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Summary
Plant growth is dependent on sufficient supply of nitrogen, an essential component for

important macromolecules such as proteins and nucleic acids. A small group of plants belonging to
four orders - Fabales, Fagales, Cucurbitales and Rosales (the FaFaCuRo clade) - have evolved the
ability to engage in a mutually beneficial interaction, namely the nitrogen-fixing root nodule
symbiosis (RNS). Fixed nitrogen is supplied by the bacterial symbiont to the plant host, hence
helping the host to overcome nitrogen limitation. RNS development is a complex procedure that
involves massive transcriptional reprogramming carried out by a cohort of cis- and trans-acting
regulators. The evolutionary steps leading to the emergence of RNS have been at the center of
interest for decades. Understanding the main genetic differences between plants that can form
RNS and those that cannot is assumed to provide the key for installing RNS in important crop plants
that are currently unable to engage in RNS.

Evolution of cis- and trans-acting elements has played key roles in the evolution of novel
biological traits. This work focussed on two cis-regulatory elements that have played distinct roles in
the evolution and maintenance of RNS. One cis-element, PACE (Predisposition Associated Cis-
regulatory Element) was identified via a phylogenomic approach. PACE was discovered to be
exclusively present in species within the FaFaCuRo clade in the promoter of the Nodule Inception
(NIN) gene that encodes a master transcription factor (TF) positioned at the top of the
transcriptional regulatory hierarchy specific for RNS. PACE confers responsiveness to bacterial
signals and dictates gene expression in cortical cells forming infection threads (ITs), a tube-like
plant-derived structure through which bacteria enter the root. PACE is essential for restoring IT
formation in the Lotus japonicus nin-15 mutant even when engineered into the NIN promoter of
tomato, a species outside of the FaFaCuRo clade. PACE contains the binding site of a TF Cyclops
that is indispensable for transcriptional rewiring during RNS as well as for the evolutionarily older
arbuscular mycorrhizal symbiosis. PACE confers transactivation mediated by Cyclops in
combination with the Calcium and Calmodulin-dependent protein kinase (CCaMK). These results
suggested that PACE allows the induction of NIN via the symbiosis-induced signalling cascade
common for RNS and AM. The phylogenetic restriction of PACE is congruent with that of RNS and
consistent with an emergence in the last common ancestor of the FaFaCuRo clade.

A related, yet functionally distinct cis-element was identified in the promoter of the Calcium
Binding Protein 1 (CBP1) gene utilising the transgenic line T90 that originated from a promoter
tagging program of L. japonicus. T90 carries a promoterless GUS gene that is specifically induced
during RNS and AM. Dissection of the regulatory region of the T90 GUS gene led to the
identification of one cis-regulatory element required for reporter expression in the epidermis and a
second element, CYC-RECBP1 (Cyclops response element in the CBP1 promoter), necessary and
sufficient for transactivation mediated by CCaMK/Cyclops and driving gene expression during both
AM and RNS. The lack of GUS expression in three T90 white mutants that were identified from an
ethyl methanesulfonate-mutagenised T90 population could be traced to DNA hypermethylation
detected in and around CYC-RECBP1. Two additional regulatory regions also impact CBP1
expression. This work showcases Cyclops response elements as an essential building block for
engineering RNS in crops, with a long-term goal of reducing agricultural fertiliser application.
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1. INTRODUCTION

1.1 Plant endosymbiosis
Mutually-beneficial endosymbiotic interactions usually bring together a prokaryote or

fungus and an eukaryote; the eukaryote gains access to biochemical processes that can only
be executed by prokaryotes such as photosynthesis, chemosynthesis and nitrogen fixation,
while the prokaryote gains a protected ecological niche (Dubilier et al., 2008; Wernegreen,
2012). In the case of fungal microsymbionts, the plant profits from their higher ability for soil
exploration and more complex secondary metabolism. Endosymbiotic associations therefore
allow the eukaryotic hosts to thrive in normally inaccessible habitats and are profound shapers
of the ecosystem as well as critical components of the global nutrient cycling. Amongst these
remarkably diverse interactions, endosymbioses that enhance essential nutrient supply to plant
hosts are “self-regulating, customised and optimised fertiliser factories for plants” that can
readily be taken advantage of in agriculture. An enhanced nutrient supply via endosymbiotic
interactions benefits plant fitness and growth, and therefore directly contributes to yield.

Two types of plant root endosymbiosis, nitrogen-fixing root nodule symbiosis (RNS) and
arbuscular mycorrhizal symbiosis (AM), are perhaps the most relevant for agricultural
applications. RNS is formed with nitrogen-fixing soil bacteria and the association allows plants
to grow in nitrogen-limited soils due to the supply of ammonium derived from air dinitrogen by
the bacterial symbiont (Udvardi and Day, 1997). AM on the other hand relies on the vast fungal
hyphal network to deliver nutrients such as phosphate, nitrogen and water from a larger soil
area than accessible by plant roots (Garcia et al., 2016). In exchange, the microsymbionts
receive photosynthetically fixed carbon from host plants and additionally lipids for the AM fungi
(AMF) (Pimprikar and Gutjahr, 2018). The two types of endosymbiosis greatly benefit the plant
hosts because phosphate and nitrogen are essential for plant growth as basic building
components for macromolecules such as proteins and lipids (Bowler et al., 2010). Yet both
nitrogen and phosphate are often the most limiting nutrients, due to a limited uptake capability
of plants and different sources of loss from soil. As a consequence, nitrogen and phosphate are
regularly applied in substantial amounts in the form of chemical fertiliser to support plant growth
and ensure a good agricultural yield; and the fertiliser use is predicted to continuously increase
in the future (Bouwman et al., 2013; Fowler et al., 2013).

The problems brought by the fertiliser application in current amounts are multi-fold and
long-term (San Martín, 2020). First, industrial fertiliser production relies on non-renewable
resources: one main ingredient, reduced nitrogen, is generated by the Haber-Bosch process
that currently requires extensive use of fossil fuels (Erisman et al., 2008); and the phosphorous
ingredients come from mining of rock phosphate reserves (Tiessen, 1995). Second, a large
portion of applied fertiliser can not be utilised by crops and is therefore lost. Only 35% to 75%
of the applied amount is actually taken up by crops (50% for major cereal crops including rice,
maize and wheat; Ladha et al., 2016). The unused fertiliser is lost predominately by leaching
into surface- and groundwater pools, denitrification in the soil (nitrogen) or formation of
insoluble complexes (phosphate). The adverse effect of the excessive fertiliser run-off is
evident in aquatic ecosystems, where eutrophication and hypoxia consequently occur (Diaz
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and Rosenberg, 2008). Third, fertiliser loading negatively impacts local natural biological
nitrogen fixation (Tamagno et al., 2018). This practice antagonises the efforts to utilise
biological nitrogen fixation as a sustainable source of nitrogen. Today’s agriculture
simultaneously faces two pressing challenges: 1) meeting the need of a growing population
that requires a stable supply of food, the production of which is largely dependent on fertiliser
application in agriculture and 2) achieving this goal while limiting carbon emissions and leaking
of excessive amounts of nitrogenous and phosphorous fertiliser into ground water and water
bodies (San Martín, 2020). In the context of imbalanced nitrogen and phosphate cycles on a
global scale and the ever-growing need of food supply, the potential of employment of RNS and
AM as alternative sustainable fertiliser sources has attracted increasing interests.

Means to use plant endosymbioses to improve yield have been investigated. RNS and
AM have been traditionally used “as they are” in agriculture to improve soil quality and crop
health. Common practices include rotational cultivation of leguminous crops to improve soil
fertility and intercropping of leguminous plants (e.g., clover or alfalfa) with other crops that are
unable to establish RNS (e.g., triticale; Zhao et al., 2020). To this end, the natural diversity
within RNS and AM is under investigation because the symbiotic outcome of enhanced plant
growth varies greatly in different microbe-host and host-environment combinations (Lanfranco
et al., 2018). The development of optimised AM and rhizobial inocula for diverse types of
agricultural crops that are also suitable for local growth conditions is crucial to maximise
efficiency. For instance, the “N2Africa” project presents an example of scientific efforts to put
symbiotic nitrogen fixation to work, specifically for legume growers in Africa (https://
www.n2africa.org/home).

