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1. Abbreviation index 
 
AM  
ANOVA 
AON 
A. rhizogenes 
ASL18a/LBD16 
A. thaliana 
bp 
BF 
CaM 
CEP 
ChIP-seq 
C. glauca & Cg 
CaM 
CCaMK  
CE 
ChIP 
CLSM 
CYC-RE 
CFP  
CIP73 
CLE 
CLSM 
CNGC15 
CO 
CRE1 
D. drummondii & Dd  
D. glomerata & Dg 
DNA 
dpg 
dpi 
dpt 
DsRed 
ENOD11 
EPR3 
EPS 
ERF 
ERN1 
EV 

Arbuscular mycorrhiza 
Analysis of variance 
Autoregulation of nodulation 
Agrobacterium rhizogenes 
Asymmetric leaves 2-like 18a/Lob-domain protein 16 
Arabidopsis thaliana 
Base pair 
Brightfield 
Calmodulin 
C-terminally encoded peptide 
Chromatin immunoprecipitation followed by sequencing 
Casuarina glauca 
Calmodulin 
Calcium and Calmodulin-dependent kinase 
Cytokinin element 
Chromatin immunoprecipitation sequencing 
Confocal laser scanning microscopy 
Cyclops response element 
Cyan fluorescent protein 
CCaMK interacting protein 73 
Clavata3/embryo surrounding region-related 
Confocal laser scanning microscopy 
Cyclic nucleotide-gated channel 15 
Chitin oligomer 
Cytokinin response 1 
Dryas drummondii 
Datisca glomerata 
Deoxyribonucleic acid 
Days post germination 
Days post inoculation 
Days post transfer 
Discosoma sp. red fluorescent protein 
Early nodulin 11 
Exopolysaccharide receptor 3 
Exopolysaccharide 
Ethylene responsive factor 
ERF required for nodulation 1 
Empty vector 
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FaFaCuRo 
GARP 
GFP 
G. max 
GUS 
HAR1 
HMGR1 
IPN2 
IT 
J. regia & Jr 
kb 
LCO 
LHK1 
L. japonicus & Lj 
LB 
LORE1 
LR 
LysM 
Mb 
MF 
M. loti 
M. truncatula & Mt 
Mya 
N. benthamiana 
NF  
NFR1 
NFR5 
NF-Y 
NIN 
NLP 
NOOT1 
NPL 
NRD 
NRE 
NSP1 
NSP2 
NUP 
PACE 
P. andersonii 
PB1 
PCR 

Fagales, Fabales, Cucurbitales and Rosales 
Glycoprotein A repetitions predominant 
Green fluorescent protein 
Glycine max 
β-glucuronidase 
Hypernodulation aberrant root formation 1 
3-hydroxy-3-methylglutaryl CoA reductase 1 
Interacting protein of NSP2 
Infection thread 
Juglans regia 
Kilo base 
Lipochito-oligosaccharide 
Lotus histidine kinase 1 
Lotus japonicus 
Luria-Bertani broth 
Lotus Retrotransposon 1 
Lateral root 
Lysin motif 
Mega base 
Myc factor 
Mesorhizobium loti 
Medicago truncatula 
Million years ago 
Nicotiana benthamiana 
Nodulation factor 
Nod factor receptor 1 
Nod factor receptor 5 
Nuclear Factor Y 
Nodule inception 
NIN-like protein 
Nodule root 1 
Nodulation pectate lyase 
Nitrate responsive domain 
Nitrate-responsive cis-regulatory element 
Nodulation signalling pathway 1 
Nodulation signalling pathway 2 
Nucleoporin 
Predisposition associated cis-regulatory element 
Parasponia andersonii 
Phox and Bem1 
Polymerase chain reaction 
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PIT 
PM 
PPA 
P. persica & Pp 
RAM1 
RINRK1 
R. irregularis 
RNA 
RNS 
RPG 
Rpm 
SCAR 
SCARN 
SCR 
SHR 
S. lycopersicum & Sl 
snf1 
snf2 
spp. 
SymRK 
SYP132 
TY 
Ubq 
UTR 
VAMP 
YFP 
WLI 
WT 
Z. jujuba & Zj 

Pre-infection thread 
Plasma membrane 
Pre-penetration apparatus 
Prunus persica 
Reduced arbuscular mycorrhization 1 
Rhizobial infection receptor-like kinase 1 
Rhizophagus irregularis 
Ribonucleic acid 
Nitrogen-fixing root nodule symbiosis 
Rhizobia-directed polar growth 
Revolutions per minute 
Suppressor of cyclic adenosine monophosphate receptor  
SCAR-nodulation 
SCARECROW 
SHORTROOT 
Solanum lycopersicum 
spontaneous nodule formation 1 
spontaneous nodule formation 2 
Species 
Symbiosis receptor-like kinase 
Syntaxin of plant protein 132 
Tryptone yeast extract 
Ubiquitin 
Untranslated region 
Vesicle associated membrane protein 
Yellow fluorescent protein 
White light illumination 
Wild-type 
Ziziphus jujuba 
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Cathebras C, Sandré A, Ried MK & Parniske M. Lateral root formation is stimulated by 
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3. Summary 
 
To overcome nutrient limitations, plants engage in two main types of root endosymbioses 
with beneficial microbes. Arbuscular mycorrhiza (AM) is an ancient symbiosis formed by 
about 70-90 % of land plants and phosphate-acquiring fungi of the phylum 
Glomeromycota. By contrast, root nodule symbiosis (RNS) with nitrogen-fixing bacteria is 
evolutionary much younger and is phylogenetically restricted to a single clade of flowering 
plants comprising only four orders, the Fabales, Fagales, Cucurbitales and Rosales 
(FaFaCuRo). AM and RNS require a common set of plant genes – the common symbiosis 
genes – and it is believed that genes that evolved for AM development have been recruited 
during the evolution of RNS to enable intracellular uptake and accommodation of bacteria. 
Moreover, RNS is characterised by the formation of a novel organ, the root nodule, and it 
was hypothesised that part of the lateral root (LR) developmental program was co-opted 
for nodule formation. 
The restricted occurrence of RNS calls for yet unidentified trait acquisitions and genetic 
changes in the last common ancestor of the FaFaCuRo clade. Using a phylogenomic 
approach, a cis-regulatory element (PACE) was discovered to be exclusively present in the 
promoter of the transcription factor gene Nodule Inception (NIN) of FaFaCuRo member 
species. NIN is positioned at the top of a RNS-specific transcriptional regulatory cascade 
and is indispensable for RNS. We found that PACE is essential for restoring infection 
threads (ITs) in Lotus japonicus nin mutants. PACE sequence variants from RNS-competent 
species appear functionally equivalent. Evolutionary loss or mutation of PACE is associated 
with loss of this symbiosis. PACE dictates gene expression in cortical cells forming IT and 
PACE-driven NIN expression restores the formation of cortical ITs, also when engineered 
into the NIN promoter of tomato. Our data pinpoint PACE as a key evolutionary invention 
that connected NIN to a pre-existing signal transduction cascade that governs the 
intracellular accommodation of AM fungi. This connection enabled bacterial uptake into 
plant cells via ITs, a unique and unifying feature of this symbiosis. 
Symbiosis signalling and LR development are tightly interconnected and treatment with 
lipochito-oligosaccharide molecules produced by AM fungi and rhizobia induce LR 
formation. To gain insight into the molecular players that connect these two distinct 
signalling programs, we studied the role of three common symbiosis genes Symbiosis 
Receptor Kinase (SymRK), Calcium Calmodulin-dependent kinase (CCaMK) and Cyclops, and of 
NIN in the formation of LRs. We reported that deregulated versions of SymRK, CCaMK, 
and Cyclops significantly increase the number of LRs in L. japonicus in a NIN-dependent 
manner and that ectopic expression of NIN likewise results in a significant increase in LR 
numbers. Additionally, NIN is necessary for LR induction mediated by both AM fungi and 
rhizobia bacteria. Our data reveal NIN as a key transcriptional regulator that does not only 
employ parts of the LR developmental program for nodule organogenesis but also directly 
activates the development of LRs in a symbiotic context. 
Taken together, our data underpin the essential role of NIN in the evolutionary gain of RNS. 
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4. Introduction 

4.1. Plant root endosymbioses 
 
Plant growth and development relies on the availability of water and nutrients in the soil 
in which they root. In terrestrial ecosystems, phosphorus (P) and nitrogen (N) constitute 
the two main limiting macronutrients. P is mainly present in organic form such as minerals 
which are inaccessible for the plants. Instead, plants rely on soluble inorganic P form such 
as H2PO4− or HPO42− (Chen et al., 2008b; Shen et al., 2011) that can be directly taken up by 
the roots, but represents only a small fraction of the total soil’s P pool (Schachtman et al., 
1998). N makes up 78% of the earth’s atmosphere in the form of di-nitrogen gas (N2), 
however, it is inaccessible in that form for most organisms. Plants take up N predominantly 
as ammonium (NH4+) or nitrate (NO3−), that are produced through the fixation and 
nitrification processes, respectively, in the N cycle (Thamdrup, 2012), and are often 
deficient in soils. To increase crop yield, both macronutrients are supplied in the form of 
chemical fertilizers produced from non-renewable resources: N-based fertilizers are almost 
exclusively generated by the Haber-Bosch process that currently requires extensive use of 
fossil fuels (Erisman et al., 2008); and P-based fertilizers are produced from mining of rock 
phosphate reserves (Walan et al., 2014). The current over-use of these fertilizers in 
agricultural settings result in a run-off into ground water and oceans leading to water 
pollution, eutrophication, altered biodiversity and greenhouse effect (Erisman et al., 2013; 
Diaz and Rosenberg, 2008). 
During the course of evolution, plants have developed multiple strategies to overcome 
nutrient limitation such as the ability to engage in symbiosis with nutrient-delivering 
microorganisms. Approximately 70-90 % of land plants engage in symbiosis with fungi of 
the monophyletic phylum Glomeromycota to form the arbuscular mycorrhiza symbiosis 
(AM). Fossil records of AM structures were dated to approximately 450 million years ago 
(Mya), raising the hypothesis that AM could have play a crucial role for the colonization of 
land by plants (Remy et al., 1994). AM is an endomycorrhiza that connects plants to an 
extensive hyphal network that unlocks P from inorganic complexes of low solubility in the 
soil (Javot et al., 2007). Fungal hyphae penetrate the plant roots intracellularly and form 
tree-shaped subcellular structures called arbuscules within cortical cells, which are thought 
to be the main site for nutrients exchange between the two partners (Gutjahr and Parniske, 
2013). AM fungi mainly deliver P and water to the host plants (Joner et al., 2000; Javot et 
al., 2007; Kakouridis et al., 2022). In return, plants deliver up to 20% of its photosynthetically 
fixed carbon to the fungi in the form of hexoses and fatty acids (Bago et al., 2000; Keymer 
et al., 2017; Bravo et al., 2017; Jiang et al., 2017; Helber et al., 2011; Pfeffer et al., 1999; 
Shachar-Hill et al., 1995; Luginbuehl et al., 2017). AM fungi play a significant role in global 
P cycle as well as carbon cycle as approximately 5 billion tons of carbon per year are 
estimated to be consumed by AM fungi (Parniske, 2008; Bago et al., 2000). In addition to 
the nutrient supply, AM-forming plants benefit from an enhanced biotic and abiotic stress 
resistance and improved soil stability (reviewed in (Gianinazzi et al., 2010)). 
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To overcome N limitation, certain plants evolved the capacity to engage in symbiosis with 
N-fixing bacteria to form the N-fixing root nodule symbiosis (RNS). RNS is exclusively 
formed by species that belong to a single clade comprising four orders: the Fabales, Fagales, 
Curcubitales and Rosales (thereafter termed “the FaFaCuRo clade”) (Soltis et al., 1995). 
Members of the Fabales engage in symbiosis with Gram-negative a- and b- protobacteria 
collectively referred to as rhizobia, whereas species belonging to the Fagales, Cucurbitales 
and Rosales (called actinorhiza plants) engage in symbiosis with Gram-positive 
actinobacteria of the genus Frankia (Sprent, 2007; Svistoonoff et al., 2014), with the only 
exception of Parasponia species (Rosales) that interact with rhizobia bacteria (van Velzen et 
al., 2019). RNS is characterised by the formation of a new organ – the root nodule – in which 
N-fixing bacteria are hosted intracellularly. The root nodule provides a low oxygen 
environment, enabling the conversion of atmospheric dinitrogen into ammonia by the 
bacterial nitrogenase enzyme complex (Hoffman et al., 2014). In return, plants deliver 
reduced carbon and various nutrients to the bacteria such as malate and amino acids 
(Colebatch et al., 2004; White et al., 2007; Roy et al., 2020). 
Due to their ecological and economical importance, researches on the molecular 
mechanisms governing AM and RNS development have been conducted extensively. Since 
RNS is restricted to a single clade of flowering plants, it has long been a goal for scientists 
to transfer this ability to engage in symbiosis with N-fixing bacteria to important non-host 
crop plants (Charpentier and Oldroyd, 2010). To this end, understanding the evolutionary 
origin of the RNS and uncovering its genetic requirements is fundamental. Over the last 
decades, scientists have characterized almost 200 genes that play a role in the establishment 
of RNS, principally using the legumes (Fabales) Medicago truncatula and Lotus japonicus as 
model plants (Roy et al., 2020). In addition, the availability of numerous genomes has 
enabled genome-wide comparative phylogenomic analyses that provided insides on the 
evolutionary origins of RNS (Griesmann et al., 2018; van Velzen et al., 2018). Despite a lot 
of progress, it is still a long walk toward the identification of all the evolutionary inventions 
necessary to engineer RNS on roots of non-host plants (Pankievicz et al., 2019). 
 

4.2. The arbuscular mycorrhiza symbiosis 
 
Plants control AM development depending on their nutritional, in particular P, status 
(Carbonnel and Gutjahr, 2014). AM is inhibited under high P supply, but promoted under 
P deficiency in the soil. The molecular mechanisms underlying this regulation have been 
recently identified (Das et al., 2022). The establishment of AM starts with a reciprocal 
exchange of diffusible signal molecules between the two partners. Plant roots secrete in 
particular strigolactones which are carotenoid-derived phytohormones that are released in 
the soil. The perception of these compounds by AM fungi induces hyphal growth and 
branching as well as cell proliferation and spore germination (reviewed in (Gutjahr and 
Parniske, 2013)). In return, AM fungi secrete signal molecules called Myc factors that were 
identified to be a mixture of sulphated and non-sulphated lipochitooligosaccharides 
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(LCOs) and short-chain chitin oligomers (COs) (Maillet et al., 2011; Genre et al., 2013). LCOs 
perception by the host plant induces multiple responses such as the transcriptional 
activation of symbiosis-related genes (Kosuta et al., 2003; Ortu et al., 2012; Navazio et al., 
2007; Kuhn et al., 2010; Mukherjee and Ané, 2011), induction of rhythmic calcium 
oscillations in and around the nucleus (referred to as calcium spiking; (Kosuta et al., 2008; 
Chabaud et al., 2011; Sun et al., 2015; Sieberer et al., 2009)), starch accumulation (Gutjahr et 
al., 2009b) and lateral root (LR) formation and elongation (Oláh et al., 2005; Sun et al., 2015; 
Tanaka et al., 2015). Additionally, LCOs were recently found to have regulatory functions 
in fungal development (Rush et al., 2020). 
Upon physical contact with the plant root, the fungal hyphae differentiate to form an 
attachment structure called hyphopodium which penetrate the rhizodermal cells (Gutjahr 
and Parniske, 2013). Concomitantly, the nucleus in the rhizodermal cells migrate below the 
hyphopodium site and then move through the vacuole toward the opposite side of the cell 
to initiate an accommodation structure called pre-penetration apparatus (PPA) (Genre et 
al., 2005). The PPA constitutes a cytoplasmic bridge across the vacuole that guides the 
fungus inside the rhizodermal and outer cortical cells (Parniske, 2008; Genre et al., 2008, 
2005). Once the fungal hyphae reach the inner cortex, they grow longitudinally in the 
apoplastic space and enter the cells by invagination of the plant plasma membrane (PM) 
where they differentiate into arbuscules. This de novo plant synthesised membrane, termed 
as peri-arbuscular membrane, separates the fungi from the host cytoplasm and constitutes, 
together with the fungal PM and the peri-arbuscular space in between, the symbiotic 
interface for nutrient exchanges between the symbionts (Gutjahr and Parniske, 2013).  
Beside the formation of accommodation structures for AM fungi, the intra-radical AM 
colonization process induces changes in the root system architecture of the host plant, 
predominantly resulting in an increase in root volume and LR proliferation (reviewed in 
(Gutjahr and Paszkowski, 2013)). 
 

4.3. The nitrogen-fixing root nodule symbiosis 
 

4.3.1. Evolution of the nitrogen-fixing root nodule symbiosis 
 
While fossils of AM structures were detected in early land plants, RNS evolved later. The 
oldest fossil records of putative nodules were dated back to 84 Mya (Herendeen et al., 1999), 
whereas the last putative RNS-forming common ancestor was dated back to 92-110 Mya 
(Wang et al., 2009; Bell et al., 2010). Phylogenetic analyses revealed that the occurrence of 
the RNS is restricted to a single clade of flowering plants, the FaFaCuRo clade, within which 
the distribution of RNS is scattered: only 10 out of 28 families contain RNS-forming species 
and in 9 out of these 10 families, RNS-forming genera represent the minority (Soltis et al., 
1995; Doyle, 2011). This restricted and scattered distribution has led to two hypotheses 
underlying the evolutionary origin and dynamic of the RNS. 



Introduction 

 12 

The first one is the multiple origin hypothesis, also called the “predisposition hypothesis”. 
This hypothesis predicts a genetic change, a “predisposition event”, in the common 
ancestor of the FaFaCuRo clade leading to a precursor state that enabled the subsequent 
independent evolution of the RNS in some descendants, followed by parallel losses of this 
trait in few species (Soltis et al., 1995; Doyle, 2011; Werner et al., 2014). Hence, this model 
predicts nodulation as a non-homologous trait and implies that the yet unidentified 
propensity for nodulation has been maintained for approximately 30 million years before 
the emergence of RNS in the earliest nodulating lineage, therefore bridging the conceptual 
gap between the date of the oldest nodule fossils and the common ancestor that acquired 
the nodulation predisposition. The multiple origin hypothesis is the most commonly 
accepted evolutionary scenario and is supported by recent quantitative phylogenetic 
modelling studies (Li et al., 2015; Werner et al., 2014) as well as by the diversity observed 
in the nodule ontogeny, type of microsymbionts and infection modes among nodulating 
plants (Doyle, 2011; van Velzen et al., 2019).  
First, two groups of bacteria engage in RNS: the Gram-negative proteobacteria referred to 
as rhizobia and the Gram-positive actinobacteria of the genus Frankia. The infection 
mechanisms through which these bacteria are accommodated within the nodule cells 
greatly differ between plant species. In most of the leguminous plants (Fabales), rhizobia 
enter the root via the formation of host-constructed tubular structures called infection 
threads (ITs) within root hairs (Oldroyd et al., 2011). This infection mode has also been 
described in plants belonging to the Fagales order such as Casuarina glauca (Svistoonoff et 
al., 2003). In other species such as Discaria trinervis (Rosales), Frankia bacteria enter the root 
through intercellular spaces between epidermal and cortical cells (Fournier et al., 2018). In 
a different manner, Bradyrhizobium strains penetrate the root of Aeschynomene (Fabales) 
species intercellularly through epidermal fissures generated by the emergence of LRs 
(Bonaldi et al., 2011). 
Additionally, nodule morphologies greatly vary between plant species. Two major types of 
root nodules are found in legume species, namely indeterminate and determinate nodules. 
Indeterminate nodules such as the ones formed on M. truncatula and Pisum sativum have a 
persistent apical meristem and are continuously infected. By contrast, determinate nodules 
such as the ones formed on L. japonicus and Glycine max lose their meristem upon 
maturation and have a defined lifespan. These two nodule types are characterised by 
peripheral vasculatures. Conversely, nodules formed on Parasponia species (infected by 
rhizobia) and actinorhizal plants (infected by Frankia) are characterised by a central 
vasculature and the presence of a persistent apical meristem (Popp and Ott, 2011; Xiao et 
al., 2014; Soyano et al., 2021). Furthermore, nodulating species employ different strategies 
to accommodate the symbiont intracellularly as well as to provide a low oxygen 
environment which is necessary for bacterial nitrogenase activity. Altogether, these 
phenotypic variations have fuelled the hypothesis that nodulation is a non-homologous 
trait that evolved multiple times independently in different lineages (Doyle, 2011; van 
Velzen et al., 2019). 
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The second model is the single origin hypothesis. This hypothesis predicts a single gain of 
RNS in the last common ancestor of the FaFaCuRo clade followed by multiple parallel loss 
of this trait in most descendants (Soltis et al., 1995; Doyle, 2011). This model predicts 
nodulation as a homologous trait in all lineages and is supported by multiple lines of 
evidences (van Velzen et al., 2019). The first one came from the observation that several 
genes essential for RNS development have a similar function within distantly related 
nodulating plants and are therefore considered as orthologous (Gherbi et al., 2008; 
Markmann et al., 2008; Svistoonoff et al., 2014; Clavijo et al., 2015; Granqvist et al., 2015; 
Fabre et al., 2015; Das et al., 2019). The second one came from the similarities in nodule 
ontology from leguminous and actinorhizal plants. Although the anatomy and 
developmental features of both nodule types differ, a recent study constructed detailed fate 
maps of nodules formed on Alnus glutinosa (Fagales), Medicago truncatula (Fabales) and 
Parasponia andersonii (Rosales) roots and revealed that the ontogeny of the legume-type 
nodules and actinorhizal-type nodules is much more similar than previously thought (Xiao 
et al., 2014; Shen et al., 2020). In addition, the authors reported that a homeotic mutation in 
NODULE ROOT1 (MtNOOT1) in M. truncatula partially converts the ontology of legume-
type nodules into actinorhizal-type nodules, therefore suggesting that both nodule types 
share an evolutionary origin (Shen et al., 2020). Moreover, two recent phylogenomic studies 
revealed that the scattered distribution of nodulating species among the FaFaCuRo clade is 
a consequence of massive independent losses of RNS caused by the loss or mutation of 
genes essential for RNS establishment (Griesmann et al., 2018; van Velzen et al., 2018). 
Altogether, these findings are consistent with a single gain of this symbiosis in the most 
recent common ancestor of the FaFaCuRo clade. 
Currently, both hypotheses lack direct evidences and despite decades of research, the 
genetic causes associated with the emergence of the RNS remain a mystery (Doyle, 2016; 
Griesmann et al., 2018). In a recent opinion article, Martin Parniske (Parniske, 2018) 
proposed that the ability to uptake bacteria into living plant cells with intracellular physical 
support structures might be tightly linked to the predisposition event acquired in the last 
common ancestor of the FaFaCuRo clade. 
 

