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IV. Summary 
 
Ever since their origin, plants have been associated with diverse microorganisms, 

above as well as below ground. Particularly widespread and therefore prominent is the 

plant interaction with arbuscular mycorrhiza fungi (AMF). Arbuscular mycorrhiza (AM) 

is an ancient mutualistic symbiosis between most land plants and obligate biotrophic 

fungi of the Glomeromycotina. The key feature of this plant-microbe association is the 

reciprocal nutrient transfer between both organisms.  

Nutrient exchange in AM symbiosis (AMS) has been studied already for decades and 

mineral nutrients such as phosphate, ammonia and sulfate were identified as important 

commodities transferred from the fungus to the plant. Vice versa, hexoses have been 

found to be translocated from the plant to the fungus as reward. This nutrient swap has 

great impact on health, physiology and overall performance of the host plant. It also 

has effects at a much larger scale on global carbon cycles and the sustainment of 

complex ecosystems such as tropical rainforests.  

AMF colonize plant roots via an intraradical hyphal network and insert arbuscules, 

which are highly branched tree-shaped structures, in single inner cortical root cells. 

The arbuscule and its host cell represent the main interface of this association and 

thereby the core element, at which nutrient transfer takes place. The host plant is in 

control of AM root colonization by the fungus, as a range of plant mutants is available, 

which perturb root colonization. A number of plant AM mutants, exhibit a similar AM-

phenotype, with a reduced percentage of root length colonization and a perturbed 

arbuscule morphology, which is characterized by small, less branched and stunted 

arbuscules. 

The two Lotus japonicus mutants dis (disorganized arbuscule) and ram2 (reduced 

arbuscular mycorrhiza), which are impaired in the establishment of AMS, have been 

identified via a forward genetics screen. Both, DIS and RAM2, are AM-specific fatty 

acid/lipid biosynthesis genes in Lotus japonicus. DIS encodes a b-keto-acyl ACP 

synthase I (KASI), crucial for fatty acid chain elongation from C4 to C16 and RAM2 

encodes glycerol-3-phosphate acyltransferase 6 (GPAT6), which acts bifunctionally by 

catalyzing dephosphorylation as well as acylation of glycerol-3-phosphate (G3P) in 

order to produce sn2-monoacylglycerol (MAG).  

In this doctoral thesis, both genes were characterized in-depth, concerning function, 

expression and requirement for the symbiosis. I was able to show that AM-competent 
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host plants harbor an AM-specific lipid biosynthesis machinery in their genomes, which 

is used to produce lipids exclusively in arbuscule containing cells. Strikingly, I revealed 

that these lipids are transported to the obligate biotrophic fungus for its nourishment. 

Via application of 13C6-glucose to colonized plants, followed by isotopolog profiling, I 

could show that plant-derived lipids are transported to the fungus in colonized L. 

japonicus wildtype plants. In contrast, lipid transport was perturbed in both lipid 

biosynthesis mutants, dis and ram2, and in the AM-specific ABCG half-transporter 

mutant str (stunted arbuscules). In addition, I collaborated with the laboratory of Peter 

Dörmann (University of Bonn) in the characterization of the AM-specific fatty acid 

thioesterase FatM, which terminates fatty acid chain elongation by hydrolysis of the 

acyl-ACP thioester bond. FatM is a further essential component of the AM-exclusive 

fatty acid/lipid biosynthesis machinery in arbuscocytes (arbuscule-containing cells) 

and acts in the same pathway with DIS and RAM2. 

Literature suggests that the dependence on host lipids or lipid parasitism occur in a 

range of interorganismic associations with participants from almost all kingdoms. By 

investigating the influence of plant-derived lipids on the detrimental association of 

Arabidopsis thaliana with the oomycete Hyaloperonospora arabidopsidis (Hpa), this 

thesis goes beyond the boundaries of AM research. Hpa-infected Arabidopsis thaliana 

mutants, which carry their mutations in KASI and GPAT6, that are homologs of DIS 

and RAM2, exhibited severe impairment in colonization by and development of Hpa. 

These results hint towards a prominent role of plant-derived lipids also for oomycete-

plant interactions. 
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V. Zusammenfassung 
 

Seit ihrem Ursprung sind Pflanzen mit unterschiedlichen Mikroorganismen sowohl 

über- als auch unterirdisch vergesellschaftet. Weit verbreitet und daher von 

besonderer Bedeutung ist die Interaktion von Pflanzen mit arbuskulären Mykorrhiza 

Pilzen (AMP). Die arbuskuläre Mykorrhiza (AM) ist eine evolutionär alte Symbiose, die 

zwischen den meisten Landpflanzen und den obligat-biotrophen Pilzen der 

Glomeromycotina ausgebildet wird. Das Hauptmerkmal dieser Pflanzen-Mikrobien-

Interaktion ist der reziproke Nährstoffaustausch zwischen beiden Organismen.  

Der Nährstoffaustausch der arbuskulären Mykorrhiza Symbiose (AMS) wird bereits 

seit Jahrzenten erforscht. Hierbei wurden mineralische Nährstoffe wie Phosphat, 

Ammonium und Sulfat als wichtige Stoffe identifiziert, die von dem Pilz zur Pflanze 

transportiert werden. Als Gegenleistung wurden Hexosen ausfindig gemacht, die in 

entgegengesetzter Richtung von der Pflanze zum Pilz transportiert werden. Dieser 

Nährstoffhandel wirkt sich erheblich auf die Gesundheit, die Physiologie und das 

allgemeine Leistungsvermögen der Wirtspflanze aus. In einem jedoch noch größeren 

Ausmaß beeinflusst dieser Nährstoffaustausch außerdem globale 

Kohlenstoffkreisläufe und die Erhaltung komplexer Ökosysteme, wie die der 

tropischen Regenwälder. 

AMP besiedeln die Pflanzenwurzeln durch ein intraradikales Hyphennetzwerk und 

kolonisieren zusätzlich einzelne Wurzelzellen des inneren Kortex durch die Ausbildung 

von Arbuskeln (hoch-verzweigte baumförmige Strukturen). Die Schnittstelle zwischen 

Arbuskel und Wirtszelle stellt das Kernstück der Symbiose dar, da an dieser der 

Nährstoffaustausch stattfindet. Wie die Existenz einer Reihe von Pflanzenmutanten, 

welche die Wurzelkolonisierung beeinträchtigen, zeigt, kontrolliert die Wirtspflanze die 

Kolonisierung durch den Pilz. Einige pflanzliche AM-Mutanten weisen einen ähnlichen 

AM-Phänotypen auf, der durch eine reduzierte Wurzelkolonisierungsrate und eine 

gestörte Arbuskelmorphologie (kleine, gering-verzweigte und verkümmerte Arbuskeln) 

gekennzeichnet ist.  

In einem klassisch-genetischen Screen wurden die beiden Lotus japonicus Mutanten 

dis (disorganized arbuscules) und ram2 (reduced arbuscular mycorrhiza), welche in 

der Ausbildung der AMS beeinträchtigt sind, identifiziert. DIS und RAM2 sind beides 

AM-spezifische Fettsäure- bzw. Lipidbiosynthese Gene in Lotus japonicus. DIS kodiert 

für eine b-Keto-Acyl-ACP Synthase I (KASI), die für die Verlängerung der 
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Fettsäurekette von C4 nach C16 entscheidend ist, während RAM2 für eine Glycerol-

3-Phosphat Acyltransferase 6 (GPAT6) kodiert, die durch die Katalyse der 

Dephosphorylierung und der Acylierung von Glycerol-3-phosphat (G3P) bifunktional 

wirkt, um sn2-Monoacylglycerol (MAG) herzustellen.  

In dieser Doktorarbeit wurden beide Gene betreffend Funktion, Expression und deren 

Notwendigkeit für die Symbiose charakterisiert. Es konnte herausgefunden werden, 

dass AM-kompetente Wirtspflanzen einen AM-spezifischen Lipidbiosyntheseweg 

besitzen, der genutzt wird, um Lipide ausschließlich in Arbuskel-enthaltenden Zellen 

zu produzieren. Außerdem konnte gezeigt werden, dass diese Lipide zum obligat-

biotrophen Pilz für dessen Ernährung transportiert werden. Durch die Auswertung der 

Isotopolog-Profile nach der Zugabe von 13C6-Glukose zu kolonisierten Pflanzen, 

konnte  gezeigt werden, dass in kolonisierten Lotus japonicus Wildtyp-Pflanzen 

pflanzliche Lipide zum Pilz transportiert werden. Im Gegensatz dazu war der 

Lipidtransport in beiden Lipidbiosynthesemutanten, dis und ram2, sowie in der AM-

spezifischen ABCG Halb-Transporter Mutante str (stunted arbeuscues) beeinträchtigt. 

Drüber hinaus wurde in Kollaboration mit dem Labor von Peter Dörmann (Universität 

Bonn) die AM-spezifische Fettsäure-Thioesterase FatM charakterisiert, welche die 

Verlängerung der Fettsäurenkette mittels Hydrolyse der Acyl-ACP Thioester Bindung 

beendet. FatM ist eine weitere essentielle Komponente des AM-exklusiven Fettsäure-

/Lipidbiosyntheseweges in Arbuskozyten (Arbuskel-enthaltende Zellen) und agiert im 

selben Signalweg wie DIS und RAM2. 

Die Fachliteratur legt nahe, dass die Abhängigkeit von Wirtslipiden bzw. das 

Phänomen des Lipid-Parasitismus für eine Reihe von interorganismischen 

Vereinigungen mit Vertretern aus fast allen Reichen bekannt ist. Durch die Erforschung 

des Einflusses pflanzlich-abstammender Lipide auf die schädliche Interaktion von 

Arabidopsis thaliana mit dem Oomyceten Hyaloperonospora arabidopsidis (Hpa), geht 

diese Arbeit über die AM-Forschung hinaus. Hpa-infizierte Arabidopsis Mutanten, die 

Mutationen in KASI bzw. GPAT6 (Homologe von DIS bzw. RAM2) tragen, wiesen eine 

starke Beeinträchtigung sowohl in der Kolonisierung als auch in der Entwicklung von 

Hpa auf. Diese Ergebnisse deuten auf eine bedeutende Rolle pflanzlicher Lipide auch 

für Oomyceten-Pflanzen-Interaktionen hin. 
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VI. Introduction: 
 

1. Plant-microbe interaction  
 

Plants are not axenic independent organisms but are hosts for a diverse community of 

microorganisms (fungi, archaea, oomycetes, bacteria etc.) (Müller et al. 2016). In fact, 

plants have been associated with microorganisms (so called plant-microbiota) ever 

since their origin hundreds of million years ago  (Busby et al. 2017). These interactions, 

present above as well as below ground, occur either attached to or inside of plant 

tissue and cover the whole spectrum from beneficial symbioses to plant diseases (Bary 

1879). Within these diverse interorganismic associations, both partners have 

successfully coevolved with each other. Plant hosts do not only communicate with a 

broad range of microorganisms but are able to discriminate between beneficial and 

pathogenic interactions. Pathogenic microbes provoke devastating effects on plant 

health and lead to economically significant crop loss every year (Salanoubat et al. 

2002; Dean et al. 2012). Whereas, favorable plant-microbe interactions have 

compelling advantageous impact on plant nutrition, defense and growth (Compant, 

Clément, and Sessitsch 2010; Mendes et al. 2011; Friesen et al. 2011; Selosse et al. 

2014). Therefore, research efforts focusing on mutualistic plant-microbe interactions 

play a key role to develop urgently needed microbe-based solutions for a sustainable 

future agriculture and forest management (Sessitsch and Mitter 2014; Busby et al. 

2017). 

Microbes inhabit the rhizosphere, which defines the millimeters of soil in direct contact 

with the plant root, stick on the leaf respectively root surface (phylloplane/ rhizoplane) 

or colonize the endosphere of leaves and roots. These spheres and planes represent 

discriminating and determining environments for plant-microbiota and herein resulting 

ecological and biological processes (Bais et al. 2006). 

Soil is considered as a particularly complex and diverse habitat. With millions of 

species and billions of individual organisms found within the soil of a single ecosystem, 

it represents one of the largest biodiversity reservoirs on Earth (Bardgett and van der 

Putten 2014). The foundation of the soil food web is shaped by microbes, who 

significantly contribute to the functioning of ecosystems (Brussaard 1997; Nielsen et 

al. 2015). Fungi and bacteria represent the majority of soil microbes and account for 

most of belowground biomass (Fierer et al. 2009).  
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2. Arbuscular mycorrhiza symbiosis 
2.1 A living fossil of root endosymbiosis 

 
Among the soil-living plant-microbiota, arbuscular mycorrhiza fungi (AMF) are a 

remarkable example of mutualistic fungal organisms. According to fossil findings and 

phylogenetic analyses, AMF have successfully coevolved with their host plants about 

400-500 million years ago, coinciding with the plant colonization of terrestrial 

environments (Parniske 2000; Martin 2017; Brundrett and Tedersoo 2018). AMF have 

an enormous host-range as they form a mutualistic interaction with over 80 % of all 

land plants (Smith and Read 2008; Spatafora et al. 2016). This makes AM symbiosis 

(AMS) the most abundant and pervasive terrestrial symbiosis (Fitter 1996). 

Over the years AMF have undergone a vivid time of taxonomic revisions, which 

illustrates the difficulty in resolving the earliest branches in fungal genealogy. Using 

ribosomal DNA-based phylogenies, Schüßler et al. placed them in the Glomeromycota 

phylum, a sister group of the Dikarya (Schüßler et al. 2001). Whereas, a more recent 

phylum-level phylogenetic classification of zygomycete fungi, based on genome-scale 

data, placed AMF in the subphylum Glomeromycotina, closely related to 

Mortierellomycotina (Spatafora et al. 2016).  

AMF harbor some distinct features in terms of age, lifestyle and genetic make-up.  

Being morphologically unaltered since 400-500 million years, these fungi could be 

addressed as “living fossils” (Parniske 2008). Their hyphal network is coenocytic, 

usually aseptate and characterized by a cytoplasm with hundreds of nuclei. In 

accordance, AMF produce multinucleated spores (Kamel et al. 2016; Lanfranco et al. 

2016). Some mating-related processes have been reported and latest findings 

demonstrated that AMF can generate genetic diversity via internuclear recombination 

in a dikaryotic life stage (Corradi and Brachmann 2017; Chen et al. 2018). Albeit, 

spores are able to germinate in absence of their partner, AMF rely on a 

photoautotrophic host to complete their life cycles. As such, they are obligate 

biotrophs. 

Although, most plants do not depend entirely on the association to AMF and are able 

survive on their own, plants in symbiosis with Glomeromycotinan fungi benefit 

substantially. Numerous scientific studies have shown that arbuscular mycorrhiza 

symbiosis (AMS) significantly supports plant growth and strengthens resistance 

against biotic as well as abiotic stresses (Auge 2001; Ruiz-Lozano 2003; Gohre and 
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Paszkowski 2006; Liu et al. 2007; Gianinazzi et al. 2010; Pérez-de-Luque et al. 2017; 

Smith et al. 2011). Particularly these plant promoting features embody great potential 

in order to reduce fertilizer and pesticide usage for a more sustainable crop production 

and further fuel the need for onward in-depth research on arbuscular mycorrhiza 

symbiosis (Berruti et al. 2016). 

 

2.2 Arbuscular mycorrhiza development  
 

The name arbuscular mycorrhiza has originated from the Latin word “arbuscula” 

meaning “little tree” and a combination of the Greek words “myces“ (fungus) and “rhiza” 

(root). As the term already suggests, the prime developmental feature of this 

association is a fungal derived tree-shaped structure: the arbuscule. Arbuscule 

generation is the result of a successful fungal colonization of the plant root. The 

colonization process is fully and tightly controlled by the plant and can be separated 

into distinct steps by fungal progression through the host root (Gutjahr and Parniske 

2013). 

 

 
Figure 1: (A) Schematic representation of the root colonization process by arbuscular mycorrhiza fungi, 
dissected in five distinct stages. (B) Schematic representation of seven stages of arbuscule 
development inside a cortical root cell. (Figure modified from Pimprikar and Gutjahr 2018) 
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i)  Pre-contact phase – Reciprocal recognition 

 

Colonization of the root by AM fungi is initiated via chemical cross-talk in the pre-

contact phase (MacLean et al. 2017). In phosphate deficient conditions, the plant 

exudes strigolactone (SL), a carotenoid-derived plant hormone (Yoneyama et al. 2007; 

Yoneyama et al. 2012; Kretzschmar et al. 2012; Al-Babili and Bouwmeester 2015). 

SLs are perceived by the fungus and trigger enhanced metabolic activity (Tsuzuki et 

al. 2016). This results in accelerated spore germination, hyphal branching and fungal 

growth towards the plant root (Buée et al. 2000; Akiyama et al. 2005; Besserer et al. 

2006; Besserer et al. 2008). How exactly SLs are perceived is still not fully understood. 

But calcium signaling might play a significant role, as intracellular calcium levels 

change quickly in fugal hyphae upon SL perception (Moscatiello et al. 2014). In 

addition to SLs, N-acetylglucosamine (GlcNAc), which is exported via the plasma 

membrane harbored transporter NOPE1, has been identified as another bioactive 

molecule to initiate the establishment of AMS in maize and rice (Nadal et al. 2017). To 

answer to the plant-derived chemical cocktail, also AMF synthesize chemical signaling 

molecules. The so-called Myc-factors are produced by activated AMF to act as 

symbiotic cues, which induce repetitive calcium oscillations in root cells (Maillet et al. 

2011). Myc-factors represent a cocktail of sulphated and non-sulphated 

lipochitooligosaccharides (S-LCO and NS-LCO) as well as the short-chain 

chitooligosaccharides (CO) (Maillet et al. 2011; Genre et al. 2013). Apparently, 

individual host plants differ in their recognition capability of Myc-LCOs and Myc-COs, 

which implies the existence of plant species specific Myc-factor receptor combinations 

(Sun et al. 2015). In addition to calcium spiking, Myc-factor perception leads to drastic 

gene expression changes, starch accumulation and root branching of the host (Kosuta 

et al. 2003; Oláh et al. 2005; Navazio et al. 2007; Kosuta et al. 2008; Gutjahr et al. 

2009; Kuhn et al. 2010; Chabaud et al. 2011; Maillet et al. 2011; Bonfante and Genre 

2015). All these events taking place inside the plant root prime physical interaction and 

fungal accommodation in the following phases. 

 

ii)  Pre-penetration phase – Hyphopodium formation 

 

Mutual acquaintance leads to fungal growth towards the plant root and first physical 

interaction of both partners. Upon hyphal attachment on the root surface, the hyphal 
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tip differentiates and forms an attachment structure, the hyphopodium. In response to 

chemical and mechanical signals emanating from the fungal structure, drastic 

rearrangements inside the adjacent plant cell take place. First, the nucleus of the cell 

migrates directly underneath the position of the hyphopodium, then leaves that position 

in order to traverse the vacuole. The second nuclear migration across the cell lumen 

is accompanied by the assembly of the pre-penetration apparatus (PPA) (Genre et al. 

2005; Genre et al. 2009). The PPA represents an intracellular accommodation 

structure, which is produced by the plant ahead of hyphal entry into the cell in order to 

predetermine and guide the fungal colonization of the root (Genre et al. 2005; Genre 

et al. 2008). The PPA resembles a cytoplasmic bridge across the vacuole, which is 

surrounded by cytoskeletal microtubules and microfilaments, a lager quantity of ER 

membranes as well as Golgi vesicles, polymorphic mitochondria and plastids, which 

are associated to this specific structure (Bonfante and Genre 2008). The nucleus 

moves ahead of the growing PPA. PPA formation erupts dramatic changes in the 

metabolic activity and a complete reorganization of a fully differentiated cortical cell 

that accomplishes functional trafficking service of the entire cellular machinery in order 

to enable AM establishment. Interestingly, this radical rearrangement process seems 

to be completely reversible (Sieberer et al. 2012). 

 

iii)  Intraradical hyphae development – Root endosphere entry  

 

After the PPA has successfully formed and spans the whole cell width, hyphal ingress 

into the root cell takes place (Genre et al. 2005). Although, the exact entry position 

varies between different host plants, AMF always form a hyphopodium to enter the 

root. In case of Lotus japonicus, the hypha enters the rhizodermis between two 

adjacent cells, whereas in Medicago truncatula, the entering hypha grows through one 

rhizodermal cell (Bonfante et al. 2000; Genre et al. 2005). In any case, it seems that 

the fungus must at least once passage a cell intracellularly to be able to progress into 

the inner cortex. The intracellular traverse might be a plant request to control fungal 

colonization of the cortex. Once the fungus has reached the inner cortical cells, the 

hypha starts to spread longitudinally and colonizes single inner cortical cells 

(Demchenko et al. 2004).  
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iv)  Arbuscule development – Inner cortical cell colonization 

 

The arbuscule is a differentiated highly-branched tree-like hyphal structure, which is 

formed upon fungal colonization of single inner cortical root cells (Pimprikar and 

Gutjahr 2018). Both, the fungal arbuscule and the arbuscule accommodating cortical 

cell (arbuscocyte) constitute together the core component and main symbiotic interface 

of this mutualistic association (Parniske 2008; Lanfranco et al. 2012).  

Two distinct characteristic types of hyphal progression and arbuscule insertion in the 

inner cortex have been described for AMF (Bonfante and Genre 2008). However, also 

intermediate patterns are known (Dickson 2004). The type of colonization is 

determined by both, fungus and host plant. The Paris-type is characterized by 

intracellular hyphal progression. The fungus transverses longitudinal the inner cortical 

cells and subsequently produces an arbuscule. The Arum-type, mostly seen in 

colonized legumes including L. japonicus, is defined by intercellular hyphal spread in 

the apoplast, which is followed by selective arbuscule colonization of distinct cells 

(Bonfante and Genre 2008).  

The Arum-type arbuscule development takes place in five stages. Analogous to hyphal 

root entry and progression, also arbuscule formation requires significant 

rearrangements of the accommodating cell, which is controlled by the host.  

Prior to hyphal entry, nuclear migration and PPA formation in the arbuscocyte is 

reported (stage I). Stage II is initiated by hyphal entry. Although, the hypha penetrates 

the plant cell wall, the host plasma membrane does not rupture but rather invaginates. 

This implies that neither the fungal hypha nor the formed arbuscule is ever in direct 

contact with the plant cytoplasm. Accordingly, hyphal entry and arbuscule branching 

triggers synthesis of a specific plant-derived membrane, the peri-arbuscular 

membrane (PAM). This membrane continually envelops the fungal arbuscule and 

enables the separation of the fungus from the plant cytoplasm (Remy et al. 1994; 

Harrison 2005). The PAM composition differs from the plasma membrane composition 

explicitly as it harbors a specific set of PAM-localized proteins (Pumplin and Harrison 

2009; Roth et al. 2018). Enveloped by the PAM, the developing arbuscule further 

branches and subsequently matures (stage III & IV). The first arising branches of the 

differentiating hypha are lower-order branches and define the birdfoot-stage, which is 

denoting for a maturing arbuscule (III) (Gutjahr and Parniske 2013). When the 

arbuscule is matured and fully branched it almost fills out the entire housing cortical 
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cell (IV). The mature arbuscule can be subdivided into two PAM domains - the trunk 

and branch domain. Both domains can be distinguished in regard of their protein 

composition (Gutjahr and Parniske 2013). 

Extensive branching of the arbuscule demands a rapid de novo synthesis of the PAM. 

Experimental data suggest that exocytosis plays a significant role in arbuscule 

formation (Zhang et al. 2010; Genre et al. 2012; Gutjahr et al. 2012). For example, 

PAM-localized exocytotic vesicle-associated membrane proteins (VAMPs) seem to be 

indispensable for arbuscule formation (Ivanov et al. 2012). Besides PAM formation, 

cellular reorganizing processes to accommodate the symbiotic interface include 

vacuolar fragmentation, proliferation of plastids and mitochondria around this structure 

as well as the actin and microfilament-based formation of a basket-like structure 

around the arbuscule. Moreover, ER and Golgi vesicle aggregate around the PAM and 

the nucleus moves from the cell periphery underneath the arbuscule center (Bonfante-

Fasolo 1983; Fester et al. 2001; Lohse et al. 2005; Pumplin and Harrison 2009).  

A mature arbuscule is maintained for 2-5 days before degradation is initiated 

(Alexander et al. 1988; Kobae and Hata 2010). The short arbuscule lifetime leads to a 

high turnover and to a constant and simultaneous formation and degradation of 

arbuscules in the colonized root. Arbuscule degradation (stage V) is characterized by 

collapse of the branch domain, shrinking of the arbuscule and disconnection of the 

senescing arbuscule from the hyphal network via introduction of a septum (Gutjahr and 

Parniske 2013). On the plant side, degradation of the arbuscule goes along with 

degeneration of the PAM including its anchored proteins and increase of peroxisomes 

around the collapsing arbuscule (Pumplin and Harrison 2009). Peroxisomes might 

either be involved in recycling processes of the PAM or protect the plant cell from 

reactive oxygen species. Degeneration of the arbuscule and the reprogramming of the 

arbuscocyte is structured and organized in order to ensure the survival of the plant cell. 