Since the ability to engage in RNS is limited to a small group of plant species (Fig. 1;
1.2.1), there has long been a key interest to transfer this ability to form nitrogen-fixing nodules
to important agricultural crops. Currently, amongst RNS-forming species, only leguminous
plants are suited for application of RNS in agriculture. This is in stark contrast to the
widespread AM formed by the majority of land plants, including the important cereal crops. To
engineer RNS in a non-host is undoubtedly challenging given that RNS is a genetically complex
trait. The establishment and management of RNS by the host is achieved by the actions of a
cohort of regulators and underpinned by drastic transcriptional changes leading to the
formation of a novel root organ (1.2.2; 1.3). Understandings of the genetic make-up and the
evolutionary origin of RNS are fundamental to achieve the long-term goal of engineering RNS
in important non-host crops. Up to date, the roles of almost 200 RNS-related genes have been
characterised thanks to the available mutant populations (Roy et al., 2020). Advanced Omics
techniques have enabled studies of genetic, proteomic and metabolic changes in response to
RNS on a large scale (e.g., Demina et al., 2013; Zhang et al., 2019). The availability of a
growing number of high-quality plant genomes has fuelled phylogenomic studies to investigate
genome-wide changes through the evolutionary history of RNS (e.g., Delaux et al., 2015;
Griesmann et al., 2018). “Are we there yet?” (Pankievicz et al., 2019). Not yet, but we are
getting closer with an increasing pace.
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1.2 Nitrogen-fixing root nodule symbiosis

1.2.1 Evolutionary origin of RNS

Two types of nutrient-providing root endosymbiosis promote the growth of plant hosts in
nutrient limiting conditions. Interestingly, the range of plants capable of engaging in the two
types of endosymbioses differs drastically (Fig. 1): the nitrogen-fixing root nodule symbiosis
(RNS or nodulation; hereafter used interchangeably) shows a much more restricted
phylogenetic distribution than the arbuscular mycorrhizal symbiosis (AM). An estimate of 70 -
90% of land plant species, spanning from bryophytes to angiosperms, establish symbiotic
interactions with arbuscular mycorrhizal fungi (AMF), making it perhaps the most widespread
endosymbiosis on land (Parniske, 2008). Fossil records indicate that AM has existed for at
least 400 million years, possibly accompanying the first plants that colonised land (Remy et al.,
1994; Krings et al., 2007). On the contrary, plants engaging in RNS are restricted to a
monophyletic clade that encompasses four orders, the Fabales, Fagales, Cucurbitales and
Rosales, collectively referred to as the FaFaCuRo clade (alternatively referred to as nitrogen-
fixation or -fixing clade in the literature; Fig. 1; Soltis et al., 1995). Hundreds of millions of years
younger than AM, the oldest fossil record of root nodules dates back to 84 million years ago
(Mya; based solely on appearance of nodule-like structures; Herendeen et al., 1999), while the
last putative RNS-forming common ancestor was dated back to 92 - 110 Mya (Wang et al.,
2009; Bell et al., 2010). Interestingly even within the FaFaCuRo clade, occurrence of RNS is
still sparse: it is only present in some genera in 10 out of the 28 families (Doyle, 2011).

This restricted and scattered distribution of RNS is in itself an intriguing phenomenon.
What is so special about the members of the FaFaCuRo clade that only they evolved RNS?
What caused the scattered distribution of RNS: losses of nodulation in plant lineages after its
emergence, or multiple parallel gains? The evolutionary origin of RNS and the genetic
mechanism leading to its emergence have been a research focus in the last decades and
sparked long-lasting discussions. A number of reviews have speculated about the origin of
RNS from various perspectives, for example, just to list a few, based on the phylogenetic
signatures of RNS-forming plants, morphological features of nodules, conservation of gene
functions and neofunctionalisation of duplicated genes (Soltis et al., 1995; Doyle, 2011, 2016;
Soyano and Hayashi, 2014; Geurts et al., 2016; van Velzen et al., 2019).

The discovery that RNS-forming plants belong to a monophyletic clade elicited the notion
of a predisposition event that took place in the last common ancestor of the FaFaCuRo clade
(Soltis et al., 1995). The prevailing evolutionary model for RNS, the predisposition model,
predicts a two-step process: a not-yet-characterised propensity was acquired in the last
common ancestor of the FaFaCuRo clade, and subsequently independent acquisition or
convergent evolution of nodulation arose in lineages scattered in the four plant orders. Hence,
the predisposition model treats nodulation as a nonhomologous trait and predicts
approximately eight independent parallel gains of RNS (Werner et al., 2014). The gap time
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between the last common ancestor of the FaFaCuRo clade and the oldest fossil records of
nodules can be interpreted to mean that this important propensity (the genetic change and
associated plant traits) was maintained, setting a foundation for RNS to evolve.

The strongest evidence to support this predisposition hypothesis is the vast diversity in
the two essential components of RNS - infection mechanisms through which bacterial
symbionts reach and are accommodated in nodule primordial cells; and nodule organogenesis
that leads to the formation of root nodules to stably accommodate the microsymbionts.
Phenotypic variations in infection modes and developmental and anatomical features of

Figure 1. Evolution of plant root endosymbioses. Symbiotic associations with nutrient-
delivering arbuscular mycorrhizal fungus (AMF) evolved approximately 450 million years ago
(Mya; dark blue circle) and are present in major land plants (light blue shade). AMF hyphae
invades the root cells of host plants and develop into highly branched tree-like structures called
arbuscules that are enclosed in plant membranes. Nutrients, predominantly phosphate (P), but
also nitrogen (N) and water (H2O), are delivered to host plants. In contrast, nitrogen-fixing root
nodule symbiosis formed with nitrogen-fixing (N-fixing) soil bacteria occurs in a restricted group
of plants comprised of four plant orders, the Fagales, Fabales, Cucurbitales and Rosales
(FaFaCuRo; light pink shade), that evolved ca. 100 mya (dark red circle). Within this clade, the
occurrence of RNS is scattered (dark red shade). N-fixing bacteria are taken up into nodule cells
via a tubular plant-derived structure, namely the infection thread (IT) and are either released to
form symbiosomes (s) or maintained in fixation thread. Bacterial symbionts provide fixed
atmospheric nitrogen (NH4+; ammonium) to host plants. Intracellular uptake of bacteria is only
observed in the FaFaCuRo clade and in Gunnera spp. that host Nostoc cyanobacteria in stem
glands. n: nucleus. v: vacuole. The phylogenetic tree is adapted from Kistner and Parniske
(2002). Fixation threads are not illustrated for simplicity reason (for a comprehensive review on
infection by N-fixing bacteria, Parniske 2018). The graphic illustration of infection structures of
N-fixing bacteria and AMF is based on those observed in leguminous species.
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nodules have been reported across the RNS-forming species. To begin with, two groups of
bacteria engage in RNS: plants belonging to the order Fabales and the genus Parasponia
(Rosales) partner with Gram-negative proteobacteria called rhizobia, whereas plants from eight
families of the Fagales, Rosales and Cucurbitales host Gram-positive Actinobacteria of the
genus Frankia, and are thus collectively referred to as the actinorhizal plants (Sprent, 2007;
Santi et al., 2013). The infection mechanisms differ between plant species. The intracellular
infection mode refers to a guided bacterial invasion across cells using a tubular-like plant-
derived structure called infection thread (IT) within root hairs and cortical cells. This mode has
been reported for plants belonging to the orders Fagales (e.g., Casuarina glauca) and Fabales
(represented by the leguminous plants). Alternatively, bacterial partners can enter the roots
through intercellular spaces between cells. For example, cluster III Frankia enters between root
epidermal cells of actinorhizal members of the Rosales (e.g., Discaria trinervis; Fournier et al.
2018; Valverde and Wall, 1999). Differently, the infection of Bradyrhizobium on Aeschynomene
evenia (Fabales) roots takes place at the lateral root emergence sites (Okubo et al., 2012).

Nodule morphologies vary greatly across the FaFaCuRo clade and within a plant order.
Nodules can be indeterminate, such as actinorhizal nodules and those formed on Medicago
spp. (Fabales), or determinate such as those formed on Lotus japonicus (Fabales). The major
difference lies in the presence of a persistent apical meristematic region after the formation of a
nodule primordium in the indeterminate type of nodules. Within the indeterminate nodules, the
nodule vasculature can be placed in the central location as those formed by Parasponia
andersonii (Rosales) and actinorhizal plants or in the periphery as those formed by legume
plants. The evolution of peripheral vasculature is thought to be important for a symbiotic
relationship with rhizobia, since they need a plant-derived protection mechanism against
oxygen, the excess of which irreversibly damages the nitrogenase enzyme complex (Fay
1992). Furthermore, symbiont accommodation strategies also differ. Bacterial symbionts are
either maintained in fixation threads that branch off from ITs (Behm et al., 2014) or formed after
uptake of bacteria from the apoplast and typically occupy the whole cell or released as
symbiosomes that structurally resemble organelles (de La Peña et al., 2018). The
accommodation mechanism is dependent both on the bacterial symbiont and host species,
e.g., fixation threads are formed in actinorhizal nodules that host Frankia as well as those
formed on roots of P. andersonii and several species within the genus Chamaerista that host
rhizobia. These vast phenotypic variations across plant orders and types of symbionts support
the argument of the employment of distinct genetic mechanisms for independent gains of
nodulation.

