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I. Frequently used Abbreviations 

 

AM Arbuscular Mycorrhiza 

AMF Arbuscular Mycorrhiza fungus 

AON Autoregulation of Nodulation 

AOM Autoregulation of Mycorrhization 

At Arabidopsis thaliana 

C1 Cortex layer adjacent to epidermis 

C5 Cortex layer adjacent to endodermis 

CCaMK CALCIUM- AND CALMODULIN-DEPENDENT PROTEIN KINASE 

CERK1 CHITIN ELICITOR RECEPTOR KINASE 1 

CK Cytokinin 

CLE CLAVATA3/endosperm-surrounding region-related peptide 

CLV1 CLAVATA1 

CRE1 CYTOKININ RECPTOR 1 

CSP Common Symbiosis Pathway 

DIM Detergent Insoluble Membrane 

DMI DOESN´T MAKE INFECTION 

D Aspartic Acid 

ED Endodermis 

EP Epidermis 

ERN ETHYLENE RESPONSE FACTOR REQUIRED FOR NODULATION 

FaFaCuRo Fabales, Fagales, Cucurbitales and Rosales 

FLOT FLOTILLIN 

Gm Glycine max 

GPI Glycosylphosphatidylinositol 

IPD3 INTERACTING PROTEIN OF DMI3 

IT Infection Thread 

Lj Lotus japonicus 

LHK1 LOTUS HISTIDINE KINASE 1 

LYK3 LysM RECEPTOR KINASE 3 

Mt Medicago truncatula 

MD Membrane Domain 
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NIN NODULE INCEPTION 

NFP NOD FACTOR PERCEPTION 

NFR NOD FACTOR RECEPTOR 

NSP NODULATION SIGNALING PATHWAY 

Os Oriza sativa 

P Pericycle 

PIT Pre-Infection Thread 

PM Plasma Membrane 

PPA Prepenetration Apparatus 

RAM REQUIRED FOR ARBUSCULAR MYCORRHIZA 

RemCA Remorin C-terminal Anchor 

RNS Root Nodule Symbiosis 

SDI Shoot-derived inhibitor 

SPN Spontaneous Nodules 

St Solanum tuberosum 

SYMRK SYMBIOSIS RECEPTOR KINASE 

T Threonine 

TF Transcription factor 

TMD Transmembrane domain 

TML TOO MUCH LOVE 
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IV. Summary 

 

The plasma membrane is highly organized and within the plasma membrane proteins 

cluster into so-called membrane domains. Remorins are well-established membrane 

domain marker proteins. However, the general plasma membrane anchoring 

mechanism of these proteins was so far unknown. Biochemical approaches and 

localization studies investigating different remorins from Medicago truncatula and 

Arabidopsis thaliana enabled us to demonstrate that S-acylation (palmitoylation) 

within a C-terminal plasma membrane anchoring motif mediates tight plasma 

membrane attachment of these proteins. However, we could show that S-acylation is 

not the sole driving force for remorin immobilization in membrane nanodomains.  

The focus of the second part of this thesis was on the beneficial interaction between 

plants and symbionts. More than 80% of today´s land plants can undergo an 

interaction with endosymbiotic fungi that is known as Arbuscular Mycorrhiza (AM). 

In addition, legume plants have gained the ability to establish a second type of 

endosymbiosis by interacting with nitrogen-fixing rhizobia: the Root Nodule 

Symbiosis (RNS). Both interactions are partly controlled by the same pathway, the 

so-called Common Symbiosis Pathway (CSP) that has evolved through recruitment of 

signaling components from the evolutionary older AM to the more recently evolved 

RNS signaling pathway. Depending on the recognition of either fungi or rhizobia 

downstream of this pathway two morphologically different symbiotic structures are 

formed within the inner root cortex, either arbuscules or root nodules, respectively. 

In parallel to the evolution of RNS a local negative regulatory circuit must have 

evolved to suppress root nodule organogenesis when both interacting symbionts are 

present and arbuscule formation takes place. In this study first evidence for such a 

postulated regulatory pathway is presented based on the characterization of the 

legume-specific remorin MYCREM, which co-evolved with RNS. Phenotypic studies 

of mutant plants revealed that in the presence of both symbionts MYCREM functions 

as a negative regulator with respect to root nodule organogenesis events in a CSP-

dependent manner. Analyzing the effect of overexpression of auto-active CSP-

signaling components, which are known to spontaneously induce root nodule 

organogenesis, demonstrated a negative regulatory function of MCYREM as well. In 



 

 

 
Summary 

 

  

13 

summary, this work could serve as basis for further studies to understand the tripartite 

interaction of legume plants, fungi and rhizobia, as it is found in nature. 
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V. Zusammenfassung  

 

Die Plasmamembran einer Zelle ist ein hochgradig strukturiertes Kontinuum, in dem 

Membranproteine in Membrandomänen (MD) organisiert sind. Sehr häufig in MD 

anzutreffende Proteine stellen die sog. “Remorin” Proteine dar, die mittlerweile als 

breit akzeptierte Marker für MD gelten. Allerdings ist der generelle Mechanismus 

nach wie vor unklar, der zu einer Plasmamembranlokalisierung dieser Proteine führt. 

Mittels biochemischer Methoden und Lokalisierungsstudien verschiedener Medicago 

und Arabidopsis Remorine, konnte im Rahmen diese Arbeit gezeigt werden, dass die 

stabile Plasmamembranverankerung auf der S-Acylierung (Palmitylierung) eines 

Cysteins im C-terminalen Plasmamembranankermotiv beruht. Zusätzlich konnte 

nachgewiesen werden, dass diese Modifizierung jedoch nicht als der alleinige Grund 

für eine Membrandomänenlokalisierung fungieren kann. 

Im zweiten Teil dieser Arbeit lag der Fokus auf der vorteilhaften Verbindung 

zwischen Pflanzen und Symbionten. Mehr als 80 % der heutigen Landpflanzen 

können eine Verbindung mit endosymbiontischen Pilzen eingehen, die auch als 

“Arbuskuläre Mykorrhiza” bekannt ist. Zusätzlich sind Leguminosen in der Lage eine 

zweite Symbiose, die sog. Wurzelknöllchensymbiose, einzugehen, die auf der 

Interaktion mit Stickstoff fixierenden Bakterien beruht. Beide Symbiosen werden 

teilweise durch den selben Signalweg kontrolliert. Dieser gemeinsame Signalweg 

wird auch “Common Symbiosis Pathway” (CSP) genannt und entstand 

höchstwahrscheinlich während der Evolution der evolutionär jüngeren 

Wurzelknöllchensymbiose durch die Adaption von Signalwegskomponenten, die 

benötigt werden um die evolutionär älteren Arbuskulären Mykorrhiza zu regulieren. 

Abhänging von dem interagierenden Symbiont, Pilz oder Bakterium, resultiert dieser 

Signalweg in der Bildung zweier morphologisch sehr verschiedenen symbiontischen 

Strukturen in den inneren Zellschichten der Wurzel, dem Arbuskel oder dem 

Wurzelknöllchen.  

Parallel zur Evolution des gemeinsamen Signalwegs und der 

Wurzelknöllchensymbiose musste sich ein weiterer Signalweg entwickeln, um 

während der Bildung von Arbuskeln die gleichzeitige Bildung von Wurzelknöllchen 

zu unterdrücken. Die im Rahmen dieser Arbeit erfolgte Charakterisierung des 

Leguminosen-spezifischen Remorins MYCREM konnte erste Hinweise für einen 
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derartigen postulierten negative Signalweg liefern. MYCREM entstand im Zuge der 

Evolution der Wurzelknöllchensymbiose. Durch die Auswertung der sich 

entwickelnden Wurzelknöllchenanzahl in der Gegenwart von beiden Symbionten und 

anhand von Transkriptanalysen konnte gezeigt werden, dass MYCREM durch den 

CSP Signalweg induzierbar ist und als eine negativ reguliergende Komponente auf 

die Entwicklung von Wurzelknöllchen einwirkt. Dieser negative Effekt von 

MYCREM konnte ebenfalls durch die Überexpression von autoaktiven Komponenten 

des CSP-Signalwegs bestätigt werden, die die Knöllchenorganogenese spontan 

induzieren können, zudem ist dieser Effekt in der mycrem Mutante noch verstärkt. 

Diese Arbeit kann als Basis für zukünftige Studien angesehen werden, um die 

dreiseitige Interaktion von Pilz, Bakterium und Leguminose zu verstehen, wie sie 

auch in der Natur vorkommt. 
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A) Introduction 

 

1. Beneficial Plant – Microbe Interactions 

 

Plants are sessile; therefore, they have to cope with the environmental conditions at 

the place of growth, for example low water supply and restricted nutrient or nitrogen 

availability. To overcome these limitations approximately 80% of today´s land plants 

can undergo a beneficial interaction with fungi of the phylum Glomeromycota, called 

Arbuscular Mycorrhiza (AM) (Heijden et al., 1998; Smith & Read, 2008; Harrison, 

2012). Due to this symbiotic interaction plants can enhance their water and nutrient 

acquisition (Javot et al., 2007; Smith & Smith, 2011). In addition, plants from a clade 

within the Eurosid I, including the orders Fabales, Fagales, Cucurbitales and Rosales 

(FaFaCuRo) have gained the ability to establish a second type of symbiosis with 

nitrogen-fixing soil rhizobia, called Root Nodule Symbiosis (RNS) (Soltis et al., 

2000; Kistner & Parniske, 2002). In the newly formed nodule the rhizobia reduce 

atmospheric dinitrogen to ammonia, which can be taken up by the plant. In exchange 

the rhizobia receive carbon in the form of dicarboxylic acids (Schubert, 1986; Vasse 

et al., 1990; Den Herder & Parniske, 2009; Desbrosses & Stougaard, 2011). Since 

many of today´s crop plants like soybean (Glycine max), pea (Pisum sativum) or 

common bean (Phaseolus vulgaris) belong to the FaFaCuRo clade, it is of general 

interest to gain a better understanding of these two plant-microbe endosymbioses 

(Sprent, 2007). 

The diploid and autogamous legume species Lotus japonicus and Medicago 

truncatula have become the main model plants for studying RNS and AM, due to 

their small genomes, the susceptibility to transformation by Agrobacteria, their self-

pollination ability, small seeds and short generation times (Barker et al., 1990; 

Handberg & Stougaard, 1992; Perry, 2003; Tadege et al., 2005, 2008; Sato et al., 

2008; Young et al., 2011; Urbański et al., 2012). 

In the following section the morphological changes during AM and RNS will be 

described focusing on Medicago truncatula, since the studies for this work have been 

carried out using this model organism. 
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Figure 1: AM development stages. 
A) Hyphopodium formation by the fungus and re-localization of the nucleus. B) First 

intracellular growth phase of the fungus. A pre-penetration apparatus (PPA), which guides the 

fungal hyphae through the cell, is formed. C) Progression of fungal hyphae to the inner root 
cortex. D) In the inner root cortex fungal hyphae spread along the longitudinal root axis in the 

apoplast and the colonization of the root cortex by the formation of arbuscules takes place. 

For simplicity reasons the periarbuscular membrane around the arbuscule is not depicted. 
(C1-C5= Cortex layer with C1 being the outermost and C5 the inner most layer.) 

  

 

1.1. Morphological Development of Arbuscular Mycorrhiza 

The plant–fungus interaction is initiated by the perception of plant-released 

strigolactones by the fungus, which induces spore germination and hyphal branching 

of the fungus (Akiyama et al., 2005; Besserer et al., 2006). In turn, the fungus 

secretes tetra- or pentachitooligosaccharides, and sulphated and non-sulphated 

lipochitooligosaccharides (Myc factors) (Maillet et al., 2011; Genre et al., 2013). The 

perception of these molecules by the plant, by a so far unknown receptor, induces 

Ca
2+

-spiking and activates the Common Symbiosis Pathway (CSP) (discussed in 

detail in section A 1.3) (Maillet et al., 2011; Genre et al., 2013). This leads to the 

secretion of cutin monomers by the plant, which supports the development of a 

hyphopodium at the root epidermis by the AM fungus (AMF) (Fig. 1A) (Wang et al., 

2012). To establish the first intraradical growth phase of the AMF, it forms a 

penetration peg to enter the root (between two epidermal cells in Lotus or intracellular 

via one epidermal cell in Medicago) (Bonfante et al., 2000; Genre et al., 2005). The 
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plant cell responds by a re-localization of the nucleus underneath the peg (Fig. 1A). 

The nucleus transverses the plant cell vacuole and the formation of the pre-

penetration apparatus (PPA) takes place. The PPA is a tubular-like subcellular 

structure, formed by microtubules, microfilaments and endoplasmic reticulum, that 

guides the fungus through the plant cell (Genre et al., 2005, 2008) (Fig. 1B and C). 

When the fungus reaches the cortex an intercellular growth phase within the apoplast 

starts and the fungus spread along the longitudinal root axis. In a final third 

intracellular growth phase the fungus invades again the plant cell by an initial PPA 

that ends in the formation of the arbuscule (Demchenko et al., 2004; Genre et al., 

2008) (Fig. 1D). 

The resulting arbuscule is a tree-shaped fungal structure within the cortical root cell 

that is surrounded by a plant-derived membrane called periarbuscular membrane 

(Genre et al., 2012; Ivanov et al., 2012). This highly branched structure formed by the 

plant and the fungus is the site of nutrient exchange between the two symbiotic 

partners (Bonfante-Fasolo, 1984; Harrison et al., 2002; Harrison, 2005). 

 

1.2. Morphological Development of Root Nodule Symbiosis 

The establishment of a fully working root nodule symbiosis is achieved by the 

formation of the root nodule organ and a successful infection by rhizobia. These two 

processes have to be very tightly controlled and synchronized (Madsen et al., 2010; 

Rival et al., 2012; Hayashi et al., 2014; Xiao et al., 2014; Saha et al., 2016). The 

interaction between legume plants and their bacterial symbionts is initially induced by 

a molecular dialog between the two partners. The plant releases flavonoids into the 

soil to attract rhizobia (Coronado et al., 1995; Juszczuk et al., 2004; reviewed in Liu 

& Murray, 2016). In turn, these compounds induce the production and secretion of so-

called Nod factors by the rhizobia (Lerouge et al., 1990). Nod factors are acylated 

lipochitooligosaccharides, that are decorated by strain-specific substituents like 

methyl, fucosyl, acetyl and sulphate groups (  nari  & Cullimore, 1993; revieved in 

Dénarié et al., 1996;  ’Haeze & Holsters, 2002). The perception of rhizobia by the 

plant induces many morphological changes that lead to the formation of an entire new 

organ to host the symbiont, the root nodule. At the same time the rhizobia invade the 

plant by a plant-derived tubular structure, the infection thread (IT), which guides the 

rhizobia to the developing nodule. The rhizobia infect the nodule by an endocytotic 
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release from the IT. After this endocytosis-like event the rhizobia will be surrounded 

by a plant-derived membrane and are know called bacteroids. Further differentiation 

finally enables these bacteroids to perform nitrogen fixation (Vasse et al., 1990; 

Murray, 2011; Oldroyd et al., 2011; Popp & Ott, 2011). 

 

Figure 2: Developmental stages of a root nodule primoridum.  
For detailed description of each developmental stage compare section A 1.2.2. For simplicity 

reasons ramification of the IT and symbiosomes are not depicted. E=Epidermis, C=Cortex, 

ED=Endodermis, P=Pericycle, V=Vasculature, IT=Infection thread, PIT=Pre-infection thread  
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1.2.1. Root Nodule Infection Process 

Following the above described molecular dialog the rhizobia attach to the root hairs 

(Gage, 2004). This adhesion is mediated by a first weak Ca
2+

-dependent adhesin 

binding and second tight binding due to cellulose fibrils synthesized by rhizobia (Smit 

et al., 1987, 1989). A high Nod factor concentration at the adhesion spot of the 

rhizobia induces Ca
2+

 influx at the plasma membrane (PM) on the root hair tip (Fig. 

2A stage I). This leads to swelling and to the formation of a tightly curled root hair, 

which is called Shepard’s crook (Callaham & Torrey, 1981; Heidstra et al., 1997; De 

Ruijter et al., 1998; Sieberer & Emons, 2000; Esseling et al., 2003; Miwa et al., 

2006). The newly formed space with the entrapped micro-colony of rhizobia is called 

infection pocket or infection chamber (Fig. 2A stage II) (Esseling et al., 2003; Gage, 

2004; Fournier et al., 2015). A recent work by Fournier and co-workers (2015) 

postulated a new model on how the IT initiation takes place. First, the infection 

chamber enlarges radially by the transport of exocytotic vesicles to the surrounding 

membrane. By the end of this enlargement the infection chamber reorganizes into a 

globular IT-like compartment. At this stage, a few rhizobial cell divisions have taken 

place. After this infection chamber remodeling a switch from radial expansion to tip 

elongation growth occurs, which is the initiation of IT development (Fournier et al., 

2015). At the same time a change in the orientation of the microtubule arrays can be 

observed from helical, cortical orientation to a orientation parallel to the long root hair 

axis (Timmers et al., 1999). At the initiation of the IT growth the nucleus has moved 

close to the tip of the growing IT. The IT then grows along the aligned cytoskeleton 

and the nucleus guides the IT through the epidermal cell (van Brussel et al., 1992; 

Timmers et al., 1999). During this growth the IT tip is connected with the nucleus by 

a cytoplasmic bridge, which consists of bundles of endoplasmic microtubules (also 

called pre-infection thread, PIT) and a thin cytoplasmic strand connects the nucleus to 

the side, where the rhizobia are released into the apoplast (Fig. 2A stage III) (van 

Brussel et al., 1992; Timmers et al., 1999; Gage, 2004; Fournier et al., 2008). When 

the IT has fused with the opposite cell side, the underlying two cortical cell layers 

have already started to form PITs. The next IT forms in the adjacent cortex layer (C1) 

at the spot of the PIT (Fig. 2A). However, the precise mechanism of this cell-to-cell 

transition still needs to be finally clarified. At the end of the invading process rhizobia 

reach the newly formed cells of the cortex in layer C4/C5 (Fig. 2A Stage IV). Within 
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these cells the IT ramifies and the rhizobia are released into the cytosol (Vasse et al., 

1990; Brewin, 2004; Fournier et al., 2008, 2015; Xie et al., 2012). The further 

development of a nitrogen-fixing nodule will be described in the following section. 

 

1.2.2. Root Nodule Organogenesis Process 

Root nodules formed by different legume species can either be of determinate or 

indeterminate nature. Lotus plants develop determinate nodules with a defined 

lifespan due to the loss of an initial meristem. Medicago plants, in contrast, are able to 

form nodules with a persistent meristem at the nodule apex, which allows the 

continuous cell division and consequently further growth of the nodule (Guinel, 2009; 

Łotocka et al., 2012). The root cell layers which are involved in the formation of the 

nodule differ between these two types (Timmers et al., 1999; Suzaki et al., 2012; 

Xiao et al., 2014). For reasons of simplicity this section will focus on the 

development of indeterminate Medicago nodules. 

The Medicago root is composed of one epidermal (EP), 5 cortical (C1-C5), one 

endodermal (ED) and one pericycle (P) cell layer, which surround the central 

vasculature (Fig. 2) (Dolan et al., 1993; Timmers et al., 1999; Herrbach et al., 2014; 

Xiao et al., 2014). After rhizobia perception the first visible response by the plant is 

an anticlinal cell division in the pericycle (stage I) opposite of a protoxylem pole (Fig. 

2A stage I) (Timmers et al., 1999), followed by anticlinal cell divisions in C5 and C4 

(stage II) (Fig. 2A stage II). Next anticlinal cell divisions can be observed in C3 and 

ED, while already periclinal cell divisions occur in C5 and C4 (stage III). At this stage 

the approaching infection threads have to reach the C4/C5 derived cell layers for 

infection, otherwise the future meristem cannot be properly formed (Fig. 2A stage 

III/IV). Stage IV is marked by periclinal divisions in C3, P and ED, while in C4 and 

C5 the cell division activity persists. The stage V is marked by the six to eight layers 

formed by P and ED, the eight layers formed by C4 and C5 and a multi-layered 

meristem formed by C3. At stage VI vascular bundles start to form and the meristem 

starts to add cell to all nodule tissues of the growing nodule (Fig. 2) (Xiao et al., 

2014).  

The mature indeterminate nodule consists of a central zone that can be divided into 

zone I to IV (Fig. 3) (Vasse et al., 1990; Łotocka et al., 2012). Zone I encompasses 

the meristematic tissue of a nodule and is rhizobia-free. Zone II is also called 
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‘infection zone’, where cells get infected with rhizobia by an endocytotic event. The 

bacteria are still surrounded by a host-derived membrane (symbiosome membrane) 

and within this membrane the bacteria differentiate into bacteroids (Brewin, 1991; 

Gage, 2004; Mergaert et al., 2006). This zone is followed by an interzone II/III, which 

serves as a transition zone for the bacteroids to fully differentiate. Zone III, which is 

also known as nitrogen fixation zone, is the actual place of the reduction of N2 to 

NH4
+
. The adjacent tissue is called senescence zone (zone IV), where bacteroids, 

which stopped fixing nitrogen get degraded and the plant cells get degraded as well 

(Fig. 3) (Vasse et al., 1990; Timmers et al., 2000). 

 

 

Figure 3: Zonation of an indeterminate nodule.  
Zone I (nodule meristem) consists of small, rhizobia-free mitotic cells. Within Zone II 

(infection zone) bacteria get released from the IT. Interzone II/III serves as transition zone for 
the bacteria to fully differentiate for nitrogen fixation. In Zone III (nitrogen fixation zone) the 

fixation of the atmospheric nitrogen takes place. Zone IV (senescence zone) describes the 

plant cells containing bacteroids, which stopped fixing nitrogen and get degraded. 
Symbiosomes are not illustrated. E=Epidermis, C=Cortex, ED=Endodermis, P=Pericycle, 

V=Vasculature 

 

During AM and RNS different morphological changes take place within the root 

cortex. On the one hand arbuscules are formed and on the other hand cortical cells 

become mitotic active again. However, both symbioses share common characteristics. 

(1) Tubular structures (PIT and PPA) are formed by the plant during the initial phase 

to guide the symbionts through the cell. (2) Plant-derived membranes enclose the 

fungus and the bacteroids (PAM and symbiosome membrane).   
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1.3. Signaling Pathway 

The specific recognition of beneficial symbionts begins with the molecular dialog 

between the host and the symbiont (for details see section A1.1 and A1.2). The 

bacterial Nod factor is perceived by two LysM receptor-like kinases, NOD FACTOR 

RECEPTOR (NFR) 1 and NFR5 in Lotus japonicus or LysM RECEPTOR KINASE 3 

(LYK3) and NOD FACTOR PERCEPTION (NFP) of Medicago truncatula  (Fig. 4) 

(Amor et al., 2003; Limpens et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003; 

Arrighi et al., 2006; Broghammer et al., 2012). Recently, it was shown that the 

CHITIN ELICITOR RECEPTOR KINASE 1 (CERK1) of rice (Oriza sativa), also a 

LysM receptor, is involved in establishing AM in rice (Miyata et al., 2014; Zhang et 

al., 2015). In addition, it could be shown that the closest homologs of OsCERK1 in 

Medicago truncatula and Lotus japonicus, LYK3 and NFR1, respectively, are also 

required for the AM development (Zhang et al., 2015). Due to these findings the 

receptor LYK3/NFR1 should also be considered as a part of the CSP, which will be 

described in more detail in the next section. 

 

1.3.1. Common Symbiosis Pathway 

Besides the similarities in morphological structures, the findings of legume mutants 

that are impaired in establishing both endosymbioses supported the idea of a partially 

shared genetic program (Hirsch, 2001; Stougaard, 2001; Marsh & Schultze, 2001). 

Further characterization led to the identification of a core set of genes that are 

required for both interactions. These genes are called `Common Symbiosis Genes´ 

and the corresponding signaling pathway CSP (Kistner & Parniske, 2002; Parniske, 

2008; Oldroyd et al., 2011; Gutjahr & Parniske, 2013). The CSP is initiated by a 

specific recognition of the symbiont at the PM (see section above). The major events 

of the CSP are signal transduction, Ca
2+

 spiking in the nucleus, decoding of this 

pattern and downstream transcriptional induction (Fig. 3). 

 

After the perception of the specific signaling components, the Leucine Rich Repeat- 

receptor kinase SYMBIOSIS RECEPTOR KINASE (SYMRK) in L. japonicus and 

DOESN´T MAKE INFECTION (DMI) 2 in M. truncatula are involved in the 

activation of the CSP for further signal transduction at the PM (Stracke et al., 2002; 

Endre et al., 2002; Kosuta et al., 2011; Ried et al., 2014). 
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Figure 3: Common Symbiosis Pathway.  
Specific Nod or Myc factors are perceived either via a LYK3/NFP complex or LYK3 and a 
putative NFP-like receptor. Signal transduction is further mediated by the action of the 

receptor DMI2, the E3-ligase PLANT U-BOX PROTEIN 1 (PUB1) and the 3-HYDROXY-3-

METHYLGLUTARYL CoA REDUCTASE 1 (HMGR1). This leads to Ca
2+

 spiking in the 

nucleus dependent on the function of nuclear pore proteins (NENA, NUP85, NUP133), 
potassium channels (DMI1/POLLUX and CASTOR), calcium channel (CNGC15a-c) and 

calcium pump (MCA8). By the combined action of DMI3 and IPD3 in a complex with 

DELLA, NSP1 and NSP2 the spiking is decoded into transcriptional activation of 
downstream targets.  
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Recently, it was shown that SYMRK can interact with NFR5 and associates with 

NFR5 and NFR1 (Antolín-Llovera et al., 2014; Ried et al., 2014). Therefore, it is 

most likely that the three receptors act in a complex for signal transduction. DMI2 

interacts also with the CSP protein 3-HYDROXY-3-METHYLGLUTARYL CoA 

REDUCTASE 1 at the PM (Kevei et al., 2007). This reductase produces the second 

messenger molecule mevalonate, which is involved in the induction of Ca
2+

 spiking in 

the nucleus (Venkateshwaran et al., 2015). 

 

Another CSP-member that is proposed to modulate the signal transduction at the PM 

is the E3 Ubiquitin ligase PLANT U-BOX PROTEIN 1. This ubiquitin ligase is a 

phosphorylation target of LYK3 and DMI2 and acts as a negative regulator of 

infection stages during RNS and AM (Mbengue et al., 2010; Vernié et al., 2016). 

The described perception and signal transduction lead to the formation of Ca
2+

 

spiking in the nucleus (Ehrhardt et al., 1996; Sieberer et al., 2012). To establish this 

spiking three nucleoporins have been shown to be necessary: NUP133, NUP85 and 

NENA. However, their precise role is still unclear (e.g. transporting a so far unknown 

CSP signaling component) (Kanamori et al., 2006; Saito et al., 2007; Groth et al., 

2010). In addition potassium channels (CASTOR and POLLUX/DMI1) and the ATP-

powered MEMBRANE CALCIUM PUMP 8 have been shown to be necessary for 

establishing Ca
2+

 oscillation (Ané et al., 2004; Imaizumi-Anraku et al., 2005; 

Charpentier et al., 2008; Kosuta et al., 2008; Capoen et al., 2011; Sieberer et al., 

2012). In 2016, Charpentier and co-workers could identify the Ca
2+

 channel, which is 

proposed to be responsible for the release of Ca
2+ 

into the nucleus from the nuclear 

envelope. This channel consists of three cyclic nucleotide-gated channels, 

CNGC15a-c, and can interact with the potassium channel DMI1. The authors 

postulate that this interaction is important for the synchronized action of these 

channels to create the Ca
2+

 signal (Charpentier et al., 2016). 

The decoding of Ca
2+

 spiking in the nucleus is performed by the CALCIUM- AND 

CALMODULIN-DEPENDENT PROTEIN KINASE (CCaMK)/ DOESN´T MAKE 

INDECTION 3 (DMI3) (Gleason et al., 2006a; Tirichine et al., 2006a; reviewed in 

Singh & Parniske, 2012). CCAMK consists of a kinase domain, a Calmodulin-

binding domain and three Ca
2+  

binding EF-hand motifs by which it is able to sense 

different Ca
2+

 concentrations within the nucleus (Levy et al., 2004; Mitra et al., 2004; 

Gleason et al., 2006; Shimoda et al., 2012; Miller et al., 2013; Routray et al., 2013). 
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In an inactive state, the phosphorylation site T265 (Lj) or T271 (Mt) cannot be auto-

phosphorylated, since it is engaged in a hydrogen-bond network (Shimoda et al., 

2012). As soon as the EF-hands bind Ca
2+

 this T265/T271 site is available for auto-

phosphorylation, which causes the Calmodulin binding site to become accessible for 

interaction with Calmodulin (Gleason et al., 2006; Shimoda et al., 2012; Miller et al., 

2013). In this fully active state CCaMK can phosphorylate its targets 

(Sathyanarayanan et al., 2000; Hudmon & Schulman, 2002; Chao et al., 2011). 

Further auto-phosphorylation in the Calmodulin binding site induces the release of 

Calmodulin and with this the auto-regulatory inactivation of CCaMK (Liao et al., 

2012; Miller et al., 2013; Routray et al., 2013). Being the decoder of the Ca
2+

 signal, 

CCaMK is playing a central role in establishing the symbiotic interaction. This was 

supported by the findings that auto-active versions CCaMK-T265D/DMI3-T271D 

could induce the formation of spontaneous nodules (SPN) in the absence of rhizobia 

(Gleason et al., 2006; Tirichine et al., 2006). Furthermore, overexpressing the kinase 

domain alone was sufficient to induce nodule organogenesis and PPA formation 

(Gleason et al., 2006; Shimoda et al., 2012; Takeda et al., 2012; Hayashi et al., 2014). 

The transcriptional activation of target genes downstream of CCaMK is mediated by 

its phosphorylation target CYCLOPS/INTERACTING PROTEIN OF DMI3 (IPD3) 

(Messinese et al., 2007; Yano et al., 2008; Horváth et al., 2011; Ovchinnikova et al., 

2011; Singh et al., 2014). IPD3 is necessary for the induction of SPN induced by 

overexpressing kinase domain of DMI3 (Ovchinnikova et al., 2011). Singh et al. 

(2014) could also show that an auto-active version of CYCLOPS (CYCLOPS- S50D-

S154D) can induce root nodule organogenesis. These results support the view of 

CYCLOPS playing a central role in transcriptional induction. Furthermore, the 

promoter of the transcription factor NODULE INCEPTION (NIN) could be shown to 

be target of CYCLOPS (Marsh et al., 2007; Soyano et al., 2013; Singh et al., 2014; 

Vernié et al., 2015). So far, NIN is thought to be the first nodule specific transcription 

factor to be activated for the nodulation signaling pathway downstream of the CSP 

(Oldroyd et al., 2011; Soyano & Hayashi, 2014). 

The recent work of two groups showed that DELLA proteins, an unique type of 

GRAS (GA3 insensitive, Repressor of GAI, and Scarecrow) transcription factors 

(TFs), work in a complex with CCaMK-CYCLOPS to activate downstream targets 

(Jin et al., 2016; Pimprikar et al., 2016). In the work of Primprikar et al. (2016) it was 
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demonstrated that this activation complex can activate the AM-specific REQUIRED 

FOR ARBUSCULAR MYCORRHIZA (RAM) 1 promoter. In the second work Jin et 

al. (2016) could show that IPD3 and NODULATION SIGNALING PATHWAY 

(NSP) 2 can form a complex by the linker DELLA. Jin et al. postulate that CCaMK-

CYCLOPS and NSP1 and NSP2 form an activation complex, with DELLA as a 

bridging protein to induce downstream gene expression (Jin et al., 2016). 

The already mentioned GRAS transcription factors NSP1 and NSP2 act in a complex 

to induce the nodulation specific gene ETHYLENE RESPONSE FACTOR 

REQUIRED FOR NODULATION (ERN) 1 and are involved in AM development as 

well (Hirsch et al., 2009; Maillet et al., 2011; Cerri et al., 2012; Lauressergues et al., 

2012; Delaux et al., 2013; Takeda et al., 2013).  

A next challenging step will be to find the precise mechanism of how the signal for 

the specific AM- or RNS-pathway bifurcates after sharing the same components of 

the CSP. One possibility could be that the CCaMK or the CCaMK-CYCLOPS 

complex can interact with different partners depending on their phosphorylation status 

(Singh & Parniske, 2012; Limpens & Bisseling, 2014; Singh et al., 2014). Another 

mechanism might be that perception of the Myc or Nod factor induces not only the 

CSP but also additional parallel pathways to modulate the CSP (Bonfante & Requena, 

2011; Genre & Russo, 2016). 

 

1.3.2. RNS-Specific Signaling Components 

1.3.2.1. Infection Process 

Different types of infection process-relevant signaling components downstream of the 

CSP have been discovered like scaffold proteins, E3-ligases and TFs. Two members 

of the FLOTILLIN gene family, FLOT2 and FLOT4, have been shown to be 

upregulated upon rhizobia infection and the RNAi lines of these genes display a 

reduced number of ITs and nodules (Haney & Long, 2010). Flotillins are scaffold 

proteins and localize to PM domains (Schulte et al., 1997; Glebov et al., 2006; Frick 

et al., 2007). Furthermore, FLOT4 co-localizes with LYK3 in a Nod factor-dependent 

manner in membrane domains (MDs) and most likely modulate downstream signaling 

by mediating interaction with further interaction partners of LYK3 (see also section A 

2.2.1.1) (Haney et al., 2011). 
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As for the CSP, E3-ligases have been shown to be involved in IT signaling as well. 

For example, SEVEN IN ABSENTIA 4 from L. japonicus has been shown to interact 

with SYMRK and is proposed to be involved in the turn over of this kinase in an 

RNS-specific manner (Den Herder et al., 2012). 

To establish again specificity downstream of the CSP one way is to induce RNS-

specific TFs. Indeed, several TFs have been already identified downstream of the CSP 

and to be involved in IT formation/progression, like the negative regulator 

ETHYLENE RESPONSE FACTOR REQUIRED FOR NODULE 

DIFFERENTIATION (Vernié et al., 2008; Moreau et al., 2014) or the two TFs ERN1 

and ERN2 (Middleton et al., 2007; Andriankaja et al., 2007; Cerri et al., 2012, 2016). 

ERN1 and ERN2 function as transcriptional activator and have been shown to be 

functionally redundant (Andriankaja et al., 2007; Cerri et al., 2012, 2016). 

However, of the above described proteins only ERN1 was shown to be directly 

activated by the CSP-component NSP1 (Cerri et al., 2012). For the other RNS-

specific proteins the precise induction mechanism needs to be elucidated. 

The above mentioned CSP-dependent TF NIN plays a central role in regulating IT 

initiation and progression, nodule organogenesis and control of nodule number (see 

also section A 1.3.2.2) (Schauser et al., 1999; Marsh et al., 2007; Hirsch et al., 2009; 

Soyano et al., 2013, 2014, 2015; Singh et al., 2014; Yoro et al., 2014; Vernié et al., 

2015). NIN negatively regulates infection by restricting the infection zone in the 

epidermis via competitive inhibition of ERN1 (Marsh et al., 2007; Vernié et al., 

2015). The involvement of NIN in the nodule organogenesis process will be discussed 

in the following section.  

 

1.3.2.2. Root Nodule Organogenesis 

Simultaneous to the IT formation a second pathway in the inner root cortex cells is 

activated to initiate cell division to form the root nodule (Fig. 2). The CSP pathway 

induces the organogenesis program as well, which demonstrates the formation of SPN 

induced by the auto-active versions of CCaMK/DMI3.  

However, this program can also be triggered by an auto-active version of a Cytokinin 

receptor LOTUS HISTIDINE KINASE 1 (LHK1)/CYTOKININ RECPTOR 1 

(CRE1), which acts downstream of the CSP (Gleason et al., 2006; Tirichine et al., 

2006, 2007; Gonzalez-Rizzo et al., 2006; Ovchinnikova et al., 2011). Heckmann et al. 
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(2011) showed that exogenous application of Cytokinin induces the formation of root 

nodules. The mutants of LHK1 and CRE1 are impaired in initiating cortical cell 

division and fail to activate NIN expression in the cortex (Murray et al., 2006; Plet et 

al., 2011). The LHK1/CRE1 dependent Cytokinin signaling pathway initiates nodule 

formation by an alteration of the acro-and basipetal auxin transport to form a local 

auxin maximum (Plet et al., 2011; Ng et al., 2015).  

Interestingly, NIN activation in the epidermis is sufficient to induce Cytokinin 

signaling in the inner root cortex (Vernié et al., 2015). However, CRE1-dependent 

signaling can also induce NIN and NIN in turn binds to the promoter of CRE1 

(Vernié et al., 2015). Therefor, NIN is not only involved in a negative regulation of IT 

formation, but also in a positive feedback loop in the cortex to initiate and maintain 

nodule organogenesis (Yoro et al., 2014; Vernié et al., 2015). But if NIN or a product 

of its action is involved in the coordination of the infection and organogenesis 

program still needs to be shown. So far, NIN was thought to be RNS-specific. 

However, this might to be reconsidered due to the findings of Guillotin and co-

workers (Guillotin et al., 2016). They showed for the first time that nin1-1 mutant 

plants are less colonized and having less infection points by the AMF Rhizophagus 

irregularis than the wild type (Guillotin et al., 2016). However, further research needs 

to be done to elucidate the regulatory mechanism NIN might be involved. 

Although already several further TFs have been described to be involved in root 

nodule formation (Combier et al., 2006; De Zélicourt et al., 2012; Ariel et al., 2012; 

Laporte et al., 2014). Their precise positioning within a signaling pathway and 

downstream targets still need to be elucidated. 

 

1.3.3. AM-Specific Signaling Components 

On the side of the AM-specific signaling components downstream of the CSP major 

progress has been made by elucidating the importance of several GRAS domain TFs 

in the regulation of AM. In 2012, RAM1 from Medicago was described the first time 

and is a direct downstream target of the CSP (Gobbato et al., 2012; Pimprikar et al., 

2016). RAM1 is essential to support arbuscule hyphae branching and the formation of 

hyphopodia at the root surface (Gobbato et al., 2012; Park et al., 2015; Xue et al., 

2015; Pimprikar et al., 2016). A direct target of RAM1 is RAM2, a glycerol-3-

phosphate acyl transferase, which is necessary for hyphopodia and arbuscule 
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formation by producing cutin monomers as plant signaling molecules (Wang et al., 

2012b; reviewed in: Murray et al., 2013). 

The importance of DELLAs for the establishment of a beneficial interaction between 

the plants and its symbiont was already mentioned above. Besides NSP1 and NSP2 

two further AM-specific GRAS-type transcription factors have been identified to be 

interaction partners of DELLAs: (1) DELLA INTERACTING PROTEIN 1, which is 

important for AMF colonization and (2) MYCORRHIZA INDUCED GRAS 1, which 

regulates the cortical radial cell expansion during arbuscule development (Yu et al., 

2014; Heck et al., 2016). Moreover, REQUIRED FOR ARBUSCULE 

DEVELOPMENT, an AM-specific GRAS-type TF as well, interacts with RAM1 and 

regulates arbuscule number (Xue et al., 2015). All these results point to the existence 

of a GRAS-type dependent regulatory complex, including DELLAs, which is 

important for the regulation of AM-associated gene expression.  

After identifying the described DELLA-involved induction complex downstream of 

the CSP, the next challenging step will be to elucidate the direct targets of this 

complex and how the AM-specific signaling pathway is further maintained. 