Considering this massive rearrangement processes upon arbuscule formation 

including costly practices such as organelle and membrane synthesis, the short lifetime 

of arbuscules is hard to explain and still remains an open question. One could argue 

that the high turnover ensures a tight regulation, which facilitates the high efficiency of 

this symbiosis for both mutualistic partners and protects the host plant against fungal 

cheaters (Gutjahr and Parniske 2017). 
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2.3 Signal transduction in arbuscular mycorrhiza symbiosis 
 

Successful accommodation of AMF inside the root requires the activation of a signaling 

cascade that results in transcriptional reprogramming of the host cell. This cascade, 

which facilitates signal transduction from the plasma membrane to the nucleus is not 

exclusively required for AM colonization but is also coopted by the evolutionary 

younger root nodule symbiosis (RNS) (Oldroyd 2013). RNS is a mutualistic interaction 

of members from the legume family and nine additional plant families with nitrogen-

fixing bacteria like rhizobia or species of the actinobacterial genus Frankia (Griesmann 

et al. 2018). The plant host accommodates the bacteria in a unique organ, the nodule. 

Rhizobia colonize these nodules, differentiate and fix nitrogen via its conversion to 

ammonium, which is available for the host (Kistner and Parniske 2002; Oldroyd and 

Downie 2008).  

Both endosymbioses depend on so-called common symbiosis genes (CSG). These 

CSG are decisive for integration and transduction of symbiotic signals from the plasma 

membrane to the nucleus. CSG are functionally conserved in many plant species, for 

example in rice, what also indicates their existence prior to the diversification of 

angiosperms (Markmann et al. 2008; Gutjahr et al. 2008). Moreover, homologs of 

these genes are also present in bryophytes and in the green algae order Charales, 

which supports the hypothesis that the CSGs evolved in plants prior to land 

colonization (Wang et al. 2010; Delaux et al. 2013). The AM phenotype of all CSG 

defective mutants is characterized by early block of fungal colonization in the outer cell 

layers, which explains the early and fundamental role of CSGs in AM development 

(Kistner et al. 2005). Besides the existence of this cascade, also CSG-independent 

AM-signaling components have been discovered, which highlight the existence of 

additional and exclusive AM-signaling cascades (Kosuta et al. 2003; Siciliano et al. 

2007; Gutjahr et al. 2008; Kuhn et al. 2010; Gutjahr et al. 2015). 

 

i)  Signal integration 

 

The precise plant receptor for Myc-factor perception and signal integration remains still 

elusive. Though, some evidence suggests it is a putative member of the LysM family 

(Op den Camp et al. 2011; Zhang et al. 2014; Miyata 2014; Buendia et al. 2015). In 

addition, another plasma membrane-anchored protein, the receptor-like kinase 
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SYMRK/DMI2 (SYMBIOSES RECEPTOR KINASE/DOESN’T MAKE INFECTIONS 2), 

is required for AM and RNS (Stracke et al. 2002; Gherbi et al. 2008; Markmann et al. 

2008; Antolín-Llovera et al. 2014). Perinuclear calcium oscillations triggered by Myc-

factor perception mark the initialization of the common symbiosis signaling cascade. 

Downstream of Myc factor perception, the signal responsible for perinuclear calcium 

oscillations is transmitted to the nucleus in order to create nuclear calcium spiking. 

Several channels, which are required for signal integration have been identified in the 

nuclear envelope. The three cyclic nucleotide gated channels CNGC15 a, b and c are 

permeable for Ca2+ and its respective mutants are perturbed in AM-symbiosis 

(Charpentier et al. 2016). CASTOR and POLLUX in Lotus, respectively DMI1 in 

Medicago, act as counter ion channels for potassium (Charpentier et al. 2008; 

Venkateshwaran et al. 2012). MCA8 is a Ca2+-dependent ATPase (Capoen et al. 2011) 

and NUP85, NUP133 and NENA form the nuclear pore complex whose exact roles are 

yet not fully understood but possibly could be involved in second messenger signal 

integration (Kanamori et al. 2006; Saito et al. 2007; Groth et al. 2010; Binder and 

Parniske 2013). Furthermore, mevalonate, synthesized via HMGR1, is apparently 

sufficient to trigger Ca-spiking. As such, mevalonate represents a second messenger 

in signal transduction (Kevei et al. 2007; Venkateshwaran et al. 2015).   
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Figure 2: Schematic overview of AM signal transduction upon Myc factor perception via the common 
symbiosis signaling pathway in a root cell (Figure modified from Singh and Parniske 2012). 

 

ii) Signal decoding and transcriptional response 

 

The calcium- and calmodulin-dependent serine/threonine protein kinase CCaMK 

constitutes a decoder for symbiotic calcium spiking in the nucleus. CCaMK is one of 

the core components of the common symbiosis proteins (CSP) (Miller et al. 2013). As 

a consequence, ccamk/dmi3 mutants are neither able to form mutualistic associations 

with rhizobia nor with AMF but show normal symbiotic calcium oscillations (Levy et al. 

2004; Mitra et al. 2004; Kistner et al. 2005; Gutjahr et al. 2008). Additionally, to the 

kinase domain, CCaMK contains three EF hands and a calmodulin binding domain. 

Upon calmodulin and calcium binding, the kinase is released from its auto inhibition 

(Miller et al. 2013). The key significance of CCaMK as symbiotic signaling decoder is 
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evident, as a mayor part of Myc-LCO seems to be dependent on CCaMK (Czaja et al. 

2012; Camps et al. 2015). Moreover, ectopic expression of an autoactive version of 

NLS-CCaMK314, which contains only the kinase domain, is sufficient for induction of 

cytoplasmic aggregations, simulation of PPA-like structures in cortical cells and to 

induce AM marker gene expression in non-colonized roots (Takeda et al. 2012; Takeda 

et al. 2015). A direct phosphorylation target of CCaMK is the transcriptional activator 

CYCLOPS/IPD3 in Lotus/Medicago (Zipfel and Oldroyd 2017; Singh et al. 2014). 

CYCLOPS is a DNA-binding transcriptional activator. Its activity is determined by 

phosphorylation of two serine residues within the N-terminal regulatory domain (Yano 

et al. 2008; Messinese et al. 2007; Singh et al. 2014). In L. japonicus and O. sativa 

cyclops mutants are able to host internal hyphae but not arbuscules, whereas in 

Medicago mutants, fungal colonization is only affected by a reduced percentage of 

colonization, which implies that Medicago harbors a further activator in addition to IPD3 

downstream of DMI3 (Yano et al. 2008; Gutjahr et al. 2008; Horváth et al. 2011; Jin et 

al. 2018). If CCaMK can be seen as master decoder of nuclear calcium oscillations in 

AMS as well as in RNS, CYCLOPS can be attributed as master regulator for both 

associations. Activated by CCaMK, CYCLOPS is not only able to induce NIN 

(NODULE INCEPTION) expression, a RNS specific transcriptional regulator, but 

CYCLOPS accomplishes also the promoter activation of the AM-specific transcription 

factor RAM1 (REDUCED ARBUSCULAR MYCORRHIZA 1) by direct binding of DNA 

(Singh et al. 2014; Pimprikar et al. 2016). Strikingly, recent research has shown that 

CYCLOPS interacts with DELLA in heterologous systems and that DELLA is able to 

amplify the transactivation potential of CYCLOPS on the AM-specific RAM1 promoter 

as well as on promoters of the two nodulation important genes NIN and ERN1 

(Pimprikar et al. 2016; Jin et al. 2016). 

della1della2 mutants in Medicago are perturbed in AMS and root nodule symbiosis 

(Floss et al. 2013; Jin et al. 2016), which highlights the importance of DELLLA proteins 

as common symbiosis protein. DELLAs have first been known to act as repressors for 

gibberellic acid (GA) signaling, but later qualified themselves as important regulators 

for crosstalk between hormone and biotic signaling cascades (Peng and Harberd 1993; 

Alvey and Harberd 2004; Gallego-Bartolomé et al. 2012; Davière and Achard 2013). 

DELLA proteins belong to the family of GRAS proteins. They are degraded by the 26S 

proteasome upon perception of GA after polyubiquitination, which enables the 

induction of changes in gene expression (Davière and Achard 2016). GA-dependence 
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for AM development was identified early in Pisum and later also seen for root nodule 

symbiosis in Lotus (El Ghachtouli et al. 1996; Maekawa et al. 2009). Bioactive GA 

treatment on colonized Medicago and Lotus plants abolishes arbuscule formation even 

if intraradical hyphae are formed (Floss et al. 2013; Takeda et al. 2015; Pimprikar et 

al. 2016). These findings propose a positive role of DELLA for arbuscule generation. 

Both, overexpression of a GA-resistant DELLA protein as well as treatment with a GA 

biosynthesis inhibitor trigger RAM1 induction, which suggests DELLA acting 

downstream or at least in the same hierarchy as CYCLOPS (Park et al. 2015; Floss et 

al. 2013; Pimprikar et al. 2016). Therefore, DELLA is characterized as the most-

downstream component of the CSSP known so far. 

To accommodate root symbionts such as AMF or rhizobia, severe transcriptional 

reprogramming needs to be achieved by the plant (Breakspear et al. 2014; Roux et al. 

2014; Camps et al. 2015; Handa et al. 2015; Hohnjec et al. 2015). Thus, the main 

function of the common symbiosis genes (CSG) might be to initialize these 

transcriptional changes. Additionally, specificity in transcriptional adaptation to result 

either in AMS or RNS needs to be ensured. A study testing the transcriptional plant 

response upon specific Nod/Myc-factor treatments showed that indeed upon CSG 

activation AM/RNS specificity of the plant transcriptional answer is warranted (Czaja 

et al. 2012). This implies that in addition to the common symbiosis signaling cascade 

other signaling pathways facilitate the decisive specificity for both associations.  

 

iii)  AM specific signaling downstream of common SYM signaling cascade 

 

Intensive research on transcriptional regulators identified four important 

representatives for AMS establishment in Petunia, Medicago and Lotus. RAM1, RAD1 

(REQUIRED FOR ARBUSCULE DEVELOPMENT 1), MIG1 (MYCORRHIZA 

INDUCED GRAS 1), which belong like DELLAs and NSP1 to the large family of plant-

specific GRAS transcription factors, and the ERF/AP2 domain containing transcription 

factor ERF1 (ETHYLENE RESPONSE FACTOR 1)/WRI15b (WRINKLED 5b) are all 

indispensable for the regulation of arbuscule development and branching (Bolle 2004; 

Gobbato et al. 2012; Devers et al. 2013; Park et al. 2015; Xue et al. 2015; Rich et al. 

2015; Heck et al. 2016; Pimprikar et al. 2016; Luginbuehl et al. 2017; Pimprikar and 

Gutjahr 2018). Knock-out mutations or artificial RNAi based silencing of these 
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regulators perturb arbuscule formation, which results in stunted arbuscules in the 

respective mutants. 

Several studies in different plant species were performed on RAM1, which make RAM1 

to the best characterized regulator so far (Rich et al. 2017). ram1 mutants are 

significantly less colonized by the fungus and exhibit a severe arbuscule phenotype 

(Pimprikar et al. 2016; Rich et al. 2015; Park et al. 2015). Characterized by only the 

trunk domain or crude branches, the arbuscules in ram1 fail to produce high-order 

branches. Upon fungal colonization RAM1 is highly expressed and the promoter 

seems to be particularly active in colonized root zones (Gobbato et al. 2012; Gobbato 

et al. 2013; Park et al. 2015; Rich et al. 2015; Pimprikar et al. 2016). Various 

downstream located genes seem to be depended on RAM1 expression. For example, 

expression of VAPYRIN and EXO70I, required for PAM formation, the AM-specific 

transporters encoding genes STR, PT4 and AMT2.2 and expression of genes crucial 

for lipid biosynthesis are abolished in ram1 of Medicago and Petunia (Gobbato et al. 

2012; Park et al. 2015; Bravo et al. 2017; Xue et al. 2015; Rich et al. 2015; Luginbuehl 

et al. 2017). Intriguingly, in ram1 of L. japonicus, unlike to Medicago and Petunia, 

induction of some AM-marker genes like SbtM1, BCP1, STR, RAM2 or PT4 is not 

completely abolished, which evinces species-specific transcriptional regulation and 

redundancy in L. japonicus at the level of RAM1. Nevertheless, this redundant factor 

X is obviously insufficient to support arbuscule maturation (Pimprikar and Gutjahr 

2018). This suggests that indeed targets of RAM1 regulation are responsible for the 

ram1 phenotype (Pimprikar et al. 2016). Furthermore, ectopic overexpression of RAM1 

in absence of the fungus induces many AM-marker genes significantly (Pimprikar et 

al. 2016). Notably, the RAM1 promoter is activated by direct CYCLOPS-binding to an 

AM-specific cis element (AMCYC-RE) within the promoter region and RAM1 

overexpression restores arbuscule formation in cyclops (Pimprikar et al. 2016). All in 

all, these findings pinpoint RAM1 as a main player and as the entry point into AM-

specific transcriptional regulation downstream of DELLA and CYCLOPS. 

A whole bouquet of transcription-factor (TF) encoding genes, foremost members of the 

GRAS family, seem to be activated upon arbuscule formation (Xue et al. 2015; Rich et 

al. 2015; Gaude et al. 2012; Rich et al. 2017). GRAS proteins are prone to interact with 

each other and to form heterocomplexes (Hirano et al. 2017). Several interactions of 

symbiotic GRAS proteins have been already shown – although, almost exclusively only 

in heterologous systems (MacLean et al. 2017). RAM1 interacts in yeast and Nicotiana 
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benthamiana with considerable other GRAS proteins involved in AM symbiosis 

(Pimprikar and Gutjahr 2018). Confirmation of this interactions in situ is a required next 

step, but the already obtained results indicate the importance of GRAS TFs and hint 

towards a putative highly complex connectivity in AMS transcriptional wiring.  

 

2.4 Nutrient exchange 
 

Arbuscular mycorrhiza is no exception but rather default state for AM-competent plants 

in nature (Smith and Smith 2011). The driving force and key argument for 

Glomeromycotina fungi and plants to invest their energy in the establishment of this 

interaction is the reciprocal exchange of nutrients (Roth and Paszkowski 2017). As 

studies, focusing on competitive mycorrhiza performance of different fungal strains 

suggest, this reciprocal nutrient exchange seems to follow a cooperative and bilateral 

rewarding principle, which is called “biological market” (Kiers et al. 2011). Analogous 

to an economic market, both partners likely interact with multiple partners and 

exchange commodities to their mutual benefit, which prevents enslavement and 

ensures the evolutionary stability and success of AMS (Kiers et al. 2011). Yet, the 

concept of reciprocal fair trade seems to falter in mixed plant culture experiments 

(Walder et al. 2012). 

On large scale, AMS nutrient exchange is a significant factor for global nutrient cycles, 

ecology, evolution and the physiology of plants (Redecker et al. 2000; Marschner et 

al. 1995; Allen et al. 2003; Read and Perez-Moreno 2003). The fungus delivers mineral 

nutrients and water taken up from the soil to the plant and receives about 20 % of 

photosynthetically fixed carbon as a trade-off (Smith et al. 2011; Roth and Paszkowski 

2017). 

However, plants are able to monitor the nutrient availability in the soil and control the 

degree of fungal colonization with respect to their nutrient status (Carbonnel and 

Gutjahr 2014). For example, AM development is repressed in high phosphate (Pi) 

conditions (Braunberger et al. 1991; Balzergue et al. 2010; Breuillin et al. 2010). Yet, 

the plant’s decision to promote or repress AM colonization is not only dictated by Pi 

availability but rather seems to follow Liebig’s law of the minimum as the suppressive 

effect of high Pi conditions is overcome by nitrogen (N) shortage or, to a lesser degree, 

by shortage of mineral nutrients like potassium, calcium or iron (Nouri et al. 2014; 

Gutjahr and Parniske 2017).  
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The exact mechanisms to control AM development via nutrient signaling are still 

elusive (Gutjahr and Parniske 2013). Studies highlight the plant being head of control 

as it determines arbuscule lifetime. For example, AM-specific phosphate transporter 

mutants in rice and Medicago exhibit low colonization and an increased number of 

stunted arbuscules as result of an accelerated arbuscule turnover (Javot et al. 2007; 

Yang et al. 2012). However, it remains unclear when and why the plant initiates 

arbuscule turnover. Possibly also the fungus might induce the turnover via active 

signaling. 

In general, arbuscule lifetime is controlled cell autonomously and can vary between 

individual arbuscules (Kobae et al. 2010). Although, the exact signaling pathway for 

arbuscule degeneration is still unknown, studies by Floss et al. illustrated that the 

GRAS transcription regulators MYB1, NSP1 and DELLA are involved by triggering 

expression of hydrolase genes (Floss et al. 2017). It is conceivable that the relatively 

short lifetime of an arbuscule is an efficient mechanism to control arbuscule 

performance and ensure throughout nutrient exchange (Gutjahr and Parniske 2017).  

 

 
Figure 3: Metabolic fluxes and long-distance transport in arbuscular mycorrhiza symbiosis (modified 
Figure from Parniske 2008) 
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i) Transfer from fungus to plant 

 

Root colonization by AMF significantly improves the nutrient status of the plant by 

suppling its host with a variety of mineral nutrients (Marschner and Dell 1994). The 

cocktail of fungal cargo consists of macronutrients essential for plant health. 

Phosphate, nitrogen and sulfate are transported in substantial amounts from the fungal 

extraradical mycelium to the colonized roots (Harrison et al. 2002; Tanaka and Yano 

2005; Leigh et al. 2008; Allen and Shachar-Hill 2009; Casieri et al. 2012). The dense 

and widespread extraradical hyphal network of AMF massively enhances the uptake 

capacity for nutrients in the soil compared to plant roots (Javot et al. 2007). The 

network’s absorbing surface area extends easily beyond the nutrient depletion zone, 

which is formed around roots.  

Phosphorus is a major macronutrient and limiting factor for plant growth and 

predominately occurs as the dihydrogen ion phosphate (H2PO4-; Pi) in soil. Soluble Pi, 

which is uptake-ready is low-abundant in soil and due to phosphate’s low mobility, Pi 

depletion zones emerge rapidly (Schachtman et al. 1998; Nussaume et al. 2011). To 

overcome Pi starvation, plants have developed several strategies, which also includes 

physiological responses but nevertheless foremost association with AMF. 

Interestingly, AMF might not only transport Pi directly to the plant but also be able to 

induce the expression and secretion of plant acid phosphatases to enhance direct plant 

uptake (Ezawa et al.  2005).  

However, almost the entire plant Pi uptake can be of AMF contribution (Poirier and 

Bucher 2002; Smith et al. 2004). Little is known about AMF strategies to exploit 

unavailable Pi from the soil. Possibly, they are able to mineralize organic P (Shibata 

and Yano 2003; Feng 2003). For example, Rhizophagus clarus releases acid 

phosphatase from its extraradical hyphae for hydrolysis of Pi and its mobilization (Sato 

et al. 2015). Also, a bacterial contribution for soil phosphorus utilization might be likely.  

Fungal Pi uptake is facilitated by Pi:H+ symporters (PTs), which are expressed in the 

extraradical mycelium (ERM) (Harrison and Buuren 1995; Maldonado-Mendoza et al. 

2001; Benedetto et al. 2005; Xie et al. 2016). Once taken up by the ERM, Pi is 

converted into long polyphosphate chains (polyP) inside vacuoles and then 

translocated to the IRM via either cytoplasmic streaming or a vacuolar network (Ezawa 

et al. 2003; Solaiman et al. 1999; Olsson et al. 2002; Uetake et al. 2002; Hijikata et al. 

2010). Synchronous and equivalent uptake of positive charged cations like Na+, K+, 



 
 

36 
 

Ca2+ and Mg2+ into the fungal mycelium takes place to cope with the massive 

accumulation of negative charged polyP and to maintain a neutral charged fungal cell 

(Kikuchi et al. 2014). Translocated to the IRM, polyP is hydrolyzed by phosphatases 

and subsequently phosphate is released into the acidic periarbuscular space (PAS), 

which is formed between PAM and fungal membrane (Kojima and Saito 2004). 

Strikingly, expression of PTs at the arbuscule might allow reabsorption of Pi from the 

PAS and therefore control nutrient transport homeostasis (Benedetto et al. 2005; 

Balestrini et al. 2007; Fiorilli et al. 2013; Xie et al. 2016). 

Diverse labeling studies confirmed that nitrogen is taken up from soil and sent to the 

plant by AMF in addition to phosphate. Into the ERM, nitrogen is ingested in inorganic 

forms – nitrate (NO3-) and preferentially ammonium (NH4+) – as well as organic forms 

like glycine and glutamic acid (Ames et al. 1983; Govindarajulu et al. 2005; López-

Pedrosa et al. 2006; Bago et al. 1996; Hawkins et al.2000). Once taken up, the different 

nitrogen sources are converted into arginine, which is then translocated along the 

coenocytic fungal hyphae to the IRM (Govindarajulu et al. 2005). Inside the IRM, 

ammonium is released from its carbon backbone and similarly to phosphate 

translocated into the PAS via an unknown mechanism (Govindarajulu et al. 2005; Cruz 

et al. 2007; Lanfranco et al. 2018). 

For both macronutrients, PAM-localized plant uptake-transporters are known and have 

been extensively studied for many years. AM-specific phosphate transporters like PT4 

in Medicago and PT11 in rice, all belonging to the phosphate symporter family Pht1, 

have been identified in various plant species (Harrison et al. 2002; Paszkowski et al. 

2002; Rausch et al. 2001; Tamura et al. 2012; Yang et al. 2012; Poirier and Bucher 

2002). Interestingly, in a phylogenetic tree of Pht1 transporters, all AM-specific proteins 

cluster in a separate AM-host plant exclusive clade (Hong et al. 2012; Yang et al. 

2012). This already indicate the specific determination of AM-specific Pht1 

transporters. AM-specific PT genes have been described to be specifically expressed 

in arbuscocytes. However, PT4 promoter activity for Lotus and Medicago has also 

been reported in root tips under Pi starvation (Volpe et al. 2015). Medicago PT4 and 

its homologs exclusively localize to the branch-domain of the PAM (Harrison, Dewbre, 

and Liu 2002; Kobae and Hata 2010; Tamura et al. 2012). PT4 knock-out mutations or 

RNAi-mediated silencing cause accelerated arbuscule turnover and premature 

arbuscule degeneration, which points out the importance of Pi transport for AMS 

maintenance (Javot et al. 2007; Yang et al. 2012; Volpe et al. 2015; Xie et al. 2016). 
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Strikingly, this premature degeneration phenotype is eliminated when colonized pt4 

plants are under nitrogen starvation (Javot et al. 2011; Breuillin-Sessoms et al. 2015).  

Labelling studies imply that ammonium might be the nitrogen containing compound 

sent to the plant (Govindarajulu et al. 2005; Cruz et al. 2007). Hence, plant ammonium 

transporters of the AMT family, which are induced upon mycorrhization and localized 

to the PAM have been discovered in many plant species (Gomez et al. 2009; Kobae 

and Hata 2010; Koegel et al. 2013; Breuillin-Sessoms et al. 2015).  

Also, proton ATPases have been identified in Medicago and N. tabacum, which are 

exclusively expressed in arbuscuocytes (Gianinazzi-Pearson et al. 2000; Krajinski et 

al. 2014). Proton ATPase activity provides the energy for active membrane transport 

by generating an electrochemical gradient via proton transfer. ATPase ha1 mutants in 

rice and Medicago exhibit a stunted arbuscule phenotype and abolished nutrient 

transfer, which highlights the importance of arbuscocyte expressed ATPase provided 

energy for nutrient uptake from the PAS across the PAM inside the plant cell (Krajinski 

et al. 2014; Wang et al. 2014). 

Furthermore, PAM-harbored proteins have been identified, which are believed to act 

as transceptors for phosphate and ammonium. Transceptors constitute transporters 

that are rather assigned to nutrient sensing than transporting (Popova et al. 2010; 

Yang, Grønlund, et al. 2012; Breuillin-Sessoms et al. 2015; Volpe et al. 2015; Xie et 

al. 2016). Their presence implies that both nutrients are decisive components of 

arbuscule lifetime regulation, which emphasizes the arbuscule not only as the key 

interface of nutrient transfer but also as determining structure for AMS maintenance 

(Gutjahr and Parniske 2017). Reciprocal sensing of both partners as critical component 

for AM maintenance is further supported by the identification of a PAM-harbored 

Serin/Threonine receptor-like kinase (ARK1) in rice and maize (Roth et al. 2018). 

Colonized ark1 mutants produce mature arbuscules but exhibit a significantly reduced 

number of fungal vesicles and a concomitant reduction in total root length colonization 

(Roth et al. 2018), which further indicates the requirement of continuous 

communication between both partners, even after arbuscule maturation. 

