAGTAAAATCCA�

TGAAAATTTTCATCATAAAATATAATAACCAAAACAATTTTTGTTCTTGAACTAGAGATGTTTTTTTTTAAAATAAAAAGCAAGA�

ATAGAAAAGAGCAAAAAATATTATCAAGAATGGAGGTTTTAACTAGATACTACAATGAAGAGATGAATGAAAGAGATGAGAGAGT�

ATACGAGAGAGAAACATATGAGTCCCAAAAAATAAGCACACTAATAAAAAAAAAAAAGTGTATTGTCTTTAAATATTATATTTGT�

AATTAAAAACTTAGTTTTGTAAATAAAAAATATATTTTACACTATAATTAAAGCCTTTAAACACAATATCCTTATAATTTTTCCT�

AAAAGAAGTTATTATAAGATGCAAATTAACTCTAAAATCTTAACTCTCAAACAATAAGAATCACAGTTTCTGAAATATATGACTA�

TCACACATGCAATTTACTTCCCTAAAAGAAAAAAATTTGATAAACTAGCTATTAGTATTATATATAATTAAAACACTCATGAATA�

AAAATAAAATACTTTCAAAGAACGAAATAATAAAATATAATAATTGTTTAGACATAGGATAAAAACATGATCAAGATCAGTGACA�

AGTAAAAATATAAAATTTGGCTATGTATTTTAAAAAGAAATATTAAGTGTTATTGACCCTCATTGCGTTCAGCAATAATACGACT�

TGCTATCAGAGTTATTCTCAATTTTCTAATTTCTATATATGGATTTTTAAAAAACTACTTACTAAACATCTTTAATTTATTAAAA�

ATTAATTACGAAGATCAACAAAAGAGTAATAATGACACCAACATTTTGACAATGATCATGTAAAAGGCTAAGAGAAGGCTGCCAA�

GAATCCAGGGAATAGAATATGTCAAAGTTATACTATATGACCTCATTAATGAAATTCACGTCAAATAACACCTATTTAAAGATAT�

TATACAAAACCTCAACTTGTCTTGTTAATAGCAATCCAAAACTAATTAATTTCCATGTAAAATTAATTAATACTATTGTTTAGAA�

CAATTGGGTTAGGTGATAGTGAGTGGTTATGGGAGTTGTTAGAGCTGATGCAATCTTTTTTTCTCGTCATTACTATATATATTAT�

AGACTGAGTCCGGCAGAGATTAATTACTGATTCAATTTGGAGGAATTCAAATGTTGGTTGGAGCAATTATGGTGCTTATTGCTTA�

ATTAAATTAAGGGACCATATGTGGTGTGACTGGGCTGAACAAGTGGTACAGTTTACCAGTTTTGATTGATCTTGATTTGCATTTA�

CTTTGTTTGTCTTGGGGTCCAGTACTGGCTTGCTAGTTACAAGTGAAAATATCTACTTCAGAAGATTAGTCAACTGCTCAATATA�

TGTATCGCAACGTGCTACAGGGCATTTGTTTTTCGTCCAATTGGTACCAAAGTCTGCATTGATTCCGAGAAATTGTAGATATTGT�

CATGATCAATCAAGAATTGTATATTGATACGATGTATTGACGAAATTAAAACATGTAAACAAGAGAACATGTAACGTGAATCCAC�

TTAATTAGGAGAAAATTGCCAAGACTAGCCATAATACAGGAAAGTGTGACAACAAGATAAGAAGCCCAAAAATATGACTAGTTCA�

ACTTATAATTAATTGTTATATATATGACCCTAAAGTCCAAATAATTAAAGAGTAGTAGATACGCCATCCAATTGCAAGGCATTGA�

CCAAATTAATTTATTTAGCCATGCTGATTTTGTAGCTGTGCATTAGTCATGATGTATAGCTTATTATATATCTTACTCCTATAAG�

TTCATGTTACATAAGTCAGACCTTACAATTCATACTTGCAATTTACACTCTACACAGTTTGAACTTGAACTTGTAGAGAAGAA�

ATGGCAGTTGGTATTGTCCCAACAAGTGAGGGTTCCGCGGATTACAATGGAAGGATTACGTGGTTTGTGGTGTTATCATCCATCG�

TTGCAGCCACCGGAGGAATCATCTTTGGTTATGATATCGGAATTTCA�

5‘ UTR 

GSP1 GSP2 

GSP1a 

GSP2a 

pHT6_R1 

pHT6_F1 

Figure B.5. Full promoter sequence of StHT6 (shown in gray) with location of the primers pHT6_F1
and pHT6_R1 (lilac). Genome walker primers GSP1,2,1a and 2a are shown in blue. The start codon is
highlighted in red. Putative TATA boxes are shown in green.
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pST1_F1 