4.3.2. Establishment of the nitrogen-fixing root nodule symbiosis in legumes 
 
Over the last decades, the molecular and cellular processes underpinning the establishment 
of RNS have been extensively studied through forward and reverse genetics in the two 
model legumes L. japonicus (Lj) and M. truncatula (Mt). Up to date, nearly 200 genes 
required for RNS in legumes have been identified (Roy et al., 2020).  
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4.3.2.1. Cellular processes during rhizobial infection and nodule 
development 

 
The establishment of RNS is a process strictly controlled by the host plant. Under N limiting 
conditions, legume plants increase their secretion of flavonoids in the rhizosphere 
(Coronado et al., 1995) which are perceived by rhizobia via their bacterial transcriptional 
activator nodD proteins (Peck et al., 2006). Subsequently, nodD proteins activate the 
expression of the bacterial nod genes, leading to the synthesis of strain-specific nodulation 
factors (Nod factors, NFs) (Liu and Murray, 2016). NFs are highly similar to AM fungal 
LCOs and consist of a chitin backbone, generally made up of five to six β-(1-4)-linked N-
acetylglucosamine residues, which is acylated at the non-reducing terminal glucosamine 
(Oldroyd, 2013; Fliegmann and Bono, 2015). NFs produced by different rhizobia differ in 
the length and degree of saturation of the N-acyl group and can be decorated by various 
substituents (e.g. methyl, fucosyl, acetyl or sulphate groups) on the N-acetylglucosamine 
subunits (Oldroyd, 2013). These strain-specific modifications are essential for stringent 
host-rhizobium compatibility (Poole et al., 2018; Radutoiu et al., 2007). Apart from NFs, 
bacteria synthetise exopolysaccharides (EPSs) which were reported to also contribute to 
host-symbiont compatibility (Kawaharada et al., 2015). 
The perception of the NFs in the plant root hairs induces multiple cellular responses such 
as the induction of calcium spiking (Ehrhardt et al., 1996), membrane potential 
depolarisation (Ehrhardt et al., 1992), modifications of the root hair cytoskeleton and root 
hair deformation (Heidstra et al., 1994; Sieberer et al., 2005; Esseling et al., 2003). NFs 
recognition additionally induces cellular responses in deeper cell layers such as the 
formation of tube-shape like-structure called pre-infection threads (PITs) (Van Brussel et 
al., 1992) and the induction of cell divisions leading to the formation of a nodule 
primordium (Truchet et al., 1991; Van Spronsen et al., 2001). These cellular responses are 
accompanied by the induction of symbiosis-related genes (Breakspear et al., 2014). 
Furthermore, the perception of NFs was found to stimulate the formation of LRs (Oláh et 
al., 2005; Herrbach et al., 2017). 
Rhizobia infect legumes using intercellular and/or intracellular entry modes (Deakin and 
Broughton, 2009; Madsen et al., 2010). The best studied infection mode takes place through 
the root hair cells and is initiated by a physical attachment of rhizobia to the root hair tip 
which curls and entraps the bacteria within a so-called infection pocket. Entrapped bacteria 
continue to divide and form a so-called infection foci (Oldroyd et al., 2011). Subsequently, 
the cell wall of the root hair is locally hydrolysed and a tubular invagination of the PM 
initiates the development of an infection thread (IT), in which rhizobia are guided towards 
the cortex (Oldroyd et al., 2011). In analogy to the PPA formed during AM, IT progression 
is preceded by the formation of a PIT, which consists of ER-rich cytoplasmic bridges aligned 
with the cytoskeleton traversing the central vacuole of the cells (Van Brussel et al., 1992; 
Yokota et al., 2009). Concomitantly to IT development, cell divisions in the pericycle and 
cortical cells are initiated to form nodule primordium (Popp and Ott, 2011; Xiao et al., 2014). 
Although they are happening in a precisely coordinated way, the rhizobia infection and 
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nodule organogenesis processes are at least partially independent and can be uncoupled 
from each other (Tirichine et al., 2006, 2007; Murray et al., 2007). Once ITs have reached the 
cortical cells in the nodule primordium, they ramify and subsequently release bacteria into 
plant membrane-enclosed compartments called symbiosomes where they differentiate into 
a N-fixing state (Popp and Ott, 2011). Because RNS is an energetically costly process, plants 
control the number of nodules formed on their roots via a systemic pathway called 
autoregulation of nodulation (AON) (Magori and Kawaguchi, 2009). 
 

4.3.2.2. Signalling during the nitrogen-fixing root nodule symbiosis 
 
The establishment of the RNS requires a network of genetic regulators that activate a 
specific symbiotic signalling pathway which triggers extensive transcriptional responses in 
the host cells (Chakraborty et al., 2022). This transcriptional reprogramming starts with the 
recognition of the bacteria NFs. In the legume L. japonicus, NFs are perceived by lysin motif 
(LysM) domain-containing receptors Nod Factor Receptor (NFR) 1 and NFR5 which form 
heterodimers at the PM ((Broghammer et al., 2012; Madsen et al., 2003; Radutoiu et al., 
2003); in this thesis the name of the L. japonicus genes will be used). Besides NFs, bacterial 
EPSs are recognized by the LysM receptor kinase Exopolysaccharide Receptor 3 (EPR3; 
(Kawaharada et al., 2015, 2017)). The NF-induced signalling involves the activation of the 
receptor-like kinase SymRK (Stracke et al., 2002; Ried et al., 2014) which interacts with NFR1 
and NFR5 as well as several other cytosolic proteins and is believed to start the transmission 
of secondary signal from the PM to the nucleus (Figure 1). Two possible signalling 
pathways have been proposed to link microbial perception at the PM to the generation of 
calcium spiking in the nucleus (Charpentier, 2018). The first one may involve heterotrimeric 
G-protein complexes and regulator of G-protein signalling (RGS), a GTPase that interacts 
and is phosphorylated by NFR1 and plays a role in the regulation of nodulation in G. max 
(Choudhury and Pandey, 2015). The second one requires the SymRK-interacting protein 3-
hydroxy-3-methylglutaryl CoA reductase 1 (HMGR1) which catalyses the conversion of 
HMG-CoA to mevalonate (MVA) (Kevei et al., 2007) and was reported to be involved in the 
generation of nuclear calcium oscillations (Venkateshwaran et al., 2015). Interestingly, Ried 
et al. (Ried et al., 2014) observed that strong expression of NFR1, NFR5 and SymRK results 
in the activation of symbiosis-related genes and is sufficient to activate a signalling cascade 
leading to the formation of spontaneous nodules in the absence of a symbiont. Nonetheless, 
whether the over-abundance of these proteins also induces calcium spiking remains to be 
determined. 
The induction of rhythmic calcium oscillations in and around the nucleus is a hallmark of 
symbiotic signal transduction (Ehrhardt et al., 1996; Oldroyd, 2013). Calcium spiking 
requires multiple components that localise to the nuclear envelope, including the nuclear 
core complex components nucleoporine 85 (NUP85), NUP133 and Nena (Kanamori et al., 
2006; Saito et al., 2007; Groth et al., 2010), the ions channels Castor, Pollux, and CNGC15 
proteins (Ané et al., 2004; Imaizumi-Anraku et al., 2005; Charpentier et al., 2008; Kim et al., 
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2019; Charpentier et al., 2016), and the calcium-dependent adenosine triphosphatase MCA8 
(Capoen et al., 2011) (Figure 1). 
Within the nucleus, the calcium and calmodulin-dependant protein kinase CCaMK is 
believed to decode and transduce the calcium signal into downstream symbiotic gene 
activation (Singh and Parniske, 2012). CCaMK contains an N-terminal serine/threonine 
kinase domain, followed by a calmodulin (CaM) binding domain overlapping with an 
autoinhibitory region, and a C-terminal visinin-like domain which contains three EF hands 
(Sathyanarayanan et al., 2000; Takeda et al., 2012; Ramachandiran et al., 1997; Poovaiah et 
al., 2013). Biochemical studies and structural analyses established a model for CCaMK 
activation and revealed that CCaMK’s kinase activity is regulated by calcium 
concentrations (Sathyanarayanan et al., 2000; Miller et al., 2013). At basal calcium 
concentration, T265 in the kinase domain is phosphorylated, which stabilizes an 
autoinhibitory conformation rending CCaMK inactive for target phosphorylation. Upon 
calcium spiking, CaM binds to CCaMK inducing conformational changes that overrides the 
impact of T265 phosphorylation thus leading to CCaMK activation (Miller et al., 2013). 
CCaMK is essential for the establishment of both AM and RNS. ccamk mutants are 
completely impaired in rhizobial and fungal infections as well as nodule organogenesis, 
but retain the capacity to elicit root hair deformation and calcium spiking upon NF or AM 
fungal exudate treatment (Lévy et al., 2004; Mitra et al., 2004; Chabaud et al., 2011). 
 

 
Figure 1: Overview of the symbiotic signal transduction in plant root cells. Signalling molecules produced by 
rhizobia or AM fungi are recognised by plant receptors at the plasma membrane. Rhizobia secrete in particular 
Nod factors (NFs) which are perceived by the LysM domain-containing receptors NFR1 and NFR5 
(Broghammer et al., 2012; Madsen et al., 2003; Radutoiu et al., 2003). (continuation of figure legend on the next 
page) 



Introduction 

 17 

Legend Figure 1: continued  

AM fungi secrete Myc factors (MF) which are perceived by a hypothetical yet to be identified LysM-receptor-
like kinase. NFR1 and NFR5 associate with the receptor-like kinase SymRK, which is required for both AM and 
RNS development (Stracke et al., 2002; Ried et al., 2014). HMGR1 interacts with SymRK and produces MVA, an 
activator of nuclear calcium oscillations (Kevei et al., 2007; Venkateshwaran et al., 2015). NFR1 interacts with 
and phosphorylates RGS proteins, which play a role in the regulation of nodulation (Choudhury and Pandey, 
2015). MVA and the G-protein signalling pathway might be necessary to induce the production of a so far 
unidentified secondary messenger, leading to calcium release in the nucleus (Charpentier, 2018). The nuclear 
pore complex components NUP85, NUP133 and Nena (Kanamori et al., 2006; Saito et al., 2007; Groth et al., 
2010), the ion channels Castor, Pollux (Ané et al., 2004; Imaizumi-Anraku et al., 2005; Charpentier et al., 2008; 
Kim et al., 2019) and CNGC15a,b,c (Charpentier et al., 2016), as well as the calcium pump MCA8 (Capoen et al., 
2011) are required to generate rhythmic calcium oscillations (calcium spiking) in and around the nucleus 
(Ehrhardt et al., 1996; Sieberer et al., 2009; Kosuta et al., 2008). Calcium spiking is believed to be decoded by 
CCaMK which interacts with and phosphorylates the transcription factor Cyclops (Lévy et al., 2004; Tirichine 
et al., 2006; Yano et al., 2008; Singh et al., 2014). Cyclops recognises and binds to palindrome-containing cis-
regulatory elements (CYC-REs) in the promoters of its target genes that are specifically required for AM (Reduced 
Arbuscular Mycorrhization 1, RAM1) or RNS (NIN and ERN1) (Pimprikar et al., 2016; Singh et al., 2014; Cerri et 
al., 2017). p, phosphate group; CaM, calmodulin; MVA, mevalonate. Figure was initially created by Xiaoyun 
Gong and modified based on Charpentier (2018). 

 
The identification of CCaMK auto-active versions enabled to position this kinase in the 
genetic pathway required for root endosymbiosis. Mutation of the autophosphorylation 
residue T265, CCaMKT265D or CCaMKT265I in the snf1-1 mutant, leads to the formation of 
spontaneous nodules as well as the induction of RNS-specific genes in the absence of 
rhizobia (Tirichine et al., 2006; Takeda et al., 2012). In addition, CCaMKT265D and CCaMKT265I 
are both able to restore nodule organogenesis and rhizobia infection in calcium-spiking 
deficient mutants, with the exception of nfr mutants (Hayashi et al., 2010; Madsen et al., 
2010; Singh and Parniske, 2012), and strong ectopic expression of CCaMKT265D induces the 
formation of LRs (Martina Katharina Ried, unpublished data). Moreover, strong expression 
of the kinase domain alone of CCaMK (CCaMK1-314 T265D) is sufficient to spontaneously 
induce both AM and RNS-specific genes as well as to trigger the development of 
spontaneous nodules and the formation of structures that resemble PPA in the absence of 
a symbiont (Takeda et al., 2012). Importantly, CCaMK1-314 T265D is also able to restore fungal 
but not rhizobial infection in the ccamk-3 mutant (Takeda et al., 2012), thus highlighting the 
importance of the autoregulatory domain for maintaining downstream signalling 
specificity (Singh and Parniske, 2012). 
CCaMK interacts with and phosphorylates the DNA-binding transcriptional activator 
factor Cyclops (Yano et al., 2008; Singh et al., 2014). cyclops mutants are impaired in both 
bacterial and fungal infection but retain the capacity to develop empty nodule primordia 
upon rhizobia inoculation (Yano et al., 2008). Interestingly, strong expression of SymRK or 
CCaMKT265D in cyclops mutants induces the formation of spontaneous nodules, revealing 
genetic redundancy in the nodule organogenesis pathway at the hierarchical level of 
Cyclops (Yano et al., 2008; Ried et al., 2014). Using mass spectrometry, Singh et al. (Singh et 
al., 2014) identified five phosphorylated serines of which two (Cyclops S50 and S154) 
appeared to be essential for fungal and rhizobial infection. Additionally, phosphometic 
replacement of S50 and S154 by aspartic acid (CyclopsDD) triggers spontaneous nodules 
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formation in ccamk mutants and wild-type roots (Singh et al., 2014) and stimulates the 
formation of LRs in wild-type roots (Martina Katharina Ried, unpublished data). 
Cyclops binds and transactivates the promoters of Nodule Inception (NIN) and an 
APETALA2/Ethylene Responsive Factor (AP2/ERF) ERF Required for Nodulation 1 (ERN1) in 
a phosphorylation dependent manner (Singh et al., 2014; Cerri et al., 2017). Both genes 
encode transcription factors that are essential for rhizobia infection, and NIN also controls 
nodule organogenesis (Cerri et al., 2017; Schauser et al., 1999). 
 

4.3.2.3. Nodule inception, a central regulatory hub 
 
Nodule inception (NIN) was the first gene identified for its role in nodulation (Schauser et 
al., 1999). NIN encodes an RWP-RK domain containing transcription factor and is the 
founding member of NIN-like proteins (NLPs), a protein family present in all land plants 
(Chardin et al., 2014). Phylogenetic analyses identified NLP1 as the closest relative of NIN 
and it was hypothesised that these two subgroups result from a duplication event that 
occurred at the base of the eudicots (Clavijo et al., 2015; Liu and Bisseling, 2020; Soyano and 
Hayashi, 2014). NIN is structurally similar to NLP proteins that were described to contain 
three major domains, the nitrate responsive domain (NRD), RWP-RK domain and Phox 
and Bem1 (PB1) domain (Schauser et al., 2005). The C-terminal region of NIN and NLPs is 
highly conserved and contains the RWP-RK domain which mediates DNA-binding and the 
PB1 domain which mediates protein-protein interactions (Korasick et al., 2015). The main 
difference between these two classes of proteins resides in their N-terminal region that 
contain the NRD. NIN carries deletions in its NRD and this was attributed to its lack of 
nitrate responsiveness. In the presence of nitrate, NLPs move from the cytosol to the 
nucleus and bind conserved nitrate-responsive cis-regulatory elements (NREs) to activate 
the transcription of nitrate-induced genes (Konishi and Yanagisawa, 2013; Marchive et al., 
2013; Nishida et al., 2018). By contrast, NIN localises to the nucleus and activates 
transcription of its target genes regardless of the concentration of nitrate (Suzuki et al., 
2013). It has been hypothesised that the loss of nitrate responsiveness of NIN is one of the 
key steps that enabled the emergence of the RNS (Suzuki et al., 2013; Soyano and Hayashi, 
2014). 
NIN is positioned downstream of NF-signalling and plays an essential role in bacterial 
infection and nodule organogenesis (Schauser et al., 1999). nin loss-of-function mutants are 
characterised by extensive root hair curling and swelling upon NF perception, but infection 
chamber inside curled root hairs and IT development as well as nodule organogenesis are 
completely blocked (Fournier et al., 2015; Schauser et al., 1999). Although NIN is only 
known to have RNS-specific functions, many non-nodulating species outside of the 
FaFaCuRo clade have maintained a NIN orthologue in their genome, therefore suggesting 
that NIN has a yet unidentified non-symbiotic function is these species (Griesmann et al., 
2018; Clavijo et al., 2015; Liu and Bisseling, 2020). 
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An increase in the abundance of NIN transcripts can be detected as early as 2 hours 
following NF application which makes NIN one of the earliest induced gene during RNS 
(Schauser et al., 1999). NIN regulates the expression of several infection-related genes by 
direct binding to their promoter: Nodulation Pectate Lyase (NPL) encoding a pectate lyase 
(Xie et al., 2012); EPR3 encoding a LysM type exopolysaccharide receptor (Kawaharada et 
al., 2015, 2017); Rhizobial Infection Receptor-like Kinase 1 (RINRK1) encoding an atypical 
leucine-rich repeat receptor-like kinase (Li et al., 2019); SCAR-Nodulation (SCARN) 
encoding a Suppressor of cAMP Receptor defect (SCAR) protein (Qiu et al., 2015); Early 
Nodulin 11 (ENOD11) encoding a putative repetitive proline-rich cell wall protein (Journet 
et al., 2001; Vernié et al., 2015), Cytokinin Response 1 (CRE1) encoding a cytokinin receptor 
(Vernié et al., 2015) as well as Rhizobia-directed Polar Growth (RPG) encoding a coil-coiled 
protein (Liu et al., 2019b; Soyano et al., 2014; Arrighi et al., 2008). All these genes were found 
to be either essential or at least involved in the development of ITs, with the exception of 
ENOD11 for which its symbiotic function has not been characterized yet. A recent study 
transcriptionally profiled the M. truncatula nin-1 mutant in root hairs during the early stages 
of rhizobia infection and revealed NIN as a central hub in gene regulatory networks 
directing rhizobial infection (Liu et al., 2019b). Gene network analysis and a comparison to 
Chromatin Immunoprecipitation Sequencing (ChIP-seq) data from an earlier study 
(Soyano et al., 2014) suggested that at least 100 genes might be directly regulated by NIN 
(Liu et al., 2019b). 
NIN plays an essential role in nodule organogenesis and strong ectopic expression of NIN 
induces the formation of enlarged bumps in the absence of a symbiont (Soyano et al., 2013; 
Dong et al., 2021). NIN binds and transactivates the promoters of two genes that encode 
subunits of the heteromeric CCAAT-box-binding Nuclear Factor Y (NF-Y) protein complex, 
NF-YA1 and NF-YB1, which are believed to regulate the expression of cell cycle genes in 
plants (Caretti et al., 2003; Soyano et al., 2013). In L. japonicus, M. truncatula and Parasponia 
andersonii, nf-ya1 mutants are characterised by the formation of small nodules and/or 
reduced nodule number (Combier et al., 2008; Bu et al., 2020; Soyano et al., 2019). Moreover, 
NF-Y genes were reported to be involved in the bacterial infection process in M. truncatula 
and P. andersonii (Laporte et al., 2014; Bu et al., 2020), which is consistent with the entry of 
root hair cells into the cell cycle upon NF application and rhizobial inoculation (Breakspear 
et al., 2014). NIN directly regulates the expression of Asymmetric Leaves 2-like 18a/Lateral 
organ Boundaries Domain 16a (ASL18a/LBD16) (Soyano et al., 2019), a gene required for LR 
development in non-legumes plants (Goh et al., 2012, 2019). asl18a/lbd16 mutants are 
characterized by a low LR density and a reduction of nodule number and size under high 
nitrate concentrations suggesting that this gene is involve in nodule growth (Soyano et al., 
2019; Schiessl et al., 2019). Interestingly, ASL18a/LBD16 directly interacts with both NF-
YA1 and NF-YB1 and the ectopic expression of NF-YA1/NF-YB1 together with ASL18a 
increases by six-fold LR densities and induced bump formation in L. japonicus wild-type 
and in the Ljnin-9 mutant (Soyano et al., 2019). Additionally, Dong et al. (Dong et al., 2021) 
reported that the SHORTROOT-SCARECROW (SHR-SCR) module regulates cortical cell 