 

ii) Transfer from plant to fungus 

 

The host plant does not only benefit from AMF but also rewards the fungal nutrient 

delivery by the supply of photosynthetically fixed carbon to the fungus in return (Smith 
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and Read 2008). AMF require large amounts of energy in form of carbon building 

blocks to produce their extended hyphal networks for soil exploration. The entire 

carbon demand of AMF depends on the host plant, which determines the fungal 

obligate biotrophic lifestyle. As mentioned earlier, one fifth of photosynthetically fixed 

plant carbon is transferred to the fungus. Approximately 5 billion tons of carbon per 

year is thought to be consumed by AMF, which sequesters atmospheric carbon dioxide 

to the soil organic carbon and thus impacts global carbon cycles substantially (Bago 

et al. 2000; Parniske 2008).  

The carbon drain, arising upon arbuscular mycorrhiza associations, influences plant 

carbon balance heavily. Mycorrhiza colonization increases the carbon sink strength, 

which results in a redirection of photo assimilates towards the root and especially 

accumulation of sugars and lipids in colonized roots (Wright, Read, and Scholes 2002). 

Accordingly, sucrose synthases and invertases are transcriptionally upregulated upon 

AMS and impairment of these enzymes exhibits AM-specific phenotypes in diverse 

plant species (Blee and Anderson 1998; Wright et al. 2002; Hohnjec et al. 2003; 

Schaarschmidt et al. 2006; Baier et al. 2010). 

The transferred cargo of plant carbon to the fungal partner has been studied for 

decades. Already a while ago, detailed labelling and tracer-based NMR studies 

demonstrated that plants transfer hexoses to the fungus (Shachar-Hill et al. 1995; 

Pfeffer et al. 1999; Solaiman et al. 1999; Bago et al. 2000; Douds et al. 2000). 

Supporting the importance of hexose transfer, a mycorrhiza-induced fungal hexose 

transporter MST2 with high transport activity for glucose is essential for arbuscule 

development and quantitative root colonization as shown by host-induced gene 

silencing (Helber et al. 2011). 

However, the main carbon storage form in AMF are lipids, particularly triacyglycerols 

(TAGs), and not carbohydrates (Trépanier et al. 2005). Consistent with this, lipid 

droplets are highly abundant in all fungal structures (like hyphae, vesicles, spores and 

arbuscules) and have been identified as transport vehicles for the plant-derived carbon 

cargo inside the fungus, in addition to glycogen (Bago et al. 2002; Bago et al. 2003). 

Although, de novo fatty acid (FA) biosynthesis has only been observed in colonized 

roots but neither in the ERM nor in spores, it has long been assumed that plant derived 

hexoses are the exclusive plant cargo and serve as precursors for fungal lipid 

biosynthesis (Pfeffer et al. 1999; Trépanier et al. 2005). Furthermore, arbuscule 

development is escorted by activation of a cohort of lipid biosynthesis genes in the 
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arbuscule containing cell (Gaude et al. 2012; Gaude et al. 2012) Studies on recently 

available whole genome sequences of AMF Rhizophagus irregulars, Rhizophagus 

clarus, Gigaspora margarita and Gigaspora rosea have not revealed genes encoding 

multi-domain cytosolic FA synthase subunits, typically crucial for de novo fatty acid 

synthesis in fungi and animals (Wewer et al. 2014; Ropars et al. 2016; Salvioli et al. 

2016; Tang et al. 2016; Kobayashi et al. 2018). Hence, it is hard to imagine the fungus 

is capable producing sufficient amounts of FAs by itself, even if fungal genomes do 

possess enzymatic machinery for higher chain length FA elongation and desaturation 

(Wewer et al. 2014; Trépanier et al. 2005). All these findings have exposed FAs or 

lipids as potential cargo to transfer carbon from plant to fungus in addition to 

carbohydrates.  

 

3. Obligate biotrophy of filamentous microbes 
 

Plant interacting biotrophic microbes establish long-term relationships with their host 

in order to complete their life cycles. As being entirely dependent on its host, biotrophs 

need to engender colonization and interaction strategies to maintain living-host 

association for their own survival. Mendgen and Hahn defined microbial characteristics 

like highly developed infection structures, limited secretory activity – especially of lytic 

enzymes, long-term suppression of host defense and a specialized interface structure 

as hallmarks of biotrophy (Mendgen and Hahn 2002). AMF share all the mentioned 

properties and are accordingly attributed as obligate biotrophs (Bago and Bécard 2002; 

Kloppholz et al. 2011; Tisserant et al. 2013). AMF have been shown to scavenge 

nutrients via their specialized haustoria, the arbuscules, they release effectors that 

might contribute to suppress host-defense and their genomes lack several key genes 

like FAS synthase or lytic enzymes as evolutionary adaption to their obligate biotrophic 

lifestyle (Tisserant et al. 2013; Kobayashi et al. 2018; Sędzielewska Toro and 

Brachmann 2016). However, biotrophy is no question of mutualism or parasitism. 

Thus, comparable to AMF, pathogenic filamentous biotrophs such as powdery 

mildews, downy mildews, rust or smut fungi cannot be cultivated in absence of their 

hosts, produce specialized interface structures for host manipulation and overall share 

distinct features of biotrophy with AMF (Mendgen and Hahn 2002; Kuhn et al. 2016; 

Baxter et al. 2010). 



 
 

40 
 

How the host is able to differentiate between beneficial and harmful microbes still 

remains largely elusive. One could assume that especially biotrophic pathogens might 

face higher resistance and greater plant-defense obstacles to infect their hosts in order 

to complete their lifecycle than beneficial microbes like AMF do. Thus, the competence 

of pathogens like the oomycete Hyaloperonospora arabidopsidis (Hpa) to establish 

and maintain a true biotrophic interaction with Arabidopsis thaliana can be accounted 

as a paramount example of microbial biotrophy, which harbors great potential to 

elucidate essential features of obligate biotrophic plant-microbe interactions. 

Interestingly, genomes of the pathogenic biotrophs like Hpa or Blumeria graminis 

reveal not only a significant reduction of genes but also accompanied specialization 

like gene-reshuffling as trade-offs to the microbe’s obligate biotrophic lifecycle (Spanu 

et al. 2010; Baxter et al. 2010). Though, these evolutionary genome adaptations 

harden the host dependence of microbes, they contribute to a better host adaption, 

reduce energy cost and thus finally promote the individual fitness of the microbe. 

 

4. Oomycetes - A vast group of pathogens  
 

Oomycetes comprise a versatile lineage of eukaryotic organisms, which colonize all 

environments (Thines 2018). Fossil findings indicate that a number of oomycetes 

emerged as endophytes of land plants approximately 300-350 million years ago 

(Krings et al. 2011). Oomycete lifestyles range from biotrophy to necrotrophy and from 

obligate to facultative pathogenesis (Judelson 2017). Although, sharing some distinct 

features like hyphal growth and proliferation via spores, oomycetes do not belong to 

the Mycota but to the kingdom of Straminipila, which means that they are more related 

to diatoms and brown algae than to true fungi (Dick 2001). A major discrimination 

between true fungi and oomycetes is the nature of the cell wall. Whereas fungal walls 

are chitin based, oomycete cell walls consist of cellulose (Slusarenko and Schlaich 

2003). Furthermore, many representatives exhibit motile biflagellate zoospores, which 

illustrates that oomycetes most likely evolved in a marine environment (Thines and 

Kamoun 2010). Several oomycetes species have evolved into highly effective 

pathogens infecting a broad host range of eukaryotes like Alveolata, Animalia, Mycota, 

Straminipila and Plantae (Thines and Kamoun 2010). Plant parasitism has evolved 

independently in three lineages of ooymcetes (Thines and Kamoun 2010). Well-known 

plant pathogens like Phytophtora, Phytium as well as Hyaloperonospora species 
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comprise the major group of Peronosporaceae whose members cause economically 

important crop losses (Coates and Beynon 2010; Judelson 2017). 

 
4.1 Hyaloperonospora arabidopsidis (Hpa) – Life cycle 

 

H. arabidopsidis is one of 700 powdery mildew species within the Peronosporaceae 

and one the few filamentous microbes, which is able to infect the well-established 

model plant Arabidopsis (Koch and Slusarenko 1990; Kamoun et al. 2015). Therefore, 

the Hpa-Arabidopsis association is meaningful to study biotrophic microbe-host 

interactions. Hpa is most infective in cold (around 10 °C) and moist conditions. Its life 

cycle starts with an asexual conidiospore, which germinates on top of a plant leaf and 

produces an attachment structure, named appressorium, on the leaf surface - usually 

at the junction of two neighboring epidermal cells. This leads to hyphal penetration into 

the plant tissue. The hypha inserts between the neighboring cells. Next, a haustorium 

is introduced in at least one of these epidermal plant cells. After the first haustorial 

insertion the hypha starts branching inside the intercellular space of the mesophyll. 

Subsequently, the hyphal network embeds digit-like haustoria into single mesophyll 

cells. Analogous to arbuscules of AMF, the oomycetal haustoria do not break but 

invaginate the plant cell membrane. Thus, haustoria are always surrounded by a plant-

derived extrahaustorial membrane (EHM), which is newly formed (Mims et al. 2004). 

Conidiophores, asexual reproduction organs, develop from hyphal tips in substomatal 

cavities. Approximately seven days post infection, the mature conidiophores emerge 

through stomata and form tree-shaped sporangiophores, which carry asexual 

conidiospores. Sexual reproduction is initiated by interlacing hyphae, which form 

oogonia and paragynous antherida in the leaf/cotyledon. Oogonia subsequently 

produce sexual oospores. Oospores are able to survive the winter and germinate in 

favorable conditions to initiate a new life cycle (Koch and Slusarenko 1990; Mauch-

Mani and Slusarenko 1993; Slusarenko and Schlaich 2003; Soylu and Soylu 2003). 

 

4.2 Oomycete-plant interaction – The arms race 
 
Plants and pathogens constantly co-evolve. Individual plants are in favor of selection, 

which are least susceptible to infection of detrimental microbes. Simultaneously 

pathogens are selected by their means to evade host defense. This results in a 
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constant arms race of both opponents. The defense arsenal of plants is quite complex 

and hierarchically ordered. It includes processes such as pattern-triggered immunity 

(PTI), which is initiated upon plant perception of pathogen-associated molecular 

pattern (PAMPs) or perception of plant-derived damage-associated molecular pattern 

(DAMPs), and microbial effector-triggered immunity (ETI). Both mechanisms involving 

hypersensitive response (HR) but also local as well as systemic immune responses, 

which are interconnected with other physiological processes and comprise reactive 

oxygen species (ROS) and hormones like salycilic acid (SA), ethylene (ET) or jasmonic 

acid (JA) (Jones and Dangl 2006; Caillaud et al. 2013; Asai et al. 2014; Boller and Felix 

2009). To evade the plant defense machinery, oomycetes secrete effector proteins into 

the plant cell apoplast or cytoplasm. The most common effectors are the RxLR-type 

proteins. An N-terminal signal peptide and a RxLR (or RxLR-EER) motif facilitate 

secretion and host uptake and a C-terminal domain harbors the effector activity (Asai 

et al. 2014; Baxter et al. 2010). Besides effectors, probably diverse pathogen-derived 

biomolecules are involved to support infection and suppress host immunity. For 

example, reciprocal small RNA (sRNA) translocation between plant and microbes in 

order to induce gene silencing was first observed in the grey mold causing fungus 

Botrytis cinerea infecting tomato and Arabidopsis (Weiberg et al. 2013; Cai et al. 2018). 

It is highly likely that sRNA trafficking is a more widespread phenomenon and thus 

might also be a component of the elaborate infection arsenal of Hpa. 

 

4.3 Host nutrient reliance of Peronosporaceae 
 

There is little doubt that oomycetal haustoria represent the key exchange interface in 

association with the host plant (Hardham 2006; Whisson et al. 2007; Bozkurt et al. 

2012). A representative amount of oomycteal effectors and their targets in planta have 

already been described to be secreted from haustoria, whereas nutrient exploitation 

by oomycetes, especially of Hpa, is in general still poorly understood (Whisson et al. 

2007; Schornack et al. 2010; Stassen and Van den Ackerveken 2011; Bailey et al. 

2011; Bozkurt et al. 2012; Asai et al. 2014; McGowan and Fitzpatrick 2017; Pel et al. 

2014). Among the oomycetes, nutrient uptake and metabolism of the hemibiotrophic 

Phytophthora spec. has been studied best so far. For example, isotope labelling 

studies confirmed that sucrose is transferred from plant to the pathogen (Clark and 

Spencer-Phillips 1993). Also, genome and transcriptome studies of Phytophthora 
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identified sugar and amino acid transporters expressed in the biotrophic stage (Chen 

et al. 2007; Abrahamian et al. 2016). Further, the expression of a-amylase for starch 

utilization as well as the expression of an adenylyl-sulfate kinase (PAPS) for 

incorporation of sulfate was identified for P. infestans on potato tubers (Ah-Fong et al. 

2017). Additionally, Phytophthora spec. are sterol and thiamine auxtrophs, which 

implies, that both compounds need to be scavenged from the host (Rodenburg et al. 

2018). 

Similar to Phytophthora spec., Hpa is also characterized by a streamlined metabolism, 

which reflects its major reliance on its host Arabidopsis (Baxter et al. 2010; Judelson 

2017). For example, downy mildew genomes do not harbor core genes for nitrite, 

nitrate and sulfate assimilation, which indicates the requirement of host scavenging for 

these nutrients (Baxter et al. 2010; Judelson 2017). Apparently, also obligate 

oomycetes are not able to synthesizes unsaturated fatty acids (Judelson 2017).  

 
5. The Trojan Horse tactic – Learning from the Good 

 

Interestingly, colonization procedures of phylogenetically distant filamentous microbes 

on plant tissues seem to have distinct similarities, at least on a morphological level 

(Parniske 2000). Even if Hpa colonizes the leaf mesophyll and AMF are restricted to 

the root, alike arbuscular mycorrhiza colonization, Hpa spreads inside the plant leaf 

via an intraradical hyphal network and introduces interface structures into single plant 

cells, which provide a large contact area with the host cytosol (Soylu and Soylu 2003; 

Dodds et al. 2009; Mims et al. 2004). Similar to arbuscule insertion, haustorium 

insertion does not break the plant cell membrane. The specialized plant-derived EHM 

can be accounted as analog to the PAM in function and morphology  (Soylu and Soylu 

2003; Mims et al. 2004; Ried et al. 2018; Lu et al. 2012). Strikingly, not only form and 

function of accommodation structures between mutualistic and pathogenic filamentous 

microbes seem to be similar. Several studies already found evidence that the 

colonization success of mutualistic as well as pathogenic microbes relies on the same 

host genes. For example, the symbiotic Medicago LysM receptor NFP (NFR5 in Lotus 

japonicus) does not only facilitate functional association of Medicago with AMF and 

nitrogen fixing bacteria (Zipfel and Oldroyd 2017; Maillet et al. 2011; Sun et al. 2015; 

Czaja et al. 2012). Even if the effect is apparently contrary to symbiosis, NFP also 

intervenes in plant immunity as nfp of Medicago is more susceptible the root oomycete 
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Aphanomyces euteiches (Rey et al. 2013). Furthermore, Medicago plants, which carry 

mutations in AM and root-nodule symbiosis genes, exhibited implications for the 

oomycetal colonization and disease development of Phytophthora palmivora (Wang et 

al. 2012; Rey  et al. 2015). Recently, a study by Ried et al. discovered, that in the non 

AM-competent Brassicacea, Arabidopsis thaliana, mutations in homologs of the 

common symbiosis genes POLLUX, SYMRK and NUP107-160 (see chapter 2.3), 

perturb the reproduction and the development of H. arabidopsidis (Ried et al. 2018). 

These findings support the idea, that pathogens like oomycetes exploit plant symbiosis 

signaling pathways for their own parasitic success (Delaux et al. 2013).  

All in all, this suggests that beneficial as well as pathogenic filamentous microbes might 

have evolved similar strategies for colonization and intercellular accommodation by 

adopting common core components from evolutionary older plant-microbe interactions 

like AMS (Rey and Schornack 2013; Evangelisti et al. 2014; Ried et al. 2018; Parniske 

2000).  
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VII. Aims of the thesis  
 

Reciprocal nutrient transfer between AMF and the host plant is the key feature of the 

arbuscular mycorrhiza symbiosis. This transport is facilitated via the arbuscule, which 

is indicated by existence of exclusively PAM-harbored nutrient transporters. As studies 

on the pt4 mutant suggest, nutrient delivery of the symbiotic fungus determines 

arbuscule lifetime and the maintenance of the association (Javot et al. 2011). In turn, 

RNAi-based knock-out of a fungal monosaccharide transporter and undersupply of 

carbon in colonized plant roots due to defective phloem loading or reduced invertase 

activity negatively affect fungal colonization and development inside the root. These 

findings imply that reciprocal nutrient exchange is decisive for establishment and 

maintenance of AMS (Schaarschmidt et al. 2007; Helber et al. 2011; Breuillin-Sessoms 

et al. 2015). This nutrient trade does not only emphasize the true mutualistic 

association, which is based on contribution from both sides, but also highlights the 

importance to understand nutrient fluxes in order to use the potential of AMS most 

efficiently for applied agriculture and sustainable food production. 

The hypothesis that photosynthetically fixed carbohydrates are the exclusive cargo 

sent to the fungus in reward for fungal delivered mineral nutrients was still prominent 

at the beginning of my doctoral work. However, accumulating knowledge about AM-

induced lipid biosynthesis genes and most importantly the fact that AMF do not 

possess a de novo fatty acid synthase machinery weakened this hypothesis deeply 

and put plant lipid biosynthesis in the spotlight of arbuscular mycorrhiza research 

(Wang et al. 2012; Bravo et al. 2016; Wewer et al.  2014; Ropars et al. 2016; Salvioli 

et al. 2016; Tang et al. 2016). Two L. japonicus mutants perturbed in arbuscular 

mycorrhiza accommodation have been identified (Groth et al. 2013), and their 

respective causative mutations have been identified already prior to my work (Bucerius 

and Parniske; Pimprikar and Gutjahr). Both mutants, dis (disorganized arbuscule) and 

ram2 (reduced arbuscular mycorrhiza 2) contain point mutations in genes encoding 

AM-specific lipid biosynthesis genes, which are specifically induced in roots upon AMF 

colonization. Therefore, the main goal of my work was to understand the role of these 

genes and of plant derived lipids in AMS. I found evidence that AM-induced lipid 

biosynthesis is severely impaired in Ljdis, Ljram2 and the ABCG half-transporter 

mutant Ljstr. Therefore, the next goal was to understand the role of the missing AM-

induced lipids and to examine whether lipids are transported from plant to fungus.  



 
 

46 
 

I further contributed to the research of Prof. Dörmann, to characterize the thioesterase 

FatM as another component of the AM-specific lipid biosynthesis pathway in Lotus 

japonicus.  

In addition, this thesis intended to go beyond the boundaries AM research and aimed 

to investigate if plant lipid biosynthesis plays a predominant role not only for AMS but 

also for other plant-microbe interactions. Hyaloperonospora arabidopsidis is a 

filamentous obligate biotrophic pathogen, which belongs to the linage of oomycetes. 

As members of the kingdom Straminipila, oomycetes are phylogenetically greatly 

distinct from AMF. However, Hpa seems to share common principles of host 

colonization with AMF. Therefore, by using reverse genetics with Arabidopsis mutants 

of DIS and RAM2 homologs I aimed at understanding if host fatty acid and lipid 

biosynthesis impact also the interaction of Hpa in Arabidopsis thaliana leaves.  
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VIII. Results 
 

Paper I: Lipid transport from plants to arbuscular mycorrhiza fungi 
 

Reference: Keymer A#, Pimprikar P#, Wewer V, Huber C, Brands M, Bucerius SL, 

Delaux PM, Klingl V, von Roepenack-Lahaye E, Wang TL, Eisenreich W, Dörmann P, 

Parniske M, Gutjahr C (2017). Lipid transfer from plants to arbuscular mycorrhiza fungi. 

eLife 6. pii: e29107. 

# These authors contributed equally to the work 
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supplement 1A). Nevertheless, because of its sequence similarity to DIS, we examined whether DIS-

LIKE is also required for arbuscule formation using the dis-like-5 mutant, which suffers from a glycine

replacement at position 180 at the border of a highly conserved b-sheet that likely affects protein

function (Perry et al., 2009) (Supplementary file 1, Figure 1—figure supplement 2). However, in

roots of dis-like-5 AM and arbuscule development was indistinguishable from wild type (Figure 3—

figure supplement 1B). Therefore, DIS-LIKE might have lost its major role in arbuscule development

after the duplication.

DIS functions like a canonical KASI in planta
We examined whether DIS can substitute the phylogenetically related housekeeping KASI. To this

end we transgenically complemented an Arabidopsis kasI mutant (Wu and Xue, 2010) with Lotus

DIS driven by the Arabidopsis KASI promoter. Arabidopsis kasI exhibits an altered FA profile and

reduced rosette growth (Wu and Xue, 2010). Complementation with DIS restored both wild-type-

like rosette growth and FA accumulation. The kasI phenotypes persisted when the dis-1 mutant

allele was transformed as a negative control (Figure 4C–E). In the reverse cross-species complemen-

tation AtKASI driven by the DIS promoter restored colonization, arbuscule branching and vesicle

Figure 2 continued

Colonized root, b non-colonized part of colonized root, c PPAs, (white arrow heads indicate the silhouette of fungal intraradical hyphae) d small

arbuscules, e fully developed arbuscules f collapsed arbuscules. Merged confocal and bright field images of whole mount roots are shown. (C-D)
Transgenic complementation of dis-1 (C) and ram2-1 (D) hairy roots with the respective wild-type gene driven by the PT4 promoter. The mutant gene

was used as negative control. White arrowheads indicate arbuscules. (E-F) Quantification of AM colonization in transgenic roots shown in (C-D).
Different letters indicate significant differences (ANOVA; posthoc Tukey; n = 15; p!0.001) among genotypes for each fungal structure separately. Int.

hyphae, intraradical hyphae. (E): F2,12 = 26.53 (total), F2,12 = 46.97 (arbuscules), F2,12 = 27.42 (vesicles). (F) F2,12 = 341.5 (total), F2,12 = 146.3 (arbuscules),

F2,12 = 35.86 (vesicles).

DOI: 10.7554/eLife.29107.008

The following figure supplement is available for figure 2:

Figure supplement 1. DIS and RAM2 promoter activity in wild type and dis and ram2 mutants.

DOI: 10.7554/eLife.29107.009

Video 1. 3D animation of Figure 2Ac illustrating that

the silhouette of the fungal intraradical hyphae (red

fluorescent vertical line) aligns with the silhouette of

pre-penetration apparatuus (red fluorescent bag-like

structure). Yellow fluorescence in nuclei indicates

activation of pDIS:YFP.

DOI: 10.7554/eLife.29107.010

Video 2. 3D animation of Figure 2Bc illustrating that

the silhouette of the fungal intraradical hyphae (red

fluorescent vertical line) aligns with the silhouette of

pre-penetration apparatuus (red fluorescent bag-like

structure). Yellow fluorescence in nuclei indicates

activation of pRAM2:YFP.

DOI: 10.7554/eLife.29107.011

Keymer et al. eLife 2017;6:e29107. DOI: 10.7554/eLife.29107 7 of 33

Research article Plant Biology
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Figure 1—figure supplement 1 continued

tandem. (E) Gene structure of DIS, DIS-LIKE and KASI. Black boxes display exons separated by introns (black lines). Grey boxes indicate determined un-

translated regions. (F) DIS, DIS-LIKE and KASI are predicted to contain a plastid transit peptide (green). The catalytic triad is shown in blue and the

location of mutations identified by TILLING in the DIS gene are shown in red. We chose the dis-4 mutant for further analysis because the mutation

resulted in a glycine replacement, which likely affects the functionality of the protein.