pST1_R1 

GGTTAATTGCTGTAAAGGCCTTTGAAGTCACGCATAACCGGATCCTTTCACGACTCTTTTAGGCTTTTACTACA�

ACACCGACAATATCCACCAACACCAACTACCCCTAATTTATCCAACATTATCCAATAGCACAATCATATACTTTC�

CTAATATTCCATTATGGATAAATCTTAAATCTTGATTACCAGTATCAACTCTTTAACTCTTTTCCTATTTCATCTGA�

ATATATAATGGCTGACTCAGCAACCATATCCTTATAATAAATAATAAATAGAACTTAAAAGTAAAGAATCAATTTTA�

ATAGACACACATGATATATGATACAGCACCACCCAACTAAAAATCCTCCGTAATCTGAGTATATTATCTGACGTG�

TGAAATGAAACACACCAACTGTCAAACTTGCAAAAATGAAAACCTAGTGGGATTTGGATTAGATTTAGGAAGG�

AAAAATCTTTAAAAAGAGTCCAAAAAATTATGGTTTGAAAAGGGCCCAAAACGTGGACTTGACTTTGTTTTTTC�

TCGTTCATCCAATTGTGGAAAAATCAGGGAAGCAGGGTACGAAAATTGAGAAATACACACCTGTATAAAAAAG�

AACTCATTCTCAATAATTTCTTTCATTTTACAATAAATATGATTGGTTGATTTTGTTATAATTTGAAATTTAAAAATA�

TTTAATCTCTATAATTTTTCTCAAAATTCTATATAAAAACACCTTTCATAGTTTATAAGTGCTAACATAATAAAAATA�

GTAGAAAAACAAACACTTTTCTTTTCTTTTTTTAAAAAAAAAAAGACATACACTCTTTTTCGAGAGAAAGAAAGA�

TGGACATTTAGGATTAGTTTGATGGTCAGATAGGATAGAGGCATGATATGATATAAAGTTGGATAGAGATAGAAT�

ATGATAAGTACATGATAAACATTAATCTTATCATGTGTTTGATGTGCACATGATAACAAATATGATATCATTATAATT�

AAATGAAAAATTGCTCTCATAATTAATTAAATATTGTAAAAATGCTATGTTATTAATTATAATAGAAAATACATGCTA�

TCTATTTACCTCTAACTCTCATCAAACGCAACATCTTTAGAGAGAGTTAAAGTTGCACATATGATAGAAAAGATG�

GTAGAAAAAAATGTTTAGGTGGCCTCCTTTGGACATGTAAAAGGAATATCAAGATATATAGTAGTATGAAAAGTA�

GATTAGGTGGAGGGGATTAATGTTAGAAAAGGTAAAGAAATACCTAGAAAAACTATAAGAAAAAAATTAGAAAA�

GATTTAGAGGTTATTGAGTTTGATTCAAATATGGTTTCAAATAAAACATTATGACGAAACTTGATCCATGTAGCT�

GACTCTACTGAAAGGAATAAAACTTGATTGTTGTTGTAAACGATTGATCTTTTAAGTAAAGCTTATTAATTATTTA�

AATTCAATCATTTGATTATACTAAATATTACTTCTAATGAACTATTGAACTTTTAATCAAATTAAAGAGTGCATCTTA�

AAGAGAGTAATAAAAAGTGTTAAAAAGTATTAAAAATAATAAGTGTTTATGGAAATATAAAAAAAATAAGTATAGTT�

TTTTTTTGGCAGCCAAGTCCCGAACCTTACATATATTATGCATTGTTTTTACCCACCGAACTAAGCTCACAATAC�

AAAGATAAGTATAGTTTGTCATAATATGAAAGTACAAAATAATTATGAAAATTATTGTTCGTAATTTGTACGCATTA�

ATACAATTAAAAAAAAATGGACAAACGAGTAGAGAGTGTTAGTCCAAACACTAATTATAATATAATTTAAATGATT�

TTTTATTAAATAATTAATTAATATTATACTATACAAAAAAATTAATTTAAATGAATAATATAAATAAAAAAGTAAAAAAG�

CAATCCAAAATTGTATCCTTTTTTTATTACTCAAAATCGTATCCTTTTTATAAATAAGTATTAATAAATTAGATATTA�

GATAAAAAAAACAGATATTAGATATAGATTAAATTAAAGTCCCCTAATATGTACTGTACGTACATAATTAATTATTAT�

TTTATTTTTGTGGATAAAGACAGAATTATAAACTAGAAATTATTATTTTATTACTTTATACTTTATTTTTTAACAGAA�

AAAGTACTAGCATATCGTTATTATCATTGACAGGTCAGCAAAGTTAAAGTTTGTCTTAAAAAAAAAAGATAGAAT�

TACTATTAACAGGTCAGCAAAATTAATTAAAGATTTTCTCTAAAAATTAGAGAGTAAATCATAGCCAAAGTTTTTG�

GCTCTTCCCTCTATATAAACACATGCCACACCCCATCCAAAACCTCCATTCACTTTCTCTTCTTCTTTACATTTT�

C A C T A T T C T T C T C T C T T C T T C T T G C T A C T G A G G T C A G A A A A A A T G G C T G G T G G T G G A A T T C C C A�

Figure B.6. Full promoter sequence of MtST1 (highlighted in grey) with location of the primers pST1_F1
and pST1_R1 (blue). ATG is highlighted in red. The putative TATA box is shown in green.
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MST1down_F1 