 

1.4. The Evolution of AM and RNS 

450 million years ago land was colonized by terrestrial plants. Fossil findings support 

a concomitant evolution of beneficial interaction between a photosynthetic organism 

and a fungus (Taylor et al., 1995; Redecker et al., 2000). This symbiosis probably 

facilitated plant terrestialization and true root development by assisting plants to 

absorb water and nutrients from soil (Humphreys et al., 2010; Selosse et al., 2015). 

The work of Humphreys et al. (2010) supported the theory of root development by 

showing the mutualistic interaction between thalloid liverworts (belonging to most 

basal plant groups) and AM fungus. 

By applying phylogenetic comparison approaches and cross-species complementation 

between rice and legumes with CSP components the co-appearance of land 

colonization and AM was supported (Wang et al., 2010). The presence of LysM-

receptor-like kinases, DMI1 and IPD3 in advanced charophytes indicates the 

evolution of this CSP signaling module already prior to land colonization by plants 

(Delaux et al., 2015a). Studies on the evolution of CCaMK/DMI3 propose that this 

gene originated through gene duplication from CALCIUM-DEPENDENT PORTEIN 



 

 

 
Introduction 

 

  

31 

KINASE during green algae evolution and gained its function by neo-functionalization 

(Wang et al., 2010; Delaux et al., 2015a). This was most likely the general evolution 

motif for the full signaling pathway necessary to establish AM in first land plants 

(Delaux et al., 2014, 2015a). These results further supported the theory that genes, 

necessary for symbiotic plant-fungus interaction, have been present in the common 

ancestor of land plants and green algae. 

The symbiosis between nitrogen-fixing bacteria and plants evolved several times with 

the first appearance approx. 65 million years ago (Herendeen et al., 1999; Soltis et al., 

2000; Adams, 2002). Besides the symbiosis between plants from the FaFaCuRo clade 

and the bacteria of the genus Rhizobia or Frankia, symbioses between plants and 

cyanobacteria have developed across several plant clades (reviewed in Sprent, 2008; 

Delaux et al., 2015b). Furthermore, the finding that several components of the AM 

signaling pathway are important for the successful establishment of this second 

symbiosis led to the hypotheses that (a) the last common ancestor of AM- and RNS-

capable plants gained a predisposition to form nodules and that (b) parts of the 

evolutionary older AM signaling pathway have been recruited to the RNS pathway 

thereby establishing the CSP (Soltis et al., 1995; Kistner & Parniske, 2002; 

Markmann & Parniske, 2009). Werner et al. could show that the innovation of a 

single precursor of all nitrogen-fixing symbioses is the best explanation for the 

current distribution within the plant kingdom (Werner et al., 2014).  

The hypothesis of AM signaling components being recruited to develop the 

evolutionary younger RNS pathway was supported by the studies using Parasponia 

andersonii. This non-legume specie, which can establish RNS belongs to the genus 

Parasponia and is phylogenetically positioned next to Fabaceae, but gained the RNS 

ability more recently than legumes (Akkermans et al., 1978; Soltis et al., 2000). By 

comparing the genomes of Parasponia and legumes, parallel genetic developments 

can be identified that have led to the evolution of RNS. P. andersonii plants posse a 

single NFP-like receptor gene (PaNFP), which is necessary for AM and RNS and an 

ortholog to NFR5/NFP (Op den Camp et al., 2011b). 

The comparison of non-AM-, AM-only-, AM and RNS- and RNS-only-host (e.g. 

Lupinus) genomes, as it is currently undergoing, will give further hints on how 

evolution took place and which components of the signaling pathways both symbioses 
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have in common and which are specific (Delaux et al., 2014; Favre et al., 2014; De 

Mita et al., 2014; Bravo et al., 2016). 

 

 

2. Remorins – A Plant Specific Multi-Gene Family  

 

Remorin proteins belong to a plant-specific protein family that can be found in 

angiosperms, gymnosperms, ferns and mosses, but is absent in algae. The proteins 

consist of a very conserved C-terminal domain that harbors the canonical Remorin-C 

domain. In contrast, the N-terminal domain is highly diverse. The remorin protein 

family can be further subdivided into six separate groups, with group 2 remorins only 

existing in legumes and poplar (Raffaele et al., 2007). Protein modeling showed that 

the C-terminal part folds into a coiled-coil domain and that the N-terminal domain 

shows all features of an intrinsically disordered region, like low mean hydrophobicity 

and relatively high net charge (Marín & Ott, 2012; Marín et al., 2012). Protein 

interaction studies revealed that the C-terminal domain is important for stable protein-

protein interaction and can undergo homo- and heterooligomerization (Bariola et al., 

2004; Marín et al., 2012; Tóth et al., 2012). Remorins can be phosphorylated in a 

stimulus-dependent manner and are mainly phosphorylated in the N-terminal domain 

(Farmer et al., 1989; Marín & Ott, 2012; Marín et al., 2012; Tóth et al., 2012; Gui et 

al., 2016). 

In recent years more and more studies have revealed that remorins play an important 

role in abiotic stress processes, but also pathogenic and symbiotic interactions 

(Benschop et al., 2007; Raffaele et al., 2009; Lefebvre et al., 2010; Checker & 

Khurana, 2013; Yue et al., 2014; Gui et al., 2016). For example, the remorin REM1.3 

from Solanum tuberosum (potato) was shown to be involved in the restriction of the 

cell-to-cell movement of Potato Virus X by modulating the plasmodesmal size 

exclusion limit (Raffaele et al., 2009; Perraki et al., 2014). The remorins REM1.2 and 

REM1.3 from Arabidopsis thaliana have been identified to be phosphorylated in a 

flg22-dependent manner (Benschop et al., 2007). Interestingly, it could be now shown 

that these remorins positively correlate with the plant immune receptor FLAGELLIN-

SENSITIVE 2 (FLS2) regarding their MD localization (Bücherl et al., 2017). But if 

these remorins are directly phosphorylated by FLS2 still needs clarification.  
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2.1. Symbiotic Remorins 

Besides remorins being involved in pathogen interaction as mentioned previously, the 

legume-specific remorin REM2.2 was found to be by highly induced during RNS 

(Colebatch et al., 2004; El Yahyaoui, 2004). This remorin was later named 

SYMBIOTIC REMORIN1 (SYMREM1) (Lefebvre et al., 2010). SYMREM1 

localizes to the PM in distinct membrane domains along the IT and symbiosome 

membrane in nodules of Medicago truncatula. SYMREM1 homooligomerizes and 

interacts with NFP, LYK3 and DMI2 (Lefebvre et al., 2010). These interactions could 

be verified for the Lotus SYMREM1, as well (Tóth et al., 2012). Interestingly, the 

interaction of SYMREM1 and NFR1 could be visualized in defined hotpots in the 

PM, resembling MDs (Jarsch et al., 2014). SYMREM1 can be phosphorylated in vitro 

by NFR1 and SYMRK kinase domains in the N-terminal domain (Tóth et al., 2012). 

Phenotypical studies in Medicago revealed the involvement of SMYREM1 in the 

successful and controlled nodule infection by rhizobia (Lefebvre et al., 2010) while 

overexpression of SYMREM1 in Lotus led to the increased formation of nodules 

(Tóth et al., 2012).  

 

Interestingly, the second member (REM2.1) of the legume-specific subgroup two was 

identified in a screen for AM-specific marker genes and was called REMORIN-LIKE 

1 (later MYCORRHIZA-INDUCED REMORIN (MYCREM)) (Kistner et al., 2005; 

Raffaele et al., 2007). RML was strongly induced 12 days after AMF inoculation 

(Kistner et al., 2005). However, apart from this unexpected strong AM-specific 

induction, the function of RML1 is elusive. 

 

2.2. Remorins as Membrane Domain Marker 

2.2.1. The Compartmentalized Plasma Membrane  

When Singer and Nicolson postulated their `fluid-mosaic´ model in 1972 they 

envisioned the plasma membrane as a fluid bilayer of phospholipids with embedded 

and freely moving integral proteins (Singer & Nicolson, 1972). Since then our view 

on the structure of the plasma membrane got more diverse and led to several new 

models. However, all of these models share the view on the PM as a subdivided and 
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compartmentalized continuum with regard to lipids and proteins with additional 

restricting influences by the actin cytoskeleton (and the cell wall in plants) (Lingwood 

& Simons, 2010; Kusumi et al., 2012; Malinsky et al., 2013; Nicolson, 2014).   

 

2.2.1.1. Membrane Compartmentalization 

In plants the main components of the lipid bilayer are glycerolipids (mainly 

phospholipids), sphingolipids and sterols (Mongrand et al., 2004; Kierszniowska et 

al., 2009; Li-Beisson et al., 2013). Due to their different intrinsic properties like 

hydrophobicity, and self-association of sterols and sphingolipids via hydrogen bonds, 

these lipids do not mix homogenously within the bilayer, but separate into different 

clusters containing either mainly phospholipids or sphingolipids and sterols (Simons 

& Ikonen, 1997; Simons & Gerl, 2010). The patches containing mainly sphingolipids 

and sterols are called “raft domains” or “lipid rafts” (Kusumi et al., 2005; Lingwood 

& Simons, 2010). These raft domains are small (2-20 nm in diameter), heterogeneous 

and highly dynamic. However, these raft domains can assemble to larger domains that 

can be visualized by fluorescent light microscopy (Pike, 2006; Raffaele et al., 2009; 

Demir et al., 2013; Jarsch et al., 2014), which are then also called meso-scale MDs 

(Konrad & Ott, 2015). This assembly process can be stabilized by lipid-lipid, lipid-

protein and protein-protein interactions (Pike, 2006, 2009).  

A prominent example for sterol-dependent domain localization of a protein is PIN-

FORMED1 (PIN1) and PIN2, both auxin efflux carriers. In a wild type plant these 

proteins show a polar plasma membrane localization to establish an auxin gradient 

within the root (Wiśniewska et al., 2006; Boer et al., 2013). Within this polar 

localization the efflux carriers form distinct domains, which were dependent on the 

sterol content in the PM (Men et al., 2008; Pan et al., 2009; Kleine-Vehn et al., 2011). 

An interesting study on the different RNS-related MDs of LYK3 and FLOT4 in 

Medicago showed MD co-localization as a physiological response. While the LYK3-

lablled domains were mobile in buffered-treated samples, the FLOT4-labelled 

domains showed a stable behavior. However, after inoculation with rhizobia the 

LYK3 domains got static and co-localized with the FLOT4-domains (Haney et al., 

2011). 

Besides the MDs, the membrane is also subdivided into larger areas (40 – 300 nm in 

diameter) by the membrane associated actin cytoskeleton, which is also named 
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“membrane skeleton” (Lenne et al., 2006; Kusumi et al., 2012; Szymanski et al., 

2015). This membrane skeleton can be imagined like a “fence” that 

compartmentalizes the PM and also restricts the diffusion of proteins (Kusumi et al., 

2005). It was shown that these “fences” are distributed all over the inner PM leaflet. 

Furthermore transmembrane proteins are anchored to and associated with this actin 

network and function like “pickets” to slow down the free diffusion of phospholipids 

and proteins (Saxton, 1990; Edidin et al., 1991; Bussell et al., 1995; Suzuki et al., 

2005; Morone et al., 2006; Li et al., 2011; Martinière et al., 2012; Szymanski et al., 

2015; Koldsø et al., 2016). Although this view of the PM was first gained by 

experiments on mammalian PM systems, the “picket - fence” model can be also used 

for plant the PM. For instance, disturbing the membrane skeleton by different drug 

treatments led to an alteration of the size of Rem1.2-MDs (Szymanski et al., 2015).  

While raft domains and membrane skeleton influence the localization and the 

dynamics of PM proteins, the cell wall has also a great impact on protein´s mobility 

(Martinière et al., 2012). The PM therefore has to be viewed as a compartmentalized 

membrane skeleton MD cell wall continuum.  

 

2.2.2. Membrane Domain Marker 

Remorins localize to the PM and have been identified in several proteomic studies on 

PM and in Detergent-Insoluble-Membrane (DIM) fractions (Watson et al., 2003; 

Mongrand et al., 2004; Bhat & Panstruga, 2005; Valot et al., 2006; Lefebvre et al., 

2007). DIMs have been thought to be the biochemical counterpart of MDs and are 

obtained from PM fractions that are treated with ice-cold nonionic detergent like 

Triton-X-100. However, since sterols tend to cluster due to their intrinsic properties, 

this extraction method is prone to artifacts (Brown & Rose, 1992; Tanner et al., 

2011). Despite this disadvantage of this technique, the appearance of a protein in a 

DIM fraction can be seen as a first hint for putative MD localization but has to be 

verified by microscopy techniques (Kierszniowska et al., 2009; Tanner et al., 2011; 

Tapken & Murphy, 2015). Due to their constant appearance in DIM proteomic 

approaches and their punctate localization in the PM, remorin proteins are used as 

MD markers (Mongrand et al., 2004; Lefebvre et al., 2007, 2010; Kierszniowska et 

al., 2009; Raffaele et al., 2009; Demir et al., 2013).  
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In a large (co-) localization approach of all 16 Arabidopsis thaliana remorins and four 

further MD localized proteins (three FLOTs and POTASSIUM CHANNEL IN 

ARABIDOSIS THALIANA 1) the coexistence of highly distinct MDs was 

demonstrated (Jarsch et al., 2014). The remorin-labeled MDs have been characterized 

by different parameters like domain size, width, intensity, circularity and domain 

density. Furthermore, by tracking the fluorophore-tagged proteins over a time period 

of 20 min a high lateral stability of the MDs could be shown. The co-expression of 45 

different remorin-pairs identified the existence of 14 co-localizing pairs and 12 pairs 

strictly excluding each other, but also random localization has been observed. 

Interestingly, besides the coexistence of several distinct MDs on the PM plane, it 

could be demonstrated that the MD formation of REM1.2 and REM1.3 may be 

dynamically under different developmental stages or environmental cues (Jarsch et 

al., 2014).  

With this set of MD marker proteins, an in vivo tool is know available to verify MD 

localization of other proteins of interest apart from the artificial DIM extraction 

method. 

 

2.3. Membrane Anchoring Mechanism of Remorins 

PM proteins can be categorized according to their PM binding mechanism into either 

integral or peripheral membrane proteins. Integral membrane proteins are embedded 

into the PM via secondary proteins structures. These can be one or several α-helices, 

called transmembrane domain(s) (TMD), β-strands building a barrel-like structure or 

amphipathic α-helices, that inserts only into one leaflet of the PM bi-layer (Macasev 

et al., 2004; McMahon & Gallop, 2005; Chen et al., 2006; Wang et al., 2006). The 

PM attachment of peripheral proteins can be achieved via protein interaction with 

integral membrane proteins, via electrostatic interactions or by protein lipidation 

(Boyes et al., 1998; Hemsley et al., 2005; van den Bogaart et al., 2011). Protein 

lipidation describes a post-translational protein modification that increases the affinity 

to PM by adding a hydrophobic moiety (reviewed in: Hemsley, 2014). The known 

lipid modification types in plants are (1) prenylation, (2) N-myristoylation, (3) S-

acylation and (4) glycosylphosphatidylinositol (GPI) modification. 

Prenylation and N-myristoylation are irreversible additions of either farnesyl or 

geranylgeranyl chains or of a 14 carbon myristoyl chain by specific transferases 
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(Cutler et al., 1996; Running et al., 2004; Traverso et al., 2013). The S-acylation, 

formerly also known as palmitoylation, is a reversible modification. It describes the 

addition of a palmitate or stearate moiety to a cysteine residue through a thioester 

bond. This reaction is catalyzed by a large protein family, the protein-S-acyl 

transferases (PATs), which are integral membrane proteins (Hemsley et al., 2005; 

Batistič et al., 2012). In a proteomic screen several TMD containing proteins, like 

FLS2, could be shown to be S-acylated as an additional PM anchoring mechanism 

(Hemsley et al., 2013). 

So far, the GPI anchor modification is the only modification of proteins associated to 

the outer leaflet and proteins with this modification predominantly localize to MDs 

(Sherrier et al., 1999; Mongrand et al., 2004; Lefebvre et al., 2007; Kierszniowska et 

al., 2009). This large and complex glycolipid modification is added to the protein in 

the endoplasmic reticulum (reviewed in: Maeda & Kinoshita, 2011). 

It was hypothesized that S-acylation contributes to MD localization of membrane 

proteins due to the high similarity to the lipids associated with MDs (Levental et al., 

2010b; Blaskovic et al., 2013). But if this lipidation is sufficient as signal for MD 

localization in the inner leaflet or if this mediated by protein intrinsic signal motifs 

still an open question. 

 

2.3.1. Current Anchoring Model Hypotheses 

Although remorins are predicted to be highly hydrophilic and without any TMD or 

any other anchoring domain they localize to the PM in distinct MDs. Furthermore, it 

could be shown that remorins attach to the cytosolic leaflet and are as strongly 

anchored to the PM as integral membrane proteins (Raffaele et al., 2009; Perraki et 

al., 2012). A study in 2012 on the remorin StREM1.3 identified the last C-terminal 26 

aa as a dynamic anchoring region (RemCA for Remorin C-terminal Anchor) (Perraki 

et al., 2012). For this RemCA an intrinsic property to bind to lipids was postulated. 

Due to this finding the authors proposed a two-step anchoring mechanism with (1) 

attaching of the unfolded RemCA to the PM with its positively charged residues. By 

this (2) the folding of the RemCA into a tight hairpin of α-helices is induced. A 

hydrophobic pocket gets formed that mediates the tight PM anchoring (Perraki et al., 

2012). In addition a predominant co-purification of the RemCA domain with DIM-
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fractions was shown, from which they concluded that the RemCA domain also 

harbors an intrinsic signal for MD localization. 

However, remorins were also identified in a large proteomic study to be S-acylated 

(Hemsley et al., 2013). Therefor, it still remains unclear how a general anchoring 

mechanisms of remorins could function. Specially, if the RemCA domain really 

contains a MD localization signal or if the S-acylation localizes remorins to MDs 

needs further investigation. 

 

 

3. Aims Of This Study 

3.1. SYMREM1 

Based on the amino acid sequence of remorins no PM anchoring domain or 

modification was predictable. Therefore, the mechanism how remorins are anchored 

to the inner leaflet of the PM, and especially to MD, was not known at the beginning 

of this thesis. During the initial phase of my PhD the findings of two studies 

postulated two different mechanisms for remorins to anchor to the PM. One 

hypothesized a mechanism, which includes the folding of a tight α-helical hairpin of a 

C-terminal RemCA domain and the other showed remorins of the group 1 to be 

present in a proteomic study of S-acylated proteins. 

To fully unravel the anchoring mode of remorins the PM localization behavior of 

different SYMREM1 protein variants (truncations and point mutations) have been 

studied in a homologous and heterologous expression system. To be able to make a 

general statement on the anchoring mechanism of remorins, Arabidopsis thaliana 

remorin family proteins have been included in this study as well (Konrad et al., 2014). 

In the frame of this work also the question was addressed whether S-acylation or an 

intrinsic protein motif mediated MD localization of remorins. 

 

In a smaller second part on SYMREM1 the available mutant lines have been further 

phenotypically characterized. Additionally, the lack of a functional SYMREM1 in 

these mutant lines could be verified as the reason for the observed phenotype via 

complementation experiments (Stratil et al. manuscript 2) 
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3.2. MYCREM (formerly REMORIN-LIKE 1) 

To gain a better understanding of the physiological relevance of an AM-induced 

legume-specific remorin, a large phenotypical approach was initiated. A mycrem 

mutant line was studied under three different symbiotic interaction conditions (AM, 

RNS and AM/RNS simultaneous). Additionally, an evolutionary approach was 

undertaken to understand the discrepancy between being highly induced under AM 

conditions but being absent in other AM-host plants than legumes. Studies on 

unraveling the genetic position of MYCREM within the AM and RNS related 

pathways have been initiated (Popp et al. manuscript 1). 

Moreover, by studying MYCREM I addressed the first time the question how the 

tripartite symbiotic interaction of legumes, AMF and rhizobia, as it occurs in nature, 

can be spatially controlled downstream of the CSP. 
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Summary

� Remorins are well-established marker proteins for plasma membrane microdomains. They

specifically localize to the inner membrane leaflet despite an overall hydrophilic amino acid

composition. Here, we determined amino acids and post-translational lipidations that are

required for membrane association of remorin proteins.
� We used a combination of cell biological and biochemical approaches to localize remorin

proteins and truncated variants of those in living cells and determined S-acylation on defined

residues in these proteins.
� S-acylation of cysteine residues in a C-terminal hydrophobic core contributes to membrane

association of most remorin proteins. While S-acylation patterns differ between members of

this multi-gene family, initial membrane association is mediated by protein–protein or pro-

tein–lipid interactions. However, S-acylation is not a key determinant for the localization of

remorins in membrane microdomains.
� Although remorins bind via a conserved mechanism to the plasma membrane, other mem-

brane-resident proteins may be involved in the recruitment of remorins into membrane

domains. S-acylation probably occurs after an initial targeting of the proteins to the plasma

membrane and locks remorins in this compartment. As S-acylation is a reversible post-transla-

tional modification, stimulus-dependent intracellular trafficking of these proteins can be

envisioned.

Introduction

It has now been widely accepted that plasma membranes (PM)
are functionally compartmentalized. These structures, called
membrane micro-domains, are defined by a dynamic crosstalk
between different lipids, membrane-resident proteins and proba-
bly the cortical cytoskeleton that results in the assembly of mem-
brane subcompartments in the micrometer range (reviewed in
Lingwood & Simons, 2010; Li et al., 2013; Malinsky et al.,
2013). While life cell imaging of lipids revealed a heterogeneous
distribution in cells and tissues (Vermeer et al., 2009; Horn et al.,
2012), most work done in plants so far has focused on the roles
of sterols. Such sterol-enriched sites can harbour a large number
of signalling proteins and are important during plant-microbe
interactions (reviewed in Zappel & Panstruga, 2008; Jarsch &
Ott, 2011; Urbanus & Ott, 2012). Focal accumulation of mem-
brane domain proteins during host cell infection indicates the
existence of active cellular processes that specifically direct

signalling complexes to infection sites (Bhat et al., 2005; Haney
& Long, 2010; Lefebvre et al., 2010; Underwood & Somerville,
2013). Increasing evidence suggests that a large number of PM-
resident proteins do not freely diffuse inside the PM bilayer as
single molecules but are preassembled into distinct subdomains
(Kusumi et al., 2012). However, not much is known about the
mechanisms that target individual proteins to membrane
domains in plant cells. Transmembrane proteins might not only
assemble specific lipids in their vicinity and thereby directly
contribute to the assembly of specific lipid shells, but also
interact with other membrane-resident proteins and the actin
cytoskeleton. Such interactions, among others, support the for-
mation of larger domain clusters (Lingwood & Simons, 2010;
van den Bogaart et al., 2011). For extracellular proteins, the addi-
tion of glycosylphosphatidylinositol (GPI) moieties has been
shown to contribute to their specific association with the apoplas-
tic face of sterol-enriched membrane domains (Varma & Mayor,
1998). Accordingly, proteins carrying GPI-anchors are overrepre-
sented in sterol-enriched detergent-resistant membranes
(DRMs), indicating that addition of this lipid moiety directs*These authors contributed equally to the work.
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extracellular proteins into these fractions (Kierszniowska et al.,
2009). In plants, only few proteins have been identified that asso-
ciate with membrane domains at the cytosolic face of the PM,
among them flotillins and remorins (Raffaele et al., 2009; Haney
& Long, 2010; Li et al., 2012; Jarsch et al., 2014). Flotillins
evolved in multicellular eukaryotes and form a small gene family
with three members in Arabidopsis thaliana. They bind the
inner leaflet via lipid modifications, called myristoylation and
S-acylation (Neumann-Giesen et al., 2004). Myristoylation is an
irreversible modification of an N-terminal glycine residue while
S-acylation (formerly called palmitoylation) of cysteine residues
can occur throughout the entire protein (Blaskovic et al., 2013).
Importantly, S-acylation contributes not only to membrane asso-
ciation of proteins but also to the regulation of protein–protein
interactions (Blaskovic et al., 2013). The acylation reaction itself
is either catalysed by membrane-resident protein acyl-transferases
(PATs) or, rarely, occurs spontaneously (Bharadwaj & Bizzozero,
1995). In contrast to other lipid modifications that mediate PM
association, S-acylation is reversible. This feature allows dynamic
regulation of protein complexes. As such regulatory modes are
required during signal transduction, it appears a natural conse-
quence that a number of plant signalling proteins, such as small
GTPases (Sorek et al., 2007), calcium-dependent kinases (Martin
& Busconi, 2000) and heteromeric G-proteins (Adjobo-Hermans
et al., 2006; Hemsley et al., 2008), have been shown to be S-acyl-
ated. More globally, a recent proteomic study in A. thaliana
reported the presence of 581 S-acylated proteins, among them
two plant-specific remorins (Hemsley et al., 2013). Remorins
form a multigene family with 16 members in A. thaliana (Raffa-
ele et al., 2007). Plants that undergo root nodule symbiosis have
evolved an additional subgroup that also comprises the SYMBI-
OTIC REMORIN 1 (SYMREM1) (Lefebvre et al., 2010; T�oth
et al., 2012). The SYMREM1 protein interacts with symbiosis
related receptor-like kinases and localizes in membrane microdo-
mains along nodular infection threads (Lefebvre et al., 2010;
T�oth et al., 2012). Knockout mutants in Medicago truncatula
revealed that the protein controls rhizobial infections as these
mutants developed more prematurely aborted nodules compared
with wildtype plants (Lefebvre et al., 2010; T�oth et al., 2012).
Remorins consist of a conserved C-terminal region that contains
a canonical remorin signature. By contrast, their phosphorylated
and intrinsically disordered N-terminal regions are highly variable
in sequence composition and length and may serve regulatory
functions during protein–protein interactions (Mar�ın & Ott,
2012; Marin et al., 2012; T�oth et al., 2012). Remorins localize to
distinct membrane domains at the cytosolic leaflet of the PM
(Raffaele et al., 2009; Lefebvre et al., 2010; Perraki et al., 2012;
Demir et al., 2013; Jarsch et al., 2014) and serve as established
marker proteins for PMs and membrane microdomains. Structur-
ally these proteins lack a transmembrane domain and exhibit an
overall hydrophilic amino acid profile (Reymond et al., 1996;
Raffaele et al., 2009). Although they have been numerously found
at the PM, their mode of association has not been fully under-
stood. A recent study proposed that the potato remorin
StREM1.3 physically inserts into the PM through a tight hairpin
structure comprising amphipathic a-helices and that a

corresponding ‘remorin C-terminal anchor’ (RemCA) is required
and sufficient for membrane binding of this remorin (Perraki
et al., 2012). Considering the fact that the homologous protein
from A. thaliana is S-acylated (Hemsley et al., 2013), the mode
of membrane binding and localization to membrane microdo-
mains remains to be fully elucidated.

In this study, we have finally unravelled the molecular mecha-
nism that targets these membrane domain marker proteins to the
PM and analysed the structural requirements for their specific
localization.

Materials and Methods

Molecular cloning and sequence analyses

Remorin constructs were cloned from cDNA templates by
Golden Gate cloning or standard Gateway (GW) technology
using self-assembled level I and II plasmids or the pDONR207
entry vector, respectively (Binder et al., 2014). In Nicotiana
benthamiana Domin, all remorins were expressed using the
pAM-PAT-YFP-GW vector. For expression in Medicago
truncatula Gaertn. roots, the modified destination vector pUBi-
YFP-GW-HYG was used, where the standard recombination site
was replaced with an YFP-GW cassette via the sites KpnI and
XbaI. Point mutations were introduced into the respective entry
clones via inverted PCR.

Plant transformation and fluorescence microscopy

For analysis of SYMREM1, M. truncatula (ecotype A17) roots
were transiently transformed as described previously (Boisson-
Dernier et al., 2001) with slight modifications. Plants were then
grown on Fahraeus medium for 3 wk before imaging of the sam-
ples. For methyl-b-cyclodextrin (mbCD) treatments, roots
expressing a genomic SYMREM1 construct with N-terminally
fused yellow fluorescent protein (YFP) were incubated in 30 mM
mbCD on the microscope slide and images were taken consecu-
tively directly during immersion in the drug. Control experi-
ments were performed in water. Images were taken 3 wk after
transformation.

For heterologous expression, constructs were transformed into
Agrobacterium tumefaciens strains GV3101 and AGL1. Transfor-
mation of N. benthamiana leaves was performed as previously
described (T�oth et al., 2012). All transformations were repeated
at least three times independently. It should be noted that, in the
case of N. benthamiana transformations, all cells represent inde-
pendent transformation events.

Confocal laser scanning microscopy was performed using a
Leica TCS SP5 confocal microscope equipped with 963 and
920 HCX PL APO water immersion lenses (Leica Microsystems,
Mannheim, Germany). The YFP fluorophores were excited with
the 514 nm argon laser line and emission was detected at
525–600 nm. FM4-64 fluorescence was excited using the argon
laser line at 476 nm and emission was detected between 690
and 750 nm. In all cases, maximum projections of z-stacks are
shown.
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In silico analysis of SYMREM1

Ab initio modelling of SYMREM1 was performed using the
I-TASSER server (Zhang, 2008; Roy et al., 2010). Models for
the N- and C-terminal regions were constructed independently
and subsequently fused. Predictions of putative regions involved
in protein interactions were performed using the PPI-Pred
server (http://bioinformatics.leeds.ac.uk/ppi_pred/index.html)
(Bradford & Westhead, 2005). Molecular graphics were pro-
duced using the UCSF Chimera package (http://www.cgl.ucsf.
edu/chimera) (Pettersen et al., 2004).

The hydrophobicity plot was generated on the basis of the
SYMREM1 amino acid sequence (GenBank accession AEX20500)
using the Expasy Webserver (http://web.expasy.org/cgi-bin/prot-
scale/protscale.pl).

Microsomal fractionation

Microsomal fractions were prepared by the addition of extraction
buffer (230 mM sorbitol, 50 mM Tris/HCl (pH 7.5), 10 mM
KCl, 3 mM ethylene glycol tetraacetic acid and protease inhibi-
tors) to ground tissue of the microscopically examined material.
Samples were spun at 20 000 g for 40 min before the extract was
passed through two layers of Miracloth. The obtained superna-
tant was then spun down at 100 000 g for 1 h. The resulting pel-
lets containing the microsomal fractions were resuspended in
Tris-buffered saline (TBS) and used for western blot analysis.
The supernatant contained all cytosolic proteins.

Biotin switch assays

Two N. benthamiana plants were independently infiltrated per
construct, with A. tumefasciens carrying the respective plasmids.
Before protein extraction, expression of the constructs was micro-
scopically confirmed, using a Leica DMI 6000 epifluorescence
microscope. Three fluorescent leaves per plant were harvested
and samples were pooled for further processing. The biotin
switch assay itself was conducted as described previously (Hems-
ley et al., 2008). In brief, all free sulfhydryls were blocked by
incubation in N-ethylmaleimide. Hydroxylamine-induced cleav-
age of the acylthioester bond resulted in removal of the fatty acid
moiety and the generation of free sulfhydryls that were labelled
using a sulfhydryl-reactive biotin, forming a biotinylated cysteine.
S-acylated proteins were then purified using neutravidin-coupled
agarose beads. Methanol/chloroform precipitations were carried
out as described earlier (Wessel & Flugge, 1984). This experi-
ment was repeated two to three times independently and always
yielded the same result.

Quantification of bands on the Western blot was performed
using ImageJ. Mean intensity values were obtained after substrac-
tion of the background.

Western blot analysis

After sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE), proteins were transferred overnight at 4°C to

polyvinylidene fluoride membranes. Membranes were blocked in
TBS containing 0.1% Tween 20 (TBS-T) and 5% milk for 10 h
at 4°C. All constructs were detected using a polyclonal a-GFP
antibody (Rockland Immunochemicals, Gilbertsville, PA, USA) at
a 1 : 5000 dilution in TBS-T 5% milk overnight at 4°C. The
membrane was washed three times with TBS-T before incubation
with a horseradish peroxidase-conjugated a-rabbit antibody
(GE Healthcare, Munich, Germany) at a 1 : 20 000 dilution in
TBS-T 5% milk for 1 h at room temperature. Detection of chemi-
luminescence was carried out according to the ECL reagent manu-
facturer’s instructions (Pierce; Thermo Fischer, Bonn, Germany).

Expression of SYMREM1 constructs in yeast

SYMREM1, SYMREM1C197A, RemCA and truncated variants
were cloned into the yeast expression vector pAG424GAL-EYFP-
ccdB (Addgene, Cambridge, MA, USA) via Gateway technology.
Yeast transformation in the NMY32 strain was performed as
described earlier (T�oth et al., 2012). Transformants were selected
on synthetic dropout (SD) medium supplemented with 2%
galactose to induce transgene expression. For microscopy, yeast
cells were immobilized on glass slides with a 5% low melt agarose
film.

For protein extractions, pellets from 12 ml cultures were
washed with 1 mM ethylenediaminetetraacetic acid before dis-
ruption by glass beads in 50 mM Tris-HCl supplemented with
protease inhibitors. Microsomal and cytosolic fractions were
obtained by differential centrifugation as described earlier and
subjected to western blot analysis.

Results

Sterol-dependent localization of SYMREM1 in membrane
microdomains

In a first experiment, we assessed PM localization of SYMREM1
in detail. When ectopically expressing a SYMREM1 fusion pro-
tein in transgenic M. truncatula roots, we observed the expected
labelling of PM microdomains (Fig. 1a). Interestingly, most
observed membrane domains were immobile over the 30 min
observation period (Fig. 1b, arrowheads). This is in agreement
with previous localization studies of native SYMREM1 in root
nodules (Lefebvre et al., 2010) and other remorins (Raffaele
et al., 2009; Demir et al., 2013; Jarsch et al., 2014). Because for-
mation of membrane domains has often been associated with the
enrichment of sterols, we tested sterol-dependency of SYM-
REM1-labelled microdomains in living cells. For this, transgenic
roots were incubated in the presence of 30 mM mbCD, a cyclic
oligosaccharide that interacts with hydrophobic molecules,
including sterols, and depletes them from membranes (Roche
et al., 2008). Indeed, most microdomains dissolved within the
first 10 min upon mbCD application, indicating sterol-depen-
dency of these membrane domains (Fig. 1c). Cell viability during
mbCD treatment was confirmed by the persistent presence of
cytoplasmatic streaming in living root hair cells incubated in
water (Fig. 1d) and 30 min after mbCD application (Fig. 1e).
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Furthermore, we could exclude the possibility that the mbCD
treatment affected the fluorophore itself, as application of the
drug did not result in any difference from water-treated controls
when we expressed free YFP protein in transgenic roots (Fig. 1f,
g). These experiments demonstrate that SYMREM1 localizes to
membrane domains in a sterol-dependent manner in vivo.

Identification of the membrane-binding site

As other remorins, the SYMREM1 protein shows an overall
hydrophilic pattern (Fig. 2a). However, the C-terminal 35 resi-
dues may form a hydrophobic core out of which 19 residues are
predicted to be intrinsically disordered and thus do not contain
any secondary structure in solution. Using the PPI-Pred server,
we found that 25 of these terminal residues are predicted to be
involved in protein–protein interactions (indicated in red; Sup-
porting Information, Fig. S1a). As hydrophobic sites are required
for both direct membrane binding and protein–protein interac-
tions, we generated a series of truncation variants of SYMREM1
N-terminally fused to a YFP fluorophore (YFP-SYMREM1), to
investigate the role of its different protein regions in membrane
binding. These constructs were expressed in transgenic
M. truncatula roots, and secant (median) planes of root epidermal
cells were analysed by confocal laser scanning microscopy. The
results are shown in Fig. 2 as maximum intensity projections of
z-stack images. As expected, the full-length protein entirely
resided in the PM (Fig. 2b). The N-terminal region of SYM-
REM1 (residues 1–73; Fig. 2c) showed the same cytoplasmic
localization pattern as the sole YFP fluorophore (Fig. S1b). By

contrast, the C-terminal region (residues 74–205) remained fully
associated with the PM (Fig. 2d). Expression of C-termi-
nally truncated proteins, where deletions were introduced in
front of the predicted helical structure at position Cys171 (resi-
dues 1–170) or between the predicted intrinsically disordered
C-terminal residues (residues 1–190), resulted in a predomi-
nantly cytosolic SYMREM1 protein (Fig. 2e,f). These results
indicate that residues within the C-terminal region mediate PM
localization. This was confirmed in a reciprocal experiment where
a YFP fluorophore was found to be entirely associated with the
PM when being fused to these 35 residues (SYMREM1171–205)
(Fig. 2g). In all cases, localization and integrity of the fusion pro-
teins were biochemically confirmed by Western blot analyses after
microsomal fractionation (Fig. 2, panels below images). Faint sig-
nals were still observed in the microsomal fractions of the trun-
cated variants SYMREM11–170 and SYMREM11–190 (Fig. 2e,f),
indicating that a proportion of the protein resided in the PM
independently of the C-terminal 35 amino acid residues. In gen-
eral, these data are in agreement with a recently published report,
where the corresponding region in the remorin StREM1.3 from
potato (RemCA) was shown to be required for membrane bind-
ing of this protein (Perraki et al., 2012). For consistency we
therefore used the term ‘RemCA’ throughout our study.

The presence of few C-terminal residues is indispensable
for membrane localization of remorin proteins

Next we asked whether the C-terminal hydrophobic core is gen-
erally required for PM association of remorin proteins. To

(a)

(f) (g)

(b) (d)

(e)

(c)

Fig. 1 SYMREM1 labels sterol-dependent membrane domains in vivo. (a) Image of a mature transgenic root hair fromMedicago truncatula ectopically
expressing a YFP-SYMREM1 fusion protein. (b) Membrane domain patterns did not change during imaging. Images were taken in 10min intervals.
Arrowheads mark laterally immobile membrane domains. (c) Application of 30mMmethyl-b-cyclodextrin (mbCD)-depleted membrane domains. Images
were taken at 10min intervals. (d, e) Cytoplasmic streaming was observed in 5 s intervals before (d) and after (e) incubation of roots in 30 mMmbCD for
30min. Arrowheads point towards mobile cytosolic particles that allowed detection of cytoplasmic streaming. (f, g) Transgenic root hairs expressing free
yellow fluorescent protein (YFP). No changes in fluorescence were observed when roots were treated with 30 mMmbCD for 30min (f) or water as a
control (g), indicating that the treatment did not affect the fluorophore alone. All images are z-projections. Bars: (a–c, f, g) 10 lm; (d, e) 5 lm.
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investigate this, we cloned and expressed the coding regions of
the closely related remorin At2g45820 (190 residues) and the
three distantly related remorins, At2g41870 (274 residues),
At4g36970 (427 residues) and At2g02170 (486 residues), from
A. thaliana. As expected, all full-length proteins localized to the
PM when being expressed in N. benthamiana leaf epidermal cells
(Fig. 3a–d). Next, we truncated these proteins in front of the
predicted terminal helix, as was done for SYMREM1. In analogy,
expression of these truncated variants (At2g458201–161,
At2g418701–243, At4g369701–384, At2g021701–453) resulted in
an entire loss of PM binding of all proteins in planta (Fig. 3e–h).
These data were verified for the shortest and the longest remorins
by labelling PMs with the dye FM4-64. While full-length

At2g45820 and At2g02170 colocalized perfectly with FM4-64
(Fig. 3i,j), the truncated versions showed clear cytoplasmic local-
izations (Fig. 3k,l).