Introduction 

 20 

division during nodule organogenesis and NIN, LBD16 and SHR-SCR appear to regulate 
each other in a positive feedback loop. Cytokinin plays an essential role in nodule 
organogenesis and this can be exemplified with the L. japonicus snf2 mutant which carries a 
gain-of-function mutation in the cytokinin receptor Lotus Histidine Kinase 1 (LHK1) and 
develops spontaneous nodules (Tirichine et al., 2007). Application of cytokinin on roots is 
sufficient to induce NIN expression and leads to the formation structure resembling 
nodules (Heckmann et al., 2011). Moreover, Vernié et al. (Vernié et al., 2015) reported that 
NIN binds to the promoter of the M. truncatula LHK1 orthologue Cytokinin Response 1 
(MtCRE1) and activates CRE1 expression in the cortex. 
The role of NIN extends beyond the two aforementioned processes. NIN plays dual roles in 
the regulation of nodule numbers. On one hand, NIN directly binds to the promoters of the 
genes encoding peptides Clavata3/embryo surrounding region-related (CLE) CLE-RS1 and 
CLE-RS2 and activates their transcription, leading to the activation of the AON pathway 
that restricts the number of nodules (Soyano et al., 2014; Chaulagain and Frugoli, 2021). On 
the other hand, NIN directly regulates the expression of C-terminally encoded peptides 
(CEPs) that function antagonistically to CLE peptides in the root and promote nodulation 
(Laffont et al., 2020). Furthermore, NIN was reported to be involved in symbiosome 
formation (Liu et al., 2021; Feng et al., 2021), maturation of nodules to a nitrogen-fixing state 
(Feng et al., 2021), nutrient uptake (Liu et al., 2019b) and defence responses (Liu et al., 
2019b). 
The fine-tuned spatiotemporal regulation of NIN expression is crucial for RNS 
development and was found to be is highly complex. Several transcription factors that have 
been reported to bind to the NIN promoter to direct NIN expression (Hirsch et al., 2009; 
Xiao et al., 2020; Singh et al., 2014; Zhu et al., 2008). The GRAS-type transcription regulator 
Nodulation Signalling Pathway 1 (NSP1) forms a complex with NSP2 and was the first 
protein to be reported to bind to the NIN promoter through a AATTT cis-element and 
potentially modulate its expression (Hirsch et al., 2009). nsp1 and nsp2 mutants are impaired 
in rhizobial infection and nodule formation but retain the ability to initiate calcium spiking. 
Both NSPs are genetically positioned downstream of CCaMK and LHK1 and are required 
for NIN induction upon rhizobia inoculation (Wais et al., 2000; Catoira et al., 2000; Oldroyd 
and Long, 2003; Kaló et al., 2005; Gleason et al., 2006; Hayashi et al., 2010; Madsen et al., 
2010; Mitra et al., 2004; Smit et al., 2005; Hirsch et al., 2009; Heckmann et al., 2006; Limpens 
and Bisseling, 2014). IPN2 (Interacting Protein of NSP2), a MYB coiled-coil type 
transcription factor belonging to the GARP protein family, was also reported to bind and 
transactivate the NIN promoter through a 31 bp cis-element called IPN2-RE (Kang et al., 
2013; Xiao et al., 2020). IPN2 is required for NIN induction upon rhizobial inoculation and 
the L. japonicus ipn2-1 mutant is severely impaired in rhizobia infection and nodule 
formation and displays defective phloem cells in the vascular tissue (Xiao et al., 2020). 
Interestingly, co-transformation of Nicotiana benthamiana leaves with constructs expressing 
NSP1 and NSP2 together with IPN2 enhances the transactivation of the NIN promoter 
mediated by IPN2. Xiao et al. proposed a model where IPN2, NSP1, and NSP2 form a 
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trimeric complex involved in the transcriptional regulation of NIN. Cyclops directly 
regulates the expression of the NIN promoter through binding to a cis-regulatory element 
called CYC-RE (Singh et al., 2014). CYC-RE encompasses a palindromic sequence, referred 
to as CYC-box, and was reported to be essential for NIN expression in the epidermis (Liu et 
al., 2019c). Furthermore, Cyclops and NSP2 interact with the GRAS domain protein DELLA 
and it was recently hypothesised that DELLA might bridge the NSP1/NPS2 and 
CCaMK/Cyclops complexes which may act in concert to regulate the expression of the NIN 
promoter (Jin et al., 2016; Pimprikar et al., 2016). In M. truncatula, a remote upstream cis-
regulatory region encompassing several putative cytokinin response elements (called CE) 
was recently reported to be essential for NIN expression in pericycle cells to initiate nodule 
organogenesis (Liu et al., 2019c). CE is necessary for cytokinin-induced NIN expression and 
both CE and the 5 kb proximal promoter of the NIN gene are necessary to rescue bacterial 
infection and nodule development in the Mtnin-1 mutant (Liu et al., 2019c). 
NIN is also regulated at the protein level. A recent study revealed that proteolytic 
processing of NIN controls the transition of nodules to a nitrogen-fixing state (Feng et al., 
2021). NIN processing is mediated by a signal peptidase complex and results in a carboxyl-
terminal NIN fragment containing the RWP-RK domain, which activates a suite of genes 
associated with symbiosome development and nitrogen fixation (Feng et al., 2021). 
 

4.4. Recruitment of gene regulatory networks during the evolution of 
the nitrogen-fixing root nodule symbiosis 

 
RNS is a complex trait that requires a large network of genetic regulators. Understanding 
how this trait evolved might provide keys to engineer it in crops and has been subject to 
extensive research over the last decades. Complex traits can arise by altering existing 
mechanisms via gains or losses of cis- and trans-regulatory elements leading to the co-
option of ancestral genes or from evolution of completely new genes. To explore the 
evolutionary origin of RNS, a genome-wide comparative phylogenomic analysis has 
recently been performed (Griesmann et al., 2018). Using a total of 37 plant species, this 
analysis did not detect gene gains specific to the FaFaCuRo clade and the authors suggested 
that the putative predisposition event postulated by Soltis et al. (Soltis et al., 1995) did not 
involve the acquisition of novel genes but rather the co-option of pre-existing genes and 
their corresponding pathways. This hypothesis was previously put forward by Soyano and 
Hayashi (Soyano and Hayashi, 2014) and is further supported by the common requirement 
of genes for RNS and more ancient developmental programs, such as AM or LR 
development (Kistner and Parniske, 2002; Kistner et al., 2005; Soyano et al., 2019; Schiessl 
et al., 2019). 
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4.4.1. Recruitment of AM genes for intracellular uptake of bacteria 
 
The hypothesis that pre-existing AM genes were recruited during the evolution of 
nodulation was inspired by the discovery of a set of genes required for the establishment 
of both AM and RNS (Kistner and Parniske, 2002). These genes are referred to as “common 
symbiosis genes” and their products are involved in symbiont signal perception (SymRK, 
HMGR1), generation of calcium spiking within the nucleus (Castor, Pollux, NUP85, 
NUP133, Nena, CNGC15a,b,c and MCA8), symbiotic signal transduction (CCaMK and 
Cyclops) (Figure 1) and cellular processes such as vesicle transport (VAMP72s, Vapyrin and 
SYP132) (Kistner and Parniske, 2002; Kistner et al., 2005; Venkateshwaran et al., 2015; 
Capoen et al., 2011; Charpentier et al., 2016; Ivanov et al., 2012; Murray et al., 2011; Pumplin 
et al., 2010; Catalano et al., 2007; Huisman et al., 2016; Pan et al., 2016). 
With the exception of SymRK, common symbiosis genes are structurally conserved 
between dicot and monocot angiosperms, such as L. japonicus and rice (Oryza sativa) 
(reviewed in (Markmann and Parniske, 2009)). Castor, Cyclops and CCaMK are 
indispensable for AM development in rice and can fully restore both AM and RNS in 
respective mutants of legume plants (Banba et al., 2008; Yano et al., 2008; Chen et al., 2007, 
2008a; Godfroy et al., 2006). Moreover, it was recently reported that CCaMK and Cyclops 
from the phylogenetically distant AM-forming liverwort Marchantia paleacea can rescue 
RNS in the respective M. truncatula mutants (Radhakrishnan et al., 2020). These common 
symbiosis proteins from non-nodulating and distant lineages can thus support RNS 
without sequence adaptation. Conversely, SymRK might constitute the entry point to the 
common program between AM and RNS and displays variations in gene structure and 
domain composition across angiosperm lineages (Markmann et al., 2008). SymRK genes 
from rice or different dicots can restore AM but not RNS in the L. japonicus symrk-10 mutant 
(Markmann et al., 2008). Only the longest and rosid-specific version of SymRK can fully 
support both AM and RNS and it was hypothesised that this sequence adaptation was a 
crucial step in mediating the recruitment of the AM program for intracellular uptake of 
bacteria (Gherbi et al., 2008; Markmann et al., 2008; Markmann and Parniske, 2009). 
The recruitment of the AM program for bacterial uptake is further underpinned by 
similarities in intracellular accommodation structures for AM fungi and N-fixing bacteria 
(Parniske, 2000). AM fungal and bacterial infections are preceded by the formation of PPA 
and PIT, respectively, that dictate the path of symbiont progression (Van Brussel et al., 1992; 
Genre et al., 2005). These cytological structures are both associated with transcellular 
nuclear migration as well as rearrangements of the cytoskeleton and organelles (Timmers 
et al., 1999; Genre et al., 2005; Fournier et al., 2008; Yokota et al., 2009). Common symbiosis 
gene mutants are impaired in intracellular fungal and bacterial infections thus 
strengthening the hypothesis that the ability to host bacteria inside living plant cells 
evolved by AM gene recruitment (Markmann and Parniske, 2009). At later stages, several 
proteins of the exocytotic pathway were reported to be necessary for the formation of the 
symbiotic membrane interface that surrounds the symbiont in both interactions, suggesting 
that this ancient exocytotic pathway forming the peri-arbuscular membrane compartment 
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was also co-opted during the evolution of RNS (Liu et al., 2019a; Harrison and Ivanov, 
2017). Nonetheless, the mechanisms by which the AM program was co-opted remain so far 
elusive. 
 

4.4.2. Recruitment of the lateral root developmental program for nodule 
organogenesis 

 
The recruitment of the LR developmental program for nodule organogenesis during the 
evolution of RNS is a long-standing hypothesis that builds on the similarities in anatomy 
between actinorhiza nodules and LRs, both characterised by a pericycle-derived central 
vasculature and the presence of an apical meristematic region (Hirsch and Larue, 1997; 
Pawlowski and Demchenko, 2012). Recently, detailed fate maps of LRs and indeterminate 
nodules formed on M. truncatula roots have revealed that both organs originate from the 
same root cell layers (Herrbach et al., 2014; Xiao et al., 2014; Shen et al., 2020; Xiao et al., 
2019). Furthermore, it was observed that early abortion of rhizobial infection in the root 
hair leads to the development of abnormal nodules featuring a central vasculature in M. 
truncatula and Phaseolus vulgaris (Ferraioli et al., 2004; Guan et al., 2013) and mutation of 
MtNOOT1 results in abnormal root development that emerge from the meristematic region 
of the nodules (Couzigou et al., 2012; Magne et al., 2018). 
Beside these anatomical similarities, the co-option of the LR developmental program is 
further supported by the discovery of genetic components functioning in both LR and 
nodule development such as Hypernodulation Aberrant Root Formation 1 (HAR1) that encodes 
a leucine-rich repeat containing receptor kinase involved in the AON pathway (Wopereis 
et al., 2000) and LATD (Bright et al., 2005). Moreover, downregulation of MtCRE1 
significantly increases LR density and negatively impacts nodule formation (Gonzalez-
Rizzo et al., 2006). 
Very recently, Soyano et al. reported the first molecular genetic evidence linking nodule 
development with LR development (Soyano et al., 2019). The authors identified a NIN 
binding site in the intron of ASL18a/LBD16, a gene that encodes a key transcription factor 
involved in LR initiation in Arabidopsis thaliana (Goh et al., 2012, 2019). Similar to A. thaliana 
loss of function mutants, leguminous asl18a/lbd16 mutants exhibit fewer LRs and are 
additionally impaired in nodule growth under high nitrate concentrations. NIN positively 
regulates the expression of ASL18a/LBD16 (Soyano et al., 2019) and RNA sequencing in M. 
truncatula roots revealed that 95% of the genes whose expression is influenced by NIN 
during nodule initiation overlap with the differentially expressed genes in the lbd16 mutant, 
thereby indicating that LRs and nodules share overlapping developmental programs 
(Schiessl et al., 2019). Further supporting this notion, strong ectopic expression of ASL18a 
together with its interacting partners NF-YA1 and NF-YB1 lead to the formation of infected 
nodules in the L. japonicus daphne mutant, which has lost the CE region within the NIN 
promoter due to chromosome translocation and is completely impaired in nodule 
organogenesis but retains the capacity to form ITs (Soyano et al., 2019; Yoro et al., 2014). 
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Importantly, the intronic NIN-targeting cis-element is highly conserved in legumes 
(Fabales) but is absent from other lineages (Soyano et al., 2019). Together with the fact that 
the CE region is restricted to legume species (Liu and Bisseling, 2020) and the observation 
that legumes and actinorhizal plants differ in their responses to cytokinin treatment 
(Gauthier-Coles et al., 2019), these findings indicate that legumes and actinorhizal plants 
have developed distinct mechanisms to regulate nodule organogenesis. 
 

4.4.3. The role of NIN in the evolution of nodulation 
 
The co-option of several pre-existing AM genes - the common symbiosis genes - is thought 
to have been a crucial step during the evolution of RNS and it was hypothesised that the 
genetic basis for this recruitment might be identical to the enigmatic predisposition event 
at the base of the FaFaCuRo clade (Kistner and Parniske, 2002; Markmann and Parniske, 
2009; Soyano and Hayashi, 2014). Up to date, the mechanism that enabled the co-option of 
this set of genes for RNS remains elusive. Common symbiosis genes are structurally 
conserved between species from the FaFaCuRo clade and other angiosperm lineages 
suggesting that their protein products did not undergo changes that enabled their role in 
RNS, they are therefore not candidate genes associated with the predisposition (reviewed 
in (Markmann and Parniske, 2009)). The sequence divergence observed in SymRK was 
postulated to be a critical step in mediating the recruitment of the AM genetic program, 
however, this sequence adaptation extends beyond the FaFaCuRo clade and it was reported 
that SymRK from the Brassicales Tropaeolum majus can restore RNS in the L. japonicus symrk-
10 mutant, indicating that this evolutionary step precedes the origin of nodulation 
(Markmann et al., 2008). 
In an inspiring opinion article, Soyano and Hayashi (Soyano and Hayashi, 2014) 
hypothesised that the co-option of the common symbiosis genes was achieved through the 
recruitment of NIN in the common ancestor of the FaFaCuRo clade. The authors proposed 
that gain of cis-regulatory elements in the NIN promoter enabled its regulation by the 
common symbiosis genes, a model supported by the finding that the transcription factor 
Cyclops binds to and transcriptionally activates the L. japonicus NIN promoter (Singh et al., 
2014) and by the hierarchical position of NIN within the RNS-specific transcriptional 
network (Soyano and Hayashi, 2014; Liu et al., 2019b). The regulation of NIN by the 
common symbiosis genes, in combination with the loss of the nitrate responsive domain 
(NRD) in NIN (Suzuki et al., 2013), and the subsequent gain of cis-regulatory elements 
bound by NIN in the promoters of downstream genes such as ASL18a/LBD16, NF-Y and 
NPL (Soyano et al., 2013, 2019; Xie et al., 2012) was highlighted by the authors as key steps 
that enabled the evolution of RNS (Soyano and Hayashi, 2014). 
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5. Aim of the thesis 
 
RNS is a complex trait which is believed to have evolved by co-opting genes from the 
ancient AM and LR developmental programs. Nodule Inception (NIN) encodes a 
transcription factor that plays an essential role in two processes during the establishment 
of RNS, namely bacterial infection and nodule organogenesis. The fine-tuned 
spatiotemporal regulation of NIN expression is crucial for RNS development and it is 
controlled, at least partially, by a cohort of transcription factors that have been reported to 
bind to its promoter, including the CCaMK/Cyclops complex (Singh et al., 2014). NIN and 
ERN1 have been positioned at the top hierarchical level of the RNS-specific transcriptional 
network (Liu et al., 2019b), and it was previously hypothesised that gain of a cis-regulatory 
element within the NIN promoter enabled the recruitment of genes that evolved in the 
context of AM – the common symbiosis genes – for RNS development (Soyano and 
Hayashi, 2014). However, genetic evidences for this hypothesis were still missing. Using a 
phylogenomic approach, a cis-regulatory element (PACE) was discovered to be conserved 
and exclusively present in the NIN promoter of FaFaCuRo member species, thus carrying 
the hallmarks of a possible critical genetic acquisition by the last common ancestor of the 
FaFaCuRo clade (analysis performed by Maximilian Griesmann, Figure 2). 
One goal of this thesis was to access the role of PACE in the establishment of RNS. Using 
the model legume L. japonicus in combination with its compatible nitrogen-fixing bacterium 
Mesorhizobium loti as experimental system, we I) studied the impact of PACE on the 
expression of NIN utilising promoter:reporter fusion constructs; II) tested the relevance and 
specific role of PACE in nodule and IT development by transgenic complementation using 
nin mutant alleles; and III) examined the functional conservation of PACE sequences from 
different FaFaCuRo species. 
Symbiosis signalling and LR development were previously found to be tightly 
interconnected (Martina Katharina Ried, unpublished data; see section 4.3.2.2) and AM 
colonization as well as treatment with symbiotic LCO molecules were reported to induce 
LR formation in several species belonging to phylogenetically distant lineages (Maillet et 
al., 2011; Oláh et al., 2005; Mukherjee and Ané, 2011; Gutjahr et al., 2009a; Sun et al., 2015). 
The second goal of this thesis was to gain insight into the molecular players that connect 
these two distinct signalling programs. To address this issue, we I) took advantage of 
deregulated versions of common symbiosis genes that spontaneously activate symbiosis 
signalling to dissect their roles in the formation of LRs in L. japonicus and the two Rosaceae 
Dryas drummondii and Fragaria vesca (experimental setup established by Martina Katharina 
Ried; see Figure 14); II) access the role of these genes and of NIN in the induction of LRs 
mediated by bacterial or fungal microsymbiont. 
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6. Results 
6.1. Acquisition of a cis-regulatory element in the NIN promoter 