DOI: 10.7554/eLife.29107.004

Keymer et al. eLife 2017;6:e29107. DOI: 10.7554/eLife.29107 4 of 47
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exon-exon border

LORE1 insertion in Ljram2-2

G to E transition in Ljram2-1

LjRAM2

LjRAM2 MtRAM2

MtRAM2

Medtr7g067380

Medtr7g067380

Lj1g3v2301880.1

Lj1g3v2301880.1

100 89.26 56.39 55.17

89.26 100 56.45 55.44

56.39 56.45 100 85.11

55.17 55.44 85.11 100

Percentage identity matrix:

LjRAM2
MtRAM2
Lj1g3v2301880.1
Medtr7g067380
Consensus

- - - - - - - - - - - - - - - - - - - - - - MV SST FPA VNKCT - S I GR EKHT VVADMD GT L L I GRSSF PY FA L VA FEA
MHPC LV ET E S V SL LQEE I T I I TMA SST FPT VNKCT - S I GR EKHT VVADMD GT L L I GRSSF PY FA L I A FEV
- - - - - - - - - - - - - - - - - - - M VMGA FGH FK P I SKCS- T EER SNQT VA SD FD GT L L V SP SA F PYYMLVA I EA
- - - - - - - - - - - - - - - - - - - M VMGA FHH FK P I SK YNN SQDR SNQT I A SD LD GT L L V SRDA F PYYMLMAT EA

LjRAM2
MtRAM2
Lj1g3v2301880.1
Medtr7g067380
Consensus

Ljram2-2

GG I L R L F FY L LCA P I AG I L Y Y FV SEAAG I Q V L I FA SMAGM KV SS I E SVAR AV L PK FY SGD LHPE SWRV F S
GGV LR L L I Y L L A SP I AA I L Y Y F I SE SAG I Q V L V FA SMAGM K L SS I E SVAR AV L PK FY SSD LHPETWRV F S
GSY LRGL L L L A SV P FV Y FT C L F I SET AAVK T L I F I T FAGL K I KDV EMVT A SV L PK FYA ED VHPETWRV FN
GSF LRG I I L L I SV P FV Y FT Y L FV SET I A I K ML I F I T FAGL K I NDV EMV SR SV L SK FYA ED VRPETWNV FN

LjRAM2
MtRAM2
Lj1g3v2301880.1
Medtr7g067380
Consensus

SCGKRCV L T A NPR I MV EP F L K E F LGADMV L GT E I GT YK - G RATGM I CK PG I L VGGKKADA L KKA FGEEQP
SCGKRCV L T A NPR I MV EP F L K E F LGADMV L GT E I A SYK - G RATGL I CK PG I L VGDKKAQV LKKT FGDEK P
SFGKRC I VT T SPR LMV EP FA K SF LGADKV L GT E LDAT K SG RATGFAK EPG L L VGEHKK EA L VK E FQSN L P
SFGKRYVVT A SPR LMV EP FV KN L LGGDRV I GT E L EVT K SG RVTGFVK EPG V LVGE L KKDA VVK E FQSN L P

LjRAM2
MtRAM2
Lj1g3v2301880.1
Medtr7g067380
Consensus

D I G LGDR L TD A P FMA LCK EG Y I V PPNPKVK AVT TDK L PK P I I FHDGR LVH K PT P L L A L L I I LW I P I GFP L
D I G LGDRVTD A P FMA LCK EG Y I V PAK PKVT T VT SDK L PK P I I FHDGR LVQ K PT P LMA L L I I LW I P I GFP L
D LGLGD SETD HD FMS I CK EA Y I V P - R I KCE A L PRNK L L SQ V I FHEGRFAQ RPT P L AA L L T F LWL P I S I ML
D LGLGD SE SD HD FMSLCK EG YMV P - R I KCD P L PRT K L L SP I I FH EGRFVQ RPT P I VA L L S F LWL P I G I I L

LjRAM2
MtRAM2
Lj1g3v2301880.1
Medtr7g067380
Consensus

AC LR I AAGSL L PMK LV YHA F WA LGVRV I VK GT PPPPVGK S NP - HK SGV L F I C SHRT L LDP I F L ST A LGRP
AC LR I AAGSL L PMK FV YCA F KA LGVRV I VK GT PPPPV ET S KTNHQSGV L F I C SHRT L LDP I F L ST A LGRA
S I L RV Y LN I P L PEK I AWYNY K L LG I RVT VK GT PPPPPKKG QK - - - - GV L F VCNHRT V LDP VVT AVA LGRK
S I L RV Y LN I P L PEK I AWYNY K L LG I KV I VK GT PPPA PKKG QK - - - - GV L F VCNHRT I LD P VVT AVA LGRK

LjRAM2
MtRAM2
Lj1g3v2301880.1
Medtr7g067380
Consensus

I PAVT Y SV SR L SE I I SP I KT VR L SRDRATD A SM I KK L LQE GD LA I CPEGT T CREP F L LR F SA L FA E L TDE
I PAVT Y SV SR L SE I I SP I KT VR L SRDRATD AAM I KK L LQE GD LA I CPEGT T CREP F L LR F SA L FA E L TDE
I SCVT Y S I SK F SE I I SP I KA VA L SRDREKD AAN I RR L L EE GD LV I CPEGT T CREP F L LR F SA L FA E L TDR
I SCVT Y S I SK F SE I I SP I KA VA L SREREKD AAN I RK L L EE GD LV I CPEGT T CREP F L LR F SA L FA E L TDR

LjRAM2
MtRAM2
Lj1g3v2301880.1
Medtr7g067380
Consensus

Ljram2-1

L V PVAMVNRM SMFHGT T ARG WKGMDP FY F F MNP SPV YEVT F LNK L PK E L T CT A SK SSHDV ANY I QRV I AA
L V PVAMVNRM SMFHGT T ARG WKGMDP FY F F MNP SPV YEVT F LNK L PK E L T CGSGKT SHEV ANY I QRVVA S
I V PVA I NT KQ SV FYGT T ARG HK L LDPY FV F MNPMPT YE I T F LNQL PK E L T CTGGK SA I EV ANY I QKV I AG
I V PVA I NT KQ SV FYGT T VRG HKV LDPY FV F MNPV PT YE I T F LNQL PK E L T V SGGK SA I EV ANY I QRV L AG

LjRAM2
MtRAM2
Lj1g3v2301880.1
Medtr7g067380
Consensus

T L SYECT SFT RRDK YRA L AG NDGT VA EK PK AANKVMGC
T L SYECT SFT RRDK YRA L AG NDGT VV EKTN KANKVMGC
A LGFECTN L T RKDK YAMLAG TDGSV P SKK E KA - - - - - -
T LGFECTN L T RKDK YAMLAG TDGRV P SKK E KA - - - - - -

A

B

Figure 1—figure supplement 4. Protein sequence alignment of L. japonicus RAM2 with M. truncatula RAM2. Sequence alignment (A) and identity

matrix (B) of LjRAM2, Lj1g3v2301880.1, MtRAM2 and Medtr7g067380.

Figure 1—figure supplement 4 continued on next page
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Figure 2—figure supplement 1. DIS and RAM2 promoter activity in wild type and dis and ram2 mutants. GUS activity in colonized transgenic L.

japonicus wild-type and mutant roots transformed with constructs containing a 1.5 kb promoter fragment of DIS (A) or a 2.275 kb promoter fragment of

Figure 2—figure supplement 1 continued on next page
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Figure 2—figure supplement 1 continued

RAM2 (B) fused to the uidA gene. Left micrographs: bright field channel to detect GUS-staining, middle micrographs: GFP-channel to detect (WGA)-

AlexaFluor488 stained fungal structures. Right micrographs: Merge. (C-D) Single optical section of z-stack shown in Figure 2Aa (C) and Figure 2Ba (D)

showing that DIS and RAM2 promoter activity is detected exclusively in the cortex.

DOI: 10.7554/eLife.29107.009
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WT Gifu dis-1 ram2-1

Figure 3—figure supplement 2. Shoot phenotypes of dis and ram2 mutants. dis and ram2 mutants do not show

growth differences in shoot growth as compared to Gifu wild-type. The image has been taken 17 weeks post

planting (size bar, 5 cm).

DOI: 10.7554/eLife.29107.019
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Arabidopsis 
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Carica 
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Arabidopsis 

Carica 
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Medicago 

Figure 3—figure supplement 3. Genomic comparison of the DIS locus in host and non-host species. Synteny analysis of a ~ 200 kb sized region in the

Lotus japonicus, Medicago truncatula (green), Populus trichocarpa (orange), Phaseolus vulgaris (pink), Solanum lycopersicum (blue) and Carica papaya

(yellow) genomes containing the DIS locus. The genomic block is well conserved in these host species. By contrast, no DIS homolog was detected in

the corresponding genomic block of Arabidopsis thaliana (red). The red rectangle indicates the DIS and DIS-LIKE locus, DIS is indicated in yellow. The

sequences above Lotus correspond to the forward strand and those below Lotus to the reverse strand. The orange strip on the left side corresponds to

a non-assembled region of the L. japonicus genome.

DOI: 10.7554/eLife.29107.020
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Figure 5—figure supplement 2 continued

(D) Absolute amounts of phosphatidylethanolamine (PE) species. (E) Absolute amounts of phosphatidylserine (PS) species. (A–D) Bars represent means

±standard deviation (SD) of 3–5 biological replicates. ‘L. japonicus and R. irregularis’ marks lipids which are found in both organisms according to

Wewer et al. (2014).

DOI: 10.7554/eLife.29107.025
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Figure 5—figure supplement 3 continued

control and colonized roots of Gifu WT and dis-1. (C) Relative amounts of monogalactosyldiacylglycerols (MGDG) containing acyl chains of 16:x + 18:x

(34:x MGDG), di18:x(36:x MGDG) or 18:x + 20:x(38:x MGDG) in the different colonized genotypes. (D) Relative amount of digalactosyldiacylglycerols

(DGDG) containing acyl chains of 16:x + 18:x(34:x DGDG), di18:x(36:x DGDG) or 18:x + 20:x(38:x DGDG) of the different colonized genotypes. (A–D)

Bars represent means ±standard deviation (SD) of 3–5 biological replicates.

DOI: 10.7554/eLife.29107.026
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Figure 8—figure supplement 1 continued

to the carrot compartment or the Lotus compartment. Colonized roots and extraradical mycelia populating the plate were harvested separately. (B)

Photo of the 2-compartment setup. 2 week old Lotus seedlings were cultivated for 4 weeks on this setup. 100 mg of [U-13C6]Glucose was applied one

week before harvest. (C) Quantitative AM colonization as determined by the modified grid-line intersect method after acid-ink staining in roots of

genotypes indicated in the figure from plants grown in the Petri dish system (A and B) in parallel with the plants used for isotopolog profiling. Different

letters indicate significant differences (ANOVA; posthoc Tukey; n = 25) among genotypes for each fungal structure separately. p!0.01, F4,20 = 32.49

(total and intraradical hyphae); F4,20 = 110.1 (arbuscules), F4,20 = 112.6 (vesicles). (D) Arbuscule area and (E) frequency distribution of arbuscule area in

the root samples used in (C). 10 arbuscules were analysed per root system. For wild-type Gifu, MG20 and ram2-1 five, for str three and for dis-1 two

root systems were available. Different letters in (D) indicate significant differences (ANOVA; posthoc Tukey; n = 196) in arbuscule area among

genotypes. p!0.001, F4,191 = 127.4. (E) Representative bright-field images of arbuscules in roots of the samples analyzed in C-D.

DOI: 10.7554/eLife.29107.039

Keymer et al. eLife 2017;6:e29107. DOI: 10.7554/eLife.29107 41 of 47

Research article Plant Biology



 
 

101 
 

 

 
 

Figure 8—figure supplement 2 continued

mycelium of R. irregularis. Five biological replicates of each genotype and treatment are shown. Black asterisks indicate statistically significant

differences between mutant lines and wild-type according to Student’s t-test *p<0.05; **p<0.01. (C) Relative fraction of 13C isotopologs for 16:0 fatty

acids of five replicates (individual bars and double bars) of L. japonicus WT MG-20 and str in control roots (upper panel) and AM roots and each of the

associated R. irregularis extraradical mycelia (middle panel). The same is shown for fungus-specific 16:1w5 FAs in AM roots and extraradical mycelia

(lower panel). Values from roots are indicated by ‘R’ and from fungal extraradical mycelia by ‘M’. For L. japonicus wild-type the 13C labelling pattern of

16:0 and 16:1w5 FAs in the plant is recapitulated in the fungal extraradical mycelium. Extraradical hyphae associated with str do not mirror these

patterns. Compare bars for AM roots and extraradical hyphae side by side. Black numbers indicate 13C overall excess for individual samples. Colors

indicate 13C-isotopologues carrying one, two, three, etc. 13C-atoms (M + 1, M + 2, M + 3, etc.). (n. d. = not detected). (D) Schematic and simplified

illustration of carbon flow and 12C vs.13C contribution to plant lipid metabolism and transport to the fungus in the two-compartment cultivation setup

used for isotope labelling. Carbohydrate metabolism and transport is omitted for simplicity. ERM, extraradical mycelium.

DOI: 10.7554/eLife.29107.040
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Table S1. Mutations in DIS and DIS-LIKE identified by TILLING or in a LORE1 
insertion collection.  

 

Allele  Line ID aa change / insertion Source  
    
dis-1  SL0154-N G190R (Groth et al., 2013) 
dis-2 30035849 LORE1 intron 2 insertion (Małolepszy et al., 2016) 
dis-3 SL4113-1 T221I RevGen, UK 
dis-4 SL0614-1 G314D RevGen, UK 
dis-5 SL5510-1 E338K RevGen, UK 
dis-6 SL0494-1 P376L RevGen, UK 
    
disl-1 SL3509-1 P61S RevGen, UK 
disl-2 30034395 LORE1 exon 2 insertion (Małolepszy et al., 2016) 
disl-3 SL1481-1 D109N RevGen, UK 
disl-4 SL5555-1 G176E RevGen, UK 
disl-5 SL1474-1 G180E RevGen, UK 
disl-6 SL4156-1 V193M RevGen, UK 

 
 
Groth M, Kosuta S, Gutjahr C, Haage K, Hardel SL, Schaub M, Brachmann A, Sato 

S, Tabata S, Findlay K, et al. 2013. Two Lotus japonicus symbiosis mutants 
impaired at distinct steps of arbuscule development. Plant J, 75: 117-129. 
10.1111/tpj.12220. 

Małolepszy A, Mun T, Sandal N, Gupta V, Dubin M, Urbański D, Shah N, Bachmann 
A, Fukai E, Hirakawa H, et al. 2016. The LORE1 insertion mutant resource. 
Plant J: DOI: 10.1111/tpj.13243. 10.1111/tpj.13243. 
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Table S2. Primers used in this study.  
Purpose Name  Sequence 

gDIS cloning for 
pDIS:gDIS 

SH71 
SH72 

CACCGGAACGGGACAAAAGACTCC 
TTAGGGCCTGAATGGAGCAAAGACAA 
 

pDIS cloning for 
pDIS:GUS  

SH94 
SH104 

 

ATTTAAGCTTGGAACGGGACAAAAGACTCC 
AATCAGGATCCTGTTCAATGTGTCTGTGGCA 
 

DIS cloning for DIS-
RFP localization in 
N. benthamiana  

SH93 
SH92 

CACCATGGCAAGCATTGCTGGTTC 
GGGCCTGAATGGAGCAAAGACAAC 
 

pLjPT4 cloning for 
pPT4:DIS 

CG466 
CG467 

TTTGGTCTCTGCGGGGACTCAAGAAACCATGCTATC 
TTTGGTCTCTCAGACTTGAACGATGTCGATTTAGTTTG 

DIS/dis-1 frag.1 
cloning for 
pPT4:DIS/dis-1 

SH124 
 
SH125 

ATGAAGACTTTACGGGTCTCACACCATGGCAAGCATTGC
TGGTTC 
TTGAAGACTTTTCGATTTCAGGGCTCTCTTTGTTACCTGA
TGACAACAAGCACCCTTTTGG 

DIS/dis-1 frag.1 
cloning for 
pPT4:DIS/dis-1 

SH126 
SH127 

TTGAAGACTTCGAAACCCTGATGATTATT 
ATGAAGACTTCAGAGGTCTCACCTTGGGCCTGAATGGA
GCAA 
 

pDIS cloning for 
pDIS:AtKASI 

SH122 
 
SH123 

ATGAAGACTTTACGGGTCTCAGCGGGGAACGGGACAAA
AGACTCC 
ATGAAGACTTCAGAGGTCTCAGGTGTGTTCAATGTGTCT
GTGG 

pAtKASI cloning for 
pAtKASI:LjDIS 

SH113 
SH109 

TTGGTCTCACACCGAGTCACAAAGATGCTATCG 
GGTCTCACCATGGTGGATCCAGAAATTGAGAG 

3’UTR AtKASI 
cloning for 
pAtKASI:LjDIS 

SH118 
SH119 

TGAGGTCTCGTTTCTTCATACCTTTTAGATTC 
TGAGGTCTCGCCTTCAGTATAAATCTAATTTCTTC 

gDIS frag.1 cloning 
for pAtKASI:LjDIS 

SH110 
SH114 

TGAGGTCTCTATGGCAAGCATTGCTGGTTCATG 
TGAGGTCTCTTTCGATTTCAGGGCTCTCT 

gDIS frag.2 cloning 
for pAtKASI:LjDIS 
 

SH115 
SH117 

TTGGTCTCACGAAACCCTGATGATTATTAG 
TGAGGTCTCGGAAATTAGGGCCTGAATGGAGC 

AtKASI frag.1 cloning 
for pDIS:AtKASI 

CG455 
 
CG456 

ATGAAGACTTTACGGGTCTCACACCATGCAAGCTCTTCA
ATCTTCATCTCT 
ATGAAGACTTGTCGCAAAGGTCGCGCATTG 

AtKASI frag.2 cloning 
for pDIS:AtKASI 

CG457 
CG458 

ATGAAGACTTCGACGACAACAACGTTCCTTCA 
ATGAAGACTTGAGTCCCATACCAGTAATGACAAC 

AtKASI frag.3 cloning 
for pDIS:AtKASI 

CG459 
CG460 

ATGAAGACTTACTCGTCTCTGTGTTTGGTAACG 
ATGAAGACTTTGGCTCTCTCCAAAACAAAATGTCA 
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AtKASI frag.4 cloning 
for pDIS:AtKASI 

CG461 
CG462 

ATGAAGACTTGCCACTAATTGTTGTATGCCCTAATAG 
ATGAAGACTTCAGAGGTCTCACCTTTCAGGGTTTGAAGG
CAGAGAAGGC 

qPCR of LjEF1alpha  EF1alpha_F 
EF1alpha_R 

GCAGGTCTTTGTGTCAAGTCTT 
CGATCCAGAACCCAGTTCT 

qPCR of LjKASI LjKASI_qPCR_
F 
LjKASI_qPCR_
R 

TCCCAACGCTAACTTCAAGC 
 
CCCTGCATCATTGAGGCTAT 

qPCR of LjKASII AK42 
AK43 

CGAGAAAGACTTGATCTCCCCAG 
CGTGGTTACATCACTTGGTCATG 
 

qPCR of LjKASIII AK44 
AK45 

GATTTGCATAGTAATGGTGATGG 
GCATGAATATGAGGACTGCTTGG 
 

qPCR of LjDIS qPCR_DIS4_F 
qPCR_DIS4_R 

CATTCATTGATTTCGGGACA 
CCAAACACAGAAGCAGATCAGA 

qPCR of LjDIS-like qPCR_DISL4_F 
qPCR_DISL4_R 

CATGTTATCGATTTGTGTTTGGA 
TGACTACTACCCATTTGCTGAAAG 

qPCR of LjUbiquitin 
 

qPCR_F_LjUbi 
qPCR_R_LjUbi  
 

ATGCAGATCTTCGTCAAGACCTT 
ACCTCCCCTCAGACGAAG  
 

qPCR of LjRAM2 PP101 
PP102 

ATCCTATGAGTGCACTAGCTTTACTAGAAG 
AACGAGCAAATTAAAACTGAAAGAGAGTAC 

qPCR for LjSbtM1  CACGTTGTTAGGACCCCAAT 
TTGAGCAGCACCCTCTCTATC 
 

qPCR for LjBCP1  TCATCTGTCCTTGGGGTCAT 
CAGCTGCAGAAGTTGCATTT 
 

qPCR for LjPT4  GAATAAAGGGGCCAAAATCG 
GCTGTATCCTATCCCCATGC 
 

qPCR for LjAMT2.2  TGGTTCAACTTTTCGTTCCA 
CTTATCACCCTGACCCCAGA 
 

qPCR for LjSTR  CTATATTGGTGACGAGGGAAGG 
GTCCTGAGGTAGGTTCATCCAG 
 

pRAM2_1a cloning 
for 
pRAM2:gRAM2 and 
pRAM2:GUS  

PP103 
PP104 

ATGAAGACTTTACGGGTCTCAGCGGGATTGAAAGCTTCC
CCATAG 
TAGAAGACAAATCTTCTCCTAGTATTTTTTTTTTAAAG 
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pRAM2_1b cloning 
for 
pRAM2:gRAM2 and 
pRAM2:GUS 

PP105 
PP106 

ATGAAGACTTAGATCATTCCACGGAGGAG 
ATGAAGACTTCAGAGGTCTCACAGAGGTGAATGCACTTG
TTGTTACTC 

gRAM2 cloning for 
pPT4:gRAM2/ram2-1 

AK20 
AK21 

ATGAAGACTTTACGGGTCTCACACCATGGTGTCATCAAC
G 
ATGAAGACTTCAGAGGTCTCACCTTGCAACCCATGACTT
TGTTTG 
 

pRAM2 primer 
walking using TAC Lj 
T46c08 
 

PP132 
 GTCGTTTTAGAAGAATTTTTTG 

 

pRAM2 primer 
walking using TAC Lj 
T46c08 
 

PP133 
 AGGATAGGCTCAATACTTTGA 

 

pRAM2 primer 
walking using TAC Lj 
T46c08 
 

PP134 
 ATGGGTGAAAGTGGTAAGATGG 

 

pRAM2 primer 
walking using TAC Lj 
T46c08 
 

PP135 
 GCGTGACAAACATGGAAGG 

 

pRAM2 primer 
walking using TAC Lj 
T46c08 
 

PP136 
 AGCAAAGTTGGGGGAGAAAT 

 

pRAM2 primer 
walking using TAC Lj 
T46c08 
 

PP137 
 AGGTGGGTATTGGAGGTGGA 

 

pRAM2 primer 
walking using TAC Lj 
T46c08 
 

PP138 
 ACACTTAAAAAAGAACGGAG 

 

pRAM2 primer 
walking using TAC Lj 
T46c08 
 

PP139 
 CTCTAACAATCCACTATCTTG 

 

pRAM2 primer 
walking using TAC Lj 
T46c08 
 

PP140 
 CACACAAGAACTTCATGCAC 

 

pRAM2 primer 
walking using TAC Lj 
T46c08 
 

PP141 
 GAGCTTGATCACCTACTAATTAT 

 

pRAM2 primer 
walking using TAC Lj 
T46c08 
 

PP142 
 CTTGTATGCCAGCAGCCTCAGAG 

 

pSbtM1 frag.1 
cloning for 
pSbtM1:SPP-
mCherry 
 

JAVA-23 
JAVA-24 
 

ATGAAGACTTTACGGGTCTCAGCGGAACATTGAGGACA
GATTAAGG 
TAGAAGACAATTGCCTTCATTTGTGCCAAA 
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pSbtM1 frag.2 
cloning for 
pSbtM1:SPP-
mCherry 
 

JAVA-25 
JAVA-26 
 

TAGAAGACAAGCAAATAAACCGTCCAAGGC 
ATGAAGACTTCAGAGGTCTCTCAGAGCTCCATCTTTAAT
TGGAATTTGATG 
 

SbtM1 secretion 
signal peptide 
cloning for 
pSbtM1:SPP-
mCherry 

SC278 
SC279 
 

TATGGTCTCATCTGATGGAGCAAACCAAGTATAGGA 
TATGGTCTCAGGTGTCATGCTCTTGGCCTTCCT 
 

 

Table S3: Plasmids used in this study  

Produced by classical cloning, Gateway cloning (Entry plasmids and Destination 

plasmids) and Golden Gate cloning (Level I, II and III). The Golden Gate toolbox is 

described in (48). EV, empty vector; HR, hairy root; trafo, transformation  
Purpose Name Description 

 

 

dis-1 transgenic 
complementation 

(Fig. 1A) 

Entry: pENTR-pDIS:gDIS PCR amplification of DIS promoter and gene with 
primers SH71 + SH72 and subcloning into pENTR/D-
TOPO. 

HR Trafo: pDIS:gDIS LR clonase (Invitrogen) recombination of ENTR-
pDIS:gDIS with pK7RWG2.0 w/o 35S promoter (56). 

HR Trafo: EV Removal of Gateway casette from pK7RWG2.0 w/o 
35S promoter (Antolín-Llovera et al., 2014) by EcoRV 
digest and religation.  

Localization of 
DIS promoter 
activity (Fig. 
2_S1) 

pDIS-GUS PCR amplification of 1.5 kb DIS promoter region with 
primers SH94 + SH104 and insertion into the HindIII 
and BamHI restriction sites of pBI101(Jefferson et al., 
1987). 

 

 

Cross species 
complementation 
of Arabidopsis 
kasI mutant with 
LjDIS (Fig. 4C)  

Entry: pENTR-
pAtKASI:DIS:3’ UTR 
AtKASI (pCG92) 

Entry: pENTR-
pAtKASI:DIS:3’ UTR 
AtKASI (pCG93) 

Arabidopsis Trafo: 
pKASI:DIS (pCG94) 

Arabidopsis Trafo: 
pKASI:dis-1 (pCG95) 

Assembled from L0 pAtKASI, L0 DIS, L0 3’ UTR KASI 
and pENTR-BsaI (BB04) by BsaI cut ligation  

Assembled from L0 pAtKASI, L0 dis-1, L0 3’ UTR 
KASI and pENTR-BsaI (BB04) by BsaI cut ligation 

 

LR clonase (Invitrogen) recombination of pCG92 with 
pMDC99 (Curtis & Grossniklaus, 2003).  

LR clonase (Invitrogen) recombination of pCG93 with 
pMDC99 (Curtis & Grossniklaus, 2003). 