MST1down_F3 

MST1down_F4 

GiMST1Real_F1 

GiMST1situ_F1 

GiMST1situ_R1 

MST1down_F2 GiMST1Real_R1 

3‘ UTR 

5‘ UTR 
TCTCAACTATCCATAATAAAATTAACCGAAATAATGATGGGTAGCGTTTATGTATACGTATGTGGAGGGCTATCTGCTATT�

GGGGGTCTACTTTTTGGATATGACATCGGTGTCATATCTGGAATTCTTACTATGCCTTATTTTCGTAAGGAATTCCCTTC�

TGGACCAGCAAAAGAAGGATCAATTGTGGCATCGCTTTTAGCAGGATGCTTTTTTGGCGCACTTGCGGCAGGATATTT�

GTCTGATAGAATTGGTAGAAAGTACTCAGTTCTTGTCGGATCTGTTGTATTTGTTGTCGGTGGTATTTTGCAAGCATCT�

TCTACGACATTTGCTCAAATGTATACGGGAAGAGTTATTGCTGGCCTTGCAGTTGGTGAACTTTCTATGATCGTACCCT�

TGTATCAATCCGAGATCAGCCCAAAAGAAATTCGTGGGCGTTTGGTATCTCTTCAACAGTGGTCGATTACTATAGGGAT�

TGCAATTTCATTTTGGATCGATTATGCCACACTTCAAATCGATTCGCCTCAACAATGGAGAATTCCATTATGGATTCAAA�

TTGTTCCAGCAATAATTCTTGTTATAGGAACATTTTTTCTCCCATTTTCACCACGTTGGTTAGTTGATCATGATCGGGAT�

GAAGAAGCAATAACAGTATTGGCAAATTTACGATCCAAAGGAGATAGAAATGCAACAGTTGTACAAGAAGAATTTAGGG�

AAATTAAAGAAACTGTTATATTTGAGCGGGAAATTGCTGCAAAAAGTTATTGGGAATTGCTTAAAGTAGGACCTGAAAAT�

ATTCGTAGAAGAGTGTTGTTGGGAGTTTTTATTCAGGCTTTTCAACAGTTGACCGGAATTAATGCTATTATGTACTACGC�

ACCTCAAATTTTTAGTAATGCTGGACTTGCGGATAATTCATCCAGACTTCTTGCAACAGGAGTTAATGGTCTTGTCAATA�

TGTTAGCAACAATTCCTGCAATAATTTGGATAGATCGTTTGGGACGTAAACCTACTCTAATATCAGGAGGCTTATTAATG�

GGCTCATCAATGATAATTATAGGATCTATATTAGCCACACATGGAACAAAATATTTTGATGAATCGTTGGGAAAACATTTT�

GTATATTTAGACAACAAAGGAAGCTCCTATGCTGTTATTGTTTTTATATATGTTTTTGTGGCTAGTTTTGCTTATTCTTGGG�

GCCCGACTGGATGGATTTATCCTGCTGAAATTTTTCCGTTACGCATTCGAGGTAAAGCTATGTCAGTAACAACAGCTT�

GTAATTGGCTATTTAATTTTGTTATTGGACTAGTTGTGCCAATTTTATTGGATAGTATTATATGGGGTACATATTTAATCTTT�

GGAATTTTTTGTGTATTAATGGCAGCTGCAATATACATATTTTATCCAGAAACAAAAGGTAAATCATTAGAGGAGATGGA�

CAATTTATTTGGCAACGTGCAAAAATCAAAAAACTTGGAAAAAAATGAAGGGGAGCTTGAAGCAGCTTGAAGCAAACA�

AAAATGATCGTAGAGAAACGGCTAAACGTTAAAAGTTATTATTACTATTATTACTAACTTTTCTTATCATTTATTTTAATAAT�

ATGTATATTATTTATTGTGTACCATTGTTTATAATATGGTGATACTGTAATACGTTAGTGATGGTCAAATTATTTTTATATTAA�

AAAAAAATTGTCACATTGTATGTATTTTAATAAATTTTATAATTGTAGCTTTGACTTAAAAGTTCCAAGCTAAATTTGGACA�

Figure B.7. ORF of GiMST1. Real time primers (GiMST1Real_F1 and R1) are shown in red. Primers for
the amplifaction of the in situ probe are shown in light blue (GiMST1situ_F1/R1). RACE primers are
highlighted in blue (GiMST1down_F1/F2/F3/F4). Start and stop codon are shown in red, 3’ and 5’UTR
in yellow. The full sequence of GiMST1 has been deposited at the EMBL databank with accession no.
HM143864.
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GATTACTTTGCGAAGTTTCCGAAGCAAATCTATGCAAAAAAAGACTCTAAAGTTCTAAGATTATTAACGTTAATCCTACAACTGC�

TATGAAAGAAGTTAATGGATTATCATCGATAAAGTTTTTTGGACAATATCAAAATTAACAATACCTTAATTTTCCTTAAAAATAA�

ATTATTGTACAATTCCACATTGGATAATTAATTAAATTAAATATCTAATTAAATATCTGTCAAGAATAATTATTCCTAAATTCGA�

CTCTTAATTCTGTGAATCTTTAATCAATTAGTAAAAATCTAGTATTAGTTCCCACGCATCATTAAAATTAATTAAGTACTGTACT�

ACAGTTCACAATATAAACAACGCGTGTACAGTATCACGTGTCAAGAATGACGCAAAATCGCGATTTAGAAGAAATTTGAATATCT�

GAATCCGAATATCCAAATATTTGTTTGATACCTGCCTTCTTGAAAATAAAAAAGGTAATAATTAACAACATGATTGTTTTAATAA�

AATAAAAATATGCGCTCTTGCAAGTTATCAGCATAGACTTGTCAAACATGGAAATAAGTTTAATTTAGATATATAAAAGTAAATG�

TAAAAAAATGGCGTAACGGTAAATCAAGGAAACAATTGTAGTGAGCGTTAATCTCATCTCGATTGCGACTTTTTGTGGAGATTCC�

CAATATAGAAATAATAAAACAAAGAAACATATTGTGTATTGTGCCGCGAAGAGTTTAAAATAAGTATGCTTAATAATGAGAATTA�

TTAATTTATAAATACTTTCAACTTGTTCTTAACCTTGTATGATTAAATGAAAATCAGAAGAACTGATAGACATTTTAGATTTTCA�

ATAACTTGTTTATTTTTTCCGTAATGCTATAAAAAGTTAATAAAGAAAAATGAGAAAATTACTTTTTCCAAAGTCTAGCAATTTA�

AAACATATGTTGGTCATGTGTTATCTGGCGGATTTGACTCGCTTGATGATCGGAATGTCGATCATTTTGGCTAAAATTAACGTTA�

ATTTTGGCCAAAATGATCGACATTTCAAGGACACTGGCGCTGTTATAAGTGGAAGAAACCAACCAAATTTAGCGATTAAAGTACC�

GGGAAAAGGCGTTACGGCATTACCATTTATCAGTCGTCCCATGAAGATTATGATCAACCAGCAGATGAAATTTAATGAATACAAA�

CTAAGACGTGCTACGACAGGAAAACTTTAATGTTATTTTTAAAGAATTCGTGAACAAAAATCGTAAGTTTCTCTCCAAGTGAATT�

TCAATCTGCTTTTTGTGTTTTTTGTAAAAGAAAAAAGTTTTACTCATTAATAATTCCAAACGATAATCAAAGCCGTTCATAATAA�

CTTTAATTTAAAATTCGTAAAAGGAATGTTACAAATTATAAAAAAAGGATGCAAATAATGTAAAACCGGAGAAAATCTTTAACCG�

ATTAGGATTTTCCGAAGTTTTGATGGAAGTCCTAATAAAGTTATTTATGATGTGAGATGCAGATCTGGAGAATAAATGTAGATTG�

TCCTATGATTTCTAAAAAACTATTAGTAAATTTTCTTGATAATGTGACTAATTCGGCAAGTTTCTTTCGCACGATAATATCAGGA�

TCAACAATAGTACTAGGGGACTGACCACTAGTCCTAACCAAATTGCGATTATACAAGAAAGAGAAAAATTGTCCATTACCGTGAA�

GTATATAAAGCATGTAGTTTTTTTTCCTTATCCTCATTTTTTTTTTAAAAAAAAAAATCTCAACTATCCATAATAAAATTAACCG�

AAATAATG�

MST1_GSP1 

MST1_GSP2 

MST1_GSP2a MST1_GSP1a 

Figure B.8. Promoter sequence of GiMST1. Genome walker primers are shown in blue. Start codon is
shown in red.
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GAAAATTTTTTTGTCTTCTCCTTAATTTTTTTTCTTTCTTTCACGATAACATCCATCGCGACTTTTTTTCTTTGGAATTATTTTA�

ATGATTTTATAACAAAAATGAATGAAAGCAGTTATGTATATGTGTGTGCGGCGTTTTCTGCTATTGGTGGTTTACTTTTTGGGTA�

TGATATCGGTGTCATATCCGGAATCCTTACTATGTCTCACTTCCGCGAAAAGTTTCCCTCTGGACCTGCAAAAGAAGGATCAATT�

GTATCTTCGCTGTTAGCAGGATGTTTTTTTGGCGCACTTGTTTCAGGATATTTTGCTGATAAAATTGGTAGAAAATTCTCGATTC�

TTGGTGCATCTATGGTGTTTATGTCGGTAGTGTTTTGCAAGCAACTGCTACGACTTTTATTCAATTGTATTTTGGAAGAGTCGTT�

GCTGGCGTATCAATTGGATACTTTCTATGATCGTACCTCTGTATCAATCTGAAATAAGTCCAAAAGAAATTCGTGGTCGTTTAAT�

ATCTTTTCAACAATGGTCAATTACTATAGGGTTTGCAATTTCATTTTGGATTAATTACGCTACAGAAAAATTTGATTCATCTGCA�

CAATGGAGGATTCCATTATGGATACAAAATGTTCCAGCATTAATACTTGCCTTCGGGATGCCTTTTCTTCCATTTTCACCACGCT�

GGTTGGTACATTCCGATCGTGACGAAGAAGCAATAACAGTATTAGCAAAATTACGAGCCGGTGGCGATAGAACTGCAGTGGCTGT�

ACAGAAGGAATACACGGAAATCAAAGATAATGTGAGATTCGAACGAGAATTTGCTGCAAAAAATTATTCTGAATTGGTTAAAAGA�

GGGCCCGAAAATATTCGTAGAAGAGTATTATTGGGAATCTTTATTCAGATTTTTCAACAATTGAATGGAATAAATGCTATTATGT�

TTTATGCACCTCAAATTTATAATAATGCCGGAATTGATCTTTCTACAGGAATTAACGCTACAATTCCTGCAATACTTTGGGTAGA�

TCGTTGGGGACGTAGACCAACTTTAATATCGGGAAGCATAATAATGGGAGCATCAATGTTGGTCATAGGAAGTATATTAGCAATA�

AATGGAACAAAGTATTTTGATAGTTCACTAGGAAAAAATTTCATAAAATTAGATAATAAAGCAAGCTCCTTAGCTGTTATTATTT�

TTATATATATTTTTGTGGCTGGTTTTGCTTATTCATGGGGTCCGACCAGATGGATTTATCCTGCTGAAATCTATCCATTACGTAT�

TCGAGGTAAAGCAATGTCTATAACAACTGCGTTTAATTGGTTATTTAATTTCGTTCTTGGACAAATTGTACCGATTTTATTGAAT�

AGTATTACATGGGGTACATATATAATTTTTGGAATATTTAGTATTATAATGGCAATATCTGTACACATATTTTACCCAGAAACAA�

AGGGAAATTCATTAGAAGAAATGGATAGTATATTCAGTAATATTCATCCAAATAATATTTCTATTTCAAGACAACATTATCCACC�

ATCTCCACTTAATAGTGAAAGTATTAATATTGGTCAACAAAGAGAAAATTTTAGAGACCTGGAAAGTGGAATACCCGAAGAAGAG�

GAAGAAGAGATTTATTTATCTACTTAACAAATATAATAAGACCTTTAAAATAAGATAGCTGATGAATTTGAACCAGTTATTGGTA�

TTACATATTATCATTATAATACTTTAATTAAATCTTAGATTCAAGATTGTTACAATTATATATACTTGTTTCAACAAATACATCA�

AGATTGTATATTAAAAGGATATATTAGGTGATGGATTAAGAGCAGACAAATTATATATATTATTGTAATTACATATATATATTAA�

AGTAATTTTTTTTTAACAATTTGT�

MST2_GSP1a 

GiMST2Real_F1 

5‘ UTR 

3‘ UTR 

GiMST2Real_R1 MST2_GSP1 

MST2_GSP2 

MST2_GSP2a 

Figure B.9. ORF of GiMST2. Real time primers (GiMST2Real_F1 and R1) are shown in red. RACE
primers are highlighted in blue (MST2_GSP1/GSP2/GSP1a/GSP2a). Start and stop codon are shown
in red, 3’ and 5’UTR in yellow.
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GiMST1
GiMST2
GpMST1

GiMST1
GiMST2
GpMST1

GiMST1
GiMST2
GpMST1

GiMST1
GiMST2
GpMST1

GiMST1
GiMST2
GpMST1

GiMST1
GiMST2
GpMST1

GiMST1
GiMST2
GpMST1

GiMST1
GiMST2
GpMST1

GiMST1
GiMST2
GpMST1

1
1
1

14
15
68

-----------------------------------------------------MG-SVYVYVCGGLSA
-----------------------------------------------------MNESSYVYVCAAFSA
MNPETSDKNEPIISSQPAANDDDDNNNTEVKEKQDTKPTLDISTVGKNPDSKTAALPTFCLFVALVSV

15
16
69

69
66
132

IGNVFGGLLFGYDIGVISG-------------ILTMPYFRKEFPSGPAKEGSIVASLLAGCFFGALAA
IG----GLLFGYDIGVISG-------------ILTMSHFREKFPSGPAKEGSIVSSLLAGCFFGALVS
IG----AFENGWNTSVSNVPEKIIRDCKNGQKHVNIGVLPDCLPMENLLWGFAVGSYAIGGLIGGISA

70
67

133

137
134
200

GYLSDRIGRKYSVLVGSVVFVVGGILQASSTTFAQMYTGRVIAGLAVGELSMIVPLYQSEISPKEIRG
GYFADKIGRKFPILGASMVFIVGSVLQATATTFIQLYFGRVVAGVSIGILSMIVPLYQSEISPKEIRG
GYLQTRFGRIRTLVGNNFSFILGALILGSAVNPGMFIIGRILTGVGSGISTVTVPTYLGEIATVKARG

138
135
201

205
202
265

RLVSLQQWSITIGIAISFWIDYATLQIDSPQQWRIPLWIQIVPAIILVIGTFFLPFSPRWLVDHDRDE
RLISFQQWSITIGFAISFWINYATEKFDSSAQWRIPLWIQNVPALILAFGMPFLPFSPRWLVHSDRDE
ALGTIYQLFLVIGILFTQIIG---LLLSSVPGWRILLALTAIPALIQLILLRFCVETPRYLISQNKLD

206
203
266

258
255
333

EAITVLANLRS------------KGDRNATVVQEEFREIKETVIFEREIAA---KSYWELLKVGPENI
EAITVLAKLRA------------GGDRTAVAVQKEYTEIKDNVRFEREFAA---KNYSESVKRGPENI
EAQQSLQLLRPGFDVTNEYKEIYDGQQEAETVESRDPEKNPKTKDPKAISSGARKSLSFAQLFRDPMC

259
256
334

326
311
398

RRRVLLGVFIQAFQQLTGINAIMYYAPQIFSNAGLADNSSRLLATGVNGLVNMLATIPAIVWIDRLGR
RRRVLLGIFIQIFQQLNGINAIMFYAPQIYNNAGID------LSTGIN------ATIPAILWVDRWGR
RKMTIICVTLSAIQQLSGINGVIFYSTSIFSEVFADNAKYATVGVGVIN---LIFTMVSVILIDRQGR

327
312
399

392
377
444

KPTLISG--GLLMGSSMIIIGSILATHGTKYFDESLGKHFVYLDNKGSSYAVIVFIYVFVASFAYSWG
RPTLISG--SIIMGASMLVIGSILAINGTKYFDSSLGKNFIKLDNKASSLAVIIFIYIFVAGFAYSWG
KRLLLASEIGIVVTSILVVLGSIYSIN----------------------LLVVVAVLLFVSSFAIGLG

393
378
445

460
445
512

PTGWIYPAEIFPLRIRGKAMSVTTACNWLFNFVIGLVVPILLDSIIWGTYLIFGIFCVLMAAAIYIFY
PTRWIYPAEIYPLRIRGKAMSITTAFNWLFNFVLGQIVPILLNSITWGTYIIFGIFSIIMAISVHIFY
PIPFLIIPELLPTYGVSAAASLAMGLNWLSNFLVGLIFPVLKDALKNYTFLVFAIITSFGAIFTLLFV

461
446
513

494
513
535

PETKGKSLEEMDNLFGNVQKS----------------------------KNLEKNEGELEAA------
PETKGNSLEEMDSIFSNIHPNNISISRQHYPPSPLNSESINIGQQRENFRDLESGIPEEEEEEIYLST
PETKGRTLEEIHNENSKDTKN------------------------------LD---------------

Figure B.10. ClustalW alignment of the deduced amino acid sequences of the glomeromytan sugar
transporters GiMST1, GiMST2 and GpMST1. Dark blue indicates high conserved amino acids in all
sequences, blue indicates similar amino acids and light blue less similar amino acids. The PETKG
sequence highly conserved among sugar transporters is marked in red.