enabled bacterial uptake by plant cells 
 

6.1.1. Discovery of PACE 
 
We asked which evolutionary acquisitions by the last common ancestor, in the form of 
novel traits and the underlying genetic causes, enabled the evolution of the RNS. From a 
phylogenetic perspective, such acquisitions should be: 1) exclusively present in the 
FaFaCuRo clade and absent outside of this clade and 2) conserved throughout the 
FaFaCuRo clade or at least maintained in RNS-competent (hereafter called “nodulating”) 
species. A systematic comparison of features associated with the RNS across the entire 
FaFaCuRo clade pinpoints a single unique and shared trait – the uptake of bacteria into 
living plant cells with intracellular physical support structures – that fulfils both 
abovementioned criteria to be acquired by the common ancestor (Parniske, 2018). These 
structures come in a diversity of shapes (infection threads (ITs) and infection pegs) and in 
at least two different cell types (epidermal and cortical), but are all characterised by the 
apposition of matrix material which is thought to maintain cell integrity during the 
localised lysis of the plant cell wall, necessary for bacterial uptake. While this matrix 
material is a common feature of all analysed successful bacteria uptake events in FaFaCuRo 
species, only one type, cortical ITs, can be found in almost all nodulating species (Parniske, 
2018). Cortical IT formation is an evolutionary breakthrough because it allowed clonal 
selection of bacteria (Gage, 2002), specific control of nutrient exchange and increased 
nitrogen fixation efficiency (Carvalho et al., 2014). To search for gene gains specific for the 
FaFaCuRo clade, a genome-wide comparative phylogenomic analysis was performed, 
however, not a single gene following the aforementioned evolutionary pattern was 
identified (Griesmann et al., 2018). 
We tested the hypothesis that the “predisposition” event postulated by Soltis et al. (Soltis 
et al., 1995), involved gain of novel cis-regulatory elements. It has been shown that changes 
in gene regulation are important drivers of functional and morphological evolution. 
Emergence or loss of even a single cis-regulatory element can lead to dramatic phenotypic 
consequences, e.g. novel organ formation (Wittkopp and Kalay, 2011; Kvon et al., 2016). 
Phylogeny has dated the common ancestor of the FaFaCuRo clade to approximately 90 Mya 
(Wang et al., 2009; Bell et al., 2010; Li et al., 2015). A long standing hypothesis states that the 
evolution of RNS involved co-opting genes from the AM symbiosis (Parniske, 2000; Kistner 
and Parniske, 2002), which can be traced back to the earliest land plant fossils 450 Mya 
(Remy et al., 1994; Redecker et al., 2000). This hypothesis is underpinned by similarities in 
intracellular accommodation structures (Parniske, 2018) and the common requirement of 
both symbioses for a set of so-called “common symbiosis genes” (Kistner and Parniske, 
2002) that are conserved across land plant species able to form AM, and encode symbiotic 
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japonicus in combination with its compatible nitrogen-fixing bacterium Mesorhizobium loti 
as experimental system. The process by which M. loti is taken up by L. japonicus can be 
subdivided into successive stages: (1) entrapment of bacteria in a pocket formed by a curled 
root hair (Perrine-Walker et al., 2014), (2) development of an IT within that root hair 
(Perrine-Walker et al., 2014), (3) IT progression into and through the outer cortical cell 
layers (Van Spronsen et al., 2001), (4) IT branching and extension within the nodule 
primordium (Yoon et al., 2014) (5) release of bacteria from ITs into plant membrane-
enclosed organelle-like structures called symbiosomes (Yoon et al., 2014) leading to (6) 
mature nodules characterised by infected cells densely packed with symbiosomes and the 
pink colour of leghemoglobin (Ott et al., 2005). 
To determine the PACE-mediated spatiotemporal expression domain, we introduced a 
GUS reporter gene driven by PACE fused to a region comprising the NIN minimal promoter 
and the 5’UTR (Singh et al., 2014) (PACE:NINminpro:GUS) into L. japonicus wild-type roots. 
Roots were subsequently inoculated with M. loti MAFF 303099 expressing DsRed (M. loti 
DsRed) facilitating detection of the bacteria through their fluorescence signal in root hairs 
and nodules. The NIN minimal promoter did not mediate reporter gene expression at any 
stage of bacterial infection (Supplementary Figure 3E). Intriguingly, the earliest detectable 
GUS activity mediated by PACE:NINminpro:GUS was clearly restricted to a zone in the 
nodule primordia (panel I - II in Supplementary Figure 3D) that roughly correlated with 
the site of bacterial infection (indicated by a local accumulation of DsRed signal) and later 
expanded to the entire central tissue of the nodule (panel III in Supplementary Figure 3D). 
PACE-driven reporter expression was neither detected in root hairs harbouring ITs 
(Supplementary Figure 3G) nor in nodules in which cortical cells were filled with 
symbiosomes (panel IV in Supplementary Figure 3D). Importantly, PACE-mediated 
expression was distinct from that mediated by the LjNIN 3 kb promoter (NINpro) or the 
NINpro with PACE mutated or deleted (NINpro::mPACE and NINpro::∆PACE, respectively) 
that conferred reporter expression across the central tissue of the nodule (panels II - IV in 
Supplementary Figure 3A - C). We concluded based on these observations that the PACE-
mediated expression domain is temporally and spatially restricted and possibly 
accompanies the development of bacterial accommodation structures in the nodule. 
To further resolve this relationship between PACE driven gene expression and bacterial 
accommodation at the cellular level, we compared – simultaneously in the same tissue – 
the progression of bacterial infection with the expression pattern mediated by PACE fused 
to the NIN minimal promoter (PACE:NINmin) and by a NIN promoter with mutated PACE 
(NINpro::mPACE). A red and a yellow fluorescent protein (mCherry and YFP, respectively) 
targeted to the nucleus by fusion to a nuclear localization signal (NLS) were used as 
reporters. The resulting promoter:reporter fusions (PACE:NINminpro:NLS-mCherry and 
NINpro::mPACE:NLS-YFP) were placed in tandem on the same T-DNA allowing a nucleus-
by-nucleus comparison of their relative expression. This T-DNA construct was introduced 
into L. japonicus wild-type roots that were subsequently inoculated with M. loti R7A 
expressing the cyan fluorescent protein (CFP) to facilitate detection (Figure 3). In sections 
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Legend Figure 4: continued  

(D - E) Phenotype of nin-15 in the presence of a symbiosis-independent nitrogen source (15 mM KNO3) for 28 
days. (D) Pictures documenting the healthy status of L. japonicus WT and nin-15 plants (compare (D) and (A)) 
and (E) quantitative assessment of parameters displayed in boxplots. Thirty plants per genotype were analysed. 
Each dot represents one plant. Lateral root density: number of lateral roots/primary root length (cm). The 
applied statistical method was pairwise t-test: *p < 0.05; **p < 0.01; n.s.: not significant. (F) Segregation analysis 
of nin-15. The applied statistical method was ANOVA with post hoc Tukey: F3,120 = 84.1, p = 2x10-16. Different 
small letters indicate significant difference. (G) Representative pictures of nin-15 plants with hairy roots 
transformed with the NIN gene driven by the L. japonicus NIN minimal promoter (NINminpro) or the 3 kb NIN 
promoter (NINpro) 24 dpi with M. loti DsRed. WLI: white light illumination. The data presented in this figure 
were generated by Chloé Cathebras (C, E), Rosa Elena Andrade (A, B, F, G) and Xiaoyun Gong (D, E). 

 
Based on these clearly distinct and complementary reporter expression domains governed 
by PACE versus the remaining promoter, we concluded that 1) PACE directs NIN 
expression to a specific infection zone and that 2) the NIN promoter comprises cis-
regulatory elements that drive expression outside the PACE territory i.e. in root hairs 
(together with PACE), non-infected cortical cells and cells filled with symbiosomes. These 
additional cis-regulatory elements might be addressed by other transcription factors that 
have been reported to bind to this promoter (Hirsch et al., 2009; Xiao et al., 2020; Singh et 
al., 2014; Zhu et al., 2008). 
 

6.1.3. Mutational dissection of PACE reveals a quantitative impact of regions 
flanking the CYC-box on infection thread development 

 
To test the relevance and specific role of PACE in nodule and IT development, we 
performed complementation experiments using plants homozygous for the nin-2 or nin-15 
mutant alleles (Schauser et al., 1999). The nin-2 mutant allele harbours a frameshift 
mutation of the NIN gene, leading to a NIN loss-of-function phenotype, i.e. absence of both 
IT formation and nodule organogenesis (Schauser et al., 1999) while the nin-15 mutant allele 
carries a Lotus Retrotransposon 1 insertion within the NIN promoter 143 bp 3’ of PACE 
(Figure 4). We examined the restoration of bacterial infection 21 days after inoculation with 
M. loti DsRed by quantifying the number of root hairs harbouring ITs and the number of 
infected nodules (Figure 5). 
Nodule development in the legume Medicago truncatula is dependent on NIN expression 
mediated by a regulatory region containing several putative cytokinin responsive elements 
(CE) (Liu et al., 2019c). In L. japonicus, a similar CE region is positioned 45 kb upstream of 
the NIN transcriptional start site (Liu et al., 2019c). To enable transgenic complementation 
experiments, we synthetically fused a 1 kb or 5 kb region encompassing this distant CE to 
the 5’ end of a 3 kb NIN promoter. The NIN gene driven by these promoters 
(CE1kb:NINpro:NIN and CE5kb:NINpro:NIN) restored the formation of root hair ITs on 78% and 
95% and infected nodules on 40% and 88% of nin-2 transgenic root systems, respectively 
(Figure 5A, 6, 7 and 8; Supplementary Figure 4 and 5). Importantly, this complementation 
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The 29 bp long PACE sequence encompasses and extends beyond the previously identified 
Cyclops binding site (Figure 2). To dissect the specific contributions of the Cyclops binding 
site (CYC-box (Singh et al., 2014), “box”) and PACE sequences flanking the CYC-box 
(“flanking”) to PACE function, we mutated the box and the flanking region independently 
(CE:NINpro::mbox:NIN and CE:NINpro::mflanking:NIN, respectively). Mutation of the CYC-box 
abolished root hair ITs. Interestingly, mutation of the flanking sequences led to a 50% 
reduction of the number of transgenic root systems carrying infected nodules, while the 
formation of root hair ITs was not impaired (Figure 6, 7 and 8; Supplementary Figure 4 and 
5). This mutational dissection revealed two separable functions of PACE: while the PACE-
Cyclops connection is essential for IT development, the flanking sequences are positively 
regulating the infection of newly developed nodules and possibly act as binding sites for 
additional, yet undefined, transcription factors (Figure 2). The existence of transcription 
factors that act synergistically with Cyclops is in line with the original cyclops mutant 
phenotype description which called for the existence of CCaMK phosphorylation targets 
that can partially compensate for the loss of Cyclops in nodule development but not in 
infection (Yano et al., 2008). Our data suggest that PACE comprises synergistic binding sites 
for both Cyclops and cooperating transcription factors. 
PACE-mediated NIN expression defined an infection zone in the nodule cortex (Figure 3). 
To genetically separate the initiation of nodule development from IT formation and thereby 
enable a focussed analysis of the role of PACE in cortical IT formation, we utilised the nin-
15 mutant, which is impaired in IT formation but retains the capacity to form nodules. Most 
of these nodules were uninfected (92% and 86% plants carrying no root hair ITs and no 
infected nodules, respectively) and cortical cells filled with symbiosomes were never 
observed (Figure 4). This mutant therefore provided an ideal background to study the role 
of PACE in cortical IT formation, circumventing the negative epistatic effect of the inability 
of nin loss-of-function mutants to initiate cell divisions (Schauser et al., 1999; Yoro et al., 
2014; Clavijo et al., 2015; Vernié et al., 2015; Liu et al., 2019c) (Figure 5B – D, 9, 10 and 11). 
Transformation with the L. japonicus NIN gene driven by the NIN minimal promoter 
(NINminpro:NIN) did not alter the symbiotic phenotype of nin-15 roots (Figure 5B). In 
contrast, the NIN gene driven by the NIN promoter (NINpro:NIN) led to restoration of the 
complete infection process in nin-15 roots from root hair ITs to symbiosome formation 
(100% and 92% of transgenic root systems carried root hairs ITs and infected nodules, 
respectively; Figure 5B). Similar to observations in complementation experiments of nin-2, 
mutation or deletion of PACE (NINpro::mPACE:NIN and NINpro:: ∆PACE:NIN, respectively) 
drastically reduced the restoration of bacterial infection in root hairs and nodules in nin-15 
(Figure 3B; Figure 3 – figure supplement 2, 3, 4, 5, 6 and 7). 
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Figure 6: The CYC-box and flanking sequences of PACE are required for the full restoration of the bacterial 
infection process in the L. japonicus nin-2 mutant. (continuation of figure legend on the next page) 
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Legend Figure 6: continued 

nin-2 roots were transformed with T-DNAs carrying a Ubq10pro:NLS-GFP transformation marker in tandem with 
the LjNIN gene driven by either of the following promoter versions: the cytokinin element-containing region of 
1 kb (CE1kb) fused to the 3 kb or 9 kb LjNIN promoter (CE1kb:NINpro or CE1kb:NIN9kbpro, respectively); CE1kb:NINpro or 
CE1kb:NIN9kbpro with PACE mutated (CE1kb:NINpro::mPACE or CE1kb:NIN9kbpro::mPACE, respectively); CE1kb:NINpro 
carrying a mutated Cyclops binding site (CYC-box) (CE1kb:NINpro::mbox); CE1kb:NINpro carrying mutated sequences 
flanking the CYC-box in PACE (CE1kb:NINpro::mflanking); CE1kb fused to the LjNIN minimal promoter 
(CE1kb:NINminpro); CE1kb fused to PACE and to NINminpro (CE1kb:PACE:NINminpro); NINpro, PACE:NINminpro or 
NINminpro. (A) Representative overview pictures of transgenic root systems. Roots were analysed 21 dpi with 
M. loti DsRed. White asterisks and arrowheads: infected and non-infected nodules, respectively. Bars, 2 mm. (B 
- C) Boxplots displaying the number of root hair ITs or infected nodules and the percentage of root hair ITs 
among total infection events (sum of bacterial entrapments and ITs). Each dot represents one transgenic nin-2 
root system or root piece. L. japonicus WT roots transformed with NINpro:NIN or CE1kb:NINpro:NIN were included 
as controls. Note the loss of restoration of nodules and IT formation associated with the mutation of PACE or 
only the CYC-box in PACE; and the reduction of same when sequences flanking the CYC-box in PACE were 
mutated. n: number of transgenic root systems or root pieces analysed. Numbers above the boxplots: the value 
of individual data points outside of the plotting area. n.d.: not determined. WLI: white light illumination. The 
data presented in this figure were generated by Chloé Cathebras and Xiaoyun Gong. 
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Figure 7: The CYC-box and flanking sequences of PACE are required for the full restoration of the bacterial 
infection process but are dispensable for the nodule organogenesis process in the L. japonicus nin-2 mutant. 
(continuation of figure legend on the next page) 
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Legend Figure 7: continued 

nin-2 roots were transformed with T-DNAs carrying a Ubq10pro:NLS-GFP transformation marker in tandem with 
the LjNIN gene driven by either of the following promoter versions: the cytokinin element-containing region of 
5 kb (CE5kb) fused to the 3 kb LjNIN promoter (CE5kb:NINpro); CE5kb:NINpro with PACE mutated 
(CE5kb:NINpro::mPACE); CE5kb:NINpro carrying a mutated Cyclops binding site (CYC-box) (CE5kb:NINpro::mbox); 
CE5kb:NINpro carrying mutated sequences flanking the CYC-box in PACE (CE5kb:NINpro::mflanking); CE5kb fused to 
the LjNIN minimal promoter (CE5kb:NINminpro); CE5kb fused to PACE and to NINminpro (CE5kb:PACE:NINminpro) or 
NINpro. (A) Representative overview pictures of transgenic root systems. Roots were analysed 21 dpi with M. 
loti DsRed. White asterisks and arrowheads: infected and non-infected nodules, respectively. Bars, 2 mm. (B) 
Boxplots displaying the number of infected nodules, the percentage of infected nodules among total 
organogenesis events (sum of infected and non-infected nodules) and the number of organogenesis events. (C) 
Boxplots displaying the number of root hair ITs and the percentage of root hair ITs among total infection events 
(sum of bacterial entrapments and ITs). Each dot represents one transgenic nin-2 root system or root piece. L. 
japonicus WT roots transformed with NINpro:NIN or CE5kb:NINpro:NIN were included as controls. Note that the 
mutation of PACE or only the CYC-box in PACE led to an almost complete loss of IT formation and infected 
nodules per root system while nodule organogenesis was not significantly reduced; and that mutation of 
sequences flanking the CYC-box in PACE led to a reduction of the number of infected nodules per root systems. 
n: number of transgenic root systems or root pieces analysed. Numbers above the boxplots: the value of 
individual data points outside of the plotting area. n.a.: not applicable. WLI: white light illumination. The data 
presented in this figure were generated by Chloé Cathebras and Xiaoyun Gong. 
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Legend Figure 8: continued 

Pictures of nodule sections or roots from L. japonicus nin-2 roots 21 dpi with M. loti DsRed from the same 
experiments depicted in Figure 6 (A) and Figure 7 (B). Nodule sections from L. japonicus WT roots transformed 
with NINpro:NIN and CE5kbNINpro:NIN were included for comparison. Note that when the cytokinin element-
containing region of 1 kb was fused to NINpro nodule organogenesis was abolished by mutation of PACE or only 
the CYC-box in PACE and that these mutations did not abolish organogenesis when the cytokinin element-
containing region of 5 kb was fused to NINpro. Bars, 100 µm. 

 

6.1.4. PACEs from different nodulating FaFaCuRo species are functionally 
equivalent 

 
PACE was detected by MEME searches as a conserved motif within NIN promoters of the 
FaFaCuRo clade. However, the individual PACE sequences from different species differed 
from each other (Figure 2). We therefore tested whether and to what extend this sequence 
variation of PACE would affect its function. Replacement of PACE within the L. japonicus 
(Fabales) 3 kb NIN promoter with PACE sequence variants (NINpro::Species abbreviation 
PACE:NIN) originating from Casuarina glauca (Cg, Fagales), Datisca glomerata (Dg, 
Cucurbitales) or Dryas drummondii (Dd, Rosales) restored the complete infection process in 
nin-15 to similar level as NINpro:NIN, demonstrating the functional conservation of PACE 
from nodulating species across the entire FaFaCuRo clade (Figure 5C and 9). Similarly, the 
PACE versions from two non-nodulating Rosales that maintained the NIN gene, Ziziphus 
jujuba and Prunus persica, restored the complete infection process in nin-15 (Figure 5D and 
9). The results of these complementation experiments were consistent with the conserved 
expression pattern mediated by PACEs in L. japonicus (Supplementary Figure 6) and the 
CCaMK/Cyclops-mediated transactivation via these PACE variants (Supplementary Figure 
2A) or chimeric promoter:reporter fusions (Supplementary Figure 2B) tested in N. 
benthamiana leaves. 
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Figure 9: PACEs from FaFaCuRo species are functionally equivalent in restoring bacterial infection in the L. 
japonicus nin-15 mutant. L. japonicus nin-15 roots were transformed with T-DNAs carrying a Ubq10pro:NLS-GFP 
transformation marker  in tandem with the LjNIN gene driven by either of the following promoters: (A) the 3 
kb LjNIN promoter (NINpro), the LjNIN minimal promoter (NINminpro), the 3 kb LjNIN promoter with PACE 
deleted (NINpro::∆PACE) or mutated (NINpro::mPACE); (B) the 3 kb LjNIN promoter with LjPACE replaced with 
either of the PACE sequence variants from nodulating or non-nodulating FaFaCuRo species and analysed 21 
dpi with M. loti DsRed. (A - B) Representative overview pictures of nin-15 transgenic roots systems. Sections of 
representative nodules are displayed in Figure 4. Note the drastic reduction of restoration of infection in 
nodules and root hairs associated with the mutation or deletion of PACE as well as the replacement of PACE 
with JrPACE-like in the context of the LjNIN promoter. White asterisks and arrowheads: infected and non-
infected nodules, respectively. (C - E) Boxplots displaying c, the percentage of root hair ITs among total infection 
events (sum of bacterial entrapments and ITs) and (D - E) the number of infected nodules from two independent 
experiments. Each dot in (D - E) represents one nin-15 transgenic root system. (C) displays merged data from 
all experiments as the percentage represents a normalised value calculated for each root piece.  n: number of 
transgenic root systems or root pieces analysed. For species abbreviations see Supplementary Figure 1. The 
applied statistical method was ANOVA with post hoc Tukey: (C) F9,313 = 106.7, p < 2x10-16; (D) F6,346 = 82.89, p < 
2x10-16; (E) F4,135 = 20.18, p = 4.76x10-13. Different small letters indicate significant differences. Bars, 2 mm. WLI: 
white light illumination. The data presented in this figure were generated by Chloé Cathebras, Rosa Elena 
Andrade and Xiaoyun Gong. 

 

6.1.5. Loss of PACE is associated with a loss of nodulation 
 
Griesmann et al. (Griesmann et al., 2018) and van Velzen et al. (van Velzen et al., 2018) 
discovered that RNS was lost multiple times independently during evolution, via 
independent truncations or losses of the NIN gene. However, at least 10 out of 28 FaFaCuRo 
species that lost RNS have maintained a full-length NIN open reading frame (Table 1). 
Based on our complementation data, PACE is indispensable for the NIN promoter function 
in symbiosis (Figure 5, 6, 7, 8, and 9; Supplementary Figure 4 and 5). Therefore, the absence 
of PACE from 5 out of these 10 species (Table 1), is potentially sufficient to explain these 
losses of RNS. Consequently, at least 82% of all losses can now be attributed to either the 
NIN ORF (18/28, 64%) or loss of PACE (5/28, 18%) (Table 1). The presence of PACE in all 
nodulating species together with a correlation between the absence of PACE with the 
absence of RNS adds strong support for the evolutionary relevance of PACE both in the 
gain and potential loss of RNS. 
PACE was not detected in the promoters of NIN-like protein (NLP) genes (Jean Keller and 
Maximilian Griesmann, unpublished data) with the possible exception of the curious case 
of Juglans regia (Fagales). While it was also absent from the promoter of the so-annotated 
NIN gene, a PACE-like motif was identified in the promoter of the closest gene family 
member, NIN-like protein 1 JrNLP1b (JrPACE-like; Maximilian Griesmann, unpublished 
data). This PACE-like element was not able to restore IT formation in nin-15 (Figure 5D and 
9). Regardless of whether this exceptional presence/absence pattern of PACE may be caused 
by a miss-annotation of NIN and NLP1 in J. regia, either a loss-of-function mutation within 
PACE or a loss of the entire PACE element in the JrNIN promoter could explain the absence 
of the RNS observed in this species. 
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Table 1: Status of PACE and NIN in non-nodulating FaFaCuRo species. Species highlighted in grey: non-
nodulating FaFaCuRo species that possess a full length NIN open reading frame. 
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6.1.6. PACE is sufficient to restore cortical infection thread formation in nin-15 
 
We tested whether PACE on its own, only supported by the minimal NIN promoter 
(PACE:NINminpro) is sufficient to restore IT development in cortical cells. For this purpose, 
we transformed nin-15 roots with PACE:NINminpro fused to the transcribed region of the 
NIN gene. PACE-mediated NIN expression led to an increased success in restoration of 
infection (49% of transgenic root systems carried infected nodules) compared to 
NINminpro:NIN-transformed roots (17%; Figure 10A and 11). Root hair ITs were rarely 
observed on PACE:NINminpro:NIN-transformed nin-15 roots (Figure 10A) and infected 
nodules harbouring cortical cells filled with symbiosomes were never observed (Figure 11A 
- B), consistent with the restricted expression domain defined by PACE (Supplementary 
Figure 3). 
Strikingly, the vast majority of infected nodules transformed with PACE:NINminpro:NIN (25 
out of 28 nodules inspected) carried ITs in the outer cortex, originating from a focused 
hyperaccumulation of bacteria, locally constricted by root cell wall boundaries (Figure 
10A). This phenomenon was not observed in most of the rarely occurring infected nodules 
formed on NINminpro:NIN-transformed nin-15 roots (11 out of the 16 nodules inspected did 
not carry ITs in the outer cortex). Bacterial colonies within cell wall boundaries resembling 
this phenomenon have been described in a variety of legumes including Sesbania and 
Mimosa (D’Haeze et al., 1998; De Faria et al., 1988). Our data imply that PACE promotes this 
type of cortical IT initiation. Altogether, these findings revealed that PACE promotes IT 
development in cortex cells but not within root hairs. 
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Figure 10: PACE enables IT formation in the cortex. Representative pictures of nin-15 root hairs, root and 
nodule sections (see Figure 11 for overview pictures), transformed with the L. japonicus NIN gene driven by (A) 
NINminpro or PACE:NINminpro; (B) S. lycopersicum NIN promoter (SlNINpro) and SlNINpro with LjPACE or mPACE 
inserted. %: percentage of transgenic root systems carrying root hair ITs or infected nodules; Ratios: number of 
nodules showing the presented pattern / total number of nodules sectioned and inspected. (C) Boxplots 
displaying the percentage of root hair ITs and infected nodules per transgenic root system. n, number of 
transgenic root systems or root pieces analysed. The applied statistical method was Fisher’s exact test: **p<0.01; 
***p<0.001; n.s., not significant. Unlabelled scale bars, 100 µm. The quantification of the infection events 
presented in this figure were generated by Chloé Cathebras, Rosa Elena Andrade and Xiaoyun Gong. 