To reciprocally test if these regions were always sufficient to
anchor YFP to the PM as shown for SYMREM1 (Fig. 2g), the
C-terminal 35 amino acids (RemCAs) of all 16 A. thaliana remo-
rins were fused to this fluorophore and expressed in
N. benthamiana leaf epidermal cells. Surprisingly, only four of
these RemCA peptides (At4g36970, At2g02170, At1g30320,
At5g61280) were sufficient to fully anchor the YFP protein to
the PM (Fig. S2a–d, Table 1). In all other cases, strong cytosolic
localizations of the fusion proteins were observed (Fig. S2e–p).
To test whether this cytosolic localization may (partially) derive

(a)

(b) (c) (d)

(e) (f) (g)
Fig. 2 The C-terminal residues mediate
membrane anchoring of SYMREM1. (a)
Hydrophobicity plot of SYMREM1. (b–g)
Confocal images of transgenicMedicago

truncatula roots expressing different full-
length SYMREM1 (b) or truncated protein
variants (c–g). The yellow fluorescent protein
(YFP) fluorophore was always fused to the
N-terminus of SYMREM1 protein variants.
All images are z-projections of secant planes
without the plasma membrane (PM) surface.
Bars, 20 lm. Western blot analysis shows the
presence of intact fusion proteins (panels
below images). sol., soluble protein fraction;
l, microsomal protein fraction.
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from fluorophore cleavage, proteins were extracted and compared
with free YFP by Western blot analysis (Fig. S2q). Indeed, partial
cleavage was detected for At1g69325, At4g00670, At3g57540,
At2g41870, At1g45207, At4g36970 and At1g13290. Those pro-
teins were therefore further subjected to microsomal fractiona-
tions to determine the degree of cytosolic and membrane
localization. In all cases, the intact fusion protein localized pre-
dominantly to the cytosolic fraction (Fig. S2r). This implies that
these RemCA peptides were not sufficient for strong immobiliza-
tion of the fluorophore at the PM.

As all remorins contain a hydrophobic stretch at the C-termi-
nus (Table 1), we excluded the possibility that the chemical prop-
erties of these residues alone are the sole determinants for PM
localization of the proteins.

C-terminal cysteine residues contribute to PM localization
of remorins

As stated earlier, post-translational lipid modifications often con-
fer PM binding of proteins. Following a recent global approach
in A. thaliana, where two remorins were found to be S-acylated
(Hemsley et al., 2013), we used the CSS-PALM 3.0 algorithm
(http://csspalm.biocuckoo.org/) to predict putative S-acylation
sites in all A. thaliana remorin proteins and SYMREM1. Except
for At3G48940, At3G57540 and At2G41870, all remorins were
found to harbour at least one C-terminal cysteine residue that
may serve as putative sites of S-acylation (Table 1).

To test whether S-acylation is a key determinant for membrane
association of RemCA peptides, we chose SYMREM1 and
At4g36970, which have one and two predicted S-acylated

cysteines in their RemCA sequences, respectively. High-resolu-
tion imaging (c. 910 higher magnification than used here)
recently revealed labelling of membrane microdomains by the
full-length variants of these proteins (Jarsch et al., 2014). The
RemCA peptides of both remorins were sufficient to fully associ-
ate a fluorophore to the PM when expressed in N. benthamiana
(Figs 4c, S2a). At3g61260 was used as a control. This A. thaliana
remorin is the homolog of the well-studied StREM1.3 protein
(Perraki et al., 2012) and was found to be S-acylated (Hemsley
et al., 2013). It should be noted that the RemCA peptides of nei-
ther At3g61260 nor its closely related proteins At3g48940,
At2g45820 and At5g23750 were sufficient to anchor soluble
YFP to the PM (Table 1; Fig. S2).

To test the impact of point mutations at the predicted cysteine
residues, we expressed a number of mutant variants in
N. benthamiana. Introduction of a cysteine to alanine mutation
at the predicted S-acylation site Cys197 in SYMREM1 did not
lead to a significant decrease of PM localization of the full-length
protein (Fig. 4b). Western blot analysis on microsomal fractions
of protein extracts from N. benthamiana plants expressing
wildtype SYMREM1 and mutated SYMREM1C197A confirmed
predominant PM association of both proteins (Fig. S3a). Inter-
estingly, a small but reproducible band shift was observed in the
SYMREM1C197A mutant, indicating a possible modification on
this residue (Fig. S3b). In contrast to the full-length protein, intro-
duction of the same point mutation into the isolated membrane-
binding domain of SYMREM1 (RemCA, SYMREM1171–205)
resulted in an entire loss of PM association of the fusion protein
and labelling of mobile structures in the cytoplasm (Fig. 4d),
while the wildtype peptide resided at the PM (Fig. 4c). These

(a) (b) (c) (d)

(e)

(i)

(k)

(j)

(l)

(f) (g) (h)
Fig. 3 The C-terminal residues determine
membrane association throughout the
remorin family.(a–h) All tested full-length
proteins localized to the plasma membrane
(PM) (a–d), while all mutant variants that
were truncated by the respective remorin
C-terminal anchor (RemCA) peptide were
predominantly found in the cytosol when
being expressed in Nicotiana benthamiana

leaf epidermal cells (e–h). (i, j) PM
counterstaining with the styryl dye FM4-64
showed colocalization with full-length
At2g45820 and At2g02170. (k, l) No
colocalization was observed between
FM4-64 and the truncated variants
At2g458201–161 (k) and At2g021701–453 (l).
Yellow fluorescent protein (YFP) fluorescence
is shown in yellow, and the FM4-64 stain is
represented in blue. Bars, 20 lm.
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data show that Cys197 stabilizes PM attachment of SYMREM1,
whereas it is indispensable for PM binding of the membrane-
binding domain alone.

A different pattern was observed for At4g36970. Here, PM
association of the full-length protein was affected by single point
mutations in the predicted S-acylation sites Cys413 (Fig. 4f) and
Cys420 (Fig. 4g). Both mutations resulted in a strong accumula-
tion of the proteins in immobile membrane domains. Further-
more, the mutation in Cys413 led to an additional nuclear and
cytosolic localization (Fig. 4f). A C413A/C420A double mutant

was also targeted to these immobile foci and showed nuclear
localization, resembling the pattern of the C413A mutant
(Fig. 4h).

To test whether these putative cysteine lipidations are key
determinants for membrane localization of the At4g36970-
derived RemCA, the same mutations were introduced into the
respective constructs. Expression of a fluorophore-tagged RemCA
construct of At4g36970 (residues 384–427) revealed labelling of
the PM and mobile vesicles in the cytosol (Fig. 4i). While the
replacement of Cys420 with alanine did not affect PM targeting

Table 1 Subcellular localization of remorin C-terminal anchor (RemCA) peptides of all Arabidopsis thaliana remorins plus SYMREM1 and predications of
S-acylation sites

RemCA peptides of all 16 A. thaliana remorins and theMedicago truncatula SYMREM1 protein were expressed as yellow fluorescent protein (YFP) fusion
proteins in Nicotiana benthamiana leaf epidermal cells and subcellular localizations were scored microscopically (Fig. S2). Putative S-acylation sites were
predicted for all using the CCS-PALM server (http://csspalm.biocuckoo.org/). Scores and cutoff values for the predictions are provided. S-acylation was
biochemically determined for those remorins marked in green. The C-terminal 20 amino acid (aa) residues are provided, and predicted S-acylated residues
are indicated by the zig-zag line. Colour coding indicates Kyte–Doolittle hydrophobicity score of individual amino acids (red, hydrophobic; blue, hydro-
philic). n.d., not detected; Cys, cysteine; *, stop codon.
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(Fig. 4k), a mutation in Cys413 led to cytosolic and nuclear
localization of the YFP fusion protein. In line with this, the
C413A/C420A double mutant followed the same localization
pattern as observed for the C413A single mutant (Fig. 4l). All
results were confirmed in colocalization experiments with the
lipophilic dye FM4-64 (Fig. S4a,b). These data are consistent
with our results from in planta localization studies of mutated
SYMREM1 and show that C-terminal cysteine residues are cru-
cial for membrane attachment of the remorin membrane-anchor-
ing motif.

Finally, we introduced mutations into the predicted S-acyla-
tion sites of At3g61260, a protein that has been shown to be
S-acylated (Hemsley et al., 2013). While the full-length protein
was exclusively found at the PM (Fig. 4m), mutations of the
C-terminal residues Cys209 and Cys211 resulted in both cyto-
plasmic and, for Cys209, additional nuclear localization (Fig. 4n,
o). Interestingly, the double mutant (C209A/C211A) strongly
aggregated in large, mobile clusters in the cytosol (Fig. 4p).
Again, these data were confirmed by colocalization experiments
with FM4-64 (Fig. S4c).

In all three cases, the mutation of in silico predicted S-acylation
sites resulted in an altered localization pattern. The entire loss of
PM attachment in mutant variants of the remorin membrane-
binding domain from two different remorins and the alteration
of localization of the full-length At3g61260 protein highlight the
importance of these residues in PM targeting.

Interestingly, three A. thaliana remorins (At3g48940,
At3g57540 and At2g41870) are entirely devoid of cysteine
residues. Thus no putative S-acylation sites could be detected
in these proteins when using the CSS PALM algorithm
(Table 1). However, as shown for At2g41870, these proteins
also require the C-terminal 35 residues to associate with the
PM (Fig. 3c,g), indicating a possible alternative mode of
membrane binding.

Remorins are S-acylated proteins

Next, we asked, whether the identified and mutated cysteine resi-
dues are indeed post-translationally modified. To verify the pres-
ence of S-acyl moieties, we performed a biotin switch assay, a

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

Fig. 4 Mutations in C-terminal cysteine residues alter localization patterns of remorin proteins when being expressed in Nicotiana benthamiana leaf
epidermal cells. (a, b) Full-length SYMREM1 and the mutant variant SYMREM1C197A remained plasma membrane (PM)-localized. (c, d) PM association of
the remorin C-terminal anchor (RemCA) peptide of SYMREM1 is dependent on Cys197. Introduction of a C197A mutation in this residue resulted in an
entire loss of membrane binding (d). (e–h) Mutations in the two predicted C-terminal S-acylation sites, Cys413 (f) and Cys420, of At4g36970 resulted in
altered membrane domain pattering and partial cytosolic/nuclear localization of the C413A mutant (f). (h) The At4g36970 double cysteine mutant
resembled both single mutations. (i) The yellow fluorescent protein (YFP)-RemCA peptide of At4g36970 is targeted to the PM and some mobile vesicles.
PM localization is altered in the C413A (j) but not in the C420A (k) mutant of the At4g36970 RemCA peptide. (l) The At4g36970 RemCA double cysteine
mutant resembled the C413A mutation. (m–p) Both C-terminal cysteines of At3g61260 are required for PM association of the protein. (p) The respective
double mutant strongly aggregated in the cytoplasm. All images are z-projections. Bars, 50 lm.
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method that was successfully used to determine S-acylation of
plant proteins (Hemsley et al., 2008). We confirmed functional-
ity of the assay on full-length At3g61260, where the presence of a
band in the elution fraction of hydroxylamine-treated samples
indicates S-acylation of the protein (Fig. S5a,b). Strong S-acyla-
tion signals were also observed for SYMREM1, and its RemCA
peptide (Fig. 5a). By contrast, no S-acylation was detected in the
C197A mutant of the full-length SYMREM1 protein and the
isolated membrane-binding domain. This demonstrates that
Cys197 is the only S-acylated residue in the SYMREM1 protein
(Fig. 5a).

Accordingly, the At4g36970 RemCA peptide was also found
to be S-acylated (Fig. 5b). A mutation in Cys413 of the
At4g36970 RemCA was sufficient to abolish S-acylation of the
peptide (Fig. 5b), demonstrating that this residue is an essential
S-acylation site in the membrane-binding domain. These data
are supported by the fact that no change in S-acylation was
observed for the C420A mutation. Thus, this residue is not
S-acylated (Fig. 5b). It should be noted that we were unfortu-
nately unable to perform these experiments reliably on full-length
At4g36970, because of the insolubility of the protein.

S-acylation is dispensable for SYMREM1 targeting to
membrane microdomains

S-acylation has been suggested to contribute to microdomain
localization of membrane-resident proteins (Blaskovic et al.,
2013). Therefore, we asked whether S-acylation is required for
membrane domain localization of the SYMREM1 protein in

transgenic M. truncatula roots. Expression of full-length SYM-
REM1 or the C-terminal region (SYMREM174–205) resulted in
clear labelling of membrane microdomains in root epidermal
cells (Fig. 6a,b). Interestingly, this pattern was also observed
when expressing the S-acylation mutant variant SYM-
REM1C197A, albeit to weaker extent (Fig. 6c). By contrast, the
YFP protein fused to the SYMREM1 membrane-binding domain
(RemCA, SYMREM1171–205) did not label such distinct sites in
the majority of cells (Fig. 6d). These data imply that S-acylation
and the presence of the hydrophobic core alone are not sufficient
to target SYMREM1 into membrane domains. As remorins are
able to form oligomers (Bariola et al., 2004; Marin et al., 2012;
T�oth et al., 2012), membrane localization of SYMREM1 could
be mediated by interactions with other members of the remorin
family. Therefore we expressed wildtype SYMREM1,
SYMREM174–205, SYMREM1C197A and SYMREM1170–205 in
Saccharomyces cerevisiae (yeast), a biological system devoid of
remorin proteins. Indeed, all fusion proteins that contained the
full-length C-terminal region localized to the PM and clearly
labelled distinct membrane domains in the PM independently of
S-acylation at Cys197 (Fig. 6e–g). Reciprocally, expression of the
PM binding domain alone was not sufficient to label membrane
domains in yeast cells (Fig. 6h), although western blot analysis
revealed the predominant presence of the fusion protein in the
microsomal fraction (Fig. S6). These data clearly indicate that
interaction with other remorins is not the basis for PM associa-
tion of SYMREM1 and that other factors than S-acylation alone
contribute to membrane domain targeting.

Discussion

Association of soluble proteins with the cytoplasmatic leaflet of
the PM can be mediated by interactions with other membrane-
resident (e.g. transmembrane) proteins or post-translational lipi-
dations. These lipid modifications, for example, S-acylation, can
serve as key determinants for polar signalling, which enables cells
to rapidly respond to extracellular stimuli and to efficiently orga-
nize proteins in a polar manner (Grunewald & Friml, 2010;
Kleine-Vehn et al., 2011). Prominent examples are small GTPas-
es of the Rho of plants (ROP) family that laterally segregate in
plant cells. ROP6, a type-I ROP that is involved in ABA signal-
ling, is S-acylated upon activation and subsequently copurifies
with DRM fractions (Sorek et al., 2007). Furthermore, expres-
sion of deacylated ROP variants in transgenic plants resulted in
nonpolar accumulation of reactive oxygen species (ROS), indicat-
ing that polar segregation of ROPs depends on S-acylation (Sorek
et al., 2010).

Plant-specific remorin proteins, for which putative roles during
hormone responses, plant–microbe and plant–virus interactions
have been suggested (Alliotte et al., 1989; Raffaele et al., 2009;
Lefebvre et al., 2010; T�oth et al., 2012; Demir et al., 2013), are
canonical marker proteins for sterol-rich DRM fractions. More
importantly, these proteins label membrane microdomains
in vivo (Fig. 1) (Raffaele et al., 2009; Lefebvre et al., 2010; Per-
raki et al., 2012; Demir et al., 2013; Jarsch et al., 2014). The
mechanism that is used by remorin proteins to specifically target

(a)

(b)

Fig. 5 Remorins are S-acylated proteins. S-acylated cysteine residues of
remorin proteins purified from Nicotiana benthamiana were labelled by a
biotin switch assay. (a) S-acylation of SYMREM1 and its corresponding
membrane binding domain is indicated by the presence of a band in the
elution fraction of the hydroxylamine (Hyd)-treated samples (+). Absence
of this band in the C197A mutant variant revealed that Cys197 is the only
S-acylated residue in this protein. wt, wildtype. (b) The remorin C-terminal
anchor (RemCA) peptide of the remorin protein At4g36970 is S-acylated.
Absence of a signal in the C413A mutant indicates S-acylation of this
residue, while Cys420 is not S-acylated.
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the inner leaflet of membrane domains remained controversial,
especially asi two different modes were proposed recently (Perraki
et al., 2012; Hemsley et al., 2013). In this study, we have finally
unravelled the binding mechanism of plant-specific remorin pro-
teins on a molecular level. Our data clearly demonstrate that
membrane binding of most remorins is mediated by S-acylation
of cysteine residues in a C-terminal hydrophobic core, and is thus
a combination of both models (Figs S1a, S7).

S-acylation is catalysed by transmembrane PATs (Roth et al.,
2002; Hemsley et al., 2005). Therefore, remorins need to be
initially directed to the PM to serve as S-acylation substrates.
We propose that the C-terminal region with its terminal hydro-
phobic core mediates this initial affinity to the PM. This can
occur via two routes: by direct protein–lipid interactions or by
protein–protein interactions (Fig. S7). Indeed, recombinant
StREM1.3 bound artificial, protein-free liposomes directly and
showed a preferred interaction with phosphatidylinositol 3,4-
bisphosphate (PI(3,4)P2) in vitro (Perraki et al., 2012). How-
ever, it remains to be tested whether the recombinant protein
was post-translationally modified in bacteria before purification
and whether this modification mediated membrane binding of
StREM1.3. Our data support such a concern, as single point
mutations in two C-terminal cysteine residues of the homolo-
gous remorin (At3g61260) from A. thaliana abolished mem-
brane binding of the protein (Fig. 4n–p). Furthermore, none of
the deacylated RemCA peptides remained associated with the
PM (Figs 4, 5).

We demonstrated that despite only a few of the 35 C-ter-
minal residues (RemCA) of different remorins are sufficient
to confer membrane association of soluble fluorophores
(Table 1), they are always indispensable for membrane bind-
ing of the full-length proteins (Fig. 3). It should be noted
that ab initio modelling of SYMREM1 indicated that its
RemCA peptide probably contributes to protein–protein

interactions (Fig. S1a). This predication is experimentally sup-
ported as the C-terminal region of remorins was shown to be
essential for oligomerization (Marin et al., 2012; T�oth et al.,
2012) and interaction with other proteins (Marin et al., 2012;
T�oth et al., 2012). In the case of SYMREM1, such interac-
tion and membrane binding of its RemCA peptide are inde-
pendent of other members of the remorin family, as PM
association was also observed in yeast (Fig. 6e–h). As S-acyla-
tion may also control protein–protein interactions (Blaskovic
et al., 2013), the extent to which this feature also contributes
to membrane association of remorin proteins remains to be
studied.

Membrane domain localization of proteins in living cells can
also be achieved by combinatorial lipidation, mainly myristoyla-
tion and S-acylation. In plants, double lipidation of h-type thior-
edoxins (TRX) was shown to target these proteins to membrane
microdomains in planta (Traverso et al., 2013). By contrast,
domain markers from A. thaliana and M. truncatula like flotillin
and remorin proteins lack N-terminal glycine residues and are
therefore not myristoylated. Thus, the possibility that membrane
association of remorins in vivo is supported by protein–protein
interactions independently of S-acylation could be especially
essential for those remorins that are devoid of cysteine residues
(At3g48940, At3g57540 and At2g41870) and that are therefore
unlikely to be acylated. This hypothesis is further substantiated
by the finding that an unacylated SYMREM1 protein remains in
the PM (Fig. 4b).

We showed that S-acylation is not required for localization of
remorins in immobile membrane domains per se, as the mutated
SYMREM1C197A protein still labelled these membrane compart-
ments in plants and in yeast (Fig. 6), albeit to a lower extent.
Interestingly, deacylation of At4g36970 even resulted in
increased association of the protein with immobile membrane
domains (Fig. 4f–h), indicating that S-acylation may eventually

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 6 Localization of remorins in membrane domains is not primarily determined by S-acylation. (a–d) Expression of different SYMREM1 constructs in
transgenicMedicago truncatula roots revealed strong labelling of microdomains at the plasma membrane (PM) by the wildtype full-length construct (a)
and the C-terminal region of SYMREM1 (b). Weaker labelling of membrane domains was also observed when expressing the deacylated mutant variant
SYMREM1C197A (c), while the membrane binding domain (remorin C-terminal anchor, RemCA) mostly showed uniform distribution on the PM (d). (e–h)
Expression of different SYMREM1 constructs in yeast (Saccharomyces cerevisiae). Membrane domains were labelled by the wildtype full-length construct
(e), the C-terminal region (f) and the deacylated mutant variant SYMREM1C197A (g), while the membrane binding domain showed uniform distribution on
the PM (h). All images are z-projections. Bars: (a–d) 10 lm; (e–h) 5 lm.
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restrict certain domain labelling patterns of some remorins.
Therefore it is likely that another, as yet unknown factor contrib-
utes to their highly specific targeting of membrane domains.
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Supporting Information Fig. S1 Protein interaction scores within the 

SYMREM1 protein and free YFP in root epidermal cells. (a) Ab initio modelling of 

the SYMREM1 protein and colour-coded representation of putative regions that 

may contribute to protein interactions. Models for the N- and C-terminal regions 

were constructed independently and fused subsequently. Details can be found in 

the Materials and Methods section. ID, intrinsically disordered (b) M. truncatula 

root epidermal cell expressing a free YFP protein. The image shows a maximum 

intensity projection of a z-stack. n, nucleus; cyt, cytoplasmic strands. Bar, 5 μm. 
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Supporting Information Fig. S2 Analysis of RemCA-mediated PM-binding throughout the Remorin protein 

family. (a–d) Four out of 16 RemCA peptides were sufficient to target the fluorophore almost exclusively to 

the plasma membrane of N. benthamiana root epidermal cells. (e–p) Representative images of the 

remaining twelve RemCA peptides show at least partial cytoplasmatic and nuclear labelling. Bars, 20 μm. (q) 

Western Blot on total protein extracts from N. benthamiana leaves expressing different RemCA peptides. 

Double bands indicate partial cleavage of the fusion protein. Samples were compared to free YFP. (r) 

Microsomal fractionations of total protein extracts were performed to assess partial cleavage of the 

respective constructs. sol.,  soluble protein fraction; μ, microsomal fraction. 
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Supporting Information Fig. S3 Western Blots and microsomal fractionations 

of wild-type and mutated SYMREM1 fusion proteins. (a) Microsomal fractions 

were obtained from N. benthamiana leaves expressing YFP-SYMREM1 and YFP-

SYMREM1C197A fusion proteins. Both wild-type and the mutant variant were 

found in the microsomal fraction, indicating that they remained at the plasma 

membrane. (b) Microsomal fractions of wild-type and mutated SYMREM1 

showed a band shift pattern. Western blots were probed with α-GFP antibodies. 
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Supporting 

Information Fig. S4 

Co-localization 

studies for different 

mutant variants. 

YFP-tagged proteins 

were expressed in 

N. benthamiana leaf 

epidermal cells and 

counterstained with 

FM4-64. All images 

show maximum 

projections of z-

stacks taken of 

secant planes. Bars, 

5 μm.  
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Supporting Information Fig. S5 Biotin switch assay and quantification. (a) 

Control experiment to prove functionality of the assay. Full-length At3g61260 is 

S-acylated as previously demonstrated in Hemsely et al. (2013). S-acylation of 

proteins is indicated by the presence of a band in the elution fraction of the 

hydroxylamine treated samples (+). (b) Quantification of the Western Blot in (a) 

using ImageJ. (c, d) Quantification of Western Blots shown in Fig. 5. Values were 

normalized to background levels. double, double mutant. 
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Supporting Information Fig. S6 Western blot analysis of YFP-SYMREM1 

constructs expressed in yeast. Free YFP was expressed as a control for the 

fractionation procedure. Microsomal fractions were obtained and the 

corresponding SYMREM1 proteins were detected using a α-GFP antibody. μ, 

microsomal fraction; sol., soluble proteins. 
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Supporting Information Fig. S7 Proposed model for membrane-binding of 

Remorin proteins. Remorins are soluble proteins (a) that are initially 

immobilized at the PM via interactions with a membrane resident protein (b) or 

by direct protein-lipid interactions via their C-terminal hydrophobic core (e). (c) 

Interaction with a protein partner leads to partial disorder-to-order transition of 

the intrinsically disordered N-terminal region. This may involve protein 

phosphorylation (red). (d, e) A membrane-localized protein acyl transferase 

(PAT) S-acylates (green line) C-terminal cysteine residues of Remorins and 

possibly others throughout the protein. This lipidation tightly binds the protein 

to the PM and may confer some degree of specificity to sterol-rich sites (blue) in 

the PM. Oligomerization of Remorins contributes to the formation of larger 

domain platforms (hypothetical). 
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Abstract

In legumes rhizobial infection during root nodule symbiosis (RNS) is controlled by a conserved set of receptor proteins and
downstream components. MtSYMREM1, a protein of the Remorin family in Medicago truncatula, was shown to interact with
at least three receptor-like kinases (RLKs) that are essential for RNS. Remorins are comprised of a conserved C-terminal
domain and a variable N-terminal region that defines the six different Remorin groups. While both N- and C-terminal regions
of Remorins belonging to the same phylogenetic group are similar to each other throughout the plant kingdom, the N-
terminal domains of legume-specific group 2 Remorins show exceptional high degrees of sequence divergence suggesting
evolutionary specialization of this protein within this clade. We therefore identified and characterized the MtSYMREM1
ortholog from Lotus japonicus (LjSYMREM1), a model legume that forms determinate root nodules. Here, we resolved its
spatio-temporal regulation and showed that over-expression of LjSYMREM1 increases nodulation on transgenic roots. Using
a structure-function approach we show that protein interactions including Remorin oligomerization are mainly mediated
and stabilized by the Remorin C-terminal region with its coiled-coil domain while the RLK kinase domains transiently
interact in vivo and phosphorylate a residue in the N-terminal region of the LjSYMREM1 protein in vitro. These data provide
novel insights into the mechanism of this putative molecular scaffold protein and underline its importance during rhizobial
infection.
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Introduction

Root nodule symbiosis (RNS) in legumes requires a complex

molecular dialogue between the plant host and bacteria belonging

to the Rhizobiaceae family. Upon perception of different flavonoid

compounds released by the plant under nitrogen starvation,

rhizobia secrete strain-specific lipochitooligosaccharide signaling

molecules, called nod factors (NF), which are recognized by at least

two receptor-like kinases (RLKs). In L. japonicus two LysM-type

Nod Factor receptors NFR1 and NFR5 confer NF recognition

specificity [1,2,3]. They trigger downstream physiological and

morphological processes such as calcium-spiking, root-hair curling

and activation of gene expression [4,5]. In Medicago truncatula NFP

and LYK3 have been described to serve these functions [6,7,8].

However, the fact that initial responses to NFs can be observed in

an hcl1/lyk3 mutant indicates the presence of another LysM RLK

to be involved in NF perception. A closely related LYK4 protein

has been proposed to be a likely candidate for a NF receptor

component [8]. Phenotypical analysis of M. truncatula plants, where

the NF receptors have been post-transcriptionally silenced by

RNA interference (RNAi), and spatial analysis of receptor gene

expression support the hypothesis, that these proteins are not only

required for initial recognition of NFs prior to bacterial invasion

but for the entire intracellular infection process. This was also

suggested for the leucine-rich repeat RLK DMI2 from M.

truncatula [9,10]. While DMI2 and its homolog in L. japonicus

SYMRK [11] have been originally isolated based on their

infection phenotypes, recent genetic data suggest that SYMRK

is rather required for nodule organogenesis and activation of a

calcium-calmodulin dependent protein kinase (CCaMK) [12], a

protein that decodes NF induced calcium-spiking.

Upon perception of NFs the root hair curls around rhizobia and

entraps them in a micro-colony. Infection occurs via formation of

infection threads (ITs), invaginations of the plant plasma

membrane (PM) that surround rhizobia throughout the entire

symbiotic interaction [13,14]. While the IT progresses intracellu-

larly towards the root cortex, cell divisions occur directly below the

IT in outer cortical cells. They branch within the developing

PLoS ONE | www.plosone.org 1 January 2012 | Volume 7 | Issue 1 | e30817



nodule primordium and finally release rhizobia into symbiosomes.

These are spatially defined by the PM encapsulating the bacteria

(the symbiosome membrane) and contain differentiated bacteroids,

the nitrogen-fixing state of rhizobia.

We have recently shown that a Remorin protein from M.

truncatula (MtSYMREM1) is able to interact with the putative NF

receptors NFP and LYK3 as well as with DMI2. MtSYMREM1

localizes to infection threads within the nodular infection zone and

symbiosomes membranes and is required for bacterial infection

[15]. Remorins are plant-specific proteins that comprise a gene

family with 16 members in Arabidopsis thaliana while only 10 genes

have so far been identified in M. truncatula [16]. Members of all

Remorin groups can be found in all higher plants, except group 2

Remorins, which are only present in legumes and poplar. This

subgroup is comprised of two members. While MtSYMREM1 has

so far only been described to be activated in response to rhizobia

[15], the second gene is transcriptionally induced during

arbuscular mycorrhiza symbiosis [17]. Furthermore recent data

indicate that remorins belonging to the group 1 are function

during plant-viral [18] and plant-microbe interactions [19]. While

the exact mechanisms remain to be understood, the structural

composition of Remorins with their highly conserved C-terminal

region that harbors a coiled-coil domain and a set of conserved

positively charged and aliphatic amino acid residues suggest

similar core functions. In contrast, the N-terminal region is highly

variable or absent in between the different Remorin groups [16]

indicating functional specification.

Results

Evolutional divergence of L. japonicus LjSYMREM1
Legumes develop two main types of nodules. Medicago truncatula

develops indeterminate nodules that have persistent meristem

activity and are continuously infected. Other legumes such as Lotus

japonicus develop determinate nodules that loose the ability to get

infected and thus have a defined lifespan. Based on expression

profiles [20,21] we identified a REMORIN gene in L. japonicus that

was significantly induced during nodulation, a feature that was

also described for MtSYMREM1 in M. truncatula [15]. The

LjSYMREM1 gene (chr4.CM0004.60.r2.d; http://www.kazusa.

or.jp/lotus/) is comprised of 5 exons and 4 introns. Sequencing

the genomic fragment of the putative Medicago ortholog MtSYM-

REM1, revealed a gene structure similar to LjSYMREM1

(Figure 1A). Errors in the publically available annotation of

MtSYMREM1 (Medtr8g098650.1; http://www.medicagohapmap.

org/) led to a previously reported incomplete annotation [15].

Thus the MtSYMREM1 genomic sequence has been submitted to

GenBank (Accession number JQ061257). Phylogenetic analysis

Figure 1. Identification and analysis of orthologous SYMREM1 genes and proteins. The LjSYMREM1 sequence is similar to the previously
published one of MtSYMREM1 Both genes show the same exon-intron structure even though the MtSYMREM1 gene is comprised of longer introns (A).
Phylogenetic analysis based on 147 amino acid Remorin sequences using 101 unambiguously aligned residues in the conserved C-terminal region
identifies the group 2 (B). Amino acid sequences of 11 group 2 Remorins from legumes and poplar were aligned and analyzed in 172 positions (C).
MtSYMREM1 and LjSYMREM1 clearly cluster indicating that these proteins are orthologous to each other. Names marked with an asterisk were
introduced in [16].
doi:10.1371/journal.pone.0030817.g001
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revealed that LjSYMREM1 and MtSYMREM1 are closely related

and directly evolved from a common ancestral gene, by speciation

(Figure 1B–1C). They thus are orthologous genes.

Surprisingly, both proteins only share an overall similarity

67.1% (Table S1A) resulting from only 38.3% similarity in the N-

terminal region while the C-terminal part of the protein is rather

similar to MtSYMREM1 (85.3% similarity). Such low conserva-

tion was also found when comparing the N-terminal region of

MtSYMREM1 with those of the closest homologs in soybean,

poplar, common bean and grape wine (38.7% similarity) (Table

S1A). This sequence divergence between the N-terminal regions of

the SYMREM1 proteins of Medicago and Lotus is in sharp contrast

to scores found for the symbiotic receptor-like kinases NFP/NFR5

and DMI2/SYMRK, the so-called ‘common symbiosis’ proteins

DMI1/POLLUX, DMI3/CCAMK, IPD3/CYCLOPS, the pu-

tative transcription factors NSP2 and NIN and the late nodulin

leghemoglobin 1 where the average sequence similarity is 81.9%

with NIN only showing 67.5% similarity between the two legumes

(Table S1B). This high sequence divergence of Medicago and Lotus

SYMREM1 proteins that suggests high evolutionary pressure on

the N-terminal region prompted us to functionally characterize the

Lotus LjSYMREM1 protein, to analyze the contributions of the

individual domains to SYMREM1 localization, function and to

the interaction with the symbiotic RLKs NFR1, NFR5 and

SYMRK.

Overexpression of LjSYMREM1 increases nodulation
To show the importance of LjSYMREM1 genetically, we

intensively screened the L. japonicus mutant population at RevGen,

Norwich, UK (http://www.lotusjaponicus.org/tillingpages/home

page.htm) by a Targeted Induced Local Lesion in Genomes

(TILLING) approach. Unfortunately, no potential homozygous

knock-out mutant could be obtained while 15 non-allelic

mutations that were identified with six being located in non-

coding regions, four missense mutations, three silent mutations

and one being located at the splice site did not show any

phenotypical differences (data not shown). Thus we generated a

LjSYMREM1:mOrange fusion construct that was driven by the

Lotus poly-ubiquitin promoter (pUbi) [23] to assess the nodulation

phenotype upon overexpression of LjSYMREM1. Transgenic roots

expressing this construct were generated and inoculated for 28

days with Mesorhizobium loti (MAFF DsRed). Roots over-expressing

LjSYMREM1 developed significantly more mature nodules

(24.6%; p,0.01) without any macroscopical alterations

(Figure 2A) compared to the empty vector control while both

genotypes exhibited similar numbers of immature nodules

(bumps). However, transgenic roots overexpressing LjSYM-

REM1:mOrange did not show more infection threads at 28 dpi

(neither mature nor aborted infection threads; data not shown).

To confirm overexpression of the construct we isolated proteins

from transgenic roots expressing the pUb:LjSYMREM1:mOrange

construct and showed presence of the fusion protein at different time

points (Figure 2B, left panel). In contrast LjSYMREM1:YFP

protein expressed in stable transgenic lines under control of the

native promoter (described below) could only be detected in roots 15

days after inoculation with M. loti (Figure 2B, right panel).

Expression of the transgene was also verified by microscopy prior

to phenotypical analysis where patterns as described later in the text

were observed. However, natively expressed LjSYMREM1 protein

was never detected microscopically in root cells (see below).

Spatial expression of the LjSYMREM1 gene
Next we assessed spatio-temporal expression of LjSYMREM1

since such data have not been provided for any SYMREM1 gene.

Thus we cloned a 975 bp fragment of the putative LjSYMREM1

promoter (pLjSYMREM1) and generated transcriptional fusions to

the b-glucuronidase (GUS) gene. The pLjSYMREM1:GUS reporter

construct was transformed into L. japonicus roots using Agrobacterium

rhizogenes mediated gene transfer. No GUS staining was observed

in uninoculated transgenic roots after five hours of staining

(Figure 3A). However, some weak staining of vascular tissue and

root tips was occasionally observed after extended staining time,

but this was also observed in roots transformed with the empty

GUS-vector and was thus regarded as background staining (data

not shown). To test promoter activation upon application of

isolated NFs we applied 1028 M isolated Mesorhizobium loti NFs as

a droplet in the root hair elongation zone above the root tip to

these transformed roots. This zone was previously described to be

most susceptible to rhizobial infections [22]. GUS-activity was

observed 24 hours post inoculation (hpi) in epidermal and cortical

cells in the area where NFs were applied confirming inducibility of

the LjSYMREM1 gene by these bacterial signaling molecules

(Figure 3B; S1A). Next we tested promoter activation during

symbiotic interaction in transgenic roots carrying the pLjSYMREM1:

GUS construct. Plants were inoculated with M. loti (expressing a

Figure 2. Overexpression of LjSYMREM1 leads to increased
nodule numbers. LjSYMREM1 was overexpressed as a mOrange
fusion protein in transgenic L. japonicus roots (A). Nodule number and
morphology was assessed 28 dpi with M. loti (MAFF303099-DsRed).
Nodules were grouped into mature/pink and immature/white nodules
and counted. Nodule morphology was not altered as indicated by the
representative inlets above. Scale bars indicate 500 mm. Error bars
represent standard errors and significance levels that were determined
by student’s t-test are indicated by an asterisk (p,0.01). Western Blot
analysis to determine expression levels of LjSYMREM1 in transgenic
roots (B). Proteins from transgenic roots of chimeric plants expressing a
pUbi:LjSYMREM1:mOrange construct (left) and stable transgenic plants
expressing a pLjSYMREM1:LjSYMREM1:YFP construct (right) were trans-
ferred to a PVDF membrane and probed with the respective antibodies.
Amounts of proteins loaded transferred the membrane is indicated by
Amido black staining.
doi:10.1371/journal.pone.0030817.g002
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fluorescent DsRed marker) by application of rhizobia to the whole

root system and stained for GUS-activity 2, 4, 6 and 21 days post

inoculation (dpi). As shown after NF application LjSYMREM1

promoter activity was observed in a distinct zone above the root

tip at 2 dpi (Figure 3C). Roots that had been inoculated for four

days showed strong b-glucuronidase-activity that localized specif-

ically around nodule primordia with progressing bacterial

infection, while the epidermal staining, that was observed at pre-

infection stages, was entirely diminished in these roots (Figure 3D).

From 4 dpi onwards GUS-staining coincided with the presence of

bacteria. In developing and mature nodules GUS-activity was

detected in infected cells in the central zone of the nodule hosting

nitrogen-fixing bacteroids but not in outer cortical cells (Figure 3E–

3F). This was confirmed by sectioning these nodules prior to GUS

staining. There, LjSYMREM1 promoter activity was clearly found

in inner nodule parenchyma cells that were not infected, as well as

in infected cells (Figure S1B).

Localization of LjSYMREM1 in legume nodules
To study localization of the native LjSYMREM1 protein, we

generated a construct where the promoter together with the intron-

containing version of LjSYMREM1 that was amplified from genomic

DNA was cloned and fused to the yellow fluorescent protein (YFP;

gLjSYMREM1:YFP). Using A. tumefaciens mediated gene transfer we

created stable transgenic lines in the L. japonicus ecotype MG-20

background. In T2 plants, we could not detect distinguishable YFP

fluorescence in NF-treated roots due to high levels of intrinsic auto-

fluorescence. However, a clear and specific YFP signal was detected

in infected cells of mature nodules at 21 dpi (Figure 4A–4H). In

comparison no YFP signal was detected in untransformed control

nodules of MG-20 wild-type plants (21dpi) (Figure 4I–4L). In

transgenic nodules the gLjSYMREM1:YFP fluorescence co-localized

with the DsRed signal derived from M. loti expressing this fluorophore

(Figure 4D,4G,4H and Figure S2A) suggesting localization of the

protein on symbiosome membranes surrounding bacteroids in

infected cells. A more detailed view on nodular infection threads

also showed presence of LjSYMREM1 on these infection structures

(Figure S2B). These data are in agreement with localizations reported

for MtSYMREM1 that was detected by immuno-localization

experiments on nodular ITs in the infection zone and on symbiosome

membranes of indeterminate Medicago nodules [15].