Recently, an opposing model, a single origin model, was proposed. The single origin
model hypothesises that nodulation evolved only once in an ancestor of the FaFaCuRo clade
and was subsequently lost in descendants, leading to non-RNS-forming FaFaCuRo lineages
(van Velzen et al., 2019). In this model, the ancestral package of nodulation-essential genes
evolved altogether only once in the ancestor host, making RNS a homologous trait among the
descendant plant lineages. Nodulation therefore is postulated to have evolved quickly within a
few million years after the divergence of the FaFaCuRo clade from its sister clade ca. 110 Mya,
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since the divergence of the four orders of the FaFaCuRo clade took place ca. 104 Mya (Wang
et al., 2009; Bell et al., 2010).

The hypothesis of a single origin of RNS is mainly argued from the commonality
perspective. The first line of argument focuses on the similarities with regard to developmental
and structural features of nodules. In Parasponia-rhizobia symbiosis and actinorhizal plant-
Frankia RNS systems, symbionts are hosted in fixation threads, which are considered the
“ancestral” mode of infection (Behm et al., 2014). Van Velzen and colleagues (2019) proposed
that the presence of the “ancestral” form of intracellular uptake in distant RNS-forming lineages
suggests a common origin. Moreover, although leguminous and actinorhizal nodules were
previously thought to differ significantly from each other in terms of developmental and
anatomical features, recently analyses of detailed fate maps of nodules formed on Alnus
glutinosa (Fagales), M. truncatula (Fables) and P. andersonii (Rosales) roots revealed that the
main difference between these nodules is the type of founder cells for the nodule vasculature
(Shen et al., 2020). Together with the observation that a mutation in the Nodule Root 1
(MtNOOT1) gene in legume M. truncatula partially suffices for the formation of actinorhizal-like
nodules, it is proposed that actinorhizal nodules represent the ancestral type and nodules from
different plant orders share more similarities than previously thought.

The second line of argument deals with commonalities in functions of symbiosis genes.
The strongest evidence is perhaps the requirement of a common set of functionally conserved
genes, the common symbiosis genes, in legumes, Parasponia and actinorhizal plants to form
nodules (Gherbi et al., 2008; Markmann et al., 2008; Svistoonoff et al., 2013; Clavĳo et al.,
2015; Granqvist et al., 2015). The third line of argument is related to the coincidence of loss of
RNS and varying degrees of mutations in one or a few RNS-essential genes in non-RNS-
forming FaFaCuRo species (Griesmann et al., 2018; van Velzen et al., 2018). This discovery of
the massive loss of RNS agrees with the general understanding that RNS is a genetically
complex trait, hence gaining is more difficult than loss. Following this argument, parallel gains
of nodulations after the acquisition of a yet-not-identified propensity (as suggested by the
predisposition model) seems less probable than loss of nodulation after a single gain event.

Both evolutionary models currently lack experimental evidence that could pinpoint to the
plausible genetic components leading to either the emergence of the proposed predisposition
event or an ancestral nodule in the FaFaCuRo common ancestor. Nevertheless, what is clear is
that the genetic changes in the last common ancestor must have enabled one or a few novel
traits (e.g., an infection thread-based symbiosis without organ formation; Parniske 2018) that
provided evolutionary advantages or at least neutrality. This genetic novelties and associated
traits must have been maintained by descendants of the common ancestor for ca. 20 - 30
million years and are still shared by all modern RNS-forming species (Fig. 1). A comprehensive
understanding of the function of RNS-relevant genetic components and their phylogenetic
distribution is necessary to uncover the potential candidates that contribute to the emergence
of RNS and further discuss these two hypotheses.
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1.2.2 Establishment of RNS

The establishment of nodulation can be subdivided into three major processes: pre-
infection communication, bacterial infection and nodule organogenesis. The pre-infection
communication assists the bidirectional selection of symbiotic partners, the success of which
prompts plants to take up bacterial symbionts into their roots. The process through which
bacteria invades the roots, namely bacterial infection, and the organogenesis event that leads
to the formation of a nodule, namely nodule organogenesis, are temporally and spatially
coordinated. This concerted action ensures formation of nodules that stably host bacterial
symbionts in their intracellular space. All three processes are essential for successful formation
of nitrogen-fixing nodules. Largely thanks to the discovery of plant mutants that are impaired in
one or more of processes, nearly 200 genes have been identified to be involved in the
modulation of cellular responses underpinning the establishment of RNS (for a list of RNS-
relevant genes, see Roy et al., 2020). Functional characterisations of these genes have
allowed a reconstruction of the RNS-related genetic program, which continues to evolve as the
list of relevant genetic components expands.

1.2.2.1 Overview

RNS is initiated by the pre-infection chemical cross-talk between the symbiotic partners to
identify a compatible pair of bacterial symbiont and plant host. Successful perception of the
symbiont by the host is followed by uptake of bacteria into host roots. Amongst the diverse
infection modes observed in different RNS systems, the best characterised one is the
intracellular infection through root hairs in legumes. During this process, deformation and
curling of root hairs to trap rhizobia are induced first, leading to the formation of a closed
infection chamber. An IT is initiated from this infection chamber and elongates inwards via polar
growth to reach the root cortex (Fournier et al., 2008, 2015). The initiation and elongation of IT
are regulated by a number of plant proteins that remodel cell walls and guide the growth of the
IT (Fournier et al., 2015; Liu et al., 2020a, 2020b; Roy et al., 2020 and references within; Su et
al., 2020). Bacterial symbionts therefore follow the path laid by the growing IT to enter the root
cortex.

Simultaneous with the elongation of the IT, the onset of organogenesis is induced, a
process which in legumes is underpinned by a complex interplay of phytohormones including
the core regulator cytokinin (Gamas et al., 2017; Reid et al., 2017; Tan et al., 2020). Cell
divisions are induced in the root cortex and pericycle, giving rise to a nodule primordium. Some
of these newly divided cortical cells are competent for stable intracellular accommodation of
bacteria, and later become the central nodule tissue colonised by bacteria (van Spronsen et al.,
2001; Xiao et al., 2014; Shen et al., 2020). Following the arrival of ITs in the nodule primordium,
ITs ramify in the newly divided cortical cells (van Spronsen et al., 2001). Bacteria are
subsequently either released from these cortical ITs leading to formation of symbiosomes,
organelle-like structures in which bacteria are enclosed in plant-derived peribacterioid
membrane (de La Peña et al., 2018) or maintained in fixation threads that branch off from ITs
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(in several tropical legume trees, Parasponia and actinorhizal plants; Pawlowski and Bisseling
1996). After bacterial symbionts develop into the nitrogen-fixing forms, bacteroids in case of
rhizobia and vesicles in most actinorhizal symbioses, biological nitrogen fixation is executed by
the intracellularly-hosted bacterial symbionts (Vasse et al., 1990; Pawlowski and Demchenko
2012; Behm et al., 2014). Bidirectional exchange of nutrients occurs within the infected cells of
nodules that sustain both partners: most plant hosts receive reduced nitrogen in the form of
ammonium supplied by the bacterial symbionts and provide primarily dicarboxylates in return
(for a detailed review see Liu et al., 2018). To balance the cost and benefits of nodulation, the
number of nodules in legumes is systemically regulated through a process called
autoregulation of nodulations, controlled by short peptides and associated receptors, plant
hormone as well as micro RNAs (Soyano et al., 2014; Tsikou et al., 2018; Laffont et al., 2019,
2020).