5‘ UTR 

3‘ UTR 

XLR2_GSP2 

XR2_GSP1 

Gixyr2_F1 

Gixyr2_R1 

TGGCCATTATGGCCGGGGATCTAATAAAAAAAAACCATGAGTGATAATCCTACAGTAAAATTAAATCCAACCGGAC�

AACCCATGCCATTAGTTGGTGTGGGTATGTGGAAAGTACCAAACGACAAAGCAACTGATTTAGTTGTTGAAGCTT�

TCAAACTTGGATATCGTTTAGTGGATTGTGCATCCGATTATGGAAACGAGAAAGAAATCGGTATAGGTCTTAAAA�

AAGCGTTTGATGCCGGAATTGTAAAGCGTGAGGATATTTTCGTTACATCAAAATTATGGAATACGAATCACGCTCG�

TAAACATGTTCGTCAAGCCGTTGAACGTACTTTGAGAGACCTTCAACTTGATCATTTGGATTTATACTTGATGCATT�

TTCCAATCGCTTTGAAATATGTTGATCCGGAAGTAAGATATCCTGCTGAATGGTATTATGATCCTAATAAAAAAGAG�

GTCATTCCAGAAAATATTCCAATCCAAGAAACTTGGCAAGCTATGGAAGAATTAGTTGATGCTGGTTTAGTTAAAA�

ATATTGGTATATCAAATTGTTGTGCAGGTTTAATTATAGATCTACTCAGATATGCGAGAATTAAACCATCAGTCTTGC�

AAATAGAACATAACCCTTATTTAACTCAAGAAACACTTATAAATTATGTTAAATCTCAAGGAATGGCTGTTACTGGTT�

ATTCTAATTTTGGTAATTTAAGTTACGTGGACTTGATTCCTAAAGCCAAAACTGCTCCAATTCTTTTTGATCAACCTA�

TAATTAAAGAACTTGCTAGTAGTAAAAACAAAAGTCCTGCTCAGATTGTGCTAAAATGGTGTGTACAACGTCAAAT�

TGCTATTGTACCAAAATCTAATAATCATGATCGTCTTGCACAAAATAAACAATTATTTGATTTTGAATTAACTCAAGA�

AGAATTGCATAAAATTTCTTCTTTAAATATCAATTTAAGATTTAATGATCCTGCTGATTTCGATTTACCAATCTTTGAC�

TAAAATTATTATGTATAGTTAGTAATGATTGTATTCATTTTATTTTTTTTAATAATAAAAATAATAAAAAAAAAAAAAAAA�

Figure B.11. ORF of GiXR2 showing the location of the RACE PCR primer XR2up_R1 (lilac) and R2
(blue and black underlined) and the qPCR primer qXLR2_F1 and R1 (red). 3’ and 5’ UTR are highlighted
in yellow.
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GiXR2
M.oryzae_(CAI67591)
A.clavatus_(XP_001269678)
N.fischeri_(XP_001265183)
T.emersonii_(ACR78268)
A.nidulans_(CBF89516)
T.stipitatus_(XP_002484051)
N.crassa_(XP_963931)
C.dubliniensis_(XP_002420572)
A.fumigatus_(XP_750231)
C.albicans_(EEQ46327)
A.niger_(XP_001388804)
C.tropicalis_(XP_002546500)
C.parapsilosis_(ABK32844)
A.terreus_(XP_001211802)
P.stipitis_(XP_001385181)
P.tritici-repentis_(XP_001939973)
P.marneffei_(XP_002150209)
C.cinerea_(XP_001840096)
C.sheatae_(ABK35120)
P.guilliermondii_(AAD09330)
C.glabrata_(XP_447303)

GiXR2
M.oryzae_(CAI67591)
A.clavatus_(XP_001269678)
N.fischeri_(XP_001265183)
T.emersonii_(ACR78268)
A.nidulans_(CBF89516)
T.stipitatus_(XP_002484051)
N.crassa_(XP_963931)
C.dubliniensis_(XP_002420572)
A.fumigatus_(XP_750231)
C.albicans_(EEQ46327)
A.niger_(XP_001388804)
C.tropicalis_(XP_002546500)
C.parapsilosis_(ABK32844)
A.terreus_(XP_001211802)
P.stipitis_(XP_001385181)
P.tritici-repentis_(XP_001939973)
P.marneffei_(XP_002150209)
C.cinerea_(XP_001840096)
C.sheatae_(ABK35120)
P.guilliermondii_(AAD09330)
C.glabrata_(XP_447303)

GiXR2
M.oryzae_(CAI67591)
A.clavatus_(XP_001269678)
N.fischeri_(XP_001265183)
T.emersonii_(ACR78268)
A.nidulans_(CBF89516)
T.stipitatus_(XP_002484051)
N.crassa_(XP_963931)
C.dubliniensis_(XP_002420572)
A.fumigatus_(XP_750231)
C.albicans_(EEQ46327)
A.niger_(XP_001388804)
C.tropicalis_(XP_002546500)
C.parapsilosis_(ABK32844)
A.terreus_(XP_001211802)
P.stipitis_(XP_001385181)
P.tritici-repentis_(XP_001939973)
P.marneffei_(XP_002150209)
C.cinerea_(XP_001840096)
C.sheatae_(ABK35120)
P.guilliermondii_(AAD09330)
C.glabrata_(XP_447303)

GiXR2
M.oryzae_(CAI67591)
A.clavatus_(XP_001269678)
N.fischeri_(XP_001265183)
T.emersonii_(ACR78268)
A.nidulans_(CBF89516)
T.stipitatus_(XP_002484051)
N.crassa_(XP_963931)
C.dubliniensis_(XP_002420572)
A.fumigatus_(XP_750231)
C.albicans_(EEQ46327)
A.niger_(XP_001388804)
C.tropicalis_(XP_002546500)
C.parapsilosis_(ABK32844)
A.terreus_(XP_001211802)
P.stipitis_(XP_001385181)
P.tritici-repentis_(XP_001939973)
P.marneffei_(XP_002150209)
C.cinerea_(XP_001840096)
C.sheatae_(ABK35120)
P.guilliermondii_(AAD09330)
C.glabrata_(XP_447303)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