 

6.1.7. PACE insertion into the tomato NIN promoter confers RNS capability 
  
To artificially recapitulate the functional consequence of PACE acquisition into a non-
FaFaCuRo NIN promoter, we chose tomato (Solanum lycopersicum) which belongs to the 
Solanaceae, a family phylogenetically distant from the FaFaCuRo clade. Consistent with 
the absence of PACE, a GUS reporter gene driven by the tomato NIN promoter (SlNINpro) 
was not transactivated by Cyclops in N. benthamiana leaf cells (Figure 1 and Supplementary 
Figure 1B and 2C), while the insertion of the L. japonicus PACE (SlNINpro::PACE), but not of 
a mutated PACE (SlNINpro::mPACE) conferred transactivation by Cyclops (Supplementary 
Figure 2C). We tested the ability of the LjNIN expressed under the control of these synthetic 
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promoters to restore the bacterial infection process in nin-15. Similar to NINminpro:NIN-
transformed nin-15 roots, SlNINpro:NIN did not restore bacterial infection (0% and 7% of 
transgenic root systems carried root hair ITs and infected nodules, respectively; Figure 10A 
- C). In contrast, nin-15 roots transformed with SlNINpro::PACE:NIN restored the formation 
of root hair ITs and infected nodules on 36% and 26% of transgenic root systems, 
respectively (Figure 10B and 11). This increase in infection success was not observed on 
SlNINpro::mPACE:NIN-transformed roots. ITs in the outer cortex that originated from a focal 
accumulation of bacteria were also observed in the SlNINpro::PACE:NIN-transformed nin-15 
nodules (8 out of 14 nodules inspected; Figure 10B) resembling those in the 
PACE:NINminpro:NIN-transformed nin-15 nodules (Figure 10A). The gained ability of the 
SlNIN::PACE promoter to restore root hair ITs suggested that additional cis-regulatory 
elements within the SlNIN promoter function together with PACE for root hair IT 
formation. All together, these findings obtained with the tomato NIN promoter carrying an 
artificially inserted PACE agree with the hypothesis that the acquisition of PACE by a non-
FaFaCuRo NIN promoter enabled its regulation via Cyclops and laid the foundation for IT 
formation in cortical cells. 
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Figure 11: PACE alone or in the context of the S. lycopersicum NIN promoter (a species outside of the 
FaFaCuRo clade) enables IT formation in the cortex. (A - D) Representative pictures of sections of nodules 
formed on L. japonicus nin-15 roots transformed with T-DNAs carrying a Ubq10pro:NLS-GFP transformation 
marker together with the LjNIN gene driven by either of the following promoters: (A - B) the L. japonicus NIN 
minimal promoter (NINminpro) or PACE fused to NINminpro (PACE:NINminpro); (C - D) the 3 kb S. lycopersicum 
NIN promoter (SlNINpro), the 3 kb SlNIN promoter with mutated PACE (SlNINpro::mPACE) or with L. japonicus 
PACE inserted (SlNINpro::PACE), 21 dpi with M. loti DsRed (from the same experiments depicted in Figure 10). 
Black rectangles in (A) demarcate the enlarged area displayed in Figure 10A to focus on the initial infection 
structures. Note the absence of cells filled with symbiosomes in nodules transformed with the LjNIN gene 
driven by PACE:NINminpro or NINminpro. (continuation of figure legend on the next page) 
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Legend figure 11: continued 

By contrast, infected cells were often filled with symbiosomes in the SlNINpro::PACE:NIN-transformed nodules, 
like those resulted by NINpro:NIN (see (C) and compare the two sections in (D)). (E - F) Boxplots displaying the 
percentage of root hair ITs among total infection events (sum of bacterial entrapments and ITs) or the percentage 
of infected nodules among total number of nodules (E) 21 dpi and (F) 35 dpi with M. loti DsRed, respectively. 
Each dot represents one nin-15 transgenic root system or root piece. (E) displays results from an independent 
repetition from the experiment depicted in Figure 10. n: number of transgenic root systems or root pieces 
analysed. Numbers above the boxplots: the value of individual data points outside of the plotting area. The 
applied statistical method was Fisher’s exact test: *p < 0.05; ***p < 0.001; n.s.: not significant. Bars, (A and C) 100 
µm; (B and D) 50 µm. The data presented in this figure were generated by Chloé Cathebras (A - F), Rosa Elena 
Andrade (E - F) and Xiaoyun Gong (E - F). 
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Figure 12: Rhizophagus irregularis and Mesorhizobium loti impact root system architecture in L. japonicus. 
Violin plots represent the lateral root density and primary root length of L. japonicus WT plants inoculated for 
10 days with R. irregularis (A and B) or M. loti (C and D). Data were subjected to pairwise t-test: *p < 0.05; **p < 
0.01; ***p < 0.001. ns: not significant. n: number of plants analysed. Lateral root density: number of lateral 
roots/cm of primary root. 
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6.2. Lateral root formation is stimulated by deregulated versions of 
common symbiosis genes in Lotus japonicus and Dryas drummondii 
via the activation of NIN 

 

6.2.1. Arbuscular mycorrhiza and rhizobia impact root system architecture in 
Lotus japonicus 

 
The AM colonization process as well as treatment with LCO molecules produced by AM 
fungi and rhizobia were previously reported to induce changes in the root system 
architecture of the host plant (Oláh et al., 2005; Gutjahr et al., 2009a; Maillet et al., 2011; 
Gutjahr and Paszkowski, 2013). To confirm the effects of colonization by these symbionts 
on root architecture and examine the potential connections between symbioses signalling 
and the formation of LRs, we inoculated L. japonicus Gifu wild-type (WT) seedlings with 
the AM fungus Rhizophagus irregularis or the rhizobium Mesorhizobium loti MAFF 303099 7 
days after imbibition and counted the number of LRs 10 days post inoculation (dpi). We 
observed that the LR density (number of LRs per primary root length) was increased by 
approximately 145 % upon inoculation with AM (Figure 12A) and by 155 % upon 
inoculation with rhizobia (Figure 12B) in comparison to the mock treated roots (100 %). 
Moreover, primary root length was significantly reduced upon inoculation with M. loti 
while no significant changes were observed upon inoculation with R. irregularis (Figure 12B 
and D). Based on these results, we conclude that compatible AM fungi as well as rhizobia 
impact root system architecture in L. japonicus; while inoculation with AM fungi results in 
a significant increase in LR numbers, inoculation with rhizobia does not change the overall 
number of LRs significantly, but inhibits primary root growth likewise resulting in higher 
LR density. 
 

6.2.2. NIN is required for both AM fungi and rhizobia-mediated increase in lateral 
root density 

 
Roots of L. japonicus mutants affected in common symbiosis genes block rhizobia and AM 
colonization. We investigated whether the common symbiosis genes CCaMK and Cyclops, 
and their downstream target gene NIN are required for AM and rhizobia-mediated LR 
induction. To that end, we inoculated the ccamk-3, cyclops-3 and nin-2 mutants with R. 
irregularis or M. loti and analysed their root phenotype 10 dpi. Surprisingly, we observed 
that CCaMK, Cyclops and NIN were all required for the increase in LR density mediated by 
R. irregularis (Figure 13A). Similar to WT seedlings, no significant changes in the primary 
root length were observed in any of these mutants (Figure 12A and Supplemental Figure 
7A). We found that CCaMK, Cyclops and NIN were also required for the significant increase 
in LR density mediated by M. loti (Figure 13B). Interestingly, a significant reduction in the 
primary root length was still observed in all these mutants indicating that this root response 
is independent of the tested common symbiosis genes and NIN (Supplemental Figure 7B). 
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Taken together, these data indicate that CCaMK, Cyclops and NIN are required for both AM 
fungi- and rhizobia-mediated increase in LR density and reveal a function of NIN not 
specific to RNS. 
 

 
Figure 13: Rhizophagus irregularis and Mesorhizobium loti-mediated increase in lateral root density requires 
NIN. Violin plots represent the lateral root density of L. japonicus WT, ccamk-3, cyclops-3 and nin-2 plants 
inoculated for 10 days with R. irregularis (A) or M. loti (B). Data were subjected to pairwise t-test: *p < 0.05; **p < 
0.01; ***p < 0.001. ns: not significant. n: number of plants analysed. Lateral root density: number of lateral 
roots/cm of primary root. 
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To further investigate potential connections between symbioses signalling and LR 
formation, we developed a quantitative LR induction assay and studied the effect of 
spontaneous activation of the symbiotic program mediated by deregulated versions of 
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transformed with an empty vector control (EV) or ectopically expressing SymRK, CCaMK1-

0

1.0

2.0

3.0

36n = 2838 32 27 34 32 28

***

ns

ns

ns

cca
mk
-3

WT WT

cca
mk
-3

cyc
lop
s-3

cyc
lop
s-3

nin
-2

nin
-2

La
te

ra
l r

oo
t d

en
si

ty

Mock

R. irregularis

La
te

ra
l r

oo
t d

en
si

ty

0.5

1.0

1.5

2.0

**

ns

ns
ns

32n = 30 31 31 39 29 37 38

cca
mk
-3

WT WT

cca
mk
-3

cyc
lop
s-3

cyc
lop
s-3

nin
-2

nin
-2

Mock

M. loti

B

A



Results 

 53 

314, CCaMKT265D or CyclopsDD under the control of the L. japonicus Ubiquitin promoter (Ubqpro, 
(Maekawa et al., 2008)). All transgenic root systems expressed free GFP as a visual 
transformation marker. In order to standardize the assay, root tips of equal length were cut 
off and grown individually in liquid medium (Figure 14). Intriguingly, ectopic expression 
of SymRK or of deregulated versions of CCaMK or Cyclops significantly stimulated LR 
formation (Figure 15A). The overall increase of LR number was in the range of 175 % with 
Ubqpro:SymRK-mOrange and 210 % with Ubqpro:CCaMK1-314, Ubqpro:CCaMKT265D and 
Ubqpro:3xHA-CyclopsDD 10 days post transfer (dpt) to the liquid medium, in comparison to 
roots transformed with the EV (100 %). Additionally, the significantly higher numbers of 
LRs were maintained over a time course of 30 days and no significant changes in the 
percentage of LR induction were observed (Supplemental Figure 8). Likewise, roots 
ectopically expressing of a phosphoablative Cyclops mutant version in which S50 and S154 
were mutated to alanine (A) (Ubqpro:3xHA-CyclopsAA) displayed a similar number of LRs as 
roots transformed with the EV (Figure 16). Although root organ cultures retain the capacity 
to establish AM (Fortin et al., 2002; Keymer et al., 2017), none of the tested deregulated 
versions of symbiosis genes, which spontaneously activate root nodule organogenesis 
when expressed in roots of intact L. japonicus plants, were able to induce spontaneous 
nodules on any of the 2063 roots generated throughout the course of this study. This 
suggests that shoot-derived signals are required to permit spontaneous nodule 
development in L. japonicus (Raggio et al., 1957; Tsikou et al., 2018). 
 

 
Figure 14: Schematic illustration of the experimental setup for the cultivation of root organ liquid cultures. 
Primary root tips (1.5 cm) of 4 weeks old transformed L. japonicus roots were cut off and transferred to Petri 
dishes containing 18 ml of liquid modified Strullu-Romand (MSR) medium. Plates were sealed with micropore 
tape and placed at 22 °C in the dark. Emerged lateral roots were counted 10, 20 or 30 days post incubation. 

 

While over-abundance or ectopic expression of SymRK is responsible for spontaneous 
activation of symbiosis signalling (Ried et al., 2014), deregulated CCaMKT265I and CyclopsDD 
are both able to spontaneously trigger nodule organogenesis when expressed from their 
native promoters (Tirichine et al., 2006; Singh et al., 2014). To examine whether stimulation 
of LR formation mediated by CCaMKT265D or CyclopsDD requires expression from the L. 
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japonicus Ubiquitin promoter, we transformed L. japonicus WT roots with Cyclopspro:HA-
CyclopsDD or CCaMKpro:Myc-CCaMKT265D, and compared the effects on LR induction to those 
obtained with the Ubiquitin promoter-driven constructs. We observed that deregulated 
versions of CCaMK or Cyclops either controlled by their native promoters or the L. japonicus 
Ubiquitin promoter stimulate LR formation to the same extend (Figure 15B). Consistent with 
this result, the snf1-1 mutant that carries another deregulated version of CCaMK 
(CCaMKT265I; (Tirichine et al., 2006)) displayed a higher LR density and number of LRs than 
WT plants (Figure 17). Taken together, these results indicate that spontaneous activation of 
a symbiosis signalling pathway mediated by gain-of-function versions of SymRK, CCaMK 
or Cyclops results in the stimulation of the LR developmental program. 
 

 
Figure 15: Expression of deregulated versions of SymRK, CCaMK or Cyclops stimulates lateral root 
formation. Liquid cultures of L. japonicus WT roots transformed with the empty vector (EV), Ubqpro:SymRK-
mOrange (SymRK), Ubqpro:CCaMKT265D (CCaMKT265D), Ubqpro:CCaMK1-314 (CCaMK1-314), and Ubqpro:3xHA-CyclopsDD 

(CyclopsDD) (A), or with the empty vector (EV),  Ubqpro:CCaMKT265D (CCaMKT265D), CCaMKpro:Myc-CCaMKT265D 
(CCaMKpro:CCaMKT265D), Ubqpro:3xHA-CyclopsDD (CyclopsDD) and Cyclopspro:HA-CyclopsDD (Cyclopspro:CyclopsDD) 
(B) were generated. Violin plots represent the number of lateral roots per root system 10 dpt. Data were 
subjected to Kruskal-Wallis test followed by Dunn’s post-hoc analysis; p < 0.05. n: number of roots analysed. 
Numbers above Violin plots: the value of individual data points outside of the plotting area. 
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Figure 16: Expression of a phosphomimetic version of Cyclops but not its phosphoablative version 
stimulates lateral root formation. Liquid cultures of L. japonicus WT roots transformed with the empty vector 
(EV), Ubqpro:3xHA-CyclopsAA (CyclopsAA) or Ubqpro:3xHA-CyclopsDD (CyclopsDD) were generated. Violin plots 
represent the number of lateral roots per root system 10 dpt. Data were subjected to Kruskal-Wallis test followed 
by Dunn’s post-hoc analysis; p < 0.05. n: number of roots analysed. Numbers above Violin plots: the value of 
individual data points outside of the plotting area. 

 

 
Figure 17: Deregulation of CCaMK in the snf1-1 mutant stimulates lateral root formation. Violin plots 
represent the number of lateral roots (A), lateral root density (B) and primary root length (C) of 30 days old L. 
japonicus WT and snf1-1 plants. Data were subjected to pairwise t-test: *p < 0.05; **p < 0.01; ***p < 0.001. ns: not 
significant. n: number of plants analysed. Lateral root density: number of lateral roots/cm of primary root. 
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6.2.4. Auto-active CCaMK stimulates lateral root formation in the absence of 
Cyclops 

 
While Cyclops is indispensable for bacterial penetration, L. japonicus and M. truncatula 
cyclops mutants retain the ability to initiate cortical cell divisions leading to the formation 
of nodule primordia and fully developed nodules, respectively, upon rhizobial inoculation 
(Yano et al., 2008; Horváth et al., 2011; Ovchinnikova et al., 2011). Moreover, ectopic 
expression of SymRK or CCaMKT265D results in the development of full-sized spontaneous 
nodules in a cyclops mutant background, revealing genetic redundancy in the 
organogenesis pathway at the hierarchical level of Cyclops (Ried et al., 2014; Yano et al., 
2008). To elucidate whether Cyclops is also dispensable for the stimulation of LR formation 
mediated by auto-active CCaMK, we transformed roots of the cyclops-3 mutant with 
Ubqpro:CCaMKT265D and generated root organ cultures. Similar to WT roots expressing 
CCaMKT265D, we observed a significant increase in the number of LRs in cyclops-3 roots 
transformed with Ubqpro:CCaMKT265D in comparison to the EV-transformed roots (Figure 18). 
This indicates that CCaMKT265D-mediated activation of LR induction can be uncoupled from 
Cyclops. This finding, together with the observation that CyclopsDD alone is able to increase 
LR formation, highlights the relevance of redundant signalling components downstream of 
CCaMK at the hierarchical level of Cyclops. 
 

 
Figure 18: Stimulation of lateral root formation mediated by deregulated versions of either CCaMK or 
Cyclops is not dependent on Cyclops or CCaMK, respectively. Liquid cultures of L. japonicus WT, ccamk-3 and 
cyclops-3 roots transformed with the empty vector (EV), Ubqpro:CCaMKT265D (CCaMKT265D), or Ubqpro:3xHA-
CyclopsDD (CyclopsDD) were generated. Violin plots represent the number of lateral roots per root system 10 dpt. 
Data were subjected to Kruskal-Wallis test followed by Dunn’s post-hoc analysis; p < 0.05. n: number of roots 
analysed. Numbers above Violin plots: the value of individual data points outside of the plotting area. 
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6.2.5. Ectopic expression of NIN stimulates lateral root formation 
 
Ectopic expression of NIN was found to induce the formation of enlarged bumps and 
malformed LRs in the absence of a symbiont in L. japonicus (Soyano et al., 2013). Therefore, 
we asked whether ectopic expression of NIN could stimulate the formation of LRs in root 
organ cultures, which are unable to support spontaneous nodule development. Ten days 
post inoculation in liquid medium, we observed a significant increase in the number of LRs 
in WT roots transformed with both Ubqpro:Myc-CCaMKT265D and Ubqpro:Myc-NIN, in 
comparison to control roots transformed with the EV (Figure 19). Moreover, the non-
nodulating nin-2 mutant did not display any differences in LR density and primary root 
length in comparison to WT plants (Supplemental Figure 9). Taken together, these results 
demonstrate that ectopic expression of the transcriptional regulator NIN is sufficient to 
trigger the LR developmental program. Intriguingly, a subset of the roots ectopically 
expressing NIN overcurled and formed spirals (Figure 19B - C). This phenomenon was 
never observed with any of the other deregulated versions of the tested symbiosis genes 
and suggests a restrictive expression pattern dictated by the endogenous NIN promoter 
that does not allow root spiralling even in the presence of ectopically expressed NIN 
activators such as CyclopsDD. 
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Figure 19: Ectopic expression of NIN stimulates lateral root formation and results in overcurling. (A) Liquid 
cultures of L. japonicus WT roots transformed with the empty vector (EV), Ubqpro:Myc-CCaMKT265D (CCaMKT265D) 
or Ubqpro:Myc-NIN (NIN) were generated. Violin plots represent the number of lateral roots per root system 10 
dpt. Data were subjected to Kruskal-Wallis test followed by Dunn’s post-hoc analysis; p < 0.05. n: number of 
roots analysed. (B) Representative picture of a L. japonicus WT overcurling root transformed with Ubqpro:Myc-
NIN 20 dpt in the MSR liquid medium. Numbers: roots exhibiting overcurling/total roots analysed. (C) Pictures 
of root sections from L. japonicus WT transformed with the empty vector (EV) or with Ubqpro:Myc-NIN 10 dpt in 
MSR liquid medium. Note that the LRs formed on roots ectopically expressing NIN were anatomically similar 
to those observed on roots transformed with the empty vector. Bars, 100 µm. The picture presented in panel (B) 
was taken by Martina Katharina Ried. 
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6.2.6. NIN is required for lateral root formation stimulated by auto-active CCaMK 
 
So far, we could demonstrate that ectopic NIN expression results in the activation of the LR 
developmental program in root organ cultures and that NIN is required for AM fungi- or 
rhizobia-mediated increase in LR density in whole plants implicating the transcription 
factor in symbiosis as well as LR developmental signalling (Figure 13 and 19). Furthermore, 
NIN was found to be indispensable for auto-active CCaMK- and CyclopsDD-mediated 
spontaneous nodule formation (Marsh et al., 2007; Madsen et al., 2010; Singh et al., 2014). 
To examine whether NIN is also required for auto-active CCaMK-mediated stimulation of 
LR formation, we ectopically expressed CCaMK1-314 in the nin-2 mutant. In line with our 
previous observations, WT roots transformed with Ubqpro:Myc-CCaMK1-314 formed a 
significantly increased number of LRs in comparison to roots transformed with the EV or 
with Ubqpro:Myc-CCaMK. Intriguingly, ectopic expression of CCaMK1-314 in nin-2 roots led to 
a reduction of the number of LRs suggesting that NIN might counteract a repressor of LR 
formation implicated in the signalling pathway activated by CCaMK1-314 (Figure 20). Such 
repressor might by the NSP1/NSP2 complex because we observed that the nsp1-1 and nsp2-
2 mutants both formed significantly more LRs than the WT when transformed with the EV 
control (Figure 21) and no further increase was observed when either of the nsp1-1 or nsp2-
2 mutants were transformed with Ubq:CCaMK1-314 (Figure 21). Additionally, both nsp 
mutants displayed a higher LR density than WT plants (Supplemental Figure 10). Taken 
together, these results indicate that NIN is required for CCaMK1-314-mediated LR induction 
and suggest that the NSPs may act as repressors of LR development, and that the 
stimulation by their absence cannot be further increased by CCaMK1-314. 