The C-terminal domain of LjSYMREM1 is mediating PM
localization

The LjSYMREM1 protein is comprised of two main parts, the

conserved C-terminal region with a strong prediction for a coiled-

coil domain (COILS probability .90%) and the variable N-

terminal region. While the C-terminal region (amino acids 79–

207; LjSYMREM1C) has a predicted globular structure (Glob-

Doms by Russell/Linding definition), almost only random coils

and unfolded structures are predicted for the N-terminal part

(amino acids 1–78; LjSYMREM1N). Next we identified the

domain responsible for PM localization. LjSYMREM1N and

LjSYMREM1C regions were individually fused to the mOrange

fluorophore and expressed under control of the Lotus polyubiquitin

promoter in L. japonicus hairy roots (Figure 5A–5C). As expected

the full-length LjSYMREM1 protein localized to the periphery of

root epidermal cells (Figure 5A) indicating membrane association

of the protein. This localization was also detected when expressing

LjSYMREM1C (Figure 5B) while LjSYMREM1N localized to the

cytosol and the nucleus (Figure 5C) indicating that the PM binding

motif is located in the C-terminal region of the protein. However,

Figure 3. Analysis of LjSYMREM1 promoter activity during rhizobial infection. Uninoculated transgenic roots transformed with the
promoter:GUS construct (A). Application of 1028M purified Nod Factors for 24 hours induced promoter activity in the root infection zone (1–5 cm
above the root tip) (B). Root 48 hours after inoculation with DsRed expressing M. loti MAFF303099 (no infections) (C). Root segment with nodule
primordia at 4dpi (D). Red fluorescence deriving from the bacteria shows their presence at the root surface. Young nodule at 6dpi with bacteria
infecting the cortex (E). Mature nodules at 21dpi that are entirely infected by rhizobia (F). Bars indicate 500 mm.
doi:10.1371/journal.pone.0030817.g003
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nuclear localization of the LjSYMREM1N:mOrange construct

was not expected, but due to the small size and the unordered

structure of the N-terminal region, the fusion may not interfere

with the nuclear import of free fluorophores.

LjSYMREM1 oligomerizes and interacts with symbiotic
RLKs

To understand the roles of the domains we tested interactions

between individual LjSYMREM1 domains and other proteins.

Since the in planta approaches currently require expression of the

proteins in a heterologous system such as N. benthamiana leaves we

first tested whether localizations of these constructs follows those

observed in Lotus roots. Indeed the full-length protein as well as

LjSYMREM1C localized to the PM (Figure 5D–E) as it was also

shown for NFR1 (Figure 5F). In contrast, LjSYMREM1N was

detected in the cytosol (Figure 5G). Co-localization of LjSYM-

REM1N with free Cerulean fluorophore protein in N. benthamiana

leaves confirmed cytosolic localization (Figure 5H–5I).

As a proof of concept we then tested for possible interactions

between the LjSYMREM1 protein and the symbiotic RLKs

NFR5, NFR1 and SYMRK from L. japonicus using Bimolecular

Fluorescence Complementation (BiFC) (Figure 6A–6I) and the

yeast split-ubiquitin system (SUS) (Figure 6J) to assess if

LjSYMREM1 exhibits the same interaction patterns as its

homolog MtSYMREM1.

For BiFC (also termed split-YFP), we individually fused the

proteins to the N- (YN) and C-terminal (YC) halves of YFP and

expressed different combinations in leaves of N. benthamiana for two

days. Interaction between proteins should result in re-assembly of

the functional YFP protein and thus in fluorescence at the sites of

interaction. Co-expression of LjSYMREM1:YC and LjSYMRE-

M1:YN resulted in strong fluorescence in epidermal cells indicating

interaction of the proteins (Figure 6A). This is in agreement with the

previously reported homo-oligomerization when expressing YC:Mt-

SYMREM1 and YN:MtSYMREM1 together in N. benthamiana

leaves [15]. When both proteins were C-terminally fused to the

individual halves of YFP hetero-oligomerization was also observed

between LjSYMREM1 and MtSYMREM1 (Figure 6B). In contrast

co-expression of LjSYMREM1:YC and YN:MtSYMREM1 did not

show fluorescence (Figure 6C) presumably since both halves of the

YFP protein were physically separated by changing the fusion

direction. Thus they served as negative controls. Due to cleavage of

the fluorescent tag of a YFP:LjSYMREM1 construct in planta (data

not shown), reciprocal experiments could not be performed. Next,

we fused the Lotus RLKs NFR5, NFR1 and SYMRK to the N-

terminal half of the YFP protein and co-expressed them together

with LjSYMREM1:YC. Interaction between LjSYMREM1 and the

RLK proteins was detected in all three cases (Figure 6D–6F).

Fluorescence localized to the periphery of the cells indicating PM

resident interactions of the proteins. However, expression frequently

led to formation of PM associated foci (inlet Figure 6E). Interest-

ingly, no fluorescent signal was detected when these RLKs were co-

expressed with the YC:MtSYMREM1 construct (Figure 6G–6I).

To verify the RLK interaction data we used the yeast split-

ubiquitin system. Similar to the principle of BiFC the ubiquitin

protein was split in two halves. Upon protein interaction re-

assembly of the full ubiquitin molecule occurs. The assembled

ubiquitin serves as a recognition site for proteolytic cleavage that

results in the release of the LexA transcriptional activator that is

fused to a VP16 DNA binding domain that are coupled to the C-

Figure 4. Stable transgenic Lotus japonicus plant expressing gLjSYMREM1:YFP. A genomic construct consisting of the LjSYMREM1 native
promoter (pLjSYMREM1) and the LjSYMREM1 gene was fused to YFP (gLjSYMREM1:YFP). Roots were inoculated with M. loti MAFF303099-DsRed and three
week old nodules of stable transgenic T2 plants were analyzed as 150 mm thick sections. Nodule of a transgenic Lotus plant shows strong YFP-
fluorescence in infected cells that co-localizes with M. loti (A–D). Close-ups of infected (yellow) and uninfected (ui; no fluorescence) cells at the
periphery of the nodule cortex (E–H). Vacuoles (V) are visible in the center of infected cells. Remnant trans-cellular infection threads lacking
gLjSYMREM1:YFP protein are marked with an asterisk. Cross-section of an untransformed control nodule shows no fluorescence (I–L). Bars indicate
100 mm (A–D, I–L), 20 mm (E–G) and 10 mm (H). BF = bright-field.
doi:10.1371/journal.pone.0030817.g004

Domain Analysis of LjSYMREM1

PLoS ONE | www.plosone.org 5 January 2012 | Volume 7 | Issue 1 | e30817



terminal half (Cub). Diffusion of this construct into the nucleus

leads to activation of a HIS3-reporter enabling the yeast to

complement its histidine auxotrophy and thus growth on medium

lacking histidine. For these assays we generated Cub:LjSYM-

REM1 fusions while the C-termini of the RLKs were fused to the

mutated N-terminal part of ubiquitin (NubG) that is unable to

auto-interact with Cub. As negative control we co-expressed the

yeast resident ER protein Alg5 as a Cub construct together with

the RLKs while Alg5:NubG was used as control to test auto-

activation of the reporter system by Cub:LjSYMREM1. Yeast was

grown on medium depleted in leucine and tryptophan (2LW) to

select for the presence of both plasmids. To select for positive

protein interactions these colonies were stamped onto 2LWH

medium that was additionally depleted in histidine and supple-

mented by 15 mM 3-amino-1,2,4-triazole (3-AT) to suppress

residual levels of endogenous histidine biosynthesis. Yeast growth

was sustained when Cub:LjSYMREM1 was co-expressed with the

Lotus RLKs indicating an interaction between these proteins while

no growth was observed when these proteins were co-expressed

with the negative controls Alg5:NubG and Alg5:Cub (Figure 6J).

The C-terminal LjSYMREM1 domain is required for
oligomerization and receptor interactions

To assess the individual contributions of both protein regions for

Remorin oligomerization LjSYMREM1 (full-length), LjSYM-

REM1C and LjSYMREM1N were tested on a one-to-one basis.

Cytoplasmic localization of LjSYMREM1N (Figure 5C, 5G) only

allowed the use of the NubG fusion because the split-ubiquitin

assay requires the bait construct (Cub) to be anchored to the

plasma membrane, in order to avoid auto-activation of the

reporter gene. Co-expression of the LjSYMREM1C construct with

full-length LjSYMREM1 resulted in yeast growth under selective

conditions indicating that oligomerization of the LjSYMREM1

protein occurs along the C-terminal region of the protein

(Figure 7A). Co-transformation of LjSYMREM1N with either

LjSYMREM1C or full-length LjSYMREM1 resulted in slight

yeast growth on selective conditions to the same extent as observed

in the negative controls (Figure 7B). Thus the N-terminal region

has no major contribution on LjSYMREM1 oligomerization.

To test domain-specific interactions with the RLKs we co-

expressed the different LjSYMREM1 constructs together with the

Lotus RLKs NFR1, NFR5 and SYMRK. Co-transformation of the

LjSYMREM1C construct with the individual RLKs resulted in

yeast growth under triple selective conditions indicating a strong

interaction (Figure 7A). Since co-expression of the negative control

Alg5:NubG resulted in almost no yeast growth it can be concluded

that the observed interactions specifically result from the RLK-

LjSYMREM1 interaction. In contrast, no interaction was found

when these RLKs were co-transformed with LjSYMREM1N

(Figure 7B). However, yeast grew on –LWH plates after co-

Figure 5. Expression of LjSYMREM1 variants in L. japonicus roots and N. benthamiana leaves. Clones derived from cDNA of LjSYMREM1
were C-terminally tagged with the mOrange fluorophore and expressed under control of the Lotus polyubiquitin promoter in transgenic L. japonicus
roots (A–C) and as a CaMV-35S promoter-driven construct in leave epidermal cells of N. benthamiana (D,E,G). The full-length (FL) protein and the C-
terminal region of LjSYMREM1 (LjSYMREM1C) are associated to the PM while the N-terminal region (LjSYMREM1N) is cytosolic indicated by visible
cytoplasmatic strands. In addition NFR1:Cerulean (F) and free Cerulean (H) were expressed in N. benthamiana leaves resulting in PM and cytosolic
localization, respectively. Bars indicate 200 mm (A–C) and 50 mm (D–I).
doi:10.1371/journal.pone.0030817.g005
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Figure 6. Interactions between LjSYMREM1 and symbiotic RLKs. Bimolecular complementation (BiFC) experiments show that LjSYMREM1 is
able to interact with itself and MtSYMREM1 is indicated by the presence of YFP fluorescence (A,B). However, no signal was observed when the
MtSYMREM1 protein was N-terminally fused to one half of the YFP protein (C). This demonstrates that overexpression alone is not sufficient to re-
assemble the YFP protein. LjSYMREM1 is also able to interact with the three RLKs NFR5, NFR1 and SYMRK (D–F). Bars indicate 40 mm. Occasionally
fluorescent foci were observed (E, inset). The yeast split-ubiquitin assay was used to test interactions between full-length LjSYMREM1 itself and the
RLKs NFR1, NFR5 and SYMRK (J). The coding regions were fused to the C-terminal half (Cub) and the N-terminal half (NubG) of ubiquitin and
interaction was tested on an individual basis. Yeast growth on medium lacking leucine and tryptophan (2LW) shows the presence of both constructs.
Interaction was tested on medium additionally lacking histidine (2LWH) that was supplemented with 15 mM 3-amino-1,2,4-triazole (3-AT) to
suppress residual levels of endogenous histidine biosynthesis. The yeast resident ER protein Alg5 was used as negative control (Alg5:NubG and
Alg5:Cub) (J).
doi:10.1371/journal.pone.0030817.g006
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transformation of the RLKs with the positive control Alg5:NubI

proving expression of the fusion proteins (Figure S3).

Since both yeast split-ubiquitin and BiFC assays are mostly

suitable to qualitatively detect stable protein-interactions we

performed fluorescence lifetime imaging microscopy (FLIM) to

characterize and quantify interaction by Foerster resonance

energy transfer (FRET). We used a Cerulean-mOrange FRET

pair, where one protein is fused to the donor fluorophore

(Cerulean) while the second protein is fused to mOrange which

functions as energy acceptor [24]. FRET occurs when both

fluorophores are brought into physical proximity (,10 nm) by

interaction of the target proteins. In brief, when measuring FRET

by FLIM (FLIM-FRET), the average time electrons of the donor

molecule (after photon absorption) stay in the excited state is

determined by measuring the exponential ‘decay’ rate by time-

resolved measurement of the emitted photons. This is then

transformed into ‘fluorescence lifetime’ values. Upon occurrence

of FRET, the Cerulean fluorescence lifetime becomes shorter (the

‘decay’ is faster) because the excited donor-electrons drop to the

ground state faster, due to the direct energy transfer to the

acceptor (mOrange).

For this approach we used the mOrange fusions with

LjSYMREM1, LjSYMREM1C and LjSYMREM1N while

NFR1, which was taken as a representative RLK, was fused to

the Cerulean protein. N. benthamiana leaves were co-infiltrated

three times independently with A. tumefaciens carrying the

respective fusion constructs. FLIM-FRET data recording was

performed two days post infiltration. For every tested combination

(see Table S2), 6–13 lifetime images were collected per tobacco

leaf (n = 3–5). To determine the Cerulean lifetime under non-

interacting conditions we expressed NFR1:Cerulean alone. To

assess a possible effect of acceptor fluorophore over-accumulation

on the donor lifetime, NFR1:Cerulean was expressed together

with free mOrange. No significant differences between lifetimes of

solely expressed NFR1:Cerulean (2.1860.013 ns) and NFR1:Cer-

ulean/free mOrange (2.1660.014 ns) were detected (Table S2)

indicating that acceptor-accumulation did not have any impact on

the donor lifetime. When co-expressing NFR1:Cerulean and

LjSYMREM1:mOrange the Cerulean lifetimes were significantly

reduced to 1.9960.022 ns, corresponding to a FRET efficiency of

8.8%. Similar values were obtained when NFR1:Cerulean and

LjSYMREM1C:mOrange were co-expressed. The observed life-

time decreased to 1.9760.021 ns with a FRET efficiency of 9.6%

clearly indicating physical interaction of NFR1 and the C-terminal

region of the LjSYMREM1 protein (Table S2). Moderately but

also significantly reduced lifetimes were measured when co-

expressing NFR1:Cerulean and LjSYMREM1N:mOrange

(2.0960.019 ns; FRET efficiency of 4.1%) (Table S2). These data

indicate that primarily the C-terminal region of LjSYMREM1,

containing the coiled-coil domain, contributes to NFR1-LjSYM-

REM1 interaction while the N-terminal region only weakly or

transiently interacts with NFR1.

Phosphorylation of LjSYMREM1 by kinase domains of
NFR1 and SYMRK

As shown above the C-terminal region of the LjSYMREM1

forms a stable interaction with the RLKs while the N-terminal

domain may undergo weak or transient interaction. Since

Remorins were reported to be phosphorylated in vivo

[25,26,27,28] we decided to test if the putative transient

interactions between the RLKs and the LjSYMREM1N domain

is a result of rapidly occurring protein phosphorylation. Contact

between proteins should occur along the intracellular region

(juxtamembrane region, kinase domain and C-terminal region) of

the RLKs since Remorins are anchored to the cytosolic face of the

PM [18]. Therefore, we tested if the cytoplasmic domains (CDs) of

these symbiotic RLKs are able to phosphorylate LjSYMREM1 in

vitro. It should be noticed that NFR5 is a pseudokinase that lacks

several kinase subdomains including the activation loop and has

recently been shown to lack kinase activity in vitro [1,29]. Purified

LjSYMREM1 was tested with the recombinant CDs of NFR1,

NFR5 and SYMRK. As illustrated in Figure 8A SYMRK was able

to phosphorylate LjSYMREM1. A clear, but weaker, phosphor-

ylation of LjSYMREM1 was found when the protein was

incubated with NFR1 alone or in the presence of both NFR1

and NFR5. No phosphorylation was observed when purified MBP

protein was used as substrate of NFR1, demonstrating that the

phosphorylation of LjSYMREM1 did not derive from phosphor-

ylation of the MBP tag (Figure S4).

Figure 7. The C-terminal domain of the LjSYMREM1 protein mainly contributed to protein interactions. The yeast split-ubiquitin assay
was used to test interactions between the LjSYMREM1 variants and the RLKs NFR1, NFR5 and SYMRK. The coding regions were fused to the C-
terminal half (Cub) and the N-terminal half (NubG) of ubiquitin and interaction was tested on an individual basis. Yeast growth on medium lacking
leucine and tryptophan (2LW) indicates presence of both constructs. Interaction was tested on medium additionally lacking histidine (2LWH) that
was supplemented with 15 mM 3-amino-1,2,4-triazole (3-AT) to suppress residual levels of endogenous histidine biosynthesis. The yeast resident ER
protein Alg5 was used as negative control (Alg5:NubG and Alg5:Cub). Yeast growth was sustained on –LWH medium indicating strong interaction of
the RLKs and Remorins variants with LjSYMREM1C (A). Weak interaction of LjSYMREM1N with the RLKs and Remorins variants indicates minor or
transient contribution of the N-terminal region to protein interactions (B). Pigmentation of yeast indicates severe adenine deficiency as a
consequence of lacking interaction. A series of three dilutions (non-diluted, 1021 and 1022) are shown in each panel from left to right).
doi:10.1371/journal.pone.0030817.g007
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To map the phosphorylation sites on the LjSYMREM1 protein,

phosphorylation reactions were repeated under non-radioactive

conditions, LjSYMREM1 bands were excised from the SDS–

polyacrylamide gel and tandem mass spectrometric analysis (MS/

MS) was performed. Phosphorylated residues were neither

detected on the LjSYMREM1 nor on the MBP proteins in the

absence of NFR1 and SYMRK, indicating the absence of

LjSYMREM1 and MBP phosphorylation by bacterial kinases.

MS/MS analysis of LjSYMREM1 phosphorylated by NFR1 and

SYMRK revealed that serine S48 and threonine T49 located

within the N-terminal region of the SYMREM1 protein, were

phosphorylated by these kinase domains, respectively (Figure 8B–

8C). The obtained Mascot score were 54 for the T49 and 57 for

phosphorylation of the S48 while the MS/MS spectra did not

permit us to rule out that only one of the residues was

phosphorylated. However, bioinformatic predictions (NetPhos2.0)

indicate high P-site probabilities for S48 (0.994) while T49 is

unlikely to represent an active P-site (score 0.180). These results

are also supported by the fact that S48 is conserved in both

MtSYMREM1 and LjSYMREM1 while T49 can only be found in

the Lotus protein. Despite a high LjSYMREM1 sequence coverage

(92%) the possibility cannot be excluded that S91, S130 and/or

T131 may also be phosphorylated, as the 89-VESQK-93 and 127-

KASTQAK-134 peptide fragments could not be detected during

the experiments.

To test this we purified recombinantly expressed LjSYM-

REM1C and LjSYMREM1N proteins and used them indepen-

dently in a kinase assay with SYMRK that was shown to be the

strongest phosphorylating kinase (Figure 8A). Indeed SYMRK

could phosphorylate LjSYMREM1C indicating the presence of an

additional phosphorylation site in the C-terminal region. Interest-

ingly, when LjSYMREM1N was co-incubated with SYMRK, no

phosphorylation of this domain was detected (Figure 8D) suggest-

ing that the C-terminal region form a stable kinase-LjSYMREM1

interaction that subsequently allows phosphorylation of the

Remorin N-terminal domain.

Discussion

Despite the fact that most signaling proteins involved in RNS

are highly conserved between M. truncatula and L. japonicus,

SYMREM1 proteins from legumes show a remarkable variability

in their N-terminal regions (Figure 1; Table S1) indicating either

high evolutionary pressure on group 2 N-terminal regions or

dispensability of the domain. Given the emerging roles of

Remorins to act as novel modulators in plant signaling cascades

Figure 8. NFR1 and SYMRK kinase domains are able to phosphorylate LjSYMREM1 in vitro. Recombinant proteins purified from E. coli
were tested for phosphorylation in vitro. LjSYMREM1 was N-terminally fused to the maltose binding protein (MBP). While NFR1 and NFR5 kinase
domains (CD; cytosolic domains of the RLKs were used) were used as untagged proteins, SYMRK-CD contained a His-tag at its C-terminal end.
Phosphorylation was visualized by detection of integrated radioactively labeled c-32P-ATP. Both CDs were able to phosphorylate LjSYMREM1 even
though NFR1 to a lower extent than SYMRK (A). Autophosphorylation of NFR1 and SYMRK kinase domains as well as trans-phosphorylation of NFR5-
CD (inactive) by NFR1 were observed. Presence of NFR5 did not change the level of LjSYMREM1 phosphorylation. Protein staining of the SDS-PAGE
shows presence of used proteins. Due to high kinase activity of SYMRK-CD protein amounts used for the assay were decreased to 0.25 mg and thus
not visible on the gel (A). Representative MS/MS spectra of phosphorylated peptide ESQNAESSNSpTLTITR (NFR1-LjSYMREM1) (B) and
ESQNAESSNpSTLTITR (SYMRK-LjSYMREM1) (C) were obtained when mapping the phosphorylation sites S48 and T49 on the LjSYMREM1 protein,
respectively. While SYMRK was able to phosphorylate the C-terminal part of the protein, the LjSYMREM1 N-terminal region alone could not be
phosphorylated in vitro (D).
doi:10.1371/journal.pone.0030817.g008
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we therefore characterized the LjSYMREM1 protein from Lotus

japonicus in more detail with the aim to determine its spatio-

temporal regulation and domains within the protein that

contribute to the RLK-Remorin complex formation. The finding

that purified NFs were sufficient to induce the promoter in root

epidermal and cortical cells and that LjSYMREM1 expression

followed nodule primordium formation supports putative role of

the protein during initial stages of rhizobial infection. Epidermal

activation of the promoter was entirely abolished during nodule

organogenesis and infection while GUS staining was continuously

observed in infected cells of mature determinate nodules of Lotus

(Figure 3) where the native LjSYMREM1 protein strongly

accumulates (Figure 4). Whether the spatial expression of the

Lotus RLKs NFR1, NFR5 and SYMRK matches the profile of

LjSYMREM1 during later stages of the nodulation process remains

to be studied. However, continuous expression of the orthologous

RLKs from M. truncatula in nodule primordia has been shown

while in nodules transcripts have only been detected in the

infection zone [6,9,30]. These data suggest roles of these RLKs

also during later stages of infection. Whether the receptors are also

present on symbiosome membranes has not been reported, yet.

LjSYMREM1 is also present on trans-cellular infection threads

that connect infected cells in mature nodules (Figure S2B). These

data complement the findings that MtSYMREM1 localizes to

nodular infection threads within the infection zone (zone II) [15],

however no MtSYMREM1 protein was detected on remnant

trans-cellular infection threads in the fixation zone (zone III) of

Medicago nodules (Ton Timmers, LIPM Toulouse, personal

communication).

In order to better understand the biology of Remorins and the

structural requirements for RLK-Remorin interactions we sepa-

rated the N- and C-terminal regions according to the presence of

the coiled-coil domain in the C-terminal part and the lack of

sequence conservation compared to other Remorins in the N-

terminal region. As expected, due to the fact that PM association

has been suggested for the entire Remorin family, the solely

expressed C-terminal region localized to the plasma membrane

(Figure 5) while the N-terminal region does not contribute to the

subcellular localization of LjSYMREM1. Furthermore data

presented here show that both, Remorin oligomerization and

interaction with RLKs are mainly mediated also by the C-terminal

part as shown in yeast (Figure 6), by FLIM analysis (Table S2) and

by in vitro kinase assays (Figure 8B). The lack of fluorescence in the

BiFC assay when co-expressing Yc:MtSYMREM1 and LjSYM-

REM1:Yn (Figure 6) indicates that Remorins may assemble in a

parallel fashion leading to a physical distance of the split YFP

halves and thus the lack of fluorescent signal. Whether

phosphorylation of C-terminal residues is required for oligomer-

ization remains to be studied. However, the fact that Yc:MtSYM-

REM1 does not interact with any of the Lotus RLKs (Figure 6) may

also suggest that the N-terminal region of the both homologs has a

steric impact on these interactions. Thus the function of the N-

terminal region remains to be studied in detail and will likely

provide further functional insights into SYMREM1 function.

Coiled-coil motifs are well known domains required for protein-

protein interactions and several CCD containing proteins involved

in cellular signaling processes have been described [31,32]. This

domain has been previously hypothesized to be involved in

Remorin oligomerization [33]. Since PM association of LjSYM-

REM1 is mediated by residues in the C-terminal region (Figure 5)

we assume that LjSYMREM1C tightly associates with the kinase-

and/or juxtamembrane domains of the receptors in close

proximity to the PM. However, our FLIM data indicate that the

N-terminal region weakly or transiently interacts with the RLK

cytoplasmic domains (Table S2). In line with this we mapped the

NFR1 and SYMRK phosphorylation site (S48/T49) to the N-

terminal region of LjSYMREM1 (Figure 8). This phosphorylation

possibly requires formation of a stable receptor-Remorin complex

in vivo. It remains to be investigated whether phosphorylation of

S48 induces a conformational change in the N-terminal region of

the protein that allows interaction with other proteins and how

specificity for recognition of interaction partners is achieved.

Molecular scaffold proteins are able to recruit proteins in

membrane subdomains such as membrane rafts and facilitate

assembly of multi-component signaling complexes. We hypothe-

size that LjSYMREM1 also serves such function. However, the

fact that NFR1 and NFR5 are able to interact with each other in

the absence of LjSYMREM1 at least when heterologously

overexpressed in N. benthamiana [29] implies that the protein

might be required for recruitment of RLKs into membrane rafts

and to facilitate complex assembly in these subdomains. The fact

that a large-scale proteomic study of M. truncatula membrane raft

localized proteins did not identify LYK3, NFP or DMI2 in

membrane rafts [34] may rather reflect low abundance of the

RLK proteins. However it was recently nicely shown that LYK3

localizes to mobile membrane micro-domains in Medicago root

hairs. Application of Nod Factors immobilized these foci and led

to co-localization with the flotillin protein FLOT4 [35] that has

been previously shown to be required during rhizobial infections

[36]. It remains an intriguing question for the future if direct

interactions between symbiotic RLKs and flotillins together with

remorin proteins occur.

Materials and Methods

Phylogenetic and sequence analyses
Alignments and phylogenetic trees were computed using the

CIPRES web-portal. Alignments were computed with MAFFT

6.822 (JTT matrix, E-INS-i setting) and RAxML 7.2.7 for fast

maximum likelihood analyses [37]. For RAxML, the JTT PAM

matrix for amino acid substitutions was chosen and the

GTRGAMMA model was used for both, the bootstrapping phase

and the final tree inference model, with 1000 bootstraps.

The 147 Remorin protein sequences available from public

databases were analyzed to study their relationship, using 101

unambiguously aligned amino acid positions of the conserved C-

terminal region. A second dataset contained 96 aligned sequences

of group 2 Remorins only, allowing the analysis of 172 positions.

For sequence comparisons (Table S1 A–C) sequences were

pairwise aligned using the EMBOSS Stretcher Algorithm (http://

www.ebi.ac.uk/Tools/psa/emboss_stretcher/).

Plant Growth, Hairy Root Transformation and Stable
Transformation

Transgenic roots were generated using Agrobacterium rhizogenes

AR1193 [38] carrying the relevant construct. Roots of all plants

were removed and seedlings were dipped into Agrobacterium

suspension. Transformed plants were plated onto Gamborg’s B5

medium [39], incubated in dark for 2 days before being grown at

24uC (8 h dark/16 h light, 60% humidity). Removal of Agrobac-

teria was achieved by transferring plants on Gamborg’s B5

medium containing Cefotaxim 5 days after transformation.

Four weeks after transformation, plants were infected with

Mesorhizobium loti MAFF 303099 (expressing DsRed fluorophore)

and grown in glass jars on sand-vermiculite (1:1) mixture for the

time indicated in the individual experiments.

Stable transformation of Lotus japonicus MG20 wild-type plants

was performed as described earlier [40] with slight modifications.
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The offspring of primary transformed plants (T2) was selected by

hygromycin resistance and grown in glass jars on sand-vermiculite

and were infected with M. loti MAFF 303099.

Promoter Analysis - Histochemical GUS-Staining/
ß-Glucuronidase Assay

For analysis of promoter activity a 975 bp fragment upstream of

the translational start codon was cloned into pBI101 binary vector

and fused to the uidA (GUS) reporter gene. Transgenic roots of

composite plants carrying the 975 bp construct as well as the

empty vector - as negative control - were harvested periodically

one week after inoculation with M. loti MAFF 303099 and

incubated in GUS-staining solution (0.1 M NaPO4; 1 mM EDTA;

1 mM K3Fe(CN)6; 1 mM K4Fe(CN)6; 1% Triton-6100; 1 mM X-

Gluc) at 37uC in dark for 5 hours.

For imaging nodules were embedded in 5% Low-melt Agarose

and sectioned via a Leica VT1000s Vibratome into 100 mm thick

sections. For GUS-staining (Figure S1) nodules were sectioned

prior to GUS staining and staining was performed over-night.

Cloning and Constructs
All cloning steps (if not specifically indicated) were performed

using Gateway technology. Created entry clones were verified by

sequencing. All LjSYMREM1 and RLK constructs are based on

cDNA templates until stated differently. SYMRK constructs that

were used for in planta expression derived from genomic based

clones.

For BiFC vectors were used as described earlier [15]. For FLIM

analysis p35S-GW-Cerulean-nos and p35S-GW-mOrange-nos

[41] vectors were used.

To analyze the localizations of LjSYMREM1 in the homolo-

gous L. japonicus background, we generated C-terminal fusions of

the different LjSYMREM1 constructs to mOrange fluorophore in

a vector that was described earlier [23] where the mOrange

fluorophore was inserted after the recombination cassette.

To generate a stable L. japonicus line for protein localization

expressed under its native promoter, we fused a 975 bp native

promoter sequence and the full-length genomic sequence of

LjSYMREM1 C-terminally to the eYFP fluorophore using the

pH7YWG2.0 vector (modified after [42]) after removal of the

CaMV-35S-promoter.

Protein Extraction and Western-blot Analysis
Total protein extraction was performed from transgenic Lotus

roots expressing LjSYMREM1-mOrange under control of the

Lotus polyubiquitin promoter and from roots of the stable

transgenic plants expressing LjSYMREM1-YFP under its endog-

enous promoter. Roots were ground in liquid nitrogen and

homogenized in denaturating buffer (10 mM EDTA, 50 mM

Hepes, 150 mM NaCl, 10% Sucrose, 5 M Urea, 2 M Thiourea,

1% Triton-X 100, 1% SDS, 2 mM DTT, plant protease inhibitor

cocktail from Sigma) and incubated for 1 hour at 37uC. Proteins

were separated on a 12% SDS gel and transferred overnight at

4uC onto PVDF membranes. Membranes were blocked in 5%

milk in TBS (with 0.1% Tween 20) and incubated overnight at

4uC with primary antibody. For detection of mOrange and the

YFP fluorophore primary a-DsRed (rabbit, polyclonal; 1:5000)

and primary a-GFP (mouse, monoclonal; 1:5000) antibodies were

used, respectively.

Yeast two-hybrid interaction assay
We used the yeast split-ubiquitin system (SUS) for testing

protein-protein interactions using the NMY32 yeast strain. The

Remorin constructs were cloned into the bait vector pBT3-N (Cub

– C-terminal half of the Ubiquitin molecule – N-terminal fusion to

the protein) and into the prey vector pDSL-Nx (NubG – mutated

N-terminal Ubiqutin domain - N-terminal fusion to the protein)

using SfiI restriction sites. RLK bait constructs were cloned into

pTMBV4 (NFR1, SYMRK) and in pBT3-C (NFR5). For using

the RLKs as prey constructs genes were cloned into pDL2xN. Co-

transformations to investigate and confirm interactions and crude

protein extraction were performed as described by the manufac-

ture (DUALsystem). Transformants were tested for interactions on

SD (0.67% yeast nitrogen base, 2% glucose, 2% Bacto-agar and

amino acid mix) without the appropriate auxotrophic markers and

in the presence of 15 mM 3-amino-1,2,4-triazole (3-AT) in

different dilution series: ND (non-diluted), 1021, 1022 up to 1025.

BiFC studies and FLIM-FRET analysis
BiFC experiments were performed as described earlier [29].

Imaging was performed with a spectral TCS SP5 MP confocal

laser-scanning microscope (Leica Microsystems, Mannheim,

Germany) using an argon laser at an excitation wavelength of

514 nm. The water immersion objective lens HCX PL APO

20.060.70 IMM UV was used for imaging tobacco epidermal cells

for confocal imaging and FLIM analysis.

For FLIM-FRET analysis Agrobacterium-infiltration of tobacco

leaves was performed as described above using A. tumefaciens

GV3101 C58 carrying the respective constructs. For confocal laser

scanning microscopy (CLSM) Cerulean fusion proteins were

excited with a 405 nm diode laser, whereas mOrange fusion

proteins were excited with a 514 nm argon laser line [41].

Cerulean fluorescence emission was detected between 485 and

535 nm, whereas mOrange fluorescence emission was detected

between 545 and 600 nm. For spectroscopic analysis, the emission

spectra of Cerulean and mOrange were recorded by l-scanning

between 450–590 nm and 540–720 nm, respectively.

For FLIM-FRET measurements, multiphoton (MP) excitation

was used. Cerulean was excited with 810-nm light using a Spectra

Physics Ti:Sapphire Mai Tai laser running at 80mhz with 1.2 ps

pulse lengths. A FLIM PMT detector build in the spectral

scanhead of the above mentioned microscope (Becker & Hickl

[B&H] FLIM setup, implemented by Leica Microsystems,

Mannheim, Germany) was used for time resolved photon

detection for 5 min in 64 scanning cycles (<5 s/cycle) at a spatial

resolution of 2566256 pixel, using the B&H photon counting

software TCSPC 2.80. The MP excitation laser-power used was at

setting that resulted in less then 10% photobleaching over the

5 min measuring time.

Selected magnified areas of the cells were then subjected to

analyses performed with the B&H SPCImage software. Signifi-

cance levels were calculated by student’s t-test (with p,0.01 being

significantly different).

In Vitro Phosphorylation Assay
For this study the different LjSYMREM1 constructs were fused

to the C-terminus of E. coli maltose-binding protein MalE (MBP)

in pKM596 using the pENTR/TEV/D-TOPO entry clones.

Proteins were expressed in E. coli Rosetta cells upon induction with

0.5 mM IPTG, cells were harvested after incubation at 21uC for

6 hours. Proteins were purified by amylose resin affinity

chromatography (binding buffer: 20 mM Tris-HCl pH 7.4,

200 mM NaCl, 10 mM ß-mercaptoethanol, 1 mM EDTA and 1

protease inhibitor tablet per 200 ml) and eluted samples (elution

buffer: 20 mM Tris-HCl pH 7.4, 200 mM NaCl, 10 mM ß-

mercaptoethanol, 1 mM EDTA, 10 mM maltose and 1 protease

inhibitor tablet per 200 ml) were tested on 10% SDS gel.
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Purified MBP-LjSYMREM1, MBP-LjSYMREM1c and MBP-

LjSYMREM1N were incubated with the respective kinases

(NFR1-CD (residues 254–622), NFR5-CD (residues 276–596),

SYMRK-CD (residues 541–923)) for 45 min in kinase buffer

(10 mM HEPES pH 7.4; 2 mM MgCl2; 2 mM MnCl2; 0.2 mM

DTT; 2 mM ATP). For radioactive labeling proteins were

incubated as described above in the presence 10 mCi [c-32P]ATP.

In Gel Digestion
Protein bands were excised from the SDS gels and bands were

cut into 11 mm3 pieces and destained with 30% acetonitrile. The

samples were reduced with 10 mM dithiothreitol in 25 mM

ammonium bicarbonate for 30 min at 56uC and subsequently

alkylated with 55 mM iodoacetamide in 25 mM ammonium

bicarbonate for 45 min at room temperature in the dark. Then,

the gel pieces were washed with water and ACN and dried under

vacuum. Finally, proteins were digested with trypsin (1:20, w/w) in

25 mM ammonium bicarbonate (pH 8.0) overnight at 37uC.

Phosphopeptide enrichment with TiO2 micro-column
Peptides were extracted from the gel by 5% FA 30% ACN.

Phosphopeptides were enriched using micro-column as described

earlier [43,44]. A small C8 plug (3 M C8 disk) was made using a

HPLC syringe and placed at the constricted end of the Geloader

tip. The TiO2 material in 100% ACN was packed on top of the

C8 plug. The dried peptides were resuspended with 50 ml of TiO2

loading buffer and directly loaded onto the TiO2 micro-column.

After washing one time with 20 ml loading buffer and twice with

20 ml washing buffer (80% ACN, 1% TFA), the bound peptides

were eluted with 20 ml 1 M NH3?H2O and 5 ml of 0.5 M

NH3?H2O in 30% ACN. The elution was acidified with 1 ml

100% formic acid and dried prior to LC-MS analysis.

LC MS/MS Analysis and Data Interpretation
LC-MS/MS analysis was performed using a nanoliter flow

EasyLC system (Thermo Fisher Scientific, Odense, Denmark)

interfaced to an LTQ-Orbitrap XL mass spectrometer (Thermo

Fisher Scientific, Bremen, Germany) as described earlier [29,45].

Supporting Information

Figure S1 Sections of nodules expressing an pLjSYM-

REM1:GUS construct. The construct was expressed in L.

japonicus roots and GUS staining was performed 24 hours after

Nod Factor application (A) and 21 dpi with M. loti (B). GUS

staining was found in outer and inner root cortical cells (A),

infected cells of nodules containing nitrogen-fixing bacteroids as

well as in outer parenchyma cells that are not infected by the

bacteria (B). Root material and nodules were sectioned after or

prior to GUS staining that was performed over-night, respectively.

Scale bars indicate 25 mm (A) and 500 mm (B).

(TIF)

Figure S2 LjSYMREM1:YFP localizes to the symbio-
some membrane and to nodular infection threads. A

genomic construct consisting of the LjSYMREM1 native promoter

and the LjSYMREM1 gene was fused to YFP. Roots were

inoculated with M. loti MAFF303099 and three week old nodules

of stable transgenic T2 plants were analyzed. Infected cells were

disrupted by mechanical force to separate symbiosomes. Individ-

ual symbiosomes showed clear YFP fluorescence indicating

presence of LjSYMREM1 on the symbiosome membrane (A).

YFP fluorescence was also detected on nodular infection thread

remnants that are found in between infected cells (B). Bars indicate

5 mm (A) and 10 mm (B).

(TIF)

Figure S3 All membrane-anchored clones were ex-
pressed in the yeast split-ubiquitin system. The NubI

tag is able to reconstitute together with Cub to the full-length

ubiquitin and thus activates expression of the HIS3-reporter. Yeast

growth on medium lacking leucine and tryptophan (2LW) shows

the presence of both constructs. Interaction was tested on medium

additionally lacking histidine (2LWH) that was supplemented

with 15 mM 3-amino-1,2,4-triazole (3-AT) to suppress residual

levels of endogenous histidine biosynthesis.

(TIF)

Figure S4 NFR1 and SYMRK kinase domains are
unable to phosphorylate maltose binding protein
(MBP). MBP was recombinantly expressed and purified. Since

no phosphorylation of MBP was detected in kinase assays it can be

concluded that phosphorylation that was observed with MBP-

LjSYMREM1 does not derive from MBP phosphorylation.

(TIF)

Table S1 Group 2 remorins exhibit unusual sequence
diversity in their N-terminal region. Sequence comparison

of full-length (overall), N- and C-terminal protein sequences of

legume remorins that were found to be most closely related to each

other (Figure 1) revealed that sequence conservation of the C-

terminal region is in accordance with similarities of other legumes

signaling proteins (Table S1B) while the N-terminal region is

unusually diverse (Table S1A).

(DOCX)

Table S2 Testing interaction between LjSYMREM1
domains and NFR1 by FLIM analysis. LjSYMREM1:mOr-

ange and NFR1:Cerulean were co-expressed in N. benthamiana

leaves under control of the CaMV 35S-promoter. Shorter

Cerulean lifetimes indicate interaction between the proteins.

Strong interaction was observed between NFR1 and LjSYM-

REM1FL/LjSYMREM1C while mild but significant reduction in

lifetime was also observed between NFR1 and LjSYMREM1N.