61
59
59
59
59
59
59
58
67
59
110
59
98
56
59
57
61
59
59
62
56
58

--------------------------------------------------MSDNPTVKLNPTGQPMPLVGVGMWKVPNDKATDLVVEAFKLGYRLVDCASDYGNEKEIGIG
---------------------------------------------------MASPTMKLN-NGLDMPQVGFGLWKVENSVCADVVYNAIKAGYRLFDGACDYGNEVECGQG
---------------------------------------------------MSTPTVKLN-SGYEMPLVGFGLWKVNNDTCADQVYEAIKAGYRLFDGACDYGNEVECGQG
---------------------------------------------------MTTPSTKLN-SGYDMPLVGFGLWKVNNETCADQIYHAIKAGYRLFDGACDYGNEVEAGKG
---------------------------------------------------MATPTIKLN-SGYDMPLVGFGLWKVNRETCADQVYEAIKAGYRLFDGACDYGNEVEAGQG
---------------------------------------------------MSPPTVKLN-SGYDMPLVGFGLWKVNNDTCADQVYEAIKAGYRLFDGACDYGNEVEAGQG
---------------------------------------------------MSSPTVKLN-SGYDMPLVGFGLWKVNNDTCADQVYAAIKAGYRLFDGACDYGNEKEVGQG
----------------------------------------------------MVPAIKLN-SGFDMPQVGFGLWKVDGSIASDVVYNAIKAGYRLFDGACDYGNEVECGQG
---------------------MSTTTP----------------------TTPTTPTIKLN-SGYEMPIVGFGCWKVTNATAADQIYNAIKTGYRLFDGAEDYGNEKEVGEG
---------------------------------------------------MTTPSIKLN-SGYDMPLVGFGLWKVNKETCADQIYHAIKAGYRLFDGACDYGNEVEAGKG
MLIKSNYNCINIKRFLLNQTRVSVTASNSFSFYFYFKPYKFNCYKSYSTMSTTTPTIKLN-SGYEMPIVGFGCWKVTNATAADQIYNAIKTGYRLFDGAEDYGNEKEVGEG
---------------------------------------------------MASPTVKLN-SGYDMPLVGFGLWKVNNDTCADQIYHAIKEGYRLFDGACDYGNEVEAGQG
-MFKFFTSPTTIKRSTFLFNYSSGLFSKSLITYYR-----------TMSTTPTIPTIKLN-SGYEMPLVGFGCWKVNNETAADQIYNAIKTGYRLFDGAEDYGNEKEVGEG
------------------------------------------------------MSIKLN-SGHEMPIVGFGCWKVTNETAADQIYNAIKVGYRLFDGAQDYGNEKEVGEG
---------------------------------------------------MATPTIKLN-SGFDMPLVGFGLWKVNNDTCADQVYEAIKAGYRLFDGACDYGNEVEAGQG
-----------------------------------------------------MPSIKLN-SGYDMPAVGFGCWKVDVDTCSEQIYRAIKTGYRLFDGAEDYANEKLVGAG
-------------------------------------------------MAPNTPYVTLN-DGNKMPQVGFGLWKVDNATCAETVYNAIKAGYRLFDGACDYGNEVECGQG
---------------------------------------------------MSSPVVKLN-SGYDMPLVGFGLWKVNNETCADQVYAAIKAGYRLFDGACDYGNEKEVGQG
--------------------------------------------------MVQVPKIKLN-NGQEIPQVGFGLWKVT-ENTADVVYNAIKAGYRLFDGAFDYGNEKEAGQG
------------------------------------------------MSPSPIPAFKLN-NGLEMPSIGFGCWKLGKSTAADQVYNAIKAGYRLFDGAEDYGNEQEVGEG
------------------------------------------------------MSIKLN-SGYDMPSVGFGCWKVDNATCADTIYNAIKVGYRLFDGAEDYGNEKEVGDG
----------------------------------------------------MSSVVTLN-NGLKMPLVGLGCWKIPNDVCAQQVYDAIKIGYRLFDGAEDYGNEKEVGQG
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RLAQNKQLFD-FELTQEELHKISSLNINLRFNDPADFDL---PIFD----------
TMKSNFEAVG-WDMEDSDIKTISALDKGIRFNQPANYFS-TDKLWIFG--------
RLAQNLDVTS-FNLEASEIESISALDRNLRFNDPLAITN-FVSSLCAQYGFYAPIF
RLAQNLDVTG-WDLETSEIEVISSLNRNLRFNDPLAPSR-LDPIPDD---------
RLAQNLDVTA-WDLEPADIEALSALNKNLRFNNPPSYGL-YIPIFA----------
RLLQNLDVVG-FDLEDGELKAISDLDKGLRFNDPPNYGL-PITIF-----------
RLSQNLDVTG-WSLEQSDIDAINGLDLGLRFNDPLNYGI-YIPIFA----------
TMKSNLNSLD-FDLSEEDIKTISGFDRGIRFNQPTNYFS-AENLWIFG--------
RLAQNLAVVD-FDLTDEDLQAISKLDIGLRFNDPWDWDK--IPIFV----------
RLAQNLDVTG-WDLEASEIEAISALNRNLRFNDPLAIPV-V---------------
RLAQNLAVVD-FDLTEEDLQAISKLDIGLRFNDPWDWDK--IPIFV----------
RLKQNLDVTG-WNLEEEEIKAISGLDRGLRFNDPLGYGL-YAPIF-----------
RLAQNLSVVD-FDLTKDDLDNIAKLDIGLRFNDPWDWDN--IPIFV----------
RLAQNLNVSD-FELSKEDLEAINKLDKGLRFNDPWDWDH--IPIFV----------
RLSQNLEVTG-WDLEQSEIDAISALDIGLRFNDPIGYGM-YVPIF-----------
RLLENKDVNS-FDLDEQDFADIAKLDINLRFNDPWDWDK--IPIFV----------
RLAQNLDVTS-FDLKDSEIKEISDLDKNLKFNAPTNYG---IPCYVFA--------
RLAQNLDVTG-WNLEEAEIEAINGLDLGLRFNDPLNYGL-YIPIFA----------
RLKENLEHTN-FDLTEEEIKQITSLNKDLRFNNPPDYLG-TLYIFA----------
RLVQNRSFND-FELTKEDFEEISKLDINLRFNDPWDWDN--IPIFV----------
RLLSNLKVND-FDLSQEDFQEISKLDIELRFNNPWDWDK--IPTFI----------
RLQDNLMIDEKLTLTHKELEAISKLNKNLRLNDPWDWLDGKFPIFA----------
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Figure B.12. ClustalW alignment of the deduced amino acid sequences of fungal xylose reductases.
Dark blue indicates high conserved amino acids in all sequences, blue indicates similar amino acids and
light blue less similar amino acids.
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Appendix C

Expression Data

Relative Expression of StHT6, StHT2 and StPT4 in Microdissected Potato Hairy Roots�

- myc� + myc� ++ myc�

StHT6� 0.2291 (±0.0122)� 0.3785 (±0.025)� 1.0769  (±0.0310)�

StHT2� 0.00054 (±0.00012)� 0.00061 (±0.00007)� 0.00050 (±0.00012)�

StPT4� -� 31 (±7)� 126 (±11)�

Table C.1. Relative expression of StHT6, StHT2 and StPT4 in microdissected potato hairy roots. The
expression was calculated relative to the transcriptional elongation factor alpha 1 (StTEF). (Errors are
presented as s.d.)