 
Figure 20: Stimulation of lateral root formation mediated by ectopic expression of CCaMK1-314 requires NIN. 
Liquid cultures of L. japonicus WT and nin-2 roots transformed with the empty vector (EV), Ubqpro:Myc-CCaMK 

(CCaMK) or Ubqpro:Myc-CCaMK1-314 (CCaMK1-314) were generated. Violin plots represent the number of lateral 
roots per root system 10 dpt. Data were subjected to Kruskal-Wallis test followed by Dunn’s post-hoc analysis; 
p < 0.05. n, number of roots analysed. Number above Violin plots: the value of an individual data point outside 
of the plotting area. 
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Figure 21: Stimulation of lateral root formation mediated by ectopic expression of CCaMK1-314 requires NSP1 
and NSP2. Liquid cultures of L. japonicus WT, nsp1-1 and nsp2-2 roots transformed with the empty vector (EV) 
or Ubqpro:CCaMK1-314 (CCaMK1-314) were generated. Violin plots represent the number of lateral roots per root 
system 14 dpt. Data were subjected to pairwise t-test: *p < 0.05; **p < 0.01; ***p < 0.001. ns: not significant. n: 
number of roots analysed. 

 

6.2.7. Lateral root induction mediated by auto-active CCaMK is conserved in 
Dryas drummondii but not in Fragaria vesca 

 
RNS with nitrogen-fixing bacteria is confined to the FaFaCuRo clade in which the 
distribution of nodulating species is scattered (Soltis et al., 1995; Doyle, 2011). To examine 
whether the induction of LRs mediated by the activation of symbioses signalling is 
conserved among members of this clade, we tested the LR inducing capability of LjCCaMK1-

314 in the actinorhizal plant Dryas drummondii, which carries a NIN ortholog, and in Fragaria 
vesca, a non-nodulating member of the Rosales that lost a functional NIN gene (Griesmann 
et al., 2018). We generated composite plants with transgenic roots and observed a 
significant increase in the LR density of D. drummondii roots transformed with Ubqpro:Myc-
LjCCaMK1-314 in comparison to roots transformed with the EV or with Ubqpro:Myc-CCaMK 
(Figure 22A - C). By contrast, F. vesca roots ectopically expressing LjCCaMK1-314 did not 
display any increase in LR density in comparison to control roots (Figure 22D - F). Taken 
together, these results indicate that the induction of LRs mediated by CCaMK1-314 is not 
specific to legumes (Fabales) and are consistent with the idea that NIN is required to 
mediate this developmental response in FaFaCuRo member species. 
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Figure 22: Ectopic expression of LjCCaMK1-314 stimulates lateral root formation in Dryas drummondii but not 
in Fragaria vesca. D. drummondii (A - C) and F. vesca (D - F) composite plants transformed with the empty 
vector (EV), Ubqpro:Myc-LjCCaMK (CCaMK) or Ubqpro:Myc-LjCCaMK1-314 (CCaMK1-314) were generated. 
(continuation of figure legend on the next page) 
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Legend Figure 22: continued 

Violin plots represent the lateral root density (A and D), the number of lateral roots (B and E) and the primary 
root length (C and F) 65 days post Agrobacterium rhizogenes inoculation. Data were subjected to Kruskal-Wallis 
test followed by Dunn’s post-hoc analysis; p < 0.05. n: number of roots analysed. Lateral root density: number of 
lateral roots/cm of primary root. Number above Violin plots: the value of an individual data point outside of 
the plotting area. The data presented in this figure were generated by Chloé Cathebras and Aline Sandré. 
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7. Discussion 

7.1. Acquisition of PACE in the last common ancestor of the 
FaFaCuRo clade enabled the formation of infection threads in the root 
cortex 

 
The mechanistic connection between PACE and cortical IT formation together with their 
congruent phylogenetic distribution strongly support the idea that the acquisition of PACE 
by the latest common ancestor of the FaFaCuRo clade enabled cortical ITs and thus laid the 
foundation for the evolution of present day RNS. Our findings support an evolutionary 
model in which an ancestral symbiotic transcription factor complex (comprising CCaMK 
and Cyclops), that facilitated intracellular symbiosis with AM fungi already in the earliest 
land plants (Delaux et al., 2014, 2015), gained control over the transcriptional regulation of 
the NIN gene by the acquisition of PACE (Figure 2). This genetic innovation in the last 
common ancestor of the FaFaCuRo clade extended the function of the ancestral 
CCaMK/Cyclops complex to initiate cortical IT development. 

The NIN-like protein family underwent important evolutionary steps preceding the origin 
of RNS including a gene duplication leading to NIN and NLP1 as closest paralogs (Liu and 
Bisseling, 2020). It is very likely that the NIN protein itself underwent changes that enabled 
its role in nodulation (Soyano and Hayashi, 2014), but it is from a statistical point of view 
likely that the PACE acquisition and the NIN enabling mutations occurred independently 
from each other. Because our phylogenomic analysis places the acquisition of PACE to the 
latest ancestor of the FaFaCuRo clade we conclude that NIN enabling mutations occurred 
earlier and it will be interesting to determine what these critical changes were and where 
they occurred phylogenetically. NIN genes from FaFaCuRo member species were reported 
to cluster together in phylogeny analyses, suggesting that sequence adaptation of NIN was 
a crucial step during the evolution of RNS (Clavijo et al., 2015). Supporting this hypothesis, 
NIN from S. lycopersicum cannot restore IT formation in the L. japonicus nin-15 mutant (Rosa 
Elena Andrade, unpublished data) and MtNLP1, the closest M. truncatula NIN paralogue, 
neither restores ITs nor nodule formation in Mtnin-1 (Liu and Bisseling, 2020). Although 
the loss of nitrate responsiveness of NIN was proposed as one of the evolutionary events 
necessary for the emergence of RNS, these critical amino acid changes within NIN that 
permitted its role in the establishment of RNS have not been identified so far (Suzuki et al., 
2013; Liu and Bisseling, 2020). 
A “young” primary cell wall characteristic for recently divided cells is considered an 
important prerequisite for cortical IT initiation (Parniske, 2018; Geurts et al., 2016) but cell 
division is not restricted to the formation of novel organs (Murray et al., 2007). It is therefore 
conceptually possible that the common ancestor of the FaFaCuRo clade was forming ITs in 
recently divided cortical cells but in the absence of root nodules. Multiple lines of evidence 
indicate that the diverse types of lateral organs harbouring nitrogen-fixing bacteria 
(“nodules”) evolved multiple times independently. Indeed, CE-mediated NIN expression 
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is important for nodule organogenesis in legumes, but upon searching for this regulatory 
element in a region of 0.1 Mb upstream and downstream of the NIN gene, Liu and 
colleagues (Liu et al., 2019c) found its presence to be restricted to legume species, indicating 
an evolutionary emergence independently of and significantly later than the last common 
ancestor (Liu et al., 2019c; Liu and Bisseling, 2020). ITs in root hairs are only found in 
Fabales and Fagales and therefore also considered a more recent acquisition (Parniske, 2018; 
Madsen et al., 2010). CE only in combination with PACE facilitates root hair ITs (Figure 6, 7 
and 8; Supplementary Figure 4 and 5) and additional elements in the 3 kb promoter are 
necessary for nodule and cortical IT development (Figure 6, 7, 8 and 23; Supplementary 
Figure 4 and 5). These observations highlight the enormous complexity of concerted 
activity of cis-elements and transcription factors underlying the spatiotemporal expression 
control by present day NIN promoters in RNS-competent species (Figure 23). 
Altogether, our data pinpoint the acquisition of PACE as a key event during the evolution 
of nodulation. Together with the discovery that multiple independent losses of PACE 
(Table 1) are associated with multiple losses of RNS within the FaFaCuRo clade (Griesmann 
et al., 2018), our data underpin the essential position of PACE in the evolutionary gain and 
loss of RNS. 
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Figure 23: Cis-regulatory regions controlling NIN expression and enabling rhizobia infection and nodule 
development in L. japonicus. (A) Schematic representation of the L. japonicus NIN promoter and cis-regulatory 
regions that control NIN expression and enable rhizobia infection and nodule development. CE1kb and CE5kb 
regions encompass several putative cytokinin response elements (Liu et al., 2019c). Region1 encompasses PACE 
as well as the NSP1 and IPN2 binding sites (Hirsch et al., 2009; Xiao et al., 2020). Numbers indicate the number 
of bases from the transcriptional start site (TSS). (B – F) Schematic illustrations of the early stages of rhizobia 
infection and nodule primordium formation in L. japonicus WT roots. The highlighted cis-regulatory regions 
and/or cis-regulatory element driving NIN expression below each stage were found to be sufficient to enable 
the corresponding process. (B) NIN is not required for root hair curling and bacteria entrapment. (C) Region1 
driving NIN expression is sufficient for IT formation within root hairs. Redundantly, CE1kb in combination with 
PACE driving NIN expression is sufficient for IT formation within root hairs. This suggests the presence of 
redundant cis-regulatory element(s) within Region1 and CE1kb that, in combination with PACE, enable(s) root 
hair IT development. (D) PACE driving NIN expression is sufficient for IT formation in the cortex. (E) CE5kb in 
combination with Region1 driving NIN expression induces cell divisions (blue stars) leading to nodule 
primordium formation upon rhizobia inoculation. PACE is not required for this process. (F) PACE driving NIN 
expression is sufficient for ITs ramification and release of bacteria within cells upon nodule development. TSS, 
transcriptional start site. The drawings in this figure are based on microscopy pictures of semithin transversal 
sections of L. japonicus WT roots published by van Spronsen et al. (2001).  
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7.2. Activation of NIN induces the formation of lateral roots 
 

7.2.1. Components of the common symbiosis pathway trigger lateral root 
development via the activation of NIN 

 
We report a novel regulatory role of the CCaMK/Cyclops complex on the development of 
LRs via the activation of NIN (Figure 24). We established a LR induction assay and took 
advantage of deregulated versions of common symbiosis genes conferring spontaneous 
activation of symbiosis signalling and nodule development, to study their effect on the 
formation of LRs in L. japonicus (Figure 14). Root organ cultures are unable to support 
normal and spontaneous nodulation ((Raggio et al., 1957; Tsikou et al., 2018); this study), 
therefore providing a unique system in which nodule organogenesis and LR signalling 
pathways are uncoupled from each other. We demonstrated that LR formation is 
stimulated by ectopic expression of SymRK, CCaMK1-314, CCaMKT265D and CyclopsDD in L. 
japonicus (Figure 15A and 16; Supplementary Figure 8). A major function of SymRK in 
symbiosis is the activation of CCaMK, probably through the calcium-spiking machinery 
(Hayashi et al., 2010; Madsen et al., 2010). The complex formed by CCaMK and Cyclops 
transactivates the NIN promoter via direct binding of Cyclops to a palindromic sequence 
encompassed within the cis-regulatory element PACE and this transcriptional activation 
cascade was proposed to enable bacterial uptake by plant cells through the formation of 
cortical ITs ((Singh et al., 2014); this study). In the model emerging from our data, the 
expression of NIN driven by CCaMK/Cyclops appears to be additionally involved in the 
activation of the LR developmental program (Figure 24). 
We observed that CCaMKT265D and CyclopsDD were both able to stimulate LR formation 
when expressed under their native promoter in absence of external stimuli (Figure 15B), 
therefore supporting the idea that the LR induction pathway mediated by CCaMK/Cyclops 
is initiated at the very early stages of the plant-fungi and rhizobium interactions. These data 
are in line with the observation that the NF- and MF-mediated activation of CCaMK are 
both sufficient to induce the formation of LRs in M. truncatula (Oláh et al., 2005; Maillet et 
al., 2011). 
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Figure 24: A model for lateral root induction by common symbiosis genes. Upon ectopic expression, SymRK 
stimulates the formation of LRs probably through the activation of the calcium spiking machinery. Within the 
nucleus, calcium spiking is conceptually decoded by CCaMK whose auto-active versions induce the formation 
of LRs through the activation of Cyclops or (an) unknown factor(s) (Factor X), that in turn transactivate the NIN 
promoter through identical or distinct response elements (CYC-RE and X-RE, respectively). NIN appears to be 
essential to mediate this developmental response and induces LR formation upon ectopic expression. In 
addition, NSP1 and NSP2 are required for LR induction mediated by auto-active CCaMK and were reported to 
bind to the NIN promoter as a complex (Hirsch et al., 2009). Furthermore, cytokinin accumulation in the inner 
root cell layers was reported to induce the activation of NIN through cytokinin response elements (Ck-RE) (Liu 
et al., 2019c) and might, together with CCaMK’s targets and the NSPs, contribute to dictate the precise 
expression of this gene to trigger the LR developmental program. PM: plasma membrane. 

 

7.2.2. Genetic redundancy in the lateral root signalling pathway mediated by auto-
active CCaMK 

 
We observed that CCaMKT265D was able to stimulate LR formation in the absence of Cyclops 
revealing genetic redundancy in the LR signalling pathway at the hierarchical level of 
Cyclops (Figure 18 and 23). This Cyclops-independent pathway might proceed via additional 
CCaMK phosphorylation target(s) yet to be identified, a hypothesis previously put forward 
by Yano et al. (Yano et al., 2008) for the CCaMKT265D-triggered nodule organogenesis in 
cyclops mutant. Several proteins have been identified to interact and be phosphorylated by 
CCaMK such as STF3, CIP73, NAC73 and PP45, and play a role in nodulation or abscisic 
acid signalling, however, their putative role in LR formation has not been reported yet 
(Kang et al., 2011; Zhu et al., 2016; Ni et al., 2019; Wang et al., 2021). The identification of 
interaction partner(s) and/or phosphorylation target(s) of CCaMK that mediate these 
developmental responses independently of Cyclops would open new avenues in our 
understanding of the connections between nodule organogenesis, LR and abscisic acid 
signalling (Bensmihen, 2015; Harris, 2015). 
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7.2.3. NIN orchestrates nodule organogenesis and lateral root formation 
 
NIN is an essential component of the nodule organogenesis signalling pathway (Schauser 
et al., 1999; Marsh et al., 2007; Madsen et al., 2010; Singh et al., 2014) and its ectopic 
expression induces cortical cell division leading to the formation of enlarged bumps and 
malformed LRs in the absence of rhizobia (Soyano et al., 2013). These observations suggest 
that the specificity between the two programs, leading to nodule organogenesis or LR 
development, arises from a signal that occurs upstream of NIN. This might be achieved by 
distinct cis-regulatory elements within the NIN promoter which dictate the precise 
expression pattern of this transcription factor (Figure 24; (Yoro et al., 2014; Liu et al., 2019c)). 
In root organ culture, the ectopic expression of NIN led to a significant increase in LRs that 
were anatomically similar to those observed on roots transformed with an EV (Figure 19). 
These observations provide additional support for a model first proposed by Soyano and 
Hayashi (Soyano and Hayashi, 2014) in which NIN recruited the LR developmental 
program by targeting regulatory regions of downstream genes such as ASL18/LBD16 to 
evolve root nodules ((Schiessl et al., 2019; Soyano et al., 2019, 2021); Figure 24). In addition, 
we observed that a subset of roots ectopically expressing NIN overcurled (Figure 19B), a 
phenomenon also reported in M. truncatula roots ectopically expressing LBD16 (Schiessl et 
al., 2019). Root coiling phenotype is linked to defect in auxin transport (Taylor et al., 2021). 
It is therefore possible that the deregulation of NIN expression imposes an asymmetric 
auxin distribution in the roots growing on horizontally placed plates through the activation 
of ASL18/LBD16 and/or additional unknown targets. 
We found that the formation of LRs is repressed in the nin-2 mutant ectopically expressing 
CCaMK1-314 (Figure 20) which led us to the hypothesis that NIN might counteract one or 
multiple repressor(s) of LR formation implicated in the signalling pathway activated by 
CCaMK1-314. Although the NSP1/NSP2 complex was reported to binds to the NIN promoter 
((Hirsch et al., 2009); Figure 24), both NSPs were positioned downstream of NIN or in an 
alternative pathway in the CyclopsDD-mediated activation of the nodule organogenesis 
signalling (Singh et al., 2014; Limpens and Bisseling, 2014). It is therefore possible that in 
the CCaMK1-314-mediated LR induction pathway, NIN regulates the activity of both NSPs 
(Figure 21), which, in addition, appear to also repress the formation of LRs under non-
symbiotic conditions (Figure 21; Supplementary Figure 10). 
 

7.2.4. The evolution of the NIN regulon 
 
Recent studies revealed that the scattered distribution of nodulating species among the 
FaFaCuRo clade is a consequence of multiple independent losses or fragmentations of NIN 
and RPG (Arrighi et al., 2008) in plant lineages (Griesmann et al., 2018; van Velzen et al., 
2018). We observed that ectopic expression of LjCCaMK1-314 enhanced the formation of LRs 
in the nodulating species D. drummondii but not in the non-nodulating species F. vesca 
which has lost NIN (Figure 22; (Griesmann et al., 2018)). It is therefore tempting to speculate 
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that NIN is required to mediate this developmental response in FaFaCuRo member species. 
The recruitment of the LR developmental program by NIN was suggested by the 
identification of NIN-targeted cis-elements within ASL18/LBD16 introns, however these 
binding sites are only present in legume species (Soyano et al., 2019). Our data suggest that 
the co-option of the LR program by NIN extends beyond this order. The NIN regulon might 
have differentially evolved among nodulating species and this might partially reflect the 
diversity observed in nodule structures (Sprent, 2007; Pawlowski and Demchenko, 2012; 
Svistoonoff et al., 2014). 
NIN is present in species outside of the FaFaCuRo clade (Clavijo et al., 2015; Griesmann et 
al., 2018; Liu and Bisseling, 2020), however, it is only known to have RNS-specific functions 
although a possible role in AM fungal colonization in M. truncatula was reported (Guillotin 
et al., 2016) but contradicted by a recent study (Kumar et al., 2020). Here we observed that 
NIN is necessary for both AM and rhizobia-mediated LR increase thus revealing a new role 
of this gene not specific to RNS (Figure 13; Supplementary Figure 7). These data indicate 
that NIN might not only employ the LR program for nodule organogenesis, but also 
activate the LR program in a symbiotic context. In future studies, it will be interesting to 
investigate whether the role of NIN in the AM and auto-active CCaMK-mediated LR 
induction in conserved among non-FaFaCuRo species such as tomato. This might provide 
new insights into the evolution of the NIN regulon, which was hypothesised to be one of 
the drivers of the evolution of the RNS in the FaFaCuRo clade (Soyano and Hayashi, 2014). 
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8. Materials and Methods 

8.1. Plant material, bacterial and fungal strains 
 
Lotus japonicus ecotype Gifu B-129 wild-type (WT) (Handberg and Stougaard, 1992), ccamk-
3, cyclops-3, nin-2, nsp1-1, nsp2-2, snf1-1 (Perry et al., 2009) and nin-15 (LORE1 line 30003529 
(Małolepszy et al., 2016)) were used in this thesis. The nin-15 mutant was genotyped to 
select plant homozygous for the LORE1 insertions by Rosa Elena Andrade. Seed bags are 
listed in Supplementary Table 1. Seeds from Dryas drummondii (DA462) were purchased 
from the seed producer Jelitto (Jelitto Staudensamen GmbH). Seeds from Fragaria vesca 
were obtained from the Greenhouse Laboratory Center Dürnast (GHL) of the Technical 
University of Munich (TUM). Agrobacterium rhizogenes strain AR1193 (Stougaard et al., 
1987) was use to transformed roots of L. japonicus, D. drummondii and F. vesca. Mezorhizobium 
loti MAFF 303099, M. loti R7A and Rhizophagus irregularis DAOM197118 spores (Symplanta) 
were used to inoculate L. japonicus or chive roots when stated. 
 