Numeric values are provided in the table inset. Significance levels

were calculated by student’s t-test (with p,0.01 being significantly

different). Free mOrange was co-expressed with NFR1:Cerulean

to demonstrate that simple protein accumulation by over-

expression of the acceptor fluorophore is not sufficient to reduce

donor lifetimes.

(PDF)
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Sequence comparison between different group 2 Remorins that derived 
from the best BLAST hit against the genome sequences (Table S1A) and 
sequence analysis for symbiotic signaling proteins and nodulins (Table 
S1B). 
 
 
Table S1A 

Identity/Similarity values in % for putative SYMREM1 homologs  

(based on MtSYMREM1) 

 domain Medicago Lotus soybean poplar Common 

bean 

Vitis 

Full-length 100 55.5/67.1 53.1/65.1 49.8/62.9 52.4/65.0 42.9/59.0 

C-term 100 72.9/85.3 67.4/79.1 63.6/76.0 67.4/79.1 58.9/76.0 

N-term 100 27.2/38.3 30.0/42.5 26.3/40.8 27.3/41.6 15.8/30.3 

 
Medicago truncatula= MtSYMREM1#; Lotus japonicus= chr4.CM0004.60.r2.d; 
soybean=Glyma08g01590.1; poplar= PtREM2.2*; common bean= Pv_TC37632; 
Vitis vinifera= Vv_XP_002267609; nomenclature introduced and sequences 
provided in Raffaele et al., (2007) (*) and Lefebvre et al. (2010) (#). 
 

 
Table S1B 

Medicago Lotus identity similarity 

NFP NFR5 72.0% 82.8% 

DMI2 SYMRK 81.6% 87.6% 

DMI1 POLLUX 80.8% 85.3% 

DMI3 CCAMK 85.7% 92.2% 

IPD3 CYCLOPS 78.2% 87.1% 

NIN NIN 57.4% 67.5% 

NSP2 NSP2 73.9% 83.4% 

Leghemoglobin 1 Leghemoglobin 1b 70.3% 80.4% 

 
Accession numbers for sequences used in this analysis: NFP 

(ABF50224), NFR5 (CAZ66917), DMI2 (CAD10811), SYMRK 

(AAM67418), DMI1 (AAS49490), POLLUX (BAD89022), DMI3 
(Q6RET7), CCAMK (CAJ76700), IPD3 (ABN45743), CYCLOPS 

(ABU63668), MtNIN (ACN58567), LjNIN (CAB61243), MtNSP2 

(CAH55768), LjNSP2 (BAE72690), Lb1 (P72992), Lb1b 

(BAB18108). 
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ABSTRACT: 

About 65 million years ago legumes evolved the almost unique ability to concurrently 

host two symbioses, the arbuscular mycorrhiza (AM) and the root nodule symbiosis 

(RNS). Being therefore able to grow in phosphate- and nitrogen-deprived 

environments, this feature provided a significant competitive advantage in natural 

ecosystems. Consequently it has become a major aim to understand the molecular 

networks governing both bipartite interactions. One of the key events was the 

implementation of an already existing signalling cascade operating during AM into 

RNS, commonly referred to as the ‘common symbiosis pathway’ (CSP). However, 

the fact that only RNS but not AM triggers the onset of an entire organogenesis 

programme downstream of the CSP raises the ultimate need for additional regulatory 

circuits. In this study we provide first evidence for the existence of a legume-specific 

pathway that controls CSP-dependent nodule organogenesis during the tripartite 

interaction between the host, the AM fungus and rhizobia. As a first member of such 

novel control layer, we characterized the legume-specific remorin protein MYCREM 

that strictly co-evolved with symbiotic dualism in all tested legumes. Genetically, 

MYCREM negatively regulates nodulation in the presence of both symbionts but not 

during sole bipartite host-rhizobium interactions in Medicago truncatula. The protein 

functions as a nodule organogenesis suppressor and interferes with the expression of a 

rhizobia-induced host infection marker. We propose that MYCREM represents a first 

component of a novel pathway that fine-tunes cellular events required to maintain 

effective symbiotic dualism in legumes in natural environments.  
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INTRODUCTION 

Arbuscular mycorrhiza (AM) symbiosis is one of the oldest and most frequently 

found symbiotic associations on earth as the respective fungi belonging to the 

monophyletic Glomeromycota phylum colonize about 80% of all terrestrial land 

plants (1-3). The recognition of fungal lipochitooligosaccharides (LCOs) by LysM-

type receptor-like kinases (4) (RLKs) results in host cell reprogramming including 

initial cellular, physiological and transcriptional responses such as cell polarization, 

calcium spiking and the expression of specific marker genes, respectively (5-8). The 

primary intracellular passage of AM fungi (AMF) such as Rhizophagus irregularis 

across the host epidermis and outer cortical cells is guided by the formation of a 

cytoplasmatic bridge, the pre-penetration apparatus (PPA), which precedes the direct 

cellular colonization by the symbiont (9, 10). In the model legume Medicago 

truncatula this stage is followed by an intercellular expansion of the intraradical 

hyphae along the root axis prior to the penetration of inner cortical cells. Within these 

cells fungal hyphae undergo extensive branching to form the symbiotic organ, the 

arbuscule (7). Interestingly, colonization of inner root cortical cells by AMF does not 

trigger any significant cell proliferation or tissue re-organization is this susceptible 

zone.  

In contrast to almost any other plant family, legumes evolved the ability to undergo a 

second mutualistic interaction, the root nodule symbiosis (RNS) mostly with gram-

negative alpha-proteobacteria of the Rhizobeacae family. Phylogenetic analyses 

revealed that RNS evolved several times independently about 65 million years ago 

(14) with one of these events occurring early in the evolution of the Papilionoideae 

subfamily, the largest legume subfamily with more than 13,000 species (15). With the 

perception of LCOs - the so-called Nod Factors - by host LysM-type RLKs (16-19), 

regular calcium spiking (20-22), the formation of the pre-infection thread (PIT) (23, 

24) - a structure similar to the PPA - and the intracellular colonization of the host root 

(25, 26), both symbioses share remarkable similarities. The most striking one, 

however, is the use of an identical molecular signalling cascade, the ‘common 

symbiosis pathway’ (CSP), downstream of LCO perception (14). Loss of function 

mutations in any of the CSP genes results in the inability to form AM and RNS or to 

severe perturbations during colonization. Most of the CSP components known to date 

localize to the nuclear envelope (27-33) or the nucleoplasm (34-37). Among them are 
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the M. truncatula calcium-calmodulin-dependent kinase DOES NOT MAKE 

INFECTIONS 3 (DMI3) (34, 38) and the transcriptional activator INTERACTING 

PROTEIN OF DMI3 (IPD3) (39) as well as their respective orthologs in L. japonicus 

CCaMK and CYCLOPS (36, 37). The DMI3/IPD3 (CCaMK/CYCLOPS) complex 

probably decodes calcium-spiking signatures during AM and RNS (40). Interestingly, 

the presence of the phospho-mimetic and auto-active versions CCaMK-T265D or 

CYCLOPS-S50D-S154D (CYCLOPS-DD) result in the formation of spontaneous 

nodules (SPN) even in the absence of rhizobia (36, 41). Considering that the CSP is 

absolutely indispensable for establishing or maintaining both symbioses raises a so far 

unsolved paradox with respect to a key difference between AM and RNS: In contrast 

to AM, the colonization of the root by rhizobia results in the formation of an entirely 

new organ, the root nodule, that hosts differentiated, membrane-encapsulated and 

nitrogen-fixing bacteroids (42). In M. truncatula the respective organogenetic 

programme is initiated by cell divisions in the pericycle and inner root cortical cells 

that result in the formation of a nodule primordium, which subsequently further 

differentiates into a mature nodule (43). As the formation of lateral roots, which are 

induced during RNS and AM (44, 45), is also initiated in the pericycle and the 

endodermis and followed by cell divisions within the most inner cortical cell layer 

(46) both organogenetic programmes might be genetically overlapping in M. 

truncatula.  

In this study we asked the question: What enables legumes to spatially control two 

morphologically different symbioses after using a genetically identical signalling 

pathway? While this feature is not required when inoculating legumes with only one 

symbiont at a time, as currently done under laboratory conditions in most molecular 

and cell biological studies, they are exposed to both symbionts simultaneously in 

natural environments. This study aimed to gather evidence for the existence of a novel 

regulatory pathway that coordinates simultaneous existence of this globally important 

symbiotic dualism on the same root segment.  

 

RESULTS 

To illustrate the simultaneous and physical presence of both symbioses under natural 

conditions we harvested field-grown Medicago and stained the roots for AM 

structures. As expected all roots were populated with nodules as well as densely 



 

 

 
Publications and Manuscripts 

 

  

colonized by AMF that were found in close proximity to each other (Fig. 1A-E). To 

be able to investigate this symbiotic dualism under laboratory conditions we 

established a novel co-inoculation assay where plants were grown in sterilized 

substrate and inoculated with both symbionts, Sinorhizobium meliloti and R. 

irregularis. As observed for field-grown plants both symbioses were located adjacent 

to each other when grown under these co-inoculation conditions in a controlled 

laboratory environment (Fig. 1F). 

 

MYCREM evolved with symbiotic dualism in legumes 

As the molecular composition of protein complexes that mediate the hypothesized 

regulatory system are unknown, we assumed that scaffold proteins such as members 

of the remorin protein family could serve as promising candidates to test for the 

existence of such pathway. Therefore, we took advantage of the fact that these 

proteins function as molecular hubs by interacting with a number of different and 

most likely pathway-specific components. Previous analysis identified a legume-

specific subclade (clade II) within the remorin family that is represented by two 

members in the M. truncatula genome (MtREM2.1 and MtREM2.2 (SYMREM1)) (47). 

SYMREM1 is exclusively induced during RNS and controls rhizobial infection (48, 

49). In contrast, REMORIN-LIKE 1 (RML1), the L. japonicus homolog of MtREM2.1 

is induced during later stages of AM (50) although it also belongs to the same clade as 

SYMREM1 (47, 49). Therefore, we called this gene MYCORRHIZA-INDUCED 

REMORIN (MYCREM). 

This raised the intriguing question about the possible function of AM-induced but 

legume-specific genes such as MYCREM as it is unlikely that they are essential for 

AM due to their phylogenetic restriction. To unravel the evolutionary pattern of clade 

II remorins we took a phylogenetic approach and identified homologous sequences in 

the main legume lineages and closely related species (see Supplementary Table S1). 

To identify actual orthologs among them, a phylogenetic tree was constructed and 

rooted with the potential orthologs from the closely related Rosales species and the 

Fabales Quillaja saponaria (Fig. 2). Three clades were recovered by both Neighbor-

joining and Maximum-likelihood analyses (Fig. 2). The basal one is composed of the 

Caesalpinioideae Bauhinia tomentosa and Copaifera officinalis and the Mimosoideae 

Acacia argyrophylla. Although the branching order within this clade (polyphyletic in 
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the ML tree) is not resolved strongly it suggests that a single ortholog, MYCREM-

like, is present in these lineages (Fig. 2). The two other clades are composed of 

homologs from the Papilionoideae subfamily with species represented in both clades. 

One of them contains the Medicago and Lotus SYMREM1 whereas the other one 

encompasses Medicago and Lotus MYCREM. In addition, each clade contains 

sequences from other Papilionoideae. Orthologs of MYCREM were identified in most 

Papilionoideae species with only transcriptome data available, irrespectively of the 

sampled tissues. By contrast, SYMREM1 orthologs were only found in few 

transcriptomes generated from root samples (Supplementary Table S1). Focusing on 

species with sequenced genomes, both MYCREM and SYMREM1 were recovered in 

all of them, including the Dalbergieae Arachis ipoensis. The only exception was 

Lupinus angustifolius where only SYMREM1 was found. In support of the absence of 

MYCREM in Lupinus, orthologs were also not detected in the three Lupinus 

transcriptomes included in the analysis (Supplementary Table S1).  

Taken together, these results indicate that SYMREM1 and MYCREM originate from a 

duplication event at the base of the Papilionoideae clade, after the divergence of the 

Mimosoideae, and strongly suggest that MYCREM was lost in the Lupinus genus 

while SYMREM1 has been retained. Although Lupinus is able to form the root nodule 

symbiosis, species belonging to this genus are not able to form the AM symbiosis. It 

has been previously demonstrated that the loss of AM in the Lupinus genus is 

associated with the loss of genes specifically required to form this symbiotic 

association, while the ones specific of RNS, such as SYMREM1, are conserved (6, 

51). From this we concluded that MYCREM evolved with the ability of legumes to 

maintain both AM and RNS at the same time. 

 

MYCREM transcripts accumulate during AM 

The M. truncatula MYCREM gene (Medtr5g010590) is transcribed at basal levels in 

control roots (mock) (Fig. 3A) and isolated young nodules (Fig. 3B). Elevated mRNA 

levels were found in nodulated as well as mycorrhized roots (Fig. 3A). To gain cell-

type specific resolution we generated transgenic roots expressing a reporter construct 

(ProMYCREM::GUS). In non-inoculated roots (mock) the MYCREM promoter was 

weakly activated along the vasculature, inner cortical cells (Fig. 3C,D) and in lateral 

root primordia (Fig. 3D). Upon rhizobial inoculation, GUS staining was also observed 
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in nodule primordia (Fig. 3F,G) as well as in the nodule meristem and the distal zone 

II of mature nodules (Fig. 3E). In root segments without nodules the promoter 

remained activated in inner cortical cells, the vasculature and lateral root primordia 

(Fig. 3H). These basal cortical expression levels were also observed on roots carrying 

extraradical R. irregularis hyphae (Fig. 3I) while the reporter was reproducibly 

induced in inner root cortical cells that hosted intraradical hyphae (Fig. 3J) or 

arbuscules (Fig. 3K).  

 

 

MYCREM is dispensable for the sole formation of AM and RNS 

To genetically assess MYCREM function, we screened (52, 53) the M. truncatula 

Tnt1-retrotransposon insertion population and identified a single mycrem mutant line 

(NF8847; mycrem-1). Re-sequencing of the MYCREM locus in this line revealed that 

the retrotransposon inserted at the end of the fourth intron at nucleotide position 1484 

(Supplementary Fig. S1A). Quantitative RT-PCR analysis on cDNAs obtained from 

five independent homozygous individuals showed a strong reduction of the full-length 

MYCREM transcript under AM condition at 6wpi (Supplementary Fig. S1B). 

However, this mutant did not display any phenotypical differences to wild-type plants 

with respect to nodule primordia number (Supplementary Fig. S1C) or intraradically 

hosted fungal structures such as hyphae, arbuscules and vesicles when grown under 

high infection (chive nurse system; Supplementary Fig. S1D) or moderate infection 

pressure conditions (spore inoculum; Supplementary Fig. S1E) with each symbiont 

being inoculated independently from the other. 

Taken together these data indicate that MYCREM does not represent a core gene 

required for the establishment of the individual symbioses where only one type of 

symbiont, either AMF or rhizobia, is present at the time.  

 

MYCREM controls nodule organogenesis under co-inoculation conditions 

Following the hypothesis that genes like MYCREM should possess their main function 

in the presence of both symbionts, plants were grown under co-inoculation conditions. 

To ensure full colonization of the roots by AMF and to avoid systemic auto-regulation 

of nodulation (AON) plants were exposed for four weeks to R. irregularis prior to the 

inoculation with S. meliloti. Symbiotic performance was scored taking nodule 
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primordia as a read-out. Strikingly, mycrem mutant plants developed significantly 

more nodule primordia compared to wild-type plants under co-inoculation conditions 

using high (Fig. 4A) and moderate infection pressure inoculums (Fig. 4B) indicating 

an impaired cross-regulation of both symbioses in the mycrem mutant. The phenotype 

was genetically complemented in transgenic roots expressing a ProMYCREM:HA-

MYCREM construct (Fig. 4C). In addition to the symbiotic phenotype, the mycrem 

mutant developed significantly more lateral roots when grown for 7 days in the 

absence of any symbiont (Fig. 4D). 

These experiments imply that MYCREM is specifically involved in a novel 

regulatory mechanism that controls lateral root formation and nodulation under more 

complex inoculation conditions. These phenotypes raised the question whether 

MYCREM functions as an autonomous organogenesis suppressor in non-infected 

primordia. 

 

MYCREM negatively interferes with nodule organogenesis 

To genetically assess the putative organogenetic suppressor function of MYCREM in 

more detail we made use of the auto-active L. japonicus CCaMK-T265D and 

CYCLOPS-DD mutant variants. Indeed, individual expression of both CCaMK-

T265D and CYCLOPS-DD in the R108 wild-type background resulted in the 

formation of SPN with significantly fewer organogenesis events observed for 

CYCLOPS-DD (Fig. 5A). Furthermore, SPNs induced by CCaMK-T265D developed 

into elongated structures (Fig. 5B,D) while those induced by the expression of 

CYCLOPS-DD were arrested in the young primordium stage (Fig. 5C,E) and 

therefore were significantly smaller (Supplementary Fig. S2). Genotype-based 

comparison revealed that significantly more SPNs were formed on mycrem compared 

to wild-type roots that expressed CCaMK-T265D, an effect that was less pronounced 

using CYCLOPS-DD (Fig. 5A). Furthermore, expression of both auto-active versions 

resulted in the formation of cluster-like roots (as illustrated for CYCLOPS-DD; Fig. 

5F) with the effect being more prominent upon expression of CYCLOPS-DD (Fig. 

5H). This phenomenon was not observed or greatly reduced when expressing 

CCaMK-T265D and CYCLOPS-DD in the mycrem mutant, respectively (Fig. 5G,H). 

These results clearly demonstrate that MYCREM acts as a negative regulator of 

organogenesis. 
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As the CCaMK/CYCLOPS complex defines the genetic branch point at the end of the 

CSP where AM and RNS related signalling diverges again (54), we tested the ability 

of these auto-active variants to transcriptionally induce endogenous remorin genes. 

While ectopic expression CCaMK-T265D only resulted in mildly elevated MYCREM 

transcript levels the presence of CYCLOPS-DD lead to a significant induction of the 

gene in the wild-type but not in the mycrem mutant (Supplementary Fig. S3A). 

Interestingly, the infection marker and closely related SYMREM1 gene, which is 

strongly activated in young nodules (Supplementary Fig. S3C,D) was exclusively 

induced by CCaMK-T265D in the wild-type but completely blocked in the mycrem 

mutant (Supplementary Fig. S3B). Given our finding that CYCLOPS-DD selectively 

induces the onset of lateral roots and nodule organogenesis we concluded that 

CCaMK-T265D is able to trigger additional cell-specific infection- and 

organogenesis-related processes as represented by the induction of SYMREM1 that are 

inhibited in the mycrem mutant (Supplementary Fig. S3B). This suggests that, 

mechanistically, MYCREM might be able to locally suppress expression of genes 

linked to rhizobial infection such as SYMREM1 in the presence of both symbionts.  

 

 

DISCUSSION 

About 65 million years ago (14, 55) legumes evolved the capability to simultaneously 

host RNS and AM in close proximity to each other (Fig. 1). This symbiotic dualism 

creates at least two obstacles: First, as legumes integrate the initial perception of 

specific microbe-derived signalling molecules via the same genetic pathway, the CSP, 

they require mechanisms to maintain this specificity downstream of the CSP in order 

to ensure the observed differential responses. Second, since RNS is energetically 

extremely costly for the host plant (56), legumes need regulatory circuits that allow 

local fine-tuning of rhizobial infection in AM colonized roots. This includes spatial 

separation of both symbioses and the molecular integration of environmental 

constrains where host plants favour one over the other symbiosis (e.g. under drought 

conditions that positively regulate AM (57)). Our phylogenetic approach revealed that 

MYCREM strictly co-evolved with symbiotic dualism (Fig. 2), a feature that this is 

most likely not restricted to this gene. In addition MYCREM is not found within the 

canonical genes required for AM (5, 6, 51) although the gene is induced in AMF 
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colonized roots and arbuscule containing cells. This strongly imposes a potential 

function of MYCREM in coordinating both symbioses and being a component of a 

cell-type specific pathway that spatially controls cross talk between the two 

symbioses in the inner root cortex. Indeed MYCREM is transcriptionally activated in 

these cells and uninfected nodule primordia (Fig. 3C-K) that are potentially 

susceptible to intracellular colonization by symbiotic microbes and to cell division 

(43). In these cells MYCREM appears to be regulated by at least two routes: First, its 

reduced transcript stability in nodules (Fig. 3B) implies the locally confined 

regulation on a post-transcriptional level during a sole bipartite rhizobium-host 

interaction as shown for a number of RNS-related genes (59-61). Second, the CSP-

dependent activation of MYCREM and SYMREM1 relies on a specific 

phosphorylation pattern within the CCaMK/CYCLOPS complex (Supplementary Fig. 

S3). The CCaMK-T265D-mediated induction of SYMREM1, which is blocked in the 

mycrem mutant (Supplementary Fig. S3B), supports a possible model where 

MYCREM might be able to desensitize AMF colonized inner cortical cells for 

subsequent rhizobial infection by inhibiting CSP-dependent activation of infection 

related genes such as SYMREM1.  

Besides a CSP-dependent regulation of MYCREM expression, global transcriptome 

data indicate that the gene is induced during nitrate-mediated nodule senescence but 

not upon treatment of uninoculated roots with high nitrate (62). Additionally, 

prolonged drought that coincides with elevated abscisic acid (ABA) concentrations, a 

phytohormone that promotes AM but inhibit RNS (63, 64), lead to a constant 

accumulation of MYCREM mRNAs, which were immediately reduced upon re-

watering (65). These data indicate an additional hormonal and metabolic control of 

MYCREM and a possible involvement of local AON, which is able to inhibit the 

initiation of nodule primordium formation in legumes such as M. truncatula that 

develop indeterminate nodules (66, 67), in spatially controlling this symbiotic 

dualism. 

In summary, our data indicate the existence of a so far overlooked regulatory and 

multi-factorial pathway that co-evolved with the ability to maintain symbiotic dualism 

in legumes coordinates the concurrent colonization of roots by symbiotic bacteria and 

fungi. MYCREM, a first representative of such system acts as a negative regulator of 

organogenesis in a CSP-dependent manner under co-inoculation conditions. As a 
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molecular scaffold protein, the proposed function of remorins, MYCREM might 

decrease susceptibility of AM-colonized cells for subsequent rhizobial infection. 

 

 

MATERIALS AND METHODS 

 

Plant material, Growth conditions, genotyping and Agrobacteria mediated-root 

transformation  

Promoter activation studies were performed in the M. truncatula Jemalong A17 

background. For phenotypic analysis the M. truncatula mutant line mycrem (NF 

8847) and its corresponding wild type background R108 were used throughout the 

whole study.  

The mycrem mutant line was obtained upon reverse screening of the mutant 

population at The Samuel Roberts Noble Foundation. Seeds from the R1 generation 

of the M. truncatula R108 Tnt1 retrotransposon insertion line were propagated and 

screened for homozygous mutant plants via PCR (primers see Table S3). 

Agrobacterium rhizogenes (ARqua1) carrying different vector constructs was used for 

transient hairy root transformation as described previously . In brief, seeds were 

surface sterilized for 1 min using 1.2% sodium hypochlorite and 0.1% SDS, after a 

sulfuric acid treatment for 5-15 min and 4 washing steps with sterile H2O. The seeds 

were vernalized for at least 3 days at 4°C in darkness. Agrobacteria used for the 

transformation were grown two days on plate at 28°C. Prior transformation seeds 

were germinated for 18 h at 24°C in darkness. For transformation roots were 

removed, the remaining seedlings were inoculated with Agrobacteria and grown for 

three days on Fahraeus medium in darkness at 22°C for four days at 22°C in 16 h 

light /8 h dark cycle in a growth camber. Then seedlings were transferred to fresh 

Fahraeus medium plates and grown for another 14 days at 24°C in 16h light /8h dark 

cycles. Positive transformants were selected by fluorescence.  

Plants were grown in sand (quartz sand, BayWa, Germany)/vermiculite (size 2-3 mm, 

Deutsche vermiculite Dämmstoff GmbH, Germany) (1:1) mixture in open pots for all 

experiments. They were fertilized once per week with Fahraeus medium and watered 

regularly.  
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Lateral root density was determined seven days after growth on Fahraeus medium 

plates. 

 

Rhizobia, Fungi and Co-inoculation conditions 

Rhizobia inoculation  

For promoter induction studies plants were inoculated with Sinorhizobium meliloti- 

mCherry with an OD600 of 0.001. For RNS phenotype analysis the S. meliloti- CFP 

strain (Sm 2011-CFP) was used (69) with the same OD600 for inoculation. Each plant 

was inoculated with 5 mL of bacteria suspension.  

 

Fungi inoculation (spore inoculation and chive nurse system) and quantification 

To determine the AM phenotype of mycrem mutant plants and for MYCREM 

promoter induction under AM wild type and mutant plants were either inoculated 

with 500 spores/plant (in about 200ml sand/vermiculite) of Rhizophagus irregularis 

(SYMPLANTA, Munich Germany) or were grown in chive (Allium schoenoprasum) 

nurse pot system containing Rhizophagus irregularis (in-house root culture 

inoculum), as well. Plants were watered every second or third day and fertilized once 

per week either with B&D or ¼ Hoagland medium, respectively. Ink/ vinegar staining 

was used to visualize fungal structures within the root (70). Root length colonization 

was analyzed four weeks after inoculation by using a modified gridline intersect 

method (71) and 10x magnification at a light microscope.  

 

Co-Inoculation 

For co-inoculation studies plants were pre-inoculated with R. irregularis as described 

above for 4 to 5 weeks. After verifying fungal colonization via ink/vinegar staining 

plants were inoculated with S. meliloti CFP as already described.  

All phenotyping experiments have been repeated at least 3 to 5 times independently. 

The complementation experiment and the SPN experiment were repeated two times 

with the same results.  

 

Expression analysis 

Total RNA extraction was performed according to the Spectrum Plant Total RNA Kit 

(Sigma-Aldrich, Germany) manual. Root material was grinded in liquid nitrogen and 
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100 mg per root sample was used for extraction. Extracted RNA was treated with 

DNase I, Amp Grade (Invitrogen, Germany). The absence of genomic DNA was 

verified via PCR. Synthesis of cDNA was performed with 700 ng of RNA in a total 

reaction volume of 20 µl using the Superscript III kit from Invitrogen (Invitrogen, 

Germany). For qRT-PCR analysis a Fast SYBR Green Master Mix (Applied 

Biosystems, Gemany) was used in a 10 µl reaction volume. A CFX96TM Real-Time 

system (Bio-Rad, Germany) was used for PCR reactions and detection. Expression 

was normalized either to EF1-alpha or Ubiquitin. At least three biological replicates 

were analyzed in technical duplicates per treatment. Primers used within this study are 

listed in Table S3. 

 

Histochemical Promoter analysis (GUS-staining), WGA staining and Microscopy 

MYCREM promoter induction was analyzed via β -Glucuronidase (GUS) activity. 

Transgenic roots were stained in GUS-staining solution (0.1 M NaPO4; 1 mM EDTA; 

1 mM K3Fe (CN)6; 1 mM K4Fe (CN)6; 1% Triton-X 100;1 mM X-Gluc) at 37°C for 4 

h in the dark. For fluorescent visualization of fungal structure colonized roots were 

fixed in 50% ethanol for at least 12h and afterwards cleared for 2 days at root 

temperature in 10% KOH. After a washing step with distilled water roots have been 

incubated in 0.1 M HCl for 1 h at RT. Prior the final staining roots have been washed 

with distilled water and rinsed once with PBS (phosphate buffered saline; pH7.4). 

Roots were placed in a PBS-WGA–AlexaFluor594 staining solution (0.2 µg/mL 

WGA-AlexaFluor594 from Thermo Fisher Scientific, Germany) for at least 6 h at 4°C 

in dark. For documentation a stereomicroscope and an inverted fluorescence 

microscope were used. 

  

Phylogenetic analysis 

Sequence collection 

Sequences were collected by tBLASTn using the protein sequences of Lotus 

japonicus SYMREM1 and MYCREM as queries on a homemade database of 

genomes and transcriptomes. This database includes genomes of the legumes 

Phaseolus vulgaris ( (72)), Medicago truncatula (73), Lotus japonicus (74), Cicer 

arietinum (75), Glycine max (76), Arachis ipoensis (77), Trifolium pratense (78), 

Lupinus angustifolius (79, 80) and the closely related Rosales Canabis sativa (81), 
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several transcriptomes from the 1KP initiative (82) including those of early diverging 

Fabaceae (83) and three transcriptome assemblies of Lupinus species (Table S1). For 

each species the top five hits (based on E-values) were collected for further analyses. 

In addition, for Lupinus albus transcriptome, the top ten hits based on % identity were 

also collected to avoid excluding sequences based on contigs length. In addition, 

SYMREM sequences were amplified by PCR from Vigna sp., Pisum sativum, Vicia 

and Trigonella using primers shown in Table S3.  

 

Alignment and phylogeny 

The collected DNA sequences were translated and aligned using MAFFT (84). This 

initial alignment also included two additional sequences from Medicago truncatula 

previously identified as outgroups (Medtr1g100647.1 and Medtr8g031370.1) (47). A 

first phylogeny was then conducted using Fastree in Geneious v8.1.7. From this initial 

analysis a clade rooted with clades encompassing the two Medicago outgroups and 

including the Lotus japonicus SYMREM1 and MYCREM sequences was extracted. 

These 35 sequences (Table S2) were then re-aligned as previously described. The best 

substitution model and rate were determined (JTT+G) and phylogenetic trees 

reconstructed using Maximum-likelihood (ML) and Neighbor-joining (NJ) algorithms 

implemented in MEGA6 (85). Both phylogenies were tested using 500 bootstrap 

replicates. Trees were rooted with the Rosales sequences and the basal Fabales 

Quillaja saponaria. Both analyses were also ran after discarding all positions with 

gaps or only on the highly conserved C-terminal domain. These analyses yielded the 

same result as the analysis with full length sequences.  

 

Cloning and Constructs 

For promoter induction studies 1 kb upstream of the ATG of the MYCREM gene was 

amplified via PCR from genomic DNA (A17) and cloned into the pENTR/D-TOPO 

vector. The ProMYCREM (1kb):eGFP-GUS was created by LR-reaction of 

pKGWFS7-vector and pENTR/D-TOPO: ProMYCREM (1 kb). The expression 

vector pProUbi:CCaMK-T265D_Pro35S:GFP was also created by LR-reaction of 

pProUbi:GW_Pro35S:GFP and pENTR:CCaMK-T265D (37). The expression vectors 

for the complementation experiment were cloned according to the Golden Gate 

protocol from (86) (see also Table S4). 
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Statistical analysis 

For data display and statistical analysis the program `R studio´ version 0.99.486 

(©2009-2015 R Studio. Inc.) and the packages `XLConnect Jars´ (Mirai Solutions 

GmbH), `XlConnect´ (Mirai Solutions GmbH), `multcomp´ (87) and 

`multcompView´ were used. If more than two samples have been compared statistical 

significance was calculated by a one-way ANOVA followed by a TukeyHSD (all-vs-

all) or by a Dunnett´s (all-vs-one) test. If only two samples have been compared a 

Student´s t-test was performed.  
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FIGURES 

 

 

Figure 1: Field-grown Medicago plants showed simultaneous colonization with 

rhizobia and AM fungus. (A) Example of a field-grown Medicago plant with a 

nodulated root system. Arrowheads point to nodules. (B-E) Close-ups of ink/vinegar 

stained root segments showing root nodules and AM structures in direct proximity to 

each other. (F) Medicago truncatula wild-type root segment co-inoculated with and 

colonized by R. irregularis and S. meliloti 2011 LacZ under laboratory conditions. 

The AM fungus was stained with WGA-Alexa488. S. meliloti (rhiz) colonization was 

indirectly shown via LacZ-staining. [Scale bars=500µm (B, C, D and E); 100µm (F)]. 
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Figure 2: MYCREM evolved with symbiotic dualism. Maximum-likelihood (ML) 

tree of SYMREM1 and MYCREM. Bootstraps for the ML/NJ trees are indicated. 

Branches with a single value are only supported in the ML analysis. The black 

arrowhead indicates the duplication that led to the MYCREM (grey background) and 

SYMREM1 (white background) clades.  
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Figure 3: Global and spatial transcriptional regulation of MYCREM. (A-B) 

MYCREM transcripts were determined in whole root material (wild-type R108) after 5 

weeks mock treatment (mock) or 4 weeks mock + 7 dpi with S. meliloti CFP (RNS) 

or 5 weeks inoculated with R. irregularis (AM) (n=4) (A). Expression levels were 

determined in 7 days old infected primordia and 7 days old uninoculated root material 

(n=3 x 3 pooled samples) (B). For statistical analysis a one-way ANOVA was 

performed followed by a TukeyHSD (significant differences indicated with small 

letters) and Dunnett test (significant differences indicated with an asterisk; p-

value<0.05). (C-K) Analysis of MYCREM promoter activation using a 

ProMYCREM::GUS reporter in transformed roots of the R108 wild-type background. 

(C-D) Detection of GUS staining in the vascular tissue and weakly in cortical cells 

(C) as well as in lateral root primordia under mock conditions (D). (E) Promoter 

activation in 28 days old mature nodules in the meristematic and distal zone II. (F-H) 

GUS activity was restricted to uninfected nodule primordia (F-G and F´-G´) and LR 

primordia (H), but neither found in infected root nodules (F and F´) nor in root cortex 

and epidermis cells (G and H) in roots 7-10 dpi with S. meliloti carrying a mCherry 

marker (I-K) MYCREM promoter activation in root 4-5 wpi with Rhizophagus 
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irrgularis. Fungal structures were stained with WGA-Alexa594 (I´-K´). Cortical root 

cells showed GUS staining when fungal hyphae have been present at the epidermal 

surface, but not the epidermal cells (I and I´). Fully colonized roots showed GUS 

activity in cortical cells and increased staining in arbuscule containing cells (j and k, 

J´ and K´). [Scale bars=500µm (d-h); 100µm (C,I,J and K)]. 
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Figure 4: The mycrem mutant develops more nodule primordia under co-

inoculation conditions. (A-B) Wild type and mycrem plants were inoculated with R. 

irregularis for 4 weeks in a chive nurse system (A) or with 500 spores/plant (B). 

Subsequently they were inoculated with S. meliloti CFP for 7 days. Primordia number 

was normalized to root fresh weight, n=20/18 in (A), n=19/20 in (B). Statistical 

significance was calculated via Student´s t test, p<0.001 in (A), p<0.01 in (B). (C) For 

complementation analysis wild type and mycrem plants were transformed with either 

the empty vector control or with a ProMYCREM:HA-MYCREM construct. Plants 

positive for the transformation marker were transferred to pots containing the chive 

nurse system. After four weeks plants were inoculated with S. meliloti CFP. A one-

way ANOVA with TukeyHSD post hoc test was used for statistical analysis, p<0.001, 

n=26/26/16/30. (D) The mycrem plants showed a higher lateral root density 7 days 

after growth on plates in absence of any symbiont, n=10, Student´s t test, p<0.001. 
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Figure 5: Overexpression of either CCaMK-T265D or gCYCLOPS-DD induced 

more SPN on the mycrem mutant. (A) Wild type and mycrem plants were 

transformed with either ProUbi:CCaMKT265D or ProUbi:gCYCLOPS-DD 

constructs. Seven weeks after transformation SPN were counted and normalized to 

the root fresh weight. Statistical significance was calculated via a one-way ANOVA 

with a TukeyHSD post hoc test, p<0.001, n=33/31/24/23. (B-C) Examples of SPN 

structures that were formed when overexpressing either CCaMKT265D (B) or 
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gCYCLOPS-DD (C) in the wild type background. (D-E) Examples of SPN structures 

that were formed overexpressing either CCaMKT265D (D) or gCYCLOPS-DD (E) in 

the mycrem mutant background. [Scale bars=100µm (B-E)]. (F-G) Examples of 

clustered roots in wild type (F) or mycrem (G) when overexpressing gCYCLOPS-DD. 

Green fluorescence indicates expression of the GFP transformation marker. [Scale 

bar=500µm]. (H) Number of clustered roots out of normal roots in wild type or 

mycrem when overexpressing CCaMKT265D or gCYCLOPS-DD. The relative 

percentage is indicated in brackets.  
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Supplementary Fig. 1: The mycrem mutant does not display a common AM and 

RNS phenotype. (A) Exon/intron structure of the MYCREM gene. In the mycrem 

mutant line the Tnt1 retrotransposon insertion was detected at the position 1484/1485. 

(B) MYCREM transcript expression normalized to Ubiquitin in wild type and mycrem 

mutant plants. For RNA extraction AMF colonized whole root systems of individual 

wild type and mutant plants were used. Roots were harvested 6wpi. Statistical 

significance was calculated via Student´s t test, p<0.05, n=5 per genotype. (C) Wild 

type and mycrem plants were pre-grown for 4 weeks under non-symbiotic conditions 

and subsequently inoculated with S. meliloti-CFP in open pots for 7 days. The number 

of primordia was standardized to the root fresh weight (n=20).  (D-E) Colonization 

rates of the fungus R. irregularis four weeks after inoculation using a chive nurse 

system (D) and a spore inoculum (E). In both experiments n=6 per genotype. No 

significant differences were observed in (C-E). 



 

 

 
Publications and Manuscripts 

 

  

 
 

Supplementary Fig. 2: Spontaneous nodules do not differ in size when 

comparing wild type and mycrem. Images of SPN were evaluated using ImageJ. 

Size of measured SPN is shown in mm. Statistical significance was calculated by a 

one-way ANOVA and TukeyHSD post hoc test, p<0.001, n=26/11/32/11. 



 

 

 
Publications and Manuscripts 

 

  

 
 

Supplementary Fig. 3: Transcriptional regulation of MYCREM and SYMREM1. 

(A-B) MYCREM (A) and SYMREM1 (B) transcript show an opposite induction in 

wild type background when overexpressing CCaMK-T265D or gCYCLOPS-DD and 

no induction in the mycrem background. Expression was normalized to EF1-alpha. 

For quantitative RT-PCR total RNA was extracted from whole root material of 

transgenic roots that showed SPN structures. Statistical significance was determined 

by one-way ANOVA and TukeyHSD post hoc test, p<0.01 in (A), p<0.001 in (B), 

n=4 in (A) and (B). (C) SYMREM1 expression in young infected primordia (7dpi) 

compared to mock control in wild type and mycrem. Expression was normalized to 

Ubiquitin. For statistical analysis a one-way ANOVA was performed followed by a 

Tukey HSD post hoc test, p<0.01, n=3x3 pooled samples. (D) SYMREM1 transcript 

expression normalized to Ubiquitin in wild type and mycrem mutant plants. RNA was 

extracted from whole root material either after 5 weeks mock treatment (mock) or 5 

weeks inoculated with R. irregularis (AM), or 4 weeks inoculated with R. irregularis 

+ 7 days after inoculation with S. meliloti CFP (Co-inoc)  (n=4). 

 

 

Supplementary Table S1: List of the datasets used to collect sequences for the 

phylogenetic analysis. 
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Supplementary Table S2: List of sequences used to generate the phylogenetic tree in 

Fig. 2. 

 

Supplementary Table S3: List of primers that have been used in this study. 

 

Supplementary Table S4: List of expression vectors that have been used in this 

study. Nuclear Export Signal (NES); hemagglutinin (HA); coding signal (cds). 

 

 



Supplementary Table S4: List of expression vectors that have been used in this study. Nuclear Export Signal (NES); 
hemagglutinin (HA); coding signal (cds). 
 
