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Introduction

|. Introduction

With an increasing world population, the food demand is expected to increase by 60 %
(Alexandratos and Bruinsama, 2012). This challenge can only be met by a combination of
reduction in food wastage and increase in crop yield and productivity (Godfray et al., 2010).
Despite the use of chemicals and pesticides, a large number of crops fall victim to various
pathogens, ultimately leading to a loss of ~ 15 % of global crop production (Pinstrup-
Anderson, 2001; Oerke, 2005). The use of chemical control for crop diseases is not only
an expensive option but may have also negative effects on the environment. Therefore,
exploitation of plant’s immune system for the identification of resistance (R) genes can
provide an economical and environmentally safe way to control plant diseases (Ning et al.,
2017).

I.1 Plant-microbe interactions

Since the establishment of plants about 480 million years ago, they are continuously
challenged by their surrounding environment and interacts with a large multitude of
animals, viruses, bacteria, and fungi, above ground and below-ground. Some of these
interactions can protect the host plants against microbial and non-microbial invaders, while
other interactions can negatively affect the plants. Therefore, for a sustainable agriculture,
research on plant-microbial interaction in the rhizosphere and the phyllosphere is critical
for farming practices that would be less dependent on chemical fertilizers and would rely
more on harnessing plant’s microbiota (Igiehon and Babalola, 2018). Globally, enormous
research efforts are being laid to better understand the plant immune system in order to

develop pathogen resilient and high yielding crops for a food secure future.

The establishment of the first land plants was facilitated by symbiotic fungal associations,
suggesting that the plants and microbes have co-evolved since their arrival on land (Gehrig
et al., 1996). This co-existence of plants and microbes had resulted in many beneficial
plant-microbe associations. The research over the past 150 years showed that these
bacterial and fungal interactions with the host plants, promote plant growth as well as
suppress pathogens (Whipps, 2001; Thakore, 2006). The beneficial microbe-plant
interaction can affect the plant growth either directly or indirectly through antagonistic
activity against the pathogens. For all kinds of plant-microbe interaction, the first step is
colonization of the host plant. The first steps of colonization are recognition, adherence,
invasion (endophytes and pathogens), colonization and growth. A common feature of
symbiotic interactions is the ability of microbes to capture and trade off plant growth limiting

nutrients in exchange of photosynthetic derivatives (Oldroyd, 2013). The best studied
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symbiotic associations are those between plants and the arbuscular mycorrhizal fungi

(AMF), and legumes and nitrogen-fixing bacteria, rhizobia bacteria.

I.1.1 Arbuscular Mycorrhizal Fungus (AMF)

The arbuscular mycorrhiza symbiosis between plant roots and fungi of Glomeromycota
phylum (Tisserant et al., 2013) occur in different forms and is referred to as mycorrhiza
(Greek ‘mycos’- fungus, ‘rhiza’- root). The ectomycorrhizal symbiotic association is
prominent on temperate forest trees, here the fungi live outside of the plant cells, whereas
in endomycorrhiza, fungal hyphae reside in the plant root cells. Arbuscular mycorrhiza is
considered to be a successful and widespread symbiosis partner, as ~ 70-90 % of land
plant species can form mycorrhizal associations. Among the AMF species, Rhizophagus
irregularis belonging to the division Mucoromycota (Tab.l.1) is one of the most widely
studied AMF, as it can colonize the host plant easily and rapidly. In particular, R. irregularis
can be cultured in vitro monoaxenic culture together with Agrobacterium rhizogenes

transformed carrot roots (Becard and Fortin, 1988; Spatafora et al., 2016).

Tab.l.1: Scientific classification of R. irregularis

Kingdom Fungi

Division Mucoromycota
Phylum Glomeromycota
Class Glomeromycetes
Order Glomerales
Family Glomeraceae
Genus Rhizophagus
Species R. irregularis

The symbiotic developments lead to the formation of the tree-shaped structures, known
as arbuscles within the plant root cells. These arbuscles serve as the primary site for
nutrient exchange between the fungal and the plant partner. In exchange for nutrients,
plants provide photosynthetic products (up to 5 billion tonnes of carbon/year) to AMF. In
this way, AMF also contributes to the terrestrial ecosystem productivity by cycling

phosphate and carbon (Parniske, 2008).
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AMF is obligate biotroph and, therefore, dependent on a living phototrophic partner to
complete its life cycle and produce next generation of spores. In the pre-symbiotic stage,
a mature spore residing in the soil germinate after a period of dormancy. The fungal
hyphae grow towards the roots which release strigolactones (Akiyama et al., 2005).
Strigolactones are short-lived molecules in the rhizosphere, due to hydrolysis of their ether
bond in water. These compounds form a concentration gradient and has been suggested
to be an indicator of the host root proximity (Parniske, 2005). If the AMF is not able to find
and colonize the host roots within ~ 4 weeks, another round of dormancy may start. This
includes retraction of nuclei and cytoplasm followed by the successive septation of the
empty hyphal compartments. This way, a single spore can germinate up to 10 times and
can remain viable for months (Koske, 1981). The strigolactone, when perceived by the
fungus leads to continued hyphal growth, increased physiological activity and profuse
branching of the hyphae (Parniske, 2008). The contact of the hyphae with the root surface
marks the initiation of the symbiotic phase. AMF invasion involves the formation of a
thickened hyphae, hyphopodium or, appressorium. This infection peg allows the fungal
hyphae growth into the root epidermal cells. The plant cell prepares an intracellular
environment for AMF by forming a pre-penetration apparatus (PPA) that leads the hyphae
through the cytoplasm (Genre et al., 2005). The plant nuclei guide the developing PPA
into the cell. After the completion of PPA, the fungal hyphae spread with the help of
intraradical hyphae and colonize the root cortex (Fig.l.1).

Hyphopodium

Pre-penetration

Arbuscle

apparatus

Fig.l.1: Lifecycle of AMF (from Oldroyd, 2013): The mature spores germinate and lead to hyphal branching
after perception of plant strigolactones in the rhizosphere of host plants. On the surface of the root, the hyphae
forms thicken hyphopodia-like appressorium. The epidermis root cells facilitate the entry of the fungus via
formation of a pre-penetration apparatus (PPA). After entrance into the host root, the fungus spreads in the
apoplast via growth of intraradical hyphae. They build tree-like structures named arbuscules by dichotomous

branching, which are thought to be the main organs of nutrition exchange in the symbiosis.

The symbiosis pathway

The rhizobia mediated nitrogen-fixing symbiosis and AM symbiosis share a common
signaling pathway, the so-called SYM pathway (Fig.l.2; Parniske, 2008). The Myc factor
(a mixture of lipochitooligosaccharides, Myc-LCO), are similar to rhizobia signaling Nod

factors and are secreted by AMF to communicate with its host (Maillet et al., 2011). The
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Nod factors are perceived by LysM-motif containing receptors- MtLYK3/LjNFR1 and
MtNFP/LjNFR5 (Radutoiu et al., 2007), whereas no receptor for Myc factor perception has
been identified to date. After perception of the fungal-based factors, signal transmission
from the plasma membrane to the cell nucleus takes place. DMI2/SYMRK is involved in
endosymbiosis signal perception (Endre et al., 2002; Stracke et al., 2002) and is also
believed to act as co-receptor to the unidentified Myc factor receptor. Recently, the role of
mevalonate as a secondary messenger that transmits symbiotic factor perception from the
plasma membrane to the nucleus via direct interaction with DMI1 has been discovered
(Venkateshwaran et al., 2015).
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The enzyme 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase of mevalonate
pathway interacts with DMI2 and transmits the Myc and Nod factor perception to the
nucleus, eventually generating symbiotic nuclear Ca?* oscillations (Kevei et al., 2007;
Venkateshwaran et al., 2015). These nuclear Ca?* oscillations are deciphered by a master
decoder and regulatory kinase, calcium, and calmodulin-dependent kinase (CCaMK),
which further initiates the transcriptional response (Miller et al., 2013). The Ca?*
oscillations induce the interaction of Ca?" calmodulin (CaM) with CCaMK leading to a

conformation change in the kinase that initiates phosphorylation of target proteins, such
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as, CYCLOPS (encoded by CYCLOPS in L. japonicus and IPD3 in M. truncatula) (Yano
et al., 2008; Miller et al., 2013). In rhizobial interaction, GRAS domain containing
transcription factors such as NSP1 and NSP2 act downstream of CCaMK and control
nodule formation (Hirsch et al., 2009). NSP1 and NSP2 form a heterocomplex and
promotes the expression of nodulation inception proteins, such as NIN1 and ERN1
(Stracke et al., 2002; Marsch et al., 2007; Oldroyd, 2013; Cerri et al., 2016). In mycorrhizal
colonization, another GRAS transcription factor, RAM1, has been shown to act
downstream of the symbiosis signaling pathway (Gobbato et al., 2012). Mutants in RAM1
have defects in the formation of hyphopodia and regulates RAM2, a gene involved in the
production of cutin, which promotes hyphopodia formation (Gobbato et al., 2013; Wang et
al., 2012; Oldroyd, 2013).

I.1.2 Oomycetes as plant pathogens

Plant diseases pose threats to crop production causing yield loss and reduced product
quality in horticulture, agriculture, and forestry. The two most important groups of
eukaryotic plant pathogens that cause a worldwide threat to food security are fungi and
oomycetes (Fisher et al., 2012). These microbes cause Emerging infectious diseases
(EIDs) that are increasing in their incidence, geographic or host range, and virulence
(Jones et al., 2008).

Oomycetes or the ‘water molds’, consists of several organisms, of which more than 60 %
are plant parasites (Thines and Kamoun, 2010). Plant pathologists considered oomycete
as lower fungi for a long time, due to their filamentous growth habit, nutrient absorption
and reproduction via spores (Fry and Grinwald, 2010). But phylogenetic analysis revealed
that fungi share a common ancestry with animals, whereas, the oomycetes are closest
relatives of the heterokont golden-brown algae (Baldauf et al., 2000). Oomycetes are
divided into two orders Saprolegniales, which consists of about 500 species and
Peronosporales, which consists of 1300 species (Thines & Kamoun, 2010). Oomycetes
can be distinguished from fungi based on various characteristics. The cell wall of
oomycetes is composed of 3-1,3 and 3-1,6 glucans, whereas fungi cell wall comprises of
chitin. The oomycetes also produce motile bi-flagellated zoospores from the sporangia,
which can swim in water films, on leaf surfaces, in soil, and in natural water bodies. After
some time of free swimming, the zoospores settle on a surface, retract their flagella and
secrete a mucilaginous matrix that helps them adhere to the surface (Fry and Grunwald,
2010).
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I.1.3 Aphanomyces euteiches

Among Saprolegniales, the genus Aphanomyces includes destructive pathogens on plants
and animals in terrestrial and aquatic habitats (Gaulin et al., 2008; Blazer et al., 2002). The
plant pathogenic species Aphanomyces euteiches (Jones & Drechsler, 1925) causes root
rot disease in both annual and perennial legume species such as alfalfa, peas, faba beans
and lentils (Gaulin et al.,, 2007; Levenfors et al., 2003; Wicker et al., 2001) The
Aphanomyces root rot (ARR) in field pea (Pisum sativum) is a major limitation to pea
production worldwide, accounting for 80 % losses each year (Gaulin et al., 2007). This
soil-borne pathogen can survive in soil for many years and until now no chemical control
is available (Gaulin et al., 2007, Hughes et al., 2013). The only possible measure is to
abandon the infested fields for at least 10 years or the use of resistant cultivars (Hughes
et al., 2013). The primary symptoms of A. euteiches infestation include soft, water-soaked,
honey-brown or blackish-brown roots and eventually leads to a reduction in root volume
and function. The secondary symptoms can be visible in stems, characterized by chlorosis
of the cotyledons and necrosis of epicotyls or hypocotyls (Hughes et al., 2013).

The sexual reproduction of A. euteiches occurs via the production of gametogonia:
oogonia and antheridia. They are homothallic species, which means that each individual
can produce oogonia and antheridia and are self-compatible. The fertilized oogonium
transforms in a thick-walled oospore and these oospores can remain dormant in the soil
for many years. The oospore germinates as a response to unknown chemical signals
exuded by the host roots. The oospores form a germ tube that either proliferates as hyphae
or sporangia. The sporangia from the germinating oospore can reach up to 8-10 times the
diameter of the oospore and the nuclei (2N) migrate through the sporangia to develop a
cell wall and forms a primary spore. The primary spores aggregate at the apex of
sporangium and releases zoospores through a pore in the cell wall of primary spore. These
motile zoospores can swim towards the host root, loses its flagella and forms a germ tube.
Hyphae, derived from the germ tube, penetrates the host epidermal cells and colonize the

roots and subterranean stem tissues (Fig.l.3; Hughes et al., 2013).
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Fig.l.3: Life cycle of A. euteiches (from Hughes et al., 2013)

Recent developments in A. euteiches research field revealed effectors that might induce
PAMP-triggered immunity (PTI) responses. The branched glucan chitosaccharide from A.
euteiches cell wall fractions induce defense gene expression and nuclear calcium
oscillation in root epidermis of M. truncatula (Nars et al., 2013). To overcome PTI,
oomycete pathogens have also developed many effectors. The A. euteiches secretome
contains two kinds of effectors- RXLR effectors and the Crinklers (CRNs). A transcriptome
analysis of A. euteiches revealed two unigenes containing RXLR-dEER motif and showed
homology to Phytophthora sojae and P. ramorum genes. Another effector containing RxLx
[EDQJ-dEER motif encodes a putative lysine-rich protein (Gaulin et al., 2008). These
RXLR type unigenes were either incomplete or showed no homology to known protein
sequences, therefore, no RXLR effectors are identified in A. euteiches up to date. The
Crinkling and Necrosis (CRN) family was first discovered in P. infestans (Torto et al.,
2003). Recently, 160 CRNs were detected in A. euteiches genome and the majority of
them harbor LYLAK motif at the N terminal rather than canonical Phytophthora LXLFLAK
motif (Gaulin et al., 2018).

I.2 Plant immunity

The co-evolutionary arms race between the plant and the pathogen species have led to
various pathogen virulence strategies and plants have also developed a plethora of
defense mechanisms against these organisms (Pieterse et al., 2009). The plant immune
system is an elaborate and multilayered system which involves several lines of defense.
Plant pathogens invade the host species to attain nutrients to sustain their growth and in

order to do so, the pathogen must pass plant’s physical structural barrier of the cuticle, cell
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wall and preformed antimicrobial compounds (Pieterse et al., 2009, Hiickelhoven, 2007,
Miedes et al., 2014). But many microbes are able to break through this pre-invasive layer
of defense, thereby, plants have developed a post-invasive line of defense, whereby,
plants recruit sophisticated strategies to perceive the microbe and translate the perception

into an effective immune system (Jones and Dangl, 2006; Pieterse et al., 2009).

I.2.1 PAMP-triggered immunity (PTI)

The primary plant immune response includes recognition of common features of microbes
(Microbe-associated molecular patterns, MAMPS) or pathogens (Pathogen-associated
molecular patterns, PAMPs). These conserved microbial signatures are perceived by
plant-encoded PAMP receptors, or pattern recognition receptors, PRRs (Zipfel, 2009). The
PAMPs are general elicitors of plant defense and are characteristic of microbial organisms
but are absent in host plant species. Many PAMPs that trigger innate plant defense have
been characterized over the years, which includes lipopolysaccharide (LPS) fraction of
gram-negative bacteria, peptidoglycans of gram-positive bacteria, eubacterial flagellin,
methylated bacterial DNA fragments and fungal cell-derived glucans, chitins, mannans
and proteins (NuUrnberger et al., 2004; Aderem et al., 2000; Medzhitov and Janeway, 2002;
Girardin et al., 2002).

Flg22, a 22 amino acid highly conserved N terminal fragment of flagellin and the main
building block of the eubacterial flagella is the most well studied PAMP. Flg22 have been
shown to trigger plant defense response in plants like Arabidopsis and tomato (Felix et al.,
1999), suggesting that plants have maintained the ability to recognize this PAMP over the
evolution. The Arabidopsis Flagellin sensing 2 (FLS2), which consists of an extracellular
leucine-rich repeat (LRRs) and an intracellular serine/threonine kinase domain (Gomez-
Gomez and Boller, 2000) binds flg22 and confers recognition specificity. Plants mutated
in FLS2 are not able to recognize flagellin and are more susceptible to bacterial pathogens
(Gomez-Gomez and Boller, 2000; Zipfel et al., 2004).

Many signature PAMPs have also been characterized from fungi and oomycetes, such as
ergosterol, glycosylated proteins, cell wall components like chitin and 3-glucan (Zipfel and
Felix, 2005). For instance, the elicitor Pep 13, isolated from P. sojae is a surface exposed
domain of pathogen’s cell wall transglutaminase, which activates plant defense in parsley

and potato during Phytophthora infection (Brunner et al., 2002).

The PAMPs are recognized by LRR-RK, which in turn initiate diverse downstream
signaling, the earliest response being oxidative burst produced by NADPH oxidase (Torres
et al., 2006), followed by activation of MAP kinase cascade and WRKY transcription

factors. Late responses (hours to days) includes callose deposition at the site of infection
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and production of salicylic acid and ethylene (Pieterse et al., 2009; Nirnberger et al., 2004
Chrisholm et al., 2006). In most cases, the PTI is sufficient to avoid microbial growth and
proliferation in the apoplast and ensures host survival. Very few macroscopic disease
symptoms are visible at this stage, suggesting that PTI might underlie non-host resistance
(Gohre and Robatzek, 2008).

1.2.2 Effector-triggered immunity (ETI)

A successful pathogen is able to manipulate the cellular environment of the host plant, by
suppressing the natural defense response of the host and making the host cellular
environment suitable for the pathogen to grow and reproduce (Boyd et al., 2013). The
pathogens accomplish this by secretion of an arsenal of proteins, termed as effector
proteins or avirulence (Avr) proteins, that targets host defense pathways (Koeck et al.,
2011).

Plant pathogens can deliver about 20-100 effectors in the host cells via various
mechanisms (Cunnac et al., 2004; Lindeberg et al., 2006). For example, bacterial
pathogens are known to deliver the effectors into host cells using type Il secretion system
(TTSS) and fungi can deliver them through their infection structures (appresoria or
hyphopodium) (Presti et al., 2015). These effector molecules can initiate an effector-
triggered susceptibility (ETS) in the host plant and to counteract these effector molecules,
plants have developed a second layer of defense mediated by R (resistance) genes. Most
of the R genes encode NB-LRR (nucleotide binding leucine-rich repeat) proteins and can
initiate an effector-triggered immunity (ETI). ETI is a faster and stronger response,
compared to PTI, and is associated with hypersensitive response followed by programmed
cell death, to prevent the spread of the pathogen (Fig.l.4). Therefore, NB-LRR mediated
disease resistance is found to be effective against obligate biotrophs and hemibiotrophs,
but not against necrotrophs (Glazebrook et al., 2005). In many studies, R proteins have
been shown to interact directly with the intracellular effectors (Deslandes et al., 2003;
Dodds et al., 2006), but in many cases, direct interaction does not explain effector
detection (Bent and Mackey, 2007). This indirect interaction of R proteins and the effectors
could be explained by “guard theory” (Van der Biezen and Jones, 1998). This theory
postulates that pathogen effector proteins target host proteins (other than R proteins), and
the perturbation of those target proteins, eventually leads to R protein activation (Bent and
Mackey, 2007). Thus, the role of R proteins is to “guard” the Avr mediated perturbance
(Ndrnberger et al., 2004). A well-understood example of this model is the Pseudomonas
syringae effector AvrRpm1 or AvrB that phosphorylates RIN4 and resistance is conferred

by activation of RPM1 (Mackey et al., 2002). However, P. syringae pv. tomato-derived Avr
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protein, AvrRpt2 cleaves RIN4 and the resistance is conferred by cognate R protein RPS2
(Axtell and Staskawicz, 2003).

Although, some pathogens can conquer the ETI defense by evolving their effectors, and
in return, these effectors can be recognized by the cognate R proteins leading to a dynamic

evolutionary arms race between the pathogen and the plant (Fig.l.4).
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Fig.l.4: Schematic representation of the plant immune system (from Pieterse et al., 2009): (A) when a
pathogen attack, PAMP signals perception by PRRs initiates PAMP-triggered immunity (PTI); (B) over the
course of evolution, pathogens have developed effectors (purple stars) against plant defense system, which
leads to effector-triggered susceptibility (ETS); (C) As a response to the pathogen effectors, plants have

developed R genes, which can initiate effector-triggered immunity (ETI).

I.2.3 Medicago truncatula as a model plant

Legumes (Fabaceae) are an important source of proteins for human food and animal
forage, after grasses (Gramineae). Soybean (Glycine max) accounts for 50 % of the
world’s oilseed production and alfalfa (Medicago sativa) is a major forage and cover crop
(Cook, 1999). Apart from being a rich source of proteins for humans, legumes also improve
the soil fertility and decrease the need for N fertilizers via symbiotic interaction with
nitrogen-fixing bacteria, and thus contribute to the sustainability of agriculture (Sugiyama
& Yazaki, 2012). About 40-60 million tonnes of N are fixed annually by cultivated legumes
(Smil, 1999), saving about 10 billion dollars on N fertilizers (Graham and Vance, 2003).
Moreover, legumes provide a unique research opportunity in the area of plant-microbe
interaction for symbiotic nitrogen fixations, mycorrhizal interactions and legume-pathogens
interactions (Cook, 1999). Due to the genome size and complexity of Glycine max (2n =
20, ~ 1100 Mbp) and Medicago sativa (auto tetraploid, 2n = 4x = 32, 800-1000 Mbp),

Medicago truncatula have emerged as a valuable model plant.
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M. truncatula is an annual medic from the Trifolieae tribe and a close relative of M. sativa.
The genus Medicago originates from the Fertile Crescent and its species cover the
Mediterranean basin. During the 19" century, Medicago species spread to parts of the
American and Australian continent. The natural attributes of M. truncatula such as rapid
life cycle, diploid genome (2n = 16), autogamous, prolific seed production and the small
genome of around 550 Mbp, make it a valuable genetic resource for the scientific
community (Ané et al., 2008). Recently, a newer version of M. truncatula genome (version
Mt.4) had been released and a total of 50,894 genes (31,661 high confidence and 19,233
low confidence) are included in the latest release (Tang et al.,, 2014). M. truncatula is
native of Mediterranean region and various ecotypes have been collected throughout the
basin, these ecotypes exhibit variations in growth habitat, flowering time, symbiotic
specificity and disease resistance (Cook, 1999). Being a member of the legume family, M.
truncatula can form symbiotic associations with a wide array of arbuscular mycorrhiza
fungus and can develop N fixing root nodules in association with Sinorhizobium meliloti.
Jemalong A17 derived from the commercial cultivar serves as the reference line for most
of the genomic approaches, due to its transformability and in vitro regeneration capacity
(Barker et al., 1990; Nolan et al., 1989; Thomas et al., 1992). Several protocols have been
developed and optimized over the years for M. truncatula transformation using
Agrobacterium tumefaciens. Although, R108 and Jemalong 2HA are considered to have
higher regeneration capacity, compared to A17 (Hoffmann et al., 1997; Rose et al., 1999).
R108 was identified from an in vitro screen of M. truncatula ecotypes Ghor-1, 108-1, 131-
1, 139-2 and E4258. Hoffmann et al. (1997) isolated a derivative of 108-1, R108-1 which
showed enhanced capacity to form somatic embryos and efficient regeneration in diploid
plants. Jemalong 2HA is a super embryogenic line and was developed from Jemalong
Al7. Due to its high regeneration capacity, Jemalong 2HA is considered valuable for
dissection of totipotency and somatic embryogenesis (Rose 2008, Rose et al., 1999).

The time-consuming regeneration steps in M. truncatula prompted the scientists towards
Tntl insertion mutants and hairy root transformation using Agrobacterium rhizogenes
(Tadege et al., 2005, Boisson-Dernier et al., 2001). Considering the valuable genetic
resources and databases available in M. truncatula, we chose it as the model plant for our

studies.

1.3 Medicago- Aphanomyces interaction
Plants defend themselves against oomycete pathogens by inducing various responses
such as the production of reactive oxygen species (ROS), hypersensitive response, cell

wall reinforcement, synthesis of pathogen-related (PR) proteins and phytoalexin formation.

11



Introduction

The PR proteins are plant-specific proteins that are classified into 17 functional families
and possess hydrolytic activities against pathogens. 3-1, 3 glucanases, and chitinases are
well-studied PR proteins as they are involved in the degradation of pathogen cell walls
(Mauch et al., 1988). Several subclasses of PR-10 proteins, some having ribonuclease
and antifungal activity, are found in legume plants (Samac and Graham, 2007). A group
of PR-10 like proteins, annotated as abscisic acid responsive proteins (ABR17s) were
induced in the M. truncatula root proteome after A. euteiches infection (Colditz et al., 2004,
2005). However, another study by Colditz et al. (2007), showed that the silencing of PR10-
1 in M. truncatula increased tolerance to A. euteiches. This study suggests that a new set
of PR-proteins are induced, which are normally repressed by PR-10 gene expression
(Colditz et al., 2007). Thin transverse cross-sections of roots inoculated with A. euteiches
demonstrated higher accumulation of phenols and lignin in resistant line, compared to the
susceptible line (Djébali et al., 2009). Moreover, microscopy observations revealed the
formation of an additional pericycle cell layer in the resistant line, for the protection of the

root central cylinder against pathogen invasion (Djébali et al., 2009).

Many preformed or pathogen inducible secondary metabolites belonging to the
phenylpropanoid pathway can function as either antimicrobial compounds or signaling
molecules in local and systemic plant immunity (Naoumkina et al.,, 2010). The
phenylpropanoids are natural products derived from the amino acid L-phenylalanine and
are involved in many plant physiological processes ranging from flower and fruit
pigmentation, use as phytoalexins to signaling molecules for symbiotic associations
(Tanaka et al., 2008; Dixon et al., 2002). Many genes involved in the flavonoid biosynthesis
pathway are highly upregulated in the partially resistant line (Badis et al., 2015). This

demonstrates a clear role of the phenylpropanoids in A. euteiches infection.

I.4 Plant communication through volatiles

Another way of chemical defense in plants is the emission of volatile compounds. Volatile
organic compounds (VOC) are lipophilic liquids having a high vapor pressure that can
cross-membranes and are released into the atmosphere or soil (Pischersky et al., 2006).
Plants use volatiles as a language for communicating with their surrounding environment.
To date, more than 1700 plant volatiles has been identified from ~ 90 plant families
(Dudareva et al., 2006).

Plant volatiles constitutes about 1 % of plant secondary metabolites, mainly represented
by terpenoids, phenylpropanoids/benzenoids, fatty acid derivatives, and amino acid
derivatives (Dudareva et al., 2006). The plant volatiles can be exudated constitutively or

can be stress-induced (Kessler and Baldwin, 2002). The plant exudes volatiles from
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various tissues, either to defend against herbivores and pathogens or as a reproductive
advantage by attracting pollinators and seed dispersers (Dudareva et al., 2006).
Enzymatic modifications of volatile compounds such as hydroxylation, acetylation, and
methylation lead to their diversity (Dudareva et al., 2004; Gang, 2005). Plants employ
volatiles for two types of defense: 1) direct defense, where plants can directly influence
the attacker’s physiology or behavior through volatiles (Mithéfer and Boland; 2012, Pierik
et al.,, 2014) and 2) indirect defense, by initiating tripartite associations, where plants

release volatiles to attract natural enemies of the attacker (Fig.l.5) (Pierik et al., 2014).
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Fig.l.5: Pictorial representation of volatile-mediated plant interactions with the surrounding

environment (from Dudareva et al., 2006).

I.4.1 Volatiles for direct plant defense

Many plant species are known to produce and store volatile compounds in specialized
organs, such as trichomes (Schilmiller et al., 2008). These glandular organs are known to
store specialized metabolites from various classes, like terpenes (Gershenzon et al.,
1992), phenylpropanoid derivatives (Gang et al., 2002), acyl sugars (Kroumova and
Wagner, 2003; Li and Steffens, 2000), methyl ketones (Fridman et al., 2005) and
flavonoids (Voirin et al., 1993). The specialized metabolites stored in trichomes have direct
toxic effects on herbivores (Kennedy, 2003; Gassmann et al., 2005). In angiosperms,
these specialized structures reduce the risk of auto toxicity in the emitter plants,
maintaining high concentrations of these defensive metabolites at crucial infection sites
and often serve as the first line of defense against herbivores and pathogens (Theis and

Lerdau, 2003). Conifers have different strategies for the storage and release of their
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defensive oleoresin (a complex mixture of mono-, sesqui- and diterpenes) blends
(Langenheim, 1994). On the one hand, Pinus plants can store the defense blends in a
resin canal system and on herbivory attack, the terpenes travel through the canals (often
several meters) to the site of attack, on the other hand, Thuja (cedar) plants store their
defense terpenes in simple resin cells, whereas Abies (true firs) plants store them in

multicellular resin blisters (Theis and Lerdau, 2003).

Various plant species store and synthesize volatile terpenoids in the roots and rhizomes
as a direct defense against soil-borne microbes (Bos et al., 2002; Kovacevic et al., 2002).
For instance, Arabidopsis roots have been shown to synthesize volatile monoterpene 1,8-
cineole, known to have anti-microbial activity (Hammer et al., 2003; Pina-vaz et al., 2004,
Chen et al., 2004). Also, P. syringae or Alternaria brassicola infection of Arabidopsis root
cultures induces emission of 1,8-cineole (Steeghs et al., 2004).

Green leaf volatiles (GLVs), are mainly C6 molecules and are exudated after herbivory or
pathogen attack by almost all green plants (Scala et al., 2013). GLVs have also been
shown to have direct antimicrobial activity against fungi and bacteria (Hamilton-kemp et
al., 1992; Nakamura and Hatanaka, 2002). For example, after P. syringae attack, Lima
bean plants release (E)-2- hexenal and (Z)-3-hexenol (Croft et al., 1993) and Nicotiana

tabaccum plants release (E)-2-hexenal (Heiden et al., 2003).

In general, flowers lack the physical barrier of the lignified cell wall and impermeable
cuticle, which makes them susceptible to pathogens and florivores (Muhlemann et al.,
2014). Many flowering species are known to emit toxic floral volatiles to directly defend the
reproductive organs of the plant (Chen et al., 2003). Huang et al. (2012) have shown that
(E)-B caryophyllene mutant Arabidopsis plants harbored denser bacterial population on
their stigmas and reduced seed weight, suggesting a direct defensive role of this

compound against the pathogenic bacterium, P. syringae.