8.2. Cultivation of chive and inoculation with AM spores 
 
Spores from the AM fungus R. irregularis were used to inoculate L. japonicus roots in a chive 
nurse plant system. Chive seeds were surface-sterilized with 1.2 % NaClO for 2 min, rinsed 
5 times with sterile deionized water and germinated in open pots (7´7´8 cm) containing R. 
irregularis spores and 200 ml of sand:vermiculite mixture (2:1). Briefly, 5000 spores were 
resuspended in 10 ml of a modified ¼ Hoagland’s medium ((Hoagland and Arnon, 1938) 
0.1 mM KH2PO4; 1.5 mM KNO3; 2 mM MgSO4·7H2O; 2 mM K2SO4; 2.5 mM CaSO4·2H2O; 
12.5 µM Fe-EDDHA; 10 µM FeSO4·7H2O; 11 µM Na2EDTA; 46.2 µM H3BO3; 9.14 µM 
MnCl2·4H2O; 0.77 µM ZnSO4·7H2O; 0.32 µM CuSO4·5H2O; 0.1 µM Na2MoO4·2H2O; 0.1 µM 
CoCl2·6H2O; pH 5.8; hereafter referred to as Hoagland’s medium) and added to each pots 
containing 150 ml of sand:vermiculite mixture before being covered with an additional 50 
ml of sand:vermiculite mixture. Fifty surface-sterilized chive seeds were germinated per 
pots and watered immediately with 20 ml of Hoagland’s medium. The next day, seeds were 
watered with 10 ml of Hoagland’s medium, followed by 3 times per week with 20 ml of 
Hoagland’s medium for 4 weeks. Chive plants were then transferred to new open pots 
(7´7´8 cm) containing 200 ml of sand:vermiculite mixture (2:1) (2 plants per pot) and 
watered 3 times per week with 20 ml of Hoagland’s medium for 4 additional weeks before 
being harvested to inoculate L. japonicus roots. 
 

8.3. Cultivation of bacterial strains 
 
The bacterial strains M. loti MAFF 303099 (M. loti), M. loti MAFF 303099 constitutively 
expressing the Discosoma sp. red fluorescent protein (M. loti DsRed, (Maekawa et al., 2009)) 
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and M. loti R7A constitutively expressing the cyan fluorescent protein (M. loti CFP, kindly 
provided by David Chiasson, Saint Mary’s University, Canada) were used to inoculate L. 
japonicus roots. Strains were grown in Tryptone yeast extract liquid medium (Beringer, 
1974) supplemented with the appropriate antibiotics. Bacterial liquid cultures were 
incubated at 28 °C for about 16 to 20 h under agitation (180 rpm) and bacteria were collected 
by centrifugation and washed twice with a nitrogen-reduced FAB medium (500 µM 
MgSO4·7H2O; 250 µM KH2PO4; 250 µM KCl; 250 µM CaCl2·2H2O; 100 µM KNO3; 25 µM Fe-
EDDHA; 50 µM H3BO3; 25 µM MnSO4·H2O; 10 µM ZnSO4·7H2O; 0.5 µM Na2MoO4·2H2O; 
0.2 µM CuSO4·5H2O; 0.2 µM CoCl2·6H2O; pH 5.7) and resuspended in the same medium. 
 

8.4. Lotus japonicus growth conditions, symbiotic inoculations and 
root organ liquid cultures 

 
L. japonicus seeds were scarified and surface-sterilized as described (Gossmann et al., 2012) 
before germination on ½ Gamborg's B5 medium ((Gamborg et al., 1968) Figure 3 – 11; 
Supplementary Figure 3 - 6) or deionized water (Figure 12 – 21; Supplementary Figure 7 - 
10) solidified with 0.8 % Bacto™ agar in square plates (12 x 12 x 1.7 cm). Plates were kept 
in dark for three days before transferring to light condition in a Panasonic growth cabinet 
(MLR-352H-PE) at 24 °C under a 16 h/8 h light/dark regime (50 µmol·m-2·s-1). Six-days-old 
seedlings were (1) subject to hairy root transformation as described (Charpentier et al., 2008) 
(Figure 3, 4, 5, 6, 7, 8, 9, 10, 11, 15, 16, 18, 19, 20, 21 and Supplementary Figure 3, 4, 5, 6 and 
8); or (2) transferred to Weck jars (SKU 745 or 743; J.Weck GmbH u. Co. KG) containing 300 
ml of sand:vermiculite mixture (2:1) and 20 ml of nitrogen-reduced FAB medium 
containing M. loti DsRed (OD600 = 0.01) (Figure 4C). 
For in vivo promoter expression analysis (Figure 3), transgenic roots expressing a 
kanamycin-resistance gene were kept on square plates supplemented with kanamycin (25 
µg/ml) 10 days after A. rhizogenes inoculation. Plants with transformed roots were kept 
nitrogen-reduced FAB medium solidified with 0.8 % Bacto™ agar in square plates for 1 
week before transferring to a growth chamber at 24 °C under a 16 h/8 h light/dark regime 
(275 µmol·m-2·s-1) in Weck jars (SKU 745 or 743) containing 300 ml of sand:vermiculite 
mixture (2:1) and 30 ml of nitrogen-reduced FAB medium containing M. loti DsRed (Figure 
4, 5, 6, 7, 8, 9, 10, 11) or M. loti R7A CFP (Figure 3) set to a final optical density at 600 nm 
(OD600) of 0.05. For Supplementary Figure 3 and 6, plants were grown in Weck jars (SKU 
745 or 743) containing 300 ml of sand:vermiculite mixture (2:1) and 60 ml of nitrogen-
reduced FAB medium containing M. loti DsRed or MAFF 303099 lacZ (M. loti lacZ) (OD600 = 
0.01). 
For root organ liquid cultures, plants with emerging transformed roots were transferred to 
Fåhraeus medium (0.9 mM CaCl2; 0.5 mM MgSO4·7H2O; 0.73 mM KH2PO4; 1.05 mM 
Na2HPO4; 20.4 µM C6H5FeO7; 48.5 µM H3BO3; 10 µM MnSO4·4H2O; 1 µM ZnSO4·7H2O; 0.5 
µM CuSO4·5H2O; 0.5 µM CoCl2; 1 µM NaMoO4·2H2O; pH 6.5; hereafter referred to as FP 
medium) supplemented with 0.1 µM of the ethylene biosynthesis inhibitor L-α-(2-
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aminoethoxyvinyl)-glycine and solidified with 1 % agar (Kalys, cat. no. HP696) in square 
plates two weeks post A. rhizogenes inoculation and kept on FP plates for two additional 
weeks. Primary root tips of 1.5 cm length were cut off and transferred to round Petri dishes 
(8.5 cm diameter) sealed with micropore tape (3MTM Health Care, cat. no. 1530-0) containing 
18 ml of modified Strullu-Romand liquid medium ((Declerck et al., 1998); 0.73 mM 
Ca(NO3)2; 0.50 mM CaSO4; 3 mM MgSO4·7H2O; 0.87 mM KCl; 30.13 µM KH2PO4; 2.03 mM 
NaFe-EDTA; 10.98 µM MnSO4·4H2O; 0.97 µM ZnSO4·7H2O; 29.92 µM H3BO3; 0.88 µM 
CuSO4·5H2O; 10.71 nM N2MoO4·2H2O; 27.51 nM (NH4)6Mo7O24·4H2O; 4.11 mM C9H17NO5; 
4.09 nM C10H16N2O3S; 8.12 µM C6H5NO2; 5.32 µM C8H11NO3; 3.77 µM C12H17N4OS; 0.30 µM 
C63H89CoN14O14P; 29.21 mM C12H22O11; hereafter referred to as MSR medium) and grown at 
22 °C in the dark (Figure 15, 16, 18, 19, 20 and 21; Supplementary Figure 8). Number of 
emerged LRs were scored every 10 days post transfer (dpt) to MSR medium. Sectioning 
was performed on transformed roots 10 dpt to MSR medium (Figure 19C). Roots were 
embedded in 6% low-melting agarose and sliced into 50 µm thick sections using a 
vibrating-blade microtome (Leica VT1000 S). 
 

8.5. Phenotypic analysis and quantification of infection events 
 
Infected and non-infected nodules were discriminated by the presence and absence of a 
DsRed signal (representing M. loti DsRed) detected or not detected inside of the nodules, 
respectively. Presence or absence of bacteria was later confirmed by examination of sections 
of representative nodules. Infection threads (ITs) and M. loti entrapments in root hairs were 
detected by their DsRed fluorescence (for microscope settings see Supplementary Table 2). 
For phenotypic analysis of nin-15 (Figure 4), quantification was performed 21 days after 
inoculation (dpi) with M. loti DsRed as follows: (1) the total number of nodules (including 
infected and non-infected) was determined under white light illumination (WLI); (2) the 
number of infected nodules and root hair ITs were counted as described above. 
For complementation experiments of nin-2 and nin-15 (Figure 5, 6, 7, 8, 9, 10 and 11; 
Supplementary Figure 4 and 5), quantifications and sectioning were performed 21 or 35 dpi 
with M. loti DsRed with the microscope settings listed in Supplementary Table 2 in the 
following order: (1) transgenic roots were identified by GFP fluorescence-emanating nuclei 
with a GFP filter; (2) infected nodules were counted as described above; (3) the total number 
of nodules (including infected and non-infected ones) was then determined under WLI; (4) 
the number of non-infected nodules was calculated by subtracting the number of infected 
nodules from the total number of nodules. To quantify infection events in root hairs, the 
number of bacterial entrapment and ITs in root hairs were counted on a 0.5 cm root piece 
for each transgenic root system, excised from a region where bacterial accumulation was 
detected by DsRed fluorescence. Sectioning was performed on non-infected and infected 
nodules and the presence/absence of ITs and symbiosomes in cortical cells was examined. 
Nodule primordia and nodules were embedded in 6% low-melting agarose and sliced into 
40 - 50 µm thick sections using a vibrating-blade microtome (Leica VT1000 S). 
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8.6. Phenotypic analysis and quantification of primary root length 
and lateral root numbers under sterile conditions and symbiotic 
treatments 

 
For phenotypic analyses, 7 days old seedlings were treated in the following ways: 
(1) Lateral root number, primary root length and shoot dry weight under sterile conditions  
Seedlings were transferred to sterile Weck jars (SKU 745, J.WECK GmbH u. Co. KG) 
containing 300 ml of dry sand:vermiculite mixture (2:1) and 20 ml of Hoagland’s medium 
(1.5 mM KNO3; pH 5.8) (Figure 4E and 17; Supplementary Figures 9 and 10). Weck jars were 
placed in a growth chamber at 24 °C under a 16 h/8 h light/dark regime (275 µmol.m-2.s-1). 
Seedlings were harvested 28 days (Figure 4E) or 30 days (Figure 17; Supplementary Figures 
9 and 10) post germination and scanned at 800 dots per inch with a scanner (Epson V700). 
Emerged LRs were scored and the primary root length was measured for each plant with 
the ImageJ software (https://fiji.sc). Shoot dry weight was measured after drying the shoot 
at 60 °C for 1 h (Figure 4E). 
(2) Lateral root number and primary root length upon rhizobia inoculation 
Seedlings were transferred to open pots (7´7´8 cm) containing 200 ml of sand:vermiculite 
mixture (2:1) and watered with 40 ml of nitrogen-reduced FAB medium either without 
(mock treatment), or with M. loti MAFF 303099 set to a final OD600 of 0.05 (M. loti treatment) 
immediately after transfer to pots, followed by 20 ml of nitrogen -reduced FAB medium 
every 2 days (Figures 12 and 13; Supplementary Figure 7). Open pots were placed in a 
growth chamber at 24 °C under a 16 h/8 h light/dark regime (275 µmol.m-2.s-1). Plants were 
harvested 10 days post inoculation and scanned at 800 dots per inch with a scanner (Epson 
V700). Emerged LRs were scored and the primary root length was measured for each plant 
with ImageJ. 
(3) Lateral root number and primary root length upon AM inoculation 
Seedlings were transferred to open pots (7´7´8 cm) containing 200 ml of sand:vermiculite 
mixture (2:1) and either 0.5 g of non-inoculated chive root pieces (mock treatment) or 0.5 g 
of chive root pieces inoculated with R. irregularis for 8 weeks (R. irregularis treatment) 
(Figures 12 and 13; Supplementary Figure 7). Seedlings were watered with 40 ml of 
Hoagland’s medium (9 mM KNO3; pH 5.8) immediately after transfer to pots, followed by 
20 ml of Hoagland’s medium (9 mM KNO3; pH 5.8) every 2 days. Open pots were placed 
in a growth chamber at 24 °C under a 16 h/8 h light/dark regime (178 µmol.m-2.s-1). Plants 
were harvested 10 days post treatment and scanned at 800 dots per inch with a scanner 
(Epson V700). Emerged LRs were scored and the primary root length was measured for 
each plant with ImageJ. 
 

8.7. Promoter activity analysis 
 
For promoter activity analyses with fluorescent reporters (Figure 3), transgenic root 
systems were harvested 10 - 14 dpi. Nodule primordia with bacterial infection at stage 3 or 



Materials and Methods 

 75 

4 (see section 6.1.2 for stage description) were selected by locating the CFP signal (M. loti 
R7A CFP) via rapid (around 10 seconds) Z-stack analysis with the confocal light scanning 
microscope (Supplementary Table 2). Nodule primordia were embedded in 6% low-
melting agarose, sliced into 40 - 50 µm thick sections using a vibrating-blade microtome 
(Leica VT1000 S) and imaged as described in Supplementary Table 2. 
 

8.8. Dryas drummondii and Fragaria vesca growth conditions and 
root transformation 

 
Seeds of D. drummondii were germinated as described in (Billault-Penneteau et al., 2019). 
Seeds of F. vesca were transferred to spin columns and treated for 5 min with concentrated 
H2SO4. Columns were spun in Eppendorf tubes for 30 seconds at 20,000 g to separate the 
H2SO4 from the seed, rinsed 5 times with sterile deionized water and incubated at 4 °C for 
5 h under agitation. Seeds were germinated on deionized water solidified with 0.8 % 
Bacto™ agar (Becton Dickinson and Co.) in square plates and placed in a Panasonic growth 
chamber at 22 °C under a 16 h/8 h light/dark regime (50 µmol.m-2.s-1). 
D. drummondii hairy root transformation was performed as described in (Billault-Penneteau 
et al., 2019). Transgenic hairy roots in F. vesca were induced by A. rhizogenes strain AR1193 
(Stougaard et al., 1987). Transformation was performed by cutting 12 days old F. vesca 
seedlings on filter paper soaked with bacterial suspension. Seedlings were kept in the dark 
at 18 °C for 3 days and then placed in a Panasonic growth chamber at 22°C under a 16 h 
light/8 h dark regime (50 µmol.m-2.s-1). D. drummondii A. rhizogenes-transformed composite 
plants were grown on Hoagland’s medium (1 mM KNO3; pH 5.8) solidified with 0.4 % 
Gelrite™ (Duchefa) in square plates. F. vesca A. rhizogenes-transformed composite plants 
were grown on Gamborg's B5 medium (Gamborg et al., 1968) solidified with 0.8 % Bacto™ 
agar (Becton Dickinson and Co.) in square plates for three days and then transferred to 
Gamborg's B5 medium supplemented with 300 µg.l-1 of cefotaxime. Thirty days post 
cutting, F. vesca composite plants were transferred to Hoagland’s medium (1 mM KNO3; 
pH 5.8) solidified with 0.4 % Gelrite™ (Duchefa). Forty-five and forty-two days post 
cutting, D. drummondii and F. vesca composite plants, respectively, were transferred to 
sterile Weck jars (SKU 745, J.WECK GmbH u. Co. KG) containing 300 g of clay pebbles 
(Leca) and 50 ml of Hoagland’s medium (100 µM KNO3; 250 µM KH2PO4; pH 5.8) (Figure 
22). Twenty and twenty-three days after transfer to the Weck jars, D. drummondii and F. 
vesca composite plants, respectively, were harvested and scanned at 800 dots per inch with 
a scanner (Epson V700). Emerged LRs were scored and the primary root length was 
measured for each plant with ImageJ. 
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8.9. Cloning and DNA constructs 
 
A detailed description of constructs and a list of oligonucleotides can be found in 
Supplementary Table 3 and Supplementary Table 4, respectively. Constructs were 
generated with the Golden Gate cloning system (Binder et al., 2014) and the Invitrogen’s 
GATEWAYTM cloning system. For the construction of promoter:NIN fusions for 
complementation experiments (Figure 5, 6, 7, 8, 9, 10 and 11; Supplementary Figure 4 and 
5), the NIN genomic sequence without the 5’ and 3’UTRs served as a cloning module. A 3 
kb region of the L. japonicus NIN promoter plus the 244 bp NIN 5’UTR was cloned from L. 
japonicus Gifu and used for complementation experiments (Figure 4, 5, 6, 7, 8 and 9; 
Supplementary Figure 4 and 5), dual luciferase assays (Supplementary Figure 1), 
fluorimetric GUS assay (Supplementary Figure 2) and promoter activity analysis (Figure 3; 
Supplementary Figure 3). For all the other versions of the L. japonicus NIN promoter tested 
(Figure 3, 4, 5, 6, 7, 8, 9, 10 and 11; Supplementary Figure 2, 3, 4, 5 and 6), the LjNIN minimal 
promoter (98 bp (Singh et al., 2014)) plus the LjNIN 5’UTR was fused to 3’ end of the 
promoter. A 472 bp region containing multiple cytokinin response elements and highly 
conserved in eight legume species was identified 5’ of the NIN transcriptional start site by 
Liu et al. (Liu et al., 2019c). We used this conserved region of 472 bp from L. japonicus and 
added flanking regions (192 bp upstream and 366 bp downstream; 2399 bp upstream and 
2231 bp downstream, respectively) to obtain cytokinin element-containing regions of 1 kb 
and 5 kb (CE1kb and CE5kb, respectively). The Solanum lycopersicum gene ID 
Solyc01g112190.2.1 was identified as the closest homologue of LjNIN gene based on 
phylogenetic analysis (Griesmann et al., 2018), and is referred to as SlNIN. A 3 kb region of 
the SlNIN promoter plus the 238 bp SlNIN 5’UTR was cloned from S. lycopersicum cv. 
“Moneymaker” and PACE or mPACE (Supplementary Figure 2A) was inserted 184 bp 
upstream of the SlNIN 5’UTR and used for complementation experiments (Figure 10 and 
11), dual luciferase assays (Supplementary Figure 1) and fluorimetric GUS assay 
(Supplementary Figure 2). 
 

8.10. Imaging 
 
Microscope and scanner settings as well as parameters for image acquisition are listed in 
Supplementary Table 2. 
 