Experiment Vector Reference 
Fig 1 ProMYCREM(1kb):eGFP-GUS (pKGWFS7) This work 
Fig 4 LIIIβfin-ProUbi:NES_mCherry This work 

 LIIIβfin-ProMYCREM:HA-MYCREMcds_ProUbi:NES-mCherry This work 
Fig 5 pProUbi:GW__Pro35S:GFP Maekawa et al. 2008 

 pProUbi:CCaMKT265D__Pro35S:GFP Entry clone (Yano et al. 2008) and this work 

 pProUbi:gCYCLOPS-DD__Pro35S:GFP Singh et al. 2014 
 



Supplementary Table S3: List of primers that have been used in this study. 
 
Experiment Name Sequence /Reference 
Genotyping MYCREM FL 3F (WT allele) CACCATGGGAGAATCAGAAGGTTCC 

 REM2 in 2R   GTGCAACTCCACGACTACGA 

 TNT F2 TCTTGTTAATTACCGTATCTCGGT 
Promoter cloning MYCREM_1Kprom_1F CACCTTAAATGAAATGGGCGATCC 

 MYCREM_1Kprom_1R GACTTGTTCTGTGGATATATACACAG 

 BpiI BsaI A ProMYCREM Fw (GG) TTGAAGACTTTACGGGTCTCAGCGGATTTATTAAATGAAATGGGCGATCC 

 BpiI mut ProMYCREM Rev (GG) ATGAAGACTT GTGTTCCATATGGCATCTC 

 BpiI mut ProMYCREM Fw  ATGAAGACTT ACACCAATAAATGTTTG 

 BpiI BsaI B ProMYCREM Rev (GG) ATGAAGACTTCAGAGGTCTCACAGAGACTTGTTCTGTGGATATATACAC 
MYCREMcds cloning BsaI C MYCREM Fw (GG) TTGGTCTCACACCGGAGAATCAGAAGGTTCCAGC 

 BsaI D MYCREM Rev (GG) TTGGTCTCACCTTAGCACTAAAGCATCCAAAC 
Transcript analysis  gPCR_Ubiquitin_1F GCAGATAGACACGCTGGGA 

 gPCR_Ubiquitin_1R AACTCTTGGGCAGGCAATAA 

 EF-1 alpha-L1 Javot et al. 2011 

 EF-1 alpha-R1 Javot et al. 2011 

 qPCR MYCREM R108 1F CCTGTTGTGGAAAAGGAATCTG 

 qPCR MYCREM R108 1R TATTATCAGCATGATCATCTG 

 SYMREM1_f   Lefebvre et al. 2010 

 SYMREM1_r  Lefebvre et al. 2010 

 NIN F Plet et al. 2011 

 NIN R Plet et al. 2011 
Sequnece analyis of SMYREM1 UPM Primer1  CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT 

 
UPM Primer2 CTAATACGACTCACTATAGGGC 

 
NUP  AAGCAGTGGTATCAACGCAGAGT 

 
5`RACE-SYMREM1-R CTTTTGTCTTCTCATTTTCTTCCCATGC 

 
Nested 5`RACE-SYMREM1-R GATTCAACCCTTGCTAGTACAGCATC 

 
3`RACE-Vigna-F  AGTGCATGCCATAACCTCTAC 

 
3`RACE-Cicer-F  GAGCTTAGACATTATGGAAGAAT 



 
3`RACE-Trigonella-F  GGAAGTTTAATAGAAATTCTGTT 

 
3`RACE-Trifolium-F TAGAGATTCAGCTTCCATAAC 

 
3`RACE-Pisum-F GGAATATAAATTCTGCTACCTT 

 
3`RACE-Vicia-F   ACCGCAACGTTAGACATAAATAA 

 
Nested 3`RACE-Vigna-F  ATGGAAGAAACTGGGATGCAAC 

 
Nested 3`RACE-Cicer-F  ATGGAAGAATCATCACAATCAG 

 
Nested 3`RACE-Trigonella-F  ATGGAAGAATCAAAGAACGGG 

 
Nested 3`RACE-Trifolium-F ATGGAAGAGACATTAAAGAATG 

 
Nested 3`RACE-Pisum-F  ATGGAAGAATCAAAGAAGGAA 

 
Nested 3`RACE-Vicia-F  ATGGAAGAATCAAAGAAGGAA 

 
Vigna SYMREM1-R  TTAACTGCCAAAGCATGGAAGAAA 

 
Cicer SYMREM1-R  TTAAAACAACTTTAAACCAAAACAT 

 
Trigonella SYMREM1-R  TTAACTGAAAAACCTTAAACCGCT 

 
Trifolium SYMREM1-R   TTAACGGAAAGCCCTTACACCG 

 
Pisum SYMREM1-R   TTAACGAAAAAACCTTAAACCGA 

 
Vicia SYMREM1-R  TTAACGAAAAAGTCTTAAACCA 

 



Supplementary	Table	S2.	List	of	sequences	used	to	generate	the	phylogenetic	tree	
in	Figure	2	
	

 	Gene name and accession 
number Species Sequence ID Sequence 
scaffold-OQHZ-2069702-
Quillaja_saponaria 

Quillaja 
saponaria Quillaja MYCREM-like 

MGVEVADEAEKEAKKAEARNDIAEEKSNVIPVSNKKAASPVVQKIAGPAIEKSSGGSTSQDVLLAQVEAEKRLALIKA 
WEESEKTKAENKAYKKFSAVGSWENRRKASVDAELKQIEEKWERKKAEYEEKMKKKIAEIHQVAEEKKAMVEAKRREDFLKAEDKAAKFRASGYKPKRFFACFSS 

scaffold-XVJB-2052865-
Morus_nigra Morus nigra Morus MYCREM-like 

MGEEEPKKATESTETETPDPVPATPPLQATDQDDQDRMAVEKKEEEKEEKKDQEKAGKEEEKKDVAEEKKSLSPVP 
QEKAVQKIADPVVEKNQEVDRDAVLAQVETEKRLALIKAWEESEKTKSENKAYKKLSAVGAWENSKKAAVEAELRAIE 
EKLAKKRAEYTEKMKNKVAEVHKLAEEKRAFVEANRREECLKVEETAAKFRASGFIPKKFLRCFGS 

scaffold-EDHN-2051318-
Ficus_religiosa Ficus religiosa Ficus MYCREM-like 

MAEEEPKKAETETPDPVPATPPLAGTDQDQGHKKEDEKDQKKGKLDEEEGAKKDVAAEEKKSLSPVPQEKVAPAIVQ 
KIADPVVEKTSDEKNQEVSIDRDAVLARVETEKRHALIKAWEESEKTKAENKAYKKLSAVGAWENSKRAAVEAELRAI 
EEKLEKKRAEYIEKMKNKVAEVHKLAEEKRALVEANKREECLKVEETAVKFRTSGFTPRKLLGCFGS 

scaffold-AQGE-2051814-
Humulus_lupulus 

Humulus 
lupulus Humulus MYCREM-like 

MAEEEAKRAEPQPPENPPPVAAEEEKKKKEEEEEKAENTKDVCASEEKSLSPVPSEKPLPAPAIVQKIADPPIEKNTE 
VAVDRDAVLARVETEKRLALIKAWEDSEKTKADNKAYKKLSAVESWENSKRAAVEAELKQIEEKFEKKRAEYTEKMK 
NKVVELHKVAEEKRALVEANRQEEFLKVEETAAKFRASGYSPKKFFACFSA 

scaffold-BJSW-2069095-
BJSW-Cannabis_sativa-
4_samples_combined 

Cannabis 
sativa Cannabis transcriptome MYCREM-like 

MAEEEAKRVEPQPPENPSPVAAEQLKKEEAKEEEEVVNSKDVCASDEKSLSPVPLEKPLPAPAIVQKVVDPFVEKNS 
EVAVDRDAVLARVEAEKRLALIKAWEESEKTKADNKAYKKLSAVESWENSKRAAVEAELKQIEEKLEKKRAEYTEKM 
KNKVVELHKIAEEKRAMVEANRQEEFLKVEETAAKFRASGYSPKKFFACFSA 

CanSat genome PK08385.1 
Cannabis 
sativa Cannabis genome MYCREM-like 

MAEEEAKRVEPQPPENPSPVAAEQVKEEAKEEEEEVENSKDVCASDEKSLSPVPLEKPLPAPAIVQKVVDPFVEKNS 
EVAVDRDAVLARVEAEKRLALIKAWEESEKTKADNKAYKKLSAVESWENSKRAAVEAELKQIEEKLEKKRAEYTEKM 
KNKVVELHKIAEEKRAMVEANRQEEFLKVEETAAKFRASGYSPKKFFACFSA 

scaffold-JETM-2090896-
Bauhinia_tomentosa 

Bauhinia 
tomentosa Bauhinia MYCREM-like 

MGEEETKKTEPKPESTSSVPNQPPDEPVAVEPKELEKRDPANGVAQEQNKVTPPPVQKVDSATKQESKDFADKDS 
VLARVETEKRLALIKAWEESEKTKAENRAYKKLSAVGLWEDSKNASIEAQLKRIEEKLEREKAESVERMKNKMAVIH 
QSAEGKRAMVEAQRREQFLKVEETAEKFRSSGLYPRGFLSCFTA 

scaffold-RKLL-2063873-
Copaifera_officianalis 

Copaifera 
officinalis Copaifera MYCREM-like 

MAEEEAKKSESPSQPGPPPIQDKQKEDEKADPPPNGVAAQHTVPVQKVADPAAKKDENDSVDRDSVFAKVEAEK 
RLALIKAWEESAKTRAENKAYKKLSAVGLWENTKKASVEAQLKKIEEKLERKKAEYVEKMNNKMAEIHQSAEEKRA 
VVEAQRKEEFLKVEDTAAKYRSSGYAPRKLLACFGA 

scaffold-ZCDJ-2090156-
Acacia_argyrophylla-Nov. 
Extraction 

Acacia 
argyrophylla Acacia MYCREM-like 

MAEEEANKPQTQPEPQPQTVSEPADPSPPSVKESDSAKEDFPNGVVQAPPSAVQKVADPPAKNDSEDSVDRDSV 
LARVVTEKRLALIKAWEESEKTKVDNKSYKKHSAVGLWEDSKKASVQAQLKKIEEKLEKKKAEYVEKKKNKIAGIHQ 
LAEEKRAMVEANRKEEFLKIEETASKFRAS 

Phvul.002G155800.1 
Phaseolus 
vulgaris Phaseolus MYCREM 

MGEEVSNKTETESHSAVVDSVPPLQEKESDKPDPSNENVTSPSPPVQKVEDHAAEKDTEDSVSKDVMLARVLTEK 
RLALIKAWEESEKTKAENRAYKKHSAVELWEDSRKASVEAELKKIEENMERKKAEYVEKMKNKVAEIHRLAEEKRA 
NVKAQKREEFLGVEETAEKFRSRGVTPRKFFACFSA 

Glyma11g02740.1 Glycine max Glycine MYCREM 

MGEEVSYKTEPESELHSVPQEHNSSAQEKELEKPEPPNDKVTPPSPVAAQEVADHASKKDTEESVDKGHSLINKL 
KLLKVQEKRNIFHIVLPDAMLAKVLTEKRLALIKAWEESEKTKAENRAYKKHSAVGLWEDSKKASVEAQLKKIEESM 
EKKKAEYVEKMKNKIAEIHRLAEEKKAIVEAQKREEFIDLEETASKFRSRGDVPRKFFACFGG 

scaffold-TVSH-2065612-
Bituminaria_bituminosa 

Bituminaria 
bituminosa Bituminaria MYCREM 

MGEEEVPNKTEPETEPHPVDSVPAEAEHNSPVLEKESDKPEPPPNDKPTSPSPLAQDVADHANKKDTEESVDKDA 
MLARVVTEKRLALIKAWEESEKTKAENRAYKKFSAVGLWEDSKKASVEAELKKIEENLEKKKAQYVEKLKNKAAEI 
HRLAEEKRAIVEAQKREEFIDLEETASKFRSRGDAP 

Lotus japonicus MYCREM 
Lotus 
japonicus Lotus MYCREM 

MGEEDSNLNKVESQTEFVDSVSEQEPQVEEKESEKPEAVTQEEPHKEVPSPIVQNVADDDAKKVTGDSVDRDAA 
LARVVTEKRLALIKAWEESEKTKAENRAYKKQSAVGLWEESRKASIEAELKKIEENLERKKAEYAEKMKNKIAEIHQ 
AAEEKRATVEANKKEEFLEVEETAAKFRSRGVAPKKLFACFSA 

scaffold-SUAK-2037307- Codariocalyx Codariocalyx MYCREM MAENDSQNHETNNMLSSPSPLGQNDVVDGAGKKDTGDSFDKDALLAKVVVEKRFALIRAWEESEKTKAENRAHK 



Codariocalyx_motorius motorius KLSAVGLWEEGKKASIEAQLKKLEQDMEIKKAEYVEKMKNKVAEIHRSAEEKRAIVKAKKMEEFVDLEDTAEKFRSL 
AETPRKLFSCFSL 

Trifolium pratense 
GAOU01009771.1 

Trifolium 
pratense Trifolium MYCREM 

DMGELEGSDLNKTESSLEVVPEEHSPVLVKESDALNTISQEPNDHQVTSIVDDDQKVVEDHADNKETGDHDDKKDT 
KDSTDRDTGLAKIVAEKRLALIKAWEESEKTKAENRAYKKQSAVGLWEESRKASIEAQLKKFEENLERKKVEYVLKM 
KNEVAEIHQYAEEKRAIVEAQKREEFLDLEDTAAKFRSRGVAPKKFFACFNN 

scaffold-KNMB-2011028-
Lathyrus_sativus 

Lathyrus 
sativus Lathyrus MYCREM 

NKTESQQPQPLDPVPEESSPLQENESDIVNQEPNQSVTSTLDDQKVADDHAENKETENHDDNKDTKGSSDKDTG 
LAKIVAEKRLALIKAWEDSEKTKAENRAFKKQSAVGLWEESKKASIEAQLKKFEENLERKKVEYVLKMKNDIAEIHQY 
AEEKRAIVEAQKREEFLDLEETAAKFRSRGVAPKKFLGCFSS 

Medtr5g010590.1 
Medicago 
truncatula Medicago MYCREM 

MGESEGSSINKTESPQLQSLLDPVPEELSPVVEKDSETLSTISISQEPNQQAISTLDDQKVADDHADNKETGDHDDK 
KDAKDSTDRDAGLAKIVAEKRLALIKAWEESEKTKAENRAYKKQSSVGLWEESKKSSIEAQLKKFEENLERKKVEY 
VSKMKNELAEIHQYAEEKRAIVEAQKREECLELEETAAKFRSRGVAPKKLFGCFSA 

Araip.10030403.1 
Arachis 
ipaensis Arachis MYCREM 

MESSQLHSLDSVQVKELEKPDPPTASAVSHQSLEEPKEHAITAPLVQKVEDSGGNKGTVDSVDRDAELARVVSEKR 
LALIKAWEESEKTKAENRAYKKLSAVGLWESKKKASVEAQLKIIEENLERKKAEYAEKMKNKIADIHRSAEEKRAMVE 
AQKREEFIELEETAAKFRSSGRTPAKFFACFKA 

scaffold-VLNB-2073520-
Gompholobium_polymorphum 

Gompholobium 
polymorphum Gomphobolobium MYCREM 

MEQEGSNSNKTESQPQPVDSVPEEHSHSLAQETESEKPDNPNTASHLTSQVVQQTADHAGIKDEGDSVDRDAG 
LARVVAEKRLALIKAWEESEKTKAENRAYKKLSAVGLWEDSKKASIEAQLKKIEENLERKKAEYVEKMKNKIAEIHR 
SAEDKRTIVEAQKKEEFLELEETASKFRSRGDMPRKFFACFSG 

scaffold-JTQQ-2067397-
Glycyrrhiza_lepidota 

Glycyrrhiza 
lepidota Glycyrrhiza lep MYCREM 

MEEEGSNVNKTESEPQILDSVPEEQEHSPVQEKEESEKPDPSNAVVNQQKPNEQVTSPLVQKVADDAGKKDTGD 
SIDRDAGLARVVAEKRLALIKAWEESEKTKAENRAYKKLSAVGSWEESKKASIEAQLKKIEEDLERKKAEYVEKMRN 
KIAEIHQSAEERRAIVEAQKREEFLEVEDTAAKFRSRGVTPRKFFACFSG 

scaffold-PEZP-2008216-
Glycyrrhiza_glabra 

Glycyrrhiza 
glabra Glycyrrhiza gla MYCREM 

MEEEGSNVNKTESEPQILDSVPEEQEHSPVQKKEESEKLDPSNAVVNQQEPNEQVTSPLVQKVADDAGKKDTGD 
SIDRDAGLARVVAEKRLALIKAWEESEKTKAENRAYKKLSAVGSWEESRKASIEAQLKKIEEDLERKKAEYVEKMRN 
KIAEIHQSAEERRAIVEAQKREEFLEVEDTAAKFRSRGVTPRKFFACFSG 

Lupinus angustifolius 
KB405353.1 

Lupinus 
angustifolius Lupinus SYMREM1 

MGEDGNEKAKSKSESVVFVATPSSSSFPTPPHQSPLHEGDEPKSPRISSSNFVGQESTLMSHLINIPILKHMGTSP 
MVQKVEDESPDAETDTKVLVDRGDVHARVEEEKRLSLIKAWEDNEKTKVENGAYKRQSSIGFWEDSKKASVEAN 
LKKFEEKLERKKAEYVEKMKNKIAQIHLIAEERKATIKAKREEELLKVEETAAKFRSSGGYSPRKLFPCFGG 

GLYMA_08g012800 Glycine max Glycine SYMREM1 

MGVSGNQRGKEVENTHTSSGVRQEYAFSPLNLSLFAKWNRFRSFLVILSKKVKKKVPTTTRTDSKDSVDRDAV 
LARVESEKRLALIRAWEESEKTKAENRAYKRHNAVVLWENSKKASAEAHLKRIEEKLDRNKAKCVEKMQNNVAE 
IHRTAEEKRAMIEANRGEEFLEIEEKAAKFRTRGYSPRKYLPCFGSS 

Vigna Vigna Vigna SYMREM1 

MEETGMQLGKEVNEGTSNTVKERSISPLDLGLFDIWNRFRSFLVILSKKVKKKVPPITRSDTKDSIDRDAVLARVES 
EKRVALIKAWEESEKTKAENRAYKRHNAVVLWENSKKASAEAHLKRIEEKLDRNKAKCVEKMQNKVAEIHRTAEE 
KRAMIEAYKGEEFLEIEEKAAKFRTRGYSPRKFLPCFGS 

Araip.10033874.1 
Arachis 
ipaensis Arachis SYMREM1 

MFMGETSDNNSNSSDSEDVPHYSYTENNKLLKYQEAATSSARKDTGDLDGPLARLEAEKKRALIKAWEESEKTKI 
DNRAYKMQFAVGLWEDSKKASVEAKLKKNAEKLERKKAEYFEKMQNKIAEIHRMAEEKRAGIEAQRGKGLLKIED 
TAENFRTRGYSPKKILSCFTA 

LjSYMREM1 
Lotus 
japonicus Lotus SYMREM1 

MGEEETKHCDQCGASASASASEATVLSQLRLSEVLKLKESQNAESSNSTLTITRQGSTTNPSYPLDQDLDAETDN 
INTSIDRDAVLARVESQKRLALIKAWEENEKTKVDNKAYKLQCAVDMWEKTKKASTQAKIKKIEENMDRKKADYVE 
IMQNKIAETHRLADEKKALIEAQKGEEVLKVEETAAKFRTRGYVPKKFLSCFNFSF 

scaffold-HJMP-2071780-
Astragalus_membranaceus 

Astragalus 
membranaceus Astragalus SYMREM1 

MAESGNEKPESSSVATPPPPPPQTQELSQLLKLKEPEHAEASSSVKQEHNADPPLDQVPTVGNTKDSIDRDAVLA 
RVESEKRLALIKAWEENEKTKVENKAYKMHSAVELWEESKKASMEAKLKEIQIKLDKKKAEYVEIVQNKIAEIHRQA 
QEKKALIEAQKGEEFLKVEETAAKFRTRGYVPRKLLACFGI 

Cicer XP_012572140 Cicer arietinum Cicer SYMREM1 

MEESSQSESVATPITPPPQSPPQLRELSHFVKEKEPENQGTSTNIVKQEYTQDFFQPKDHATSSLDQIPDAGTDT 
KDSVDRDTVLARVESQKRLALIKAWEENEKTKVENRAFKMQSAVDLWEDNKKASIEAKFKGIEVRLDKKKTEYVE 
IMQNKIAEIHHSAEEKKAMIEAQKGEEILKVEETAAKFRTRGYVPRRLLGCFGLKLF 



Trifolium pratense  
Trifolium 
pratense  Trifolium SYMREM1 

MEETLKNEQSIDTPNAPPDQPLELSYFVEEKKPKNEGTSSSIVKQERIVRDHATSPLNQIPPAAGTDTKDSVDRDA 
VLARVESQKRLALIKAWEENEKTKVENRAYKMQSAVDLWEDNKKSSIEAKFKGIEVKLDKKKSEYIEVMQNKIAEIH 
LSAEEKKAMIEAQKGEEIVKVEETAAKFRTRGYEPRRLLGCFGFGVRAFR 

Trigonella Trigonella Trigonella SYREM1 

MEESKNGKIESLDTPTLLPQSEPEPREFSYFLEEKEPENEGTSNSVVKQERITSDHATSSLDQTPGSGTDTKDSV 
DRVPLDAVLARVESQKRLALIKAWEENEKTKVENRAYKMQSAVDLWEDNKKASIEAKFKGIEVKLERKKSEYVEV 
MQNKIGEIHKSAEEKKAMIEAQKGEEILKVEETAAKFRTRGYQPRKLLGCFSGLRFFS 

Medtr8g097320.1 
Medicago 
truncatula Medicago SYMREM1 

MEESKNKQLELVDTLTPLPQSESEPREFSYFLEEKEPGNEGTSSSVVKQERVVSDHATSSVDQTTAAGTDTKDS 
VDRDAVLARVESQKRLALIKAWEENEKTKVENRAYKMQSAVDLWEDDKKASIEAKFKGIEVKLDRKKSEYVEVM 
QNKIGEIHKSAEEKKAMIEAQKGEEILKVEETAAKFRTRGYQPRRLLGCFSGLRFFS 

scaffold-KNMB-2012141-
Lathyrus_sativus 

Lathyrus 
sativus Lathyrus SYMREM1 

MEESKKEQLESDDDTPSPPPQSQELSYFLKENEPENEGTSSSVVKQERNERDHASSLDQIPGAGIDTKDSVDRD 
AVLARVESQKRLALIKAWEENEKTKVENRAYKMQSAVDLWEDNKKSSTEAKFKGIEVKLDQKKSEYVEDMQNKI 
AEIHKSAEEKKAMIEAQKGEEILKVEETAAKFRTRGYEPRRLLGCFGLRLFR 

Pisum Pisum sativum Pisum SYMREM1 

MEESKKEQLESDDDTPSPLPQSQELSYFLKEKEPENEGTSNSAVKQERNERDYASSSLNQIPGGGTDTKDSVD 
RDAVLARVESQKRLALIKAWEENEKTKVENRAYKMQSAVDLWEDNKKSSTEAKFKGIEVKLDQKKSEYVEDMQ 
NKIAEIHKSAEEKKAMIEAQKGEEILKVEETAAKFRTRGYEPRRLLGCFGLRFFR 

Vicia Vicia Vicia SYMREM1 

MEESKKEQQPESDDDIPSPPPQSQELSYFLKENEPENEGTSNNVLKQERNERDHALDQIAGGGTDTKDSVERD 
AVLARVESQKRLALIKAWEENEKTKVENRAYKMQSAVDLWEDNKKSSTEAKFKGIEVRLDQKKSEYVESMQNKIA 
EIHKSAEEKKAMIEAQKGEEILKVEETAAKFRTRGYEPRRFLGCFGLRLFR 

Cicer XP_004511588.1 Cicer arietinum Cicer MYCREM 

MGEEDSNINKTEPESLDSVPEENFTIQENESEKPNTLNTINHESNELVASSLDPKVVDHADSKETGEHDDKKDTT 
RDSTGRDAGLTRIVTEKRLALIKAWEESEKTKAENRAYKKQSAVVLWEESRKASIEAQLKKFEDKLERKKVEYVE 
KMKNEIAEIHQYAEEKRAIVEAQKGEEILELEETASKFRSRGVVPRKFFGCFSG* 

 



Supplementary Table S1. List of the datasets used to collect sequences for the 
phylogenetic analysis.  

  
Order Family 

Sub-family (for 
Fabaceae) 

tribe (for 
Fabaceae) Data type 

Tissues (for 
transcriptomes) database 

Fabales Fabaceae Mimosoideae Acacieae transcriptome not described http://www.onekp.com/blast.html 
Fabales Fabaceae Papilionoideae Dalbergieae genome 

 
http://peanutbase.org/ 

Fabales Fabaceae Papilionoideae Galegeae transcriptome shoot and roots http://www.onekp.com/blast.html 
Fabales Fabaceae Caesalpinioideae Cercideae transcriptome leaves http://www.onekp.com/blast.html 
Fabales Fabaceae Papilionoideae Psoraleeae transcriptome leaves and buds http://www.onekp.com/blast.html 
Rosales Cannabaceae 

  
transcriptome stems http://www.onekp.com/blast.html 

Rosales Cannabaceae 
  

genome 
 

http://genome.ccbr.utoronto.ca/cgi-bin/hgGateway 
Fabales Fabaceae Papilionoideae Cicereae genome 

 
NCBI 

Fabales Fabaceae Papilionoideae Desmodieae transcriptome leaves and stems http://www.onekp.com/blast.html 
Fabales Fabaceae Caesalpinioideae Detarieae transcriptome leaves http://www.onekp.com/blast.html 
Rosales Moraceae 

  
transcriptome leaves http://www.onekp.com/blast.html 

Fabales Fabaceae Papilionoideae Phaseoleae genome 
 

https://phytozome.jgi.doe.gov   

Fabales Fabaceae Papilionoideae Galegeae transcriptome shoot and roots http://www.onekp.com/blast.html 
Fabales Fabaceae Papilionoideae Galegeae transcriptome shoot and roots http://www.onekp.com/blast.html 
Fabales Fabaceae Papilionoideae Mirbelieae transcriptome leaves and buds http://www.onekp.com/blast.html 
Rosales Cannabaceae 

  
transcriptome leaves http://www.onekp.com/blast.html 

Fabales Fabaceae Papilionoideae Fabeae transcriptome shoot and tuber http://www.onekp.com/blast.html 
Fabales Fabaceae Papilionoideae Loteae genome 

 
http://www.kazusa.or.jp/lotus/ 

Fabales Fabaceae Papilionoideae Genisteae genome 
 

NCBI 
Fabales Fabaceae Papilionoideae Trifolieae genome 

 
http://jcvi.org/medicago/ 

Rosales Moraceae 
  

transcriptome flower, stem, leaves http://www.onekp.com/blast.html 
Fabales Fabaceae Papilionoideae Phaseoleae genome 

 
https://phytozome.jgi.doe.gov   

Fabales Quillajaceae 
  

transcriptome leaves http://www.onekp.com/blast.html 
Fabales Fabaceae Papilionoideae Trifolieae genome 

 
NCBI 

Fabales Fabaceae Caesalpinioideae Cercideae transcriptome 
leaves and young 
flowers http://www.onekp.com/blast.html 



Fabales Fabaceae Caesalpinioideae Cassieae transcriptome 
young leaves and 
shoot http://www.onekp.com/blast.html 

Fabales Fabaceae Mimosoideae Mimoseae transcriptome 
young leaves and 
shoot http://www.onekp.com/blast.html 

Fabales Fabaceae Caesalpinioideae 
Caesalpiniea
e transcriptome 

leaves and young 
flowers http://www.onekp.com/blast.html 

Fabales Fabaceae Papilionoideae Sophoreae transcriptome leaves http://www.onekp.com/blast.html 

Fabales Fabaceae Papilionoideae Genisteae transcriptome 
roots, phosphate 
starved roots NCBI 

Fabales Fabaceae Papilionoideae Genisteae transcriptome leaves http://www.onekp.com/blast.html 
Fabales Fabaceae Papilionoideae Genisteae transcriptome leaves and flowers http://www.onekp.com/blast.html 
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ABSTRACT 

Intracellular colonization of plant cells by symbiotic bacteria is a critical step for the host 

that requires stringent surveillance circuits at the plasma membrane to keep exclusive 

control over the infection process. Accumulating evidence suggests that such perception 

and signal transduction complexes are pre-formed in membrane compartments such as 

mesoscale membrane domains (MMDs). However, neither the existence of pathway-

specific MMDs nor the essential steps and components for their controlled assembly have 

been identified. Here, we describe the sequential and spatial organization of membrane-

resident signalling proteins that are indispensible for the intracellular infection of 

Medicago truncatula roots by symbiotic bacteria. Mechanistically, we show that the 

flotillin FLOT4 and the remorin SYMREM1 act as molecular scaffold proteins that are 

required and sufficient to induce compartmentalization of the entry receptor LYK3 in 

vivo. While FLOT4 provides the initial core of a symbiosis-related MMD, the stimulus-

dependent recruitment of LYK3 into this site requires the presence of the second order 

scaffold SYMREM1. Under these conditions, as found upon the onset of rhizobial 

infection, all three proteins coalesce into the same and actin-dependent MMD. 

Reciprocally, combinatorial expression of these proteins in a heterologous cell system 

that is devoid of the scaffolds and LYK3 was sufficient to heterologously reconstitute this 

specialized membrane domain in vivo.  
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SIGNIFICANCE STATEMENT 

Considering the dense packing of proteins at the plasma membrane (PM) and the plethora 

of environmental stimuli tissues need to perceive and to integrate simultaneously, cells 

evolved membrane-based substructures called ‘mesoscale membrane domains’ (MMDs). 

These compartments may serve as central hubs for the specific assembly of signalling 

complexes. Even though many individual proteins have been described to laterally 

segregate into MMDs at the cell surface, it has been a long-standing question whether 

pathway-specific components indeed localize to the same MMD. In our study we not 

only provide evidence for this intriguing phenomenon but also unravel essential 

molecular building blocks and the sequence of events that are required and sufficient to 

maintain an infection-related MMD in vivo.   
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INTRODUCTION 

Our view on plasma membranes (PM) as being uniform bilayers has recently been 

entirely revised when systematic studies reported on the segregation of a large number of 

membrane resident proteins into distinct clusters on the PM (1, 2). One class of these 

inhomogeneous protein distributions appears as punctate foci on cell surfaces in so called 

‘mesocale membrane domains’ (MMDs). Most likely, these structures are composed of 

several different proteins and their lateral mobility is restricted by cytoskeleton 

components such as actin (3, 4) and the cell wall (5). Conceptually, this 

compartmentalization of membranes allows the spatial assembly of functionally related 

components and possibly pre-formation of signalling complexes. This hypothesis is 

supported by systematic and pair-wise co-localization analyses of almost 20 different 

plant MMD marker proteins from the remorin and flotillin protein families, which 

revealed a great diversity and co-existence of different MMDs on the same cell 

membrane (1). Remorins are plant-specific proteins that associate with the cytosolic face 

of the PM by S-acylation and potentially direct lipid binding and protein-protein 

interactions. There, they can interact with different proteins including receptor-like 

kinases (6-10). Although their precise functional role has not been determined, it has been 

hypothesised that they might act as molecular scaffold proteins that facilitate higher order 

complex formation (11). Similar mechanisms have also been proposed for flotillin 

proteins (12, 13). As in metazoans, plant flotillins might also play roles during 

endocytosis (14). 

Interestingly, the legume-specific remorin SYMREM1 and flotillins FLOT2 and FLOT4 

from Medicago truncatula are required for successful root infection by Sinorhizobium 
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meliloti during root nodule symbiosis (RNS) (7, 15). This mutualistic interaction is 

characterized by the intracellular colonization of roots that is preceded by the formation 

of primary infection threads (ITs) in root hairs (16, 17). ITs are tip growing tunnel-like 

structures surrounded by a plasma membrane that encapsulate rhizobia during the 

infection process and guide them in a tightly regulated manner towards dividing root 

inner cortical cells, the site of intracellular release (16, 17). Infection strictly depends on 

the molecular recognition of strain-specific rhizobial signalling molecules, called Nod 

Factors (NFs)(18), which is mediated by the two plasma membrane-resident LysM-type 

receptor-like kinases (RLKs) NOD FACTOR PERCEPTION (NFP) (19, 20) and LYSIN 

MOTIF RECEPTOR KINASE 3 (LYK3) (21, 22) that can interact with SYMREM1(7). 

Interestingly, LYK3 was also shown to label discrete MMDs in root hairs and potentially 

in the L1 and L2 layers at the apex of root nodules (23, 24). While LYK3-labelled MMDs 

are laterally dynamic in the absence of rhizobia, the protein is immobilized upon 

inoculation of root hairs with S. meliloti. This mechanistically unresolved transition 

coincides with the co-localization of LYK3 and FLOT4. Therefore, RNS provides an 

excellent system to assess functional and multi-component compartmentalization of 

proteins in plants. It may also allow the identification of essential molecular MMD 

building blocks and to unravel the temporal sequence of events that underlay their 

formation in vivo. 

Here we show that actin, FLOT4, LYK3 and SYMREM1 act as core MMD components, 

which are consecutively recruited into the same structure in a spatially and temporarily 

controlled manner. Additional phenotypical data strongly suggest that FLOT4, LYK3 and 

SYMREM1 act in the same signalling pathway. Combinatorial expression of these 
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proteins in a heterologous model system indeed allowed the molecular reconstitution of 

this MMD in vivo. Therefore, FLOT4, LYK3 and SYMREM1 act as central and specific 

molecular building blocks for the formation of an infection-related MMD in legumes. 

 

RESULTS 

Any functional interplay between the LYK3 receptor and the putative scaffold proteins 

FLOT4 and SYMREM1 requires overlapping expression profiles and phenotypical 

patterns. Thus we first assessed this by reinvestigating these issues for SYMREM1. For 

this, the promoter of SYMREM1 was used to drive the expression of a nuclear localized 

tandem green fluorescent protein (GFP) (pSYMREM1:NLS:2xGFP) in transgenic 

Medicago truncatula hairy roots. While no induction of the reporter was detected in 

uninoculated control roots (Fig. 1A), the promoter was weakly but reproducibly activated 

upon rhizobial inoculation in root epidermal and outer cortical cells as indicated by 

nuclear fluorescence (Fig. 1B-E). In contrast, a pFLOT4:NLS:2xGFP reporter was 

already active in control roots (Fig. 1F) and was further induced upon rhizobial 

inoculation (Fig. 1G-J). This resembled patterns of the homologous SYMREM1 gene in L. 

japonicus and those reported for Medicago FLOT4 and LYK3. To strengthen these data 

genetically, we investigated whether the symrem1-2 mutant exhibits an early infection 

phenotype in addition to the effect on nodule maturation that was reported earlier (7). To 

test this, two independent symrem1 mutant alleles were inoculated with the symbiont S. 

meliloti and primary infection threads in root hairs were scored 7 days post inoculation 

(dpi). Indeed, we found significantly less mature ITs on symrem1 mutants in comparison 

to the wild-type (Fig. 1K). As these mutants still develop some wild-type like infection 
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threads, we reinvestigated the nodulation phenotype. While short-term exposure to 

rhizobia resulted in decreased nodule numbers (7), the number of mature nodules was 

similar to those found on wild-type plants after six weeks. However, significantly more 

white and aborted nodules were found on these plants (Fig. 1M) indicating that more 

infection attempts were required for successful infection of nodule primordia. Both 

phenotypes were complemented upon expression of an YFP-SYMREM1 construct (Fig. 

1L-M) demonstrating the transposon insertion in the SYMREM1 locus to be the causative 

mutation and functionality of the fluorophore-tagged fusion protein. Again, striking 

similarities with the primary infection phenotypes (aborted ITs) in FLOT4 and LYK3 

knock-down experiments (15, 21) provide further strong evidence that all three proteins 

function in the same pathway.  

In the following we addressed this question by cell biological approaches. To provide a 

solid basis for the interpretation of these data and conclusions, we first expressed 

SYMREM1 alone and carefully determined the overall MMD density at the PM. For this, 

all images were segmented and the resulting masks were used for quantification as 

described earlier (25). On average, the expression of YFP-SYMREM1 resulted in 

labelling of MMDs in epidermal and outer cortical cells with a density of 0.057 

domains/µm2 (standard error (SE)=0.0051; n=47) (Fig. 2A).  

Recent evidence suggests that remorins not only bind actin directly (26) but, more 

generally, that MMDs in plants depend on an intact cytoskeleton (1, 27). To test this, we 

induced drug-dependent microtubule and actin depolymerisation by applying oryzalin 

and cytochalasin D, respectively, to root epidermal cells expressing YFP-SYMREM1 

(Fig. 2B-C). While oryzalin treatment did not significantly affect SYMREM1 domain 
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patterning (density= 0.062 domains/µm2; SE= 0.0058; p= 0.54) (Fig. 2b), the application 

of cytochalasin D resulted in strong and highly significant reduction of SYMREM1-

labelled MMDs (density=0.018 domains/µm2; SE=0.0012; p= 4.74E-10) (Fig. 2C). The 

efficiency of both treatments was independently confirmed in roots expressing the 

microtubule binding domain of the MICROTUBULE ASSOCIATED PROTEIN 4 

(MAP4) or the actin binding peptide Lifeact (Fig. S1). In both cases application of the 

corresponding drug resulted in an effective distortion of the individual cytoskeleton 

components (Fig. S1). These data demonstrate an actin-dependency of MMDs labelled by 

SYMREM1 and provide the first and essential molecular building block for this domain. 

As previously demonstrated, the two flotillins FLOT2 and FLOT4 respond to rhizobial 

infection (15). Interestingly, MMDs targeted by these proteins showed wild-type like 

localization patterning in a range of receptor mutants while only the density of MMDs 

labelled by FLOT4 was significantly altered in the LYK3 mutant allele hcl-1. This 

mutant carries a glycine to glutamate mutation in the conserved GxGxxG motif of the 

kinase domain (22) that results in a kinase-dead variant of the LYK3 receptor (28).  

Thus, we tested whether SYMREM1-labelled MMDs are also altered in any of the 

receptor mutant alleles. The expression of the YFP-SYMREM1 fusion protein in 

transgenic M. truncatula roots (wild-type A17 background) resulted in the expected 

MMD-labelling pattern in root epidermal and outer cortical cells (Fig. S2A). Additionally, 

no differences to wild-type plants were observed upon expression of this construct in 

roots of the RLK mutants nfp-2 and dmi2-1 and the LYK3 mutant allele hcl-4 (Fig. S2B-

D). In contrast, the hcl-1 allele showed remarkably altered SYMREM1 localization (Fig. 

S2E), which was restored in a complemented hcl-1 mutant (hcl-1 comp.; Fig. S2F) (23). 
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These data indicate a functional link between SYMREM1 and LYK3 and imply an 

association with FLOT4. To test this more specifically we co-expressed FLOT4 and 

SYMREM1 in wild-type M. truncatula roots and analysed their subcellular localization. 