1.4.2 Volatiles for indirect plant defense

Plants live in a co-operative and mutual relationship with many organisms and when the
plants have a weak defense against some herbivore, they release volatiles to attract the
natural enemies of the herbivores as ‘bodyguards’ (Mumm and Dicke, 2010). This tri-
trophic interaction can benefit the plant in terms of reduction in herbivory and increased
reproductive fitness (De Moraes et al., 1998; Kessler and Baldwin, 2001; Degenhardt,
2009). In indirect defense, plants emit a unique blend of volatile compounds, also known
as herbivore-induced plant volatiles (HIPV) to attract the herbivore enemies (Clavijo
McCormick et al., 2012). These HIPVs are used by many parasitoids and predators as a

cue to the site of the attack. The very first example of indirect defense was demonstrated
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by Turlings et al. (1990) in maize leaves attacked by Spodoptera littoralis (lepidoptera). As
a consequence of herbivore attack, maize leaves emitted volatiles that attracted the
parasitic braconid wasp Cotesia marginventris (Hymenoptera), which oviposit into the
lepidoptera. The larvae of C. marginventris develops inside the lepidopteran host and
eventually kills the host on emergence (Degenhardt, 2009). The indirect plant defense has
been shown for several plant species (Van den Boom et al., 2004) and depending on the
herbivore, the amount and composition of plant volatiles can vary (Takabayaschi and
Dicke, 1996; Turlings et al., 1998). Plants can also activate their indirect response upon
egg deposition by herbivores. The induced signals can attract predators and parasitoids
of the eggs (Turlings and Benrey, 1998; Kessler and Baldwin, 2002).

Indirect plant defense is also crucial for below ground interactions. Although more research
had been done in above ground interactions, recent research developments in this field
have also gained attention. Rasmann et al. (2005) demonstrated that the maize roots upon
feeding by Diabrotica virgifera (western corn rootworm) emit volatile (E)-3-caryophyllene

signals to attract entomopathogenic nematode (Heterorhabditis megidis).

Plants are also known to protect themselves by secreting sweet components termed as
extra floral nectar (EFN). EFNs are also involved in indirect plant defense as they can

attract mutualistic ants that feed on plant damaging herbivores (Kost and Heil, 2008).

1.4.3 Volatile mediated signaling between and within plants

Over the years, plants have evolved the capacity to emit as well as perceive volatile signals
(Heil and Karban, 2010). Plant emitted volatiles play a role in plant-plant interactions and
can induce expression of defense-related genes and volatile emission from healthy parts
of the same plant or the neighboring undamaged plants (Dudareva et al., 2006), this way
damaged plants send ‘warning’ signals and eventually can decrease the damage caused
by herbivores (Arimura et al., 2002, 2004; Ruther and Kleier, 2005). VOCs had been
proposed to serve as internal signals for within plant signaling (Farmer, 2001; Orians,
2005). VOCs signaling is considered faster than vascular signaling, as the green leaf
volatiles are released immediately after the cell damage, and can provide rapid, reliable
and mobile signals of the ‘damaged self’ for preparing the systemic organs of the future
attack (Heil and Karban, 2010; Heil, 2009). VOCs are also involved in priming the
neighboring tissue or plant for a faster and stronger response upon attack. For example,
Engelberth et al. (2004) demonstrate that the maize seedlings when pre-exposed to GLV
compounds such as (Z2)-3 hexenal, (2)-3-hexen-1-ol and (2)-3-hexenyl acetate responded
to wounding and caterpillar treatment with higher production of jasmonic acid and release

of sesquiterpenes, compared to plant that was not pre-exposed to the volatile blend.
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Therefore, VOCs mediated self-priming helps the plant to prepare for systemic defense
against the future attack (Heil and Bueno, 2007; Frost et al., 2007; Rodriguez- Saona et
al., 2009).

VOCs can also mediate priming in non-related plants, for instance, when Nicotiana
attenuata plants were exposed to volatiles from clipped sagebrush, they showed lower
damage by herbivore and high mortality rate of young Manduca sexta caterpillars (Kessler
et al., 2006). Apart from perceiving signals from damaged hosts, plants can also perceive
signals from undamaged hosts. For instance, seedlings of parasitic plants Cuscuta
pentagona grew towards the volatile produced from their preferred host species and away
from their non-host species (Runyon et al., 2006). These reports support the idea that
damaged and undamaged plants can benefit their neighbors by emitting volatiles, but the
emitter plants do not benefit from these cues. These cues benefit emitter plants only in the
case of allelopathy.

But it’s still an open question, whether these cues should be considered as communication
or eavesdropping (Heil and Karban, 2009). A proper understanding of the volatile mediated
defense signaling, identifying the functional as well as regulatory genes for the
biosynthesis of these cues, could be beneficial for the breeding program (Pickett and
Khan, 2016).

I.5 Terpenoids

Terpenoids represent the largest and structurally most diverse chemical compounds
produced by plants. Terpenoid metabolites are employed for a variety of functions in
growth and development and also for chemical interactions and plant protection from biotic
and abiotic stresses (Tholl, 2015). The plant-based terpenes have also been used in the
food and cosmetic industry, pharmaceutical industry, chemical industry and recently have
also been exploited in the development of biofuel products (Tholl, 2015; Mewalal et al.,
2017). The terpenoids Taxol, a diterpene from Taxus buccata and artemisinin, a
sesquiterpene lactone from Artemisia annua are well known for their antineoplastic and
antimalarial effects (Croteau et al., 2006; Pollier et al., 2011). The structurally diverse
terpenoids share a common biosynthetic pathway and can be divided into three phases:
i) formation of basic Cs precursor unit - the Cs molecule, isopentenyl pyrophosphate (IPP)
and its allylic isomer, dimethylallyl pyrophosphate (DMAPP) are synthesized by two
independent pathways, mevalonate (MVA) pathway located in the cytosol and 2-methyl-
erythritol 4-phosphate/1-deoxy-xylulose 5-phosphate (MEP/DOXP) pathway located in the
plastids (Dudareva et al., 2004).
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Fig.l.6: Schematic representation of isoprenoid biosynthetic pathway: In plant cells, two isoprenoid
biosynthetic pathways are found, the cytosolic MVA pathway and the plastid MEP pathway. The cytosolic MVA
pathway produces sesquiterpenes, triterpenes, and homoterpenes, whereas the MEP pathway produces

monoterpenes, diterpenes, and tetraterpenes.

ii) In the second phase, three molecules of IPP condense with DMAPP to form the
precursor molecule geranylgeranyl pyrophosphate (GGPP; Cx) in the plastids, whereas
in the cytosol, two molecules of IPP condense with DMAPP to form farnesyl
pyrophosphate (FPP; Cis). These LEGO-like building blocks serve as the substrates for
an important family of enzymes, the terpene synthases (TPS) (Baldwin, 2010; Dudareva
et al., 2004). iii) The third phase of terpene biosynthesis includes the terpene synthases
catalyzed conversion of ‘LEGO’ blocks to various types of terpenes: hemiterpenes (Cs),
monoterpenes (Cio), diterpenes (C.o) and tetraterpenes (Cao) are mainly synthesized in
the plastid, whereas sesquiterpenes (Cis) and triterpenes (Cso) are synthesized in the
cytosol (Fig.l.6) (Martin, 2003). The removal of the pyrophosphate from Cs-Cyo substrates
to form an unstable carbocation is considered as the first committed step of TPS-catalyzed
reaction (Baldwin, 2010). These terpene synthases have the unique ability to make
multiple products from one substrate. A single TPS can catalyze the formation of as many
as 52 products or as few as 1 (Baldwin, 2010). Many terpene volatiles products are either
direct products of TPSs or modification of initial products by reactions such as oxidation,

dehydrogenases, acylation or methylation (Dudareva et al., 2004).
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TPSs can be sub-divided into 7 different clades, based on their phylogenetic data. TPS-A
consists of sesquiterpene producing, TPS-B and TPS-G consist of monoterpene
producing, and TPS-C and TPS-E/F consists of diterpene producing. Additionally, TPS-D
is a gymnosperm specific clade and consists of mono-, sesqui- and diterpene synthases,
TPS-H is specific to lycopod and consists of diterpene synthases (Irmisch et al., 2014). A
new class of terpene synthases is found in Selaginella moellendorffii that shows similarity
to microbial terpene synthases and is termed as microbial terpene synthase-like (MTPSL)
(Jia et al., 2012). The TPS proteins usually comprise of 500-900 amino acids, masses of
about 60-100 kDa and require cofactors such as Mg?* or Mn?*,

In general, the role of terpenes in gymnosperms and angiosperms have been very well
studied. In gymnosperms, a large number of Terpene synthases (TPS) have been
functionally characterized from species of spruce, grand fir and other medicinally useful
species such as Ginkgo biloba and Taxus (Keeling and Bohlmann, 2006; Keeling et al.,
2011). Among angiosperms, terpene metabolism and regulation has been very well
studied in the model plant, Arabidopsis thaliana, the availability of molecular and genetic
resources in this species makes an in-depth study of the biological role of TPS possible.
A. thaliana has a total of 32 TPS, of which 14 have been functionally characterized and
are shown to be involved in defense functions (Tholl et al., 2011; Chen et al, 2004,
Birnhaum et al., 2003; Brady et al., 2007).
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1.6 Aim of the study

Plants interact with a variety of organisms in the rhizosphere. These interactions can be
beneficial, harmful or neutral. A detailed understanding of such interactions could be
beneficial for sustainable agricultural practices, but the study of rhizosphere interactions
can be challenging, due to the complex nature of these interactions. Therefore, this thesis
aimed to understand the early interaction of a host plant, M. truncatula with a beneficial
fungus, R. irregularis and an oomycete pathogen, A. euteiches. These interactions should

be studied using two different approaches.

i) In the first approach, the genetic variability in the SARDI core collection of 32 M.
truncatula accession lines should be analyzed in terms of mycorhization intensities and
response to the pathogen. This approach should give an insight into loci responsible for

mycorrhization and pathogen resistance.

i) The second approach was to investigate the early responses of M. truncatula roots to
the incoming microbes, these early reactions might aid in the recognition of these microbes
as beneficial or pathogenic. Additionally, use of plants at two developmental stages, six-
day-old seedlings grown in sterile conditions and 6-week old plants grown in an aeroponic
system, might be useful for the identification of microbe responsive genes, independent of
the plant developmental stage. A transcriptional level study might be helpful for the
understanding of early events occurring in plants after contact to a good or a bad microbe.
The outcome from the transcriptomics might consist of genes that are differentially
regulated after treatment in either of the development stage but should also consist of
genes that are either similarly regulated or are regulated in an inverse manner. The genes
commonly regulated in the two developmental stages of the plant might hint towards the
gene regulatory network induced in response to either of the microbe. In particular, genes
belonging to secondary metabolite class would be of interest, as the compounds encoded
by this class of genes might be involved in the microbe recognition and/or defense.
Analysis and characterization of such genes would add valuable information to the plant-

microbe field and uncover their role in plant fithess and survival.

19



Results

Il. Results

II.1 To study mycorrhization diversity in M. truncatula accession lines

Sustainable agriculture demands healthy, high yielding and pathogen resistant plants with
minimal nutrient input. This can be achieved by employing micro-organisms that help plants
with the uptake of nutrients, for example arbuscular mycorrhiza (AM) can not only increase
uptake of nutrients like P, N, Zn and Cu (Cavagnaro et al., 2008; Tarkalson et al., 1998; Liu
et al., 2000) but is also known to have bio-protective effect against many pathogens (Whipps
et al., 2004; Jung et al., 2012). This protective effect is known as Mycorrhiza Induced
Resistance (MIR).

An inbred core collection of 32 lines from SARDI, which represent the bulk of diversity
segregating in M. truncatula collection was used for this study (Ronfort et al., 2006). The South
Australian Research and Development Institute (SARDI), houses the world’s largest and
oldest Medicago species collections. Previously, Ellwood et al. (2006) used the SARDI

collection for mapping the genetic diversity in M. truncatula.

For this study, the 32 accession lines were analyzed, in terms of their symbiotic interaction
with R. irregularis, using either a highly active inoculum or native sandy soil. The outcome
from these experiments showed varied results and no conclusions could be drawn (Ph.D.
thesis Dorothée Klemann, 2016). Therefore, in order to have a deeper and clear insight into
the mycorrhization capability of these accession lines, the number of lines were narrowed
down according to their root system architecture (RSA) in two different phosphates (Pi)
conditions. The RSA was measured in terms of primary root length and number of lateral
roots. Phosphate was chosen for RSA studies as it is an important micronutrient for plant
growth and is also a crucial factor for the establishment of AM symbiosis. Additionally, Pi
depriving conditions have been known to reprogram the root development (Vance et al.,
2003), depending on the plant species and the genotype under study. Moreover, previous
studies have reported that mycorrhization leads to altered RSA by increasing the lateral root
(LR) development, probably in order to increase the mycorrhiza colonization sites (Harrison
et al., 2005; Paszkowski and Boller, 2002; Olah et al., 2005). Another study by Schultz et al.
(2010) demonstrated the differences in eight M. truncatula ecotypes in terms of RSA (with
limiting Zn) and uptake of nutrients like Zn, Mg, Fe, Mo under mycorrhizal and non-mycorrhizal
conditions. Although, Schultz et al. (2010) used a different set of ecotypes than this study two
lines were common in both the studies (line 530 and line 736, which are denoted by F83005

and DZA045 in Schultz et al., respectively). None of the lines showed significant differences
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in root length and lateral roots under Pi abundant (13 mM) and Pi depriving (3 mM) conditions.
However, few lines showed differences in either of the studied trait, lines 368 and 542 with
increased root length under Pi depriving conditions, line 213 with increased lateral root
numbers under low Pi and line 163 with increased root length under high Pi were selected for

further mycorrhization and A. euteiches infection studies, together with the reference line A17.

For mycorrhizal studies, the five selected lines were inoculated with R. irregularis for two
weeks and the mycorrhization in harvested roots was analyzed using ink staining, molecular
markers such as R. irregularis fungal marker gene (RiTUB) and mycorrhiza induced plant
marker gene (MtPT4). The ink staining did not show any significant differences among the
studied lines. However, the gPCR data revealed that in higher Pi conditions, line 368 and line
555 were significantly different in terms of MtPT4 and RiTUB transcript levels, respectively.
To further investigate the correlation of mycorrhization to other micro-organisms, selected
lines were also analyzed for infection with A. euteiches. Two different approaches were
undertaken for studying plant’s response to A. euteiches, one was performed in plates under
sterile conditions and another one was in a climate chamber. Plants were infected with two
different strains of A. euteiches and the infection was assayed by fresh weight measurements
and A. euteiches biomass quantification using 5.8s rRNA marker gene. The qPCR data
analysis demonstrated that line 368 and 542 were partially resistant to A. euteiches, whereas,
line 555 was more susceptible, compared to A17. An interesting observation was that line 368
expressed significant PT4 transcript levels and lower levels A. euteiches 5.8s rRNA transcript.
This suggests that a locus in the genome might be responsible for a greater number of active
arbuscle formation and some locus might be responsible for restricting the A. euteiches
growth. Further studies on line 368 might help to identify QTLs responsible for a higher
number of active arbuscles and low pathogenic biomass. A cross between lines 368 x A17,
line 368 and A. euteiches susceptible line 535 (Djébali et al., 2009; Bonhome et al., 2014;
Badis et al., 2015) and the analysis of the resulting daughter generations might give hints for
the low pathogenicity and high arbuscle numbers in line 368.

The results of this part have been published and the complete publication is attached in the

Appendix section.
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1.2 Early communication between host plant, beneficial fungus and pathogenic
oomycete

To understand how the host plant recognizes the incoming microbe as friend or foe, the study
of early responses between the host plant and the microbes will deliver the first insights in the
plant disease resistance research. Therefore, we studied early responses of the host plant,
M. truncatula to symbiotic fungus — R. irregularis and pathogenic oomycete — A. euteiches. In
a previous study, the early responses of M. truncatula after contact with the microbes were
studied in seedlings stage via a transcriptomics approach (Ph.D. thesis Dorothée Klemann,
2016). Here, the time point of two hours after contact with the microbes was selected because
a high number of genes were shown to be differentially regulated after contact with R.

irregularis spores at this time point (Ph.D. thesis Dorothée Klemann, 2016).

11.2.1 Identification of early responses to microbes using transcriptomic approach

As a follow-up approach for the identification of early responses of the host plant irrespective
of their developmental stage, a transcriptomics approach with adult plants was performed. For
this, six-week-old plants grown in an aeroponic system were used and the whole root system
of these plants was either treated with R. irregularis spores or A. euteiches zoospores or
remained non-treated for two hours. The roots were harvested for RNA analysis followed by
hybridization, three replicates were taken for each treatment. The raw data were normalized
by robust multiarray normalization and differentially regulated genes were identified by at least
a two-fold change between the control and treated samples. The p-values were adjusted by
the false discovery rate procedure (Benjamini and Hochberg, 1995). The transcriptomic data
was analyzed by Dr. Benedikt Athmer, IPB and is provided in a CD attached along with this

thesis.

According to the mentioned criteria, no genes were differentially regulated after inoculation
with R. irregularis treatment. However, treatment with A. euteiches zoospores revealed ~ 200
genes that were differentially regulated, of which 138 genes were upregulated and 60 were
downregulated (Fig.ll.1.A). The commonly regulated genes in seedlings and adult plants after
treatment with beneficial and pathogenic microbes were of interest. Unfortunately, as there
were no differential regulated genes after treatment with R. irregularis in adult plants, the study
was focused more on plant response after treatment with the pathogen. A comparison
between seedlings and adult plants differentially expressed genes, revealed commonly
regulated genes in both the developmental stages of the plant and genes that were specific

to either of the developmental stage (Fig.ll.1.B). The set of commonly regulated genes were
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of prime importance, as these might help to understand the early plant responses to the

pathogen.

A B
Con vs Ae ConvsRi Seedlings Adult plants

138
60
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Fig.ll.1: Transcriptomics analysis after inoculation with R. irregularis spores and A. euteiches zoospores:
Venn diagram showing numbers of differentially regulated genes. (A) RNA isolated from six-week-old plants treated
for two hours with R. irregularis spores or A. euteiches zoospores were subjected to transcript profiling using
Affymetrix Medicago GeneChip array. (B) Venn diagram showing commonly regulated genes in seedlings and
adult plants. The significantly up-regulated (red) and down-regulated (green) genes, compared to non-treated
plants are shown. (p < 0.01, n=3), A. euteiches treated (Ae), R. irregularis treated (Ri) and Control (con).

However, genes belonging to either of the developmental stages were also appealing, among
them a WRKY1b transcription factor (Medtr2g088000.1) was found to be upregulated only in
adult plants after A. euteiches treatment. Interestingly, this gene is not yet characterized in M.
truncatula, therefore an in silico search was performed using MtGEA web database and
Medicago eFP browser. The outcome of expression data analysis shows that MtWRKY1b is
induced after 1 day of A. euteiches treatment (Fig.ll.2.A) and has an enhanced expression
only in roots (Fig.ll.2.B). Here, it can be speculated that this transcription factor might be

involved in the regulation of defense functions against A. euteiches.
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Fig.ll.2: Expression data analysis of MtWRKY1b: (A). MtGEA database was searched for the probeset id of
MtWRKY 1b. The transcript of MtWRKY1b was abundant after 1-day infection with A. euteiches. (B). Organ-specific
expression of MMWRKY 1b was analyzed using Medicago eFP browser.

Among the commonly regulated genes, a terpene synthase Medtr2g089120 was upregulated
in adult plants and in seedlings after 2 hours pathogen treatment. Medtr2g089120 is annotated
as MtTPS6 (Parker et al., 2014) and belongs to the TPS-G monoterpene producing family
(Fig.I.5). The gene expression analysis was performed using M. truncatula gene expression
atlas which shows upregulation of Medtr2g089120 also after 1 day A. euteiches treatment
(Fig.Il.3.A). The tissue specificity was analyzed using eFP browser, showing that MtTPS6 is
expressed specifically in roots, similar to MtWRKY1b expression (Fig.l1.3.B). MtTPS6 and
MtWRKY1b were only analyzed in silico, although their functional and molecular

characterization was not performed in this study.
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Fig.l.3: Expression analysis of MtTPS6: (A). MtGEA database was searched for the probeset id of MtTPS6. The
transcript of MtTPS6 was highly abundant after 1-day infection with A. euteiches. (B). Organ-specific expression

of MtTPS6 was analyzed using Medicago eFP browser.

11.2.2 Identification and characterization of MtTPS10

In the common set of genes, another gene that caught our attention also belonged to the
terpene synthase class (Medtr5g073200) and is annotated as MtTPS10 (Parker et al., 2014).
From the transcriptomics data, this gene was found to be 22-fold up-regulated in seedlings
and 2-fold up-regulated in adult plants compared to non- treated plants. As a first step, to
circumvent that the gene might be a false positive pick from transcriptomics, expression of
this gene was validated using gPCR from both the plant developmental stages in independent

experiments, with three biological replicates each (Fig.ll.4.A & B).

In both the developmental stages, TPS10 was highly induced after A. euteiches treatment,
compared to non-treated samples. The TPS10 relative transcript levels in the adult plants
were 75 times induced compared to the mock-treated, whereas, in seedlings, the transcript
levels were 140 times higher compared to the mock treated. The less transcript induction can
be attributed to the different developmental stages of the plants. However, despite the
differences in the level of transcript induction, TPS10 was successfully validated as an early

A. euteiches inducible gene in seedlings and adult plants.
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Fig.ll.4: TPS10 transcript accumulation after treatment with A. euteiches: (A) Roots of one-week-old
seedlings, (B) and six-week-old adult plants were treated either with A. euteiches zoospores or mock inoculated
with swamp water for two hours. The transcript levels were determined by qPCR and normalized against the
housekeeping gene MtHIS3like. Data shown is with 3 replicates, error bars represent standard error (SE), and
statistical analysis was performed using one factorial ANOVA followed by Tukey HSD, * = p < 0.05, n=3, where A.
euteiches treated (Ae) roots were compared to control (con) roots.

After successful validation of the TPS10 expression in seedlings as well as in adult plants,
literature and in silico search was performed to gain more knowledge about the gene and its
encoded enzyme. The enzyme should belong to the class A of terpene synthase family, which
consists of sesquiterpene producing terpene synthases. To gain an insight into the similarity
pattern of MtTPS10 protein to other M. truncatula terpene synthase family members, a
phylogenetic tree was constructed using the protein sequences of all 23 M. truncatula terpene
synthases. The phylogenetic tree revealed a high similarity of MtTPS10 to Medtr5g094620
and Medtr5g073260. However, these terpene synthases are also not characterized in M.
truncatula. Interestingly, MtTPS10 was found to be similar to Medtr5g062230 (Fig.ll.5), which
is a well-characterized herbivore-induced terpene synthase in M. truncatula (Vattekatte et al.,
2017; Arimura et al., 2008).
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Fig.l.5: Phylogenetic tree of M. truncatula terpene synthases: The phylogenetic tree was constructed
using MegAlign software from 23 annotated terpene synthases. The bootstrap values are indicated on each

branch of the tree.

11.2.2.1 Expression kinetics of TPS10 after A. euteiches infection

The induction of TPS10 by A. euteiches inoculation was analyzed by performing a time course
experiment ranging from early time points to the late infection stage. One-week-old A17
seedlings were treated either with swamp water or with A. euteiches zoospores for the
indicated time points and the transcript levels were quantified at those time points using gPCR.
The gPCR data showed that the TPS10 transcripts were significantly accumulated after early
A. euteiches contact, particularly after 2 hpi. But, soon after that, the transcript accumulation
reduced already after 6 hpi A. euteiches inoculation and was no more differentially expressed
to mock-treated plants (Fig.ll.6). The TPS10 transcript accumulation in A. euteiches treated
seedlings was compared to the mock-treated seedlings for each time points. This data

suggests that the TPS10 is an early induced gene in response to A. euteiches treatment.
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Fig.l.6: Transcript accumulation of TPS10 transcripts after A. euteiches treatment of roots: One-week-old
seedlings were either treated with A. euteiches zoospores or mock treated with swamp water for the indicated time
points and data analyzed using gPCR and normalized against the housekeeping gene MtHIS3like. The data shown
is with 3 replicates, error bars represent standard error (SE). The A. euteiches treated seedlings (Ae) from a time
point were compared to the mock-treated seedlings of the respective time point, significance tested using one
factorial ANOVA followed by Tukey HSD, * = p < 0.05.

11.2.2.2 Effect of various treatments on TPS10 transcript accumulation

To investigate whether TPS10 is a pathogen-specific gene or can it also be induced by other
treatments, one-week-old A17 seedlings were either treated with A. euteiches zoospores, A.
euteiches zoospores boiled at 95 °C for 10 min (dead A. euteiches zoospores), R. irregularis
spores, R. irregularis spores boiled at 95 °C for 10 min (dead R. irregularis spores), spores of
pathogenic fungus Colletotrichum trifolii (C.trifolii) and another pathogenic oomycete
Phytophthora palmivora (P. palmivora). The P. palmivora treated seedlings were kindly
provided by Dr. Aleksandr Gavrin, The Sainsbury Laboratory, Cambridge. All treatments were
performed for 2 h and control plants were either mock treated with swamp water, Tween20,
citrate buffer or non- treated. To test the induction of TPS10 transcript accumulation by abiotic
stress treatments, seedlings grown in M-medium plates for one week were transferred to new
M-medium plates containing either 100 mM NaCl or 50 uM MeJA for 2 h. The mock controls
were transferred to new M-medium plates with no additions. For the wounding experiments,
one-week-old seedling roots were squeezed with tweezers at three different positions on the

root and the controls remained unwounded for 2 h. The data revealed that the TPS10
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transcripts were significantly and specifically induced only by vital zoospores of oomycetes
(A. euteiches and P. palmivora) but were neither induced by a pathogenic fungus (C. trifolii)
nor by a beneficial fungus (R. irregularis) (Fig.ll.7). Additionally, NaCl, MeJA, and wounding
also did not induce the transcript levels. The transcripts levels could also be induced by dead
A. euteiches zoospores but the induction was not statistically significant. The transcript
guantifications were compared to the respective mock treated seedlings. This hints that

TPS10 is exclusively an oomycete response plant gene.
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Fig.l.7: TPS10 transcript accumulation in response to various biotic and abiotic treatments: One-week-old
seedlings were treated with zoospores of A. euteiches (Ae), boiled A. euteiches (dead Ae) and P. palmivora (Pp),
spores of C. trifolii (Ct) fungus, R. irregularis (Ri), and boiled R. irregularis (dead Ri). The stress treatments were
performed using 50 uM MeJA, 100 mM NaCl and wounded for 2 hours. The transcript accumulation of TPS10 was
qguantified using gPCR and normalized against the housekeeping gene MtHIS3like. The data shown is with 3
replicates, error bars represent standard error (SE), and statistical analysis was done using ANOVA followed by
Tukey HSD, * = p < 0.05, where significance was tested between the mock controls and the treatment. The black

lines separate different experiments.
11.2.2.3 Organ specificity of TPS10
In silico analysis revealed no expression and functional data on TPS10, thereby, an

experiment was performed to acquire information about its organ specificity. One-week-old

Al17 plants were either not infected or infected with A. euteiches zoospores for four weeks,
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the roots and leaves were separately harvested and TPS10 transcript accumulation was
analyzed using gPCR. The data demonstrated low transcript levels in leaves before and after
A. euteiches infection. The A. euteiches infection did not lead to any TPS10 transcript
induction in leaves. In the case of non-infected root samples also, only basal transcript levels
were detected. However, in A. euteiches infected roots, the transcript levels were significantly
enhanced, compared to non-infected roots. This dataset showed that the TPS10 is a root-

specific gene and is induced specifically after A. euteiches infection.
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Fig.ll.8: Organ specificity of TPS10 expression after A. euteiches infection: One-week-old plants were
infected with A. euteiches for 4 weeks and the transcript accumulation was analyzed in roots and leaves of infected
and non-infected plants using qPCR and normalized against the housekeeping gene MtHIS3like. The data shown
is with 3 replicates, error bars represent standard error (SE), and significance was tested between non-infected
leaves and infected leaves, non-infected roots and infected roots using one factorial ANOVA followed by Tukey
HSD, ** = p <0.01.

11.2.2.4 Promoter-GUS fusion of TPS10

The cell specificity of TPS10 expression was studied in detail by cloning a 2 kb region
upstream of the start codon to drive the GUS reporter gene. A DsRed module was also cloned
in the final vector for the selection of positive transformed roots (Fig.Il.9.A). The final construct
was then transiently transformed in M. truncatula c.v. A17 via hairy root transformation. The
transformed roots were selected by DsRed fluorescence and were either infected with A.
euteiches zoospores for 2 h and 24 h or not treated, followed by staining with X-Gluc. In
addition, the stained root fragments were embedded and sectioned into 10 um thick cross

sections and analyzed using bright field microscopy. The micrographs revealed that the 2 kb
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region behaves as a strong promoter (Fig.11.9.B, C, and D). Even without infection, a basal
level of staining in root segments and root sections could be observed. This basal level
staining, however, could be drastically enhanced by A. euteiches infection for 2 hours and 24
hours indicating that the promoter is activated upon A. euteiches treatment. There was no

cell-specific expression observed since the staining was observed in all root cells.

A —{ pUbi10 Ocs p—— pTPS10 Nos H EL2 }—

non-infected 2 hpi 24 hpi

Fig.Il.9: pTPS10:: GUS analysis: The cellular specificity of TPS10 was studied via promoter:: GUS analysis. A
2 kb upstream fragment was cloned and fused to drive GUS encoding gene. (A) The vector construct, consisting
of pTPS10:: GUS module and DsRed module, was transformed to M. truncatula via A. rhizogenes mediated
hairy root transformation. (B) The positive transformed roots were treated with A. euteiches for 2 h, 24 h and
control were not treated. After treatment, roots were stained by X-Gluc substrate, embedded in PEG1500 and
sectioned into 10-micron thick sections. (B) The root fragments, (C) root tips and (D) cross-sections are shown.

The black bars represent 100 um in B, C and 50 um in D.

[1.2.2.5 Localization of TPS10 protein
Terpenoids are either derived from the mevalonate pathway, which is active in the cytosol or
from the plastidial 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway (Aharoni et al., 2005).

Terpenes like monoterpenes, diterpenes, and tetraterpenes are biosynthesized in the plastids,
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whereas, biosynthesis of terpenes like sesquiterpenes, homoterpenes, and triterpenes takes
place in the cytosol. To study the subcellular localization of TPS10, the coding sequence of
TPS10 (without the stop codon) was fused to m-cherry on the C-terminal and driven under
the control of a CaMV 35S promoter. This construct was transiently expressed in Nicotiana
benthamiana protoplasts and localization was studied using confocal microscopy. TPS10 was
found to be localized in cytosol surrounding the chloroplast (Fig.I.10), which is expected from
a class A terpene synthase family protein. Although TPS10 localization is clearly
demonstrated to be in the cytosol, a western blot analysis from the transformed protoplasts

would further confirm these results.