1.2.2.2 Bacterial symbiont-induced signalling

The establishment process of RNS is enabled by a large network of genetic regulators
that induce transcriptional reprogramming in host roots. The starting point of this transcriptional
programming is the successful recognition of a compatible bacterial symbiont by the plant host.
The genetic program enabling the bacterial symbiont-induced signalling is currently better
understood in model legumes (Fabales) than in plants from the other three orders. In legumes,
flavonoid compounds exuded by the host roots are perceived by rhizobia in the rhizosphere
(Liu and Murray, 2016). In return, lipo-chitooligosaccharides, collectively referred to as
Nodulation factors (NFs), are produced by the rhizobia (Gough and Cullimore, 2011) and
perceived by the host roots via plasma membrane localised dimers of LysM receptors and
LysM receptor-like kinases, NFR1, NFR5 and NFRe (Madsen et al., 2003; Radutoiu et al.,
2003, 2007; Murakami et al., 2018; in this thesis, the names of the L. japonicus genes will be
used). Additionally, bacterial exopolysaccharides (EPS) play a role in microbe recognition in the
subsequent infection process (Kawaharada et al., 2015). NF-induced signalling is mediated by
the Symbiosis Receptor-like Kinase (SymRK) that interacts with NFR1 and NFR5 (Endre et al.,
2002; Stracke et al., 2002; Chen et al., 2012; Yan et al., 2020), as well as several other proteins
(see a summary in Roy et al., 2020) to transmit microsymbiont perception to downstream
responses in the nucleus (Fig. 2, step 1). The transmission of symbiont perception at the
plasma membrane to the nucleus likely involves two proteins SymRK-Interacting Protein 1
(SIP1) and NFR5-interacting Cytoplasmic Kinase 4 (NiCK4), that locate to the nucleus and
nuclear envelope, respectively (Zhu et al., 2008; Wong et al., 2019).

A hallmark downstream of the NF-induced signalling is the generation of nuclear and
perinuclear calcium oscillations or “spiking” (Sieberer et al., 2009). Generation of calcium
spiking is facilitated by a number of nucleoporin complexes and ion channels localised in the
nuclear envelope - Castor, Pollux, nucleoporins NUP85 and NUP133, NENA and Cyclic
Nucleotide-Gated Channels 15a, b & c (CNGC15a,b,c) - and a nuclear envelope and
endoplasmic reticulum localised Ca2+-dependent adenosine triphosphatase (Ca2+-ATPase)
MCA8 (Fig 2, step 2) (Ané et al., 2004; Imaizumi-Anraku et al., 2005; Kanamori et al., 2006;
Saito et al., 2007; Charpentier et al., 2008, 2016; Capoen et al., 2011; see a review Kim et al.,
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2019). Nuclear calcium spiking is presumably decoded by a Calcium-Calmodulin dependent
kinase (CCaMK), that is postulated to be activated by a Ca2+-binding calmodulin (Lévy et al.,
2004; Tirichine et al., 2006; Hayashi et al., 2010). Activated CCaMK interacts and subsequently
phosphorylates Cyclops, a DNA-binding transcription factor (TF).

Figure 2. Overview of the microsymbiont-induced signalling and consequential
transcriptional activation. The establishment of RNS and AM requires a set of common genes
(encoded protein in bold). Signalling molecules exuded by rhizobia or AMF are recognised by
respective plant receptors (NFR1, NFR5 or the hypothetical Myc factor receptors) at the plasma
membrane and a receptor-like kinase is activated (SymRK) (1). Calcium spiking is generated as
a core downstream response facilitated by ion channels (CNGC15a,b,c, Pollux, Castor) and
other proteins (nucleoporin complex including NUP133, NUP85 and NENA, and MCA8) at the
nuclear envelope (2). CCaMK presumably decodes the calcium signature upon activation by
Ca2+-binding calmodulin (CaM). Activated CCaMK interacts with and phosphorylates a
transcription factor Cyclops (3). Cyclops recognises the response elements (CYC-RE) in the
promoters of its target genes that are specifically required for RNS (NIN and ERN1) or AM
(RAM1), or hypothetically common responses (asterisk) for both types of endosymbioses. p,
phosphate group. This figure is simplified to highlight the members of common symbiosis genes
and the biological process they are involved in. Proteins participating for only one type of
symbiosis and some additional interacting proteins of the components illustrated in the figure are
not included (refer to a timely review Roy et al., 2020 for the full list of relevant proteins).
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Ultimately, the NF-induced signalling leads to expression of downstream RNS-related
genes to facilitate different developmental stages of RNS. Cyclops is an important player in this
process as it induces the expression of two RNS-essential TFs in a phosphorylation-dependent
manner (Fig. 2, step 3): Nodule Inception (NIN) (Singh et al., 2014) and an APETALA2/
Ethylene Responsive Factor (AP2/ERF) ERF Required for Nodulation 1 (ERN1) (Cerri et al.,
2017). Both TFs are necessary for bacterial infection; and NIN also regulates nodule
organogenesis.

1.2.2.3 Nodule Inception: a central regulatory hub

The NIN gene was first cloned from a transposon-tagged L. japonicus mutant nin-1 that
displays severe defects in nodulation (Schauser et al., 1999) and has been more and more
recognised as a central hub of RNS. NIN encodes a TF protein belonging to a group of plant-
specific RWP-RK domain containing proteins that also encompass the NIN-like proteins (NLPs)
(Chardin et al., 2014). Phylogenetic analysis supports NLP1 as the closest relative of NIN,
resulting from a gene duplication event that occurred in the ancestor ca. 110 Mya before the
divergence of Fabidae (including the FaFaCuRo clade) and Malvidae (including the
Brassicales) (Schauser et al., 2005; Wang et al., 2009; Bell et al., 2010; Liu and Bisseling,
2020). The molecular structure of NIN proteins resembles a typical NLP protein that consists of
three domains: the nitrate-responsive domain (NRD), DNA-binding RWP-RK domain and Phox
and Bem1 domain (PB1) mediating protein-protein interaction (Schauser et al., 2005; Konishi
and Yanagisawa, 2013, 2019; Lin et al., 2018). Among these three domains, functions of RWP-
RK and PB1 domains for both NIN and NLPs in and outside of the FaFaCuRo clade are
conserved. The NRD domain of NIN, despite the high sequence similarity to that of NLPs, is
incompletely conserved and carries deletions of variable length. A key feature that
distinguishes NIN from NLP proteins is their differential response to nitrate sensing. When
sensing nitrate, the N-terminus of NLPs mediates shuffling of NLPs form the cytosol to the
nucleus and post-translational activation of nitrate-induced genes. This mechanism is observed
for NLPs outside of the FaFaCuRo clade, such as AtNLP6 & 7, ZmNLP6 & 8 and OsNLP4
(Alfatih et al.; Konishi and Yanagisawa, 2013; Cao et al., 2017; Wu et al., 2020), as well as
inside such as LjNLP4/NRSYM1 and MtNLP1 (Lin et al., 2018; Nishida et al., 2018). On the
contrary, nuclear localisation of NIN and the induction of nitrate-induced genes by NIN is
independent of nitrate concentration, a fact likely caused by deletions in NRD domain of NIN
(Suzuki et al., 2013). This loss of the response to nitrate might have been a key step during the
exaptation of NIN function for RNS (Suzuki et al., 2013; Soyano and Hayashi, 2014).

NIN functions downstream of NF-signalling and is specifically required for RNS but not
AM (Schauser et al., 1999; Kumar et al., 2020). The nin mutant displays normal morphological
features and can successfully establish an AM symbiosis. When inoculated with rhizobia, the
nin mutant exhibits excessive root hair curling/deformation in an expanded susceptible zone of
the root, and formations of ITs or nodule primordia are not observed (Schauser et al., 1999;
Marsh et al., 2007; Clavĳo et al., 2015). NIN is amongst the earliest induced genes during
rhizobial infection and directly activates expression of genes required for IT formation:
Nodulation Pectate Lyase (NPL) encoding a pectate lyase, Rizhobia-directed Polar Growth
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(RPG), Nuclear Factor-YA1 (MtNF-YA1), EPS Reporter 3 (EPR3) encoding a LysM type
polysaccharide receptor, Rhizobial Infection Receptor-like Kinase 1 (RINRK1) encoding an
atypical leucine-rich repeat receptor-like kinase as well as SCAR-Nodulation (SCARN)
encoding a Suppressor of cAMP Receptor defect (SCAR) protein (Arrighi et al., 2008; Xie et
al., 2012; Laporte et al., 2014; Kawaharada et al., 2015; Qiu et al., 2015; Li et al., 2019). Loss
of function of these genes results in similar defects of RNS: failure in initiating IT growth despite
the formation of infection loci and/or arrested IT growth within root hairs; as well as abnormal
progression of ITs in root hairs or in the occasionally-formed nodules (only in some mutants).
Additionally, the pectate lyase NPL is secreted into the infection chamber and tightly
accompanies the growing IT (Liu et al., 2019a), presumably engaging in cell wall modification.
A recent study transcriptionally profiled the M. truncatula nin-1 mutant at the onset of IT
development and identified downregulated expression of 63 genes presumably involved in cell-
wall modification, including NPL (Liu et al., 2019a). Moreover, NIN expression is co-ordinately
mediated by Cyclops and ERN1, another TF essential for IT formation (Liu et al., 2019d).