To substantiate such experiments quantitatively and statistically we used large replicate 

numbers and calculated Pearson Correlation Coefficients ‘Rr’ between all pixels of the 

two corresponding channels in any image. In addition, we applied a Costes’ 

Randomization procedure where blocks of 10x10 pixels were randomized within one 

channel of an image (e.g. YFP-SYMREM1) and calculated the random Pearson 

Correlation Coefficient ‘rd Rr’ between these artificially generated and the original 

images of the corresponding second channel (here FLOT4-mCherry). Indeed, 

SYMREM1 (Fig. 3A) and FLOT4 (Fig. 3B) labelled distinct MMDs that greatly co-

localized with Rr =0.344 (SE= 0.027) (Fig. 3C-G). This was significantly different to 

values obtained by image randomization (rd Rr= 0.043; SE=0.008; p=5.78E-09). In line 

with these findings, both proteins followed the observed short parallel array-like pattern 

when being co-expressed in the hcl-1 mutant background (Fig. S2G-I). These data clearly 

demonstrate that SYMREM1 and FLOT4 are indeed targeted to the same MMD in M. 

truncatula roots. Interestingly, domain density of SYMREM1 increased by about 7-fold 

(density=0.395 domains/µm2; SE=0.0581) during ectopic co-expression with FLOT4 in 

wild-type roots compared to the individual expression of SYMREM1. This indicates that 

FLOT4 might be required for SYMREM1 recruitment and thus would provide a primary 

and essential scaffold for targeting SYMREM1 into the MMD 

To test this genetically, we created a RNA interference (RNAi) construct against the 

3’UTR of the endogenous FLOT4 transcript, which was previously shown to efficiently 
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silence the FLOT4 and co-expressed it with YFP-SYMREM1 in the complemented hcl-1 

mutant background. While SYMREM1 labelled MMDs with a density of 0.077 

MMDs/µm2 (SE= 0.0099) in control roots (lacking the FLOT4-RNAi construct and thus 

expressing the endogenous FLOT4) (Fig. 3H) significantly less domains (0.02 

MMDs/µm2; SE=0.0014; p=9.05E-06) were found in FLOT4-silenced roots (Fig. 3I). 

These data demonstrate that FLOT4 is a second essential building block of a symbiosis 

related MMD and is required for the lateral segregation of SYMREM1 into this structure. 

However, SYMREM1 strictly localized to the PM even in the absence of FLOT4 

indicating that FLOT4 is not involved in membrane targeting of the SYMREM1 protein 

per se.  

Assuming that we identified core components of a symbiosis related MMD we should be 

able to reconstitute this structure in a heterologous cell system lacking any of the three 

proteins. Therefore, we first expressed all three components individually in Nicotiana 

benthamiana leaf epidermal cells. The expression of SYMREM1 alone resulted in almost 

no labelling of distinct MMDs. Instead, SYMREM1 was mostly homogenously 

distributed except for its exclusion from defined tracks (Fig. 4A). For other remorin 

proteins these spaces have been previously described to be populated by cortical 

microtubules (1). This indicates a lack of essential components required for an efficient 

accumulation of SYMREM1 in a specialized MMD-type in these cells. In contrast, 

FLOT4-mCherry (Fig. 4B) and LYK3-GFP (Fig. 4C) labelled more distinct structures 

when being expressed individually, even though these putative MMDs did not resemble 

those observed in the homologous system. Strikingly, co-expression of SYMREM1 and 

FLOT4 in the same cell strongly induced compartmentalization of SYMREM1 (Fig. 4D) 
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while FLOT4 further segregated but only to moderate extent (Fig. 4E). This 

compartmentalized SYMREM1 localization was entirely revertible upon post-

transcriptional silencing of FLOT4 (Fig. S3). Interestingly and in striking contrast to 

SYMREM1/FLOT4 co-localizations observed in M. truncatula roots (Fig. 3), these two 

proteins did not co-localize in N. benthamiana leaf epidermal cells but mutually excluded 

each other (Fig. 4F-G). Quantitative image analysis and segmentation confirmed a strong 

negative correlation indicating that both proteins remained in direct vicinity and tightly 

linked but failed to co-localize (Rr =-0.395, SE= 0.030; rd Rr= -0.008; rd SE= 0.005; 

p=6.67E-13).  

Since LYK3 is actively recruited into FLOT4-labelled domains and this process coincides 

with the induced expression of SYMREM1 upon rhizobial infection (7), we tested whether 

the additional expression of LYK3 altered SYMREM1 localization. To avoid spectral 

interference of three fluorophores we expressed FLOT4-mCherry, YFP-SYMREM1 and 

hemagglutinin (HA)-tagged LYK3 (LYK3-HA) simultaneously. Interestingly, this 

combination resulted in labelling of discrete and specific MMDs by SYMREM1 (Fig. 

4H) and FLOT4 (Fig. 4I). Quantitative image analysis now showed significant co-

localizations within the MMDs labelled simultaneously by both proteins (Rr=0.40, 

SE=0.051; rd Rr=0.017; rd SE=0.017; p=3.03E-06) (Fig. 4J-K). Additional Western Blot 

analysis confirmed successful expression of the HA-tagged fusion proteins (Fig. S4A). 

All together, these data demonstrate that LYK3 is essential for the targeting of 

SYMREM1 into FLOT4-labelled MMDs. Furthermore, our results show that all three 

components in addition to actin are required and sufficient to artificially reconstitute an 

essential scaffolding core of this symbiosis-related MMD in a heterologous system. The 
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fact that none of the endogenous and constitutively expressed flotillin or remorin proteins 

of N. benthamiana were able to induce the reconstitution further supports the specificity 

of the approach. To further test for specificity of this approach we cloned the second 

legume-specific flotillin (FLOT2) that shows a different localization and induction 

pattern compared to FLOT4 (15). Indeed, the co-expression of SYMREM1 and FLOT2 

did not result in a co-localization (Fig. S5A-D). Although FLOT2/SYMREM1 displayed 

negative Pearson correlation coefficients that indicate a significant separation of the 

proteins (Rr=-0.135, SE=0.041; rd Rr=0.041; rd SE=0.015; p=2.34E-07) this effect was 

significantly weaker compared to the exclusion observed upon co-expression of FLOT4 

and SYMREM1 in leaf epidermal cells (Fig. 4D-G). Similarly, the additional expression 

of LYK3 did neither induce stringent segregation of SYMREM1 into distinct MMDs nor 

a co-localization with FLOT2 (Rr=-0.163, SE=0.031; rd Rr=0.032; rd SE=0.08; p=8.58E-

07) (Fig. S5E-H). 

These data raised a mechanistically intriguing question: Is the lateral recruitment of 

LYK3 into FLOT4-labelled MMDs SYMREM1-dependent? To answer this we first co-

expressed SYMREM1 or FLOT4 together LYK3 to test whether any of these dual 

combinations is sufficient for strict MMD confinement of both proteins. However, neither 

the SYMREM1/LYK3 (Fig. S4B-C) nor the FLOT4/LYK3 (Fig. 5A-D) pair was 

sufficient to induce a strong compartmentalization of any of the proteins. Therefore, 

FLOT4 and SYMREM1 alone are not sufficient to mediate LYK3 recruitment into this 

specific MMD. It should be noted here that robust image segmentation could not be 

applied to these images due to the comparably low degree of compartmentalization. 

Therefore, values are only provided for the shown dataset (Fig. 5A-D) but were 



 13 

repeatedly observed throughout the replicates. However, when we expressed the HA-

SYMREM1 construct in addition to FLOT4/LYK3, a significant compartmentalization 

and high degree of co-localization between the fluorophore-tagged FLOT4 scaffold and 

LYK3 receptor was observed (Rr=0.60, SE=0.046; rd Rr=0.021; rd SE=0.019; p=4.79E-

08) (Fig. 5E-H). Reciprocally, clear segregation of LYK3 also occurred in the presence of 

mCherry-SYMREM1 and FLOT4-HA (Fig. 5I-L) (Rr=0.39, SE=0.049; rd Rr=0.046; rd 

SE=0.030; p=8.46E-04). These data provide first mechanistic insights into MMD 

assembly and clearly demonstrate that the recruitment of the entry receptor LYK3 into 

FLOT4 labelled MMDs is SYMREM1-dependent. 

 

 

DISCUSSION 

Although recent evidence suggests the coexistence of different MMDs in plant cells (1) it 

remained a mystery whether multiple proteins acting in the same biological pathway 

segregate into the same MMD and which molecular building blocks are required for the 

de novo assembly of such structures. First hints were provided by the stimulus-dependent 

co-localization of the LYK3 receptor together with the putative scaffold protein FLOT4 

during rhizobial infection (23). Considering these data and those presented here, we 

hypothesise the sequential assembly of an infection-related MMD, which is composed of 

proteins that establish and determine sites for rhizobial infections during RNS. Our 

current model (Fig. 6) considers the root-specific but constitutive expression of the LYK3 

receptor and the flotillin FLOT4. Under these conditions FLOT4, and potentially FLOT2, 

serve as primary scaffolds that may control a first wave of protein recruitment into this 
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MMD. Such a hypothesis is supported by a recent report that demonstrated MMD 

targeting of the brassinosteroid receptor BRI1 to be flotillin-dependent (29) and by data 

showing flotillins to serve as key factors for membrane compartmentalization in bacteria 

(12). Although the application of isolated NFs and their recognition by the NFP/LYK3 

receptor complex triggers first physiological responses such as calcium spiking within 

minutes (30) the application was not sufficient to alter LYK3 dynamics in the observed 

time window despite this immobilization is strictly NF-dependent (23). However 

inoculation of roots with rhizobia for 24 hours induced the lateral arrest of LYK3 in root 

hairs (23) and this not only coincides with the initial induction of the endogenous 

SYMREM1 transcript (7) but also with epidermal activation of its promoter (Fig. 1B-E). 

In addition, the symrem1 phenotype clearly points to an infection related process (Fig. 

1K). Data presented here indicate that downstream of the initial NF perception, 

SYMREM1 as well as LYK3 are mutually required for their recruitment into an 

infection-related MMD, which is initially formed by FLOT4 (Fig. 4; Fig. 6). This process 

does not require an active LYK3 kinase domain as SYMREM1 also co-localized with 

FLOT4 in the hcl1 mutant background that exclusively expresses a kinase dead variant of 

the receptor (Fig. S2). However, in vitro phosphorylation data using the kinase domain of 

NFR1 from Lotus japonicus, the putative ortholog of LYK3, suggest that residues of the 

intrinsically disordered region (IDR) of SYMREM1 can be phosphorylated by the NFR1 

kinase domain (31). Such IDRs serve as hotspots for phosphorylation and significantly 

contribute to protein-protein interactions in remorins (32) and other plant proteins (33). 

Thus, we speculate that LYK3 contributes to SYMREM1 oligomerization, which then 

may open further docking sites for the additional recruitment of a second set of proteins 
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into this specific MMD that control the infection process. These may include components 

of the exocytosis machinery and small ROP GTPases all of which have been described to 

be MMD localized and/or required for rhizobial infection (34-36). 

A peculiar aspect of MMD formation in plants in comparison to metazoans is the lateral 

immobility of these domains that are labelled by scaffold proteins such as remorins and 

flotillins. An advanced model may be provided by the picket fence theory that suggests 

the formation of mesocale compartments in the size range of 100-200 nm that are 

confined by the actin network (4, 37, 38). Lateral stability may further be supported by 

the presence of a cell wall that has significant impact on protein diffusion inside the PM 

in plants (5). However, even though post-translational modifications such as the addition 

of lipid moieties to MMD components and biophysical properties of transmembrane 

domains contribute to lateral segregation (39), the molecular mechanism that precisely 

positions individual MMD at the PM and potentially along the actin cytoskeleton remains 

to be examined in the future. 

  



 16 

ACKNOWLEDGEMENTS 

We would like to thank all members of our team for their fruitful discussions throughout 

the project and comments on the manuscript. Christina Bielmeier and Anne-Kathrin 

Classen (LMU Munich) helped with different aspects during image analysis. Jana 

Munstermann conducted the initial experiments on FLOT4. The hcl-1 mutant and the 

complemented hcl-1 line were kindly provided by Doug Cook (UC Davis, USA). This 

work was funded by an Emmy-Noether grant of the Deutsche Forschungsgemeinschaft 

(DFG; OT423/2-1) and the Boehringer Ingelheim Foundation. 

  



 17 

MATERIALS AND METHODS 

Plant growth and phenotypical anaylsis 

For phenotypical analysis Medicago truncatula wild-type R108, symrem1-1 (NF4432) 

and symrem1-2 (NF4395) seeds were scarified and sterilized before being sown on 1% 

agar plates for germination and kept in dark at 4°C for 3-5 days for vernalization. 

Germination was allowed for up to 24h at 24°C before transferring the seedlings in a 

closed weck-jar system filled with sand/vermiculte mixture and Fahraeus liquid media for 

rhizobia inoculation. After 3 days plants were inoculated with 1ml Sinorhizobium meliloti 

2011 CFP with an OD600 of 0.001. Mature infection threads were scored 7 dpi. 

Complementation experiments were conducted via hairy root transformation using a 

pSYMREM1-YFP-SYMREM1 (nodulation) or a pUbi-YFP-SYMREM1  (IT) construct 

and analysed 10 days (IT) and 6 weeks (nodule) after inoculation.  

 

Hairy Root Transformation 

M. truncatula hairy root transformation was performed as previously described using the 

Agrobacterium rhizogenes strain ARqua1 and transferred weekly to fresh plates 

containing Fahraeus medium with a pH of 6.0.  

 

Nicotiana benthamiana infiltration 

N. benthamiana leaf infiltration was performed as previously described (1, 25, 31). 

Agrobacteria were infiltrated at a final OD 600nm of 0.4 for p35S-LYK3-GFP to 0.005 

pUbi-HA-SYMREM1. Level 2 single expression vectors and Level 3 co-expression 

vectors obtained by Golden Gate cloning (40) were infiltrated with a final OD 600nm of 
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0.1 in presence of the silencing suppressor P19. The infiltration with the FLOT4-RNAi 

silencing construct, as well as the respective control was performed without P19. 

Microscopy was performed 2 and 3 days post infiltration.  

 

Western blot analysis 

N. benthamiana leaf disks were harvested 3 dpi and shock frozen with liquid nitrogen. 

Proteins were extracted by grinding leaf disks in lysis buffer (150 mM NaCl, 10 mM 

TrisHCl pH 7.5, 1% Triton-X-100, 1 mM EDTA, 2 mM DTT, Pefabloc, protease 

inhibitor cocktail. Samples were the spun down at 14000 rpm at 4°C and pellets were 

discarded. The samples were diluted with 5x SDS-sample buffer and denatured at 70°C 

for 5 min. The protein samples were loaded onto 10% polyacrylamide SDS-

polyacrylamide gels before being transferred onto a nitrocellulose membrane. For 

blocking and antibody incubation the SNAP i.d. 2.0 protein detection system was used. 

The membrane was blocked with 3% milk in 1xTBS-Tween (0.1%) and incubated with 

the anti-HA-antibody that was directly conjugated with horseradish peroxidase (1:3000, 

Roche). Detection of proteins was performed with the SuperSignal™ West Pico 

Chemiluminescent Substrate (Pierce). 

 

Golden Gate and Gateway cloning/constructs 

The coding sequence of Medicago truncatula SYMREM1 (Genbank accession 

JQ061257) was recombined into the Gateway (GW) compatible pUBi-YFP-GW 

vector(6) via LR-reaction. For complementation experiments a Gateway compatible 

pSYMREM1-GW vector was created by replacing the Ubiquitin promoter with the 
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functional SYMREM1 promoter (643bp upstream of the translational start of SYMREM1) 

using PmeI and XbaI restriction sites. All other constructs were cloned as Golden Gate 

compatible constructs. Bpi and Bsa1 restriction sites were removed from the following 

nucleotide templates prior to the cloning of Level 2 expression vectors: SYMREM1 

(Genbank accession: JQ061257.1), LYK3 (Genbank accession AY372406), MAP4 

(Genbank accession: M72414), the cDNA of the genomic FLOT4 (Genbank accession 

GU224281) and FLOT2 (Genbank accession 224279), the 2kb FLOT4 promoter 

(pFLOT4), as well as the SYMREM1 promoter (pSYMREM1). A double stranded Lifeact 

template with flanking Bsa1 restriction sites was directly inserted into pUC-Bpi via blunt 

end StuI (NEB) cut-ligation for subsequent Golden Gate cloning. Double stranded 

sequences for the FLOT4-RNAi constructs with flanking Bsa1 sites were also cloned via 

blunt end StuI cut-ligation into pUC-Bpi. RNAi silencing vectors were assembled as 

previously described (40). The RNAi construct used that was expressed in N. 

benthamiana expanded from the 3’UTR 114 bp into 5’ direction of the FLOT4 gene in 

order to facilitate silencing in N. benthamiana, since the FLOT4-mCherry constructs lack 

the 3’UTR. 

Level 2 single expression and Level 3 co-expression vectors for microscopy were 

assembled in a Golden Gate compatible fashion (40). 

 

Confocal Laser-Scanning Microscopy 

Confocal laser scanning microscopy was performed on a Leica TCS SP5 confocal 

microscope equipped with 63x and 20x HCX PL APO water immersion lenses (Leica 

Microsystems, Mannheim, Germany). GFP was excited with the Argon laser (AR) line at 



 20 

488 nm and the emission detected at 500-550 nm. YFP was excited with the 514 nm AR 

laser line and detected at 520–555nm. mCherry fluorescence was excited using the Diode 

Pumped Solid State (DPSS) laser at 561nm and emission was detected between 575-630 

nm. Samples, co-expressing two fluorophores were imaged in sequential mode between 

frames. Due to low signal intensity for the pSYMREM1-NLS-2xGFP reporter, the 

corresponding fluorescence was detected using Leica HyD detectors. Images were taken 

with a Leica DFC350FX digital camera. 

 

Quantitative Image Analysis 

Image analysis was performed with the open source ImageJ/ (Fiji) software (41). For 

illustration, images were background subtracted according to the rolling ball algorithm, 

filtered with a Mean filter pixel radius of 1 and then maximum z-projected (‘create stack). 

Contrast was enhanced for visualization in figures but not for quantification.  

Pixel based co-localizations to determine Pearson Correlation Coefficient values were 

performed using the Fiji Plugins ‘Squassh’(42) and ‘JACoP’ (43). Image segmentation 

was performed with ‘Squassh’. 

Randomization was performed with the automatic Costes’ Randomization method in 

‘JACoP’ in which clusters of 10x10 pixels were randomly distributed in one channel and 

correlated to the original values. Additionally, randomization was also performed on 

maximum z-projections via horizontal flip of the mCherry channel as described 

previously (1, 25). 

To quantify MMDs images were segmented to differentiate background from domains. 

For this, the background was subtracted using a rolling ball algorithm with a radius 
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corresponding to the largest structure of interest. I.e., the largest domain was encircled, 

and its dimension was used. A mean blur with radius 1 was then applied, and the slices 

(n=5-12 slices, with distances of 0.25 to 0.7 µm) maximum projected along the z-axis. A 

threshold was applied to the images and the result saved as a binary mask. The ‘create 

selection’ tool was used to mark the outlines and was overlaid onto the original image to 

verify proper image segmentation. Domains were counted with the ‘particle analyzer’ 

tool in Fiji. 

 

Cytoskeleton depolymerisation 

A 1mM Oryzalin stock solution in DMSO and a 10mM Cytochalasin D stock solution on 

EtOH were prepared. Medicago truncatula root samples of 1 cm length were incubated in 

final concentrations of 10 µM Oryzalin or 10 µM Cytochalasin D for 12 hours in water. 

The control samples were incubated in water with the equal amount of solvent for the 

same amount of time.  
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FIGURES AND LEGENDS 

 

Fig. 1. Expression and phenotypical analysis of SYMREM1 and FLOT4. A-E, Activation 

of the SYMREM1 promoter as indicated by nuclear fluorescence (arrowheads) in 

uninoculated (A) and inoculated (B-E) conditions. (C-E) close-up of a curled root hair 

entrapping rhizobia. Autofluorescent contours of roots hairs and epidermal cells are 

visible due to increased sensitivity settings to detect any low intensity nuclear 

fluorescence. (F-J) Activation of the FLOT4 promoter in uninoculated (F) and inoculated 

(G-J) conditions (arrowheads). (H-J) close-up of a curled root hair entrapping rhizobia. 

(K-M) Phenotypical analysis of symrem1 mutants. Infection threads (ITs) were scored 7 

days (K) and 8 days (L) after inoculation with S. meliloti. The IT (L) and the nodulation 

(M) phenotypes were complemented when expressing a pUbi-YFP-SYMREM1 construct 

in the symrem1-2 mutant line. Asterisks indicate results of a Student t-test with p<0.01. 

Scale bars indicate 20 µm in A, B, F, G and 10 µm in C-E and H-I. 
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Fig. 2. SYMREM1-labelled MMDs are actin-dependent. An YFP-SYMREM1 fusion 

protein was ectopically expressed in transgenic M. truncatula roots and imaged using 

confocal-laser scanning microscopy. (A) YFP-SYMREM1 labelled distinct MMDs in 

control roots. (B) Treatment with the microtubule depolymerising drug oryzalin did not 

change YFP-SYMREM1 localization. (C) In contrast disruption of the actin cytoskeleton 

by application of cytochalasin D abolish MMD targeting of the protein. Quantitative 

image analysis was performed on all samples as indicated below the individual panels. 

SE= standard error; p-value= confidence interval obtained from a Student t-test. Scale 

bars indicate 10 µm. 
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Fig. 3. FLOT4 is essential for MMD formation. (A) YFP-SYMREM1 and FLOT4-

mCherry (B) co-localized (C) in epidermal cells when being expressed in transgenic M. 

truncatula roots (complemented hcl1 mutant background). Quantitative data are provided 

in panel (C). Rr= Pearson correlation coefficient; rd Rr= Pearson correlation coefficient 

obtained after image randomization of the FLOT4-mCherry image. The respective 

standard errors (SE) are provided below the Pearson values. p= confidence interval 

obtained from a Student ttest comparing Rr and rd Rr. Close-up of YFP-SYMREM1 (D) 

and FLOT4-Cherry (E) microdomains at the plasma membrane surface. Overlaying both 

channels (F) and image segmentation (G) better illustrate co-localization between the two 

proteins. (H) While YFP-SYMREM1 labelled MMDs in root epidermal cells, their 

density was greatly reduced upon co-expression with a FLOT4-RNAi construct (I). p-

value= confidence interval obtained from a Student ttest comparing roots expressing 

endogenous FLOT4 (as in H) and those where FLOT4 was silenced (as in I). Scale bars 

indicate 5 µm (A-F) and 10 µm (H, I). 
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Fig. 4. De novo reconstitution of a symbiosis-related MMD in vivo. (A-C) N. 

benthamiana leaf epidermal cells individually expressing the legume-specific proteins 

YFP-SYMREM1, FLOT4-mCherry and LYK3-GFP revealed almost no MMDs being 

labelled by SYMREM1 while FLOT4 and LYK3 showed a moderate 

compartmentalization. (D, E) Co-expression of YFP-SYMREM1 and FLOT4-mCherry 

induced stronger compartmentalization of SYMREM1 and to lesser extent of FLOT4. (F, 

G) Overlaying the signals from both channels and image segmentation revealed a lack of 

co-localization and mutual exclusion of both proteins. In contrast, triple expression of 

fluorophore-tagged YFP-SYMREM1 and FLOT4-mCherry together with hemaglutinin 

(HA) tagged LYK3 resulted in specific accumulations of SYMREM1 (H) and FLOT4 (I) 

in MMDs that showed significant co-localization (J, K). Quantitative data are provided in 

panels G and K. Rr= Pearson correlation coefficient; rd Rr= Pearson correlation 

coefficient obtained after image randomization. The respective standard errors (SE) are 

provided below the Pearson values. p= confidence interval obtained from a Student ttest 

comparing Rr and rd Rr. Scale bars indicate 5 µm. 
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Fig. 5. SYMREM1-dependent MMD-recruitment of LYK3. Combinatorial expression of 

LYK3, FLOT4 and SYMREM1 in N. benthamiana leaf epidermal cells. Co-expression of 

LYK3 (A) and FLOT4 (B) in the absence of SYMREM1 resulted in moderate 

compartmentalization of both proteins and the lack of significant co-localization (C, D). 

In contrast, additional expression of HA-SYMREM1 resulted in labelling of distinct 

MMDs by LYK3 (E) and FLOT4 (F) that co-localized under these conditions (G, H). 

Similar patterns were observed for the co-expression of LYK3-GFP (I) and mCherry-

SYMREM1 (J) in the presence of FLOT4-HA where the fluorophore-tagged proteins co-

localized (K, L). Proteins fused to GFP are indicated in green, those fused to mCherry in 

red. Rr= Pearson correlation coefficient; rd Rr= Pearson correlation coefficient obtained 

after Costes randomization was applied to the red channel (mCherry) image. The 

respective standard errors (SE) are provided below the Pearson values. p = confidence 

interval obtained from a Student ttest comparing Rr and rd Rr. Scale bars indicate 5 µm. 
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Fig. 6. Model illustrating different steps of MMD formation. (A) Constitutively expressed 

FLOT4 (turquoise) forms the initial MMD in an actin dependent manner that is devoid of 

the LYK3 receptor. (B) Nod factor (NF) perception by NFP (grey) and LYK3 (orange) 

occurs in a mobile microdomain and results in the activation of a symbiosis-specific 

signalling cascade that leads to the expression of SYMREM1 (red). (C) SYMREM1, 

LYK3 are actively recruited in a mutually dependent manner. (D) Phosphorylation of 

SYMREM1 by LYK3 leads to remorin oligomerization, which generates new docking 

sites for proteins required for rhizobial infection (hypothetical). 



SUPPLEMENTAL INFORMATION 
 
 

 
 
Fig. S1. Depolymerisation of microtubules and actin in M. truncatula roots. Expression 

of the microtubule (MT) associated protein MAP4-YFP clearly labelled the MT network 

(A) that was successfully depolymerised upon incubation with oryzalin (B). Similarily, 

actin strands were labelled by YFP-Lifeact (C) and their disruption monitored upon 

application of cytochalasin D (D). Scale bars indicate 10 µm. 

  



 

 
 

Fig. S2. SYMREM1 and FLOT4 patterns are altered in the hcl1 mutant allele. (A) A 

YFP-SYMREM1 fusion protein was expressed in wild-type A17 roots. (B-D) No 

qualitative differences were observed upon expression of this construct in the receptor 

mutant backgrounds nfp-2 (B), dmi2-1 (C) and hcl-4 (D). e, In contrast SYMREM1 

MMD patterns were strongly altered in the hcl-1 mutant (arrowheads). f, Wild-type like 

patterns were restored in a complemented hcl-1 mutant line (23). FLOT4 followed the 

same parallel patterning (G) as SYMREM1 (H, I) in the hcl-1 mutant. Scale bars indicate 

10 µm. 

  



 

 

Fig. S3. Compartmentalization of SYMREM1 in leaf epidermal cells is FLOT4- 

dependent. Co expression of YFP-SYMREM1 (A) and FLOT4-mCherry (B) in N. 

benthamiana leaf epidermal cells resulted in compartmentalization of both proteins, 

although both proteins did not co-localize (C). Additional expression of a FLOT4-RNAi 

construct resulted in a loss of FLOT4-mCherry (E) and reverted the localization of 

SYMREM1 towards less compartmentalized patterns (D, F). Scale bars indicate 5 µm. 

  



 

 
Fig. S4. Presence of LYK3 alone does not induce SYMREM1 compartmentalization. (A) 

Western Blot analysis confirming the presence of HA-tagged non-fluorescent LYK3 and 

FLOT4 as used in Fig. 4H-K and Fig. 5I-L, respectively. (B) Expression of SYMREM1 

alone and (C) together with LYK3 in N. benthamiana leaf epidermal cells did not affect 

localization patterns of the proteins. Scale bars indicate 5 µm. 

  



 

 

Fig. S5. FLOT2 does not induce MMD recruitment of SYMREM1. (A-D), Co-expression 

of SYMREM1 and FLOT2 in N. benthamiana leaf epidermal cells resulted in significant 

exclusion of the proteins even though to lesser extent than observed with FLOT4. (E-H) 

Additional expression of LYK3 did not result in MMD formation. Scale bars indicate 5 

µm. 
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C) Discussion 

 

1. SYMREM1- SYMbiotic REMorin 1 

 

More than 25 years ago, Farmer and co-workers discovered the protein pp34 in a 

screen for plasma membrane (PM) proteins that were differently phosphorylated upon 

oligogalacturonide treatment (Farmer et al., 1989). After further characterization of 

this protein they proposed the name `remorin´ for it. This should describe the 

protein´s properties with regard to the hydrophilic profile of its amino acid sequence 

and its tight PM attachment, in analogy to remora fish that attach themselves to the 

surface of larger organisms (Reymond et al., 1996). Since the discovery in 1989 

several proteomic studies revealed the presence of further remorins in PM fractions 

(Mongrand et al., 2004; Morel, 2006; Lefebvre et al., 2007; Kierszniowska et al., 

2009). Due to the absence of a PM binding motif, two different anchoring 

mechanisms for remorins have been suggested: (a) a two-step mechanism based on 

findings for the remorin protein StREM1.3, which involves initial attachment to the 

PM due to an intrinsic lipid affinity of the StREM1.3 anchoring motif, and sequential 

folding of this C-terminal anchor region (RemCA) into a tight α-helical hairpin with a 

hydrophobic core (Perraki et al., 2012). (b) In contrast, the homologous remorin 

REM1.2 from Arabidopsis was shown to harbor an S-acylation motif for PM 

anchoring (Hemsley et al., 2013). To analyse the molecular mechanism of PM 

anchoring and to clarify whether this mechanism also determines the membrane 

domain (MD) localization of remorins, we performed biochemical and cell biological 

experiments with SMYREM1. 

 

1.1. SYMREM1 anchors to the PM via S-acylation in the RemCA region 

By employing immunolocalization and transmission electron microscopy, it had been 

shown that SYMREM1 accumulates in clusters on the PM in Medicago truncatula 

roots (Lefebvre et al., 2010). Additionally, co-purification of SYMREM1 in in vitro 

experiments with Detergent Insoluble Membrane (DIM) fractions from M. truncatula 

roots can be seen as a hint for potential MD localization (Kierszniowska et al., 2009; 

Lefebvre et al., 2010). The observation of punctuate localization of transiently 

expressed fluorophore-tagged SYMREM1 in vivo in Medicago roots verified the 
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membrane domain (MD) specific localization of SYMREM1 (Konrad et al., 2014; 

Fig.1a and 6a). 

When Perraki and co-workers investigated the anchoring mechanism of StREM1.3, 

they established that its last C-terminal 28 aa were crucial for PM localization 

(Perraki et al., 2012). Further, they proposed that this RemCA region is first present 

in an unfolded conformation. In close proximity to a nonpolar environment like the 

PM, folding into two short α-helical stretches is induced. In this way, a hydrophobic 

pocket is formed, which anchors the protein to the PM. Similar to StREM1.3, we 

could show for SMYREM1 that its RemCA region is necessary for PM anchoring. In 

the case of SYMREM1 this region consists of the last C-terminal 35 aa, which also 

contains a hydrophobic stretch (Konrad et al., 2014; Fig. 1g and Table 1). 

In contrast to StREM1.3, the Arabidopsis homolog REM1.2 was demonstrated to be 

S-acylated and also SYMREM1 was predicted to be S-acylated on the last C-terminal 

Cysteine within the RemCA region (Hemsley et al., 2013; Konrad et al., 2014, Table 

1). This post-translational modification was verified in vitro and mutation of the 

S-acylation site in the RemCA-only fusion protein led to a loss of PM localization 

(Konrad et al., 2014; Fig. 5a and 4d). These results suggest a combination of the 

above-mentioned mechanisms for SYMREM1 (Konrad et al., 2014; Sup Fig. S7). A 

combined mechanism was further supported by the analysis of Arabidopsis remorin 

proteins´ RemCA regions. In line with our hypothesis, we confirmed the S-acylation 

of AtREM1.2 (At3g61260) and remorin At4g36970 (Konrad et al., 2014; Fig. 4 and 

Sup Fig. S5a). Furthermore, only 4 out of 16 RemCA fluorophore-fusion proteins 

localized to the PM although all analysed Arabidopsis RemCA regions displayed a 

hydrophobic stretch in their RemCA domain. Based on these findings, RemCA as 

sole anchor motif could be excluded (Konrad et al., 2014; Table 1 and Fig. S2). 

S-acylation is a posttranslational modification that is added to a protein by PM located 

protein-S-acyl transferases (PATs) (Roth et al., 2002; Huang et al., 2004). Due to 

their localization within the cell it is hypothesized that their targets already have to be 

associated or anchored to the PM to become S-acylated (reviewed in Smotrys & 

Linder, 2004). Considering this as well, we now propose a combined membrane-

binding mechanism. (1) Remorins initially associate to the PM either (a) via potential 

protein-protein interactions of their coiled-coil domain with already PM-integral 

proteins or (b) via a protein-lipid association of the hydrophobic core of the RemCA 
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region. (2) After this first transient PM association, PATs are able to S-acylate 

C-terminal cysteine residue(s) and the remorins get tightly anchored to the PM 

(Konrad et al., 2014; Fig. S7). 

In support of this hypothesis, the work of Gui et al. (2015) verified S-acylation in the 

RemCA region as the driving force for tight PM anchoring (Gui et al., 2015). 

As for the remorins, membrane localization mediated by S-acylation could also be 

shown for other proteins lacking any known PM-anchoring mechanism like TMD, 

e.g. calcium sensor proteins and receptor-like kinases relevant for guiding pollen 

tubes to the ovule (Batistic et al., 2008; Batistič et al., 2012; Liu et al., 2013). 

Interestingly, these mentioned proteins have different localization sites within the cell 

(vacuole and plasma membrane) and are involved in different signaling pathways. 

Therefore, S-acylation appears to function as a general PM-anchoring motif without a 

specific preference with regard to localization within the cell or protein type. 

However, beyond its role in PM anchoring, S-acylation is also considered as a signal 

for specific MD association, which will be discussed below (Sorek et al., 2009). 

 

1.2. S-acylation of SYMREM1 is not required for MD localization 

The glycosylphosphatidylinositol (GPI) motif is the only known post-translational 

modification that anchors proteins to MDs in the outer leaflet of the PM in 

mammalian and plant cells (Ikonen & Simons, 1998; Borner et al., 2005; Sorek et al., 

2007; Garner et al., 2007; Levental et al., 2010a). For the inner PM leaflet S-acylation 

has been postulated as MD targeting motif in mammalian cells (Levental et al., 

2010b; Thaa et al., 2011; Blaskovic et al., 2013). However, up to now a final proof of 

S-acylation being a MD localization motif in plants is still missing (Blaskovic et al., 

2013; Hemsley, 2015). So far the only correlation between S-acylation and MD 

localization in plant cells that has been found was based on DIM extractions. In these 

studies a member of the small GTPase ROP family showed a higher affinity to DIMs 

compared to its deacylated protein variant (Sorek et al., 2007, 2010). However, a 

verification of this S-acylation dependent MD recruitment via microscopy-based 

methods was missing. Since SYMREM1 localized to MDs and was shown to be 

S-acylated (Konrad et al., 2014), we addressed the question whether S-acylation of 

the RemCA region is the determinant for MD localization of remorins. 
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Expression of the full-length SYMREM1 mutated in the S-acylation site did not 

completely abolish MD localization but led to a reduced MD localization compared to 

the wild type protein (Konrad et al., 2014; Fig. 6a). This result suggests an alternative 

MD localization motif besides the S-acylation modification. The fact that the non-

acylated SYMREM1 mutant variant localized to MDs when expressed in S. cerevisiae 

cells corroborated our hypothesis (Konrad et al., 2014; Fig. 6h). Interestingly, when 

expressing only the RemCA domain from SYMREM1 either in Medicago roots or in 

yeast cells, it displayed no MD localization but was uniformly distributed (Konrad et 

al., 2014; Fig. 6d and h). In contrast to our findings, in the work of Perraki et al. 

(2012) it was hypothesized that the RemCA has an intrinsic affinity to lipid raft lipids 

and this drives the remorin into MDs. As already mentioned, this theory was based on 

in vitro binding assays and DIM extractions. However, in this study an in vivo MD 

localization of a StREM1.3 RemCA-fusion protein was not shown. Therefore, a final 

proof for the RemCA region being the MD signal motif was missing in this work. 

From our results, we concluded that the S-acylation is not the predominant MD 

localization signal for remorins and we could rule out that intrinsic lipid affinity of the 

RemCA region functions as MD determinant as had been postulated by Perraki and 

co-workers (Perraki et al., 2012). In the light of the localization results in yeast it can 

also be excluded that a hetero-oligomerization is the reason for MD localization. 

Instead, it is very likely that a potential alternative motif responsible for MD 

localization may be encoded in another part of the protein. 

Besides a potential MD localization motif, the interaction with another factor that is 

already present in the MD could also drive SYMREM1 to localize to MDs. This 

might be mediated by an interaction with another protein like FLOT4, which has also 

been shown to localize to MDs (Haney & Long, 2010; Haney et al., 2011) (see also 

section A.2.1). When addressing the question whether SMYREM1 functions as 

scaffold protein, we showed that SYMREM1 and FLOT4 co-localize in the same PM 

domain (Stratil et al. manuscript (ms) 2, Fig. 3c). In the course of this work, we found 

that the formation of SYMREM1 MDs is FLOT4- and actin-dependent, while the co-

localization of LYK3 and FLOT4 is SYMREM1-dependent (Stratil et al. ms 2, Fig. 

5). A Nod factor-dependent co-localization of FLOT4 and LYK3 was already 

demonstrated, however, an evidence of direct physical interaction of FLOT4 and 

LYK3 was still missing (Haney et al., 2011). Our findings suggest a SYMREM1-
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dependent recruitment mechanism of a putative LYK3-signaling complex to the 

FLOT4 MDs after Nod factor induced expression of SYMREM1 (Lefebvre et al., 

2010b; Stratil et al. ms 2, Fig. 6). This recruitment causes a SYMREM1-FLOT4-

LYK3 infection MD. Although, S-acylation being a MD localization motif for other 

proteins cannot be ruled out, these results suggested, that SYMREM1-related MD 

formation is driven by protein interaction rather than only by a lipid-lipid interaction 

(Pike, 2006, 2009; Konrad & Ott, 2015). 

A physical interaction between LYK3 and SYMREM1 was already proven (Lefebvre 

et al., 2010), but it still remains to be demonstrated whether the SYMREM1 and  

FLOT4 co-localization is mediated via direct protein interaction. On a more general 

level, the MD localization mechanism will need further investigation to fully 

understand how differential localization of certain remorins to distinct MDs is 

achieved (Jarsch et al., 2014).  

 

Although S-acylation is not the main driving force for SMYREM1 being localized to 

MDs, there still remains the question of whether it is important for the physiological 

function of SYMREM1, like it is in the case of AtCESA7. CESA7 is a component of 

the cellulose synthase complex and was shown to be S-acylated. Mutation of 

S-acylation sites of CESA7 abolished cellulose synthase complex assembly, further 

trafficking to the PM and thereby its physiological function (Kumar et al., 2016).  

Along these lines, the work of Gui et al. (2015) addressed to some extent the 

functional relevance of S-acylation for the remorin protein GRAIN SETTING 

DEFECTS (GSD)1. In a former work the same authors demonstrated that 

overexpression of GDS1 in the wild type background leads to reduced grain setting 

(Gui et al., 2014). Based on this phenotype, the physiological function of (I) two 

different single point mutations of S-acylation sites, (II) a delta construct missing the 

whole RemCA region and (III) a variant mutated in all potential C-terminal S-

acylation sites in the RemCA has been assessed by monitoring the grain setting rate. 

The fully mutated variant and the delta construct did not localize to the PM anymore 

and did not have any impact on grain setting when overexpressed. In contrast, the two 

single point mutation variants, which still localized to the PM, caused the already 

described overexpression phenotype. 
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Gui and co-authors concluded that these two S-acylation sites mediate PM 

localization and that this localization is required for a correct function (Gui et al., 

2015). However, based on the data presented, it remains unclear whether the point 

mutation variants still localize to MDs or not. All in all, their work could not clarify 

whether S-acylation as anchoring mechanism per se is necessary for the physiological 

protein function, or whether PM-localization of remorins by an independent 

mechanism is sufficient. Since the SYMREM1 S-acylation mutant variant still 

localizes to MDs, this protein version would be an ideal construct to test whether it 

can complement the symrem1-phenotype. This approach could clarify whether the 

S-acylation really has an impact on the function of SMYREM1. 