A ’_Cl TPS10-CDS -~ MCHERRY  gmi\[e}

B TPS10:mCherry Chlorophyll

Fig.Il.10: Subcellular localization of TPS10 protein in N. benthamiana protoplasts: (A) Schematic of the
construct used for TPS10 localization. The construct was transiently expressed in N. benthamiana protoplasts
and the fluorescence images were taken using a confocal laser scanning microscope. (B) TPS10 in the cytosol
is shown with the green fluorescence surrounded by red fluorescent chlorophyll in the merged image. The bars

represent 10 pm.

11.2.2.6 Molecular characterization of MtTPS10

As the MtTPS10 belongs to the sesquiterpene catalyzing class A family, product identification
of MtTPS10 was an important step towards characterization of the enzyme encoded by this
gene. For this, Saccharomyces cerevisiae was used as the heterologous host for protein
production and the construction of yeast level 1 and level M expression vectors were
performed using Golden gate system (Engler et al., 2008). Plasmids containing the coding
sequences of farnesyl pyrophosphate synthase (FPPS) and a truncated version of hmg-CoA

reductase (3-hydroxy-3-methyl-glutaryl-coenzyme A reductase, tHMGCR) from N.
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benthamiana were kindly provided by Prof. Alain Tissier and Dr. Sylvestre Marillonnet,
respectively. The expression vector backbone, comprised of the plant coding sequences
FPPS, tHMGCR and TPS10 under distinct galactose inducible promoters, the origin of
replication for E. coli and S. cerevisiae, E. coli antibiotic selection marker and yeast URA3
(orotidine-5’-phosphate decarboxylase, an essential enzyme in pyrimidine biosynthesis in S.
cerevisiae) selection marker. As a negative control, a construct containing only FPPS and
tHMGCR was used. Both the constructs were transformed in yeast and the positive yeast
clones were selected on Synthetic Drop-out medium without uracil. After galactose induction,
the accumulating products were extracted from the medium using solvents like hexane or
pentane and injected into GC-MS for product identification. The products were identified by
comparing the MS spectra of peaks with the in-built library spectra and the maost similar
compound match was chosen. The TPS10 produced a blend of sesquiterpenes and
sesquiterpene alcohols, of which 11 were sesquiterpenes and 6 were sesquiterpene alcohols
(Fig.11.11; m/z of all the compounds are provided in Appendix Fig.VII.2.6). Interestingly, TPS10
also catalyzed the formation of a major product which could not be identified by MS spectra
comparison, and the closest match with an 80 % similarity was alpha-bisabolol. Therefore,
structure elucidation of this major product using NMR was required. NMR measurements
usually require a minimum amount of 1 mg purified compound thereby, various tests were
conducted for the production of the major product in higher concentration. The first test was
to try a different yeast strain, here a yeast strain from OrganoBalance (kindly provided by Dr.
Swanhild Lohse, IPB) was tested. This strain has a truncated version of HMGCR integrated
into its genome, hence, higher levels of precursor molecules are available for higher end
product formation. The peak abundance of the major product was comparatively higher than

that produced by Invitrogen yeast strain (Fig.I1.12).
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Fig.l.11: Product profile of TPS10 identified after heterologous expression in Invitrogen strain: TPS10 was

expressed together with farnesyl pyrophosphate synthase (FPPS) and a truncated hmg - CoA reductase (3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase, tHMGCR) and the resulting products were analyzed using GC-

MS. The product profile composed of several sesquiterpenes and sesquiterpene alcohols and were annotated by
comparison of MS spectra: (1) a-Longipinene, (2) Ylangene, (3) Longicyclene, (4) Farnesene, (5) a-Himachalene,
(6) Himachalene, (7) Alloaromadendrene, (8) B-Himachalene, (9) Bisabolene, (10) Bisabolene,(11) Longibomeal,
(12) Humalene-1,6-dien-3-ol, (13) major product, (14) Allohimachalol, (15) Shyobunol, (16) a-Bisabolol, (17)

Shyobunol.
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Fig.ll.12: Product profile of TPS10 after expression in Organobalance yeast strain
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The next task was to purify the major product from the minor products (Fig.ll.11 and 12, peak
13). For this, the column chromatography technique was used, which separates complex
mixtures based on their adsorption capacity and interaction between the mobile phase and
the stationary phase. Silica (SiO.) was used as the stationary phase and the compounds were
eluted using a gradient of hexane and ethyl acetate ranging from 99 % hexane up to 80 %
hexane + 10 % ethyl acetate. All elutes including the flow through and wash steps were
measured in GC-MS. The GC-MS chromatogram reveals that the major peak could be
separated from other minor peaks and was eluted at 90 % and 85 %, however, the peak
abundance drastically reduced during this process (Fig.ll.13).
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Fig.ll.13: Chromatogram data depicting elutes obtained via column chromatography: The separation of the
major product from other peaks was tested using column chromatography. Different percentage of elution solvents
were used, elutes were collected and measured using GC-MS. The major product could be separated at 90% and
85%, but the abundance of the peak decreased during this process.

Due to the decrease in major peak’s abundance during the chromatographic process, peak
separation by LC-MS was decided. One major obstacle was that the solvent used for product
extraction from yeast and GC-MS measurement was a hydrophobic solvent, whereas in LC-
MS usually hydrophilic solvents, such as methanol are used. Therefore, after product
extraction, the hydrophobic solvent needs to be evaporated and should be re-dissolved in
methanol. This evaporation step also led to a decrease in major product’s abundance.

Therefore, an ideal extraction solvent was needed that extracts the products efficiently and
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evaporates sooner, not affecting the peak’s abundance. Different solvents were tested for
higher product extraction and low loss during the evaporation process. The three different
solvents tested were — dodecane, hexane, and pentane. Hexane and pentane solvent were
used to extract the end products from yeast cultures, whereas, dodecane was added during
galactose induction process for entrapping the products formed. This dodecane layer was
later extracted with hexane or pentane and used for GC-MS measurement. A volume of 100
pl from the extracts of different solvents was used for the measurement. The chromatogram
(Fig.ll.14) demonstrates that pentane and hexane can extract the major product peak in higher
abundance, whereas, the dodecane extract contained a high abundance of dodecane
impurities and low amount of products were extracted.
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Fig.ll.14: Test with different solvents for product extraction from yeast: Three different solvents, namely
dodecane, hexane, and pentane were tested for product extraction in high concentration. The chromatogram data
points from all measurements were exported to excel and a scatter plot was made with the data points. Pentane
(pink) and hexane (green) extracted the products to an equivalent abundance, whereas dodecane (brown)

extracted more of the impurities.

Therefore, for further extractions, either hexane or pentane was used. Next, in order to
investigate the loss in peak abundance due to the evaporation process, an experiment was
performed. Here, 100 pl yeast extract with hexane or pentane was injected in GC-MS and the
remaining 1.9 ml was evaporated using rotavap. To this dried extract, 1.9 ml fresh solvent
was added and again 100 ul was used for GC-MS measurement. The chromatogram obtained
before and after evaporation were compared for each solvent. This revealed pentane as an

ideal solvent because the major peak intensity was not affected before and after evaporation
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(Fig.11.15.B), whereas, with hexane as the solvent, the peak’s abundance was almost reduced
to half after evaporation (Fig.ll.15.A). In order to have concentrated product for NMR
measurement, silica tubes were also used as adsorbent material. These silica tubes are able
to adsorb compounds on their surface, thereby forcing the yeast cells to secrete more of the
compounds in the medium for easier extraction. Overall, TPS10 products were extracted in
high concentration using Organobalance yeast strain, silica tubes as adsorbents and pentane
as the extraction solvent. After extraction, the extract was dried using rotavap, re-dissolved in
methanol and the major peak was separated from other products using LC-MS (performed by
Anja Ehrlich, IPB).
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Fig.ll.15: Evaporation effect tested with hexane and pentane as the extraction solvent: Chromatogram
showing the relative peak abundance of the major product before and after evaporation, 100 pl from a total of 2 ml
extract was used for GC-MS (denoted by hexane (blue) and pentane (pink)), the remaining 1.9 ml was evaporated,
re-dissolved in fresh solvent and 100 pl again used for GC-MS (denoted by hexane-dil (brown) and pentane-dil
(blue)). (A) Chromatogram showing evaporation effect when hexane used as a solvent for product extraction. (B)
Data depicting evaporation effect when pentane used as a solvent. Evaporation of pentane solvent did not have
any effect on the peak abundance.

Many fractions containing the major product were obtained from LC-MS and these methanolic
fractions were extracted using pentane and measured in GC-MS for the determination of peak
purity. The fractions containing a good abundance of the major peak were combined and the
methanol solvent was completely evaporated. The dried extract was used for structure
elucidation of the major peak using NMR (performed by Dr. Andrea Porzel, IPB) and the data
showed that the major product of TPS10 corresponds to himachalol and not to alpha-bisabolol

which was the predicted match according to NIST library search (Fig.11.16).
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For biological assays, accurate concentrations of the compounds are important, therefore, a
second trial of TPS10 product extraction was performed for use in bioassay experiments
against A. euteiches. The same extraction protocol, used for NMR, was followed, but before
evaporation, the extracted products were divided into two equal volumes. One volume was
re-dissolved in pentane after evaporation, for determining the concentration of major peak
using standard curve. The second half was re-dissolved in methanol for bioassay
experiments. As TPS10 catalyzed various minor products and a major product formation,
concentration of only the major product ‘himachalol’ was determined using the standard curve
method. The curve was plotted using trans-farnesol as the standard compound and its
concentration ranged from 10 pM to 100 pM. Three serial dilutions of TPS10 products from
yeast were used, 1:10, 1:100 and 1:1000. For each concentration of trans-farnesol and TPS10
product dilutions, three replicates were measured in GC-MS. The data points of relative peak
abundance were exported to Excel and a scatter plot of concentration versus peak abundance
was plotted (Fig.11.17). The relative peak intensity of TPS10 product dilutions 1:10 and 1:100
could not be extrapolated on the standard curve, as the values were bigger compared to the
highest concentration of farnesol used (100 pM), however dilution 1:1000 could be
extrapolated on the standard curve and was comparable to trans-farnesol with 60 mM

concentration.

Himachalol
CAS 1891-45-8

Fig.ll.16: Structure elucidation of the major product using NMR: The purified extract of the major peak was

used for compound identification using NMR by Dr. Andrea Porzel (IPB, Halle)
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Fig.l.17: Standard curve for determining concentration: A standard curve using trans-farnesol was made using
GC-MS measurements ranging from 10 uM to 100 pM. Three different dilutions of yeast extract were made, only
the major product peak abundance was considered for plotting the data points. A dilution of 1:1000 was extra-
plotted on the standard curve and the concentration was determined to be 60 mM.

[1.2.2.7 Functional characterization of MtTPS10

Now that TPS10 had been proved to be an oomycete inducible gene, the next quest is to
study its function against A. euteiches. The functional role of TPS10 was identified using
classical approaches of knock-down and overexpression studies. For knock-down approach,
Tntl insertion mutants were searched in the Samuel Noble foundation database which houses
a large collection of M. truncatula insertions. The genomic sequence of TPS10 was blasted in
the Noble foundation web database against either Tntl high confidence FSTs (flanking
sequence tags) or low confidence FSTs. The resulted lines were compared based on their
highest similarity to TPS10 sequence. One insertion line, NF10408-low 18 showed 100 %
similarity of 223 bp fragment behind the Tntl insertion, in the sixth intron. The seeds of
NF10408-18 were ordered from the foundation and were genotyped in a previous study (Ph.D.

thesis Dorothée Klemann, 2016).
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Fig.ll.18: Schematic of Tntl insertion in TPS10 gene: (A) Pictorial representation of TPS10 exon-intron
assembly. Black boxes represent exon and the lines between them represent introns. The start codon ATG and
the stop codon, TGA are shown and the triangle shows the Tntl insertion in the gene. (B) The selfing scheme of
the heterozygous Tntl line is shown.

The line NF10408-18 was obtained in a heterozygous state and after one round of selfing,
homozygous mutant, heterozygous mutant, and homozygous background line were obtained.
An important feature of these Tntl insertions is that these lines contain on an average 25
random Tntl insertions in different locations of the genome (Tadege et al., 2008). Therefore,
for the comparison of tps10 mutant, homozygous TPS10/TPS10 obtained in an F2 generation
will be treated as the wild-type and is denoted as background (BG), this line theoretically
should possess all the background mutations in the genome like in tps10 mutant but not in
the TPS10 gene.

The first step towards characterization of tps10 mutant was the quantification of TPS10
transcript levels after 2 h of A. euteiches treatment. One-week-old seedlings of tps10 and BG
line were treated with A. euteiches zoospores for 2 h and the control seedlings were treated
with swamp water. The gPCR quantification showed only a basal level of TPS10 transcript
induction in mock-treated as well as in tps10. Interestingly, A. euteiches treated tps10 had
comparable transcript levels like mock treated BG and the transcript levels in mock-treated
tps10 were below the detection levels, suggesting that the tps10 after 2 hours A. euteiches
treatment behaves as BG treated with swamp water (Fig.ll.19). However, in BG line, the
TPS10 transcript levels were drastically induced after A. euteiches treatment (Fig.11.19). This

illustrates that the Tntl insertion NF10408-low 18 line has a loss-of-function in TPS10 gene.

40



Results

0.14
*%k
0.12
_ Mock
e
@ 0.10 mAe
jo
S 008
c
©
= 006
>
(]
< 0.04
4
0.02
000 L ® .
BG tps10

Fig.l.19: TPS10 accumulation in BG (wild-type) and tps10 mutant: One-week-old seedlings were treated for 2
h with A. euteiches zoospores and TPS10 transcript accumulation was quantified using qPCR and normalized
against MtHIS3like. The data shown is with 3 replicates, error bars represent standard error (SE), and significance
was tested between mock treated and A. euteiches treated seedlings of the respective line, statistics was
performed using one-factorial ANOVA followed by Tukey HSD, ** = p <0.01.

11.2.2.8 The role of TPS10 in plant’s response to A. euteiches

The functional role of TPS10 in plants during A. euteiches infection was studied using the
identified tps10 mutant and the BG lines. Many terpene synthases are known to produce
volatile products either as a direct defense or an indirect response to pathogens. Therefore,
to analyze whether TPS10 is also involved in the formation of volatile products to counter A.
euteiches, the tps10 mutant and wild-type plants were grown in lecaton substrate for six
weeks. After six weeks, the plants were carefully separated from the substrate and depending
on the root architecture, 2-4 Sorbstar sticks were inserted in the roots and the roots were
either infected with A. euteiches zoospores or mock treated with swamp water for 12 h
(Fig.11.20). These Sorbstar sticks adsorb plant emitted volatiles on their surface, which can be
desorbed and measured in a GC-MS. After 12 h, these sticks were collected and stored in GC
vials until the final measurement, while the root material was harvested and stored at -80 °C.
The Sorbstar sticks were measured using thermodesorption GC-MS and the data was
analyzed by comparing the chromatograms of A. euteiches treated BG and tps10 plants as
well as mock-treated BG and tps10 mutant plants. As the TPS10 products were already
identified via heterologous yeast expression (Fig.ll.11), thereby, the MS spectrum was filtered

for sesquiterpene specific m/z of 119 and 204. As expected, the GC-MS profile from mock-
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treated plants did not show any peak corresponding to sesquiterpenes, whereas, in the
chromatogram of A. euteiches treated BG plants, few sesquiterpenes were detected. The
detected sesquiterpenes were found missing in the tps10 mutant volatile collection (Fig.Il.21,
peaks 1-8).

background tps10

Infection with Ae for 12 hours

Fig.ll. 20. Volatile collection from tps10 and BG line: Six-week-old plants were used for volatile emission
experiment, where Sorbstar sticks were inserted in the roots and the roots were infected with either A. euteiches
(Ae) zoospores or mock treated for 12 h. The volatiles adsorbed on the sticks were then measured using GC-MS.
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Fig.ll.21: Comparative chromatogram of a BG and tps10 volatile profile: Six-week-old BG and tps10 mutant
plants were used for volatile emission. Sorbstar sticks were inserted in roots and infected with A. euteiches
zoospores for 12 hours and the sticks were then measured using GC-MS. The peaks correspond to 1) Longipinene,
(2) Ylangene, (3) Longicyclene, (4) Longifolene, (5) Allohimachalol, (6) 7-epi-cis-Sesquisabinene hydrate, (7)
Alloaromadendrene, (8) Himachalene, (9) Nerolidol, (10) Fokienol, (11) Longibomeal, (12) Cholest-8-en-3.beta.-
ol, acetate, (13) Thunbergol, (14) Nerolidyl propionate, (15) Heptasiloxane, (16) Cyclodecasiloxane, (17) 1-
Heptatriacotanol, (18) 1-Heptatriacotanol. Peaks 1-8 are sesquiterpenes and were identified in Fig.ll.11.
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The peaks 1-8 from the volatile collection were also identified from yeast expressing TPS10
products (Fig.ll.11). Therefore, these products should correspond to TPS10. Some other
peaks were also found to be missing in mutant plants (9-15), but these products were not
observed in TPS10 yeast product profile and were not classified as TPS10 products. This
suggests that few TPS10 products are volatile under natural conditions and are released as
a response to A. euteiches treatment. Interestingly, the major product of TPS10 (himachalol)

was not found in volatile emission, which hints toward its further modification in planta.

In order to investigate the putative enzymes that might modify the major product of TPS10 in
planta, several genes were picked from the transcriptomics data (Tab.ll.1). Transcripts
encoding transferases and cytochrome P450 family proteins (CYP450) were selected from
commonly upregulated genes after A. euteiches treatment of seedlings and adult plants
(Tab.11.1). All the selected transcripts were first validated using gPCR and only three out of
the ten selected genes were found to be significantly upregulated after A. euteiches treatment,
among them one UDP-glucosyltransferase (Medtr2g098430) and two CYP450 enzymes
(Medtr5g007550 and Medtr8g104080) (Fig.ll.22).

Tab.ll.1 selected candidate from the transcriptomics

S. Gene_Id Putative function Dataset
No.
1 Medtr3g084520 UDP-glucuronosyl/UDP- Seedling transcriptomics
glucosyltransferase
2 Medtr8g083290 UDP-glucuronosyl/UDP- Seedling transcriptomics
glucosyltransferase
3 Medtr5g090610 UDP-glucose Seedling transcriptomics
glucosyltransferase
4 Medtr2g034480 Glucan endo-1,3-beta- Adult plant transcriptomics
glucosidase

5 Medtr2g098430 UDP-glucosyltransferase Adult plant transcriptomics
family protein

6 Medtr8g087425 Glutathione S-transferase Adult plant transcriptomics

7 Medtr5g007550 | Cytochrome P450 family 71 Common in seedling and
adult transcriptomics

9 Medtr8g104080 Cytochrome P450 family 71 Common in seedling and
protein adult transcriptomics

9 Medtr8g104100 Cytochrome P450 family 71 Common in seedling and
protein adult transcriptomics

10 Medtr5g016440 Cytochrome P450 family Common in seedling and
adult transcriptomics
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Fig.l.22: gPCR validation of potential TPS10 product modifying enzymes: six-week-old plant roots treated
and non-treated with A. euteiches were used for the quantification. The transcript levels were normalized against
MtHIS3like, The data shown is with 3 replicates, error bars represent standard error (SE), and significance was
tested between non-infected (con) and infected roots (Ae) using one-factorial ANOVA followed by Tukey HSD, * =
p < 0.05.

To test if the validated candidates modify the TPS10 major product, the coding sequence of
these candidates were cloned under galactose inducible promoters and expressed in yeast
together with TPS10, FPPS and tHMGCR and Arabidopsis reductase (ATR in case of CYP
P450s; work done by Dr. Sunayana Rathi). The products formed were extracted from the
yeast culture using hexane and measured in GC-MS. The GC-MS chromatogram data
revealed that the selected candidates were not able to modify TPS10 products (data not

shown).

Next, in order to study the role of these volatile products during A. euteiches infection and to
examine the response of tps10 mutant to A. euteiches infection, one-week-old tps10 and BG
plants were infected with A. euteiches and analyzed four weeks later. The A. euteiches
susceptibility of tps10 and BG plants were quantified using two parameters, root and shoot
fresh weight and A. euteiches biomass in infected roots. In general, the A. euteiches
susceptible plants have characteristic features, like, brownish, water-soaked roots and are
stunted in growth. The root and shoot biomass of tps10 mutant drastically decreased after A.
euteiches infection compared to non-infected tps10 plants, whereas, the infected BG plants
did not show any significant reduction in growth compared to non-infected plants (Fig.ll.23.A,
B). The root and shoot biomass of tps10 almost reduced to half, compared to the non-infected
tps10.
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Fig.l.23: Phenotypic analysis of tps10 mutant and the BG plants: (A) Three representatives of four weeks old
tps10 and BG plants without and with A. euteiches infection are shown. (B) The fresh weight of roots and shoots
of mutant and background plants were measured, statistical significance was tested between non-infected and
infected plants of the respective line, the analysis was performed using ANOVA, n=18-20, *= p <0.05, ***= p <0.001.

The stunted growth of tps10 plants might hint towards their A. euteiches susceptibility. To test
this, A. euteiches biomass was quantified from the roots of infected tps10 and BG plants using
gPCR. The gPCR data demonstrates that indeed the tpsl1l0 mutant shows significantly
enhanced amount of A. euteiches 5.8s rRNA, which corresponds to A. euteiches biomass in
the roots, compared to infected BG plants (Fig.ll.24.B). In addition, the transcript level of
TPS10 was also quantified in these plants (Fig.l.24.A). As expected, the TPS10 transcripts
levels were significantly reduced in tps10 mutant plants, compared to infected BG plants.
However, it is noteworthy, that due to the long infection period with A. euteiches, the transcript
levels of TPS10 in infected BG plants were lower compared to the 2 h treated BG plants
(Fig.11.19). TPS10 transcript level in tps10 mutant was also different than 2 h treated tps10

(Fig.11.19), but still, these increased levels can be considered as the new basal levels at later
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stages of A. euteiches infection. This implies that a non-functional TPS10 in the mutant plants

renders them susceptible to A. euteiches infection.
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Fig.ll.24: Quantification of TPS10 and A. euteiches 5.8s rRNA transcripts in tps10 and BG plants: Four
weeks old A. euteiches infected roots of tps10 and BG were used for the quantification of (A) TPS10 and (B) A.
euteiches 5.8s rRNA. The transcript accumulation was normalized against MtHIS3like and statistical
significance was tested between infected tps10 and BG plants, statistics was performed using one-factorial
ANOVA, Tukey HSD test, *= p < 0.05, n= 3, error bars represent standard error (SE).

11.2.2.9 Confirmatory approaches for the identification of TPS10 role in plant defense

against A. euteiches

To further validate that the susceptibility of tps10 mutant plants to A. euteiches infection is due
to a non-functional TPS10, confirmatory approaches were required as the Tntl insertion line
have other random insertions in the genome. To address this, two different approaches were
undertaken: i) overexpression and rescue of tps10 mutant plants, ii) targeted knock-down of
TPS10 using amiRNA. A hypothesis was proposed that by overexpressing the coding
sequence of TPS10 under a native promoter, the susceptibility of tps10 mutant plants could
be rescued and might show a similar phenotype like BG plants after infection, whereas, via
amiRNA targeting TPS10 approach, plants could be made more susceptible to A. euteiches,
like that of tps10 mutant (Fig.11.25)
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Fig.Il.25. Illustration of the proposed hypothesis: (A) Generation of A. euteiches susceptible plants using
amiRNA targeting silencing of TPS10. (B) Rescue of the A. euteiches susceptible phenotype of tps10 mutant by
complementing with TPS10 coding sequence under a native promoter. The vector constructs for both the
approaches also contained a DsRed module for the selection of positive transformants.

11.2.2.10 Complementation of tps10 mutant

For the complementation approach, a construct containing coding sequence of TPS10 under
a 2 kb native promoter (pTPS10:: TPS10) and a negative control construct consisting of
pTPS10:: GUS construct were used. Both the constructs were transformed in tps10 mutant
roots via A. rhizogenes mediated hairy root transformation, the transformed roots were
selected by the red fluorescence encoded by the DsRed module and the plants were infected
with A. euteiches. After four weeks of infection, TPS10 transcript levels and the A. euteiches
biomass were quantified from the transformants using gPCR. tps10 mutant transformed with
pTPS10:: GUS showed lower TPS10 transcript levels and higher A. euteiches 5.8s rRNA
expression. Moreover, tps10 transformed with pTPS10:: TPS10 could also not rescue the A.
euteiches susceptibility of tps10 mutant plants (Fig.1.26.A, B). However, one plant (Fig.ll.26;
TPS-2) showed higher TPS10 transcript accumulation, compared to pTPS10:: GUS plants,
but this high expression did not influence the A. euteiches infection in this plant. The other two
pTPS10:: TPS10 expressing plants (TPS-1 and TPS-3) showed lower TPS10 transcript
accumulation and also lower A. euteiches 5.8s rRNA levels. Such variability in tps10 mutant
expressing pTPS10:: TPS10 could be attributed to either late infection stages and/or transient
expression system. Additionally, the roots of tps10 mutants were difficult to transform and the

efficiency of transformed roots were very low.
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Fig.l.26: qPCR quantification of TPS10 and A. euteiches 5.8s rRNA: tps10 mutant seedlings were transformed
via hairy root transformation and after four weeks of A. euteiches infection, (A) TPS10 and (B) A. euteiches 5.8s
rRNA expression were quantified from three empty vector (Ev) lines (pTPS10::GUS) and three complementation
(TPS) line (pTPS10::TPS10). The transcript accumulation were normalized against Actin2.

The TPS10 was showed to catalyze the biosynthesis of many volatile sesquiterpenes in planta
after A. euteiches infection. Therefore, another approach for analyzing the tps10 transformed
with pTPS10:: TPS10 was to collect the volatiles from the transformed plants after A.
euteiches infection. For this, the transformed plants were grown in lecaton substrate. After 3-
4 weeks, plants were separated from the substrate and sorbstar sticks were inserted in the
roots and the roots were infected with A. euteiches zoospores for 12 h. The adsorbed volatiles
were measured using thermodesorption GC-MS and the data was analyzed by comparing the
chromatogram of tps10 mutants transformed with either pTPS10:: TPS10 or pTPS10:: GUS.
The MS spectrum was filtered for sesquiterpene specific m/z of 119 and 204 and the peaks
were identified by comparing the MS spectra to the standard NIST library. The GC-MS
chromatogram revealed peaks mostly belonging to various additives of siloxane, probably
coming from the Sorbstar sticks. Many trials were repeated, but no complementation could be
achieved using pTPS10:: TPS10.
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Fig.ll.27: Chromatogram data of empty vector and complemented lines: Volatiles were collected from empty
vector (black chromatogram, pTPS10:: GUS) plants and the complemented (pink chromatogram, pTPS10:
TPS10) plants. The data shown here is only from one replicate, but 3 or more replicates were compared and

analyzed and all showed the same chromatogram pattern.

A hypothesis was postulated that an anti-sense RNA might be transcribed from the Tntl
promoter, which might lead to repression of the TPS10 sense transcript from pTPS10:: TPS10
construct. To test this hypothesis, RNA was isolated from tps10 mutant, BG and R108 plants,
treated with either A. euteiches or mock for 2 h. The cDNA was synthesized from the potential
anti-sense transcript, close to Tntl insertion using a gene-specific primer, cDNA-Tnt1. A small
region of 153 bp was amplified from the synthesized cDNA using forward and reverse primers.
As control reactions, cDNA was synthesized without reverse transcriptase and with random
primers. The PCR showed faint bands in the case of cDNA synthesized from cDNA-Tnt1,
negative reverse transcriptase and water control, whereas, cDNA synthesized with the
random primer showed stronger bands in the A. euteiches treated samples (Fig.11.28). It
should be noted that a prominent band was also visible in case of tps10 mutant infected with
A. euteiches. This can be explained as transcription might have taken place from the exons
upstream of Tntl, but this transcription is not translated into protein, as sesquiterpenes were

found missing in tps10 mutant, compared to BG.
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Fig.ll.28 Analysis of NAT mediated silencing: cDNA was synthesized from tps10, BG and R108 plants using
cDNA-Tnt1 primer, random primer and without reverse transcriptase. PCR with cDNA-Tnt1 samples showed only
weak and faint bands, whereas stronger bands were observed in cDNA synthesized using random primer and
basal bands in negative reverse transcriptase. As positive and negative control, genomic DNA and water were

used. The ladder size (in bp) are shown in red.

11.2.2.11 amiRNA targeting silencing of TPS10

An artificial miRNA (amiRNA) approach was used to downregulate the TPS10 transcripts. For
the construction of amiRNA construct, an endogenous M. truncatula miRNA backbone,
miR159b (kindly provided by Prof. Dr. Franziska Krajinski-Barth, University of Leipzig) was
used. Cloning of TPS10 sense and antisense primers were performed according to Devers et
al. (2013) and the sequence targeting TPS10 were obtained from WMD3 web designer with
a setting of 1 target and 0 accepted off targets. The endogenous sense and antisense
sequences of miR159b were replaced using overlapping PCR, according to Devers et al.
(2013). Briefly, PCRs were performed using the following combination of primers: primer | and
primer A (Product A), primer Il and primer Il (Product B), primer B and primer V (Product C).
The resulting products from these three PCRs were used as the final template and a PCR
was performed using Primer A and Primer B (Fig.I.29). The final PCR product was A-tailed
and ligated into pCR-TOPO 2.1 vector and transformed in E. coli cells. The positive bacterial
colonies were confirmed by colony PCR, restriction digestion and sequencing. The modified
mMiRNA backbone targeting TPS10 and the plant entry vector (p9RFP_UBQ3 Expr; kindly
provided by Prof. Dr. Franziska Krajinski-Barth, University of Leipzig) were restriction digested
by Miul and Spel and ligated using T4 DNA ligase (Fig.ll.30). The ligated product was
transformed in E. coli and the positive clones were identified using colony PCR and
sequencing. As the entry vector did not have any visual selection marker for the identification
of positive clones, a large number of colonies had to be screened and a number of ligation

trials were repeated.
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Fig.ll.29: Schematic of overlapping PCR (modified after Warthmann et al., 2008): M. truncatula miRNA

backbone-miR159 was used as the template for overlapping PCR, according to Devers et al. (2013).