Another role of NIN is to regulate nodule organogenesis. Cytokinin signalling is necessary
and sufficient for the organogenesis program; exogenous application of a synthetic cytokinin (6-
Benzylaminopurine) is sufficient to induce NIN expression (Murray et al. 2007; Tirichine et al.
2007; Heckmann et al. 2011). The cytokinin-mediated activation of NIN is modulated in part via
activation of a GRAS domain TF Nodulation Signalling Pathway 2 (NSP2) that in turn induces
NIN expression in a heterodimer with NSP1 (Hirsch et al., 2009; Ariel et al., 2012). NIN directly
binds to the promoter of Cytokinin Response 1 (CRE1) that encodes a cytokinin receptor, and
transcriptionally activates its transcription (Vernié et al. 2015), creating a positive feedback loop
for cytokinin induced signalling. In the legume M. truncatula, a distant regulatory region
containing several putative cytokinin response elements, the Cytokinin Element (CE), was
recently reported to be essential for NIN to regulate nodule organogenesis, although whether
CE directly mediated cytokinin-induced NIN expression is yet to be clarified (Liu et al., 2019c).
Both CE and the 5 kb proximal promoter of the NIN gene are required for successful restoration
of infection and nodule organogenesis in the Mtnin-1 mutant. LjNF-YA1 and LjNF-YB1 as well
as Asymmetric Leaves 2-like 18a/Lob-Domain protein 16 (ASL18a/LBD16) are direct
transcriptional targets of NIN, that interact with each other and control cell division via
regulation of auxin biosynthesis genes (Soyano et al., 2013, 2019; Schiessl et al., 2019).
Ectopic expression of ASL18a/LBD16 and NF-Ys is sufficient to induce spontaneous nodules in
L. japonicus wild-type and nin-9 mutant; a similar phenomenon is observed when NIN is
ectopically expressed (Soyano et al. 2013 & 2019). Additionally, a SHORT ROOT-
SCARECROW (SHR-SCR) TF pair is reported to modulate cell division and nodule
organogenesis in M. truncatula. Accumulation of SHR protein is likely dependent on NIN as a
reduced protein accumulation was observed in the nin-1 mutant (Dong et al., 2020). The
induction of LBD16 during nodulation is dependent on SHR and SCR, and that of SCR is
dependent on LBD16. Therefore, NIN likely oversees the two interdependent modules for
nodule organogenesis.

Moreover, NIN plays dual antagonistic roles in the regulation of nodule numbers. On one
hand, NIN is involved in the program of autoregulation of nodulation to restrict nodule numbers.
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CLAVATA3/embryo-surrounding region related (CLE) peptides are reported to function as the
mobile root-to-shoot signal to initiate the negative regulation on nodulation (for a detailed
review, see Nishida and Suzaki, 2018). NIN induces the expression of the CLE-peptide
encoding genes as early as during the initiation and formation of ITs in root hairs in L. japonicus
(Soyano et al. 2014; Laffont et al., 2020). NIN interacts with a NIN-like protein SYMRM/NLP4
that senses nitrate concentrations and regulates the expression of CLE-Root Signal 2 (CLE-
RS2) to control nodule numbers (Lin et al., 2018). On the other hand, the production of C-
terminally encoded peptides (CEPs) which promotes nodulation is also under control of NIN
(Laffont et al., 2020). Together, these two NIN-dependent antagonistic processes maintain the
homeostasis of RNS.

The role of NIN in nodulation likely extends beyond the previously discussed processes.
It has been reported that NIN controls symbiosome formation process based on the
observations that two weak M. truncatula nin mutant alleles are able to form rather normal
infection some in the nodules, however these nodules experience premature senescence and
arrested symbiosome development (Liu et al., 2021). Transcriptomic data of Mtnin-1 suggests
potential involvement of NIN in plant defence responses and nutrient transport, based on the
observation of downregulation of the genes in the mutant (Liu et al., 2019a). The sucrose
transporter SWEET11 is active in not-yet-infected and symbiosome-containing cells in the
nodules formed on M. truncatula roots and its expression depends on NIN (Kryvoruchko et al.
2016). Moreover, although NIN does not directly activate genes encoding nitrate transporters,
ectopic expression of NIN antagonises the nitrate-dependent induction of these genes (Soyano
et al., 2015). Taken together, NIN is a central regulation hub, i.e., it coordinates several aspects
of RNS including but not restricted to bacterial infection, nodule primordia formation, regulation
of nodule numbers and symbiosome formation.

1.3 Transcriptional rewiring for the evolution of root nodule symbiosis
Indubitably, the establishment of RNS is a complex process that requires a large network

of regulators (1.2.2). How these regulators attained a function in RNS is a fascinating and
important research subject. For instance, the question arises whether these regulators did
evolve specifically for the emergence of RNS or were “adopted” from other existing processes
and repurposed for RNS? What are the elemental genetic and molecular qualities of these
regulators to enable RNS, regardless whether these qualities evolved directly or were adapted?
Was is it a novel invention or adoption of one regulator that contributes to a large extent to the
emergence of RNS or was is it an accumulative effect of multiple regulators, each of which
contributed one specific aspect? Studying how each individual regulator and their entire
community were recruited for RNS simultaneously provides insights into the evolutionary
pathway leading to the emergence of RNS and the mechanistic requirements for their RNS-
related regulation and function.

A recent study searched for gene gains specific to the FaFaCuRo clade via genome-
wide comparative analysis of 37 plant species that covered a diversity of infection modes and
symbiont types (Griesmann et al., 2018). It was hypothesised that if one or several novel genes
(“a genetic toolbox for RNS”) acquired in the last common ancestor were essential for
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emergence of nodulation, these genes must have been maintained and should be exclusively
present in RNS-forming FaFaCuRo members. Surprisingly, no genes matching the
aforementioned evolutionary pattern were discovered, indicating that gain of gene(s) might not
have been associated with the origin of root nodule symbiosis. Instead, a gene-loss pattern was
observed: variable degrees of fragmentations and loss of RNS-essential genes, namely NIN
and RPG, correlate with loss of nodulation. A similar gene-loss pattern was reported from
another study comparing genomes of three Parasponia species and five Trema species that
are close relatives of Parasponia but unable to engage in RNS (van Velzen et al., 2018). That
no such genetic toolbox could be detected brought up the question that had been already
asked by Markmann and Parniske (2009) over 10 years ago: “how novel are nodules?”

Indeed, several genetic components play dual roles in establishment of RNS and other
biological processes such as establishment of AM, lateral root development, microbe
recognition, plant defence and nutrient transport. These observations have led to the
hypothesis that repurposing of already functional regulatory networks via transcriptional
rewiring was an important driver for the emergence of RNS. Transcriptional rewiring of pre-
existing machineries contributes significantly to phenotypic novelties and variations and is
remarkably dynamic. Examples of evolutionary studies in other organisms have revealed that
rewiring of regulatory networks could be achieved by changes in cis-acting elements such as
enhancers (Jeong et al., 2006; Rebeiz and Williams, 2017); or trans-acting elements such as
TFs (Lynch and Wagner, 2008; Wagner and Lynch, 2010); or concerted changes in both
(Britton et al., 2020). Compared to the knowledge of the function of the cis- and trans-acting
elements, relatively little is known about the evolutionary mechanisms through which they were
rewired for the evolution of RNS. It is possible to peek at their evolutionary history of functional
adaptations for RNS by studying their phylogenetic distribution, roles in biological processes
and associated regulatory networks. For the sake of discussion, these regulatory elements are
sorted into three main realms/processes that are fundamental to forming a nitrogen-fixing
nodule: microsymbiont induced signalling, intracellular uptake of symbiont (bacterial infection)
and nodule organogenesis. The latter two often act in concert, but are genetically separable
(Madsen et al., 2010), hence are treated here as two independent topics.

1.3.1 Microsymbiont-induced signalling: trigger downstream transcriptional changes

An important discovery supporting the hypothesis of transcriptional rewiring is that a
common set of genes induced by microsymbiont-exuded signals orchestrates infection and
intracellular accommodation of both AMF and nitrogen-fixing bacteria (Kistner and Parniske,
2002; Kistner et al., 2005). This set of genes is therefore referred to as “the common symbiosis
genes” (Fig. 2). Members of the common symbiosis genes mediate distinct biological
processes including: (1) perception of the microsymbionts (SymRK); (2) generation of calcium
oscillation as the messenger to induce downstream response (Castor, Pollux, NUP85, NUP133
and CNGC15a,b,c); and (3) transcriptional activation of symbiosis-related genes to stably
accommodate the microsymbionts in living plant cells (CCaMK and Cyclops).
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SymRK from different dicot species and from the monocot Oryza sativa (rice; Poales) can
restore AM in a L. japonicus (Fabales) symrk mutant (Markmann et al., 2008). Likewise, Castor,
Cyclops and CCaMK are indispensable for AM in rice and can rescue both RNS and AM in
respective mutants of legume plants (Chen et al., 2007, 2008; Banba et al., 2008; Markmann et
al., 2008; Yano et al., 2008). Remarkably, CCaMK and Cyclops from the AM-forming liverwort
Marchantia paleacea can successfully restore AM in the corresponding M. truncatula mutants,
although two plant species are separated by more than 450 million years of diversification
(Radhakrishnan et al., 2020). Furthermore, the function of these common symbiosis genes is
conserved across the FaFaCuRo clade in different RNS systems. SymRK from the actinorhizal
plants C. glauca (Fagales) and D. glomerate (Cucurbitales) can restore both RNS and AM in a
L. japonicus symrk mutant (Fabales) (Gherbi et al., 2008; Markmann, 2008). Similarly, CCaMK
from the actinorhizal plants Discaria trinervis (Rosales) and C. glauca can rescue nodulation in
a M. truncatula ccamk mutant (Svistoonoff et al., 2013; Radhakrishnan et al., 2020).