Besides a role solely in PM-localization, S-acylation was postulated to function also 

as an activation switch, or as modification controlling specific protein-protein 

interactions (Blaskovic et al., 2013). One possible function for the S-acylation of 

SYMREM1 might be modulating activation intensity of downstream signaling 

components after Nod factor perception. The relevance of S-acylation for signaling in 

response to a trigger was already shown for the plant immune receptor FLS2, which 

shows less efficient pathway induction when deacylated (Hemsley et al., 2013). 

Furthermore, S-acylation can also function as an activation switch like 

phosphorylation (Sorek et al., 2010). Given that such a mechanism is present in 

SYMREM1, it might have different activation stages depending on the Nod factor 

perceived. As long as Nod factor perception takes place, SYMREM1 might stay 

S-acylated and the signal could be transduced. However, to switch off further 

signaling, SYMREM1 might get deacylated, turn into an inactive state and/or get 

degraded. There is precedence for a role in regulation of protein degradation, e.g. 

RIN4, a member of the plant immune system, is prevented from degradation as long 

as it is S-acylated (Kim et al., 2005). A third possible role of S-acylation could be 

modulation of protein-protein interaction (Yang et al., 2002). An alternative function 

of the S-acylation of SMYREM1 therefore might be to alter the composition of the 

SYMREM1-FLOT4-LYK3 infection MD depending on the S-acylation status of 

SYMREM1. Since a S-acylation site was predicted for AtFLOT1 (Borner et al., 

2005), FLOT4 might also be S-acylated, which would increase the level of regulation 

and modulation of the signaling via the SYMREM1-FLOT4-LYK3 infection MD. 

However, what kind of physiological impact S-acylation might have for the function 
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of SYMREM1 or whether S-acylation serves only as PM anchoring needs to be 

shown in the future. 

 

1.3. SYMREM1 is necessary for a successful Infection Thread formation 

Depletion of SYMREM1 via an RNAi construct causes an altered infection thread 

(IT) phenotype (Lefebvre et al., 2010). Although a reduction in nodule number was 

shown for a stable Medicago transposon-insertion line (symrem1-1), the IT phenotype 

was not monitored in this work (Lefebvre et al., 2010). Therefore, in the course of this 

thesis the altered IT phenotype was verified for symrem1-1 and could also be 

demonstrated for a second SYMREM1 mutant allele (symrem1-2). For both mutant 

allele lines a significant reduction in the number of mature ITs was shown (Stratil et 

al. ms 2, Fig. 1K). Successful complementation with the wild type allele finally 

proved that the Tnt1 transposon insertion in the SYMREM1 gene is the reason for the 

observed IT and nodule phenotype in the symrem1-2 mutant line (Stratil et al. ms 2, 

Fig. 1K and L). These findings verified the involvement of SYMREM1 in the 

infection process during Root Nodule Symbiosis (RNS). 

A next step may be to investigate the function of SYMREM1 in the infection process 

in more detail. It would be necessary to visualize SYMREM1 during the infection 

process in the root hair and in this way the role of SYMREM1 could be studied in 

vivo. One starting point for understanding the physiological mechanism in which 

SYMREM1 is involved could be studying the localization of the exocytotic vesicle-

associated membrane protein (VAMP721e) in the symrem1 background. VAMP72s 

are involved in exocytosis by mediating the fusion of transported vesicles with a 

target membrane like the PM (Sanderfoot, 2007; Kwon et al., 2008). Like 

SYMREM1, VAMP721e localizes to the symbiosome membrane and to the site of 

bacterial release from ITs (Lefebvre et al., 2010; Ivanov et al., 2012). Furthermore, it 

was shown that VAMP721e localizes to the newly formed infection chamber in the 

root hair (Fournier et al., 2015). To test whether the symrem1 phenotype is due to an 

alteration in an exocytotic pathway or membrane fusion, studying the localization 

pattern of VAMP721e in the symrem1 mutant could be one first step. 

Another question is whether there are other proteins localizing to the SYMREM1-

FLOT4-LYK3 domain. LYK3 and NFP most probably act as a complex (Madsen et 

al., 2011; Pietraszewska-Bogiel et al., 2013; Moling et al., 2014). Additionally, a 
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recent work also showed that SYMRK associates with NFR1 and NFR5 (Ried et al., 

2014). Since SYMREM1 interacts with all three receptors (Lefebvre et al., 2010; Tóth 

et al., 2012), the SYMREM1-domain might function as an interaction platform for 

this signaling complex and facilitate further signaling. SYMRK, and to some extent 

also LYK3 are part of the signaling cascade induced by both AM fungi and rhizobia 

(Stracke et al., 2002; Zhang et al., 2015). During RNS an unwanted AMF-dependent 

induction via SYMRK and LYK3 therefore needs to be prevented. By forming a 

specific Nod factor-dependent signaling platform with SYMREM1 as scaffold 

protein, SYMRK and LYK3 may be physically hindered to interact with a potential 

Myc factor receptor (e.g. CERK1 (Zhang et al., 2015)). As a consequence, the Nod 

factor-dependent signaling pathway is strongly induced and an unwanted induction by 

the Myc factor receptor is prevented. A similar mechanism, which inhibits the 

induction of a signaling pathway by preventing the formation of a receptor complex, 

was just recently shown for the abscisic acid induced inhibition of brassinosteroid 

receptor complex assembly (Gui et al., 2016). In this case the interaction of the co-

receptor OsSERK1 (the rice BRI1-ASSOCIATED RECEPTOR KINASE 1) and the 

brassinosteroid receptor BRASSINOSTEROID-INSENSITIVE 1 is blocked at high 

abscisic acid levels due to the interaction of SERK1 and the remorin REM4.1. 

Similarly SYMREM1 might inhibit the interaction of LYK3 and SYMRK with 

CERK1 under high Nod factor concentrations. 

Besides SYMRK/DMI2 another putative candidate as an additional component of the 

SYMREM1-dependent infection domain might be the ubiquitin ligase PUB1. PUB1 

localizes to the PM and interacts with and is phosphorylated by LYK3 and DMI2. 

(Mbengue et al., 2010; Vernié et al., 2016). This phosphorylation most likely 

modulates the ubiquitination level of downstream signaling components through 

PUB1 since it could not be shown that LYK3 or DMI2 are direct targets of PUB1 

(Mbengue et al., 2010; Vernié et al., 2016). However, whether PUB1 directly 

interacts with SMYREM1 and whether PUB1 is localized in MDs after all still needs 

to be shown. 

Two other SYMRK interacting proteins might also be interesting candidates for a 

larger signaling infection hub, which is stabilized by the scaffold protein SYMREM1. 

The first one is a mitogen-activated protein (MAP) kinase kinase, a component of the 

MAP kinase cascade, which is known to be important for the signal transduction in 
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plant immune signaling. (Asai et al., 2002; Chen et al., 2012). The second candidate 

is HMGR1, a reductase that produces the second messenger mevalonate (Kevei et al., 

2007; Venkateshwaran et al., 2015). Mevalonate was shown to be able to induce Ca
2+

 

spiking and symbiotic gene expression (Venkateshwaran et al., 2015). Both proteins 

play a role in two different modes of signal transduction (kinase cascade and second 

messenger production). Based on these abilities, both proteins could serve as a link 

between the Nod factor perception and downstream signal transduction from the 

SYMREM1-FLOT4-LYK3 domain to the Ca
2+

 spiking formation and transcription 

activation in the nucleus (Genre & Russo, 2016). 

In the future unraveling potential additional components of the SYMREM1-

dependent infection domain might help to get a better picture of the downstream 

targets of the Nod factor receptors. Furthermore, it might also shed light on the 

question of how specificity in downstream signaling upon Nod or Myc factor 

perception is achieved. 

 

 

2. MYCREM - MYCorrhiza-induced REMorin 

2.1. MYCREM: A putative component of a “new” regulatory pathway 

Legumes have the fascinating ability to establish two different kinds of mutualistic 

plant-microbe interactions: The Arbuscular Mycorrhiza (AM) and the RNS. Both 

interactions start with a molecular dialog at the PM, where receptor kinases perceive 

Myc or Nod factors secreted either by the fungus or the rhizobium, respectively. 

Detection of this signal in both cases triggers Ca
2+ 

spiking in the nucleus which is 

decoded by the combined action of the calcium dependent kinase DMI3/CCaMK and 

the transcriptional activator IPD3/CYCLOPS (for details see also section A.1.3.1). 

Since this signaling cascade is involved in establishing both symbioses, it is called 

Common Symbiosis Pathway (CSP) (Kistner & Parniske, 2002; Kistner et al., 2005; 

Popp & Ott, 2011). Downstream of the CSP the signaling pathway is separated again 

and in the inner root cortex either arbuscule formation or nodule formation is initiated 

(Gutjahr & Parniske, 2013; Oldroyd, 2013).  
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2.1.1. A “New” regulatory circuit and prerequisites for a putative 

negative component 

Under laboratory conditions AM and RNS have usually been studied as a one-to-one 

interaction. Consequently, it is common practice to inoculate plants with only one 

symbiont to investigate the signaling cascade. However, by focusing on only a single 

interaction, the situation as it is found in nature is completely ignored. Under open-

field conditions legumes interact with both, fungus and rhizobia, in a temporal and 

spatial manner. More specifically, legumes do not only establish the two symbioses 

with both symbionts on a macroscopic level at different local positions along the root, 

but also form both symbiotic accommodations (arbuscule and root nodule) at the 

same time next to each other within the inner root cortex (Küster et al., 2007; 

Padamsee et al., 2016; Popp et al. ms 1, Fig. 1). However, regarding the process 

downstream of the CSP several questions remain unanswered, e.g.: (a) how do 

legumes discriminate which symbiosis should be established if both symbionts have 

been recognized at the epidermis? (b) How is it possible to suppress root nodule 

organogenesis when the fungus is growing in the inner cortex and is close to 

penetrating the cortical root cell to form an arbuscule? In the light of these questions, 

it has to be hypothesized that by gaining the ability for the RNS symbiosis, legume 

plants at the same time had to evolve a spatial regulatory mechanism to suppress 

nodule organogenesis when forming arbuscules in the inner cortical cells (Fig. 5B). 

 

A component of such a postulated regulatory circuit has to fulfill some prerequisites: 

(1) it should have co-appeared with the evolution of the RNS, (2) be induced in a 

symbiont-dependent manner and (3) be dispensable for the establishment of both 

symbioses per se.  

 

Phylogenetic analyses revealed that the remorin protein MYCREM co-evolved with 

the RNS in the legume clade but was lost again in Lupinus angustifolius (Popp et al. 

ms 1, Fig. 2). Lupinus itself lost the ability to form AM, but can still establish RNS 

(Oba et al., 2001).  

MYCREM transcript was induced under AM (Popp et al. ms 1, Fig. 3A) and 

MYCREM promoter activity was detected during AM and initial nodule 

organogenesis stages (Popp et al. ms 1, Fig. 3F-K). However, the mutant did not 
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display any alteration in fungal colonization or nodule number (Popp et al. ms 1, Fig. 

S1C-E). Interestingly, MYCREM transcript and promoter induction was 

down-regulated in infected nodule primordia cells (Popp et al. ms.1, Fig. 3B, E and 

G). Thus, MYCREM shows an AM- and RNS-dependent induction, but is dispensable 

for both symbioses. Although MYCREM is absent in Lupinus and strongly induced by 

AMF inoculation, a RNS-related relevance of MYCREM is supported by the fact that 

MYCREM was not detected as AM-specific gene in any proteomic or bioinformatic 

approach (Favre et al., 2014; Bravo et al., 2016). From that and in the light of all 

prerequisites being fulfilled, we hypothesized that a function of MYCREM is related 

to the presence of both symbioses and might play a role in the proposed negative 

regulatory circuit. 

To our knowledge MYCREM is the first described gene that is induced by AMF and 

rhizobia, which has co-evolved with RNS, but was lost again in the RNS-only host 

Lupinus. In a phylogenic approach addressing the presence of symbiosis-specific 

genes, only AM-related genes have been found to be absent in Lupinus, which is 

consistent with Lupinus being a non-AM host (Delaux et al., 2014). In the future, 

comparative phylogenetic studies including AM-only, AM/RNS and RNS-only hosts 

should give better insight into the mechanisms of how legume plants can coordinate 

the tripartite interaction of plant, fungus and rhizobium. 

Besides MYCREM, another interesting candidate at least partly fulfilling the above 

mentioned criteria for tripartite symbiosis regulatory component is the receptor 

LYS11 from Lotus and LYR1 from Medicago. These receptors are paralogs to NFR5 

and NFP (Gomez et al., 2009; Lohmann et al., 2010; De Mita et al., 2014). LYS11 is 

strongly induced in arbuscule-containing and adjacent cells. Moreover, it shows a 

basal promoter activity under uninoculated conditions, in lateral root primordia and a 

strong activation in young nodule primordia (Rasmussen et al., 2016). This induction 

pattern is very similar to the MYCREM promoter  (Popp et al. ms 1, Fig. 3). In 

addition, the mutant of LYS11 shows a wild type-like phenotype under AM or RNS 

conditions, like it is the case for the mycrem mutant (Popp et al. ms 1, Fig. S1). 

Interestingly, LYS11 co-localizes with NFR5 in the PM and can complement the 

function of NFR5 in the corresponding mutant, which implies a certain ability of 

LYS11 to recognize lipooligosaccharides (Rasmussen et al., 2016). Based on the 

expression pattern and the functional influence on RNS, it would be interesting to 
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monitor the phenotype under co-inoculation conditions and to analyze whether a 

homolg of LYS11 is still present in Lupinus or not. However, whether MYCREM and 

LYS11/LYR1 may then be involved in the same signaling pathway remains to be 

investigated.  

 

2.1.2. MYCREM - a regulatory component of root nodule organogenesis 

under tripartite co-inoculation conditions 

If our hypothesis of MYCREM being part of a negative regulatory pathway under a 

tripartite interaction situation holds true, MYCREM should be relevant under 

conditions when both symbionts are present. Therefore, we monitored the number of 

developing nodules in a Medicago truncatula mycrem mutant, when plants were 

inoculated with the fungal symbiont Rhizophagus irregularis and Sinorhizobium 

meliloti at the same time. Indeed, our experiments demonstrated that mycrem plants 

developed significantly more root nodule primordia compared to the wild type (Popp 

et al. ms 1, Fig. 4A-C). Moreover, the complementation experiment verified the Tnt1 

insertion in the MYCREM being the causative mutation for the observed phenotype 

under co-inoculation conditions (Popp et al. ms 1, Fig. 4C). 

Until now, only Xie and co-workers have looked at a local effect of a tripartite 

symbiotic interaction (Xie et al., 1995, 1998). In contrast to our work, they 

investigated the putative impact of Nod factor application or rhizobia inoculation on 

AM, revealing that the co-inoculated plants show a higher AMF colonization rate. 

However, they did not monitor the effect of the AM colonization on the nodulation 

rate like we did in our study. To our knowledge, our study was the first addressing the 

existence of a local AM-triggered negative regulatory circuit on RNS. 

Interestingly, besides an increase of primordia number under co-inoculation 

conditions, mycrem mutants develop more lateral roots, as well (Popp et al. ms 1, Fig. 

4). The phenotype of increased nodule and higher lateral root number was also 

observed in mutants of genes which have been described to control nodule number 

under single inoculation conditions. For example, the mutant of the CSP component 

PUB1 shows such a phenotype (Mbengue et al., 2010; Vernié et al., 2016). As 

already mentioned above when discussing putative interaction partners of 

SYMREM1, it is thought that PUB1 functions via degrading downstream signaling 

components after Nod or Myc factor perception. One possible scenario might be that 
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MYCREM facilitates the interaction between PUB1 and its so far uncharacterized 

targets in an AM-specific manner to inhibit nodule organogenesis. 

 

 

 

Figure 4: Systemic Autoregulation of Symbioses. 
The Autoregulation of Nodulation and the Autoregualtion of Mycorrhiza were shown to share 

signaling components and function via the same mode of function. Therefore, these two 

pathways are also called Autoreguation of Symbioses (Caetano-Anolles & Gresshoff, 1991; 
Catford et al., 2003; Meixner et al., 2007; Staehelin et al., 2011; Mortier et al., 2012; 

Schaarschmidt et al., 2013) 

The root-to-shoot-to-root signaling is activated by the perception of Nod or Myc factor, which 

leads to the expression of CLAVATA3/endosperm-surrounding region-related (CLE) 
peptides in the root (Okamoto et al., 2009, 2013; Reid et al., 2011; Saur et al., 2011; Soyano 

et al., 2014). These peptides are transported to the shoot (brown arrows), where they are 

perceived by a CLAVATA1 (CLV1)-like receptor (Krusell et al., 2002; Nishimura et al., 
2002; Penmetsa et al., 2003; Searle, 2003; Schnabel et al., 2005). The perception triggers a 

signal transduction, which causes the formation of a shoot-derived inhibitor, most likely 

Cytokinins (CKs) and is again transported to the root (red arrows) (Sasaki et al., 2014). In the 

root the putative perception of this shoot-derived inhibitor (SDI) suppresses either arbuscule 
or nodule formation in a so far unknown mechanism. TOO MUCH LOVE (TML), a F-box 

protein, acts downstream of the SDI perception, however, its precise mode of function is still 

unclear (Magori et al., 2009; Takahara et al., 2013). MYCREM might putatively be involved 
in the formation of a SDI perception complex (purple box).  
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The mutant of a CLAVATA1(CLV1)-like receptor kinase, which is a component of a 

negative regulatory signaling pathway, also shows a hypernodulation phenotype and 

an increase in lateral root number (Day et al., 1986; Szczyglowski et al., 1998; 

Wopereis et al., 2000; Krusell et al., 2002; Penmetsa et al., 2003; Schnabel et al., 

2005; Buzas & Gresshoff, 2007). This CVL1-like receptor is part of a systemic root-

to-shoot-to-root regulatory mechanism to control nodule number or arbuscule 

number, which is called Autoregulation of Noduldation (AON) or Autoregulation of 

Mycorrhoization (AOM), respectively (Fig. 4) (Catford et al., 2003; Meixner et al., 

2007; Staehelin et al., 2011; Schaarschmidt et al., 2013). This systemic signaling is 

induced by Nod or Myc factor perception, which leads to the production of 

CLAVATA3/endosperm-surrounding region-related (CLE) peptides and their 

transport to the shoot (Soyano et al., 2014). For the Nod factor induced AON 

pathway, it was shown that the CLE production is induced via the transcription factor 

NIN (Soyano et al., 2014). In the shoot the CVL1-like receptor perceives these CLE 

peptides and induces a so far unknown downstream signaling cascade to produce a 

shoot-derived inhibitor (SDI), which is most likely a cytokinin variant (Sasaki et al., 

2014). However, the perception of the SDI and the downstream signaling to inhibit 

RNS or AM is unknown (Fig 4). In addition to this systemic AON, the CLV1-like 

receptor is also involved in a local regulatory circuit to inhibit nodulation in the 

presence of high nitrate concentrations in the soil (Fig. 5A) (Okamoto et al., 2009; 

Reid et al., 2011, 2013). Similarly, for AM a local AOM has to be postulated, which 

is triggered by high phosphate in the soil, leading to the formation of CLE peptides 

and most likely perception via the CLV1-like receptor (Morandi et al., 2000; 

Vierheilig et al., 2000; Zakaria Solaiman et al., 2000; Catford et al., 2003; Funayama-

Noguchi et al., 2011). Besides the role of the described CLE-peptide-receptor 

signaling module, in Arabidopsis such modules are known to regulate the 

proliferation in the shoot apical meristem (e.g. CLV3-CLV1 module) or to regulate 

the lateral root emergence in an N-dependent manner (e.g. CLE1/3/4/7-CLV1 

module) (Clark et al., 1993, 1997; Araya et al., 2014). In analogy to the above-

described AON CLE peptide-receptor signaling pathway, our postulated mechanism 

could also be triggered by a local inhibitor compound, which might be induced by the 

AMF in the cortex, e.g. CLE peptides. This inhibitor compound would be perceived 

via a receptor (e.g. CLV1-like receptor), which in turn induces downstream signaling 
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to achieve an inhibition of nodule organogenesis (Fig. 5B). Several remorins have 

been shown to interact with receptor kinases and serve as scaffold protein to form a 

signaling complex (Lefebvre et al., 2010; Tóth et al., 2012; Gui et al., 2016; Bücherl 

et al., 2017). A potential site of function of MYCREM might therefore be the 

formation of an AM-triggered AON signaling domain, which contains the CLV1-like 

receptor and potential co-receptors, like CLAVATA2 or KLAVIER (Fig. 5A and B) 

(Guo et al., 2010; Miyazawa et al., 2010; Zhu et al., 2010; Krusell et al., 2011; Crook 

et al., 2016).  

 

 

Figure 5: Local negative regulatory mechanism. 

A) A high nitrate concentration in the soil induces the expression of CLE peptides, which are 
perceived by CLV1-like receptor, analogous to the systemic Autoregulation of Nodulation. 

This perception leads to the inhibition of nodule organogenesis (Okamoto et al., 2009; Reid et 

al., 2011, 2013). However, the precise downstream signaling is unknown. MYCREM might 
potentially be involved in the formation of a CLV1-like receptor complex (purple box). 

B) Schematic description of our postulated negative regulatory circuit: The symbiotic fungus 

induces the formation of a local inhibitor compound (potentially CLE peptides). A 

MYCREM-stabilized receptor complex perceives this component and triggers downstream 
signaling. This inhibits nodule organogenesis at a so far unknown stage. This hypothetical 

pathway is depicted in a purple box.  

 

 

Within the AON pathway, cytokinin signaling is involved in the negative regulation 

of nodule formation, as cytokinins are supposed to be the SDI signal (Sasaki et al., 

2014). Furthermore, it is known that cytokinins regulate lateral root development in a 

restrictive way (Laplaze et al., 2007; Bielach et al., 2012; Del Bianco et al., 2013). 
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Moreover, cytokinin perception by the receptor CRE1/LHK1 is essential for nodule 

formation and is involved in lateral root formation (Tirichine et al., 2007; Plet et al., 

2011). However, so far it is unclear which receptor is responsible for the perception of 

the SDI-cytokinin, either CRE1 or one of its orthologs (Gonzalez-Rizzo et al., 2006; 

Plet et al., 2011; Held et al., 2014; Laffont et al., 2015). These different roles of 

cytokinins raise the question whether specificity is achieved via dose-dependency, 

differently expressed Cytokinin receptors or the formation of different Cytokinin 

signaling complexes (Riefler et al., 2006; Held et al., 2014). For Arabidopsis it is 

known that specific cytokinin receptors are responsible for different pathways and 

that the receptors have variable affinities to different cytokinin species. 

Taking these effects into account, as well as the phenotypes of mycrem plants (more 

lateral roots, increase of nodule primordia) and the overlapping promoter activity of 

MYCREM and CRE1 (Popp et al. ms 1, Fig. 3C-H) (Lohar et al., 2006), another 

possible function of MYCREM could be to facilitate the assembly of different 

cytokinin receptors with downstream interaction partners like a histidine 

phosphostransferase, which are known to be phosphorylated by cytokinin receptors 

(reviewed in Heyl et al., 2012; El-Showk et al., 2013) (Fig. 4 and 5 A). Being 

involved in the formation of a cytokinin receptor complex, MYCREM might 

nonetheless be part of a CLE-CLV1-like AON signaling pathway, however, not in the 

perception of the CLE peptide, but rather downstream in the signaling cascade in the 

perception of the SDI (cytokinins) (Fig. 4). Also within our postulated local 

regulatory circuit, it could well be that a potential signal by the fungus induces the 

expression of a cytokinin variant which is then perceived by a MYCREM stabilized 

receptor, which triggers negative effects on the root nodule organogenesis (Fig. 5B). 

An initial experiment to address an involvement of MYCREM in a local AON 

pathway might be to analyze the nitrate sensitivity during RNS. Furthermore, the AM 

and RNS phenotypes of mycrem in a split-root assay could be tested to address an 

involvement in the systemic AON/AOM. In this kind of assay one half of the root 

system is inoculated, for example, with the fungus, followed by a later inoculation of 

the second half with rhizobia. If under these conditions mycrem shows an enhanced 

nodule number, it would indicate an involvement in a systemic mechanism. Whether 

MYCREM actually takes part in cytokinin signaling could be initially studied by 
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monitoring the nodule phenotype of mycrem in the presence of exogenously applied 

cytokinin. 

 

2.1.3. Symbioses-related Remorins are inducible by the Common 

Symbiosis Pathway 

Nodule organogenesis can be induced in the absence of rhizobia by auto-active 

versions of CCaMK and CYCLOPS (Miller et al., 2013; Singh et al., 2014; Soyano & 

Hayashi, 2014). To verify the negative effect of MYCREM on nodule organogenesis 

on a genetic basis we made use of the auto-active versions of CCaMK (CCaMK-

T265D) and CYCLOPS (CYCLOPS-DD) (Yano et al., 2008; Hayashi et al., 2010; 

Singh et al., 2014). The overexpression of either CCaMK-T265D or CYCLOPS-DD 

induced the formation of more spontaneous nodules (SPN) on mycrem than on wild 

type roots (Popp et al. ms 1, Fig. 5A-E). These findings support the hypothesis that 

mycrem mutants are defective in a negative regulation of nodule organogenesis. The 

correlation of a high MYCREM transcript level in wild type roots expressing 

CYCLOPS-DD compared to roots overexpressing CCaMK-T265D, and the reduced 

number of SPNs on roots expressing CYCLOPS-DD compared to the wild type roots 

expressing CCaMK-T265D strengthens our hypothesis of a negative function of 

MYCREM (Popp et al. ms 1, Fig. 5A and S3A). 

The increase in MYCREM transcript by CYCLOPS-DD indicated its CSP- 

dependency (Popp et al. Fig. S3A). However, it remains to be shown whether this 

induction is due to a direct promoter binding of CYCLOPS or by an indirect induction 

via further downstream TFs, like NIN or RAM1. 

Interestingly, as mentioned above, in this experiment CCaMK-T265D induced 

MYCREM to a lesser extent than CYCLOPS-DD (Popp et al. ms 1, Fig. S3A). The 

induction pattern by CCaMK-T265D could mean that the endogenous IPD3 cannot 

directly or indirectly induce MYCREM expression as strongly as the overexpressed 

CYCLOPS-DD due to the actual amount of active protein. Alternatively, it may be 

that CCaMK-T265D simultaneously induces a negative regulatory feedback, which 

keeps the MYCREM transcript at a certain level. 

 

In contrast to MYCREM, the second legume-specific remorin SYMREM1 is strongly 

induced upon Nod factor perception and the mutant is defective in IT formation and 
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bacterial release. However, SYMREM1 also co-appeared with the evolution of RNS. 

To test whether MYCREM and SYMREM1 are induced in a similar way and whether 

they might be linked on the signaling level, we also analyzed the transcript induction 

pattern of SYMREM1. 

For SYMREM1 from Medicago it was already demonstrated, that SYMREM1 is one of 

two genes showing a strongly reduced expression in uninfected ipd3-nodules 

(Bénaben et al., 1995; Ovchinnikova et al., 2011). Similarly, reduced induction of 

Lotus SYMREM1 was also detected in the cyclops mutant background (Høgslund et 

al., 2009; Verdier et al., 2013). From these results and the fact that the Lotus 

CYCLOPS can complement the Medicago ipd3 phenotype one could expect that 

CYCLOPS should be able to induce SYMREM1 in Medicago (Horváth et al., 2011).  

However, while, overexpression of CCaMK-T265D led to a strong induction of 

SYMREM1 transcription, CYCLOPS-DD could not induce SYMREM1 (Popp et al. ms 

1, Fig. S3B). Although SYMREM1 transcription is CYCLOPS/IPD3-dependent in the 

presence of rhizobia, its transcript expression cannot be induced via CYCLOPS-DD. 

This result supports the hypothesis that the activation status of CCaMK and 

CYCLOPS may induce different downstream signaling programs, like infection, 

nodule organogenesis, or arbuscule formation (Hayashi et al., 2010; Shimoda et al., 

2012; Singh & Parniske, 2012; Singh et al., 2014). CYCLOPS-DD may be more 

restricted to the activation and control of nodule organogenesis (Singh et al., 2014; 

Pimprikar et al., 2016) (Popp et al. ms 1, Fig. S3B), whereas CCaMK-T265D in 

addition to the nodule organogenesis program may also induce the infection process, 

which can be inferred from the transcript induction of infection marker SYMREM1 

(Hayashi et al., 2010; Shimoda et al., 2012). 

Interestingly, the CCaMK-T265D-dependent induction of SYMREM1 is abolished in 

mycrem (Popp et al. ms 1, Fig. S3B). This result would suggest that MYCREM 

regulates the SYMREM1 gene expression. Hence, the mycrem mutant should display a 

similar RNS phenotype like symrem1 plants, which form fewer nodules. However, 

this is not the case since mycrem mutants do not show an altered RNS phenotype 

under single inoculation conditions (Popp et al. ms 1, Fig. S1C). An alternative 

explanation might be that abolished SYMREM1 induction in the mycrem background 

is due to a putative regulatory mechanism that is linked to a later nodule development 

stage. Taking into account the mutually exclusive promoter induction pattern of 
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MYCREM and SYMREM1 in elongated Medicago nodules, it seems as if the induction 

of one is excluding the other. The promoter induction study of MYCREM showed an 

induction in the meristem zone of an elongated nodule (Popp et al. ms 1, Fig. 3E). In 

contrast, SYMREM1 is also known to be induced in the interzone II/III and nitrogen 

fixation zone of elongated nodules, and the protein localizes not only to the IF, but 

also to the symbiosome membrane after bacterial release (Lefebvre et al., 2010; Popp 

& Ott, 2011). Since the data set for the transcriptional analyses was obtained from 

material that already formed elongated nodules (Popp et al. ms 1, Fig. D-E), it might 

well be that the observed lack of SYMREM1 induction results from a putative 

additional function of MYCREM at a later stage of the nodule development, which 

includes a regulatory mechanism on SYMREM1.  

To unravel the mechanism of the opposite induction pattern of MYCREM and 

SYMREM1, different auto-active variants of CCaMK/DIM3 and IPD3/CYCLOPS 

could be used. Also including the auto-active variants of the cytokinin receptor 

LHK1/CRE1 would help to further dissect the induction mechanism. It was shown 

that CCaMK-T265D can induce SPN in cyclops mutants (Yano et al., 2008; Singh et 

al., 2014). In contrast, DMI3
1-311

 (the kinase domain only) cannot induce SPNs in an 

ipd3 mutant, while the auto-active version CRE1-L267F does (Ovchinnikova et al., 

2011). Expression of both auto-active variants of DMI3 and CRE1 in an ipd3 

background could clarify whether MYCREM is activated downstream of DMI3, but in 

this case in an IPD3-independent manner, or downstream of the CRE1-mediated 

nodule organogenesis pathway.  

Certainly, the induction patterns of MYCREM and SYMREM1 need further 

investigation to decode the precise activation mechanism of both. In future 

experimental set-ups particularly the different developmental stages of a root nodule 

and the spatial control of RNS and AM have to be taken into consideration much 

more than in previous studies. This might help to discriminate between a potential 

early (regulation of nodule organogenesis) and a later function (a potential regulatory 

function of nodule meristem) of MYCREM. 

 

In the course of the overexpression experiments of the auto-active CSP proteins, one 

puzzling result of our study was the difference in the phenotype of clustered roots 

when overexpressing CYCLOPS-DD in the wild type compared to overexpression in 
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mycrem (Popp et al. ms 1, Fig. 5F, G and H). This intriguing phenotype is 

characterized by many primordia-like foci along a transgenic root. In the light of a 

hypothetical AON mechanism, in which MYCREM may be involved, one 

explanation for the observed effect of CYCLOPS-DD on WT roots might be that 

CYCLOPS-DD induces lateral organ organogenesis at several spots. However, at the 

same time CYCLOPS-DD might activate via e.g. NIN the production of CLE 

peptides, which in turn are perceived by a MYCREM-stabilized CLV1-like receptor 

module, which induces a signaling cascade to hinder further outgrowth or 

development of the primordia. In contrast, in the mycrem mutant this inhibitory 

mechanism might be less effective and the primordia may further develop. For 

Arabidopsis it was already shown that CLE peptides-CLV1-like signaling modules 

are involved in lateral root formation (reviewed in Araya et al., 2016). Besides the 

regulatory role in maintenance of the shoot apical meristem, CLV1 also regulates 

lateral root emergence in an N-dependent manner (Clark et al., 1993, 1997; Araya et 

al., 2014). However, due to CLV1 expression in companion cells of phloem, the 

regulation of lateral root emergence most likely depends on an additional long-

distance signal (Araya et al., 2014). For the CVL1-like receptor, which is involved in 

the local and systemic AON in legumes, a similar root phenotype and expression 

pattern was described as for CLV1, which might point to a similar role of the CLV1-

like receptor in lateral root development (Nishimura et al., 2002; Schnabel et al., 

2005, 2012). Another example of a CLE-peptide-receptor module that regulates 

lateral root outgrowth, is the CLE40-ARABIDOPSIS CRINKLY4 signaling module 

(Hobe et al., 2003; De Smet et al., 2008; Stahl et al., 2009, 2013). Mutants of 

ARABIDOPSIS CRINKLY4 form lateral root primordia at a higher frequency and 

show an enhanced cell division in the pericycle (De Smet et al., 2008). However, the 

precise mechanism of how ARABIDOPSIS CRINKLY4 restricts cell division in 

adjacent cells of lateral root primordia in the pericycle is still unclear. Recently, a new 

type of CLE peptides (CLE-like peptides) have been described to be relevant for root 

development (Matsuzaki et al., 2010; Meng et al., 2012; Fernandez et al., 2013). 

Overexpression of two of these CLE-like peptides results in a higher, but irregular 

cell division rate in the pericycle, which causes an arrest of the lateral root primordia 

development (Meng et al., 2012). For another CLE peptide-receptor signaling module 

it was shown that the additional knock-out of the corresponding receptor complex in 
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the null mutation background of the CLE peptide suppresses the CLE peptide mutant 

phenotype (DeYoung & Clark, 2008). Following this line of argumentation, the 

reduction of the clustered root phenotype in the mycrem mutant background could be 

caused by a disturbance of the CLE-receptor(s) signaling module. The proper 

assembly of the receptor complex would be reduced due to the loss of MYCREM, the 

accurate signaling might be less efficient and therefore the blockage of the lateral root 

organ outgrowth would be abolished. 

Future research may shed light on the question whether a MYCREM-dependent 

formation of a CLE (-like) peptide-CLV1-like receptor signaling module is involved 

in the development of the observed clustered roots in wild type plants expressing 

CYCLSOP-DD in their roots. 

 

2.1.4. MYCREM - potentially adapted from a lateral root organogenesis 

program? 

The MYCREM promoter induction pattern during lateral root primordia and root 

nodule formation (Popp et al. ms 1, Fig. 3C-H) resembles the promoter activity of 

CRE1, as well as of LONELY GUY, which is involved in the activation of cytokinins 

and of KNOX3, a TF, which is involved in the regulation of nodule development via 

regulating cytokinin response genes (Lohar et al., 2006; Mortier et al., 2014; Di 

Giacomo et al., 2016). These proteins also have an additional lateral root phenotype 

like mycrem (CRE1, LONELY GUY) or are known to belong to a gene family that 

regulates meristem activity in Arabidopsis (KNOX3) (Gonzalez-Rizzo et al., 2006; 

Tirichine et al., 2007; Plet et al., 2011; Mortier et al., 2014; Azarakhsh et al., 2015; 

Laffont et al., 2015) (Popp et al. ms 1, Fig. 4D). These similarities and the negative 

regulatory effect on lateral root formation lead to the question whether MYCREM 

might have evolved from a general lateral root organogenesis signaling pathway.  

Based on proteomic approaches and mutant phenotypes, it was also postulated that 

parts of the lateral root organogenesis pathway were adapted to the root nodule 

organogenesis pathway (Desbrosses & Stougaard, 2011; Couzigou et al., 2012; 

Limpens et al., 2013; Roux et al., 2014; Franssen et al., 2015; Di Giacomo et al., 

2016). Our phylogenetic analyses showed that MYCREM and SYMREM1 result from 

a gene duplication event at the base of the Papilionoideae clade, which occurred at the 

same time when RNS first appeared (Sprent, 2007; Young et al., 2011). One may 
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speculate that the common ancestor of MYCREM and SYMREM1 was originally 

involved in the lateral root developmental program. Later during RNS evolution, after 

a gene duplication of the common ancestor had taken place during the whole genome 

duplication event in the papilionoid legumes (Sprent, 2007; Young et al., 2011), 

MYCREM might have gained its new function. In parallel, SMYREM1 might have 

developed its RNS-specific function as it was shown for other paralogous RNS-

related gene pairs (e.g. Type-A RRs, NFP/LYR1, ERN1/ERN2) (Lynch & Conery, 

2000; Op den Camp et al., 2011a; Young et al., 2011; Ivanov et al., 2012). However, 

it remains to be proven whether MYCREM and SYMREM1 might have evolved their 

functions either by sub-neo-functionalization or by neo-functionalization after the 

gene duplication. In the first scenario both genes would still be redundant in some 

functions, but would have gained specific new functions in addition (He & Zhang, 

2005). In the second scenario one gene would have kept the original function of the 

common ancestor (MYCREM) while the other would have evolved a new function 

(SYMREM1) as it was shown for the LYK3-NFR1a gene clade (Lynch & Conery, 

2000; De Mita et al., 2014). 

 

2.1.5. Outlook 

In summary, the data presented in this work led to the hypothesis that MYCREM is a 

component of an additional regulatory pathway to control organogenesis induced in 

inner cortical root cells when fungus and rhizobium concomitantly establish a 

symbiotic relationship with the plant. 

Future experiments have to elucidate the time point at which this negative regulation 

of the root nodule organogenesis takes place. Additionally, comparing the root nodule 

phenotypes of the CLV1-like-receptor or the cytokinin receptors with the mycrem root 

nodule phenotype on a cellular level might provide further insights, in which 

signaling pathway MYCREM is involved (Laplaze et al., 2007; De Smet et al., 2008). 

For this detailed comparison, the cell division pattern in the inner root cortex may 

have to be characterized when fungus and rhizobia are forming their symbiotic 

structures –arbuscule or root nodule- next to each other within the root. To visualize 

the cell division events in the cortex the marker protein T-PLATE labeling the 

expanding cell plate might be a useful tool (Van Damme et al., 2006, 2011). 
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Another approach might be to perform initial interaction studies between MYCREM 

and potential interaction partners like the receptors CRE1 or the CLV1-like receptor. 

As part of such an analysis it would be also interesting to include the above-

mentioned LYR1 receptor. 

 

All in all, we demonstrated that MYCREM plays a negative role on root nodule 

organogenesis under co-inoculation conditions and restricts lateral root formation. 

However, based on our data at the moment it is not possible to definitively place 

MYCREM into a precise signaling pathway. Future research has to show whether the 

hypothesis of MYCREM being part of an AM-triggered local AON, or of a cytokinin-

dependent regulatory pathway controling lateral root organ organogenesis holds true.  

In either way, taking a new view on RNS and AM by considering the interaction of 

symbiotic fungi, rhizobia and legume plants as a whole will not only initiate further 

fundamental research projects but will also help to gain a better understanding of 

industrial important crop plants. 
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