Spey
TPS10*  TPS10 Spel/Bcu “\\o\ P Bey \ 0 Promotor
amRNA  amiRNA Miul ) - ) : / *., Ter
W W ! Promotef Ubq10
/ ', / ',% dsRed
=
5
CR* TOPO u pCR*-TOPO* CR*-TOPO’ ‘
miR159b p 3.9 kb 3.9kb 7 e pyst
backbone Miul and C:r::\oter usa3
Spel o \ int
digested CoE1ORl | \\'sdase04)
917p9RF || amiRNA
P-UBQ3- \ Miu(5888)

Ter
Expr
RB

Fig.l.30: Schematic for ligation of A-tailed PCR product and pCR2.1 TOPO and subsequent cloning into plant

compatible vector

After many trials of colony selection, the final plasmid containing the desired amiRNA
precursor molecule was confirmed via restriction digestion and sequencing. The final
construct and the empty vector were transformed in roots of cultivar R108 via root
transformation. As TPS10 is an early pathogen-responsive gene and due to the transient
transformation approach, many time points after A. euteiches infection were tested. After few
trials, one week of A. euteiches infection was considered a good time point, as the effect of
TPS10 knockdown on plant’s susceptibility to A. euteiches was observed. The transformed
plants were infected with A. euteiches and after one-week A. euteiches marker gene and
TPS10 transcript levels were quantified using gPCR (Fig.l1.31). The final experiment resulted
in four empty vector plants and four knock-down plants, denoted by ami-tps10. The gPCR
guantification data showed that the empty vector plants had variable expression of TPS10 but
on an average higher expression and these plants harbored less A. euteiches biomass,

compared to ami-tps10 plants. In contrast, the four ami-tps10 plants showed a lower TPS10
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expression and harbored higher A. euteiches biomass. This suggests that our hypothesis

‘knockdown of TPS10 leads to A. euteiches susceptible plants’ holds true.
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Fig.l.31: qPCR quantification of TPS10 and A. euteiches 5.8s rRNA expression level: The expression level
of (A) TPS10 and (B) A. euteiches 5.8s rRNA was quantified in four empty vector (EV) and in ami-tps10 plants
each; transcript levels were normalized against Actin2. Pink bar represents mean of the four plants, and the
statistical test was done using one-factorial ANOVA followed by Tukey HSD test. *= p < 0.05, ** = p < 0.01,
significance was tested between average EV and ami-tps10 plants.

To investigate whether the knock-down of TPS10 could be correlated to the expression level
of the mature miRNA, a stem-loop RT-PCR was also performed for the detection and
amplification of mature miRNA. The stem-loop RT-PCR technique developed by Chen et al.
(2005), involves two steps: reverse transcription and real-time PCR. A stem-loop reverse
primer (SLP) (sequence kindly provided by Dr. Emmanuel Devers, ETH, Zurich) was selected
such that it forms a hair-pin and 5-8 nucleotide at the 3’ end were made complementary to the
mature miRNA molecule. The stem-loop reverse primer hybridizes to the miRNA and is
reverse transcribed to cDNA. For a normal PCR, the product length should be bigger than the
sum of forward and reverse primers and as the mature miRNA is only ~21 nuclectide in length,
the SLP not only helps elongate the miRNA length but also due to the presence of hairpin-
loop can reverse transcribe the miRNA. After the reverse transcription, the products were
guantified using a forward primer that comprises of 12-15 nucleotide of the mature miRNA
and a universal reverse primer that binds to the hair-pin loop of SLP (Fig.ll.32). The mature
mMiRNA was successfully quantified using stem-loop RT-PCR (Fig.11.33). Although, the

expression level of mature miRNA could not be perfectly co-related with the downregulation
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of TPS10 transcript. For instance, tps10-7 and tps10-18 have a similar expression of mature
mMiRNA, but the TPS10 knock-down is more efficient in the tps10-18 plant compared to tps10-
7. However, these two lines showed the lowest TPS10 expression compared to other lines.
Overall, this variation can again be attributed to the transient root transformation system and

more conclusive results could be drawn using stable hairy root cultures.
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Fig.l.32: Pictorial representation of stem-loop primer consisting of 5 bp complementarity to the mature miRNA
and the forward primer used for the miRNA amplification also have complementarity with mature miRNA. The

universal reverse primer (not shown) have complementarity to the stem-loop primer.
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Fig.l.33: Quantification of TPS10 transcript and mature miRNA targeting TPS10 in ami-tps10 plants: ami-
tps10 plants infected with A. euteiches for 1 week were used for the quantification of (A) TPS10 transcript and (B)
mature miRNA, the transcripts of TPS10 and the mature miRNA were normalized against Actin2 and the

housekeeping miRNA U6, respectively.

11.2.2.12 Bioassay
The results described above proved that the knock-down of TPS10 leads to highly A.

euteiches susceptible plants, the next quest is whether TPS10 products, produced in yeast
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might have some direct inhibitory effect on A. euteiches growth. For this, A. euteiches growth
inhibition assays were investigated in terms of two parameters, mycelial growth, and the
zoospore germination.

For mycelial inhibition assay, different concentrations of TPS10 products were added to the
edge of CMA plates containing A. euteiches mycelial pieces. In control plates, yeast extract
of empty vector and pure solvent (pentane) were added. When the mycelium was fully grown
in the control plates, the plates were photographed and the mycelial area was measured using
Fiji software. The data showed that at a concentration of ~ 3000 nmol and 2000 nmol, the
mycelial growth was significantly inhibited near and around the product application (Fig.l1.34),
while with lower amounts of products, no effects were observed. The empty vector extract and
the solvent only plate showed full mycelium growth.

A pentane empty vector 500 nmol 3000 nmol

Mycelial growth area (cm?2)

pentane EV. 50 500 1,000 2,000 3,000
nmol

Fig.1.34. Mycelium growth inhibition assay: (A) The yeast extracted TPS10 products were applied to the
CMA plates containing A. euteiches mycelial agar piece. The concentration of ~ 3000 nmol showed growth
inhibition compared to empty vector extract and solvent only. (B) Histogram depicting various concentrations
used and their effect on mycelial growth. The data shown are mean of three or more replicates, statistical

significance was tested between all treatments; one-factorial ANOVA, Tukey HSD test, *= p < 0.05, n = 3.

For zoospore germination assay, TPS10 products from yeast were diluted with swamp water
to various concentrations. The diluted yeast extract from empty vector control and zoospores

diluted only with the swamp water (0 pM) were used as controls.100 pl (around 7000
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zoospores) of A. euteiches zoospore solution was mixed with the diluted TPS10 products in
a 1:1 ratio and incubated for 1 hour in dark at room temperature. After the incubation period,
100 pl was plated onto CMA plates and the zoospore germination was checked
microscopically after 24 h. In empty vector extract and swamp water dilution, a good rate of
zoospore germination was observed, whereas, zoospores incubated with TPS10 products
were affected to varying degree depending on the product concentration. At a concentration
of 250 puM, few zoospores germinated, whereas, at a concentration of 500 puM, none of the
zoospores germinated (Fig.11.35). This shows that TPS10 products inhibit A. euteiches
mycelium growth and zoospores germination at the pmolar range, with this data it is to
conclude that TPS10 products are involved in the direct defense of M. truncatula root infection
by A. euteiches.

e.v. 0 uM 25 uM

50 uM 250 uM 500 pM

Fig.l.35: Zoospore germination assay: The zoospore germination assay was tested with various TPS10 product
concentrations together with empty vector control extracts and swamp water diluted zoospores. The data shown

here are from one out of three replicates. Bar represents 1 mm.
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Ill. Discussion

Plants have been dealing with both pathogenic and beneficial organisms, since their first
arrival on land. On one hand, plants form symbiotic associations with many beneficial
organisms, such as mycorrhizal fungi, rhizobia, and plant growth-promoting bacteria. On the
other hand, plants have developed defense mechanisms to ward off the potential pathogens
and eventually protect themselves from harmful organisms. This study focused on the early
pathogen-specific responses of the host plant. The early interaction periods are defined as
the time point before a pathogen completes the invasion of a host plant, usually within 24
hours after pathogen and plant contact (Shen et al., 2017). Many previous studies have
investigated the host plant response to microbes at late time points, ranging from 24 hours to
several weeks (Giovannetti et al., 2015; Badis et al., 2015). However, this study was aimed
to identify very early time points, even before the microbe penetrates the root. Transcriptome
profiling analyses were performed from the roots of six-day-old seedlings and six-week-old
adult plants treated and non-treated for two hours with A. euteiches zoospores.

llI.1 Comparative transcriptomic approach between seedling and adult plants

A comparative approach was applied to the transcriptomic datasets of seedlings and adult
plants. The comparison revealed a higher number of differentially regulated genes in seedling
roots compared to roots of adult plants (Fig.ll.1). The high number of induced genes in
seedlings can be attributed to various reasons: (i) the development stage of the plant, since it
has been demonstrated that the growth stage of the plant affects interaction with the microbial
community (Smalla et al., 2001; Berg and Smalla, 2008); (ii) in seedling stage, A. euteiches
zoospores were applied directly to a single root on the plate and the zoospore contact to host
root was prominent, whereas, in adult plants, the zoospores suspension was applied to a fully
developed root system growing in an aeroponic system. It might be that fewer zoospores per
root were applied to adult plants compared to the seedlings. Moreover, in nature, young
seedlings are more prone to A. euteiches infection, which might explain their strong response
to the zoospores at an early time point (Hughes et al., 2013). In addition, seedlings might be

in a more decisive mode of growth or defense.

The overlapping genes between seedling and adult stage were studied in more detail, as
these might hint towards early root responses that are independent on the plant development
stage. Among the overlapping genes, the class of terpene synthases was quite interesting, as
no terpene synthases have been characterized against A. euteiches infection so far. However,

previous studies have also shown upregulation of secondary metabolism class after 1 day
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and 6-day A. euteiches infection (Badis et al., 2015; Djébali et al., 2009, 2011). Djébali et al.
(2009, 2011) demonstrated that the synthesis of lignin via phenylpropanoid pathway plays a
major role in A. euteiches resistance in Al7, whereas Badis et al. (2015) showed the
upregulation of flavonoid pathway genes in partial resistant line and also an accumulation of
flavonoids in the resistant line. Badis et al. (2015) further illustrated the antimicrobial action of
2'-O-methylisoliquiritigenin  (a flavonoid metabolite) against A. euteiches zoospore
germination. It is to be noted, that phenylpropanoid and flavonoid pathways were upregulated
at late A. euteiches infection stages of 1 and 6 days, where mycelium penetrates the
rhizodermis and central cylinder, whereas, this study identified terpene synthases after early
A. euteiches contact. It can be speculated that terpene products might be employed by plants
in early stages, whereas, compounds derived from flavonoid and phenylpropanoid pathway
are involved in the late stages of A. euteiches infection. The common regulated terpene
synthase class contained two terpene synthase genes: MtTPS6 and MtTPS10. In silico
analysis of MtTPS6 (Fig.ll.3) revealed that this is a root-specific and A. euteiches responsive
gene. It is speculated that MtTPS10 and MtTPS6 might be working in a synergistic manner
against A. euteiches infection. Although, this speculation needs to be further tested, starting

with the characterization of MtTPS6 in A. euteiches treated plants.

Another interesting gene identified from the adult plants transcriptomics was a WRKY1b
transcription factor that was upregulated after A. euteiches treatment. In general, WRKY
transcription factors are known to be involved in the regulation of many plant physiological
processes, abiotic stresses and biosynthesis of secondary metabolites (Zhang et al., 2018;
Xu et al., 2004; Ma et al., 2009). Many studies have shown that biosynthesis of secondary
metabolites can be controlled by WRKY transcription factors. For instance, Xu et al. (2004)
showed that Gossypium arboreum WRKY1 (GaWRKY1) positively regulates the
sesquiterpene synthase (d-cadinene synthase), which is involved in the biosynthesis of
sesquiterpene phytoalexins. Artemisia annua WRKY1 (AaWRKY1) had been shown to
regulate the Amorpha-4,11-diene synthase, which is involved in the biosynthesis of
artemisinin (Ma et al., 2009). WRKY family members contain a conserved DNA-binding
region, the WRKY domain, which comprises of highly conserved WRKYGQK peptide
sequence and a zinc finger motif (CXs—7CX22_23HXH/C) (Pandey and Somssich, 2009). The
WRKY domain recognizes and binds to the W-box (C/TTGACT/C) present in the promoter of
the defense-related genes and induce their expression (Pandey and Somssich, 2009; Chen
and Chen, 2002; Yu et al., 2001; Phukan et al., 2016). In silico analysis of MtTPS10 2 kb
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promoter region revealed three W-box binding sites (Appendix, Fig.VI1.2.3). Additionally, the
protein sequence alignment of MtWRKY1b with already published WRKYs like, AtWRKY18
of A. thaliana (Chen and Chen, 2002), PcWRKY4 of Petroselinum crispum (Cormack et al.,
2002), Wizz of N. tabacum (Hara et al. 2000) and AaWRKY1 of Artemisia annua (Ma et al.,
2009) was performed (Appendix, Fig.VIl.2.1). The MtWRKY1b did not share much similarity
to any of the WRKYs tested, which can be attributed to different evolution of these plant
species. Despite the low similarity, the WRKY motif was conserved in all the tested plant
species (WRKYGQK). The expression data of MtWRKY1b was also analyzed using MtGEA
web database and Medicago eFP browser. The outcome of expression data analysis was
very similar to that of MtTPS6. MtWRKY1b was induced after 1 day of A. euteiches treatment,
but the induction was not enormous as this of MtTPS6 (Fig.ll.2). The predicted lower
expression of MtWRKY1b (from MtGEA webpage), in comparison to MtTPS6 can be attributed
to the late infection time point of 1 day. As a transcription factor that might be involved in the
regulation of MtTPS10, MtWRKY1b should be induced at an early time point after pathogenic
contact, like 2 h time point used for this study, or even earlier. Additionally, the root specific
expression (predicted by eFP browser) of MtWRKY1b also supports the idea of MtWRKY1b
regulating MtTPS10 activation.

However, for the characterization of these genes, gPCR validation will be an important step.
To better understand the role of MtWRKY1b and MtTPS6 in A. euteiches infection, a time
course experiment ranging from 0 min to 1-2 weeks after A. euteiches treatment might give a
deeper insight. Further expression of MtTPS6 products in yeast and testing these products
on A. euteiches growth will provide valuable information to the existing M. truncatula- A.
euteiches plant pathosystem. Additionally, the binding of MtWRKY1b transcription factor to
MtTPS10 promoter could be tested via yeast one-hybrid assay or a transactivation assay.
This would prove the regulatory role of MtWRKY1b. Furthermore, the effect of gene knock-
down of MtTPS6, MtWRKY1b could also be studied using Tntl insertion lines from the Noble
Foundation as well independent knock-down approach, such as amiRNA or CRISPR-Cas9.

1.2 MtTPS10 is a root specific early oomycete responsive gene

M. truncatula genome has 23 terpene synthase members, four of them have been functionally
characterized. Three of them - MtTPS1, MtTPS3, and MtTPS5 - belong to the sesquiterpene-
producing family (Arimura et al., 2008), whereas MtTPS4 belongs to monoterpene producing
family (Parker et al., 2014). These four TPS enzymes were characterized either after

wounding or herbivore attack (Gomez et al., 2005), depicting their direct role in the
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biosynthesis of defense-terpenes against herbivores. Our transcriptomic data revealed
induction of a putative sesquiterpene synthase, MtTPS10, after 2 hours of A. euteiches
treatment (Fig.ll.1 and 11.2). Interestingly, the four TPS genes characterized in M. truncatula
were also induced after early contact with the herbivore, ranging from 30 minutes to 24 hours,
similar to MtTPS10 induction. MtTPS10 is one among the 19 TPS members that have not
been characterized yet. TPS10 transcripts were induced after early contact with A. euteiches
(Fig.1.6) and the transcript accumulation decreased at the late time points, whereas no
induction was observed in the mock-treated plants. The rapid increase after pathogen contact
and the subsequent decrease in MtTPS10 transcript accumulation just after 6 hours suggest

a tight regulation of this gene in the plant system.

The MtTPS10 transcripts were induced exclusively after pathogenic oomycete contact
(Fig.Il.7). The TPS10 transcripts levels were neither induced by contact with beneficial fungi
(R. irregularis) nor with pathogenic fungi (C. trifolii), abiotic stresses such as NaCl and
wounding and MeJA treatment. The sole induction of MtTPS10 by two pathogenic oomycetes
(A. euteiches and P. palmivora) can be attributed to their unique cell wall components, which
might act as a trigger for MtTPS10 induction. A detailed cell wall analysis of two major
oomycete orders classifies the cell wall into three types: i) type |- devoid of N-
acetylglucosamine (GIcNAc) and contains glucouronic acid and mannose, ii) type Il - contains
~ 5 % GIcNAc and cross-linked residues between cellulose and 1,3-3- glucans, iii) type Il -
contains > 5 % GIcNAc and 1,6-linked GIcNAc residues (Mélida et al., 2013). The cell wall of
A. euteiches belongs to type Ill and that of Phytophthora (P. infestans and P. parasitica) to
type | (Mélida et al., 2013). The Aphanomyces cell wall consists of 1,6-linked GIcNAc in the
alkali-soluble fraction (ASF) and alkali insoluble fraction (AlIF), a feature that is unusual and
has never been reported from any eukaryotic microbe (Mélida et al., 2013). Additionally, the
labeling experiments with fluorescein isothiocyanate (FITC) also showed an abundance of
GIcNAc or chitooligosaccharide exposed on the surface of A. euteiches hyphae (Rey et al.,
2013). However, the involvement of GIcNAc as the inducer of MtTPS10 can be nullified as the

Phytophthora species are not known to have GIcNAc in their cell wall.

The lack of GIcNAc in the AIF isolated from the walls of these oomycete species is
counterbalanced by a higher glucose content. In particular, AlF from P. infestans and P.
parasitica consisted of 99 % glucose, of which 50 % was 1,4-linked and probably arose from
cellulose. Among the Saprolegniales species, AlF from only A. euteiches consisted of a similar

proportion of cellulose (46 %). The lower cellulose content in these species is counterbalanced
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by a higher proportion of glucans with 1,3- and 1,3,6-linked glucosyl residues (Fig.lIl.1; Mélida
et al., 2013). The common glucans in A. euteiches and Phytophthora species might hint
towards the cell wall component responsible for the induction of MtTPS10. Moreover, the
branched glucan-chitosaccharide from A. euteiches cell wall fraction induced defense gene
expression and nuclear Ca?* oscillations in M. truncatula root epidermis (Nars et al., 2013).
The GIcNAc and cell wall glucose polymers (3-1,3;1,6-glucans or chitin), which are active
sources of oligoglucosides or chitooligosaccharide, are reported to act as MAMPs in plant
systems (Silipo et al., 2010; Boller and Felix, 2009).

A Mannan; Other; 1.1

5 Uronics;
Other; 3.0 4.7

Fig.lll.1 The typical carbohydrate composition of two oomycetes: (A) Aphanomyces euteiches and (B)
Phytophthora infestans cell wall. (modified after Mélida et al., 2013).

It will be interesting for further studies to elucidate the cell wall component or the oomycete
specific trigger that is responsible for the induction of MtTPS10. Many cell wall-specific PAMPs
are reported in the literature, such as a well-studied PAMP from Phytophthora sojae, which is
a heptaglucan and consists of 3-1,6 linked glucosyl residues, and actively elicits phytoalexin
accumulation in soybean (Cheong and Hahn, 1991). Oomycete pathogens release the glucan
PAMPs by the action of endoglucanases (Okinaka et al., 1995). For instance, P. sojae
releases glucan elicitors by the action of its own R-1,3-endoglucanases, as plants are not
known to produce this enzyme (Waldmuller et al., 1992). A similar kind of enzyme — a 3-1,6-
endoglucanase, has been reported to be produced by A. euteiches during the saprophytic
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growth. This enzyme is hypothesized to be involved in the release of chitosaccharide elicitors

during plant interaction (Nars et al., 2013).

These cell wall-specific PAMPs are recognized by plants via receptors, among them LysM-
domain receptors are reported to recognize GIcNAc residues from microbes and symbionts.
One such LysM receptor in M. truncatula is NFP (receptor for Nod factor) and the nfp mutants
are reportedly more susceptible to A. euteiches infection compared to the wild type,
suggesting its role in pathogenic as well as symbiotic pathway (Rey et al., 2013). To test
whether an A. euteiches cell wall-specific component is perceived by NFP, it would be
interesting to study the induction of MtTPS10 by A. euteiches in nfp mutants.

This study identified MtTPS10 as a root-specific gene (Fig.ll.8). Until now, no terpene
synthase has been characterized from roots of M. truncatula. This contrasts to Arabidopsis,
in which two root specific terpene synthases have been characterized, a diterpene synthase
(Vaughan et al., 2013) and a monoterpene synthase (Chen et al., 2004). In addition, one
sesquiterpene synthase encoding an epi-aristolochene synthase has been characterized from

N. attenuata roots (Bohlmann et al., 2002).

The GUS staining of roots infected for 2 h or 24 h was observed in almost all the cell layers,
indicating that these lipophilic products of TPS10 could readily diffuse and released into the
environment. A basal level of staining was also observed in non-infected roots (Fig.11.9), which
could be explained either by the transient root transformation system or by the strong
responsive nature of the promoter. The rapid spread of GUS staining to all the cells could also
function as systemic signaling in the plants. A similar pattern of GUS expression was reported
in Arabidopsis using a transgenic line expressing At3g2580/At3g2580:: GUS. These tandem
genes encode a root localized monoterpene synthase that produces 1,8-cineole as its
principle product and the volatile nature of this compound was considered the reason for the

overall staining pattern of promoter:: GUS fusion transformants (Chen et al., 2004).

1.3 TPS10 is a multiproduct sesquiterpene synthase

The TPS10 products were expressed heterologously in yeast, Saccharomyces cerevisiae.
Yeast is a single cell eukaryotic organism and shares similar molecular, genetic and
biochemical characteristics with higher eukaryotes, such as plants. Additionally, yeast is able
to perform posttranslational modification of foreign proteins through similar mechanisms, as
found in plants. The TPS10 products were extracted from the yeast culture using non-polar

solvents like hexane or pentane. The products were synthesized inside the yeast cell and
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some amounts were secreted into the culture medium. Large-scale product extraction from
yeast cells can be a tedious and time-consuming process. Therefore, for an easier extraction
process, silica tubes were added to the culture. These silica tubes adsorb products secreted

into the medium, thereby to maintain equilibrium, cells secrete more products into the culture.

In yeast, TPS10 catalyzed the formation of 17 sesquiterpenes and sesquiterpene alcohols,
with himachalol (identified by NMR) as the major product (Fig.Il.11). Therefore, TPS10 can
be regarded as a multiproduct terpene synthase. Other terpene synthases identified from M.
truncatula catalyze the formation of a single product, such as MtTPS1 (3-caryophyllene) and
MtTPS3 ((E)—nerolidol and geranyllinalool with FDP and GGDP as substrate, respectively).
This contrasts to the closest homolog of MtTPS10, MtTPS5, which catalyzes the formation of
15 sesquiterpenoid products. MtTPS5 forms even 27 different products with cubebol as the
major product, in the presence of Mg?* (Arimura et al., 2008; Garms et al., 2010). Some other
examples of multiproduct terpene synthases are &-selinene synthase and y-humulene
synthase from Abies grandis, which produce 34 and 52 different sesquiterpenes, respectively.
This is the highest number produced by any terpene synthases until to date (Steele et al.,
1998). The large skeletal terpene diversity of TPS10 could be attributed to the characteristic
ability of terpene synthases to form multiple products using a single substrate (Degenhardt et
al., 2009). According to Degenhardt et al. (2009), multiproduct terpene synthases (half of the
characterized monoterpene and sesquiterpene synthase) are capable of producing also
significant amounts of additional products (at least 10 % of the total) along with the major
product. The most definitive proof of a single terpene synthase producing multiple products
comes from the heterologous expression of terpene synthase genes. For example, one of the
first cloned terpene synthase, (+)-sabinene synthase from Salvia officinalis produces 63 %
sabinene, 21 % gamma terpene, 7 % terpinolene, 6.5 % limonene and 2.5 % myrcene (Wise
et al., 1998). These additional products were also found from the essential oil of the plant
(Wise et al., 1998). Based on the reaction mechanism and the products formed, TPS
superfamilies are subdivided into two classes: class | and class Il. Class | consists of a
monoterpene, sesquiterpene, and diterpene synthases, whereas class Il comprises of
diterpene and triterpene synthases (Chen et al., 2011). A unique feature of class | terpene
synthases is the stochastic nature of bond rearrangements that lead to the formation of the
unusual carbocation intermediate and this is how a single TPS gives rise to multiple products
(Chen et al., 2011; Steele et al., 1998; Christianson et al., 2006).
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An in silico analyses of TPS10 protein sequence demonstrated the presence of conserved
motifs (Appendix, Fig.VIl.2.2), such as a highly conserved aspartate-rich region, DDxxDD,
known to be involved in binding divalent metal ions which further interacts with the
diphosphate moiety of the substrate (Degenhardt et al., 2009). The TPS10 also contains a
second aspartate region DDIASNEFE, which is a modified version of the less conserved
consensus sequence (L,V)(V,L,A)-(N,D)D(L,I,V)x(S,T)xxxE. This region is termed as
NSE/DTE motif and binds the trinuclear magnesium cluster together with the DDxxDD maotif.
Different terpene synthases employ various ways for the generation of multiple products. For
instance, the y -humulene synthase of A. grandis contains two DDxxDD maotifs on the opposite
side of the active site cleft. This suggests that substrate binding may take place in two different
conformations leading to the formation of two different sets of products (Steele et al., 1998;
Degenhardt et al., 2009). The NSE/DTE motif, which replaces the second DDxxDD maotif in
many terpene synthases (including TPS10), can also enhance the formation of multiple
products (Degenhardt et al., 2009). Additionally, the larger carbon skeleton and the presence
of double bonds in FDP greatly increase the structural diversity of the sesquiterpene products

formed using FDP as the substrate (Degenhardt et al., 2009).

[11.4 TPS10 Tnt-1 insertion plants are susceptible to A. euteiches

For the functional characterization of TPS10, a reverse genetics approach was followed using
Tntl insertion line. Tntl is a member of the class | viral retrotransposon that moves into new
locations in a genome by a ‘copy and paste’ mechanism (Kumar and Bennetzen, 1999). These
retrotransposons use an MRNA intermediate to copy themselves and insert into new
chromosomal locations after reverse transcription (Tadege et al., 2008; Wessler, 2006). The
mutations generated by retrotransposons are stable, as no excision during replicative
transposition is involved (Tadege et al., 2008). The Medicago truncatula mutant database
harbors around 21,000 lines containing around 520,000 random insertions within the genome.
Tntl insertion in TPS10 was identified by a BLAST search from the Noble foundation
database. The line NF10408-low 18 was identified in previous work and contained a Tntl
insertion in the 6™ intron (Fig.11.18), this insertion led to the knock-down of TPS10 at the
transcript level and some of the volatile products were also found missing in the tps10 mutant
(Fig.11.19, 21). The two-hour treatment with A. euteiches resulted in the induction of transcript
level in BG plants, compared to the mock-treated plants, whereas, basal transcript level was
observed in tps10 mutant plants (Fig 11.19). However, this basal transcript level increased to

some extent at the later stages of infection (Fig.11.24.A), which shows that there might be some
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leaky expression from the gene at later time points. This leaky expression, however, could not
rescue the susceptibility of mutant plants to A. euteiches (Fig.l1.23, 24.A). It is known that A.
euteiches infection leads to reduced growth and function of the roots, and at later stages could
also spread to the shoots and stems (Hughes et al., 2013). Our dataset also showed that the
tps1l0 mutant plants are reduced in root and shoot biomass and harbored significantly

enhanced amount of A. euteiches biomass compared to BG plants (Fig.11.23.B).

The higher susceptibility of tps10 mutants can be attributed to the inability of the mutant to
synthesize volatiles against A. euteiches infection (Fig.ll.21). Some of the compounds from
the volatile blend of BG plants were also identified from the heterologous yeast expression
(Fig.ll.2; peaks 1-8). Interestingly, the major product and other hydroxylated products were
missing from the plant volatile blend, which might be further modified in planta. The lack of
hydroxylated products from the plant volatile blend was previously reported by Arimura et al.
(2008) and was explained by their subsequent modification in planta. The modification
reaction such as hydroxylation, acetylation, methylation, and glycosylation plays an important
role in the large variety and complexity of the plant secondary metabolites (Vogt and Jones,
2000). For the identification of the putative modifying enzyme of TPS10 products, three
enzymes were validated from the transcriptomics: one UDP-glucosyltransferase, UGT
(Medtr2g098430) and two CYP450 (Medtr5g007550 and Medtr8g104080) (Fig.ll.22). The
UGTs are known to transfer nucleotide-diphosphate-activated sugars to low molecular weight
substrates (Vogt and Jones, 2000). These additions by UGTs increase the stability and
solubility of many secondary metabolites and subsequently modify their bioactivity (Lim and
Bowles, 2004). Langlois-Meurinne et al. (2005) reported two UGTs from Arabidopsis that
might play a role in defense response against P. syringae. In Arabidopsis, 27 UGTs have
been shown to glycosylate a diversity of monoterpenes, sesquiterpenes and diterpenes like
geraniol, linalool, terpineol and citronellol (Caputi et al., 2008). Aharoni et al. (2003) reported
that the overexpression of a strawberry terpene synthase-FaNES1 in Arabidopsis leads to the
production of a linalool derivative, owing to the presence of an endogenous Arabidopsis
hydroxylase. CYP450s oxidize various terpenoids ultimately leading to their diversification
(Keeling and Bohlmann, 2006). These haem-containing proteins cleave atmospheric oxygen
reductively using NADPH or NADH while oxidizing the substrate (Schuler and Werck-
Reichhart, 2003). Boachon et al. (2015) demonstrated that CYP76C1 from Arabidopsis is
involved in linalool metabolism and production of oxidized derivatives in the flowers, which
affect the behavior of flower-visiting insects. Another CYP450 from Arabidopsis (CYP701A3)
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is reported to be involved in three step oxidations of ent-kaurene to kaurenoic acid (Helliwell
et al., 1998, 1999).

The selected enzymes did not modify the TPS10 products, which can be attributed to these
enzymes being highly substrate and regio/stereospecific (Boachon et al., 2015). Moreover,
further mining of the transcriptomics data and co-expression analysis with TPS10 might hint
towards the potential TPS10 modifying enzymes. Another approach could be an untargeted
metabolomics with tps10 mutant and the BG plant, with and without A. euteiches. Such a

metabolomics approach might provide with the prospective modified TPS10 major product.