Although the roles of actinorhizal homologs of several common symbiosis genes have not
yet been demonstrated in detail, the functional equivalence of the common symbiosis genes
across two types of endosymbiosis that evolved approximately 350 million years apart, distant
plant lineages and different RNS systems strongly supports the rewiring of an evolutionary
older mechanism (functional in AM) for a new purpose (RNS).

1.3.2 Intracellular uptake of bacterial symbiont: a central feature of RNS

In spite of the great diversity in infection mechanisms and nodule organogenesis and
morphology, one and perhaps the only shared feature emerges among the RNS-forming
lineages: the uptake of bacteria into living plant cells (Parniske, 2018). Diazotrophic microbes
commonly coexist with plants as endophytic or associative organisms, which promote plant
health by performing nitrogen fixation and modulating plant growth (Carvalho et al., 2014).
Comparatively, the more intimate association - hosting the microbes in the intracellular space -
provides a more efficient exchange of nutrients and controlled selection of symbionts (Gage,
2004; Carvalho et al., 2014). Nevertheless, intracellular accommodation of bacteria in living
cells is a rare phenomenon among land plants, observed only in the FaFaCuRo clade and one
exception outside of this clade, Gunnera spp. (Gunnerales) that host diazotrophic
cyanobacteria Nostoc in stem glands (Johansson and Bergman, 1992). It is hence argued by
Parniske (2018) that given the uniqueness and rareness of intracellular uptake of bacteria into
living cells, this trait must have been acquired by the last common ancestor of the FaFaCuRo
clade and thereby been maintained in the descendant lineages.

Curiously, an analogy can be drawn between endosymbiotic interactions with two distinct
types of symbionts, rhizobia and AMF, in that the infectious unit is always surrounded by a
plant-derived peri-microbial membrane separating the microbe from the cytoplasm of the plant
cell during the course of infection and stable accommodation (Parniske, 2000). It was therefore
postulated by Parniske (2000) that an “intracellular accommodation program” is in place to
mediate this process. Since then, several lines of evidences were found that support this
hypothesis. First, early cellular responses including relocation and movement of nuclei in cells
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anticipating and undergoing infection has been observed during the infection process by AMF
and rhizobia (Fåhraeus, 1957; Timmers et al., 1999; Sieberer and Emons, 2000; Gage, 2004;
Genre et al., 2005; Fournier et al., 2018). Second, formation the membrane-matrix structure
composed of cytoskeletal and cytoplasmic aggregations in cells anticipating infection, namely
the pre-infection thread (PIT) structures for RNS and the pre-penetration apparatus (PPA) for
AM, is suggested to be associated with cell-cycle and cell division related mechanisms in both
endosymbioses (van Brussel et al. 1992; Yang et al., 1994; Breakspear et al., 2014; Smertenko
et al., 2017; Russo et al., 2019). Third, in later developmental stages when the peri-microbial
membrane is produced to surround to symbiont, specific proteins functioning in membrane
trafficking pathways are essential for establishment and maintenance of the host-microbe
interface for both types of endosymbiosis. These members include VAPYRIN (Murray et al.,
2011), SNAREs (Huisman et al., 2016; Sogawa et al., 2019) and VAMP72s (Ivanov et al.,
2012). How these common components were incorporated to RNS by plants of the FaFaCuRo
clade is not yet known. It is possible that an upstream central regulator governing the
expression of these components was recruited, or alternatively independent recruitment of
them occurred in the FaFaCuRo clade.

Furthermore, it is perhaps suitable in this context to mention that the common symbiosis
gene Cyclops, plays a crucial role in intracellular accommodation of microsymbionts during
both AM and RNS (Yano et al., 2008). Upon infection by its compatible symbiont
Mesorhizobium loti, the L. japonicus cyclops mutant fails in the initiation of ITs although
bacteria are entrapped by curled root hairs. Although nodule organogenesis is induced in this
mutant, the nodules are devoid of bacterial infection. This mutant also fails to intracellularly
host AMF in its root cortex. Its importance for intracellular accommodation of symbionts is
indirectly supported by the finding of a positive correlation between the presence of Cyclops
(and its interacting and phosphorylating partner CCaMK) and the ability to intracellular
accommodate symbionts across a wide range of land plants (Radhakrishnan et al., 2020). It
therefore seems reasonable that the co-option of Cyclops might have enabled the FaFaCuRo
ancestor to extend its “residents” from AMF to nitrogen-fixing bacteria.

1.3.3 Nodule organogenesis: production of a novel organ

Nodule organogenesis is a coordinated consequence involving two main processes: 1)
cell dedifferentiation, division and proliferation and 2) the ultimate step leading to the formation
of a novel organ. However, both processes are not unique to RNS. In fact, organogenesis
occurs frequently in the above- and belowground parts of plants as response to prevailing and
changing environmental conditions, such as modification of the root architecture in response to
nutrient availability in soil (Luo et al., 2020) and formation of the invasion structure, haustoria,
during infection by biotrophic fungi or oomycetes (Ichihashi et al., 2020).

On roots, lateral root formation is a frequently occurring organogenesis event to modify
root architecture. Interestingly, actinorhizal and Parasponia nodules bear high resemblance to
lateral roots, possessing a pericycle-derived central vasculature adjacent to cortex-derived
tissue and an apical meristematic region (Pawlowski and Demchenko, 2012; Shen et al., 2020).



16

Leguminous nodules are in comparison less similar to later roots, displaying a peripheral
vasculature and in some species lacking a persistent apical meristem (e.g., in L. japonicus
nodule). The discovery of several shared components functioning in both lateral root
development and RNS suggests the repurposing of the lateral root program for nodulation.
First, cytokinin is a core phytohormone promoting nodule organogenesis (Gamas et al., 2017);
it also regulates lateral root development in a complex interplay with other hormones such as
auxin, ethylene and gibberellin (Qin and Huang, 2018; Jing and Strader, 2019). Downregulation
of CRE1 in M. truncatula rendered the roots insensitive to cytokinin and significantly increased
lateral root density, while negatively impacting nodulation (Gonzalez-Rizzo et al., 2006).
Second, a NIN-dependent ASL18a/LBD16-mediated pathway was recently found to control
both nodule organogenesis and lateral root development. Ectopic expression of ASL18a/
LBD16 alone in L. japonicus roots induces ectopic formation of lateral root primordia, and
together with its interacting partners, NF-Ys, leads to spontaneous nodule formation (Soyano et
al., 2019). These reports highlight the overlaps in the genetic control of the two different
organogenetic processes. Moreover, the role of theses shared regulators in two organogenetic
processes further implies the evolution of additional control of organ identity. In M. truncatula,
the NOOT gene maintains the identity of the indeterminate nodule (Magne et al., 2018). The
Mtnoot1noot2 mutant displays a dramatic phenotype where a nodule transitions into a lateral
root that originates from the apical nodule meristem (Shen et al., 2020).

It is important to note that the NIN-ASL18a/LBD16 connection appears to be specific for
legumes. Together with the observation that the response to cytokinin treatment in actinorhizal
plants differs from that of legumes (Gauthier-Coles et al., 2019), this indicates that nodule
organogenesis is regulated through distinct mechanisms in legumes and actinorhizal plants. A
gene that appears to regulate nodule organogenesis for both leguminous and actinorhizal
plants is CCaMK. The deregulated C. glauca CCaMK protein that lacks the auto-inhibitory
domain triggers the organogenesis program resulting in spontaneous nodule formation on D.
trinervis and C. glauca roots in the absence of the symbiont, a phenomenon that have been
also observed in leguminous plants (Gleason et al., 2006; Hayashi et al., 2010; Svistoonoff et
al., 2013). Activation of organogenesis can be independent from Cyclops, as deregulated
CCaMK is capable of inducing spontaneous nodules in a cyclops mutant (Yano et al., 2008).
Altogether, these findings suggest a close evolutionary relationship between lateral root
development and nodules, and CCaMK appears to present as a central regulator of nodule
organogenesis across the FaFaCuRo clade, although the recruitment mechanism for CCaMK
is not yet understood.