8.11. Data visualization and statistical analysis 
 
Statistical analyses and data visualization were performed with RStudio 1.1. 383 (RStudio 
Inc.). Boxplots were used to display data in Figure 4, 6, 7, 9, 10 and 11 and Supplementary 
Figure 1, 3 and 4 (thick black or white lines: median; box: interquartile range; whiskers: 
lowest and highest data point within 1.5 interquartile range (IQR); black filled circles, data 
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points inside 1.5 IQR; white filled circles, data points outside 1.5 IQR of the upper/lower 
quartile). Violin plots were used to display data in Figure 12, 13, 14, 15, 16, 17 18, 19, 20, 21 
and 22 and Supplementary Figure 7, 8, 9 and 10 (outline of the violin plots, probability of 
the kernel density; thick black lines, median; box, interquartile range; whiskers, lowest and 
highest data point within 1.5 IQR; black filled circles, data points outside 1.5 IQR of the 
upper/lower quartile. The R package “beeswarm” with the method “center” was used to 
plot the individual data points for the boxplots (http://CRAN.R-
project.org/package=beeswarm). The R package “ggplot2” was used to generate the violin 
plots (https://cran.r-project.org/web/packages/ggplot2/index.html). The R package 
“agricolae” was used to perform ANOVA statistical analysis with post hoc Tukey and 
statistical results were displayed in small letters where different letters indicated statistical 
significance (https://cran.rproject.org/web/packages/agricolae/index.html). Tests applied 
are stated in the figure legend. 
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Supplementary Figure 2: PACE sequence variants from species across the FaFaCuRo clade were able to 
functionally replace L. japonicus PACE in a LjNINpro:GUS reporter fusion. N. benthamiana leaf cells were 
transformed with T-DNAs carrying a GUS reporter gene driven by either of the indicated promoters: (A) the L. 
japonicus NIN promoter (NINpro), the LjNIN promoter with PACE mutated or deleted (NINpro::mPACE and 
NINpro::∆PACE, respectively), or PACE sequence variants from the nodulating FaFaCuRo species fused to the 
LjNIN minimal promoter (NINminpro); (B) chimeric promoters where LjPACE in the LjNIN promoter was 
replaced with either one of the PACE variants from species tested in (A) or from non-nodulating FaFaCuRo 
species including the Juglans regia PACE-like motif (JrPACE-like); (C) the S. lycopersicum NIN promoter (SlNINpro), 
the SlNIN promoter with LjPACE (SlNINpro::PACE) or mPACE (SlNINpro::mPACE) inserted. For species 
abbreviations see Supplementary Figure 1. Note in (A) that the deletion or mutation of PACE in LjNIN 
promoter resulted in a drastic reduction in reporter gene expression and in (C) insertion of LjPACE but not 
mPACE into the S. lycopersicum promoter confers transactivation by CCaMK1-314/Cyclops. The applied statistical 
method was ANOVA with post hoc Tukey: (A) F20,144 = 51.38, p < 2x10-16; (B), F18,166 = 149.1, p < 2x10-16; (C) F7,62 = 
30.5, p = 7.02x10-7. Different small letters indicate significant difference. n.d., not determined. The data presented 
in this figure were generated by Xiaoyun Gong. 
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Supplementary Figure 3: Spatio-temporal GUS expression driven by PACE and the NIN promoter in L. 
japonicus roots during the bacterial infection process. L. japonicus wild-type hairy roots were transformed 
with T-DNAs carrying a Ubq10pro:NLS-GFP transformation marker together with a GUS reporter gene driven by 
either of the indicated promoters: (A) the 3 kb LjNIN promoter (NINpro); the LjNIN promoter with PACE (B) 
mutated (LjNINpro::mPACE) or (C) deleted (NINpro::ΔPACE); (D) PACE fused to the LjNIN minimal promoter 
(PACE:NINminpro) or (E) the LjNIN minimal promoter (NINminpro). The progression of bacterial infection was 
determined by the DsRed signal 10 - 14 days post inoculation (dpi) with M. loti DsRed. Nodules undergoing 
different stages of infection (panels I to IV) were stained with X-Gluc to reveal the GUS expression pattern. Note 
the overlapping bacterial invasion zone and PACE:NINminpro:GUS expression in early infection stages (red and 
blue arrowheads in (D)) as well as the differences between PACE:NINminpro:GUS and the much broader 
NINpro:GUS expression at that stage (red and blue arrows in (A)). Red arrow and arrowheads: M. loti DsRed. 
Blue arrow and arrowheads: GUS activity in root hairs bearing ITs and nodule primordia, respectively. The 
NINminpro:GUS fusion gave only rarely detectable signal, and if so in the vasculature (yellow arrowhead in (E)). 
(continuation of figure legend on the next page) 
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Legend Supplementary Figure 3: continued 

Only pictures taken under white light illumination (WLI) are displayed for nodules in panel VI to reveal the 
pink colour of leghemoglobin, characteristic for mature and fully infected nodules. Note that 
PACE:NINminpro:GUS expression was absent at this stage, whereas the NINpro:GUS resulted in strong blue 
staining in the nodule regardless of the presence of PACE (compare panel IV in (D) and (A - C)). (F) 
Quantification of transgenic root systems exhibiting GUS expression in different cell types and tissues 
exemplarily displayed in (A - E). (G) PACE drove GUS reporter gene expression in the central tissue of 
primordia and nodules, but was not sufficient for expression in root hairs. Transgenic roots carrying 
promoter:GUS fusions same as in (A, D and E) were inoculated with M. loti lacZ and dual-stained with X-Gluc 
and Magenta-Gal. Purple: M. loti lacZ. Blue: GUS activity. Note the co-existence of blue and purple staining in 
root hairs on roots transformed by NINpro:GUS, but not that transformed by PACE:NINminpro:GUS.  Bars, 250 
µm. The data presented in this figure were generated by Xiaoyun Gong. 
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Supplementary Figure 4: The CYC-box and flanking sequences of PACE are required for the full restoration 
of the bacterial infection process in the L. japonicus nin-2 mutant. Roots were from a subset of plants from the 
same experiment depicted in Figure 6 but analysed 35 dpi with M. loti DsRed. (A - B) Boxplots displaying the 
number of root hair ITs or infected nodules and the percentage of root hair ITs among total infection events 
(sum of bacterial entrapments and ITs). Each dot represents one transgenic nin-2 root system or root piece. L. 
japonicus WT roots transformed with NINpro:NIN or CE1kb:NINpro:NIN were included as controls. Note that the 
results follow the same trend as those obtained 21 dpi with M. loti DsRed (Figure 6). n: number of transgenic 
root systems or root pieces analysed. Numbers above the boxplots: the value of individual data points outside 
of the plotting area. The data presented in this figure were generated by Chloé Cathebras and Xiaoyun Gong. 
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Supplementary Figure 6: Spatio-temporal GUS expression driven by PACE variants in L. japonicus roots 
during the bacterial infection process. L. japonicus WT roots were transformed with T-DNAs carrying a 
Ubq10pro:NLS-GFP transformation marker together with a GUS reporter gene driven by either of the PACE 
variants from nodulating FaFaCuRo species fused to the LjNIN minimal promoter (NINminpro). For species 
abbreviations see Supplementary Figure 1. Note the overlapping bacterial invasion zone and 
PACE:NINminpro:GUS expression in early infection stages (red and blue arrowheads in (A - C)). Red arrowheads: 
M. loti DsRed. Blue arrowheads: GUS activity in nodule primordia. Only pictures taken under white light 
illumination (WLI) are displayed for nodules in panel VI to reveal the pink colour of leghemoglobin, 
characteristic for mature and fully infected nodules. Note that like LjPACE, the PACE variants-driven GUS 
expressions were absent at this stage (panel IV in (A - C) and panel IV in Supplementary Figure 3D). (D) 
Quantification of transgenic root systems exhibiting GUS expression in different cell types and tissues 
exemplarily displayed in (A - C). n.d.: not determined. Bars, 250 µm. The data presented in this figure were 
generated by Xiaoyun Gong. 
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Supplementary Figure 7: Rhizophagus irregularis and Mesorhizobium loti-mediated increase in lateral root 
density requires NIN (related to Figure 13). Violin plots represent the primary root length (A and C) and the 
number of lateral roots (B and D) of L. japonicus WT, ccamk-3, cyclops-3 and nin-2 plants inoculated for 10 days 
with R. irregularis (A and B) or M. loti (C and D). Data were subjected to pairwise t-test: *p < 0.05; **p < 0.01; ***p 
< 0.001. ns: not significant. n: number of plants analysed. 
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Supplementary Figure 8: Time-course of lateral root formation stimulated by the expression of deregulated 
versions of SymRK, CCaMK or Cyclops (related to Figure 15). Liquid culture of L. japonicus WT roots 
transformed with the empty vector (EV), Ubqpro:SymRK-mOrange (SymRK), Ubqpro:CCaMKT265D (CCaMKT265D), 
Ubqpro:CCaMK1-314 (CCaMK1-314) or Ubqpro:3xHA-CyclopsDD (CyclopsDD) were generated. Violin plots represent the 
number of lateral roots per root system 10, 20 and 30 days post incubation in the MSR liquid medium. Dots 
represent the median. Data were subjected to Kruskal-Wallis test followed by Dunn’s post-hoc analysis; p < 
0.05. n: number of roots analysed. 
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Supplementary Figure 9: Mutation of NIN does not affect primary root length or lateral root formation. Violin 
plots represent the lateral root density (A) and primary root length (B) of 30 days old L. japonicus WT and nin-2 
plants. Data were subjected to pairwise t-test: *p < 0.05; **p < 0.01; ***p < 0.001. ns: not significant. n: number of 
plants analysed. Lateral root density: number of lateral roots/cm of primary root. 
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Supplementary Figure 10: Mutation of NSP1 or NSP2 stimulates lateral root formation and affects primary 
root length. Violin plots represent the number of lateral roots (A), lateral root density (B) and primary root 
length (C) of 30 days old L. japonicus WT, nsp1-1 and nsp2-2 plants. Data were subjected to Kruskal-Wallis test 
followed by Dunn’s post-hoc analysis; p < 0.05. n: number of plants analysed. Lateral root density: number of 
lateral roots/cm of primary root. 
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11.3. Supplementary Tables 
 
 
Supplementary Table 1: Seed bags and bacterial strains used in this study. n.a.: not applicable; dpi: days post 
inoculation; dpt: days post transfer to MSR medium; dpg: days post germination. 

 
  

Plant genotype Seed bag no. Symbiont Timepoint
Gifu WT 93057
Gifu WT 93058
Gifu WT 110892
Gifu WT 111197
Gifu WT 87902
nin-15 92685

Segregating F2 92688
nin-15 111638
nin-15 111285
nin-15 111284
nin-15 111281
nin-15 111292
nin-2 113308
nin-2 112037
nin-2 112040
nin-2 12029
nin-2 112031

90651
90652
90654
90655
90649
90650

112037
112040
12029

112031
Gifu WT 111221

nin-2 113308
Gifu WT 111221

Figure 9 nin-15 Same as Figure 5
111278
111638
111281
111286
111293
111292
111285
111636

Figure 11 nin-15 same as Figure 10

Supplementary Figure 3 Gifu WT 92673 M. loti Ds Red (A-F); 
M. loti  lacZ  (G)

0 to 21 dpi

nin-2 Same as Figure 6 and 
8A

Gifu WT Same as Figure 6 and 
8A

Supplementary Figure 6 Gifu WT 111268 0 to 21 dpi

Supplementary Figure 4 
and 5 M. loti  Ds Red

35 dpi

M. loti Ds Red 21 dpi

Figure 10 nin-15

nin-2
Figure 6 and 8A

Figure 7 and 8B

Figure 5

Lotus japonicus  seeds
Figures

Figure 3 M. loti CFP 10 to 14 dpi

21 dpiFigure 4 M. loti Ds Red
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Supplementary Table 1. Continued. 

 

 
  

Plant genotype Seed bag no. Symbiont Timepoint

Figure 12A - B Gifu WT 93069 R. irregularis 10 dpi
Figure 12C - D Gifu WT 112169 M. loti 10 dpi

Gifu WT 115682
ccamk-3 111316
cyclops-3 91863

nin-2 113304
Gifu WT 93066
ccamk-3 111317
cyclops-3 91236

nin-2 114769
Figure 15A and 

Supplementary Figure 8
Gifu WT 72310 10, 20, 30 dpt

Figure 15B Gifu WT 92142
Figure 16 Gifu WT 92134

Gifu WT 69343
snf1-1 90791

Gifu WT 92132
ccamk-3 70931
cyclops-3 91224

Figure 19 Gifu WT 111241
Gifu WT 111243

nin-2 112042
Gifu WT 70218
nsp1-1 91865
nsp2-2 91406
Gifu WT 111225

nin-2 112029
Gifu WT 112055
nsp1-1 91866
nsp2-2 91408

Figure 20

14 dptFigure 21

n.a. 

10 dpt

10 dpt

30 dpg

30 dpg

Supplementary Figure 9

Figure 17

Supplementary Figure 10

Figure 13B and 
Supplementary Figure 7

R. irregularis

M. loti 10 dpi

Figure 18

Figures
Lotus japonicus  seeds

Figure 13A and 
Supplementary Figure 7 10 dpi
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Supplementary Table 2: Microscope/scanner settings and image analysis used in this study. 
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Supplementary Table 3: Plasmids used in this study. Constructs labelled with “GW” were generated with the 
GATEWAY cloning system (Invitrogen). LI, LII and LIII plasmids were generated with the Golden Gate cloning 
system (Binder et al., 2014) and LIII plasmids were used for Lotus japonicus hairy root transformation. Plasmids 
with a reference number (ref no.) containing CC, XG or RA were generated by Chloé Cathebras, Xiaoyun Gong 
and Rosa Elena Andrade, respectively. 

 
 
  

Ubq pro:GW-GFP (GW) (Maekawa et al., 2008)

Ubq pro:SymRK-mOrange (GW) (Antolín-Llovera et al., 2014)

Ubq pro:CCaMK T265D  (GW) (Singh et al., 2014)

Ubq pro:CCaMK 1-314  (GW) (Takeda et al., 2012)

Ubq pro:3xHA-Cyclops DD  (GW) (Singh et al., 2014) 

Ubq pro:3xHA-Cyclops AA  (GW) (Singh et al., 2014) 

Name Reference
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Supplementary Table 3. Continued. 
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Supplementary Table 3. Continued. 
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Supplementary Table 3. Continued. 
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Supplementary Table 4: Name and sequences of primers used in this study. Primers with a reference number 
(ref no.) containing CC, MC, JL, KP, RA, XG, SZ or PP were generated by Chloé Cathebras, Marion Cerri, Jayne 
Lambert, Ksenia Vondenhoff, Rosa Elena Andrade, Xiaoyun Gong, Sarah Zeitlmayr and Priya Pimprikar 
respectively. 

 
  

Primer ref no. Sequence 5' - 3'

CC14 AAGAAGACAACAGAGGTCTCACAGATTCCAATTGAAGCTGTTGTTTTC
CC30 TTGAAGACCGTACGGGTCTCAGCGGACCTTTCATCTCACCCAACCCT
CC31 GCGAAGACGTCAGAGGTCTCACAGAGGCAGAGTGTTTGAAAATATTGG
CC54 AAGAAGACAACAGAGGTCTCaCCTTAATCTCAGGGTCCATTTGCTCAT
CC55 CTGAAGACAGGATTGGAAGGGCATTACCCAATC
CC56 ATGAAGACCCAATCCTTTTCATAGAAACTGAAATTC
CC176 AACGTCTCACAGAGCTAGCTGATCCAATTAAGTACC
CC203 AACGTCTCAATTGATCCTTGACCTCTCCC
CC204 AACGTCTCACAATCCCTGAGATGGTGTAA
CC210 AACGTCTCACTACCTCCATCGTTCTCTTCTGG
CC211 AACGTCTCAGATCTCTCATTCCAGTCTAAATG
CC212 AACGTCTCAGATCCCTCTTATCACTAGCG
CC213 AACGTCTCATTTGGTTCCGTCTGTTGAC
CC214 AACGTCTCACAAACGAATATGGACGGAAG
CC263 AACGTCTCAGCGGTCCAAGGTAGACTTTACAGTTGC
CC264 AACGTCTCAAAGCGCCTTGCCTTTGTGTATTCAC
CC267 AACGTCTCAGCTTTGTACGATTGCCATGTGGCAC
CC268 AACGTCTCAGCTTCACCTGCTTACACTTGTGGG
CC253 AACGTCTCAGCTTCGATTGCACGTTTTAG
CC287 AACGTCTCAAATGCGCAGAGAGGAGCCCACAAGAGGCGAGA
CC288 AACGTCTCACATTGCACAATGATCGTACAAAATTTGTGTACCTAAAAATGC
CC289 AACGTCTCAATGTGGCAACGGTTTGCGAGCCCACAAGAGGCGAGA
CC290 AACGTCTCAACATGGCAGAACCTGCAAATTTGTGTACCTAAAAATGC
CC311 AACGTCTCAGTAGGCCTTGCCTTTGTGTATTCAC
CC440 AACGTCTCAGCGGCCACCCAAACATATGTGGTGG
CC443 AACGTCTCATTTGGGACTTAATTCCCGAAGTAGG
CC471 CCCGTCTCACAAACACCTGCTTACACTTGTGGGTCCT
CC472 CCCGTCTCACAAATGTACGATTGCCATGTGGCA
MC119 ATGAAGACTTTACGGGTCTCaGCGGGACCAAGTCTCATAACATAGATCA
JL65 ATGAAGACTTTACGGGTCTCTCACCATGGAATATGGTTCATTACTAGTGC
JL66 TTGAAGACTTGAACACAGGAAGGGCTAAAGA
JL67 ATGAAGACTTGTTCGAAAGAGGCACCGG
JL68 TTGAAGACTTAGATTCTTGATCCCCACCCTC

JL69 ATGAAGACTTATCTTCTTATACCTTTGGAAGCCGCCGCTCTTCTTCTGGTGGAAGAAAGTCAGGCGAGAAAAGACGAACCAA
GGCAGAAAAGACTATCAG

JL70 TTGAAGACTTCAGAGGTCTCTCCTTAGATGGGCTGCTATTGC
KP50 ATCGTCTCAGCGGCTGCTTTGGACTATATTTTCTTGAG
KP52 TACGTCTCTCAGAGCTGCTTCCTTCTTACCTC
KP58 ATCGTCTCATACAACATGACACACGGATG
KP59 TACGTCTCTTGTAAAAATGGTATGTCCTAGACAAAC
KP60 TACGTCTCTGGAGACCAGCTACACTCAAATG
KP61 ATCGTCTCACTCCAATCGAAGGTATATTAGTATGGATC
KP62 TACGTCTCTGCAGGTTGTGGGTTCCATTATTG
KP63 ATCGTCTCACTGCCGCTAATCAGGAAGCA
KP84 TACGTCTCACAGAGCTAGCTGATCCAATTAAGTACCTG
KP91 ATCGTCTCAGCGGGCTCCGTTTGGTCAACAGAC
KP92 ATCGTCTCTAAGCTAATTTGCAGCGACTTTTTCC
KP93 TACGTCTCAGCTTATATCGCAGCGACCAG
RA114 ACGAAGACAATACGTACGTCTCAGCTTATATCGCA
RA115 AAGAAGACAAGCTCAAATTTGTGTACCTAAAAATGC
RA116 TCAGAAGACAAGAGCCCACAAGAGGC
RA117 AAGAAGACAACAGATACGTCTCACAGAGCTAGCTG
RA118 AAGAAGACAAAGACGATACGGATCCACAAATTTGTGTACCTAAAAATGCAA
RA119 TCAGAAGACAAGTCTTAGATAGTCTGTGAGCCCACAAGAGGC
RA124 AAGAAGACAAACATGTCGCATGGAGCAAATTTGTGTACCTAAAAATGC
RA125 TCAGAAGACAAATGTGGCGTGCTCACAGGAGCCCACAAGAGGC



Supplementary Figures and Tables 

 117 

Supplementary Table 4. Continued. 

 

 
  

Primer ref no. Sequence 5' - 3'

RA126 AAGAAGACAAACATGTCAGATGGACAAAATTTGTGTACCTAAAAATGC
RA127 TCAGAAGACAAATGTGTCGTACGGACATGAGCCCACAAGAGGC
RA130 AAGAAGACAAACATGTCGGATGCAGAAAATTTGTGTACCTAAAAATGC
RA131 TCAGAAGACAAATGTGGCACAACCACAAGAGCCCACAAGAGGC
RA87 ATGAAGACTTTACGGGTCTCATCTGTGCTTACACTTGTGGGTC
RA88 ATGAAGACTTCAGAGGTCTCAGGTGCTAGCTGATCCAATTAAGTACCT
SZ02 ATCGTCTCCCAGAATTATTACTGATAAAAAATCAAATGTTGC
SZ07 ATCGTCTCGCATGTGGCACGCAGAGAGCAGATTTTAAGGTTCACTACTCTATTTCT
SZ08 TACGTCTCACATGGCAATCGTACAAAATCCAGAGTGGTGAGGAT
SZ09 ATCGTCTCGATCGTCTTAGATAGTCTGTCAGATTTTAAGGTTCACTACTCTATTTCT
SZ10 TACGTCTCACGATACGGATCCACAAATCCAGAGTGGTGAGGAT
XG105 TAGAAGACTAATGTAAGAAGTAGGAAATTTGTGTACCTAAAAATGCAA
XG106 TAGAAGACTAACATGTGGCAATCAGGCAGGAGCCCACAAGAGGCGAGA
XG107 TAGAAGACTAGACACATGTCAGAAGGAGAAAATTTGTGTACCTAAAAATGCAA
XG108 TAGAAGACTATGTCGTAAGGACAGGAGCCCACAAGAGGCGAGA
XG109 TAGAAGACTACTGATGTTGGTTGGATCAAATTTGTGTACCTAAAAATGCAA
XG110 TAGAAGACTATCAGGCGTAGCGTCAGGAGCCCACAAGAGGCGAGA
XG23 TAGAAGACTACACCTGCTTACACTTGTGGGTCCTA
XG24 TAGAAGACTACAGATATCGTCTCACAGAGCTAGCTGATCCAATTAAGTAC
XG32 TACGTAACGTCTCAGCGGTGTACGATTGCCATGTGGCACGCAGAGAG
XG33 GGTGCTCTCTGCGTGCCACATGGCAATCGTACACCGCTGAGACGTTA
XG71 ATCGTCTCAGCGGTGTACGATTGCCATGTGGCACGCAGAGAGTCTGTGAGACGAT
XG72 ATCGTCTCACAGACTCTCTGCGTGCCACATGGCAATCGTACACCGCTGAGACGAT
XG79 CTGAAGACTATACGTAACGTCTCAGCGGGCTCCATGCGACATGTGGCGTGCTCACAGCACCAAGTCTTCTT
XG80 AAGAAGACTTGGTGCTGTGAGCACGCCACATGTCGCATGGAGCCCGCTGAGACGTTACGTATAGTCTTCAG
XG81 CTGAAGACTATACGTAACGTCTCAGCGGTGTCCATCTGACATGTGTCGTACGGACATCACCAAGTCTTCTT
XG82 AAGAAGACTTGGTGATGTCCGTACGACACATGTCAGATGGACACCGCTGAGACGTTACGTATAGTCTTCAG
XG85 CTGAAGACTATACGTAACGTCTCAGCGGTCTGCATCCGACATGTGGCACAACCACAACACCAAGTCTTCTT
XG86 AAGAAGACTTGGTGTTGTGGTTGTGCCACATGTCGGATGCAGACCGCTGAGACGTTACGTATAGTCTTCAG
PP168 AAGAAGACAATACGGGTCTCACACCATGGAAGGGAGGGGGTTTTCTG
PP179 AAGAAGACAACAGAGGTCTCACCTTCATTTTTTCAGTTTCTGATAG
PP204 ATGAAGACTTTACGGGTCTCACACCATGGGATATGATCAAACCAG
PP208 TAGAAGACAAAGTCTTTTCATAGAAACTGAAATTC
PP211 ATGAAGACTTGACTTGGAAGGGCATTACCCAATC
PP212 ATGAAGACTTCAGAGGTCTCACCTTTGATGGACGAAGAGAAGAGAGGAGCATG
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