 

Localization of 
DIS in N. 
benthamiana 
leaves (Fig. 4F) 

Entry: pENTR-DIS w/o 
stop 

N. benthamiana Trafo: 
p35S:DIS:RFP 

N. benthamiana Trafo: 
p35S:AtLhcb1.3:YFP 

PCR amplification of DIS gene with primers SH93 + 
SH92 and subcloning into pENTR/D-TOPO. 

LR clonase (Invitrogen) recombination of ENTR- 
pENTR-DIS w/o stop with pK7RWG2.0 (Karimi et al., 
2002). 

LR clonase (Invitrogen) recombination of pENTR/D-
TOPO-AtLhcb1.3 w/o stop (kind gift from Jürgen Soll) 
with pB7FWG2.0 (Karimi et al., 2002). 

 

Golden Gate level 0 and I (L0, LI) elements 
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 L0 pAtKASI PCR amplification of AtKASI 1.3 kb promoter fragment 
with SH113 + SH109 and assembly by StuI cut ligation 
into L0 pUC57 plasmid (BB01).  

 L0 DIS and  

L0 dis-1 

Assembled by StuI cut ligation into L0 pUC57 plasmid 
(BB01) from 2 PCR fragments amplified from genomic 
DNA of L. japonicus Gifu wild type (DIS) and dis-1 
mutant (dis-1). Primers: 

Fragment 1: SH110 + SH 114 

Fragment 2: SH115 + SH117 

 L0 3’ UTR AtKASI 3’ UTR of AtKASI (343 bp) was PCR amplified with 
primers SH118 + SH119 and assembled by StuI cut 
ligation into L0 pUC57 plasmid (BB01). 

 L0 pRAM2A 

 

PCR amplification of 906 bp fragment L. japonicus 
Gifu genomic DNA with primers PP103+PP104. 
Assembly by SmaI cut ligation into LI-Amp (BB01) 
 

 L0 pRAM2B 

 

PCR amplification of 1434 bp fragment L. japonicus 
Gifu genomic DNA with primers PP105+PP106. 
Assembly by SmaI cut ligation into LI-Amp (BB01) 
 

 LI A-C pDIS (pCG124) PCR amplification of 1.5 kb DIS promoter from L. 
japonicus Gifu genomic DNA with primers SH122 + 
SH123 and BpiI cut ligation into LI-BpiI (BB03) 
plasmid. 

 LI C-D AtKASI (pCG125) Assembled 4 PCR fragments amplified from A. 
thaliana Col-0 gDNA by BpiI cut ligation into LI-BpiI 
plasmid (BB03). Primers: 

Fragment 1: CG455 + CG456 

Fragment 2: CG457 + CG458 

Fragment 3: CG459 + CG460 

Fragment 4: CG461 + CG462 

 LI A-B pPT4 PCR amplification of 2.2 kb PT4 promoter region from 
L. japonicus Gifu genomic DNA with primers CG466 + 
CG467 and assembly by BpiI cut ligation into LI-BpiI 
plasmid (BB03). 

 LI C-D DIS  

LI C-D dis-1 

Assembled from two PCR amplified fragments from 
genomic DNA of L. japonicus Gifu wild type (DIS) and 
dis-1 mutant (dis-1). Assembly by BpiI cut ligation into 
LI-BpiI plasmid (BB03). Primers: 

Fragment 1: SH124 + SH138 

Fragment 2: SH126 + SH127 

 LI A-B pRAM2 Assembled by BpiI cut ligation from: L0 pRAM2A + L0 
pRAM2B + LI-BpiI (BB03) 
 

 LI C-D RAM2 

LI C-D ram2-1 

PCR amplification of 1998 bp fragment L. japonicus 
Gifu genomic DNA with primers AK20 + AK21. 
Assembled by SmaI blunt end cut ligation: pUC57 
(BB02) + Fragment: AK20 + AK21 
 

 LI C-D GUS (Pimprikar et al., 2016) 
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 LI A-B pSbtM1 PCR amplification of 559 bp fragment with primers 
JAVA-23 + JAVA-24 and of 211 bp fragment with 
primers JAVA-25 + JAVA-26 from pENTR D-TOPO 
pSbtM1. Assembled by BpiI cut ligation from 559 bp 
fragment + 211 bp fragment + LI-BpiI (BB03) 
 

 LI B-C SSP (SbtM1 
secretion signal peptide) 

 

PCR amplification of 135 bp fragment L. japonicus 
Gifu genomic DNA with primers SC278 + SC279. 
Assembly by SmaI cut ligation into LI-pUC57 (BB02) 
 

 

Golden Gate level II (LII) plasmids 

 LII R 3-4 p35S:mCherry 
(selection marker for HR)  

Assembled by BsaI cut ligation from:  

LI A-C p35S (G009) + LI C-D mCherry (G057) + LI dy 
D-E (B008) + LI E-F 35S-T (G059) + LI dy F-G (BB09) 
+ LII R 3-4 

 LII F 1-2 pDIS:AtKASI 
(pCG126) 

 

Assembled by BsaI cut ligation from:  

LI A-C pDIS + LI C-D AtKASI + LI dy D-E (BB08) + LI 
E-F nos-T(G006) + LI dy F-G (BB09) + LIIc F 1-2 
(BB30) 

 LII F 1-2 pDIS:EV 
(pCG127) 

 

Assembled by BsaI cut ligation from:  

LI A-C pDIS + LI dy C-D (BB07) + LI dy D-E (BB08) + 
LI E-F nos-T(G006) + LI dy F-G (BB09) + LIIc F 1-2 
(BB30) 

 LII F 1-2 pPT4:DIS 
(pCG130) 

 

Assembled by BsaI cut ligation from:  

LI A-B pPT4 + LI dy B-C (BB06) + LI C-D DIS + LI E-
F nos-T(G006) + LI dy F-G (BB09) + LIIc F 1-2 (BB30) 

 LII F 1-2 pPT4:dis-1 
(pCG131) 

 

Assembled by BsaI cut ligation from:  

LI A-B pPT4 + LI dy B-C (BB06) + LI C-D dis-1+ LI E-
F nos-T(G006) + LI dy F-G (BB09) + LIIc F 1-2 (BB30) 

 LIIc F 1-2 pRAM2:gRAM2 
pPP106 

Assembled by BsaI cut ligation from: LI A-B pRAM2 + 
LI B-C dy (BB06) + LI C-D RAM2 + LI D-E dy (BB08) 
+ LI E-F nos-T (G006) + LI F-G dy (BB09) + LIIc F 1-2 
(BB30) 
 

 LII F 3-4 pPT4:gRAM2  

(pAK12) 

Assembled by BsaI cut ligation from:  

LI A-B pPT4 + LI dy B-C (BB06) + LI C-D RAM2 + LI 
E-F nos-T(G006) + LI dy F-G (BB09) + LIIc F 3-4 
(BB34) 

 LII F 3-4 pPT4:gram2-1 

(pAK13) 

Assembled by BsaI cut ligation from:  

LI A-B pPT4 + LI dy B-C (BB06) + LI C-D ram2 + LI E-
F nos-T(G006) + LI dy F-G (BB09) + LIIc F 3-4 (BB34) 

 LIIc F 1-2 pRAM2:GUS 
pPP107 

Assembled by BsaI cut ligation from: LI A-B pRAM2 + 
LI B-C dy (BB06) + LI C-D GUS + LI D-E dy (BB08) + 
LI E-F nos-T (G006) + LI F-G dy (BB09) + LIIc F 1-2 
(BB30) 
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 LIIc R 3-4 pUbi:mCherry 
(pPP101) 

(Pimprikar et al., 2016) 

 LIIβ F 5-6 pPOI:NLS-
2XYFP:NosT 
(pGC134) 

Assembled by BsaI cut ligation from: LI A-B Esp3I-
lacZ dy (G082) + LI B-C NLS (G60) + LI C-D YFP 
(G54) + LI D-E YFP (G12) + LI E-F Nos-T (G006) + LI 
F-G dy (BB09) + LIIβ F 5-6 (BB28) 

 LIIc F 1-2 pSbtM1:SPP-
mCherry: HspT 
(pPP137) 

Assembled by BsaI cut ligation from: LI A-B pSbtM1 + 
LI B-C SPP + LI C-D mCherry + LI D-E dy (BB08) + LI 
E-F Hsp-T (G045) + LI F-G dy (BB09) + LIIc F 1-2 
(BB30) 

 

Golden Gate level III (LIII) plasmids for plant transformation 

ram2-1 transgenic 
complementation 
(Fig. 1A) 
 

LIIIβ F A-B pRAM2:RAM2 
(pPP162) 

Assembled by BpiI cut ligation from: LIIc F 1-2 
pRAM2:RAM2 + LII 2-3 ins (BB43) + LIIc R 3-4 
pUbi:mCherry + LII 4-6 dy (BB41) + LIIIβ F A-B (BB53) 
 

Localization of 
DIS promoter 
activity (Fig 2_S1) 
 

LIIIβ F A-B pDIS:GUS 
(pMP2) 

Assembeled by Esp3I Cut-Ligation. PCR product of 
pDIS + pPP170 [LIIc F 1-2 pRAM1:GUS + LII 2-3 ins 
(BB43) + LIIc R 3-4 pUbi:mCherry + LII 4-6 dy (BB41) 
+ LIIIβ F A-B (BB53)] (Pimprikar et al., 2016). 

Localization of 
RAM2 promoter 
activity (Fig 2_S1) 
 

LIIIβ F A-B pRAM2:GUS 
(pPP163) 

Assembled by BpiI cut ligation from: LIIc F 1-2 
pRAM2:GUS + LII 2-3 ins (BB43) + LIIc R 3-4 
pUbi:mCherry + LII 4-6 dy (BB41) + LIIIβ F A-B (BB53) 
 

 

Cross species 
complementation 
of dis-1 mutant 
with Arabidopsis 
KASI (Fig. 2C) 

LIIIβ F A-B pDIS:AtKASI 
(pCG128) 

 

LIIIβ F A-B pDIS:EV 
(pCG129) 

Assembled by BpiI cut ligation from: 

LII F 1-2 pDIS:AtKASI + LII ins 2-3 (BB43) + LII R 3-4 
p35S:mCherry + L II dy 4-6 (BB41) + LIIIβ F A-B 

Assembled by BpiI cut ligation from:  

LII F 1-2 pDIS:EV + LII ins 2-3 (BB43) + LII R 3-4 
p35S:mCherry + L II dy 4-6 (BB41) + LIIIβ F A-B 

 
 
dis-1 transgenic 
complementation 
with pPT4:DIS 
(Fig. 2C) 

LIIIβ F A-B pPT4:DIS 
(pCG132) 

 

LIIIβ F A-B pPT4:dis-1 
(pCG133) 

 

Assembled by BpiI cut ligation from: 

LII F 1-2 pPT4:DIS + LII ins 2-3 (BB43) + LII R 3-4 
p35S:mCherry + L II dy 4-6 (BB41) + LIIIβ F A-B 

Assembled by BpiI cut ligation from: 

LII F 1-2 pPT4:dis-1 + LII ins 2-3 (BB43) + LII R 3-4 
p35S:mCherry + L II dy 4-6 (BB41) + LIIIβ F A-B 

ram2-1 transgenic 
complementation 
with pPT4:RAM2 
(Fig. 2C) 

LIIIβ F A-B pPT4:RAM2 
(pAK14) 

 

LIIIβ F A-B pPT4:ram2-1 
(pAK15) 

 

Assembled by BpiI cut ligation from: 

LII F 1-2 pUbi:mCherry + LII ins 2-3 (BB43) + LII F 3-
4 pPT4:gRAM2 + L II dy 4-6 (BB41) + LIIIβ F A-B 

Assembled by BpiI cut ligation from: 

LII F 1-2 pUbi:mCherry + LII ins 2-3 (BB43) + LII F 3-
4 pPT4:ram2-1 + L II dy 4-6 (BB41) + LIIIβ F A-B 

Esp3I compatible 
destination 
backbone for 
Localization of 
promoter activity  

Esp3I cut ligation 
compatible backbone: 
LIIIβ F A-B pSbtM1:SP-
mCherry_pPOI:NLS-
2XYFP (pPP217) 

Assembled by BpiI cut ligation from: LIIc F 1-2 
pSbtM1:SP-mCherry: HspT + LII 2-3 ins (BB43) + LII 
3-4 dy (BB64) + LII 4-5 ins (BB44) + LIIβ F 5-6 
pPOI:NLS-2XYFP:NosT + LIIIβ F A-B (BB53) 

 



 
 

112 
 

BsaI compatible 
destination 
backbone for 
Localization of 
promoter activity  

BsaI cut ligation 
compatible backbone: 
LIIIβ F A-B pSbtM1:SP-
mCherry_pPOI:NLS-
2XYFP (pPP218) 

Assembled by Esp3I cut ligation from: LIIIβ F A-B 
pSbtM1:SP-mCherry_pPOI:NLS-2XYFP + LI A-B 
Esp3I-ccdB dy (G084) 

 

Localization of 
promoter activity 
of pDIS (Fig 2A) 

LIIIβ F A-B 
pSbtM1:SSP:mCherry+p
DIS:NLS-2xYFP (pPP241) 

 

 

Assembled by BsaI cut ligation from: 

LI A-B pDIS + LIIIβ F A-B pSbtM1:SP-
mCherry_pPOI:NLS-2XYFP (pPP218) 

 

Localization of 
promoter activity 
of pRAM2 (Fig 
2B) 

LIIIβ F A-B 
pSbtM1:SSP:mCherry+p
RAM2:NLS-2xYFP 
(pPP238) 

 

Assembled by BsaI cut ligation from: 

LI A-B pRAM2 + LIIIβ F A-B pSbtM1:SP-
mCherry_pPOI:NLS-2XYFP (pPP218) 
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Paper II: The Lotus japonicus acyl-acyl carrier protein thioesterase FatM is required 

for mycorrhiza formation and lipid accumulation of Rhizophagus irregularis 
 

Reference: Brands M, Wewer V, Keymer A, Gutjahr C, Dörmann P (2018). The Lotus 

japonicus acyl-acyl carrier protein thioesterase FatM is required for mycorrhiza 

formation and lipid accumulation of Rhizophagus irrgeularis. Plant Journal, DOI: 

10.1111/tüj.13943. 
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Figure S1. Phylogenetic tree of acyl-ACP thioesterases from arbuscular mycorrhiza 
host and non-host plants. 
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Figure S2. Genetic complementation of defective arbuscule morphology in the fatm-1 
mutant. 
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Figure S3. Quantification of total fatty acids in colonized fatm mutant roots. 
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Figure S4. Relative distribution of triacylglycerol and diacylglycerol molecular 
species in colonized wild type Gifu and fatm-1 and fatm-2 mutant roots at 4 weeks 
post-inoculation. 
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Figure S5. Molecular species composition of membrane glycerolipids in colonized 
WT Gifu, fatm-1 and fatm-2 mutant roots at 4 weeks post-inoculation. 
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Figure S6. Monoacylglycerol in Lotus japonicus fatm and Daucus carota roots. 
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Figure S7. Expression patterns of FatM, FatA, FatB and FatC from Lotus japonicus. 
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Figure S8. Specific inhibition of 16:1ω5 and 20:3 synthesis in colonized fatm mutant 
roots. 
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Table S1. Oligonucleotides used for cloning, RT-PCR and genotyping. 
Oligonucleotid
e 

Sequence (5'-3') PCR, Target 
DNA 

Reaction conditions 

Expression in  E. coli   
FW (bn2340) 
 
RW (bn2335) 

GCGGGATCCGAGACACTT
AGCCACA 
CGCAAGCTTTAGGTGGAAA
ATGGAA 

Expression 
of FatM in E. 
coli 

98°C-30 s, 15 cycles: 
(98°C-10 s, 57°C-20 s, 7 
°C- 35 s), 98°C- 30 s,  
20 cycles: (98°C-10 sec, 
72°C -25 sec, 72°C- 120 
s) 

RT-PCR    
FW (bn2221) 
 
RW (bn2222) 

GAAGGACTCTTGCGGATTA
C 
 
GAGGCCACAACAAACGATA
C 

RT-PCR,  
Lotus UBI 

95°C-120 s, 30 cycles: 
(94°C-30 s, 60°C-40 s, 
72°C- 40 s), 72°C-10 
min 

FW (bn2508) 
 
RW (bn2509) 

GAAGAGCATCCCGTTCTGT
T 
 
TCTGCTGAAGTGGTAAACG
AG 

RT-PCR,  
Lotus ACT 

95°C-120 s, 30 cycles: 
(94°C-30 s, 62°C -40 s, 
72°C-40 s), 72°C-10 min 

FW (bn2027) 
 
RW (bn2028) 

ACAAGACGCCTCTCCAAAC 
 
GTTCCCAATGGCTACTACT
TCC 

RT-PCR,  
Lotus FatM 

95°C-120 s, 30 cycles: 
(94°C-30 s, 58°C -40 s, 
72°C- 40 s), 72°C-10 
min 

FW (bn2456) 
 
RW (bn2457) 

GGACTTGTGCCTAGAAGA
GCA 
 
GCGGTTGATCTCAAGTCCT
T 

RT-PCR,  
Lotus FatA 

95°C-120s , 30 cycles: 
(94°C-30 s, 60°C-40 s, 
72°C-40 s), 72°C-10 min 

FW (bn2500) 
 
RW (bn2501) 

GGGTGGATTCTGGAGAGT
GC 
 
TGGAACTCGATTCAAAGCA
TCA 

RT-PCR,  
Lotus FatB 

95°C-120 s, 30 cycles: 
(94°C-30 s, 60°C -40 s, 
72°C- 40 s), 72°C-10 
min 

FW (bn2502) 
 
RW (bn2503) 

ATCTGGGTTGGCTCCAAG
G 
 
AGTGTGTGTATTGCAGGTC
AG 

RT-PCR,  
Lotus FatC 

95°C-120 s, 30 cycles: 
(94°C-30 s, 60°C -40 s, 
72°C- 40 s), 72°C-10 
min 

FW (bn2454) 
 
RW (bn2455) 

CACTCGTCGGAACGTTATC
C 
 
AGGATGCCTTGAAACCTGC
T 

RT-PCR,  
Lotus PT4  

95°C-120 s, 30 cycles: 
(94°C-30 s, 58°C -40 s, 
72°C-40 s), 72°C-10 min 

FW (bn1942) 
 
RW (bn1943) 

TGTCCAACCGGTTTTAAAG
T 
 
AAAGCACGTTTGGCGTACA
T 

RT-PCR, 
Rhio-
zphagus  
α-TUB 

95°C-120 s, 30 cycles: 
(94°C-30 s, 56°C-40 s, 
72°C- 30 s), 72°C-10 min 
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Genotyping    
FW (bn 2306) 
 
RW (bn 2307) 

CGGCTCGAACAAGATTGAC
TCAGTGGA 
 
AGCCCTTGGCGATGAGGA
TCAACC 

Genotyping 
of insertion 
in fatm-1 

95°C-180 s, 5 cycles: 
(95°C-30 s, 72°C-75 s), 
10 cycles: (95°C-30 s, 
72°C to 68°C with -0.5 
°C per cycle, 72°C-45 s), 
20 cycles: (95°C-30 s, 
68°C-30 s, 72°C-45 s), 
72°C-10 min 

FW (bn 2300) 
 
RW (bn 2301) 

CGGCTCGAACAAGATTGAC
TCAGTGGA 
 
AGCCCTTGGCGATGAGGA
TCAACC 

Genotyping 
of insertion 
in fatm-2 

95°C-180 s, 5 cycles: 
(95°C-30 s, 72°C-75 s), 
10 cycles: (95°C-30 s, 
72°C to 68°C with -0.5 
°C per cycle, 72°C-45 s), 
20 cycles: (95°C-30 s, 
68°C-30 s, 72°C-45 s), 
72°C-10 min 

Golden Gate 
Cloning 

   

FW (bn 3016) 
 
 
 
RW (bn 3017) 

ATGAAGACTTTACGGGTCT
CAGCGGGAATGATCATTAT
GCCAACA 
 
ATGAAGACTTCAGAGGTCT
CTCAGATCTTTTTTCTATTT
TTTTGG 

pFatM 
cloning for 
pFatM:gFat
M 

98°C-30 s, 10 cycles: 
(98°C-7 s, 52°C-20 s, 
72°C- 50 s), 25 cycles: 
(98°C-7 s, 72°C-20 s, 
72°C- 50 s),72°C-2 min 

FW (bn 3018) 
 
 
 
RW (bn 3021) 

ATGAAGACTTTACGGGTCT
CACACCATGGCTGCTACTT
TCACATT 
 
TAGAAGACAAAGATCACTT
ATAAATAGGGTATCC 
 

gFatM 
fragment 1 
cloning for 
pFatM:gFat
M 

98°C-30 s, 10 cycles: 
(98°C-7 s, 55°C-20 s, 
72°C- 20 s), 25 cycles: 
(98°C-7 s, 66°C-20 s, 
72°C- 20 s),72°C-2 min 

FW (bn 3020) 
 
 
RW (bn 3023) 

TAGAAGACAAATCTTCAAT
GAACGGATCCAGCAT 
 
TAGAAGACAAGACTTTCTC
ATGAAGTAGTTAAAT 

gFatM 
fragment 2 
cloning for 
pFatM:gFat
M 

98°C-30 s, 10 cycles: 
(98°C-7 s, 54°C-20 s, 
72°C- 17 s), 25 cycles: 
(98°C-7 s, 66°C-20 s, 
72°C- 17 s),72°C-2 min 

FW (bn 3022) 
 
 
RW (bn 3019) 

TAGAAGACAAAGTCTCATG
GGCTTCAGTGTTTTG 
 
ATGAAGACTTCAGAGGTCT
CTCCTTCTTCCACACTTATT
GCTAGG 

gFatM 
fragment 3 
cloning for 
pFatM:gFat
M 

98°C-30 s, 10 cycles: 
(98°C-7 s, 62°C-20 s, 
72°C- 50 s), 25 cycles: 
(98°C-7 s, 72°C-20 s, 
72°C- 50 s),72°C-2 min 
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Table S2. Generation of constructs for complementation 
Purpose Construct Description 

Golden Gate level 0 and I (L0, LI) elements 
L0 subcloning of 
pFatM without 
mutagenesis 

L0 pJET1.2 pLjFatM PCR amplification from genomic DNA of L. 
japonicus Gifu wild type. FatM 1.8 kb 
promoter fragment (pFatM) with bn 3016 + 
bn 3017 (1850 bp) and assembly by blunt-
end ligation into L0 pJET1.2.  

L0 subcloning of 
gFatM with 
mutagenesis 

L0 pJET1.2 gFatM-
Fragment1 
L0 pJET1.2 gFatM-
Fragment2 
L0 pJET1.2 gFatM-
Fragment3 
 

Assembled by blunt-end ligation of gFatM 
PCR fragment 1, 2 and 3 into L0 pJET1.2 
plasmid amplified from genomic DNA of L. 
japonicus Gifu wild type. Primers: 
Fragment 1: bn 3018 + bn 3021 (643 bp) 
Fragment 2: bn 3020 + bn2023 (388 bp) 
Fragment 3: bn 3022 + bn2019 (2244 bp) 

LI  pFatM 
module 
generation 

LI pLjFatM Assembled 1 fragment from L0 pJET1.2 
pLjFatM by BpiI cut-ligation into LI-
pUC57+BpiI plasmid (BB03). 

LI gFatM 
module 
generation 

LI gFatM Assembled 3 fragments from L0 pJET1.2 
gFatM 1,2,3 by BpiI cut ligation into LI-
pUC57+BpiI plasmid (BB03).  

Golden Gate level II (LII) plasmids 

LII construct 
generation 

LIIc 1_2 pFatM:gFatM 
(pAK44) 

Assembled by BsaI cut ligation from:  
LI A-B pLjFatM + LI B-C dy (BB06) + LI 
gFatM + LI D-E dy (BB08) + LI E-F NosT 
(G006) + LI F-G dy (BB09) + LIIc F 1_2 
(BB30)  

LII construct 
generation 

LIIc 1_2 pFatM:EV 
(pAK45) 

Assembled by BsaI cut ligation from:  
LI A-B pLjFatM + LI B-C dy (BB06) + LI C-D 
dy (BB07) + LI D-E dy (BB08) + LI E-F 
NosT (G006) + LI F-G dy (BB09) + LIIc F 
1_2 (BB30)  

 LIIc 3_4 p35s:mCherry 
(pAK18) 

Assembled by BsaI cut ligation from:  
LI A-B p35s (G005) + LI B-C dy (BB06) + LI 
C-D mCherry (G057) + LI D-E dy (BB08) + 
LI E-F 35sT (G059) + LI F-G dy (BB09) + 
LIIc R 3_4 (BB34) 

Golden Gate level III (LIII) plasmids for plant transformation 

Genetic 
complementatio
n of fatm-1 
 

LIIIβ F A-B 
pFatM:gFatM 
(pAK46) 

Assembled by BpiI cut ligation from:  
LIIc 1_2 pFatM:gFatM + LII 2-3 ins (BB43) 
+ LIIc R 3-4 p35s:mCherry + LII 4-6 dy 
(BB41) + LIIIβ F A-B (BB53) 

Genetic 
complementatio
n of fatm-1 
 

LIIIβ F A-B pFatM:EV 
 (pAK47) 

Assembled by BpiI cut ligation from:  
LIIc 1_2 pFatM:EV + LII 2-3 ins (BB43) + 
LIIc R 3-4 p35s:mCherry + LII 4-6 dy 
(BB41) + LIIIβ F A-B (BB53) 
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Manuscript I: Defective lipid biosynthesis genes of Arabidopsis thaliana perturb 

colonization by the filamentous pathogenic oomycete Hyaloperonospora arabidopsidis 

 

Reference: Keymer A., Brands M., Banhara A., Dörmann P, Parniske M., Gutjahr C. 