Relative Expression of StHT6, StHT2 and StPT4 in Mycorrhized Potato Hairy Roots (Time Course)�

3 dpi� 11 dpi� 14 dpi� 32 dpi�

StHT6� 2.0993 (±0.1085)� 5.0533 (±6.2655)� 6.2655 (±0.9390)� 5.9155  (±0.3916)�

StHT2� 0.00233 (±0.00003)� 0.00393 (±0.00047)� 0.00491 (±0.0002)� 0.00196 (±0.00007)�

StPT4� -� 1.1266 (±0.0621)� 7.8486 (±0.0665)� 6.4434 (±0.1833)�

Table C.2. Relative expression of StHT6, StHT2 and StPT4 in a time course experiment with mycorrhized
potato hairy roots. The expression was calculated relative to the transcriptional elongation factor alpha
1 (StTEF). dpi means days post infection. (Errors are presented as s.d.)
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Appendix C Expression Data

Relative Expression of MtST1, MtHT6 and MtPT4 in Mycorrhized M. truncatula Hairy Roots�

Sample I� Sample II� Sample III�

MtST1� Myc: 0.0408 (±0.0025)�
Non-myc: 0.0269 (±0.0026)�

Myc: 0.0751 (±0.0042)�
Non-myc: 0.0299 (±0.0039)�

Myc: 0.0761 (±0.004)�
Non-myc: 0.0344 (±0.003)�

MtHT6� Myc: 0.00037 (±0.00003)�
Non-myc: 0.00049 (±0.00008)�

Myc: 0.0007 (±0.00012)�
Non-myc: 0.00055 (±0.00003)�

Myc: 0.00047 (±0.00006)�
Non-myc: 0.00056 (±0.00006)�

MtPT4� Myc: 0.5931 (±0.0405)� Myc: 0.4706 (±0.0289)� Myc: 0.4338 (±0.0167)�

Table C.3. Relative expression of MtST1, MtHT6 and MtPT4 in mycorrhized and non-mycorrhized
M. truncatula hairy roots. The expression was calculated relative to the transcriptional factor alpha 1
(MtTEF). (Errors are presented as s.d.)

Relative Expression of G. intraradices Sugar Transporters and StPT4 in Micordissected Potato Roots�

GiMST1� GiMST2� GiMST3� GiMST4� GiSUC1� StPT4�

Sample I� 0.1046 
(±0.0032)�

0.0155 
(±0.005)�

0.0122�
(±0.0005)�

0.0415 
(±0.0016)�

0.0245 
(±0.0018)�

30�
(±6)�

Sample II� 0.1705 
(±0.0103)�

0.0142 
(±0.0009)�

0.0038 �
(±0.0004)�

0.0197 
(±0.0009)�

0.0104 
(±0.0007)�

126 �
(±11)�

Table C.4. Relative expression of G. intraradices sugar transporters and the potato phosphate transporter
StPT4 in different samples of microdissected mycorrhized potato hairy roots. The expression was cal-
culated relative to the transcriptional factor alpha 1 GiTEF for the fungal genes and StTEF for StPT4.
(Errors are presented as s.d.)

Relative Expression of GiMST1 and StPT4 in a Time Course Experiment of Mycorrhized Potato Roots�

3 dpi� 11 dpi� 14 dpi� 32 dpi�

GiMST1� 0.0035 (±0.0004)� 0.0262 (±0.0009)� 0.1013 (±0.0094)� 0.0873 (±0.0078)�

StPT4� -� 1.1266 (±0.0621)� 7.8486 (±0.0665)� 6.4434 (±0.1833)�

Table C.5. Relative expression of GiMST1 and StPT4 in a time course experiment of mycorrhized M.
truncatula plants. The expression was calculated relative to the transcriptional factor alpha 1 GiTEF for
the fungal genes and StTEF for StPT4. dpi means days post inoculation. (Errors are presented as s.d.)
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Relative Expression of GiMST1 and MtPT4 in a Time Course of Mycorrhized Medicago Plants�

1 dpi� 12 dpi� 25 dpi�

GiMST1� 0.0038 (±0.00008)� 0.1311 (±0.0183)� 0.1544 (±0.024)�

MtPT4� 0.00002 (±0.000001)� 0.02005 (±0.00263)� 0.07536 (±0.01014)�

Table C.6. Relative expression of GiMST1 and MtPT4 in a time course experiment of mycorrhized potato
hairy roots. The expression was calculated relative to the transcriptional factor alpha 1 GiTEF for the
fungal genes and MtTEF for MtPT4. dpi means days post inoculation. (Errors are presented as s.d.)

Relative Expression of G. intraradices Xylose Utilisation Pathway Genes �

GiXR1� GiXR2� GiXDH1� GiXK1�

AEM� 0.0606 (±0.004)� 0.3354 (±0.0446)� 0.0133 (±0.0023)� 0.001 (±0.0002)�

ERM� 0.004 (±0.001)� 0.0323 (±0.0076)� 0.0147 (±0.0012)� 0.0011 (±0.0001)�

Spores� 0.0106 (±0.0015)� 0.0439 (±0.0033)� 0.0169 (±0.0021)� 0.0014 (±0.0001)�

Table C.7. Relative expression of xylose utilisation pathway genes of G. intraradices in different fungal
tissue. AEM means arbuscule enriched material. The expression was calculated relative to the G.
intraradices transciption elongation factor alpha 1 (GiTEF). (Errors are presented as s.d.)