1.4 Cis-regulatory elements in root nodule symbiosis

1.4.1 Cis-elements for the establishment of RNS

As previously introduced, it is evident that the establishment and maintenance of RNS is
accompanied by dramatic local and systemic transcriptional reprogramming, involving a large
network of regulatory proteins that modulate a wide variety of biological processes. A
transcriptional change is the result of the combined activity of trans-acting regulatory elements
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including regulatory proteins and non-coding
regulatory RNAs, and cis-acting regulatory
elements, such as enhancer, promoter and
untranslated regions of mRNA (Ong and
Corces, 2011; Spitz and Furlong, 2012; Kim
and Shiekhattar, 2015). Together, cis- and
trans-elements define the landscape of the
regulatory networks (e.g., see more about
gene regulatory network Peter & Davidson,

2017). Each type of these components has been demonstrated as important regulatory units for
RNS. Amongst the trans-acting elements, TFs are key regulatory proteins that govern the
expression of a set of RNS-related genes for distinct developmental processes and make up a
considerable portion of currently known RNS-related players (Roy et al., 2020). Trans-acting
micro RNAs produced by plant hosts and rhizobial tRNA-derived small RNAs that act post-
transcriptionally to modulate gene expression level have also been demonstrated as important
players in RNS (for timely reviews, see Ren et al., 2019; Valdés-López et al., 2019). For
example, miR2111 post-transcriptionally controls the expression level of the Too Much Love
gene that encodes a repressive F-box protein to balance infection and nodule formation
(Tsikou et al., 2018). The advent of Omics technologies, either alone such as transcriptomics or
in combinations of other Omics, such as proteomics and transcriptomics, have greatly
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accelerated the understanding of the regulatory circuitry mediated by these trans-acting
elements (for a summary, see Mergaert et al., 2020).

Alongside the identification of a large number of trans-acting TFs and their target genes,
the list of RNS-related cis-acting regulatory elements (hereafter used to refer to motifs in
promoters and enhancers collectively; Table S1) has expanded. The majority of these cis-
elements were identified via classical promoter deletion experiments, while in some studies,
genome-wide identification of cis-elements was employed. A promoter tagging program using a
promoterless reporter gene has been performed to guide identification of RNS-related
regulatory regions and genes. This approach relies on the generation of transgenic lines whose
reporter activity is detected, or in an ideal scenario, specifically induced during establishment of
RNS. It theoretically allows the genome-wide mapping of regulatory regions active during RNS
by locating the insertion sites of the reporter gene in transgenic lines of interest and has the
advantage of providing stable transgenic lines as final products that can be used readily. The
promoter tagging approach has led to the identification of a L. japonicus transgenic line, T90
(Webb et al., 2000) and several others (Buzas et al., 2005). T90 has served as a useful marker
line for the study of plant symbiotic signal transduction over the last two decades (Kistner et al.,
2005; Gossmann et al., 2012; Ried et al., 2014; Banhara et al., 2015). T90 carries a single copy
of a transfer DNA (T-DNA), containing a promoterless GUS gene, which is inserted in the
promoter region of the Calcium Binding Protein 1 gene (CBP1; gene ID Lj3g3v0381710; Fig.
3a). After staining with 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid (X-Gluc), T90 roots
display blue coloration indicative of GUS gene expression. The T90 GUS gene expression was
so far exclusively observed in plant roots inoculated with AMF (Kistner et al., 2005) or rhizobia
(Fig. 3b), including M. loti strain R7A in an NF-dependent manner (Webb et al., 2000) and
treatment with M. loti strain R7A Nod factor (Gossmann et al., 2012; Webb et al., 2000) but in
no other tissues or treatments tested (Kistner et al., 2005; Gossmann et al., 2012). For
example, T90 GUS expression was neither detected in T90 shoots or leaves (Webb et al.,
2000) nor inducible by synthetic hormones 1-Naphthaleneacetic acid or 6-Benzylaminopurine
(Tuck, 2006). It was also not induced upon inoculation with the growth-promoting fungus
Serendipita indica (previously known as Piriformospora indica) (Banhara et al., 2015). The T90
GUS phenotype hence indicates presence of a regulatory region responsible for symbiosis-
related expression that was not yet identified. In addition to T90, four lines with GUS-trapped
promoters were identified in an independent promoter-tagging mutagenesis study on
L. japonicus, showing GUS activity covering a range of tissues and organ types including
nodules (Buzas et al., 2005). Nevertheless, Buzas and colleagues reported that ca. 2% to 5%
of the generated transgenic lines exhibiting GUS activity. Out of the 284 promoter tagging lines
that were initially screened by Webb and colleagues, T90 is the only one that is still used for the
genetic dissection of RNS. The low yield speaks against a broader use of promoter tagging
approaches.

More recent techniques enable the discovery of cis-regulatory elements associated with
individual TF (TF binding sites) in a high-throughput manner. One example is the employment
of Chromatin immunoprecipitation followed by sequencing (ChIP-seq) to identify and verify NIN
binding sites in target genes (Soyano et al., 2013; Laffont et al., 2020). This method was able to
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reveal the difference in binding sequences by NIN and NLPs that are from the same protein
family, assisting the study of target gene specificity of these TFs (Nishida et al., 2021).

The common feature of RNS-related cis-elements is their ability to define gene
expression patterns in appropriate cell and tissue types based on binding and/or transcriptional
activation by regulatory proteins. For instance, two regions of the promoter of a well-
characterised symbiosis marker gene Early Nodulin 11 (ENOD11) mediate gene expression in
different tissues: one region is recognised by ERN1 in response to NF signalling while the other
(within -257 bp 5’ of the translational start site) is recognised by the NSP1/NSP2 protein
complex in response to bacterial infection, leading to expression of ENOD11 in the respective
tissue types (Boisson-Dernier et al., 2005; Andriankaja et al., 2007; Cerri et al., 2012). The
cis-elements situated between 280 bp and 257 bp as well as within 257 bp 5’ of the
translational start site of the Epr3 gene are bound by ERN1 and NIN, and required for gene
expression in the epidermis and nodule primordia, respectively (Kawaharada et al., 2017). NIN
induces the expression of ASL18a/LBD16 via one or two putative NIN-binding sites in the first
intron of this gene, which was sufficient to confer expression in the nodule primordia. This
expression domain of ASL18a/LBD16 is consistent with its role in nodule primordia formation
(Soyano et al., 2019). The distant Cytokinin Element (CE) of M. truncatula NIN is sufficient to
mediate NIN expression in the pericycle in the M. truncatula daphne-like mutant. Additionally,
another cis-element presumably facilitating binding by Cyclops within the proximal 5 kb of the
promoter is required for the epidermal NIN expression as deletion of this cis-element rendered
the 5 kb promoter incapable of rescuing IT formation in root hairs in a M. truncatula nin-1
mutant (Liu et al., 2019c). Furthermore, distinct regulatory regions of the NIN promoter are
directly bound by protein regulators to induce its expression - Cyclops, NSP1 (interacting with
NSP2), a MYB coiled-coil type TF Interacting Protein of NSP2 (IPN2; interacting with NSP2) or
an ARID (AT-rich Interaction Domain)-containing protein SIP1 (Zhu et al., 2008; Hirsch et al.,
2009; Kang et al., 2014; Xiao et al., 2020). A similar phenomenon has been described for
ERN1 that is transcriptionally activated by Cyclops, IPN2 and NSP1 which recognise and bind
to the promoter of ERN1 at different regions (Hirsch et al., 2009; Cerri et al., 2017; Xiao et al.,
2020). These findings support that expression of a RNS-related gene is regulated by multiple
cis-elements during transcriptional reprogramming for RNS. The cis-elements therefore
represent an important group of regulators for RNS.

1.4.2 Contribution of cis-elements to evolution of RNS

In an evolutionary context, RNS likely evolved by co-opting genes from existing
machineries (1.3), implying the emergence of cis-elements in these co-opted target promoters
that confer regulation of gene expression specific for RNS. Currently known examples of cis-
elements that likely contributed to the evolution of RNS appear to be specific for the legume
branch of the FaFaCuRo clade. These elements include the regulatory region containing
putative cytokinin response elements, CE, that mediates NIN expression (Liu and Bisseling,
vv2020), the NIN-binding sites in the intron of ASL18a/LBD16 gene (Soyano et al., 2019), a
conserved region in the promoter of IPN2 (Xiao et al., 2020) and two elements in the promoter
of SCR (Dong et al., 2020). The restricted presence of these cis-elements indicates recruitment



20

of these target genes for nodulation in leguminous plants, distant from the assumed genetic
changes that enabled evolution of RNS at the base of the FaFaCuRo clade.