(2018). Defective lipid biosynthesis genes of Arabidopsis thaliana perturb colonization 

by the filamentous pathogenic oomycete Hyaloperonospora arabidopsidis 
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Title: 
Defective lipid biosynthesis genes of Arabidopsis thaliana perturb colonization 
by the filamentous pathogenic oomycete Hyaloperonospora arabidopsidis 
 
Abstract: 
The ability of plants to establish close associations with filamentous microbes probably 

enabled plant colonization of terrestrial environments about 400 million years ago. The 

mutualistic association of plants with arbuscular mycorrhiza fungi is well known and its 

reciprocal nutrient transfer is a favorable characteristic. Accumulating data suggest 

that several developmental and morphological features are shared among beneficial 

and detrimental microbes, which implies that pathogens might exploit ancestral 

symbiotic plant pathways to colonize their hosts. Lipid transfer from plants to fungi was 

recently reported for arbuscular mycorrhiza symbiosis in legume roots and the 

pathogenic fungus Erysiphe cichoracearum on Arabidopsis leaves. In this study we 

discovered an altered development and impaired reproduction of the biotrophic 

oomycete Hyaloperonospora arabidopsidis on Arabidopsis fatty acid and lipid 

biosynthesis mutants. Our results suggest the importance of host lipid biosynthesis not 

only for the developmental success of fungi but also for plant-colonizing oomycetes 

such as Hyaloperonospora arabidopsidis. 

 
Introduction: 
Plants engage in mutualistic and pathogenic endosymbioses with a wide variety of 

microorganism from bacteria and fungi to oomycetes (Parniske 2000). These diverse 

plant-microbe interactions affect equally plant and microbial development and 

performance.  

Among these oomycetes represent a lineage of eukaryotic microorganisms that have 

been early associated with plants. Oomycetes might have been among the first 

eukaryotes on Earth and many members emerged as endophytes of plants 300-350 

million years ago (Krings et al. 2011). Although, being characterized by features 

resembling fungi, such as hyphal growth and proliferation via spores, oomycetes do 

not belong to the Mycota but to the kingdom of Straminipila, which means that they are 

more related to diatoms and brown algae than to true fungi (Dick 2001). A major 

discrimination between true fungi and oomycetes is the nature of the cell wall. Whereas 
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fungal walls are chitin based, oomycete cell walls consist of cellulose (Slusarenko and 

Schlaich 2003).  

Oomycete lifestyles range from biotrophy to necrotrophy and from obligate to 

facultative pathogenesis (Judelson 2017). The obligate biotrophic oomycete 

Hyaloperonospora arabidopsidis (Hpa) belongs to the group of Peronosporaceae, 

which comprises only plant parasites, including severe pathogens like Phytophthora, 

Phytium and Albugo spec. (Judelson 2017). Hpa is also a prominent pathogen causing 

downy mildew symptoms on its host plant Arabidopsis thaliana (Coates and Beynon 

2010; Kamoun et al. 2015).  

The Hpa life cycle starts with an asexual conidiospore, which germinates on top of a 

plant leaf and produces an attachment structure, named appressorium. This leads to 

hyphal penetration into the plant tissue. The hypha inserts a haustorium in at least one 

epidermal plant cell, which mark the start of hyphal colonization of the mesophyll. 

Subsequently, Hpa starts branching inside the intercellular space of the mesophyll. 

The colonization is further characterized by embedding of digit-like haustoria into single 

mesophyll cells. Conidiophores, asexual reproduction organs, develop from hyphal tips 

in substomatal cavities. Approximately seven days post infection, the mature 

conidiophores emerge through stomata and form tree-shaped sporangiophores, which 

carry asexual conidiospores. Sexual reproduction is initiated by interlacing hyphae 

which form oogonia and paragynous antherida in the leaf/cotyledon. Oogonia 

subsequently produce sexual oospores. Oospores germinate in favorable conditions 

to initiate a new life cycle (Koch and Slusarenko 1990; Mauch-Mani and Slusarenko 

1993; Slusarenko and Schlaich 2003; Soylu and Soylu 2003). 

Strikingly, on a morphological level, plant associated filamentous microbes from 

different kingdoms seem to share distinct colonization features. No matter if beneficial 

or pathogenic, filamentous microbes colonize the plant tissue via a dense hyphal 

network and establish specialized structures, which are inserted into single plant cells 

to serve as interaction interface between the host and the microbe (Parniske 2000). 

The form of those structures varies drastically between the different microbes. It 

includes digit-, knob- or peg-like haustoria of fungal pathogens or oomycetes as well 

as the structurally highly sophisticated arbuscules of the beneficial arbuscular 

mycorrhiza fungi (AMF) (Carella et al. 2018; Gutjahr and Parniske 2013; Parniske 

2000). However, the function of these different microbial interface structures is 

believed to be quite similar. Both, haustorium and arbuscule facilitate microbial 
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colonization by serving as an interface for communication, nutrient exchange and host 

cell manipulation via the release of effector molecules (Rey and Schornack 2013; 

Parniske 2000). Interestingly, upon insertion, all interface structures do not break the 

plant membrane but are enveloped by a newly formed plant-derived peri-microbial 

membrane, which is highly specialized in composition and function (Parniske 2000).  

Considering these developmental commonalities of beneficial and detrimental 

filamentous microbes, it appears promising to investigate the conservation of 

developmental and functional processes to gain insights into fundamental 

mechanisms, which promote plant-microbe interactions.  

In order to discover these potential common core components of plant-microbe 

associations, profound knowledge about the advantages for microbes arising from 

interaction with the host plant is essential. Especially for biotrophic endosymbionts like 

AMF and Hpa host contribution of nutrients seems to be indispensable, as these 

microbes are not able to complete their life cycles independently. Accordingly, 

genomes of both microbes comprise a clear signature for biotrophy, which is 

characterized by a reduced metabolic complexity and loss of essential pathways. For 

example, both microbes lost the ability to synthesize thiamine (Tisserant et al. 2013; 

Judelson 2012). Further, Hpa has lost enzymes for assimilation of inorganic sulfur and 

nitrate and synthesis of arachidonic acid (Baxter et al. 2010; Judelson 2017). AMF 

genomes do not harbor genes encoding for de novo fatty acid synthesis in addition to 

their thiamine auxotrophy (Tisserant et al. 2013; Wewer et al. 2014). In consequence, 

lipids are transported from the plant to the fungus, potentially as an energy-rich carbon 

source and to produce membranes (Jiang et al. 2017; Luginbuehl et al. 2017; Keymer 

et al. 2017). Subsequently, arbuscular mycorrhiza host plants, harboring causative 

mutations in AM-specific lipid genes, exhibit severe perturbance of this beneficial 

association which is phenotypically observable by a reduced fungal colonization, a high 

proportion of degenerated arbuscules and a drastically reduced number of vesicles in 

the fungal intraradical mycelium (Bravo et al. 2017; Jiang et al. 2017; Luginbuehl et al. 

2017; Keymer et al. 2017; Brands et al. 2018).  

Interestingly, dependence on host lipids or lipid parasitism occurs in a range of 

interorganismic associations with participants from almost all kingdoms (Keymer and 

Gutjahr 2018). In the present study, we tested the hypothesis if also the hyphal 

pathogen Hpa relies on host fatty acid and lipid biosynthesis genes for a successful 

completion of its biotrophic life cycle.  
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A. thaliana is probably the best studied plant species. Hence, considerable research 

effort has already been taken on fatty acid (FA) and lipid biosynthesis in this organism, 

and mutants are readily available.  

Plant lipid biosynthesis starts with the production of FAs in the plastids (Li-Beisson et 

al. 2017). Starting from Acetyl-CoA (2C), the respective FA carbon chain is elongated 

via the consecutive addition of malonyl-ACP, which provides two carbon units in each 

elongation cycle. This elongation cycle is performed by three different types of β-keto-

acyl ACP synthases (KAS). KASIII performs the first condensation reaction to form a 

C4-ACP, KASI catalyzes elongation from C4 to C16 and KASII subsequently facilitates 

the production of 18:0-ACP (Li-Beisson et al. 2010). KASI is a single-copy gene in 

Arabidopsis. A T-DNA insertion in the 5’ UTR results in reduced KASI expression and 

enzyme activity (Wu and Xue 2010). kasI plants exhibit smaller and variegated leaves, 

perturbed chloroplast division in early developmental stages and dramatic change in 

polar lipid metabolism – especially of 16:x and 18:x FA containing lipids (Wu and Xue 

2010; Keymer et al. 2017).  

Glycerol-3-phosphate acyltransferases (GPATs) comprise a large group of enzymes 

which catalyze the esterification of fatty-acyl moieties to glycerol-3-phosphte (G3P) in 

a regio-specific manner (Chen et al. 2011; Yang et al. 2010). Localizing to different 

compartments such as plastids, mitochondria or the endoplasmic reticulum (ER), 

GPATs are involved in diverse metabolic pathways and physiological functions (Chen 

et al. 2011). Ten GPAT-encoding genes are found in the Arabidopsis genome (Yang 

et al. 2010). Eight of these paralogues comprise a phylogenetically distinct group of 

land-plant specific GPATs (Yang et al. 2010). These plant-specific GPATs fuse acyl-

moieties regio-specifically to the sn2 position of G3P (Yang et al. 2010; Yang et al. 

2012). Their products are not used for membrane or storage lipid production but are 

exported and serve as precursors for cutin and suberin biosynthesis (Li, Beisson, 

Ohlrogge, et al. 2007). 

Localized to the ER, GPAT4, GPAT6 and GPAT8 are members of this land-plant 

specific clade and are crucial for the production of cutin monomers (Li, Beisson, 

Ohlrogge, et al. 2007; Li-Beisson et al. 2009; Gidda et al. 2009; Chen et al. 2011). 

Interestingly, these GPAT proteins exclusively work bifunctional. GPAT4/6/8 do not 

only contain a sn2-acytransferase but also a phosphatase domain, which enables them 

to produce sn2-MAG. In contrast, monofunctional GPATs lack the phosphatase 

domain and build sn2-lysophosphatidic acid (LPA) (Yang et al. 2010; Yang et al. 2012). 
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Arabidopsis gpat6 mutants showed normal vegetative growth but abnormal flowers, 

which coincides with a significant reduction of cutin monomers and lack of nanoridges 

in this organ (Li-Beisson et al. 2009). GPAT4 and GPAT8 seem to be redundant in 

function. Only double knockouts (gpat4x8) exhibited phenotypes such as reduced 

rosette growth, a higher water-loss rate and a significant reduction of cutin in stems 

and leaves (Li et al. 2007). Although, Atgpat6 and Atgpat4x8 exhibit distinct 

morphological phenotypes, likely due to the individual expression pattern of the genes, 

both mutants reveal reduced levels of C16 cutin monomers, which evidences their 

common enzymatic preference for C16 fatty acids (Li et al. 2007; Mazurek et al. 2017; 

Yang et al. 2012).   

We hypothesized that the development of the biotrophic pathogen Hpa on Arabidopsis 

thaliana is dependent on a functional host-lipid biosynthesis, which simiar to AM 

symbiosis depends on KASI, GPAT 4, 6 and 8. In this study, we challenged fatty acid 

as well as lipid biosynthesis mutants of Arabidopsis, carrying causative mutations in 

these genes with the biotrophic pathogen H. arabidopsidis (Li et al. 2007; Li-Beisson 

et al. 2009; Wu and Xue 2010). Based on a combination of microscopic 

characterization, lipid profiling and gene expression analysis, this study provides 

evidence that plant fatty acid/lipid biosynthesis is an essential factor for the 

development of Hpa in Arabidopsis cotyledons and leaves.  

 

Results: 
H. arabidopsidis exhibits morphological aberrancies on cotyledons of A. 
thaliana lipid biosynthesis mutants. To investigate if plant FA/lipid biosynthesis 
effects oomycetal colonization, we challenged kasI, gpat6 and gpat4x8 cotyledons with 

Hpa Noco2 spores. Strikingly, Hpa development exhibited drastic morphological 

aberrancies in all mutants, while its development was normal in wildtype and kasI 

mutant plants complemented with the wildtype. Hpa formed regular hyphae and 

predominantly regular and round-shaped haustoria in wildtype cotyledons. In contrast, 

in kasI mutant cotyledons the hyphae appeared bulbous and significantly thickened 

and featured a significant higher proportion of morphological altered haustoria (Fig. 

1A, B, E). Whereas the majority of haustoria appeared regular round-shaped in 

wildtype cotyledons, haustoria with multiple lobes (multilobed) were significantly 

enriched on kasI mutants (Fig. 1A, B, E). The exact same phenotypes were observed 

in two allelic mutants of gpat6 (Figure 1A, C, F) and a gpat4x8 line (Figure 1A, D, G). 
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However, quantitative colonization of Hpa seemed not to be affected in any of the 

mutants on visual inspection, which suggest that the epidermal infection process and 

the hyphal progression in the mesophyll is not restricted by a dysfunctional plant lipid 

biosynthesis. 

 

Reproductive success of Hpa is compromised in Arabidopsis lipid biosynthesis 
mutants. Conidiophores, the asexual reproductive organs of oomycetes, develop out 

of hyphal tips in substomatal cavities of Arabidopsis leaves. The mature conidiophores 

emerge through stomata and form tree-shaped sporangiophores, which carry asexual 

conidiospores (Thines and Kamoun 2010). The number of Hpa sporangiophores per 

cotyledon was significantly reduced on all mutant leaves compared to wildtype controls 

(Figure 2 A-C). Thus, asexual reproduction of Hpa in kasI, gpat6 and gpat4x8 mutants 

is severely affected, which implies that Hpa suffers from reduced fitness on these lipid 

biosynthesis mutants.   

 

AtkasI, Atgpat6 and Atgpat4x8 showed increased amounts of cell death spots in 
interaction with Hpa. Plant induced cell death is a symptom of the defense-related 

hypersensitive responses (HR), and is recognizable via trypan blue staining by dark-

blue dye retention in single cells. To understand if the impaired hyphal and haustorial 

morphology of Hpa might be related to an altered defense response of the fatty 

acid/lipid bionsythesis mutants, we counted cell death spots which have been in direct 

contact to oomycetal hyphae or haustoria (“Hpa-associated cell death spots”) and cell 

death spots per leaf which have not been associated with Hpa hyphae (“non-

associated cell death spots”) (Figure 3A). No difference was observed in the number 

of non-associated cell death events in Hpa-challenged leaves of any of the tested 

genotypes (Figure 3B-D). However, the number of Hpa-associated cell death spots 

was significantly higher in leaves of all fatty acid and lipid biosynthesis mutants 

compared to Hpa-infected wildtype leaves (Figure 3B-D), possibly indicating a role of 

plant lipids in compatibility or containment of defense responses.  

Plants evolved different strategies to defend themselves against pathogen attacks 

(Boller and Felix 2009). Plant perception of pathogen-associated molecular pattern 

(PAMPs) or plant-derived damage-associated molecular pattern (DAMPs) activates 

PAMP triggered immunity (PTI), which includes defense marker gene induction and 

callose deposition around microbial haustoria (Jones and Dangl 2006; Antolín-Llovera 
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et al. 2012; Gust, Pruitt, and Nurnberger 2017). To test if the higher amount of 

associated cell death spots in the mutants is due to an altered defense response, we 

quantified the  expression of well-established marker genes, such as FLG22-

INDUCED RECEPTOR-LIKE KINASE 1 (FRK1) for flagellin response, PLANT 

DEFENSIN 1.2a (PDF1.2a) for jasmonate response, the salicylic acid immune 

response gene PATHOGENESIS RELATED GENE 1 (PR1) and GLUTATHIONE S-

TRANSFERASE 1 (GST1), which is a marker for the reactive oxygen species response 

(Asai et al. 2002; Glazebrook 2005; Asai et al. 2014; Grant, Yun, and Loake 2000). 

FRK1 and PDF1.2a did not show significantly altered transcript accumulation patterns 

in the kasI and gpat6 mutant lines, as compared to wildtype in absence and presence 

of Hpa (Figure S1). Upon Hpa infection, the induction of PR1 is apparently infringed in 

the gpat6 background (Figure S1). Further, the transcripts of the reactive oxygen 

species response gene GST1 were significantly elevated in kasI as compared to the 

wildtype in non-infected conditions. This might suggest increased ROS accumulation 

in the kasI mutant. However, GST1 transcript levels in Hpa-challenged kasI and gpat6 

lines were not significantly altered compared to wildtype. Overall, the results of defense 

marker gene expression did not provide an explanation for the developmental 

aberrancies of Hpa in the mutant plants. Thus, the phenotype might rather be 

explained by direct effects on the oomycete than indirect effects through altered plant 

defense responses.     

 

Lipid profiling of Hpa-infected Arabidopsis leaves and Hpa conidiospores 
revealed a fatty acid species which is exclusively present in Hpa. To characterize 

the role of KASI and GPAT4/6/8 in determining the lipid composition of Hpa-infected 

and non-infected control plants, we quantified diacylglycerols (DAGs), galactolipids 

and phospholipids in wildtype and all mutant lines. Profiles of 

monogalactosyldiacylglycerol (MGDG), phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE) exhibited a response to Hpa-infection. Hpa-infected 

leaves from all tested genotypes showed a slight increase of PCs and PEs as well as 

a slight decrease of MGDGs (Figure 3A) However, no significant quantitative 

differences could be detected between treatment and genotypes for any of the tested 

lipid classes. Further, we also analyzed total fatty acid content in Hpa-infected and 

uninfected leaves of all plant genotypes as well as in Hpa conidiophores, which have 

been extracted from wildtype leaves. The abundance of most FA species did not differ 
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significantly for all plant genotypes in Hpa-challenged conditions, compared to control 

leaves (Figure 4B). However, the FA species 20:5 could only be detected in Hpa-

containing material (Figure 4B). Thus, 20:5 FAs seem to be exclusively of Hpa origin 

and not present in uninfected plant material (Figure4B). The relative high abundance 

of this 20:5 species in total FA profiles of spore extracts, collected from wildtype leaves, 

strengthens this hypothesis. Moreover, measurements of TAG originating FAs 

confirmed this finding as 20:5 FA harboring triacylglycerols (TAGs) could exclusively 

be detected in Hpa-infected leaves and spore extracts but not in uninfected leaves 

(Figure 4C). Thus, 20:5 FA can be used as a marker FA to differentiate lipids of Hpa 

origin from those of plant origin. 

 

Discussion: 
The roles of KASI and land plant-specific GPATs 4, 6 and 8 for Arabidopsis fatty acid 

and cutin biosynthesis respectively, have been studied well and corresponding 

mutants have been characterized (Wu and Xue 2010; Li et al. 2007; Li-Beisson et al. 

2009). However, the knowledge about the importance of fatty acid/cutin biosynthesis 

for microbial interactions in Arabidopsis is still narrow. Research on plant-microbe 

interactions accumulated data suggesting a comprehensive role of plant fatty acids 

and lipids as drivers for mutualistic as well as pathogenic associations. For example, 

Wang et al. (2012) found that the hemibiotrophic oomycete Phytophtora palmivora 

forms appressoria in vitro when it is exposed to cutin monomers. Accordingly, root 

colonization by P. palmivora was impaired in the Medicago RAM2 knockout mutant – 

RAM2 is a paralog of GPAT6  (Wang et al. 2012; Keymer et al. 2017). Recently, it has 

been shown that GPAT6 controls antithetically the infection of P. palmivora and the 

necrotrophic fungus Botrytis cinerea in tomato. Whereas, Sigpat6 exhibited increased 

susceptibility to the hemibiotrophic oomycete Phytophthora, the plant mutant showed 

increased resistance to the necrotoph Botrytis cinerea (Fawke et al. 2018).  In AM 

symbiosis lipids have a predominant impact, as the host plant nourishes its fungal 

partner with lipids that are exclusively produced for this purpose. Interestingly, this 

transport is perturbed in ram2 and a KASI mutant, called dis (Jiang et al. 2017; 

Luginbuehl et al. 2017; Keymer et al. 2017). Further, Jiang et al. showed that lipid 

transfer from host to microbe is also the case for the biotrophic fungus Erysiphe 

cichoracearum on Arabidopsis leaves (Jiang et al. 2017). Therefore, literature 
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suggests that the dependence on host-derived lipids or lipid parasitism is a shared 

phenomenon among diverse microbes (Keymer and Gutjahr 2018).  

In our study, mutations in Arabidopsis KASI, GPAT4,8 and 6 resulted in almost 

identical impairment of Hpa development. This might be surprising as the mutants 

show drastic morphological differences in their individual plant physiology (Li-Beisson 

et al. 2009; Li et al. 2007; Wu and Xue 2010). While kasI suffers from reduced rosette 

growth and perturbed chloroplast devision, gpat4x8 exhibits reduced rosette growth as 

well as a perturbed cutin layer on stem and leaves (Wu and Xue 2010; Keymer et al. 

2017; Li, Beisson, Koo, et al. 2007). gpat6 mutants do not show any growth defects 

but lack nanoridge and cutin monomers in the flower (Li-Beisson et al. 2009). However, 

KASI, GPAT4,8 and 6 seem to be interconnected as the mutation of KASI results in a 

significantly decreased content of 16:x and 18:x FA containing lipids, gpat6 mutants 

display a drastic shortage of C16 cutin monomers but not C18 and gpat4x8 mutants 

show significant reductions in both monomers (Li et al. 2007; Li-Beisson et al. 2009; 

Keymer et al. 2017; Wu and Xue 2010). It is most conceivably that the GPATs act in 

the same biosynthetic pathway with KASI and that C16 cutin monomers are the 

common denominator of all tested GPTATs. This enzymatic interconnection might 

provide the ground for the similar developmental defects of Hpa in leaves of these 

plant mutants.  

Haustoria are the primary interface for host-microbe interaction, including nutrient 

transfer and effector delivery (Hahn et al. 1997; Voegele et al. 2001; Voegele et al. 

2006; Struck et al. 1996; Whisson et al. 2007). We observed a significantly higher 

proportion of multilobed Hpa haustoria in kasI, gpat6 and gpat4x8 cotyledons 

compared to Hpa-infected wildtype cotyledons. Interestingly, the phenotype of 

multilobed haustoria of Hpa has already been described in Arabidopsis mutants of 

symbiosis signaling homologs (Ried et al. 2018). Additionally, Fawke et al. (2018) also 

reported a high frequency of aberrantly shaped Phytophthora haustoria in tomato 

gpat6 leaves (Fawke et al. 2018). Even in wildtype leaves, the proportion of Hpa 

haustoria which appear multilobed increases with progressing time (Ried et al. 2018). 

Therefore, the alteration of haustorial morphology might be an age-related 

phenomenon. It remains still unclear, if the morphology of haustoria individually 

changes over time or if more multilobed haustoria are produced de novo at a certain 

time point. Localization of remorin AtREM2 at the extra-haustorial membrane (EHM) 

decreased over time and the decline of YFP-emitted fluorescence was linked to the 
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multilobed morphology (Ried et al. 2018). This suggests that the alteration in haustorial 

morphology might coincide with changes in protein composition of the EHM. Also, the 

plant defense mechanism of callose deposition around haustoria is associated with 

haustorial senescence (Sohn et al. 2007; Caillaud et al. 2014). Callose deposition is a 

likely consequence of the plant-driven traffic shut-off, which leads to haustorial 

senescence (Caillaud et al. 2014). In line with these findings, the observed higher 

proportion of multilobed haustoria on Arabidopsis kasI, gpat6 and gpat4x8 (Figure 1) 

may be due to an early haustorial senescence. In addition to the aberrant haustoria, 

Hpa exhibited also aberrancies regarding its hyphal morphology in kasI, gpat6 and 

gpat4x8 of Arabidopsis. In mutant cotyledons hyphae appeared significant thickened 

and bulbous. To our knowledge, this hyphal phenotype is first described in our study. 

Interestingly, Ried et al (2018) did not see thickened hyphae in combination with the 

multilobed haustoria on the tested Arabidopsis mutants of CSGs homologs (Ried et al. 

2018). Further investigations are required to elucidate the exact cause of both 

phenotypes. Both phenotypes might be independent from each other but it may also 

well be that one affects the other.  

The increased number of Hpa-associated plant cell death spots and the impaired 

reproductive success of Hpa on the tested fatty acid and lipid biosynthesis mutants 

clearly highlight that KASI, GPAT4, 6 and 8 do not only affect oomycetal morphology 

but also Hpa performance and physiology.  