Relative Expression of G. intraradices XlnR Orthologues�

contig54� contig19� contig41� contig60� contig57� contig33�

AEM� 0.0018 
(±0.0006)�

0.0125 
(±0.0017)�

0.0476 
(±0.0061)�

0.0348 
(±0.008)�

0.0006 
(±0.0002)�

0.0107 
(±0.0018)�

ERM� 0.0123 
(±0.0016)�

0.0427 
(±0.0042)�

0.0067 
(±0.0009)�

0.1143 
(±0.0101)�

0.0001 
(±0.00002)�

0.0787 
(±0.0103)�

Spores� 0.0177 
(±0.0018)�

0.0053 
(±0.0007)�

0.0096 
(±0.0007)�

0.0018 
(±0.00009)�

0.0001 
(±0.00001)�

0.1026 
(±0.0142)�

Table C.8. Relative expression of XlnR orthologues of G. intraradices in different fungal tissues. The
expression was calculated relative to the G. intraradices transcription elongation factor alpha 1 (GiTEF).
(Errors are calculated as s.d.)
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Appendix C Expression Data

Relative Expression of G. intraradices Sugar Transporters in the ERM�

control� Gluc� Man� Gal� GlucA� Xyl� Ara�

GiMST1� 0.0024 
(±0.001)�

0.0041 
(±0.0004)�

0.0047 
(±0.0004)�

0.0073 
(±0.0001)�

0.001 
(±0.0001)�

0.0679 
(±0.0077)�

0.003 
(±0.0005)�

GiMST2� 0.00023 
(±0.00011)�

0.00049 
(±0.00006)�

0.00005 
(±0.00008)�

0.00036 
(±0.00008)�

0.00051 
(±0.00003)�

0.00106 
(±0.00012)�

0.00128 
(±0.00029)�

GiMST3� 0.0127 
(±0.0031)�

0.0161 
(±0.0016)�

0.0137 
(±0.001)�

0.005 
(±0.0007)�

0.0055 
(±0.00002)�

0.0184 
(±0.0034)�

0.0122 
(±0.0007)�

GiMST4� 0.0253 
(±0.0025)�

0.1755 
(±0.0295)�

0.0154 
(±0.0032)�

0.0095 
(±0.0017)�

0.0209 
(±0.0011)�

0.0884 
(±0.0122)�

0.031 
(±0.0021)�

GiSUC1� 0.0197 
(±0.0015)�

0.0543 
(±0.0111)�

0.0366 
(±0.0067)�

0.0193 
(±0.0027)�

0.0133 
(±0.004)�

0.0204 
(±0.0041)�

0.0168 
(±0.0015)�

Table C.9. Relative expression of G. intraradices sugar transporters in the ERM. The ERM was exposed
five days with 2% concentrations of different sugars or sugar derivatives. The expression was calculated
relative to the G. intraradices transcription elongation factor alpha 1 (GiTEF). (Errors are calculated as
s.d.)

Relative Expression of G. intraradices XUGs and XlnR Orthologues in the ERM�

GiXR1� GiXR2� GiXDH1� GiXK1� contig54� contig19� contig41� contig60� contig57� contig33�

Control 0.0054 
±0.0002�

0.0153�
±0.0014�

0.0251 
±0.0006�

0.0018 
±0.0006�

0.012 
±0.001�

0.0244�
±0.0015�

0.0028 
±0.0003�

0.05 
±0.0013�

0.00004 
±0.00001�

0.0397�
±0.0017�

Xyl� 0.0029 
±0.0001�

0.0179�
±0.0006�

0.0075 
±0.0003�

0.0008 
±0.0001�

0.0043 
±0.0011�

0.007�
±0.0002�

0.0005 �
±0.00001�

0.0257 
±0.0003�

0.000006 
±1.4x10-6�

0.071�
±0.003�

Table C.10. Relative expression of xylose utilisation pathway genes (XUGs) and XlnR orthologues of G.
intraradices in the ERM incubated for five days in 2% xylose medium. The expression was calculated
relative to the G. intraradices transciption elongation factor alpha 1 (GiTEF). (Errors are presented as s.d.)

Relative Expression of G. intraradices Sugar Transporters in Presence of Roots and Root Exudates�

control�
roots�

wt roots� rmc roots�
control�

exudates�
wt root 

exudates�
rmc root 
exudates�

GiMST1� 0.00933 
(±0.00042)�

0.000239 
(±0.00005)�

1.09 �
(±0.48)�

0.00126 
(±0.0001)�

0.000819 
(±0.00006)�

0.00082 
(±0.00002)�

GiMST2� 0.001124 
(±0.00003)�

0.001427 
(±0.00006)�

0.34 (±0.015)� 0.000313 
(±0.00006)�

0.000088 
(±0.00001)�

0.000083 
(±0.000004)�

Table C.11. Relative expression of the G. intraradices sugar transporters GiMST1 and GiMST2 in the
ERM in the vicinity of wild type tomato roots, roots of the tomato mutant rmc, or in the presence of
their root exudates. The ERM was exposed with roots or exudates for one week. The expression was
calculated relative to the G. intraradices transcription elongation factor 1 (GiTEF). (Errors are presented
as s.d.)
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Effect of Increased Phosphate Concentrations�

GiMST1� StPT4� StHT6� GiXR2� contig41� StXTH1�

17.5 μM P� 0.0351 
(±0.0073)�

0..1788 
(±0.0679)�

3.64 �
(±1.24)�

0.1476 
(±0.0572)�

0.0326 
(±0.0277)�

1.33 �
(±0.59)�

3.5 mM P� 0.0081 
(±0.0037)�

0.0052 
(±0.0039)�

9.17 �
(±0.65)�

0.04 
(±0.0229)�

0.0061 
(±0.0002)�

2.62 �
(±1.54)�

Table C.12. Relative Expression of GiMST1, StPT4, StHT6, GiXR2, contig41,and StXTH1 in mycorrhized
potato hairy roots treated with different phosphate concentrations (17.5 μM P, 3.5mM P). The expression
was calculated relative to the transcription elongation factor 1 of G. intraradices (GiTEF) or S. tuberosum
(StTEF). (Errors are presented as s.d.)
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Appendix D

Uptake Studies
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Figure D.1. Uptake of radio-labelled sugars in yeast cells expressing heterologously the S. tuberosum
hexose transporter StHT6.
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2.4 Homologous recombination of a promoter sequence into the pPGFPPGUS-RR binary vec-
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2.5 First strand cDNAs with primer binding sites and Digoxigenin labelled probe binding
sites for RACE PCR of unknown 3’ and 5’ cDNA ends. a, cDNA created with the GeneR-
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2.7 Localisation and promoter activity of StPT3 in mycorrhized roots. a, The mycorrhiza-
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age of (b) and (c) shows yellow fluorescence indicating continous promoter activity. e,

Self-constructed micro-razor blade. Razor blade has a length of 3–5mm. . . . . . . . . . . . 42

2.8 a, LD-PCR of cDNA from arbusculated plant cells. Samples from different cycles are
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tion sites. Putative hexose transporters were isolated by functional complementation of
EBY.VW4000 on selective medium without uracil and with hexoses as only carbon source. 48
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scribed GiMST1 sequence in the pCRII-Topo vector. Location of T7 and Sp6 promoter
sequences and XbaI and HindIII restriction sites are shown in the black box. b, Spot
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