[11.5 Complementation of tps10 mutants
An attempt to rescue the susceptibility of tps10 mutants by expressing the coding sequence
of TPS10 under the control of the native promoter (Fig.11.26) was not successful. This failed

attempt could be explained by two hypothesizes:

i) Natural anti-sense transcript (NAT) mediated silencing of the TPS10 transcript —-NATs are
non-protein coding fully processed mRNAs that are transcribed from the opposite strand of
protein-coding sense transcripts (Werner and Swan, 2010; Beiter et al., 2009). The sense and
the corresponding anti-sense transcripts share complementary exons and can form RNA-RNA
hybrids which are subsequently degraded via the RNA interference pathway (Werner and
Swan, 2010). It is reported that the expression of an anti-sense transcript leads to epigenetic
repression of the related transcript (Zinad et al., 2017). For instance, complementary RNA
hybrid formation in Arabidopsis triggers a strong RNAi response and formation of siRNAs from
the hybrid sequence (Baulcombe, 2004). Additionally, Tntl is reported to be induced during
pathogen related stresses, due to the presence of a defense inducible promoter in its long
terminal repeat (LTR) (Hernandez-Pinzén et al., 2012; Grandbastien et al., 2005; Beguiristain
et al., 2001). Similar events might be occurring in tps10 mutants when transformed with
TPS10 coding sequence under its native promoter (Fig.lll.2). Overall, it is speculated that A.
euteiches treatment might induce the Tntl retrotransposon promoter that further induces the
formation of an antisense transcript from the TPS10 gene and the A. euteiches inducible
promoter might form a sense transcript from the transient TPS10. The sense and antisense
being complementary can form double-stranded hybrids, which might be degraded by the

RNAI pathway, eventually leading to a failed complementation attempt.
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Fig.lll.2 Hypothetical schematic for failed complementation approach: A. euteiches treatment might activate
Tntl promoter and TPS10 promoter, which leads to the formation of sense and anti-sense transcript, respectively.

The sense and anti-sense forms RNA-RNA hybrid, which is degraded via the RNAI pathway.

i) Lack of regulatory elements in the coding sequence — A Tntl insertion in the intron of TPS10
sequence rendered the mutant plants susceptible to A. euteiches. This suggests that the
regulatory cis-elements play an important role in proper functioning of this gene. The absence
of these regulatory elements in the cloned CDS might explain the unsuccessful attempt at
tps10 mutant complementation. However, one plant showed higher accumulation of TPS10
transcripts (Fig.11.26), but it did not influence the A. euteiches infection. Therefore, for future
work, a 4000 base pair genomic sequence (without UTRs) of TPS10 was cloned under the
control of its native promoter. As the tps10 mutants had a leaky expression at later infection
stages, a c-myc-tag was also included in the final construct for differentiating between
endogenous plant protein and transient protein levels (Fig.lll.3) via Western blot technique.
For further complementation approaches, this construct might give a positive outcome. Either
the same construct or another construct with a CaMV 35S promoter driving TPS10 genomic
sequence could also be used as the overexpression cassette in the BG plants or plants of the
lines R108 or A17. Such transiently transformed plants should show increased resistance to

A. euteiches infection.
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Fig IIl.3 Vector construct with genomic TPS10 sequence under 2 Kb native promoter, a DsRed module for

selecting the transformants and c-myc tag.

I11.6 Targeted downregulation of TPS10 via amiRNA
Both prokaryotes and eukaryotes share a common feature of establishing and maintaining

basic cellular functions using various classes of small RNAs (Ossowski et al., 2008). Two
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classes of small RNAs, which are widely studied are — small interfering RNAs (siRNAs) and
microRNAs (miRNAs) (Schwab et al., 2006). These small RNAs are components of RNA-
induced silencing complex (RISC), which uses them to recognize complementary motifs in
target nucleic acid (Bartel, 2004; Filipowicz et al., 2005; Schwab et al., 2006). siRNAs and
mMiRNAs are typically ~19-24 nucleotides in length (Schwab et al., 2006). Both these classes
differ in their biosynthesis, on one hand, miRNA originates from longer, single-stranded
transcripts containing imperfect foldbacks, leading to the accumulation of the only miRNA via
Dicer-mediated processing (Ossowski et al., 2008), this reduces the off-target probability. On
the other hand, precursors of SiRNAs form perfectly complementary double-stranded (dsRNA)
molecules that might originate as intermediates of viral replication or through the action of
RNA dependent RNA polymerases on single-stranded plant RNAs. The diced siRNA products
derived from the long complementary precursors can correspond to many portions of the
precursors (Ossowski et al., 2008). This increases the probability of potential off-targets, as a
large number of siRNAs diced from the silencing construct may target any gene that shares
perfect or near perfect complementarity to these siRNAs (Warthmann et al., 2008). This is
why an artificial miRNA (amiRNA) methodology was used in this study for targeting the
transcripts of MtTPS10 transcripts. This technigque exploits the endogenous miRNA
precursors for the generation of a single specific miRNA targeting the GOI. For the selection
of an endogenous precursor molecule, few criteria are important, such as, the endogenous
mMiRNA backbone must have a non-canonical loop-to-base processing, with the first cleavage
step occurring in the top region of the precursor independent of the miRNA sequence
(Bologna et al., 2009; Devers et al., 2013). Additionally, a physical separation of the first
cleavage position and the miRNA sequence provides flexibility for the manipulation of amiRNA
sequences (Bologna et al., 2009, Devers et al., 2013). Many endogenous miRNA precursor
molecules have been employed for successful gene downregulation, such as MIR528 from
Oryza sativa, which was used as precursor miRNA to silence three genes separately in rice
(Warthmann et al., 2008). Another example comes from Chlamydomonas reinhardtii, in which
cre-MIR1157 was used as a precursor to silence three different genes (Molnar et al., 2009).
A. thaliana miR319 as the backbone has also been reported to downregulate expression of
flottilin gene in M. truncatula roots (Haney et al., 2010). However, for this study, an
endogenous M. truncatula miRNA backbone (mtr-miR159b) was used as the precursor for an
efficient downregulation. This backbone was identified through miRNA degradome data from
M. truncatula roots (Devers et al.,, 2011). The amiRNA sequences targeting TPS10 were

generated using the WMD3 web miRNA designer. The output from the WMD3 consisted of
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many amiRNAs, of which the first two sequences, designated as TPS10-a and TPS10-b were
selected for this study. TPS10-a and TPS10-b were selected based on their hybridization
energies from the binding of MiRNA to the intended target site of -39.01 and -34.42 kcal/mol,
respectively. The endogenous miRNA and miRNA* (passenger strand; opposite arm of the
mMiRNA) were replaced with amiRNA and amiRNA* using overlap PCR strategy (Fig.11.30) and
after cloning into a suitable plant compatible vector, were transformed via A. rhizogenes
mediated root transformation. The transformed plants after A. euteiches infection were
analyzed using gPCR. The transformation trial with TPS10-a was not successful, as the
TPS10 transcripts were not downregulated, whereas trials with TPS10-b were successful and
were further used for this study. The hairy root transformation is a transient approach and all
the transformation events are independent of each other. This can explain the varying levels
of transcript downregulation in the ami-tps10 mutant plants (Fig.l1.32.A). However, the TPS10
transcript downregulation led to higher susceptibility of these plants, demonstrating the direct
involvement of TPS10 against A. euteiches (Fig.l1.31.B). The empty vector plants also showed
varying levels of TPS10 transcript, but overall had lower susceptibility to A. euteiches
(Fig.Il.31.A). The knock-down experiments using amiRNA were repeated at least five times,
in order to have a consistent and significant dataset. The variation due to independent
transformation events could be reduced by establishing a stable hairy root cultures, where a
single transformed root segment proliferates into hairy roots. With that, the variability in the
knock-down should be low. Moreover, hairy root cultures can be maintained over years by

sub-culturing onto a new medium.

111.7 Defensive role of TPS10 products

Higher plants are capable of coping against pests and pathogens by the production of low
molecular weight secondary metabolites, having anti-microbial activity and are synthesized
de novo after stress treatments (Ahuja et al., 2011). Such compounds are termed
‘phytoalexins’ and include various classes of metabolites, like isoflavonoids, terpenoids,
polyacetylenes and dihydrophenanthrenes (Grisebach and Ebel, 1978). In plants, there exists
another class of antimicrobial compounds, termed as ‘phytoanticipins’ that are low molecular
weight compounds present in plants before any challenge by micro-organisms and are
produced after infection solely from preexisting constituents (VanEtten et al.,1994). The
phytoanticipins are sequestered as preformed compounds in vacuoles or other organelles and
are released after pathogenic attack through hydrolyzing enzymatic activity (Gonzalez-

Lamothe et al., 2009), whereas, production of phytoalexins involves transcriptional and
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translational activity, proper trafficking and secretion of these antimicrobial compounds at the

site of infection (Gonzalez-Lamothe et al., 2009).

This study identified TPS10 products as putative phytoalexins against A. euteiches, which
was measured in terms of inhibition of mycelial growth and zoospore germination (Fig.l1.34,
35). A. euteiches mycelium was inhibited up to 50 % after addition of 3 umol. The degree of
inhibition depended, however, on the position where TPS10 products were applied. This can
be attributed to either the volatile nature of the products and/or the concentration gradient of
the applied products. In the case of zoospore germination, 75 % of zoospores did not
germinate at a concentration of 250 uM, whereas at a concentration of 500 uM, zoospore
germination was completely inhibited. Here, the concentration gradient of products did not
play any role, as the zoospore and products were mixed before plating. The concentration of
TPS10 products were determined only in terms of the major product himachalol (Fig.11.17). It
is reported that himachalol and himachalene isolated from the Himalayan cedar wood oll
(Cedrus deodara) have insecticidal activity against pulse beetle (Callosobruchus analis F.)
and the housefly (Musca domestica L.) (Singh and Agarwal, 1988). Many literature studies
demonstrate the role of terpene natural products as toxins, growth inhibitors, and deterrents
to micro-organisms and animals (Gerschenzon and Dudareva, 2007). For example, the
milkweed Asclepias curassavica contains cardenolides in its latex canals and poisons the
lepidopteran larvae, Trichoplusia ni by inhibiting the Na*/K* - ATPases (Dussourd et al., 2000).
Other commercial examples of toxic plant terpenes are artemisinin and taxol. Artemisinin is
derived from the plant Artemisia annua and is one of the most widely used anti-malarial drug.
This sesquiterpene lactone is capable of killing all asexual stages of Plasmodium falciparum,
by inhibiting the Ca?*/ATPase of the sarcoendoplasmic reticulum (Jordan et al., 2004; Krishna
et al., 2006). The anti-cancer drug taxol, isolated from yew trees, binds to tubulin of tumor
cells, which interferes with microtubule dynamics and arrests mitosis (Jordan and Wilson,
2004). Although this study did not focus on the mode of action of TPS10 products, it will be

interesting for future studies.

TPS10 produced multiple products in yeast expression system and in planta. This
multiproduct ability can be attributed to the uniqueness of terpene synthases and is also
thought of as a direct way to enhance terpene function (Gershenzon and Dudareva, 2007).
Many hypotheses are postulated for the role of terpene mixtures in plant defense. As plants
face challenges from a wide range of enemies, a diverse combination of terpenes may help

to achieve simultaneous protection against numerous predators, parasites and competitors
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and these mixtures have been reported to impede the ability of enemies to evolve resistance
(Gershenzon and Dudareva, 2007; Pimentel and Bellotti, 1976). This hypothesis has,
however, not been examined for terpenes, but research on transgenic Bt broccoli shows that
the lepidopteran herbivore feeding on broccoli carrying two different Bt toxins developed
resistance slower than the ones feeding on broccoli with only one Bt toxin (Zhao et al., 2003).
The individual components of the terpene defense mixture can act synergistically to provide
greater toxicity than the equivalent amount of a single component (Gershenzon and
Dudareva, 2007). Additionally, the mixture of terpenes may be toxic to enemies for a longer
period of time than single compounds, as a result of effects at the sensory level (Phillips and
Croteau, 1999; Gershenzon and Dudareva, 2007). Moreover, mixtures containing compounds
with different physical properties might allow longer persistence of defenses (Gershenzon and
Dudareva, 2007). An example of such synergism occurs in conifer resins, which is a mixture
of monoterpene olefins with anti-herbivore and anti-pathogen activity and diterpene acids
having toxic and deterrent properties. When the resin ducts of conifers are attacked by
herbivores or pathogens, the more volatile monoterpenes act as solvents enabling the rapid
flow of the less volatile diterpenes out of the resin ducts (Phillips and Croteau, 1999;

Gershenzon and Dudareva, 2007).

In addition to synergism, the components of the defense mixture may show ‘contingency’,
meaning that the compounds are not classical synergists but might have similar biological
activity (Challis et al., 2003). For example, via molecular modeling, it was shown that the
sesquiterpenes isolated from Landolphia dulcis interact with the same macromolecular target,
but in a slightly different manner (Staerk et al., 2004). For further studies, it will be interesting
to examine whether TPS6 and TPS10 act in a synergistic or contingent manner, as the

encoding genes of both of them were induced after early interaction of roots with A. euteiches.

111.8 Model with the current understanding

As a sum of results of this study, a hypothetical model can be postulated in combination with
already published data (Fig.lll.4). This model hypothesizes that the induction of TPS10 after
early contact with A. euteiches zoospores might occur due to the binding of an unknown cell
wall-specific oomycete ligand to an unknown plant receptor. As the TPS10 transcript levels
were only induced after early interaction with oomycetes, the unknown plant receptor might
recognize common cell wall features of the two oomycetes used. The ligand-receptor binding
might further induce downstream signaling that might activate the WRKY transcription factor.
The activated WRKY might then bind to the TPS10 promoter and/or TPS6 promoter and
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eventually drive their transcription. TPS6 is annotated as a monoterpene synthase, and an
interesting observation is that no monoterpenes were identified from the volatile bouquet of
tps10 mutant and BG plants, suggesting that the TPS6 products either might be non-volatile
or may be metabolized further in planta. TPS10 products being lipophilic might either diffuse
through the cells or require a transporter. For instance, Petunia hybrida flowers emit
benzenoid and phenylpropanoid volatiles and the passage of these volatiles is dependent on
an ABC transporter (PhABCG1) (Adebesin et al., 2017). The TPS10 products then inhibit the
growth of A. euteiches in the rhizosphere. Further analysis of transcriptomic data might reveal
other signaling components and genes influencing A. euteiches infection. Interestingly, a
transcriptomic approach using tps10 and BG plants might also give an insight on the genes
functioning upstream of TPS10 and genes involved in further metabolism of TPS10 major
product, himachalol. This study showed that TPS10 products have an inhibitory influence on
A. euteiches mycelium and zoospore germination, but the volatile products might also have a
different function under natural conditions. Plants can communicate with neighboring species
via volatile cues. Therefore, it can be hypothesized that TPS10 products might also be
involved as warning signals for the neighboring plants and the neighboring plants after
perceiving these products might transform them into a more effective attack against A.
euteiches. For example, Sugimoto et al. (2014) showed that (Z)-3-hexenol emitted as a
response of herbivore damage can be perceived by neighboring conspecific plants and
subsequently converted to a glycoside. This glycoside suppresses the growth and survival
rates of cutworm. The TPS10 products might also be involved in plant signaling in terms of
distal or systemic signaling for activation of plant defense responses. This can be tested by
analyzing the root sections at the site of A. euteiches inoculation and the adjacent segments
or by applying split-root systems. TPS10 products might also be involved in tritrophic
interactions, where the volatile products might be induced by A. euteiches and released to
attract natural enemies of the pathogen. These hypothesis for putative functions of TPS10

needs to be further tested and proven.
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Fig.lll.4. Pictorial representation of the hypothetical model: After an early encounter with A. euteiches, (1) the
oomycete specific ligand might bind a plant receptor and (2) activates downstream PAMP signaling, (3) this further
activates WRKY (W) transcription factor. (4) The activated WRKY might induce the expression of TPS10 and/or
(5) TPS6. (6,9) The TPS10 and/or TPS6 transcripts are translated in the cytosol, (7) where the enzyme catalyzes
the product formation using cytosolic FDP (in case of TPS10; chloroplastic substrate for TPS6) and releases
volatiles that either might diffuse out through the cell or (8) might require a transporter. (10) The released volatiles
act as a defense response against the pathogen; (11) these volatiles might initiate tri-trophic interaction by
attracting enemies of the attacking pathogen, (12) or might also act as warning signals for the neighboring plants.
As the volatiles emitted by plants have a limited travel range, (13) they also might function as signaling molecules

for local defense response or (14) distal response.
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IV. Summary
Plants are sessile organisms and encounter a wide variety of microbes both above ground

and below ground. Some microbial interactions can be beneficial for the plants, whereas some
microbes cause diseases in plants. Plants have evolved to survive with both kinds of microbes
in the natural environment. Below-ground plant-microbe interactions have recently come in
the limelight, as their studies would be beneficial for agricultural purposes, especially in the

present era of dramatic climate change.

This study identified a gene encoding a terpene synthase (TPS10) via transcriptomics from
two different plant developmental stages, six-day-old seedlings and six-week-old adult plants,
infected with A. euteiches for two hours. We characterized TPS10 in terms of its molecular,
functional and biological role against A. euteiches. Here, we showed that TPS10 is an
oomycete specific gene and is not induced by any of the tested beneficial or pathogenic fungi.
TPS10 has a root-specific expression after A. euteiches infection and encodes a
sesquiterpene synthase, which catalyzes the formation of a mixture of sesquiterpenes and
sesquiterpene alcohols, with the major product himachalol. This mixture of products inhibits
A. euteiches mycelial growth and zoospore germination, both tested under laboratory
conditions. Further understanding of the role of TPS10 in planta came from the analysis of
Tntl mutants and amiRNA targeting TPS10. The volatile bouquet collected from Tntl mutants
and wild-type plants demonstrated that tps10-Tntl plants do not emit sesquiterpenes after
infection with A. euteiches, which makes these plants more susceptible to the pathogen.
Additionally, himachalol was absent from the volatile blend collected from A. euteiches treated
BG plants, which might be further modified in planta. The amiRNA approach yielded similar
results, plants with knock-down TPS10 showed higher susceptibility to A. euteiches,
compared to the empty vector transformed plants. With the identification and characterization
of MtTPS10, we added valuable information to the current Medicago-Aphanomyces plant-

pathosystem studies.
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V. Materials and methods

V.1 Chemicals and supplies

Chemicals were obtained from companies like Merck, Sigma Aldrich, Carl Roth, and Roche.
Enzymes and kits were obtained from companies like Macherey Nagel, Thermo Scientific,
New Englands Biolabs, Promega, Fermentas, Bio&Sell, Qiagen, and Invitrogen. Positive
bacterial clones were selected using the following antibiotics:

Tab.V.1: Used Antibiotics

Antibiotic Stock Final
Concentration Concentration

Carbenicillin 50 mg/ml 50 pg/ml

Kanamycin 50 mg/ml 50 pg/ml

Streptomycin 50 mg/ml 50 pg/ml

Spectinomycin 100 mg/ml 100 pg/mi

Acetosyringone | 100mM ImM/ml

X-Gal 50 mg/ml (in 50 pg/ml
DMSO)

V.2 Organisms
Organisms were grown using suitable media at appropriate growth conditions, followed by

transformation procedures wherever applicable.
V.2.1 Escherichia coli (E. coli)
For cloning purposes and plasmid multiplication, E. coli (DH10B, Invitrogen) was used.

Genotype: F— endA1 deoR+ recA1 galE15 galK16 nupG rpsL A(lac)X74 @80lacZAM15
araD139 A(ara,leu)7697 mcrA A(mrr-hsdRMS-mcrBC) StrR A—

V.2.1.1 Growth media and conditions

E. coli were cultured either in Luria Bertani (LB, Tab.V.3) agar or LB broth medium at 37 °C
for a duration of 16 h. When grown in liquid medium, culture tubes were maintained at 37 °C

with continuous shaking at 200 rpm.

V.2.1.2 Preparation of chemically competent E. coli cells

Competent E. coli cells were prepared using chemicals (Tab.V.2).
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A frozen aliquot of E. coli cells was streaked on an LB plate without antibiotic and grown for
16 h at 37 °C. Then a single colony was used for inoculating 4 ml LB medium and grown
overnight at 37 °C with shaking. 2 ml culture was then used for inoculating fresh 200 ml LB
medium and shaken for 3-4 h until an ODsoo 0f 0.6 was reached. The culture was ice-cooled
for 10 min and divided into four parts for centrifugation. All centrifugation steps were performed
at 4 °C and 3220 g for 10 min. After the first round of centrifugation, each aliquot of pelleted
cells was re-suspended in 20 ml cold transformation buffer 1 (TFB 1, Tab.V.2), followed by a
centrifugation step. The resulted pelleted cells were further re-suspended in 2 ml cold TFB 2
(Tab.V.2) and 50 pl cells were aliquoted in 1.5 ml Eppendorf tubes. The cells were shock

frozen in liquid nitrogen before further storage at -80 °C.

Tab.V.2: Components of TFB 1 and TFB 2

Transformation buffer 1 Transformation buffer 2
Substances Amount for 500 ml | Substances Amount for 500 ml
30 mM CH3COOK 14759 100 mM MOPS 2.095¢9
10 mM CacCl: 0.735¢g 75 mM CaClz 119
50 mM MnClz 495¢ 10 mM RDCI 0.12¢g
100 mM RbCI 6.05¢g 15 % Glycerol 75 ml
15 % Glycerol 75 ml
pH adjusted to 5.8 (with 1 M acetic acid), pH adjusted to 6.5 (with 1 M KOH), filter
filter sterilized and stored at 4 °C. sterilized and stored at 4 °C.

V.2.1.3 Transformation of E. coli

The prepared chemically competent cells were used for transformation of DNA fragments and
plasmids. An aliquot of chemically competent cells was thawed on ice for 2-3 min and 100-
200 ng of plasmid DNA or 15 pl ligation mix was added to the cells and incubated for 30 min
on the ice. The cells were then heat shocked for 90 s at 42 °C and then cooled on ice for 2
min. The cells were revived for 1 h in SOC (Super Optimal Broth with Catabolite Repression-
Tab.V.3) medium and incubated at 37 °C with continuous shaking at 350 rpm. After revival,
they were plated on LB agar plates containing suitable antibiotics and X-Gal (5-Bromo-4-

Chloro-3-Indolyl B-D-Galactopyranoside) for blue-white selection of constructs containing
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LacZ marker gene. Positive colonies were tested using colony PCR and restriction digestion
of isolated plasmid DNA. The glycerol stock of positives colonies were prepared by mixing
300 pl of 50 % sterile glycerol and 700 pl of overnight grown E. coli culture, snap frozen in

liquid nitrogen and stored at -80 °C.

Tab.V.3: Components of bacterial growth medium

Luria bertani (LB) medium SOC medium
Substances Amount Substances Amount for 1 L

Tryptone 1 % (wiv) Tryptone 209

Yeast extract 0.5 % (w/v) Yeast extract 59

NaCl 0.5 % (w/v) NaCl 05¢g

Agar* 1.5 % (wiv) ddH20 1L

ddH20 up to a desired volume pH adjusted to 7.0, 100 ml aliquots were
autoclaved and 1.8 ml sterile glucose
and 0.5 ml sterile MgClz per 100 ml were
added.

V.2.2 Agrobacterium rhizogenes (A. rhizogenes)
A. rhizogenes strain, ARqual (Quandt et al., 1993) was used for the generation of hairy roots.

Genotype: Onc*, Streptomycin®, biotype Il (Keane et al., 1970).

Transgenic hairy roots induced by this bacterium resembles wild-type roots in morphology,
therefore, can be subsequently used for root architectural and root microbe interaction

studies.

V.2.2.1 Growth media and conditions

A. rhizogenes cells were cultured in LB medium with suitable antibiotics and grown at 28 °C
for 48 h. For root transformation of M. truncatula, the bacteria was grown on yeast-tryptone
medium (Tab.V.4) with 2 mM CaCls.
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Tab.V.4: Components of yeast tryptone media

Substances Amount

Tryptone 0.5 % (w/v)

Yeast extract 0.3 % (w/v)

Microagar* 1.5 % (wiv)

ddH20 Up to the desired
volume

pH adjusted to 7.0, autoclaved and 2 mM CaCl, was added. * - was added for solid medium.
V.2.2.2 Preparation of electro-competent A. rhizogenes cells.

A glycerol stock of ARqual electro-competent cells was streaked on LB agar without antibiotic
and grown for 48 h at 28 °C. A single colony was then used for inoculating 4 ml LB medium
and grown overnight at 28 °C with continuous shaking at 250 rpm. 2 ml culture was then used
for inoculating 200 ml LB medium and shaken at 28 °C for 3-4 h until an ODsgo of 0.6 was
reached. The culture was then ice-cooled for 10 min, divided into four parts and centrifuged
for 10 min at 3220 g, 4 °C. The pelleted cells were washed and re-suspended in 40 ml ice-
cold sterile ddH-O on the ice, followed by centrifugation and washed again with 20 ml sterile
ddH»O. The cells were then re-suspended in 10 ml ice-cold 10 % glycerol followed by
centrifugation. The cells were again re-suspended in 1 ml ice-cold 10 % glycerol and aliquots

of 50 pl were made, shock frozen and stored at - 80 °C.
V.2.2.3 Transformation of A. rhizogenes

A. rhizogenes competent cells were transformed using electroporation. An aliquot of electro-
competent cells was thawed on ice for few mins and 200-500 ng of plasmid DNA was added
to the thawed cells. The resulting mixture was then added to a pre-chilled cuvette (VWR
cuvette with 2 mm gap) and inserted into the cuvette arm of electroporator (Micropulser
Electroporator, BioRad Laboratories GmbH, Munich, Germany). A pulse of 2.2 kV for
approximately 5 ms was applied to cells, 1 ml LB was then added for the revival and shaken
in 2 ml Eppendorf tubes at 28 °C for 2-4 h. After revival in LB, cells were plated on LB agar
with appropriate antibiotics and grown for 48 h at 28 °C. Glycerol stock was made from positive

colonies in the same way as for E. coli.
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V.2.3 Saccharomyces cerevisiae (S. cerevisiae)
For heterologous expression of plant proteins, S. cerevisiae was used as host organism.

V.2.3.1 Strains
INVScl: is a fast-growing diploid strain for expression. This strain was used for product
identification of MtTPS10.

Genotype: MATa his3D1 leu2 trp1-289 ura3-52 MAT his3D1 leu2 trp1-289 ura3-52

OB-ABO0O01: is a strain kindly provided by OrganoBalance GmbH, Berlin. This strain was used
for large scale production of MtTPS10 products.

Genotype: MATa his3-11,15 leu2-3,112 ura3-52 MAL3 SUC2 GAL tHMH hislleuura’

V.2.3.2 Growth media and conditions
S. cerevisiae was cultured in YPD medium and grown at 30 °C with shaking at 250 rpm. The

transformed yeast cells were selected by plating on Synthetic Drop-Out medium (Tab.V.5).

Tab.V.5: Components of yeast growth medium

Synthetic Drop-out medium YPD medium
Substances Amount for 1 L Substances Amount for 1 L
Synthetic Drop-Out medium 0.8-1g Tryptone 209
Supplements without Uracil
Yeast Nitrogen Base without | 6.7 g Yeast Extract 109
aminoacids
Microagar* 209 Microagar* 209
ddH20 920 ml ddH20 920 ml
Autoclaved for 15 min and 2 % (v/v) filter Autoclaved for 15 min and 2 % (v/v) filter
sterilized glucose was added. sterilized glucose or galactose was added.
* - was added for solid medium. * - was added for solid medium.

V.2.3.3 Preparation of chemically competent S. cerevisiae cells
For good transformation efficiency, competent cells were prepared using monovalent cation

lithium acetate method (LiAc) attributed to its chaotropic effect.

A glycerol stock of yeast cells was streaked on YPD plate without antibiotic and grown for 2
days at 30 °C. A single colony was then used to inoculate 20 ml YPD medium and grown

overnight with shaking at 30 °C. The primary culture with an ODsoo 0f 4.5 was then used to
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inoculate 250 ml YPD medium and grown for 3-4 h until an ODego Of 0.9 was reached. The
culture was centrifuged at 3220 g for 5 min at 4 °C in a GSA rotor. The pelleted cells were re-
suspended in 50 ml sterile ddH,O followed by centrifugation and re-suspended in 1 ml
transformation buffer (Tab.V.6). For long-term storage, 15 % glycerol was added and aliquots
of 50 pl were made. The aliquoted yeast cells were slowly frozen overnight in a Styrofoam
box at —80 °C and later stored at —80 °C.

V.2.3.4 Transformation of S. cerevisiae

Lithium acetate (LiAc)-PEG method was used for yeast transformation. A 10 pul aliquot of
salmon sperm DNA was made single stranded by heating at 95 °C for 10 min, briefly
centrifuged and kept on ice for few mins. To this single-stranded DNA solution, 0.1 pg plasmid
DNA and 50 pl of prepared competent cells were added and mixed. Next, 600 pl plating buffer
(Tab.V.6) and 10 pl DMSO were added, mixed and incubated with vigorous shaking at 30 °C
for 45 min. The cells were then heat shocked for 15 min at 42 °C and incubated at room
temperature for 20-30 min. After a brief spin, the supernatant was removed and the cells were
washed with 400 pl sterile ddH.O. The re-suspended cells were plated out on Synthetic Drop-
out medium without Uracil and incubated at 30 °C for 48 h.

Tab.V.6: Components of yeast transformation buffer and plating buffer

Transformation buffer Plating buffer
Substances Amount for 100 ml Substances Amount for 100 ml
10 X Lithium Acetate 10 ml 10 X Lithium Acetate 10 ml
10 X TE,pH 7.5 5ml 10 X TE,pH 7.5 10 ml
ddH20 Up to 100 ml 50 % PEG -3350 80 ml
Filter sterilized and stored at room temp. Filter sterilized and stored at room temp.

V.2.3.4 Small scale product extraction from yeast

For TPS10 product identification, positively transformed colonies from a well-grown plate were
inoculated in 5 ml YPD growth medium containing 2 % glucose and grown for 24 h with
shaking at 30 °C. The cultures were centrifuged and the pelleted cells were re-suspended in
fresh 5 ml YPD growth medium containing 2 % galactose in order to induce product formation.
After 24 h of cultivation at 30 °C, cultures were extracted with 2 ml hexane or pentane and

later measured using GC-MS.

V.2.3.5 Large Scale product extraction from yeast

Large-scale extraction of products was performed for the identification of TPS10 major

product and for bioassay experiments. Positively transformed colonies were cultured in 5 ml
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YPD containing 2 % glucose at 30 °C with shaking. After 24 h, the cultures were centrifuged
and the pelleted cells from four culture tubes were used for inoculating fresh 250 ml YPD
containing 2 % glucose in a 1 L Erlenmeyer flask and grown for 24 h at 30 °C with shaking.
After 24 h, the cultures were again centrifuged and the pelleted cells were re-suspended in
250 ml YPD containing 2 % galactose in a 1 L Erlenmeyer flask and grown again for 24 h at
30 °C with shaking. Additionally, 20 silicon tubes (Rotilabo Silicon tubes, Carl Roth GmbH,
Germany) of approximately 1-2 cm in length were added for product adsorption. After 24 h,
cultures and silica tubes were extracted separately using 100 ml and 50 ml pentane,
respectively. The extracts were then dried to full dryness using rotatory evaporator and re-

dissolved in appropriate solvent either for NMR or for bioassay experiments.