Hpa colonizing kasI, gpat6 and gpat4x8 produced a significantly reduced number of 

asexually formed sporangiophores. Since sporangiophores emerge from hyphal tipis 

(Coates and Beynon 2010), the reduced number of sporangiophores might possibly 

be linked to the hyphal abnormality in the Arabidopsis mutants. Alternatively, 

reproduction might be hindered because of the coinciding increased proportion of 

defective haustoria, which might negatively influence the hyphal fitness. 

Hpa-challenged leaves of kasI, gpat6 as well as gpat4x8 exhibited higher numbers of 

Hpa-associated cell death spots. This suggests that Hpa fails to suppress plant-

mediated hypersensitive response (HR). HR is a vigorous defense response by the 

plant that culminates in programmed cell death (Boller and Felix 2009). As an obligate 

biotroph, Hpa needs to suppress host-mediated cell death for its own survival 

(Mendgen and Hahn 2002). Effectors of Phytophtora have already been characterized, 

which suppress cell death response upon colonization (Fawke, Doumane, and 

Schornack 2015; Bos et al. 2006; King et al. 2014; Deb et al. 2018). Also, Hpa effectors 
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have been identified, that dampen PR1-mediated responsiveness to salicylic acid 

exclusively in haustoria containing cells and suppress cell death responses in the plant 

(Asai et al. 2014; Anderson et al. 2012). Therefore, Hpa might not be able to suppress 

HR in the mutants because of defective delivery of corresponding effectors due to a 

dysfunctional haustorium.   

Atgpat6 is characterized by a distorted cuticle layer in sepals and petals of flowers (Li-

Beisson et al. 2009). Corresponding to the specific promoter activity of GPAT4 in 

leaves and stem, Atgpat4x8 exhibited tissue specific cuticle layer defects in both 

organs (Li et al. 2007). A defective cuticle layer has been shown to influence pathogen 

infection (Fawke et al. 2018; Bessire et al. 2007; Chassot et al. 2007; Blanc et al. 2018). 

Strikingly, neither gpat4x8, nor gpat6 and kasI affected host susceptibility and quantity 

of Hpa colonization, which suggests that Hpa infection on Arabidopsis is not hindered 

due to any aberrancies of the leaf surface.  

Here we provide evidence that fitness and development of Hpa relies on the plant fatty 

acid and lipid biosynthesis genes KASI, GPAT6, 4 and 8. However, elucidating how 

precisely these plant genes impact Hpa, requires further investigations. As profiles of 

membrane and storage lipids did not exhibit significant differences between wildtype 

and mutants in control as well as Hpa-infected conditions, impairment of KASI, GPAT4, 

6 and 8 seems not to perturb the composition of storage and membrane lipid pools. 

This supports previous studies that sn2-MAGs are primed to be exported (Li, Beisson, 

Ohlrogge, et al. 2007). Accordingly, this implies an Hpa-dependence on specific plant 

lipids.  

As any other microbial colonization, Hpa invasion involves signaling as well as 

membrane synthesis (Dörmann et al. 2014). Therefore, diverse hypothetical scenarios 

how KASI, GPAT4, 6 and 8 derived lipids interfere with Hpa colonization are possible. 

The aberrancies of Hpa haustoria could be based on a shortage of lipids, required for 

plant EHM synthesis. Further, lipid-derived signaling components are involved in plant 

response to the invasion of microbes (Chaturvedi et al. 2012; Mandal et al. 2012; 

Zoeller et al. 2012). Lipids produced via KASI and GAPT4/6/8 could accordingly serve 

as precursors of signaling molecules that affect either host cell or microbe 

development. Alternatively, plant-derived lipids could be scavenged directly by Hpa 

and serve as profitable energy-intensive nutrition. Encouraging support for the latter 

hypothesis is provided by AMS and the pathogenic fungus Erysiphe cichoracearum. 

Lipid scavenging by the microbe has been reported in both cases and furthermore, 
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associations of the two fungal biotrophs are also impaired on KASI plant mutants 

(Luginbuehl et al. 2017; Jiang et al. 2017; Keymer and Gutjahr 2018; Keymer et al. 

2017). In this scenario, both, hyphal and haustorial, aberrancies of Hpa in the mutants 

could be due to stress symptoms from malnutrition. Plant-derived lipids might possibly 

be transported to the plant and serve as crucial building blocks of oomycetal 

membranes. The established Hpa-marker fatty acid 20:5 will be a valuable tool to 

dissect the lipid origin and test lipid transport in Hpa-Arabidopsis associations in future 

studies.  

All in all, this study demonstrated that plant derived lipids, which are produced via KASI 

and GPAT4/6/8, are required to sustain development and reproductive success of the 

biotrophic oomycete Hpa in Arabidopsis. Moreover, the impairment of Hpa interaction 

on kasI, gpat6 and gpat4x8 highlights the function of the respective enzymes as 

sustained compatibility factors in plant-microbe interactions. Therefore, KASI, GPAT4, 

GPAT6 and GPAT8 can be attributed to the diverse group of susceptibility (S) genes 

(van Schie and Takken 2014), which promote microbial biotrophy (Baxter et al. 2010).  

 
Material and Methods:  
Plant growth and cultivation 
All Arabidopsis thaliana seeds used in this study were of Col-0 ecotype. Wildtype as 

well as all mutant seeds (kasI, transgenetically complemetented kasI, gpat6 and 

gpat4x8) were surface sterilized with 70% EtOH + 0.05% Tween 20 and 100% EtOH, 

germinated on MS-Medium for 48h at 4°C in the dark followed by 5 – 6 days at 22 °C 

(8h light/dark). kasI and its complemented mutant line were obtained from Hong-Wei 

Xue (Shanghai Institutes for Biological Science, China) (Wu and Xue 2010), both gpat6 

allelic mutants lines were obtained from Yonghua Li-Beisson (CEA Cadarache, 

France) (Li-Beisson et al. 2009) and the gpat4x8 double mutant lines were obtained 

from (Li, Beisson, Koo, et al. 2007) and sent by Christine Nawrath  (University of 

Lausanne, Switzerland).  

 

Colonization assay with Hyaloperonospora arabidopsidis 
For inoculation of Arabidopsis thaliana cotyledons/leaves with Hyaloperonospora 

arabidopsidis isolate NoCo2, wildtype leaves with the sporulating oomycete were 

harvested seven days after infection into 15 mL reaction tubes containing 10 mL dH2O. 

The spore solution was then vortexed for 2s, filtered through a Miracloth filter and 
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sprayed via a using a spraying gun (Carl Roth, Karlsruhe, Germany) onto 12-day-old 

plants that had been grown at 18°C under long day conditions (16h light, 85 μmol m-

2s-1). After inoculation plants were placed into plastic trays covered with wet translucid 

lids and sealed to maintain high humidity. They were grown in a growth cabinet at 22°C 

and a 10 h photoperiod with 120 µmol m-2s-1 light and 65% relative humidity. 

Cotyledons (4 dpi) or leaves (4 dpi) of Arabidopsis infected with H. arabidopsidis were 

harvested and stained in 0.01 % trypan-blue-lactophenol (10 mL lactic acid, 10 mL 

glycerol, 10 g phenol, 10 mg trypan blue dissolved in 10 mL distilled water) for 3 min 

at 96°C and 5h at room temperature, followed by overnight clearing in saturated chloral 

hydrate (2.5g/mL). Samples were mounted in glycerol for observation using differential 

interference contrast microscopy. Hyphal thickness measurements were performed 

using Image J. For dead cell quantification 10 light microscopy images per trypan blue-

lactophenol stained cotyledon of five to ten cotyledons per genotype were taken at a 

magnification of 200x. Dark blue stained spots with dead cells in association with 

oomycete hyphae and distant from the oomycete were counted on each image. 

 

Real time qRT-PCR 
For analysis of transcript levels, plant tissues were rapidly shock frozen in liquid 

nitrogen. RNA was extracted using the Spectrum Plant Total RNA Kit 

(www.sigmaaldrich.com). The RNA was treated with Invitrogen DNAse I amp. grade 

(www.invitrogen.com) and tested for purity by PCR. cDNA synthesis was performed 

with 500 ng RNA using the Superscript III kit (www.invitrogen.com). qRT-PCR was 

performed with GoTaq G2 DNA polymerase (Promega), 5 x colorless GoTaq Buffer 

(Promega) and SYBR Green I (Invitrogen S7563, 10.000x concentrated, 500 µl) - 

diluted to 100x in DMSO. Primers (Table S2) were designed with primer3 (58). The 

qPCR reaction was run on an iCycler (Biorad, www.bio-rad.com/) according to 

manufacturer’s instructions. Thermal cycler conditions were: 95°C 2 min, 45 cycles of 

95°C 30 sec, 60°C/62°C 30sec and 72°C 20 sec followed by dissociation curve 

analysis. Expression levels were calculated according to the ΔΔCt method (Rozen and 

Skaletsky 2000). For each genotype and treatment three to four biological replicates 

were tested and each sample was represented by two to three technical replicates. 

Microscopy  
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For observation of Hpa-infected Arabidopsis cotyledons an inverted microscope (Leica 

DMI6000 B) was used with 10x, 20x and 40x magnification. Images were produced 

using LAS AF software and analyzed as well as stacked with ImageJ.  

 

Statistics 
All statistical analyses were performed and all boxplots were generated in R (www.r-

project.org). 
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Figure 1: Arabidopsis lipid biosynthesis genes are required for H. arabidopsidis 

development 

(A) H. arabidopsidis colonization pattern in cotyledons of A. thaliana Col-0 wildtype, 

kasI, transgenically complemented kasI (pKASI:KASI), two allelic gpat6 mutants  

(gpat6-1 and gpat6-2) and the gpat4x8 double mutant at 4 days post infection (dpi). 

Hpa structures were stained with trypan blue-lactophenol. First and third panel:In 

wildtype and the complemented kasI line, Hpa hyphae were straight and slim, whereas 

they were thickened and bulbous on the mutant plants of kasI, gpat6 and gpat4x8. 

Second and fourth panel: Round-shaped haustoria in wildtype and complemented kasI 

(black arrowhead) and multilobed haustoria (white arrowhead) in the kasI, gpat6 and 

gpat4x8 mutants. (B-D) Hyphal thickness of Hpa in kasI mutant, transgenically 

complemented kasI and wildtype (ANOVA; posthoc Tukey; n=28; p ≤ 0.001; 

F2,25=20,03) (B), in two Atgpat6 allelic mutant lines and wildtype (ANOVA; posthoc 

Tukey; n=30; p ≤ 0.001; F2,275=38,33) (C) and in the double mutant Atgpat4x8, Atgpat6-

1 and wildtype (ANOVA; posthoc Tukey; n=30; p ≤ 0.001; F2,27=29.68) (D). (B-D) 

Hyphal thickness was measured on 25 independent hyphae per cotyledon and 8-10 

cotyledons per genotype. Different letters indicate significant differences (E-G) 

Proportion of multilobed Hpa haustoria in kasI, complemented kasI and wildtype 

(ANOVA; posthoc Tukey; n=30; p ≤ 0.001; F2,27=21,57) (E), in gpat6-1, gpat6-2 and 

wildtype (ANOVA; posthoc Tukey; n=30; p ≤ 0.001; F2,27=9,526) (F) and in gpat4x8, 

gpat6-1 and wildtype (ANOVA; posthoc Tukey; n=30; p ≤ 0.001; F2,27=108.6) (G). (E-

G) 50 haustoria per cotyledon were counted on 10 independent cotyledons per 

genotype. Different letters indicate significant differences.  
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Figure 2: Reproductive success is significantly impaired on cotyledons of Arabidopsis 

mutants.  

(A-C) Reproductive success of Hpa is reduced in the kasI, gpat6 and the gpat4x8 

mutants. Box-plots represent the number of sporangiophores per infected cotyledon 

on 50 cotyledons of Arabidopsis wildtype (Col-0) and all tested mutant lines 4 dpi with 

Hpa isolate NoCo2. Dots: outliers. Different letters indicate significant differences (p ≤ 

0.05 (A), p ≤ 0.01 (B & C), Kruskal-Wallis test followed by Bonferroni-Holm correction). 

(D-F) Mean number of cell death spots per cotyledon. A significantly increased number 

of cell death spots that were directly associated with Hpa hyphae in all tested mutant 

lines compared to Col-0 wildtype and the transgenetically complemented kasI mutant 

(ANOVA; posthoc Tukey; n=15; (D): p ≤ 0.05, F2,12(associated) = 4.501, F2,12(random) 

= 0.01; (E): p ≤ 0.1 F2,12(associated) = 12.04, F2,12(random) = 0.881 (F): p ≤ 0.05 

F2,12(associated) = 6.916, F2,12(random) = 2.015). However, the number of randomly 

distributed cell death spots that were not associated with Hpa hyphae did not differ 

among the genotypes. 
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Figure 3: Number of Hpa-associated cell death spots is significantly altered in 

Arabidopsis mutants.  

(A) Schematic representation of Hpa-associated cell death spots (*) and non-

associated cell death spots (°), recognizable via trypan blue staining by dark-blue dye 

retention in single cells. (B-C) Mean number of cell death spots per cotyledon. A 

significantly increased number of cell death spots that were directly associated with 

Hpa hyphae in all tested mutant lines compared to Col-0 wildtype and the 

transgenetically complemented kasI mutant (ANOVA; posthoc Tukey; n=15; (D): p ≤ 

0.05, F2,12(associated) = 4.501, F2,12(random) = 0.01; (E): p ≤ 0.1 F2,12(associated) = 

12.04, F2,12(random) = 0.881 (F): p ≤ 0.05 F2,12(associated) = 6.916, F2,12(random) = 

2.015). However, the number of randomly distributed cell death spots that were not 

associated with Hpa hyphae did not differ among the genotypes. 
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Figure3: Lipid profiles of control (mock inoculated) and Hpa-challenged Arabidopsis 

leaves and identification of a Hpa-marker. (A) Total Galacto- and Phospholipids in 

control and Hpa-challenged leaves of Arabidopsis wildtype, kasI, gpat6-1, gpat6-2 and 

of a transgenetically complemented kasI line. PE and PC exhibits a Hpa-induced 

increase whereas MGDG exhibits an Hpa-induced decrease among all tested 

genotypes (B) Profiles of total fatty acid species. 20:5 FA was exclusively detected in 

Hpa containing material. (A-B) Means of 5 biological replicates per treatment and 

genotype. (C) Profiles of TAG originating fatty acid species. 20:5 harboring TAGs were 

exclusively detected in Hpa containing material. Means of 2 biological replicates per 

treatment and genotype.  
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Figure S1: Transcript accumulation of FRK1, GST1, PDF1.2a and PR1 in control 

(mock inoculated) and Hpa colonized leaves of Arabidopsis wildtype, kasI and gpat6 

as assessed by qPCR. Expression values were normalized to those of the 

constitutively expressed gene PP2A. Different letters indicate significant differences 

(ANOVA; posthoc Tukey; (A) n=6; p ≤ 0.001; F1,4(GST1, mock) =310.02 (B) n = 11; p 

≤ 0.05; F2,8(PR1,Hpa) = 4.411). 
 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

Table S1: Primers used in this study 

 

qPCR of AtFRK  FRK_F 
FRK_R 

ATCTTCGCTTGGAGCTTCTC 
TGCAGCGCAAGGACTAGAG 

qPCR of AtGST1  GST1_F 
GST1_R 

TAATAAAAGTGGCGATGACC 
ACATTCAAATCAAACACTCG 

qPCR of AtPDF1.2a  PDF1.2a_F 
PDF1.2a_R 

TGCTACCATCATCACCTTCCTT  
TAACATGGGACGTAACAGATACAT 
 

qPCR of AtPR1  PR1_F 
PR1_R 

TTCTTCCCTCGAAAGCTCAA 
AAGGCCCACCAGAGTGTATG 

qPCR of AtPP2A   
PP2A_F 
PP2A_R 

TAACGTGGCCAAAATGATGC 
GTTCTCCACAACCGATTGGT 
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IX. General Discussion: 
 

1. The paradigm shift: Lipids are transferred from plants to AMF 
  

There is little doubt, that the driving force of plant mutualistic interaction with 

Glomeromycotina fungi is the reciprocal exchange of nutrients. Therefore, the 

discovery of lipids as an additional cargo from plant to fungus is of great value for future 

AM research. This finding might harbor great potential to achieve a more efficient 

application of AMS for a modern and sustainable agriculture. 

Independent investigations of AM fungal genomes revealed the absence of de novo 

fatty acid synthase complexes und thus weakened the previous paradigm that plant 

carbohydrates are the exclusive cargo, which is transported to the fungal partner 

(Wewer et al. 2014; Ropars et al. 2016; Salvioli et al. 2016; Tang et al. 2016). In line 

with this, the involvement of plant lipid biosynthesis in AMS has become an important 

scope to elucidate within the last years. 

Different studies showed that a significant number of lipid biosynthesis genes is 

induced in arbuscocytes and several of these genes are exclusively present in AM-

host plants (Gaude et al. 2012; Bravo et al. 2016; Gaude et al. 2012). These findings 

lead to the hypothesis that AM-competent plants might have evolved an AM-specific 

lipid biosynthesis pathway in order to nourish the fungal partner. First, Wang et al. 

published that a mutation in the AM-specific GPAT6 paralog RAM2 impairs AM 

development in Medicago (Wang et al. 2012). Suitably, further research discovered dis 

and fatm as additional AM-specific fatty acid plant mutants (Keymer et al. 2017; Bravo 

et al. 2016). All identified mutants exhibit similar phenotypes, characterized by 

impaired arbuscule branching (Figure 4A), a significantly reduced percentage of fungal 

colonization and a severe reduction in the number of lipid-containing vesicles in the 

mycelium of associated AMF, suggesting a shortage of lipids, which coincides 

eventually with the lack of 16:0 FA (palmitic acid) and 16:1w5 FA (palmitvaccenic acid) 

containing lipids  (Bravo et al. 2017; Keymer et al. 2017; Brands et al. 2018; Jiang et 

al. 2017; Luginbuehl et al. 2017). 

Direct lipid transport from plant to fungus was shown by three different laboratories 

independently, following different experimental approaches. The authors of two studies 

used an elegant synthetic approach and took advantage of the Umbellularia californica 

fatty acyl-ACP thioesterase (UcFatB), which terminates FA chain elongation after 12 
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carbon units and consequently produces 12:0 FA (lauric acid) (Figure 4B) (Voelker et 

al. 1992). Since lauric acid hardly occurs in colonized Medicago roots it can be used 

as an unequivocal tracer for cross-organismal lipid fluxes. Expression of UcFatB 

resulted in significantly enhanced levels of lauroyl groups in colonized roots, in the 

fungal extraradical mycelium (ERM) and spores (Jiang et al. 2017; Luginbuehl et al. 

2017). Detection of plant-produced lauroyl groups in fungus-exclusive compartments 

demonstrated that lipids are transported from plant to the associated fungus (Figure 

4C). In Mtram2 mutants, expressing UcFatB, elevated lauroyl group levels could be 

detected in colonized roots but not in the associated fungal ERM, which indicates that 

tracer transfer is impaired in this mutant (Figure 4C) (Jiang et al. 2017). Possibly, 

transfer is not detected due to insufficient 12:0 sn2-MAGs production, which is 

performed by RAM2.  

Further, Luginbuehl et al. provided genetic evidence for lipid transport by not 

manipulating plant lipid pathways but exploiting the fact that sucrose and acetate are 

used for plant FA biosynthesis via two different routes (Figure 4B). Located in the 

plastids, the acetyl coenzyme A synthase (ACS) is an enzyme crucial for acetate use 

in FA synthesis but not involved in plant FA synthesis from sucrose (Lin and Oliver 

2008). Since FAs can be produced independently of acetate, acs mutants of Medicago 

develop normal and show no impairment in AM symbiosis. Radiolabeling of acs 

mutants with 14C acetate showed strong reduction of 14C-labeld acyl groups compared 

to labeling wildtype plants (Luginbuehl et al. 2017). Feeding mycorrhizal wildtype and 

acs plants with 14C acetate as well as 14C sucrose, followed by an analysis of labeled 

triacylglycerols in the fungal ERM, allowed the conclusion that lipid transfer depends 

on the plant’s genetic background. Fungal spores showed almost no radiolabel, when 

the 14C-acetate fed plant was an acs mutant. However, when 14C sucrose was provided 

as substrate to wildtype and acs Medicago plants, levels of 14C radiolabeling did not 

differ in spores associated to either acs or wildtype plants. 

In this work (Paper I), lipid transport in AMS was detected via an alternative technique 

called isotopolog profiling. This approach is not based on genetically engineering of 

the plant but on directly measuring endogenous FAs, which are labelled with an isotope 

tracer. 16:0 as well as 16:1w5 FAs occur in large quantities in AMF in form of 

triacylglycerols. Thus, both could be used as markers in roots and in the associated 

ERM. Furthermore, 16:1w5 is exclusively produced by AMF and not present in plants 

or any other fungal species (Graham et al. 1995; Bentivenga and Morton 1996; Madan 
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et al. 2002). Hence, this FA species allows a distinction between both organisms, even 

in colonized roots in which substances like FA/lipids from both symbiotic partners are 

intermingled. Roots were fed with 13C6-glucose which is used together with 

photosynthetically fixed 12C-glucose for FA synthesis. Both carbon isotopes are 

randomly incorporated into the marker FAs, which results in a FA-specific cocktail of 

isotopologs. The isotopologs of one specific FA species are identical in their molecular 

structure but different in their composition of carbon isotopes (Figure 4D). 

Quantification of all isotopologs by mass spectrometry, followed by plotting the relative 

quantity of all represented isotopologs, results in a display of distinctive isotopolog 

patterns. In Lotus wildtype, the 16:0 FA patterns were close to identical between non-

colonized and colonized roots and the associated ERM (Keymer et al. 2017). Strikingly, 

the pattern was also conserved in the fungus specific 16:1w5 FA (Keymer et al. 2017). 

The pattern conservation in Lotus wildtype and the associated ERM was a strong hint 

towards transport of 16:0 FA containing lipids from plant to fungus. However, this 

preservation could also be explained by an underlying biophysical law of fluxes, which 

influences fluxes or enzymatic activities, which leads to the same pattern in each 

organism. To rule out this doubt, root organ cultures of Daucus carota were labeled 

with 13C6-glucose, which resulted in 16:0 FA isotopolog profiles, which were different 

from Lotus, but conserved among non-colonized and colonized roots as well as ERM 

and also mirrored by all 16:1w5 FA pattern (Keymer et al. 2017) (Figure 4E). The plant 

species dependent conservation of isotopolog pattern in the host plant and fungus 

indicates that all lipids originated from the same pool, which is build up by the plant 

and determines the fungal pool. The isotopolog profiles of AM-specific lipid mutants 

are consistent with this interpretation. The palmitic acid (16:0) pattern of non-colonized 

and colonized dis and ram2 mutants were identical with wildtype pattern, showing that 
13C6-glucose incorporation and conversion to 16:0 FA is AM-independent and 

unaffected by the respective mutations. However, hardly any FA was transported to 

the fungus from the mutant roots. This was observed by very low amounts of labeled 

16:0 and 16:1w5 FA in the mutant associated ERM, very low amounts of labeled 

16:1w5 FA in the IRM and a complete breakdown of the isotopolog pattern 

conservation (Figure 4E). All in all, these data indicate, that colonized wildtype plants 

determine the fungal isotopolog pattern by direct lipid transport, which is impaired in 

AM-specific lipid biosynthesis mutants (Keymer et al. 2017). 
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Figure 4: Arbuscule phenotype of AM-specific lipid mutant plants and schematic representation of 
experimental approaches, which demonstrated lipid transfer from plant to fungus.  

(A) Fully branched arbuscules in a wildtype root (left) and stunted arbuscule in roots of AM-specific 
lipid biosynthesis mutants and the str mutant (right). (B) Model of AM-specific lipid biosynthesis 
pathway in a plant cell hosting an arbuscule. The red arrow illustrates the synthetic deviation of the 
pathway by transgenic expression of UcFatB in Medicago hairy roots. (C) Illustration of the growth 
system used by Luginbuehl et al. (2017) and Jiang et al. (2017), and schematic representation of the 
results obtained from the quantification of lauroyl groups in colonized roots and fungal ERM/spores 
upon transgenic expression of UcFatB. Tester plant were grown in presence of nurse plants to ensure 
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sufficient colonization of the lipid biosynthesis mutants. (D) Schematic representation of palmitic acid 
isotopologs. The isotopologs are quantified by mass spectrometry resulting in a specific isotopolog 
pattern. (E) Two compartment Petri dish system used by Keymer et al. for isotope labeling (top) and 
schematic representation of isotopolog pattern in colonized roots and ERM with spores, revealing that 
Lotus wildtype and carrot hairy roots determine the FA isotopolog pattern in the fungus, while the 
pattern is disturbed in ERM associated with AM-specific lipid biosynthesis mutants. (Figure from 
Keymer and Gutjahr, 2018) 

 
2. Transcriptional regulation of the AM-specific lipid biosynthesis pathway 

 
 
The transcription factor RAM1 might be a key player in the transcriptional regulation of 

the AM-specific lipid machinery. Similar to Lotus dis and ram2 mutants, colonized 

Ljram1 mutants are also impaired in the AM-specific accumulation of marker lipids 

(Keymer et al. 2017). Further, DIS, KASIII, FatM, RAM2 and STR are not induced in 

ram1 (Wang et al. 2012; Park et al. 2015; Pimprikar et al. 2016; Luginbuehl et al. 2017; 

Keymer et al. 2017). These results are accumulating evidence, that plants have 

evolved an AM-specific RAM1-dependent regulatory module for lipid production and 

delivery to the fungus in arbuscoytes.  

Recent data suggests that transcription factors of the AP2/ERF superfamily play a 

crucial role in the transcriptional regulation of lipid biosynthesis genes. WRI5 a, b and 

c are exclusively found in genomes of AM-competent plant and are homologues to the 

WRINKLED transcription factors, which regulate late glycolysis and lipid biosynthesis 

in Arabidopsis (Cernac and Benning 2004; To et al. 2012; Luginbuehl et al. 2017; Jiang 

et al. 2018). RNAi-meditated silencing of WRI5a in Medicago truncatula caused a 

significantly reduced total root length colonization and frequency of arbuscule (Jiang 

et al. 2018). Moreover, similar to WRINKELD in Arabidopsis, artificial expression of 

Medicago WRI5 a-c in N. benthamiana resulted in the accumulation of TAGs 

(Luginbuehl et al. 2017). In vitro experiments showed binding of WRIa to the AW motif 

in the STR promoter and the same is most probably the case for the promoter of PT4 

(Jiang et al. 2018). Overexpression of WRI5a enhances the expression of fatty acid 

biosynthesis genes as well as lipid and phosphate transfer genes (Jiang et al. 2018). 

Strikingly, the two regulators, RAM1 and WRI5a, seem to be interconnected in a 

positive feedback loop, as overexpression of RAM1 promotes WRI5a expression and 

the same is true the other way around (Jiang et al. 2018; Luginbuehl et al. 2017). All 

in all, these data suggest, that WRI5 a-c may be RAM1-dependend transcriptional 

regulators of lipid metabolism and bidirectional nutrient transfer via binding of WRI5 a-
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c to AW-motifs in the promoter regions of AM-specific genes (Luginbuehl et al. 2017; 

Jiang et al. 2018).  

In addition to WRI a-c, another AP2 family transcriptional factor, CBX1, was identified 

recently in Lotus japonicus. Similar to RNAi-silenced WRI5a plants, LORE1 

retrotransposon insertion mutants of CBX1 are impaired in root fungal length 

colonization and exhibit a significantly reduced arbuscule frequency (Xue et al. 2018). 

CBX1 seems to be critical for a variety of AM-specific responses as this regulator has 

been shown via ChipSeq to target 43 mycorrhiza-inducible genes (Xue et al. 2018). 

Similar to WRI5 a-c, CBX1 possesses the ability to regulate AM-specific genes of 

diverse functions including genes with prominent roles in phosphate uptake and AM-

specific lipid biosynthesis. In line with this, genome wide studies, heterologous 

expression and DNA binding assays confirmed the WRI-typical binding of CBX1 to the 

AW box, which is enriched in lipid biosynthesis genes (Jiang et al. 2018; Xue et al. 

2018). Moreover, the CBX1 binding to an additional cis-regulatory motif has been 

identified (Xue et al. 2018). Several mycorrhiza-induced genes harbor an evolutionary 

conserved motif, called CTTC CRE (CTTCTTGTTC, alternatively named “MYCS,” 

TTTCTTGTTCT), in their promotor regions (Chen et al. 2011; Lota et al. 2013; An et 

al. 2018). A quadruple tandem repeat of the CTTC CRE element fused to the 35s 

minimal promoter is sufficient to drive GUS or mCherry expression in the arbuscocyte 

(Xue et al. 2018). Xue et al. could show binding of CBX1 to the CTTC CRE motif of the 

PT4 promoter by in vitro and in vivo assays (Xue et al. 2018). In sum, CBX1 seems to 

be another core transcriptional regulator for a broad spectrum of AM-specific 

responses including key processes like lipid biosynthesis and phosphate uptake. 
 

3. Evolution of arbuscular mycorrhiza symbiosis  
 

Arbuscular mycorrhiza symbiosis probably represents a key innovation, which enabled 

plant migration to land (Bonfante and Genre 2008; Wang et al. 2010). The discovery 

of 450 My-old fossilized AM-alike spores and the occurrence of AMS in all major 

linages of extant land plants except most mosses supports the idea that an algal 

ancestor of land plants was preadapted for AMS (Delaux et al. 2015). Further, the 

presence of AM signaling genes in algae confirms the early preadaptation to AM 

associations. Rounds of genome duplications led to the acquisition of additional AM-

serving pathways and gradually refined the ability to establish a fully functional AMS 
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(Delaux et al. 2015). Given that assumption, AMS-ability must have emerged 

monophyletically. Several phylogenetic studies on AM related plant genes agree on 

the “mycorrhizial landing” hypothesis, which claims the AMS contribution to plant land 

colonization and subsequently, the early adaptation of plants for AMS. Accordingly, a 

set of AM-conserved genes in plant species of different clades was identified (Wang 

et al. 2010; Favre et al. 2014; Delaux et al. 2015; Bravo et al. 2016; An et al. 2018). 

AM-conserved genes are represented in diverse functional categories facilitating AM-

specific signaling, transport, transcription and metabolic processes. In angiosperms, 

the loss of AM competence, for example in Brassicales, consistently resulted in the 

independent loss of these genes, supporting the idea that the individual gene function 

is specifically linked to AM symbiosis (Delaux et al. 2014). A good example are the 

described lipid biosynthesis genes, DIS, FatM and RAM2. Their exclusive presence in 

AM-competent plants implicates an AM-exclusive lipid biosynthesis pathway to nourish 

the microbial partner (Wang et al. 2012; Bravo et al. 2016; Keymer et al. 2017; Brands 

et al. 2018; An et al. 2018).  

The high conservation degree of the genetic machinery, which enables AMS across 

such a wide range of evolutionary plant divergence, can possibly be explained by the 

comparatively small number of Glomeromycotina species. Around 270 

Glomeromycotinan species establish AMS with about 80% of all land plants. Hence. 

the evolutionary space of mycorrhizial plant genes may be strictly dictated by the small 

species number of AM fungi, which let mycorrhizal plant genes not diversify much 

during more than 450 million years of evolution (Redecker et al. 2000; Wang et al. 

2010; Crossay et al. 2017). However, the highly conserved genes all refer to basic 

functions of symbiosis, such as basic features of colonization and nutrient exchange. 

Therefore, it might be worth focusing on pattern and effector recognition genes, which 

are usually very variable, in order to extent the knowledge about the conservation 

degree of AMS plant genes. 

The putative preadaptation of algal land plant ancestors for AMS is tempting to be 

interpreted as a general predisposition event of plant-microbe interactions on Earth. 

The beneficial RNS clearly evolved from the more ancient AMS and the two 

associations share many genes, foremost in the early stages of plant-microbe 

communication (Kistner and Parniske 2002; Stracke et al. 2002; Kistner et al. 2005; 

Wang et al. 2010; Oldroyd 2013).  
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However, our understanding if also detrimental microbes exploit this symbiotic program 

of most land plants for their plant colonization is still limited. Nevertheless, publications 

about morphological similarities and common signaling principles between AMS, RNS 

and other plant-microbe interactions already gave rise to hypothesis about a common 

mechanism for the establishment of diverse plant-microbe interactions (Rey and 

Schornack 2013; Parniske 2000; Evangelisti et al. 2014; Kloppholz et al. 2011; Bago 

et al. 2002; Rey and Jacquet 2018). Emerging studies, showing that either mutations 

in AM-specific genes of AM-competent plants or in Arabidopsis homologs of AM-

specific genes perturb the interaction of pathogenic microbes, are pioneer work for in-

depth investigations of putative common molecular principles of diverse detrimental as 

well as beneficial plant-microbe associations (Wang et al. 2012; Rey  et al. 2015; Ried 

et al. 2018; Jiang et al. 2017). The results of this thesis indicate, that plant fatty acid 

and lipid biosynthesis is of conserved importance for plant interactions with the 

symbiotic fungus R. irregularis as well as for detrimental association with the oomycete 

H. arabidopsidis. Though, the molecular basis for the impairment of Hpa on kasI, gpat6 

and gpat4x8 Arabidopsis mutants still needs to be identified, the obtained results are 

encouraging support that different hyphal biotrophs seem to depend on similar host 

plant processes for their own developmental success.  

 

4. Cross-kingdom lipid transfer occurs in several interorganismic 
associations 
 

Genomes of fungi from all clades harbor genes encoding subunits of the multi-

functional FA synthase complex (FASI) (Wewer et al. 2014; Bukhari et al. 2014; 

Tisserant et al. 2013). This implies that FASI was likely present in the last common 

ancestor of extant fungi and that AMF might have lost the ability to de novo synthesize 

FAs secondarily after host-derived lipid transfer had evolved (James et al. 2006). De 

novo FA synthesis consumes big amounts of ATP and reducing equivalents NADPH. 

Thus, it is considered to be a very energy demanding process (Wewer et al. 2014). 

Therefore, it is favorable for the organism to outsource this process to the host. This 

might be the main argument why also biotrophic fungal plant pathogens might profit 

from host FA biosynthesis. The obligate biotrophic fungus, Erysiphe cichoracearum, 

causing powdery mildew symptoms on leaves, induces expression of FA synthesis 

genes in Arabidopsis and bleeds plant FAs, as shown by lauric fatty acid quantification 
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in UcFatB transformed Arabidopsis and in E. cichoracearum spores, associated to 

these transgenic plants (Jiang et al. 2017). The close relatives, Erysiphe necator and 

Erysiphe graminis possess genes encoding FASI complex subunits and this is highly 

likely for E. cichoracearum as well (Spanu et al. 2010; Jones et al. 2014). Thus, it is 

tempting to speculate that biotrophic fungi exploit host FA biosynthesis independently 

from their own ability to produce FAs by themselves in order to reduce energy 

expenditure (lipid parasitism). The genome of Ustilago maydis harbors FASI genes 

and the fungus can also be cultivated axenically (Teichmann et al. 2007). Notably, 

upon maize infection lipid biosynthesis genes are strongly upregulated in both, the host 

plant and the fungus (Doehlemann et al. 2008; Lanver et al. 2018). One can argue that 

the induction of lipid metabolism on both sides is only due to fungal growth and tumor 

and/or peri-fungal membrane formation, on the other hand, these expression patterns 

may also indicate that lipids are provided by the host plant to U. maydis. Further, host-

lipid exploitation is likely also a feature of oomycete-plant interactions. For example, 

infection of Nicotiana benthamiana by the hemibiotrophic oomycete Phytophthora 

induces expression of GPAT6 and Phytophthora exhibited a high frequency of 

misshaped haustoria in the gpat6 mutant of tomato. However, the increased 

susceptibility of Phytophthora in gpat6 mutants of tomato and N. benthaminana might 

be counterintuitive to argue that plant derived lipids are of advantageous effect for 

Phytophthora (Fawke et al. 2018). More obvious seems the impact of plant lipid 

biosynthesis for biotrophic oomycetes. Strikingly, the obligate biotroph Hpa is severely 

hindered in development and reproduction when infecting the fatty acid and lipid 

biosynthesis mutants kasI, gpat6 and gpat4x8 of Arabidopsis (Manuscript I). Even if 

genome data of Hpa indicate the competence for de novo fatty acid synthesis (Baxter 

et al. 2010), the impairment of Hpa development on kasI, gpat6 and gpat4x8 mutants 

suggests that Hpa fitness depends on an intact host lipid biosynthesis machinery. 

Certainly, the basis for this impairment has to be identified and direct lipid transfer 

remains to be tested for plant interactions with the oomycetes like Hpa and 

Phytophthora as well as interactions with the biotrophic fungus Ustilago. Nevertheless, 

the listed results may already indicate that lipid transfer from host to microbe may be 

a more widespread phenomenon in plant-fungal/oomycetal interactions and not 

exclusively restricted to AMS. 

The impotence to produce FA de novo is not restricted to AMF. Yeasts belonging to 

the Malassezia spp. also lack FASI encoding genes. These lipid-depended fungi are 
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representatives of the human and animal skin microbiota, typically found in regions 

rich in sebaceous glands associated to dandruff (Xu et al. 2007; Triana et al. 2017). 

Furthermore, the genome of the Plasmodiophorid, Plasmodiophora brassicae, an 

obligate biotrophic protist in the eukaryotic kingdom Rhizaria, which causes clubroot, 

a major disease of Brassica oil and vegetable crops worldwide, lacks fatty acid 

synthesis genes. This loss obviously makes P. brassicae fully dependent on lipid 

scavenging (Schwelm et al. 2015). In the genomes of both, P. brassicae and 

Malassezia spp., the reliance to assimilate FAs from external sources is indicated by 

the presence of multiple genes encoding phospholipases and secreted lipases (Xu et 

al. 2007; Schwelm et al. 2015; Triana et al. 2015; Wu et al. 2015). 

Apicomplexans, comprising a large group of unicellular eukaryotic animal parasites, 

such as Toxoplasma, Leishmania, Plasmodium and Trypanosoma, selectively exploit 

host lipids for their own requirement – no matter whether they are competent to 

produce FAs on their own or not (Mazumdar and Striepen 2007; Rub et al. 2013). The 

majority of these intracellular protozoan parasites lives inside the host cell and akin to 

AMF and other biotrophic plant-pathogenic microbes, they are surrounded by a host-

derived membrane, the parasite vacuolar membrane (PVM), across which the host 

cargo is transferred. Apicomplexans scavenge a variety of lipids via a diversity of 

mechanisms, which are not yet fully understood (Rub et al. 2013). Recent evidence 

suggests that host derived lipid bodies enter the PVM and may serve as lipid sources 

(Toledo et al. 2016).  

Also, bacterial plant pathogens, called phytoplasms, endosymbiotic bacteria of insects 

and pathogenic bacteria of humans have been proven to depend on host lipid transfer 

(Oshima et al. 2004; Elwell et al. 2011; Herren et al. 2014; Paredes et al. 2016). 

Strikingly, Spiroplasma poulsonii, naturally associated to Drosophila melanogaster, 

depletes lipids from the host hemolymph. Similar to AMF, S. poulsonii proliferation is 

restricted by the availability of host-derived lipids (Bravo et al. 2017; Keymer et al. 

2017; Herren et al. 2014). This association appears to be mutualistic as these 

endosymbiotic bacteria protect Drosophila as well as other insects against a range of 

parasitoid wasps, which notably also have lost to synthesize FAs from de novo, 

probably as an evolutionary consequence of their parasitoid lifestyle (Paredes et al. 

2016; Visser et al. 2010). 

In summary, the dependence on host lipids and lipid parasitism has evolved, probably 

independently, multiple times (Table 1) and may turn out to be more widespread than 
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currently known. Although, outsourcing fundamental processes like de novo fatty acid 

synthesis to the host intensifies the dependence and can be seen as a driver towards 

true biotrophy, it can also be interpreted as a stringent and energy saving consequence 

of environmental compensation (Visser et al. 2010). All in all, no matter if parasitic or 

truly mutualistic, diverse microbes exploit host lipids for their own energy efficiency 

(lipid parasitism) or even rely exclusively on the external lipid source (lipid 

dependence). 
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Microbe Kingdom Host Able to 
synthesize 
FAs 

References 

 
Chlamydia 

 
bacteria 

 
mammals 

 
Yes  

 
(Elwell et al. 2011; 
Hackstadt T. 1995) 

 
Spiroplasma 
 

 
bacteria 

 
insects 

 
No 

 
(Herren et al. 2014) 

 
Erysiphae 
 

 
mycota 

 
plants 

 
Yes 

 
(Jiang et al. 2017)  

 
Glomeromycotina 

 
mycota 

 
plants 

 
No 

(Jiang et al. 2017; 
Luginbuehl et al. 2017; 
Keymer et al. 2017) 

 
Malassezia 

 
mycota 

 
mammals 

 
No 

(Triana et al. 2017; Wu 
et al. 2015) 
 

 
Ustilago 

 
mycota 

 
plants 

 
Yes 

(Doehlemann et al. 
2008; Lanver et al. 
2018) 

 
Phytophthora 
 

 
straminipila 

 
plants 

 
Yes 

 
(Fawke et al. 2018) 

 
Hyaloperonospora 
 

 
straminipila 

 
plants 

 
Yes 

 
(Manuscript I) 

 
Leishmania 
 

 
protists 

 
mammals 

 
Yes 

 
(Rub et al. 2013) 

 
Plasmodiophorid 
 

 
protists 

 
plants 

 
No 

 
(Schwelm et al. 2015) 

 
Plasmodium 
 

 
protists 

 
mammals 

 
Yes 

(Jackson et al. 2004; 
Itoe et al. 2014) 

 
Theileria 

 
protists 

 
mammals 

 
No  

(Mazumdar and Striepen 
2007; Gardner et al. 
2005) 

 
Toxoplasma 

 
protists 

 
mammals 

 
Yes  

(Charron and Sibley 
2002; Coppens 2006; 
Mazumdar and Striepen 
2007) 

 
Trypanosma 
 

 
protists 

 
mammals 

 
Yes 

(Toledo et al. 2016; 
Melo et al. 2003) 

 
Table 1: Organisms associated with their host in order to exploit lipids. Bright colors indicate 

interactions, with reported lipid scavenging from the host. Faint colors indicate interactions, for which 

circumstantial evidence suggest lipid dependence or lipid parasitism. The ability to produce FA is based 

on the presence of fatty acid synthase genes in respective genomes. (modified table from Keymer and 

Gutjahr; COPB (2018)) 
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X. Outlook 
 
This doctoral work has shown that lipids are transported from wildtype Lotus japonicus 

plants to the associated AM fungus and characterized DIS, RAM2 and FatM as 

essential components of an AM-specific lipid biosynthesis pathway. The next 

challenging questions to be addressed will be the transcriptional regulation of AM-

specific lipid biosynthesis in host plants (see IX.2), the identification of the exact lipid 

cargo that is transported and the transfer mechanism via which the lipid cargo is sent 

to the fungus. Moreover, in the light of the biological market theory, it will be of great 

scientific value to gain insights into the relative amounts of translocated carbohydrates 

and lipids. 

16:0 sn2-MAG appears to be a likely candidate-lipid to serve as cargo and to be 

exported from the plant cell. This compound is likely the most abundant product of 

RAM2, which is so far the most downstream enzyme of the AM-specific lipid 

biosynthesis pathway. Furthermore, lipid profiles of colonized dis, fatm and ram2 

mutants show a massive shortage of 16:0 sn2-MAGs (Keymer et al. 2017; Brands et 

al. 2018; Bravo et al. 2017). Interestingly, acetylation of glycerol on the sn2 position 

via land plant-specific GPATs results in sn2-MAGs, which comprise a specific group 

of lipids, that are apparently not used for storage or membrane lipid synthesis, but have 

been reported to be exported to cell surfaces to serve as precursors of suberin and 

cutin biosynthesis in plants (Li et al. 2007; Yang et al. 2012). Thus, sn2-MAGs 

represent a convenient vehicle to redirect FAs from the plant storage and membrane 

lipid biosynthesis towards export. Moreover, significant amounts of sn2-MAGs were 

also found in the ERM of AMF and a fungal monoacylglyceride lipase (MGL1) has been 

identified to be highly expressed in the arbuscule (Brands et al. 2018; Kameoka H. 

2018). This suggests that MAG is not only a favorable transport cargo within the fungal 

mycelium but may also be metabolized directedly in the arbuscule, once it is received 

by the fungus. 

Concerning the mechanism of transfer, many scenarios appear conceivable and 

transfer might not happen via one exclusive route but possibly in different ways. A 

reasonable candidate to pump lipids from the plant cell into the peri-arbuscular space 

is the AM-specific PAM-localized ABCG transporter heterocomplex STR/STR2 (Zhang 

et al. 2010; Gutjahr et al. 2012). As support of this hypothesis, the AM phenotype of 

str resembles that of AM-specific lipid biosynthesis mutants with regard to the 
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morphological discrepancies of the fungal structures and to the lipid profiles of 

colonized roots (Bravo et al. 2017; Keymer et al. 2017; Jiang et al. 2017; Zhang et al. 

2010; Gutjahr et al. 2012). Notably, str mutants in Medicago and Lotus are to the same 

extent unable to transport lipids to the fungus as dis and ram2 mutants (Jiang et al. 

2017; Keymer et al. 2017). Furthermore, the lipid, especially sn2-MAG, transport ability 

for ABCG transporters has already been highlighted. Genetic evidence suggests, that 

Arabidopsis ABCG transporters facilitate sn2-MAG export for leaf cuticle formation 

(Pighin et al. 2004; Panikashvili et al. 2011; Yeats et al. 2012). Further, a mammalian 

host-derived ABC transporter, which is located in the PVM, is known to transport 

cholesterol to Toxoplasma (Rub et al. 2013; Bottova et al. 2009). In addition to direct 

transport via the ABCG transporter complex STR/STR2 at the PAM, lipids might also 

be shuffled as cargo of extracellular vesicles (EV) into the PAS. The relevance of EV 

in plant-microbe interactions is poorly understood. However, it has been shown, that 

the formation of multivesicular bodies (MVBs), the precursors of EVs, is enhanced 

upon fungal infection of pathogenic powdery mildew fungi (An et al. 2006; An et al. 

2006), which indicates their relevance in plant-microbe interactions. In current research 

concepts MVBs/EVs are predominately affiliated to pathogenicity or defense response 

for example to mediate small RNA transport (Samuel et al. 2015; Cai et al. 2018), but 

these structures are also capable to transport lipids (Rutter and Innes 2018; Rub et al. 

2013). One could assume that ABCG transporters like STR/STR2 might also facilitate 

lipid loading of EVs. Lipid uptake from the PAS on the fungal site is hardly studied. So 

far, only fungal ABC transporters have been identified, which are expressed in the IRM, 

and therefore, might mediate lipid uptake from the PAS into the fungal cytoplasm 

(Tisserant et al. 2012; Tang et al. 2016).  

Future research on the Hpa-Arabidopsis interaction is required to identify the basis for 

the developmental impairment of Hpa on Arabidopsis fatty acid/lipid biosynthesis 

mutants of KASI, GPAT4/8 and 6. As any other microbial colonization, Hpa infection 

and development requires signaling and membrane synthesis (Dörmann et al. 2014). 

Thus, various involvements of KASI and GPAT4/6/8 seem plausible. Lipid-derived 

signaling components are involved in the plant response to the invasion of microbes 

(Chaturvedi et al. 2012; Mandal et al. 2012; Zoeller et al. 2012). Accordingly, lipids 

produced by KASI, GPAT4, 6 and 8 could be required to produce precursors of 

signaling molecules that affect either the host cell or the microbe. Alternatively, lipids 

produced via these enzymes could also serve as building blocks for EHM membrane 
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synthesis, which might explain the aberrancies of Hpa haustoria in the respective 

challenged Arabidopsis mutants. With respect to the AM results of this thesis obtained 

for AM symbiosis, it might also be likely that the pathogenic biotroph Hpa exploits host-

derived lipids. Though, Hpa seems to be FA and lipid prototroph (Baxter et al. 2010), 

lipid parasitism might be a favorable strategy for energy efficiency. Therefore, 

challenging the hypothesis of plant-derived lipid transfer to the pathogen in future 

studies appears worthwhile.  

In conclusion, this work elucidated the importance of plant-derived lipids for AMS and 

further contributed to the understanding of host-derived lipids as common compatibility 

factors for different host-microbe interactions. Moreover, this thesis in combination with 

emerging knowledge from literature indicates an overlap of morphological principles 

between diverse plant interactions with filamentous microbes. If also molecular 

principles are shared, remains to be shown in successive studies. 
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       XV.  Copyright Clearance 
 

Figure 1: (A) Schematic representation of the AMS colonization process of the plant root cell, dissected 
in five distinct stages. (B) Schematic representation of seven stages of arbuscule development inside a 
cortical root cell. (modified figure from Pimprikar and Gutjahr 2018) 
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Figure 2: Schematic overview of AM signal transduction upon Myc factor perception via the common 
symbiosis signaling pathway in a root cell (modified figure from Singh and Parniske 2012) 
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Figure 3: Metabolic fluxes and long-distance transport in arbuscular mycorrhiza symbiosis (modified 
figure from Parniske 2008) 
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Figure 4: Arbuscule phenotype of AM-specific lipid mutant plants and schematic representation of 
experimental approaches, which demonstrated lipid transfer from plant to fungus. (Figure from Keymer 
& Gutjahr 2018) 

Table 1: Organisms associated with their host in order to exploit lipids. Bright colors indicate 
interactions, with reported lipid scavenging from the host. Faint colors indicate interactions, for which 
circumstantial evidence suggest lipid dependence or lipid parasitism. The ability to produce FA is 
based on the presence of fatty acid synthase genes in respective genomes. (modified table from 
Keymer & Gutjahr 2018) 

 
 
 

 
 

 
 