V.2.4 Colletotrichum trifolii (C. trifolii)
C. trifolii race 2 was kindly provided by Prof. Dr. Natalia Requena, Karlsruhe Institute of

Technology, Karlsruhe, Germany.

C. trifolii mycelial piece was sub-cultured on oat meal agar (OMA, Tab.V.7) plates. The plates
were sealed using leucopore tape and grown at 23 °C in dark under UV light for sporulation

(incubator chamber in Prof. Holger Deising’s lab).

Tab.V.7: Components of OMA

Substances Amount
for1L

Grinded Oat Meal 50¢g

(Bauckhof,Zartblatt,Demeter)

Agar-Agar, Kobe | (Carl Roth, GmbH) 12 g

ddH20 1L

Autoclaved for 45 min at 121 °C.

After 14 days of growth, spores were washed from the OMA plates using 0.02 % Tween20
and collected in a 1.5 ml Eppendorf tube. Spores were then counted in a hemocytometer and
10° spores were used for infecting the plants. For glycerol stock preparation, spores from
OMA plates were streaked and mixed with 1.5 ml 40 % glycerol and incubated in ice for 1 h
and stored in — 80 °C.
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V.2.5 Rhizophagus irregularis (R. irregularis)

For mycorrhizal experiments, the DAOM197198 strain was used, kindly provided by Prof. Dr.
Natalia Requena, Karlsruhe Institute of Technology, Karlsruhe, Germany.

V.2.5.1 Growth media and conditions
R. irregularis has to be cultivated together with the host plant. This can be achieved either by

invitro dual-compartment system or cultivation in a green house with the host plant.

V.2.5.2 Monoaxenic sterile culture: DAOM197198 was cultured in a dual compartment
system at 28 °C in dark. A Plant compartment (Pc) containing A. rhizogenes transformed
Daucus carota hairy roots were cultured on M-medium containing sucrose and inoculated with
R. irregularis spores. Fungal hyphae were allowed to grow from Pc to Fungal Compartment
(Fc), where they proliferated and formed spores. This compartment was filled with M-medium
without sucrose and after 6-10 months spores were collected from the Fc by dissolving agar
pieces in 0.01 M citrate buffer (0.1 M citric acid solution, 0.1 M sodium citrate, pH 6) overnight
at room temperature with slow shaking in dark. Next day, citrate buffer was removed and
spores were washed 2-3 times with ddH>O. An equal amount of spores were used for plant

inoculation.

V.2.5.3 Non-sterile culture in pots: Washed spores of DAOM197198 and sterilized Allium
porrum (cultivar Elefant, Erfurter Samen und Pflanzenzucht GmbH) seeds were placed in 21
cm pots filled with lecaton (2-5 mm size, Original Lamstedt Ton; Fibo ExClay, Lamsted,
Germany). The spores and seeds were covered with approximately 2 cm layer of lecaton and
cultivated for 6-10 months. When the pots were enriched with spores after 6 months, a 1: 4

dilution was used for mycorrhizal experiments.

V.2.6 Aphanomyces euteiches (A. euteiches)
V.2.6.1 Strains: Aela (obtained from INRA Rennes, France), ATCC201684, a pea isolate
from Denmark and AeRB84, a more aggressive strain from France were kindly provided by

Prof. Christophe Jacquet, Paul Sabatier University, Toulouse, France.
V.2.6.2 Growth of mycelium and production of zoospores

A. euteiches strain ATCC201684 was used for all infection studies (unless stated). The strain
was routinely sub-cultured on 1.7 % (w/v) corn meal agar (CMA, Sigma Aldrich, Germany) in
the dark at 24 °C. For zoospore production, 1 cm? mycelial piece from the edge of a fully-

grown CMA plate (10-15 day old) was transferred to a sterile plastic pot (with lid) containing a
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1:3 mixture of yeast tryptone medium (0.3% w/v yeast extract, 0.5 % w/v tryptone) and swamp
water in dark at 24°C. After 3 days of mycelial growth, old medium was decanted, and the
mycelial mats were washed 2-3 times with sterile tap water and incubated overnight in swamp
water for zoospore release. The zoospores were counted using a hemocytometer and
appropriate volumes containing 10° zoospores and 3000 zoospores were directly applied to

the roots of adult plants and seedlings on plates, respectively.

V.2.7 Medicago truncatula (M. truncatula)

V.2.7.1Lines used: SARDI core collection lines were kindly provided by Jean-Marie Prosperi,
INRA Montpellier- 163, 174, 544, 736, 734, 530, 651, 368, 555, 154, 543, 239, 648, 542, 550,
49,552, 337, 245, 321, 545, 557, 263, 198, 310, 144, 290, 549, 213, A17, R108. Tntl insertion

lines were ordered from ‘Noble Research Institute’, USA.

V.2.7.2 Sterilization and germination of M. truncatula seeds

M. truncatula seeds were scarified using concentrated sulphuric acid for 5 min followed by
intensive washing with ddH»O and placed on 0.7 % (w/v) water agar plates (high rise petri-
plates) under sterile conditions. Then, 1 ml ddH,O was added to the lid of the plates, sealed
with parafilm and kept inverted in dark for 3-4 days at 4 °C in order to break dormancy. After
the cold storage, the seeds were incubated differently depending on the final transfer either
to the pots or to the plates. For pot transfer, the plates were kept for one day in the dark at
room temperature and few hs in light (25 °C) before the transfer to pots. For use in root
transformation, plate assay, and aeroponics, seeds were stored at 12 °C for two more days
in the dark.

V.2.7.3 Sterile culture of M. truncatula

The germinated seeds were placed in square plates filled 2/3 either with M-medium (Appendix
Tab.VII.1.1.i) for seedling assays or with fahreus medium (Harrison Lab Modifications;
Appendix Tab.VII.1.1.iii) for hairy root transformation. The plates were further cultivated in a
growth cabinet under light period of 16 h at 26 °C and dark period of 8 h at 20 °C and 40 %
humidity.

V.2.7.4 Non-sterile cultivation in lecaton
Single germinated seedlings were potted in moistened 13 cm pots filled with lecaton (Original
Lamstedt Ton; Fibo ExClay) and fertilized the same day with 10 ml long-ashton (LA, Tab.V.8)

fertilizer. Plants were covered with a lid for 1 week in order to maintain humidity and placed in
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phytochamber under light period of 16 h at 26 °C and dark period of 8 h at 20 °C and 40 %
humidity. The plants were watered 3 times a week and fertilized once per week.

Tab.V.8: LA composition

Macroelements

Substances Amount for 1L

KNO, 4.04 g Microelement A

NaH,PO,H,0 | 184g MnSO,.4H,0 | 2.23 g

MgS04.7H,0 7.539 CusO,5H,0 |0.25¢g
Microelement B ZnS0O,.5H,0 0.29¢

Substance Amount for 1 L H,BO, 3.10¢9

NH,);Mo,0,,.4H,0 | 0.88 g NaCl 5.90 g

For 1 L LA 100 % PO fertilizer, 10 ml microelement A,1 ml microelement B, 0.22 g Fe-EDTA
and above listed macro elements were added. For 20 % PO, 0.37 g of NaH;PO4.H,O was

used.

V.2.7.5 Cultivation in aeroponic system

For early root-microbial studies, well grown and substrate free plants were grown in an
aeroponic system. Aeroponic system is a system where plants are grown suspended in a
semi-closed environment and nutrient medium is sprayed to the dangling roots, while the
shoot part extends above. As the aeroponic is conducted in the air with droplets of nutrient
and water, plants can make use of plentiful of oxygen, water, and nutrients. The composition
of nutrient medium can be easily monitored and modified. As the plants were grown in the
same chamber, variability between individual plants can be avoided. The aeroponic system
used consisted of a large plastic container of dimensions 67 x 50 x 67 cm with a perforated
polystyrene lid (12 holes of 36.6 mm diameter each) on the top and a mist generator,
connected to a pump, at the bottom for spraying nutrient solution to the roots (Fig.V.1). The
container was filled with 50 L MSR medium (Appendix Tab.VII.1.1.ii) without vitamins and
sucrose and the pH was maintained to 6.5 before the seedling transfer. Overnight water-
soaked, and washed Rockwool plugs were inserted in the lid of the aeroponic system and 6-
day old seedlings were inserted in the Rockwool. The nutrient solution was sprayed for 30

min per hour with a break of 15 min in between and a night break of 4 h was given with the
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help of an automatic timer. The nutrient solution was regularly monitored for pH and foreign

contaminants.

Fig.V.1: M. truncatula cultivation in an aeroponic system: (A) Aeroponic chamber with a perforated Styrofoam
lid connected to a pump for sprinkling nutrient medium. (B) 12 sprinkles attached to the bottom of the aeroponic
chamber. (C) Six-week-old M. truncatula A17 plants. (D and E) The root system of well-grown plants.

V.2.7.6 M. truncatula axenic root transformation

M. truncatula hairy roots were generated via A. rhizogenes mediated root transformation. The
generated hairy roots are well adapted for root-microbe and root architecture studies.
Additionally, hairy root cultures can be propagated for a longer time.

Vector constructs containing disarmed T-DNA region carrying the GOI with left and right
borders, plant and bacterial antibiotic marker, fluorescent visualization marker (DsRed) and
origin of replication (Appendix Fig.VIl.4) was transformed in ARqual and grown in LB agar
containing kanamycin and streptomycin for 48 h. Positive colonies were cultured in LB
medium with antibiotics for another 24 h and 200 ul was plated out on YT agar containing 2
mM CacCl,, antibiotics, and 200 ul acetosyringone (1 mM/ml). Meanwhile, M. truncatula seeds
were also sterilized and germinated on 0.7 % water agar plate. The plates were kept inverted
at 4 °C for 4 days and 12 °C for 1-2 days in the dark. When the seedlings were around 1 cm
long and A. rhizogenes was fully grown, root transformation was performed (Fig.V.2). The
germinated seedlings were placed in a water-filled petri plate to avoid desiccation and the
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seed coat was removed. The root tip (approx. 3 mm) was cut using a sharp scalpel, scraped

on the Agrobacterium lawn and placed on 2/3 filled fahreus medium square plates.
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Fig.V.2: Schematic Representation of M. truncatula hairy root transformation

The roots were laid over the agar such that shoot part was in the agar free zone and had
enough space to grow. Seven seedlings were placed in a plate and 1 ml sterile tap water was
pipetted on top of agar to avoid meristem drying and the plates were sealed with leucopore
tape to allow gas exchange. The plates were covered with an aluminum foil to maintain a dark
environment for roots, incubated at an angle of 45° for 4 days and then vertically for 1 week
in a climate chamber with 16 h light phase of 20 °C and 8 h dark phase at 17 °C. The plates
were further cultivated for 3-4 weeks in a climate chamber with 16 h light phase of 24 °C and
8 h dark phase at 20 °C. After 2 weeks, 5 ml of sterile tap water was pipetted into the plates
to avoid drying and maintain humidity. After 4-5 weeks of growth, roots were screened for
transformation using red fluorescence emitted by constitutively expressing DsRed module
under a stereo microscope (Leica MZIlI-Fluorescence microscope). Non-transformed roots
were carefully removed and the selected transformed plants were transferred to pots filled
with lecaton. After 1 week in lecaton, roots were screened again for transformation and
transgenic plants were transferred again to lecaton pots. The transgenic plants were then
further grown for 1 week followed by infection with A. euteiches. Plants were fertilized with LA
fertilizer once per week and watered 3 times a week. While harvesting, the roots were carefully
taken out of lecaton, washed in ddH»O and dried with paper towels. About 2 cm center piece
of roots were stored in 50 % ethanol for staining purposes and the rest was snap frozen in

liquid nitrogen and later stored in -80 °C until RNA extraction.
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V.3 Molecular biology methods

V.3.1 Classical cloning

amiRNA targeting TPS10 was cloned using classical cloning method into a plant compatible
vector. amiRNA sequences targeting TPS10 were designed using webmicroRNA designer

(http://wmd3.weigelworld.org/cqi-bin/webapp.cgi) and these sequences (Appendix Tab.VII.4)

were integrated into an endogenous M. truncatula microRNA backbone miR159b (Devers et
al., 2013; kindly provided by Prof. Dr. Franziska Krajinski-Barth, University of Leipzig) using
overlapping PCR. Overlapping PCR was performed according to Devers et al. (2013) using
high fidelity AccuPrime™ Pfx Supermix (Life Technologies, GmbH). The resulting PCR
product was gel purified using Montage Gel Extraction Kit (Merck Millipore, Merck KGaA,
Darmstadt, Germany), followed by A-tailing of the PCR product for TA ligation in pCR 2.1
TOPO TA vector, since the high-fidelity polymerases do not add A-tail to the 3’ end which is
necessary for TA ligation. The A-tailed PCR product and vector were ligated overnight using
Promega T4 DNA ligase at 16 °C. The ligated products were transformed in E. coli and the
positive clones were confirmed using restriction digestion and sequencing (Eurofins
Genomics, Germany). The confirmed clones and plant transformation vector
(P9RFP_Ub3_Expr; kindly provided by Prof. Dr. Franziska Krajinski-Barth, University of
Leipzig) were restrictions digested with Mlul and Spel (Bcul) fast digest enzymes and the
digested products were gel purified, ligated and transformed in E. coli. The positive colonies
were confirmed by colony PCR (Bio&Sell Taq Polymerase) and sequenced before proceeding

to root transformation.

V.3.2 Golden gate modular cloning

Classical cloning method requires several cloning and transformation steps and therefore is
a time-consuming method. On the other hand, Golden gate modular cloning (MoClo System)
developed by Dr. Sylvestre Marillonnet (Engler et al., 2008) can assemble many DNA
fragments in a single step with high efficiency. Golden gate system exploits the ability of type
IIs restriction endonucleases that cut outside of their recognition site sequence, allowing DNA
fragments flanked by compatible restriction sites and overhangs to be digested and ligated
easily. Since the ligated products lack the original type lls restriction site it will not be re-
digested in a second restriction ligation reaction. Four base pairs are usually placed distal to
the cleavage site such that recognition sites are removed after digestion and only 4 base pair
overhang remains, these overhangs are helpful in assembling multiple DNA fragments in a

specific unidirectional manner. Pre-existing type lls restriction sites in DNA fragment were
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removed via a point mutation such that amino acid remains the same. All vector constructs

used in this study are listed in Appendix Tab.VII.1.3.

V.3.2.1 Construction of plant transformation vectors

Golden gate MoClo system was used for the construction of level -1, level 1 and level 2 plant
transformation vector. Their backbones contained E. coli origin of replication (ori), E. coli
selection marker (kanamycin in level -1 and level 2, carbenicillin in level 1), and a LacZ module
flanked by Bsal (level -1 and 1) or Bsal and Bpil (level 2) restriction sites to select for the
insertion. The final plant transformation vector contained a suitable promoter driving gene of
interest or coding sequence module and a terminator, this module was placed close to the
right border (RB) and plant selection marker (DsRed) module close to the left border (LB). An
example of a plant transformation vector construct is provided in Appendix Fig.VIl.2.4.

V.3.2.2 Construction of yeast expression vectors

Golden gate MoClo system was also used for the construction of level 1 and level M yeast
expression system. Their backbones contained E. coli origin of replication (ori), S. cerevisiae
origin of replication (2u), E. coli antibiotic selection marker (carbenicillin in level 1,
spectinomycin in level 2), S. cerevisiae URA3 selection marker and a LacZ module flanked
by Bsal (level 1) or Bsal and Bpil (level M) restriction sites to select for the insertion. In order
to assemble six different level 1 modules, level 1 plasmids were restriction digested with Bpil
creating 4 bp specific overhang for the construction of level M vectors. An example of a plant

transformation vector construct is provided in Appendix Fig.VIl.2.5.

V.3.3 Polymerase chain reaction (PCR)

PCR is an invitro DNA amplification method based on the ability of DNA polymerase to
synthesize new strand complementary to the template. A nhormal PCR cycle involves three
basic steps: denaturation of template DNA fragment, annealing of complementary primers
and elongation of DNA strand. The PCR reaction was performed in a thermocycler with heated
lid (C1000 Touch™ Thermal Cycler, BioRad Laboratories GmbH, Germany). All
oligonucleotides were synthesized by Eurofins Genomics and are listed in Appendix Tab.VII.2.
Different DNA polymerases were used depending on the downstream requirement of the PCR
product. The non-proofreading Bio & Sell Tag polymerase was used for colony PCR,
genotyping Tntl insertion lines and detection of genomic DNA in RNA samples. The

proofreading polymerases KOD and AccuPrime™ Pfx Supermix were used for cloning
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purposes. All PCR reactions were performed according to manufacturer’s guidelines (Tab.V.9,
10).

Tab.V.9: PCR using different polymerases

Accuprime™ Pfx KOD hot start polymerase  Bio&Sell Taq polymerase
Supermix

Components Amount Components Amount | Components | Amount

AccuprimeTM 22,5yl 10 X Buffer 5ul 10 X Reaction | 1yl
Pfx Supermix Buffer
Forward Primer | 1 pl 25 mM MgSO4 | 3yl Losung S 1p
(5 uM) (10X)
Reverse Primer | 1 pl dNTPs (2 mM 5ul dNTPs 0.5ul
(5 uMm) each)
Template DNA | 10 pg- Forward primer | 1.5 pl Forward 1p
200 ng (10 pm) primer (10 uM)
Reverse primer | 1.5 pl Reverse 1l
(10 pm) primer (10 uM)
Template DNA 10 ng Template DNA | 10 ng
KOD Hot Start 1l MgCl, (25 1l
DNA mM)
Polymerase (1
u/ul)
ddH20 Upto 50 | Taq 0.5 ul
pl Polymerase (5
u/ul)
ddH20 Up to 10ul
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Tab.V.10: Schematic PCR Program of used polymerases

KOD hot start AccuprimeTM pfx  Bio&Sell Taq
polymerase Supermix polymerase
1. Polymerase | 95 °C for 2 min 95 °C for 5 min 95 °C for 2 min
Activation
2. Denaturation | 95 °C for 20 secs 95 °C for 15 secs 95 °C for 30
secs
3. Annealing Lowest primer Tm | 55-65 °C for 30 55-65 °C for 30
°C for 20 secs secs secs
4. Extension 70 °C for 20 68 °C for 1 min/Kb | 72 °C for 1
secs/Kb min/Kb
Repeat Cycle 2-4 for 30-40 cycles.
5. Final 72 °C for 5 min
Extension
6. Hold time 12 °C for infinite time

V.3.4 Agarose gel electrophoresis

Analysis of PCR products, restriction digested plasmid DNA and RNA integrity were
performed using gel electrophoresis. Depending on the expected size of DNA fragment either
1 or 2 % (w/v) agarose gel (Bio&Sell, Germany) in 1x TAE (50X TAE: 2M TRIS base, 1M
C2H402, 50 mM Na;EDTA pH 8.5) was used. Fragment sizes were determined using DNA
ladders such as O"Gene Ruler 1 kb plus (Thermo Scientific, Germany) and Hyperladder V
(Bioline GmbH, Germany). For visualization of nucleic acids, 0.75 pl of undiluted SERVA DNA
StainG (SERVA GmbH, Heidelberg, Germany) per 50 ml 1x TAE was used. After
electrophoresis, gels were analyzed using a gel documentation system (FUSION FX7, Vilber
Lourmet, Eberhardzell, Germany). Depending on the purity of PCR products, either PCR
purification or gel extraction were performed using kits like Nucleospin®Gel and PCR CleanUp
(Macherey Nagel, Germany) and Montage Gel Extraction Kit (Meck Millipore) according to
manufacturer’s instruction. The DNA fragments were excised from the gel using a UV

spotlighter NU-72 (Faust, Schaffhausen, Switzerland).

V.3.5 Isolation of genomic DNA

For genomic DNA isolation, 100 mg of frozen plant material was grounded in liquid nitrogen
by mortar and pestle and they were further reduced to a fine powder form using Retsch
Beadmill (Retsch MM 400) and a steel bead of 7 mm at a frequency of 30 Hz for 1 min.
Genomic DNA from frozen fine powder was extracted using NucleoSpin® Plant Il kit

(Macherey Nagel, Germany) according to manufacturer’s guidelines and the concentration of
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DNA was measured using NanoDropl000 (peQLabBiotechnologie GmbH, Erlangen,
Germany) and stored at -20 °C.

V.3.6 Isolation of plasmid DNA (miniprep)

A liquid culture (5 ml) of bacteria was grown according to suitable culture conditions of
bacterial species used. Plasmid DNA was then isolated using NucleoSpin® Plasmid EasyPure
Kit (Macherey Nagel, Germany) according to manufacturer’s instructions, the concentration
was measured using Nanodrop and stored at -20 °C.

V.3.7 Plasmid midi prep isolation

Plasmid DNA from a 50 ml bacterial culture was isolated using Midiprep Kit (Macherey Nagel,
Germany) according to manufacturer’'s guidelines. The concentration of eluted DNA was
measured using Nanodrop and further concentrated using PEG DNA Precipitation method

described below.

V.3.8 Precipitation of DNA

The plasmid DNA was mixed with PEG-solution (13 g PEG 4000, 67 mg MgClz, 25 ml 1.2 M
Na-acetate pH 5.2 in a total volume of 50 ml) in the ratio of 1. 1 and incubated at room
temperature for 20 min, followed by centrifugation for 20 min at 17000 g. The supernatant was
carefully removed and the pellet was washed with 1 ml 70 % ethanol. The pellet was then
dried at 37 °C and re-dissolved in 20 ul ddH20, concentration measured and stored at - 20
°C.

V.3.9 Isolation of RNA

RNA was isolated from 100 mg of frozen plant material, grounded in liquid nitrogen by mortar
and pestle and further reduced to a fine powder form using Retsch Beadmill (Retsch MM 400)
and a steel bead of 7 mm at a frequency of 30 Hz for 1 min. RNA isolation was performed
using RNeasy plant minikit (Qiagen, Hilden, Germany) according to manufacturer's
instructions followed by DNase digestion using Ambion DNA-free™ DNA Removal kit
(Invitrogen, Thermo Scientific, Germany). RNA concentration was determined using
NanoDrop1000 Spectrophotometer. RNA integrity and quality were analyzed either using
agarose gel electrophoresis (1 % (w/v) agarose) or QlAxcel Advanced System (Qiagen,
Hilden, Germany). RNA was stored at - 80 °C.
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V.3.10 Isolation of RNA using TRIzol

For stem-loop gRT-PCR, total RNA was isolated using TRIzol method.

RNA was isolated from 100 mg of frozen plant material, grounded in liquid nitrogen by mortar
and pestle and further reduced to a fine powder form using Retsch Beadmill (Retsch MM 400)
and a steel bead of 7 mm at a frequency of 30 Hz for 1 min. 1 ml of TRIzol reagent (Tab.V.11)
was then added to the frozen plant material, mixed well and incubated at room temperature
for 5 min, followed by centrifugation for 15 min at 17000 g and 4 °C. The supernatant was
carefully taken up and added to a new Eppendorf tube containing 200 pl chloroform, vortexed
and incubated at room temperature for 5 min. For phase separation, the extract was
centrifuged for 15 min at 17000 g and 4 °C. The aqueous layer was carefully taken up and
mixed in a 1:1 ratio with isopropanol and 1 pl glycogen was also added. Glycogen acts as an
inert carrier molecule for RNA. After centrifugation for 10 min at 17000 g and 4 °C, the
supernatant was carefully removed and ice cold 70 % ethanol was added. After centrifugation
for 5 min at 17000 g, the supernatant was completely removed and the pellet was air dried.
The dried pellet was re-suspended in 40 pyl RNase free water and RNA concentration was
determined using NanoDrop1000 followed by DNase treatment using Ambion DNA-free™
DNA Removal kit. RNA integrity and quality were analyzed either by agarose gel
electrophoresis (1 % (w/v) agarose) or QIAxcel Advanced System (Qiagen, Hilden, Germany).
RNA was further stored at - 80 °C.

Tab.V.11: TRIzol components

Substances Amount for 10
samples

Phenol RNA Grade 3.8ml

4M Guanidium thiocyanate 2ml

4M Ammonium thiocyanate 1mi

Glycerin 500 ul

ddH20 Up to 10 ml
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Fig.V.3: Analysis of RNA integrity. (A) RNA integrity analysis on gel. 28s rRNA and 18s rRNA bands are shown.
B: RNA Integrity analyzed using QIAxcel advanced system. Good Quality RNA having two clear peaks of 28s
rRNA and 18s rRNA are shown.

V.3.11 cDNA synthesis of mRNA

The isolated RNA was reverse transcribed to cDNA for gPCR analysis.

Prior to cDNA synthesis, DNase digested RNA was tested for residual genomic DNA via
amplification of a 221 bp Mt-His3-like fragment using PCR. In case of complete DNase
digestion, RNA was used for synthesizing complementary DNA (cDNA) using Protoscript® Il
First-strand cDNA synthesis kit. 0.5 pug-1 ug RNA was used as a template with 2 ul of
Oligo(T)2s in a total reaction mix of 8 pl. The secondary structure of RNA was denatured by
heating at 65 °C for 5 min. After denaturation, samples were briefly centrifuged and kept on
ice before addition of 10 pl Protoscript Il Reaction Mix (2X) and 2 pl Protoscript Il Enzyme Mix
(10X). Total 20 pl cDNA synthesis reaction mix was incubated at 42 °C for one hour and the
reaction was inactivated by incubating at 80 °C for 5 min. For further usage, cDNA was stored
at -20 °C.

V.3.12 cDNA synthesis of miRNAs

For the detection of small miRNAs, another cDNA synthesis approach was undertaken. Small
mMiRNAs (~21 bp) are difficult to detect due to their small size but with the help of miRNA
specific stem-loop primer, these miRNAs were elongated as well as reverse transcribed to
cDNA.

Small RNAs were reverse transcribed according to (Devers et al., 2011) using sequence-
specific stem-loop primers and oligodT primer to allow simultaneous quantification of mMRNAs

and normalization against a housekeeping gene. Briefly, DNase treated 1 pg RNA was added
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to a reaction mix containing 1 pl of 10 mM dNTPs, 1 pl per 2.5 uM specific stem-loop qRT
primer, 1 ul of oligodT primer and ddH2O up to a volume of 36.5 ul. This reaction mix was
heated to 65 °C for 5 min in order to denature any secondary structures and chilled on the ice
after a brief centrifugation. To this reaction mix, 10 ul of 5X reaction buffer, 2 ul of 0.1 mM
DTT, 0.5 uyl RiboLock and 1 pl of Revert Aid reverse transcriptase (Thermo Scientific,
Germany) was added, followed by gentle mixing and brief centrifugation. Following the
program was used for cDNA synthesis:

30 min at 16 °C lhat42°C 5 min at 85 °C kepton 4 °C
cDNA was further stored at - 20 °C.

V.3.13 Quantitative polymerase chain reaction (QPCR)

Gene expression analysis was performed using gqPCR. This method uses real-time
fluorescence to measure DNA quantity at the end of each cycle. Thereby, the measured
fluorescence is directly proportional to the amplified nucleic acid. If the target molecules are
abundant, fluorescence will appear earlier during the PCR cycle and vice versa. The cycle at
which first gPCR fluorescence signal can be detected over the background fluorescence is
termed as quantitation cycle (Cq) or threshold cycle (Ct). Ct or Cq values can be used to
determine relative target abundance between two or more samples. The gPCR was
performed using an instrument from CFX ConnectReal-Time PCR System (Biorad
Laboratories, Munich, Germany). 5x EvaGreen® gPCR Mix Il (Bio & Sell, Germany) was used
in combination with gene-specific primers whose binding specificity were confirmed by BLAST
search. Data evaluation was done using Bio-Rad CFX Manager Software. Target genes were
normalized to a reference gene and the relative expression value of target genes were then
calculated using the formula: 22, where ACt = Ct target gene- Ct Reference gene. The standard
deviation between the biological replicates were also calculated and proper significance tests
such as t-test or ANOVA were performed in R software. The following program was used:
Initial denaturation at 95 °C for 15 min, 39 cycles of denaturation at 95 °C for 15 s, annealing,
extension, and plate read at 60 °C for 30 s and 95 °C for 10 s. The melt curve and the plate
read was performed from 65 °C to 95 °C, data points were collected every 0.5 °C with 5 s hold
between them. The primers were synthesized by Eurofins genomics and are listed in Appendix
Tab.VIl.1.2
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V.3.14 Microarray

In order to analyze early M. truncatula responsive genes to A. euteiches zoospores and R.
irregularis spores, the whole transcriptomic analysis was performed using Affymetrix
Medicago GeneChip array in an Affymetrix GeneAtlas system. Affymetrix GeneChip WT
PLUS Reagent Kit was used for priming the entire length of both Poly (A) and non-Poly (A)
MRNA to provide a complete and unbiased coverage of the transcriptome. The Medicago
GeneChip array is a 49-format array composed of 11 pairs of 25 mer oligonucleotide, with
each pair consisting of perfect match (PM) oligonucleotide and a mismatch (MM) control

oligonucleotide containing a single nucleotide substitution at the thirteen-base position.

After 2 hours post-treatment (hpt) with zoospores or spores, root material was harvested and
RNA was isolated as described before. 250 ng RNA was used to produce biotinylated sense
strand cDNA, fragmented and hybridized to Medicago GeneChip array as per manufacturer’s
instructions. The GeneChip was washed, stained and scanned using the Gene Atlas system.

Data was analyzed by Dr. Benedikt Athmer (IPB, Halle).

V.4 Microscopic Methods

V.4.1 Ink staining of AMF and oomycete structures

Harvested roots were treated with 10 % KOH at 70- 90 °C (depending on the root age) for 10
min. Roots were then washed three times with H,O and incubated at room temperature for 10
min with 2 % acetic acid. After acetic acid removal, roots were stained with 5 % Sheaffer Skrip
in 2 % acetic acid at 90 °C for 10 min. Stained roots were washed once with H,O and stored

at 4 °C until analysis was done.

For mycorrhizal colonization analysis, AMF structures were quantified according to Trouvelot
et al. (1986). Briefly, 30-50 root segments were taken on a slide and mycorrhization was
scored using different parameters. Observed parameters were calculated using Mycocalc

software (Trouvelot et al., 1986).

V.4.2 Staining with WGA-Alexa fluor 488 conjugate

The roots were covered with 20 % KOH and boiled at 90 °C for 10 min. Then, KOH was
removed and roots were rinsed thoroughly with ddH-O, followed by addition of 0.1 M HCI and
incubation at room temperature for 1-2 h. Then, HCI was removed and roots were again
thoroughly washed with ddH»O and also once with 1x phosphate buffer saline (135 mM NacCl,
3 mM KCI, 1.5 mM KH2PO4, 8 mM Na2HPO4, pH 7.4) solution before incubating the treated

roots overnight with PBS-WGA staining solution (final concentration of WGA-AlexaFluor- 0.2
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png/ml). The stained structures were later analyzed using an epifluorescence microscope
Axiolmager (Zeiss GmbH, Jena, Thuringia, Germany) using the reflector module 09 (EX BP
450-490/BS FT510/EM LP515).

V.4.3 GUS staining for promoter activity

Glucouronidase (GUS) reporter assay is the most valuable tool for studying promoter activity,
where GUS breaks down carbohydrate substrate into smaller fragments. This property can
be utilized by fusing GUS to a promoter under study. Two different kinds of carbohydrate
substrates are available for GUS, namely X-Gluc (5-Bromo-4-chloro-3-indolyl-B-D-
glucuronide) which on cleavage and further oxidization gives a dense blue color and MUG (4-
Methylumbelliferyl -D-glucuronide) which on cleavage gives a fluorescent product detectable

by spectrophotometer.

Promoter activity was visualized using X-Gluc (Glycosynth, UK) as substrate. Transformed
roots, A. euteiches infected or non-infected, were incubated with the staining solution
(Tab.V.12) under vacuum infiltration for few minutes to allow penetration of staining solution
into the roots and then incubated for 1-2 h at 37 °C. GUS stained roots were later embedded
in PEG 1500, according to Tretner et al. (2008) and sectioned in 10 um size using microtome.
The stained root fragments and the sections were analyzed using a Stemi2000 (Zeiss) and

an Axiolmager (Zeiss), respectively.

Tab.V.12: GUS staining solution components

Components Concentration Final Amount for
Concentration 100 ml

NaH,PO,, pH 7 500 mM 100 mM 20 ml

Na,EDTA, pH 7 250 mM 10 mM 4 ml

K,Fe(CN), 50 mM 0.5 mM 1ml

K,Fe(CN), 50 mM 0.5 mM 1ml

X-Gluc(104 mgin | 100 mM 2 mM 2ml

2 ml DMSO)

Triton X-100 10 % 0.1% 1ml

ddH,0O 71 ml
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V.4.4 Localization of TPS10 protein in protoplasts
The full-length coding sequence of TPS10 without stop codon was fused to mCherry at the C-
terminal under a CaMV 35S promoter using Golden gate cloning (cloned by Dr. Dorothée

Dreher; Ph.D. thesis Dorothée Klemann, 2016) and used for the localization studies.

V.4.4.1 Isolation of mesophyll protoplast

4-week-old, well developed N. benthamiana plants were used for protoplast isolation. The
third and fourth leaves from the shoot tip were selected for isolation. The leaves were placed
on a white paper, the midrib carefully removed and leaves were cut into 2 mm small pieces
with a sharp scalpel. Freshly cut leaves were placed in an enzyme-filled petri plate and twice
vacuum infiltrated (10 ml enzyme solution for two leaves). The infiltrated leaf pieces appeared
dark, transparent and ideally should sink at the bottom of petri plate. The leaf pieces were
further incubated for 30 min under the vacuum and for another four h in dark at room
temperature. After four h, the enzyme solution should appear green. The petri plates were
gently shaken by hand and slow shaking on a lab shaker was performed for 30 min in dark to
release the protoplasts. 4.5 ml of protoplast suspension was filtered through a 100-micron
nylon mesh into 15 ml culture tubes on ice and centrifuged for 1 min at 4 °C, 200g and
supernatant was carefully removed. The pellet was re-suspended in 2-3 ml W5 solution, gently
mixed, centrifuged and re-suspended again in 2-3 ml W5 solution. The protoplasts were
allowed to gravity settle to the bottom of the tube by incubating for 40 min on ice. The
supernatant was further removed, the pellet re-suspended in 2-3 ml MMG solution and
incubated on ice for 40 min. The protoplasts were counted in a counting chamber and diluted
to 100,000 protoplasts/ml. A detailed description of solutions used is supplied in Appendix
Tab.VIl.1.4.

V.4.4.2 Transformation of protoplast

5-10 pg plasmid DNA was used per 10000 protoplasts. 200 pl protoplast suspension was
added to plasmid DNA in a 2 ml Eppendorf tube and gently mixed. To this mixture 220 pl (1.1
volume of protoplast suspension) PEG solution was added, carefully mixed and incubated at
room temperature for 5-10 min. To it, 880 ul W5 (4.4 volume of protoplast suspension) was
added and carefully mixed. Centrifugation for 1 min at 200 g and 4 °C was done. The
supernatant was carefully removed (All PEG should be removed, else protoplasts might die).

The transformed protoplasts were incubated overnight at room temperature. Next morning,
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transformed protoplasts were analyzed by a confocal laser scanning microscope (LSM 780,

Zeiss).

V.5 Metabolomics Methods

V.5.1 Gas Chromatography Mass Spectrometry (GC-MS)

The yeast extract was measured using GCMS QP2010 SE (Shimadzu, Japan) coupled to
AOC 5000 sample injection system and QP2010 Ultra mass spectrometer with electron
ionization. Chromatographic separation was performed on a RXI-5il MS capillary column (30
m x 0.25 mm, Shimadzu, Japan) using splitless injection system and an injection volume of 1
pl was used. The injection temperature rose from 50 °C to 250 °C and the flow rate of helium
was 0.93 ml/min. The GC column oven temperature ramp was as follows: 50 °C for 1 min, 50
to 300 °C at a rate of 7 °C min', 300 to 320 °C with a rate of 50 °C mintand 320 °C for 2 min
at 70 eV. Mass spectrometry was performed in a full scan mode from 45 to 400 m/z. Data

analysis was done using device-specific GCMS Postrun Analysis.

V.5.2 Thermo desorption GC-MS

The root volatiles emitted after A. euteiches treatment were adsorbed on silica tubes
(Sorbstar, Restek, Germany) and later measured in thermo-desorption GC-MS (TD-20)
coupled to GCMS QP2010 SE (Shimadzu, Japan), 48-Sample autosampler and QP2010 Ultra
mass spectrometer with electron ionization. Here, the volatiles are first thermally desorbed
from the tubes and passed through a cold trap to concentrate the volatile peaks before
transferring it to GC-Column coupled to mass spectrometer. Chromatographic separation was
performed on a RXI-5il MS capillary column (30m x 0.25mm, Shimadzu, Japan) using split
Injection mode. The GC Column oven temperature ramp was as follows: 50 °C for 1 min, 50
to 300 °C at a rate of 15 °C min, 300 to 320 °C at a rate of 20 °C mint and 320 °C for 2 min.
Mass spectrometry was performed in a full scan mode from 35 to 500 m/z. Data analysis was

done by device-specific GCMS Postrun Analysis.

V.5.3 High performance liquid chromatography (HPLC) for separation of major peak

The dried yeast extract was dissolved in 5 ml methanol and was subjected to HPLC- APCI-
MS analysis (performed by Anja Ehrlich, NWC, IPB). The peaks were separated using a YMC-
Pack column (150 x 10 mm ID 120 A 5 um ODS-A) and Agilent 1260 Infinity Quaternary Pump,
including an autosampler and a fraction collector. For elution, the gradient of 30 % methanol
for 15 minutes to 100 % methanol was used. The flow rate was maintained at 800 pl per min
and the column temperature was maintained at 25 °C. An Agilent MSD Single 6120 Single

Quadrupole mass spectrometer was used to detect the metabolites and was operated in
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positive mode. The operation parameters for LC-APCI were as follows: ion spray voltage 3500
V, nebulizing gas 35 psig, drying gas temperature 250 °C and scanned for a mass range of
150-300 m/z.
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VII. Appendix
VII.1 Tables

Tab.VIl.1.1 Different plant growth medium used:

i. M-medium

Macro elements 20X

Stock Solution in 500 ml

Final Concentration
mM

MgSQO,.7H,0 7.31gram 3.0
KNO; 0.8 gram 0.79
KCI 0.65 gram 0.87
Ca(NOs),.4H,0 2.88gram 1.22
Microelements 100 X HM
KH,PO, 240 milligram 35.0
Na Fe EDTA 400 milligram 21.7
Kl 37.5 milligram 4.5
MnCl,.4H,0 300 milligram 30.3
ZnS0,4.7H,0 132.5 milligram 9.2
H,BO; 75 milligram 24.0
CuS0,.5H,0 6.5 milligram 0.5
Na;Mo0,.2H,0 120yl of solution 10mg/10ml | 0.01
Vitamins 100X HM
Glycine 150 milligram 40
Thiamin HCI 5 milligram 0.3
Pyridoxine HCI 5 milligram 0.5
Nicotinic Acid 25 milligram 4
Myo-inositol 2.5gram 277
Sucrose 10 gram/L

Phytagel or Plant Agar

3 or4 gram/L

pH

55

For 1 L M-Medium: 50 ml Macro-element (20 X), 10 ml Microelement t(100 X), 10 ml
Vitamin solution (100 X) was used. Volume was adjusted with ddH,O and pH adjusted
to 5.5, autoclaved and used for experiments. (Bécard and Fortin 1988)
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ii. MSR medium
Solution 1:Macro elements(for1 Amount (in gram) Final Concentration
L) uM
MgSQ,.;H,O 73.9 2998
KNO, 7.6 752
KCI 6.5 878
KH,PO, 0.41 30

Solution 2: Calcium Nitrate (1L)
Ca(NO3),.4H,0 35.9 1521

Solution 3: Vitamins (500ml)

Calcium panthotenate 0.09 1.88
Biotin 0.0001 0.004
Nicotinic Acid 0.1 8.12
Pyridoxine 0.09 5.32
Thiamine 0.1 2.96
Cyanocobalamine 0.04 0.25

Solution 4: NaFeEDTA(500ml)

NaFeEDTA 0.16

Solution 5: Microelements(500

ml)

MnSO,.4H,0(100ml) 1.225 54.92
ZnS0,.7H,0O(100ml) 0.14 4.869
HsBO3(100ml) 0.925 149.6
CuS0,.5H,0(100ml) 1.1 44
Na;Mo0O,4.2H,0(100ml) 0.12 4.96
(NH4)sM070,,4.4H,0 1.7 13.75

For 1 L M-Medium: 10 ml Solution 1, 10ml Solution 2, 5 ml Solution 3, 5 ml Solution 4, 1 ml
Solution 5 and 4 gram of Plant Agar was used. Volume was adjusted with ddH,O and pH
adjusted to 6.5, autoclaved and used for experiments.
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iii. Modified Fahreus medium (according to Boisson-Dernier et al., 2001)

Macro elements Stock For1L Final
Solution mix Concentratio
n
MgSO, 0.5M 1ml 0.5mM
KH;PO, 0.7M 29l 20uM
NaH,PO, 0.4M 254l 10 uM
CgzHsFeO; 20 mM 1ml 20 uM
NH4NO4 ™ 1ml 1 mM
CaCl, (after autoclave) 0.9M 1ml 0.9 mM
Microelements
MnCl, 1 mg/ml 33l 33 ug/l
CuSO, Tmg/ml 33 pl 33 pg/l
ZnCl, 1 mg/ml 7l 7 pgf
H;BO, 1 mg/ml 100 pl 100 pg/l
Na,MoO, 1 mg/ml 33l 33 pg/l
Gelrite 11g/L
200mg MES was added as buffer, pH adjustedto 7.4 and
autoclaved.
25 mg/L Kanamycin was added for transgenic root selection.

Tab.VII.1.2 Primers used for various purposes

Primer name

Sequence

Primers used for

identification of Tntl insertion in TPS10

Tntl rev GCTACCTCGTACTTTACTCC
TPS10-gPCR_F CTCTAGGGAAGCTTCAGTTC
TPS10-gPCR_R CTGTTGGCCTAAGACATTGC

Primers used for the identification of positive amiRNA clones via colony PCR

ami921 Fwd

GTTCGTTTCGTCAATCCAGC

ami921 Rev

GAAACGACAATCTGATCGGG
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Primer name

Sequence

Primers used for amiRNA cloning

TPS10 | miR gtTTGATAGGTGAATGTACGCTTaaattggacacgcgtct
TPS10_Il_miR ttAAGCGTACATTCACCTATCAAacaaaaagatcaaggc
TPS10_Ill_miR ttAAGCGTACATAGACCTATCACtctaaaaggaggtgatag
TPS10_IV_miR gaGTGATAGGTCTATGTACGCTTaattaggttactagt
TPS10 _miR_A CTGCAAGGCGATTAAGTTGGGTAAC
TPS10 _miR_B GCGGATAACAATTTCACACAG

Primers used for cloning TPS10 promoter
Pro_TPS10_1 ttggtctcaacatggagcaccaaaatgcttacgtggcg
Pro_TPS10_2 ttggtctcaacaaGTAGGCTAATAGACTGATGATAACTAC
Pro_TPS10_3 ttggtctcaacatctacgcctgggagtitagataacattg
Pro_TPS10_4 ttggtctcaacaaCATTCTTCAAATTAATCAAAGGTGTTATAATAAGTGGCTC

Primers used for Stem-loop RT-PCR

U6 Stemloop_RT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAA
ATTTG

gRT U6_Fwd

CACGCATAAATCGAGAAATGGTC

TPS_stemloop_RT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAG
CG

TPS10_Stemloop F

wd

GACGGCCTTGATAGGTGAATGT

Universal_gRT_Rev

CCAGTGCAGGGTCCGAGGT
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Primer name

Sequence

Primers used for cloning TPS10 genomic DNA

TPS10-gen_1 ttggtctcaACATaatggctcccaaatctgacttgc

TPS10-gen_2 tt ggtctc a
GTCTTTAAAAATAATTATTTCTCCATTTTGAACATAATTCTTATG

TPS10-gen_3 ttggtctcaagacaacctttgctctcttgetgtgc

TPS10-gen_4 ttggtctcaACAACATAAGATTACTTGATGACTGGTATAAAGAG

TPS10-gen_5 ttggtctcaacattatgtttaatacaattattagaaaaaaattattatatgcattgatatattgtaaatagttttat
acagtcatctaatcaaatctcaccatagg

TPS10-gen_6 ttggtctcaACAACATCCTATCTCTTGCAAAAGGG

TPS10-gen_7 ttggtctcaACATgatggtggaaggtagtttttgg

TPS10-gen_8 ttggtctcaACAAATGCATAAAATAACATATCAGCCAACATGACC

TPS10-gen_9 ttggtctcaACATgcattgttitatggatatgttttgtcatgtatatttc

TPS10-gen_10

ttggtctcaACAACGAACGAATCAAACCACCACC

Primers used for identification of antisense- transcription from Tntl

cDNA_Tntl CAAGCTTATATGACTGAGGC
gRT_Fwd GAAGAGTACATTCACCTATCAACAG
gqRT_Rev CCTGCCAATAACAATAGCAGC
Primers used for gPCR analysis
Mt-PT4_Fwd
ACAAATTTGATAGGATTCTTTTGCACGT
Mt-PT4_Rev

TCACATCTTCTCAGTTCTTGAGTC

Ri-B-tubulin_Fwd

CCAACTTATGGCGATCTCAACA

Ri-R-tubulin_Rev

AAGACGTGGAAAAGGCACCA

Ae_5.8s rRNA_Fwd

TGTCTAGGCTCGCACATCGA

Ae_5.8s rRNA_Rev

AGTGCAATATGCGTTCAACGTTT

His3-like_Fwd
B CTTTGCTTGGTGCTGTTTAGATGG
His3-like_Rev
ATTCCAAAGGCGGCTGCATA
TPS10 gRT_Fwd
-~ CTCTAGGGAAGCTTCAGTTC
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TPS10_qRT_Rev CTGTTGGCCTAAGACATTGC
Medtr2g098430_Fwd | GGTTATGGGTGAGAGTAGTG
Medtr2g098430_Rev | CTCACGATCATTCAGTGTAG
Medtr5g007550_Fwd | TGTTAGACTCGTTGCTCGCT
Medtr5g007550_Rev | GAAAGGAAGGGACCGGAGAG
Medtr8g104080_Fwd | GCTGTGAGTTTGGGTGAGGT
Medtr8g104080_Rev | ACTACACCCCAGCACCATTT
Actin2_Fwd ACTCACACCGTCACCAGAATCC
Actin2_Rev TCAATGTGCCTGCCATGTATGT

Tab.VII.1.3 List of vector constructs made using golden gate modular cloning

Construct Destination Construct description

name vector

pPAGH55 pICH75055 CaMV 35 S+ tHMGCR+ Nos Ter

pPAGH56 pICH47732 Gal-promoter + TPS10 + Ter

pAGH57 pICH47742 Gal-promoter + FPS1+ Ter

pAGH58 pICH47751 Gal-promoter + tHMGCR + Ter

pPAGH59 pAGT564 TPS10 + FPS1+ tHMGCR +Ter

pAGH92 pAGHT564 FPS1 + tHMGCR + Ter

pAGH272 pAGM1311 TPS10 promoter Fragment 1

pAGH273 pAGM1311 TPS10 promoter Fragment 2

pAGH274 pICH41295 TPS10 complete promoter

pPAGH275 pICH47742 Promoter TPS10 + GUS with introns+ Ter
pAGH292 pICH47742 Promoter TPS10 + TPS CDS+ Ter

pAGH293 pPpAGM4673 DsRed + Promoter TPS10 + GUS with introns+ Ter
pPAGH294 pPpAGM4673 DsRed + Promoter TPS10 + TPS CDS+ Ter
pAGH515 pAGM1311 TPS10 genomic fragment 1

pAGH516 pAGM1311 TPS10 genomic fragment 2

pAGH517 pAGM1311 TPS10 genomic fragment 3

pAGH518 pAGM1311 TPS10 genomic fragment 4

pAGH519 pAGM1287 TPS10 genomic complete

pAGH520 pICH47742 TPS10 Promoter + TPS10 genomic + 4X Myc + Ter
pAGH521 pAGM4673 DsRed + TPS10 Promoter + TPS10 genomic + 4X Myc + Ter
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Tab.VIl.1.4 Buffers used for protoplast isolation and transformation (provided by Hagen Stellmach)

W5

component stock conc. | final conc. | 50 ml | 100 ml | 200ml | 400 ml | 500 ml
NaCl 5M 154mM | 1,54 | 308 | 6,16 | 1232 | 154 |ml
CaCl, ™ 125mM | 625 | 12,5 25 50 62,5 |ml
KCI 0,1M 5mM 2,5 5 10 20 25 |ml
MES pH 5.7 0,2M 2mM 0,5 1 2 4 5 |ml
H.O 39,211 78,42 | 156,84 | 313,68 | 392,1 |ml
Wi

component stock conc. | final conc. | 5ml | 10ml | 15ml | 20ml | 30ml |40 ml
mannitol 0,8M 0,5mM 315 | 6,3 9,45 12,6 | 18,9 | 252 |ml
KCI 0,1M 20mM 1 2 3 4 6 8 [ml
MES pH 5.7 0,2M 4 mM 0,1 0,2 0,3 0,4 0,6 0,8 |ml
H,O 0,75 1,5 2,25 3 45 6 [ml
MMG

component stock conc. | finalconc. | 5ml | 10ml | 15ml | 20ml | 30ml |40 ml
mannitol 0,8M 04M 2,5 5 7.5 10 15 20 |ml
MgCl, 0,15M 15 mM 0,5 1 1,5 2 3 4 |ml
MES pH 5.7 0,2M 4 mM 0,1 0,2 0,3 0,4 0,6 0,8 |ml
H,O 1,9 3,8 57 7.6 11,4 | 152 |ml
PEG

component stock conc. | finalconc. | 5ml | 10ml | 15ml | 20ml | 30ml |40 ml
mannitol 0,8M 02M 125 | 25 3,75 5 7.5 10 |ml
CaCl, ™ 01M 0,5 1 1,5 2 3 4 |ml
PEG solid 40 % 2 4 6 8 12 16 |g
H,O 1,5 3 4.5 5] 9 12 |ml
enzyme soln.

component stock conc. | finalconc. | 5ml | 10ml | 15ml | 20ml | 30ml |40 ml
mannitol 0,8M 04M 2,5 5 7.5 10 15 20 |ml
KCI 0,1M 20 mM 1 2 3 4 6 8 [ml
MES pH 5.7 0,2M 20 mM 0,5 1 1,5 2 3 4 |ml
H,O 0,95 1,9 2,85 3,8 57 7,6 |ml
cellulase R10 1,50% 75 150 225 300 450 | 600 |mg
macerozyme R10 0,40% 20 40 60 80 120 | 160 |mg
CaCl, ™ 10 mM 50 100 150 200 300 | 400 |ul
BSA 0,1 g/ml 1 mg/ml 50 100 150 200 300 | 400 |ul
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VII.2 Figures

Reference sequence (1): Artemisia
Identities normalised by aligned length.
Colored by: identity
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Fig.VIl.2.1 Alignment of M. truncatula WRKY1 with other WRKYs. The amino acid sequence of MtWRKY1 was
aligned with  WRKYs from Arabidopsis, Artemisia, Nicotiana and Petroselinum using Clustal Omega
(https://www.ebi.ac.uk/Tools/msalclustalo/) and the color shading was performed using MView function provided
by EMBL-EBI website.
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Fig.VIl.2.2 Domain analysis of TPS10: The amino acid sequence of TPS10 was analyzed for domains using

NCBI conserved domain search.
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Fig.VIl.2.3 Promoter analysis of MtTPS10: The 2 Kb promoter fragment was analyzed for cis-acting elements,
enhancers and repressors using freely available online tool PlantCare (PlantCARE, a database of plant cis-acting
regulatory elements and a portal to tools for in silico analysis of promoter sequences.
Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, Van de Peer Y, Rouzé P, Rombauts S.
Nucleic Acids Res. 2002 Jan 1;30(1):325-7.) and WRKY binding sites (W box; purple solid arrows) were annotated

using Geneious software.
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Fig.VIl.2.4. An example of vector construct transiently transformed in M. truncatula roots: Vector constructs
to be transformed in M . truncatula roots contain a DsRed module under its own ubiquitin promoter and a terminator,
E. coli origin of replication, kanamycin marker and the main module, in this case, Pro:TPS10+Ter is cloned close

to the right border and the DsRed selection marker close to the left border.
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Fig.VIl.2.5. An example of vector construct transformed in yeast: Vector constructs to be transformed in yeast
contains E. coli origin of replication, yeast origin of replication, URA3 selection marker and plant coding sequences

under galactose inducible promoters.
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Fig.VIl.2.6 m/z of TPS10 products: The most similar compound spectrum (top) and the measured

(bottom). Y- axis denoted the relative m/z abundance and x-axis denotes the retention time.
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VII.3 Is there genetic variation in mycorrhization of Medicago truncatula?
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ABSTRACT

Differences in the plant’s response among ecotypes or accessions are often used to iden-
tify molecular markers for the respective process. In order to analyze genetic diversity
of Medicago truncatula in respect to interaction with the arbuscular mycorrhizal (AM)
fungus Rhizophagus irregularis, mycorrhizal colonization was evaluated in 32 lines of
the nested core collection representing the genetic diversity of the SARDI collection. All
studied lines and the reference line Jemalong A17 were inoculated with R. irregularis
and the mycorrhization rate was determined at three time points after inoculation.

There were, however, no reliable and consistent differences in mycorrhization rates
among all lines. To circumvent possible overlay of potential differences by use of the
highly effective inoculum, native sandy soil was used in an independent experiment.
Here, significant differences in mycorrhization rates among few of the lines were

detectable, but the overall high variability in the mycorrhization rate hindered clear
conclusions. To narrow down the number of lines to be tested in more detail, root

system architecture (RSA) of in vitro-grown seedlings of all lines under two different
phosphate (Pi) supply condition was determined in terms of primary root length

and number of lateral roots. Under high Pi supply (100 M), only minor differences
were observed, whereas in response to Pi-limitation (3 wM) several lines exhibited a
drastically changed number of lateral roots. Five lines showing the highest alterations
or deviations in RSA were selected and inoculated with R. irregularis using two different
Pi-fertilization regimes with either 13 mM or 3 mM Pi. Mycorrhization rate of these
lines was checked in detail by molecular markers, such as transcript levels of RiTubulin
and MtPT4. Under high phosphate supply, the ecotypes L000368 and L000555 exhibited
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slightly increased fungal colonization and more functional arbuscules, respectively.
To address the question, whether capability for mycorrhizal colonization might be
correlated to general invasion by microorganisms, selected lines were checked for
infection by the root rot causing pathogen, Aphanoymces euteiches. The mycorrhizal
colonization phenotype, however, did not correlate with the resistance phenotype upon
infection with two strains of A. euteiches as L000368 showed partial resistance and
L000555 exhibited high susceptibility as determined by quantification of A. euteiches
rRNA within infected roots. Although there is genetic diversity in respect to pathogen
infection, genetic diversity in mycorrhizal colonization of M. truncatula is rather low
and it will be rather difficult to use it as a trait to access genetic markers.
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INTRODUCTION

The arbuscular mycorrhiza (AM) represents a unique interaction between two eukaryotes,
an obligate biotrophic fungus and its host plant, leading to an improved fitness of
both interacting partners (Bonfante ¢ Genre, 2008). AM fungi play an enormous role in
terrestrial ecosystems due to their ubiquitous occurrence and their widespread interaction
with plants. AM fungi, e.g., the species Rhizophagus irregularis (DAOM197198), belong
to the kingdom of fungi and are classified to the subphylum Glomeromycotina within the
phylum Mucoromycota (Spatafora et al., 2016).

The association between plant roots and AM fungi has proven to be an evolutionary
successful strategy, since more than 80% of all terrestrial plant species live in symbiosis
with AM fungi (Schiissler, Schwarzott & Walker, 2001). The host plant supplies the fungus
with photoassimilates, which are metabolized to glycogen or lipids as energy storage (Bago,
Pfeffer & Shachar-Hill, 2000). In turn, the AM fungus assists its host plant in acquisition of
mineral nutrients and water (Govindarajulu et al., 2005; Parniske, 2008). Phosphate is one
of the limiting nutrients for plant growth owing to its inaccessible form which has poor
solubility and very slow diffusion. Roots affect the Pi concentration of the soil solution by
active phosphate uptake, hence creating a Pi depletion zone around the root (Hinsinger
et al., 2005). The extraradical fungal mycelium widely expands the Pi-depletion zone and
due to the minor hyphal diameter, smaller soil pores can be exploited by a larger absorbing
surface. Hence the symbiosis with AM fungi displays a powerful mechanism for plants to
increase Pi availability.

The family of Fabaceae represents the third largest family of higher plants including
more than 20,000 species and 700 genera (Doyle ¢ Luckow, 2003). Due to their suitability
for plant genomics, two species of this family, Medicago truncatula (Rose, 2008) and Lotus
japonicus (Handberg & Stougaard, 1992) have been established as model plants mainly
in order to get insights into agronomical important legume-microbe interactions. Key
attributes of M. truncatula include its small, diploid genome consisting of two-times eight
chromosomes with about 500 Mbyp, its self-fertile nature and its rapid generation time.
The genome of M. truncatula was sequenced capturing 94% of all M. truncatula genes
(Tang et al., 2014; Young et al., 2011). Moreover, numerous ecotypes of M. truncatula have
been collected throughout the Mediterranean Basin, and the considerable phenotypic
variation for features such as growth habit, flowering time, trichome formation, and
disease resistance represents an important resource to examine the genetic basis of legume
functions (Bonhomme et al., 2014; Kang et al., 2015; Stanton-Geddes et al., 2013).

Previously, most studies in respect to interaction of M. truncatula with AM fungi have
focused on single reference lines or a limited number of populations. The M. truncatula
ecotype collection used in the present work is based on a survey about the genetic
diversity in a collection of 346 inbred lines spanning the bulk of diversity that has been
collected throughout the species range to date (Ellwood et al., 2006). Thirteen microsatellite
markers were used to assign genetic relationships and select a nested core collection of 32
inbred lines, representing the genetic diversity of the complete collection (Ronfort et al.,
2006). This collection has already been used successfully to identify key regulatory genes,
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which are involved in the resistance of M. truncatula to the root pathogen Aphanomyces
euteiches (Badis et al., 2015; Bonhomme et al., 2014). A. euteiches belongs to the kingdom
of Chromalveolata and the class of Oomycota and causes the root rot disease in legumes.
Primary disease symptoms in infected roots are water-soaked, softened brown lesions
followed by significant reductions of root mass. Secondary symptoms like chlorosis,
necrosis and wilting of the foliage might follow (Hughes, Teresa & Grau, 2014).

Besides the search for resistant ecotypes followed by proper breeding strategies,
an alternative to reduce damage caused by soil-born plant pathogens could be the
application of AM fungi as they have been shown to induce resistance towards root
pathogens, as e.g., A. euteiches (Azcon-Aguilar & Barea, 1996; Hilou et al., 2014; Whipps,
2004). Additionally, the interaction of plants with AM fungi results in further beneficial
effects, such as increased uptake of nutrients like phosphate, nitrogen (ammonium and
nitrate), zinc, copper and potassium (Cavagnaro, 2008), and can lead to an increase in
plant growth rate and total plant biomass (Harrison, 1999; Parniske, 2008). Moreover,
AM can improve the tolerance of the plant to certain abiotic stresses, including drought,
salt, and heavy metals (Kamel et al., 2017). Therefore, identification of traits causing a
well-established mycorrhiza might help to improve the overall plant fitness.

The aim of this work was, therefore, to evaluate the SARDI core collection of
M. truncatula ecotypes, collected in different parts of the world (Ronfort et al., 2006),
regarding their symbiotic interaction with R. irregularis. The colonization rate of all
ecotypes was evaluated, either using highly active inoculum or native sandy soil. To
narrow down the number of ecotypes in order to have a closer look to slight differences
in their mycorrhization, ecotypes were selected according to differences in the root system
architecture (RSA) of seedlings. RSA describes the spatial arrangement of roots in the soil
or growth media, is often quantified in terms of length of the primary root and number
of lateral roots (Chevalier et al., 2003) and is known to be influenced by the availability
and distribution of nutrients in the soil (Thaler ¢~ Pages, 1998). On the one hand, RSA
is altered by phosphate, which can affect the primary root length and number of lateral
roots (Gruber et al., 2013; Kellermeier et al., 2014), on the other hand, colonization of roots
by AM fungi is dependent on RSA, but also influences RSA (Gutjahr ¢ Paszkowski, 2013;
Hodge et al., 2009). Moreover, the relation between AM and RSA became obvious by the
fact that plant phosphate transporter genes expressed specifically in arbuscule-containing
cells play also a role in regulating relevant developmental programs, like root branching
(Volpe et al., 2016). Using two regimes of Pi fertilization, the lines most deviating in RSA
were selected and again analyzed in more detail for the interaction with R. irregularis, but
also regarding their susceptibility towards the root pathogen A. euteiches.

MATERIAL & METHODS

Plant material and growth conditions

Plant materials used in this study included the set of nested core collection of Medicago
truncatula (L.) Gaertn. consisting of 32 lines (Ronfort et al., 2006) and var. Jemalong A17
(Table S1). Seeds were treated with concentrated sulphuric acid for 5 min followed by
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intensive washing with distilled water. Seeds were subsequently placed on sterile glass petri
dishes with filter paper and stored for three days at 4 °C in the dark. Germination was
performed in the dark at RT for one day and in light at RT for another day. Seedlings were
transferred into pots (one seedling per pot with a diameter of 13 cm) filled with 600 ml
expanded clay of 2-5 mm particle size (Original Lamstedt Ton; Fibo ExClay, Lamsted,
Germany). For inoculation with Rhizophagus irregularis, expanded clay was mixed with
inoculum (see below), for infection with Aphanomyces euteiches pure expanded clay was
used. Growth of plants in soil containing lower spore density and higher AM fungi diversity
was performed in native soil from Groflbbeeren (Germany). This sandy soil contained
1.3% organic matter, 4% of clay in the soil dry weight, and 15 mg extractable P/g soil and
had a pH of 7.6.

All lines were grown in a phytochamber with a 16 h/8 h cycle (22 °C/18 °C) at 220 pmol
photons m~2 s~'. Plants were watered with deionized water three times per week and
fertilized weekly with 10 ml 10x Long Ashton solution (Hewitt, 1966) containing either
20% (corresponding to 3 mM) or 100% (corresponding to 13 mM) phosphate.

Inoculation with Rhizophagus irregularis, plant harvest, and
determination of mycorrhization rate

R. irregularis (Schenk and Smith, isolate 49; Maier et al., 1995) was enriched in propagules
by co-cultivation with leek (Allium porrum, cv. Elefant) in expanded clay as described
previously (Schaarschmidt et al., 2007). Leek inoculum containing R. irregularis hyphae
and spores was carefully mixed with clean expanded clay in a ratio of 2:8 (v/v) and used as
highly active inoculum.

Plants of all lines inoculated with R. irregularis were harvested at 21, 35 and 50 days
after inoculation. Plants grown in sandy soil were harvested at 35 days. Plants were quickly
removed from the pot, roots carefully separated from the substrate, washed with distilled
water and dried with a paper towel. For determination of mycorrhization rate using the
Gridline intersection method (Giovannetti ¢~ Mosse, 1980), the whole root was used for
subsequent staining. Selected lines were analyzed in independent experiments using the
calculation method according to Trouvelot, Kough ¢ Gianinazzi-Pearson (1986). Here,
an approximately 2 cm wide, centrally located section of every root system was used for
staining and the remaining root material was snap frozen in liquid nitrogen and stored at
—80 °C until isolation of RNA. Staining of all mycorrhizal samples was done with 5% (v/v)
ink (Shaeffer Skrip jet black, Sheaffer Manufacturing, Madison, WI, USA) in 2% acetic
acid as described before (Vierheilig et al., 1998). Fungal structures were assessed using a
stereomicroscope.

Cultivation of plants for determination of root system architecture
(RSA)

Seeds treated as described above were germinated on plates containing 0.7% plant agar
(Duchefa Biochemie, Haarlem, North Holland, The Netherlands) at 12 °C in the dark for
two days. In each case, seven seedlings were then transferred to plates containing Modified
Strullu Romand Medium (Declerck, Strullu & Fortin, 2005) solidified with 0.4% (w/v)
phytagel (Sigma-Aldrich, Munich, Germany) and either supplied with 100 uM phosphate
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(high Pi) or 3 M phosphate (low Pi). Plates were incubated vertically at 17—20 °C for
seven days with a day/night cycle of 16 h/8 h. After taking photographs of all plates, length
of primary roots and number of lateral roots were determined using the software ‘Smart
Root’ (Lobet, Pages ¢~ Draye, 2011). For each line and treatment at least three plates with
seven seedlings each were evaluated.

Cultivation of A. euteiches and infection of plants

The cultivation and production of zoospores of A. euteiches (Drechs.) strain AERB84
(kindly provided by Dr. Anne Moussart, INRA France) and strain GB I1 (kindly provided
by Dr. Phillip Franken, IGZ Germany) were performed as described before (Hilou et al.,
2014). Both strains were cultivated on CMA-HST plates consisting of 17 g 1=! corn meal
agar, 4 g 17! yeast extract, 0.8 mg 1=! B-sitosterol, and 100 mg I=! a-tocopherol acetate in
50 mM phosphate buffer (pH 6.8-7.0) in the dark at RT for 4-5 days. When the entire
surface of the plate was occupied by the mycelium, 1 cm? pieces containing young hyphae
were cut and transferred into new Petri dishes. After addition of a solution consisting of
yeast extract tryptone (3.5 g 17') and autoclaved lake water in a ratio of 3:1 (v/v), plates
were incubated at RT in the dark for 2 days. The newly formed mycelium was rinsed three
times with autoclaved tap water for 45 min followed by overnight incubation to induce
zoospores. Seedlings of M. truncatula cultivated on vertical plates as described above were
infected by adding of 200,000 motile zoospores to each root. Three weeks after infection,
phenotypic alterations were evaluated. M. truncatula plants grown in expanded clay for two
weeks were infected at the stem base by the addition of about 1,000,000 motile zoospores
of A. euteiches per plant. Control plants were mock-inoculated with an equal volume of
autoclaved water. One day before infection, all pots were water saturated. Four weeks after
infection, roots were harvested and snap-frozen in liquid nitrogen until isolation of RNA.

Staining of fungal structures with Wheat Germ Agglutinin
(WGA)-AlexaFluor488

In order to stain fungal and oomycete structures within root tissue, Wheat Germ Agglutinin
(WGA) conjugated to AlexaFluor488 (Life Technologies GmbH, Darmstadt, Hesse,
Germany) was used enabling staining of cell wall components of fungi and oomycetes,
such as A. euteiches. Freshly harvested roots were placed in 50% (v/v) ethanol for at least
four hours followed by incubation in 20% KOH for 10 min at 90 °C. After washing
with distilled water, roots were incubated in 0.1 M HCI for 2 h and then transferred
into phosphate-buffered saline (135 mM NaCl, 3 mM KCl, 1.5 mM KH,PO4, 8 mM
Na,HPOy, pH 7.4) containing 0.2 pg ml~! WGA-AlexaFluor488 for at least 6 h. Stained
roots were analyzed using an epifluorescence microscope Axiolmager (Zeiss GmbH, Jena,
Thuringia, Germany) using the reflector module 09 (EX BP 450-490/BS FT510/EM LP515).
Photographs were taken by an AxioCam (Zeiss) and combined using Adobe Photoshop.

Monitoring of mycorrhization and A. euteiches infection by
determination of transcript accumulation using qRT-PCR

Roots frozen in liquid nitrogen were homogenized using mortar and pestle. Total RNA
was prepared using the Qiagen RNeasy PlantMiniKit (Qiagen, Hilden, North Rhine-
Westphalia, Germany) according to the manufacturer’s instruction, and followed by
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Table 1 Primer sequences of genes analyzed with QRT-PCR.

Organism

Sequence

M. truncatula

M. truncatula

R. irregularis

A. euteiches

fwd 5'-CTT TGC TTG GTG CTG TTT AGA TGG-3'

rev 5'-ATT CCA AAG GCG GCT GCA TA-3'

fwd 5’-ACA AAT TTG ATA GGA TTC TTT TGC ACG T-3"
rev 5'-TCA CAT CTT CTC AGT TCT TGA GTC-3'

fwd 5'-CCA ACT TAT GGC GAT CTC AAC A-3'

rev 5'-AAG ACG TGG AAA AGG CAC CA-3'

fwd 5-TGT CTA GGC TCG CAC ATC GA-3'

rev 5'-AGT GCA ATA TGC GTT CAA CGT TT-3’

Histone3-like (Medtrdg097170.1)

RiBTub (AF394773)

5.8S rRNA (AY683887)

DNase digestion using Ambion RNase-free DNase (ThermoFisher Scientific, Schwerte,
North Rhine-Westphalia, Germany). For real-time qRT-PCR analyses, 1 pg of total RNA
was converted into cDNA with Moloney Murine Leukemia Virus Reverse Transcriptase,
Point Mutant (Promega, Madison, WI, USA) using oligo(dT)20 primer. The obtained
c¢DNA was diluted 20 times to serve as template for QRT-PCR.

Transcript levels of genes encoding R. irregularis B-tubulin (RiBTub), M. truncatula
phosphate transporter4 (MtPT4) as well as A. euteiches-specific 5.8s rRNA levels were
determined according to Hilou et al. (2014) using EvaGreen QPCR Mix II (Bio and Sell,
Feucht, Bavaria, Germany) and primers listed in Table 1. The Ct-values of the target gene
(TG) were normalized to the housekeeping gene M. truncatula histone3-like (MtHIS3L).
The transcript accumulation of a gene from one sample was determined using the mean
of three technical replicates. The resulting logarithmic values were converted using the
formula 274,

Statistical analyses

If not otherwise indicated, three independent biological replicates were used for
determination of mycorrhization rate and transcript levels. To identify significant
differences statistical tests were conducted by Student’s ¢-test for pairwise comparisons
and one-way-ANOVA with Tukey’s HSD test for multiple comparisons. Additionally, two-
factorial ANOVA was applied to access interaction effects between the factors genotype
and treatment for the data shown in Fig. 1. Standard deviation (SD) is used throughout to
indicate variation from the mean.

RESULTS

Mycorrhization of core collection of M. truncatula accessions

The 32 accessions of the SARDI core collection and the reference line A17 were grown in
expanded clay inoculated with R. irregularis, and fertilized with Long-Ashton fertilizer
containing 3 mM (20%) phosphate instead of 13 mM, which correspond to 100%
phosphate. Roots were harvested at three different time points (21, 35 and 50 days post
infection [dpi]). Fungal structures in the roots were stained with ink and quantified using
the Gridline Intersection method (Figs. 1A—1C). The overall mycorrhization rate increased
over time in all accessions, but there were only slight differences in mycorrhization rate
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Figure 1 Mycorrhization rates of the 32 accessions of the core collection and A17. Plants of the 32 ac-
cessions of the core collection and the reference line A17 were inoculated with R. irregularis propagated
on leek cultures (A, B, C) or were grown in native sandy soil (D). Mycorrhization rate was determined af-
ter the time periods indicated. Please note that all line numbers used in the text were abbreviated and con-
tained the last three numerals of their original numbers only (see Table S1). Data are presented as means
=+SD (1 = 3). There were no significant differences in (A, B, C); different letters in (D) indicate significant
differences according to one-way-ANOVA with Tukey’s HSD test, p < 0.05.
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between the accessions at all harvest points. The largest differences were found at 21 dpi
and ranged from 2.7% (line 321) to 40% (line 679) of root colonization. Comparisons
between all lines by ANOVA revealed, however, that there were no significant differences
in colonization rates at all three time points of inoculation. The overall development of
shoot and root biomass within one accession compared to the other accessions was rather
consistent at the different plant ages (not shown). To avoid possible overlay of differences by
use of the highly effective inoculum, a native soil was used for an independent experiment
(Fig. 1D). This soil had a much lower spore density and higher AM fungi diversity compared
to the inoculum of trap cultures. The earliest time point with detectable colonization in this
soil was detected at 35 dpi, since the process of mycorrhization was much slower compared
to the R. irregularis inoculum. The colonization rate ranged from 0.4% to 18.3% (lines
239 and 543, respectively) and showed few significant differences among lines according
to one-way ANOVA (Fig. 1D). To assess genotype, treatment and interaction effects, a
two-factorial ANOVA was performed using data from all experiments, but no significant
interaction effect was detected (Table S2). The high variance in mycorrhization rate of all
32 accessions under all conditions hampered to conclude on clear and reliable differences
between the lines.

Length of primary roots and number of lateral roots in seedlings
grown under phosphate-repleted and phosphate-depleted conditions
Since there were only minor differences in the mycorrhization rate and no correlation
between mycorrhization rates and plant development, few accessions should be selected
for a more detailed analysis. Due to the fact that Pi limitation is a driving force for
mycorrhization in M. truncatula and at the same time affects the RSA, seedlings of all
accessions of the core collection including A17 were grown on plates containing either
100 uM or 3 pM Pi for seven days. There were obvious differences in the RSA monitored
in terms of primary root length and lateral root number (Fig. 2, Fig. S1). Under both Pi
conditions, no line exhibited significant differences in root length and number of lateral
roots compared to A17 according to Students ¢-test with Bonferroni correction. However,
comparing root length of seedlings between both Pi conditions, length of primary root
decreased significantly in line 163 and increased significantly in lines 321, 368 and 542
under Pi limitation in comparison to high Pi supply (Fig. 2A). There were, however, other
lines differing in the number of lateral roots in response to Pi limitation, whereby again
the lateral root number changed differently in the lines. Whereas the number in some lines
increased, in others it decreased (Fig. 2B). Some lines developed less or no lateral roots
under Pi limitation (e.g., 49, 239, 734), whereas others responded to the deficiency with
an enhanced number of lateral roots (e.g., 213, 263, A17) or did not exhibit differences
(e.g., 555, 736). From these lines showing significantly altered parameters, lines 163, 368
and 542 with changed primary root length under high Pi supply as well as line 213 with
highest number of lateral roots under Pi limitation were selected as candidates to analyze
its strength of interaction with the AM fungus in more detail. Additionally, line 555 was
included, because this line did not change RSA upon Pi limitation and exhibited a stable,
but very low number of lateral roots.
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Figure 2 Root architecture of seedlings. Seedlings were cultivated on media with 100 WM (black bars) or
3 WM (gray bars) Pi for seven days. (A) Length of primary root, (B) number of lateral roots. Data are pre-
sented as means = SD (n = 3 with seven plants each) and were compared between high/low Pi by the Stu-
dent’s t test; * P <0.05.

Mycorrhization of selected accessions under two phosphate regimes
Seedlings of lines 163, 213, 368, 542, 555 and A17 were inoculated with R. irregularis and
grown either under limited Pi supply (Long-Ashton fertilizer containing 20% phosphate
corresponding to 3 mM Pi) or under full Pi supply (Long Ashton fertilizer containing 100%
phosphate corresponding to 13 mM Pi) for two weeks. Mycorrhization parameters, such as
frequency of mycorrhiza, intensity of mycorrhizal colonization and arbuscule abundance
were determined (Figs. 3A and 3B). In comparison to fertilization with 100% Pi, fertilization
with 20 % Pi resulted in higher mycorrhizal colonization in all accessions. However, in
comparison to the reference line A17, the selected lines did not show differences in all the
parameters determined, neither upon Pi limitation nor under full Pi supply. To check the
functionality of the symbiosis in more detail, molecular markers, such as the transcript
levels of a mycorrhizal fungal gene (RiTUB) and of a mycorrhiza-induced plant gene
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Figure 3 Mycorrhization of selected accessions. Accessions No. 163, 213, 368, 542, 555 and reference
line A17 were grown in expanded clay, inoculated with R. irregularis for two weeks and fertilized either
with reduced phosphate levels (20% corresponding to 3 mM Pi, A, C, E) or fully supplied with phosphate
(100% corresponding to 13 mM Pi, B, D, F). (A, B) Mycorrhization rate quantified using the method de-
scribed by Trouvelot, Kough & Gianinazzi-Pearson (1986). F%, frequency of mycorrhiza in the root sys-
tem; M%, intensity of the mycorrhizal colonization in the root system; m%, intensity of the mycorrhizal
colonisation in the root fragments; a%, arbuscule abundance in mycorrhizal parts of root fragments; A%,
arbuscule abundance in the root system. Data are presented as means + SD (n = 5). There were no sig-
nificant differences between the ecotypes within each parameter analyzed (tested using one-way-ANOVA
with Tukey’s HSD test). (C, D) Mycorrhization determined by transcript level of RiIBTUB in relation to
MtHIS3L. Data are presented as means =+ SD (n = 3). Different letters indicate significant differences
(one-way-ANOVA with Tukey’s HSD test, p < 0.05). (E, F) Functional arbuscules determined by tran-
script level of MtPT4 in relation to MtHIS3L. Data are presented as means =+ SD (1 = 3). Different letters
indicate significant differences (one-way-ANOVA with Tukey’s HSD test, p < 0.05).
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(MtPT4), were determined (Figs. 3C-3F). Upon fertilization with 20% Pi, transcript levels
of both marker genes did not show significant differences among the accessions. Upon
full Pi supply, however, two lines exhibited significant differences: line 555 showed higher
transcript accumulation of RiTUB pointing to a higher colonization by R. irregularis in
comparison to A17. Regarding the MtPT4 transcripts, line 368 showed significantly higher
levels than the reference line. This was accompanied by a high density of arbuscules, which
were stained with fluorescently labeled WGA (Fig. 52).

Infection of selected lines with A. euteiches

To check whether the slightly altered mycorrhization phenotype of lines 368 and 555 might
be linked to a higher susceptibility towards other soil-born microorganisms, one week old
in vitro grown seedlings of all selected lines were infected with two strains of A. euteiches
(Fig. S3). Both strains did not show differences in their infection capability. Roots of all
lines appeared to turn brownish, but shoots of susceptible lines did not grow further and
developed senescence-like symptoms (lines 163, 213, and 555). When plants were grown
in expanded clay and infected with A. euteiches (strain GB I1), susceptible lines showed
a significant reduction of biomass (Fig. 4A). Line 368 turned out to be highly tolerant
towards A. euteiches and did not show an impaired fresh weight. Interestingly this was the
line, which showed a higher arbuscule abundance determined by MtPT4 transcript levels.
To confirm the infection strength deduced from phenotypic observations, the amount of
A. euteiches TRNA in infected roots was determined (Fig. 4B). A. euteiches rRNA was not
detectable in non-infected roots, but in all infected roots. The levels, however, differed
drastically—lines previously identified to be susceptible exhibited high levels of A. euteiches
rRNA, whereas resistant or partially resistant lines showed only low levels of A. euteiches
rRNA (Bonhomme et al., 20145 Djébali et al., 2009). This was also visible after staining of
hyphae with fluorescently labeled WGA (Fig. S4), where roots of the susceptible lines
were heavily stained and that of the partial resistant lines 368 and A17 showed only few
labeled hyphae.

DISCUSSION

Interactions of plants with AM fungi provide several benefits for the plant, on the first
place enhanced mineral nutrition (Smith ¢ Read, 2008). Therefore, the ability, but also
the extent of plants to interact with AM fungi might affect the general plant performance.
Genetic diversity present in wild accessions of M. truncatula was used to identify putative
differences in mycorrhization. The core collection used is part of the South Australian
Research and Development Institute (SARDI) collection of Medicago spp, which is the
largest in the Southern Hemisphere (Skinner et al., 1999). Large numbers of molecular
markers make it feasible to identify key traits from mapping populations (Ellwood et al.,
20065 Ronfort et al., 2006). In this study, however, no obvious and reliable differences in
the mycorrhization rate of these accessions could be found over time. Inoculation with
R. irregularis and determination of overall mycorrhization rate did not reveal significant
differences between the accessions (Fig. 1). This is reminiscent of the data shown by Schulzz,
Kochian & Harrison (2010), who analyzed eight lines of the SARDI M. truncatula collection

Dreher et al. (2017), PeerJ, DOI 10.7717/peerj.3713 11/21

145



Appendix

PeerJ

a non-infected M infected
20

fresh weight [g]

163 213 368 542 555 A17
accession

o

2.5+

2.0

a
1.5
1.0 b
0.5+
C C (o}
0_

163 213 368 542 555 A17
accession

relative rRNA level

Figure 4 Infection of selected accessions with A. euteiches. Seedlings of accessions No. 163, 213, 368,
542, 555 and reference line A17 were grown in expanded clay for two weeks followed by infection with

A. euteiches strain GB I1 for four weeks. (A) Biomass of plants without (light gray bars) and with (dark
gray bars) infection. Data are presented as means £ SD (1 > 7) and were compared between non-infected
and infected plants by the Student’s ¢ test; * P < 0.05. (B) Infection by A. euteiches was determined by level
of A. euteiches (Ae) rRNA in relation to MtHIS3L mRNA. Note the absence of Ae-rRNA in non-infected
roots. Data are presented as means & SD (n = 3). Different letters indicate significant differences between
the infected plants (one-way-ANOVA with Tukey’s HSD test, p < 0.05).
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in a similar manner by inoculation with R. irregularis. They selected different lines of the
collection than used in this work, yet two lines (530 referred to as F83005 and 736 referred
to as DZA045 in Schultz, Kochian ¢ Harrison, 2010) were overlapping to our studies. In
both studies (Schultz, Kochian ¢ Harrison, 2010), and the present study) it appeared that
the process of root colonization by AM fungi is generally variable between individual
plants, so that differences between lines are hard to identify. Here, a higher number

of replicates would be necessary to improve the probability to find reliable differences
between the accessions. Several other crop species, such as pearl millet, barley, maize,
durum wheat and onion, showed a large variation between ecotypes regarding the ability
for AM fungal symbiosis (An et al., 2010; Baon, Smith & Alston, 1993; Galvin et al., 2011;
Kaeppler et al., 2000; Krishna et al., 1985; Singh et al., 2012; Smith, Grace & Smith, 2009) or
in the genetic variation in their capacity to profit from AM symbiosis (Sawers et al., 2017),
whereas others, such as sorghum, did not show differences in mycorrhization of a large
collection of ecotypes (Leiser et al., 2016). For the latter example, mycorrhization of various
ecotypes showed rather variations in dependence on Pi-availability in the soil. Therefore,
mycorrhization of M. truncatula accessions under two phosphate fertilization regimes was
analyzed using molecular markers. To narrow down the number of accession, five of them
were selected according to their RSA response towards full or limited Pi supply.

Under Pi limitation, plants alter their root morphology, topology, and distribution
patterns influencing also their interaction with AM fungi (Bouain, Doumas ¢~ Rouached,
2016). Therefore, RSA was analyzed in terms of length of the primary root and number
of lateral roots after growth of seedlings on agar plates either with 100 pM or 3 pM Pi.
These two root parameters have been frequently used for determination of Pi deficiency
response of various plants, since they are straightforward and easy to assess (Chevalier et
al., 2003). Under high Pi supply, there were striking differences mainly in the number of
lateral roots between all accessions of the core collection (Fig. 2B). There were accessions
exhibiting several lateral roots, whereas others did not develop lateral roots within the
time frame of the experiment. In response to Pi limitation, only few of the Medicago
accessions showed significant alterations in length of primary roots, among them three
lines exhibited an increase and one line a decrease in primary root length. In comparison
to high Pi supply, the number of lateral roots was also changed only in few accessions,
whereby three lines showed a significant increase in lateral root number. One line showed
a significant decrease in the number of lateral roots, because it did not develop any lateral
roots under Pi limitation. Pi deficiency has been shown to reduce the growth of primary
roots and to enhance lateral root formation and the length and density of root hairs in
many plant species (Desnos, 2008; Lépez-Bucio, Cruz-Ramirez ¢ Herrera-Estrella, 2003),
among them Arabidopsis thaliana Col-0 (Péret et al., 2014). However, not all ecotypes of
A. thaliana show these typical features. Out of 73 accessions nearly 25 % did not respond to
Pi limitation by shorter primary roots (Chevalier et al., 2003). Moreover, Pi limitation has
opposite effects in monocots showing promotion of primary root growth and inhibition of
lateral root formation (Li et al., 2012; Sun et al., 2014). Other plant species, such as white
lupine (Lupinus albus), are able to develop so-called cluster roots, which are covered by
large numbers of dense root hairs (Lambers et al., 2006) and present another evolutionary
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adaptation mechanism in response to Pi starvation. This points to a genetically determined
root architectural response to low Pi conditions for better acquisition of Pi through root
morphology and physiological adjustment, which cannot be generalized for all species
(Péret et al., 2014).

Mycorrhization levels were determined in the five selected Medicago accessions using
two different Pi fertilization regimes. Again, the differences in mycorrhization rate between
the accessions were not significantly different, mainly due to the high variation between
single plants of one ecotype. However, the dependence of mycorrhization rate on Pi supply
was obvious. Under full Pi supply (13 mM Pi) frequency and intensity of mycorrhizal
colonization were reduced in comparison to both parameters determined from plants
grown under Pi limitation (3 mM Pi). It is well known that symbiosis establishment is
promoted under Pi deficiency conditions and is limited under full Pi supply (Andreo-
Jimenez et al., 2015). Even addition of Pi to mycorrhizal plants leads to a reduction
of colonization preceded by rapid repression of symbiotic gene expression as shown
for petunia (Breuillin et al., 2010). Under full Pi supply (limited mycorrhization), two
accessions (lines 555 and 368) exhibited, however, slightly enhanced mycorrhization.
Roots of line 555 harbored significantly more fungal material (determined by transcript
accumulation of fungal housekeeping gene encoding f-tubulin) and line 368 harbored
more active arbuscules as indicated by the significantly enhanced transcript levels of
MtPT4. Transcript levels of MtPT4 are indicative for the arbuscule abundance including
their functionality, because it is directly linked to one key feature of the mycorrhizal
symbiosis, namely the transport of phosphate (Isayenkov, Fester & Hause, 2004; Javot et al.,
2007). Since the differences were detectable only upon full Pi supply, the question raised,
whether these lines might be more susceptible also to other microorganism infecting roots.
Both accessions behaved, however, differently in respect to infection with A. euteiches:
Whereas line 555 was highly susceptible, line 368 was partially resistant. This was visible
not only in a plate assay performed with two strains of A. euteiches, but also in adult
plants grown and infected in pots. Next to the decrease in biomass of all susceptible lines,
the amount of A. euteiches TRNA was increased in these roots showing unequivocally the
different infection levels of the selected lines (Fig. 4). Differences in the colonization of
roots by A. euteiches were additionally visible after WGA staining—the highly susceptible
lines exhibited a rather dense hyphal network. Among the tested lines, line 368, 542 and
A17 belong to the (partial) resistant accessions as demonstrated by in vitro inoculation
assays previously published (Bonhommie et al., 2014; Djébali et al., 2009). This points to the
fact that mycorrhization phenotype and pathogen susceptibility of M. truncatula are not
correlated, neither positively nor negatively.

CONCLUSION

Interaction of plants with AM fungi is beneficial for plants not only for better supply with
nutrients but also as bioprotective agent against root and foliar diseases (Hilou et al., 2014;
Jung et al., 2012). Genetically diverse Medicago accessions with clearly different responses
towards AM fungi would help to identify underlying genes regulating this symbiotic
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association. Genetic diversity among the accessions of the SARDI collection in regard to
resistance against A. euteiches, in drought-related traits and in morphological traits, such as
plant height, trichome density and flowering time, have been successfully used to identify
candidate genes by a Genome-Wide Association Study (GWAS) (Bonhomme et al., 2014,
Kang et al., 2015; Stanton-Geddes et al., 2013). Thereby, the whole genome sequence and
single nucleotide polymorphism (SNP) information for 288 inbred accessions provided by
the HapMan project (http://www.medicagohapmap.org/) represent tremendous resources
for GWAS. Although there are differences in mycorrhization among the tested accessions,
the high standard variations will, however, hamper such an identification of candidate
genes either by QTL analyses or GWAS. Here, a higher number of biological replicates or
much more strongly contrasting phenotypes might be useful to identify genes that control
basal processes in root development in response to environmental impacts. It is tempting
to speculate that the differences in RSA and/or in plant’s response to Pi limitation might
be traits to be used for identification of regulatory genes.
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Table S1: List of the 33 accessions analyzed in this study

Hapmap ID Line No* Population of Country of Category
origin (accession) origin

HMO000 Doug Cook
(HM101) Al7 Varma Al7 NA UC Davis
HMO001 L0O00163 SA22322 Syria CcCs8
HMO002 LO00174 SA28064 Cyprus CCs8
HMO003 L0O00544 ESP105-L Spain CcCs8
HMO004 LO00736 DZA045-6 Algeria RILParent/CC8
HMO005 LO00734 DZA315-16 Algeria RILParent/CC8
HMO006 LO00530 F83005-5 France RILParent/CC8
HMOO07 L0O00651 Salses71B France CC8
HMO008 LO00368 DZA012-J Algeria CC8
HMO009 LO00555 GRCO020-B Greece CC16
HMO010 L0O00154 SA24714 Italy CC16
HMO011 L0O00543 DzZA327-7 Algeria CC16
HMO012 L000239 SA26063 Morocco CC16
HMO013 L000648 Salses42B France CCle6
HM014 L0O00542 DZA233-4 Algeria CC16
HMO015 LO00550 F11013-3 France CC16
HMO016 L0O00049 SA09707 Tunisia CC16
HMO031 L0O00545 ESP158-A Spain CC32
HMO032 LO00549 F11005-E France CC32
HMO033 LO00552 F20047-A France, Corsica CC32
HM034 LO00554 F20089-B France, Corsica CC32
HMO035 LO00679 F66017 France CC32
HMO036 LO00337 GRCO042-1 Greece CC32
HMO037 LO00557 GRCO064-B Greece CC32
HMO038 LO00369 PRT180-A Portugal CC32
HMO039 L000263 SA03116 Israel CC32
HMO040 L000321 SA03780 Italy CC32
HMO041 L000198 SA09048 Libya CC32
HMO042 L000290 SA09119 Turkey CC32
HMO043 LO00310 SA09944 Tunisia CC32
HMO044 L000245 SA14161 Jordan CC32
HMO045 L000144 SA14163 Jordan CC32
HMO046 L000213 SA27882 Morocco CC32

*All line numbers used in the text were abbreviated and contained the last three numerals only.
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Figure S1: RSA of selected accessions grown on two phosphate concentrations.Seedlings were grown on

plates containing either 13 mM Pi (a) or 3 uM Pi (b). Pictures were taken seven days after transfer of seedlings to

plates.

accession
163 213 368 542 555 A17

Figure S2: Arbuscule phenotype of selected accessions. Roots of plants inoculated with R. irregularis for two

weeks under full Pi supply were stained with WGA-AlexaFluor488. Bar represents 50 um for all micrographs.
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Figure S3: Phenotype of seedlings infected with two different strains of A. euteiches. Seedlings of selected
accessions were cultivated on vertical plates and infected either with A. euteiches strain GB I1 (b) or strain AERB84

(c). Non-infected controls are given in (a). Bar represents 1 cm for all photographs.
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Figure S4: Hyphal growth of A. euteiches in roots of selected accessions. Roots of plants grown in expanded
clay and infected with A. euteiches strain GB 11 for four weeks were stained with WGA-AlexaFluor488. Bar

represents 100 pm for all micrographs.
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