A potential evolutionary event that took place at the base of the FaFaCuRo clade is the
co-option of the common symbiosis genes; the members coordinate two central responses
including microsymbiont-induced signalling and intracellular uptake of symbiont (1.3) already
for the ancient AM that evolved earlier than RNS. How the co-option process of this set of
genes for RNS took place still remains elusive. According to the predisposition model (1.2.1),
these common symbiosis genes could have been independently recruited several times in
different plant lineages, or alternatively recruited by the last common ancestor as part of, or
representing the entirety of, the predisposition event. In the single origin model, the last
common ancestor would have had simultaneously recruited all common symbiosis genes.
Soyano and Hayashi (2014) brought forward an inspiring hypothesis that co-option of the

Figure 4. PACE is exclusively present in the FaFaCuRo clade. Left: Schematic illustration of
phylogenetic relationships between species inside (light red shade) and outside (light grey
shade) the FaFaCuRo clade and presence (+) and absence (-) pattern of RNS, NIN and PACE.
Right: PACE sequence alignment of the displayed species in which grey shadings indicate more
than 50% sequence identity. On top of the alignment the PACE consensus sequence depicted
as Position Weight Matrix calculated from the displayed RNS-competent species. MEME
analyses of NIN promoters and the identification of PACE were performed by Maximilian
Griesmann. The phylogenetic tree was drafted by Ksenia Vondenhoff.
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common symbiosis genes to RNS was achieved through recruiting NIN as its downstream
target. The hypothesis is supported by findings that NIN is transcriptionally activated by
Cyclops (a TF encoded by a common symbiosis gene; Singh et al., 2014) and the first induced
regulator downstream of common symbiosis genes to specifically trigger RNS-related
responses. NIN is a central regulator, as it modulates all aspects of the establishment of RNS
from bacterial infection, nodule organogenesis to balance of cost and benefits of nodulation via
regulation of nodule numbers (1.2.2.3). It was hence proposed that connecting the common
symbiosis genes and NIN through the gain of cis-regulatory elements in the NIN promoter was
an important step during the evolution of nodulation (Soyano and Hayashi, 2014).

Following the logic of this hypothesis, a cis-regulatory element that recruited NIN should
be: 1) exclusively present in the NIN promoters from FaFaCuRo members and absent outside
of this clade and 2) maintained at least in the RNS-forming species (if assuming mutations of
the element accumulated after the loss of RNS). A search for novel cis-regulatory elements in
regulatory regions 5’ of the open reading frame of the NIN gene from 37 plant species inside
and outside of the FaFaCuRo clade was carried out (analysis performed by Maximilian
Griesmann, unpublished). Only one motif fulfilling the aforementioned criteria was identified,
namely the Predisposition Associated cis-regulatory Element (PACE; Fig. 4). The 29-nucleotide
long PACE is present at varying locations in the regulatory regions of the NIN genes of tested
RNS-forming FaFaCuRo species and two FaFaCuRo species that have lost RNS but
maintained the NIN gene (Fig. 4). Additionally, a PACE-like motif was detected in the promoter
of Juglans regia NLP1b gene and no PACE was identified, although this species has also
maintained the NIN gene despite the loss of RNS. Importantly, no motif displaying a
phylogenetic distribution like PACE was discovered in the promoters of NLP genes, which
belong to the same gene family encompassing the NIN gene (analysis performed by Maximilian
Griesmann, unpublished). The phylogenetic signature of PACE strongly suggests that its
emergence occurred in the last common ancestor of the FaFaCuRo clade. The assumed time
point of PACE emergence coincides with the origin of RNS (Fig. 1), suggesting that it may have
contributed to the emergence of RNS. Whether PACE serves a function in RNS and if so,
which function, is therefore worth further investigation.



22

2. AIM OF THE THESIS

This study followed up two approaches that aimed to identify cis-regulatory elements that
could have played a role in the establishment and evolution of nodulation (Fig. 3 & 4). One was
the phylogenomic approach that led to the identification of PACE, a cis-element exclusively
present in the NIN promoters from FaFaCuRo members. NIN has been proposed to be a target
of a co-option process through emergence of novel cis-elements in its promoter, that rewired it
to function in RNS; however the responsible cis-elements remain unknown. Given the
phylogenetic position of PACE, it is highly likely that PACE is an important contributor to the
rewiring of NIN for the evolution of RNS. Using L. japonicus and its compatible bacterial
symbiont M. loti as an experimental system, this work aimed to study the relevance and
importance of PACE in the evolution of RNS by: 1) investigating the impact of PACE on the
expression of NIN gene utilising promoter:reporter fusion constructs; 2) investigating the role of
PACE in connecting NIN to Cyclops, a transcription factor participating in the ancient AM-
induced signalling cascade, using transient expression assays; 3) functionally characterising
the role of PACE in the establishment of RNS in a transgenic complementation approach using
a nin mutant allele; and 4) examining the functional conservation of PACE sequence variants
identified from FaFaCuRo members with regard to their ability in determining expression
domains and function in RNS.

The other approach focused on the transgenic line T90, in the roots of which the GUS
reporter gene was induced in response to colonisation by rhizobia or an AMF. The previous
work suggested that the transcriptional activation of the T90 GUS gene is positioned
downstream of common symbiosis genes NFR1, SymRK, Pollux and CCaMK because F2
plants from the following crosses, ccamk-2 x T90, nfr1-1 x T90 and T90 x symrk-10 (Gossmann
et al., 2012) did not respond with GUS expression after M. loti inoculation. Additionally,
screenings of an ethyl methanesulfonate (EMS)-mutagenised T90 population resulted in three
mutants that did not respond with GUS expression after M. loti inoculation (T90 white; Fig.
13a). In line with these observations, the T90 GUS gene expression was observed to be
activated by transgenically-expressed autoactive CCaMKT265D in T90, but not in T90 white
mutants’ hairy roots. The second aim was therefore built on these observations to resolve the
relationship of the T90 GUS gene activation to CCaMK and its interacting partner
Cyclops and identify symbiosis-related regulatory regions responsible for the T90 GUS
gene expression. For this purpose, this work 1) investigated whether the putative regulatory
region of the GUS gene in T90 could drive gene expression in RNS and AM using
promoter:reporter fusion constructs; 2) whether the so-identified regulatory region was
responsive to CCaMK/Cyclops-mediated transcriptional activation in transient expression
assay; 3) aimed to identify the symbiosis-relevant regulatory region(s) utilising 5’ deletion series
generated in the context of promoter:reporter fusion constructs; 4) investigated the reason for
the inability to induce GUS gene in response to symbiosis in the T90 white mutants.
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3. RESULTS

3.1 PACE is associatedwith origin of root nodule symbiosis

3.1.1 PACE connectsNIN toCyclops

Lotus japonicus PACE is located -965 to -936 bp from the translational start site of NIN
gene, encompassing the 12 nt-long CYC-box that is recognised and directly bound by Cyclops
to facilitate transcriptional activation of the NIN gene (Singh et al., 2014). We tested whether
PACE could achieve Cyclops-mediated gene activation in transient expression assays in
Nicotiana benthamiana leaves. L. japonicus Cyclops transcriptionally activated the expression
of a GUS reporter gene driven by the 3 kb LjNIN promoter (NINpro) in the presence of
CCaMK1-314 (the kinase domain of LjCCaMK; Hayashi et al., 2010), and this activation was
almost completely demolished when PACE was mutated or deleted (NINpro::mPACE and
NINpro::∆PACE, respectively; Fig. 5d). Moreover, PACE fused to the minimal promoter of the
NIN gene (NINminpro; Singh et al., 2014) was sufficient for Cyclops-mediated transcriptional
activation (Fig. 5c). By contrast, no reporter gene expression was observed when NINminpro

was tested.

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 (Fig. 4). The consensus sequence of PACE variants identified from 14 RNS-
competent FaFaCuRo members - 8 species from the order Fagales and 6 species from
actinorhizal members - revealed 100% conservation of nucleotides at only 7 positions (3, 12,
13, 16, 17, 19 and 28; Fig. 4). To investigate whether these bioinformatically identified PACE
variants could also confer transcriptional activation mediated by Cyclops, PACE sequence
variants from RNS-forming FaFaCuRo species that belong to different plant orders, Casuarina
glauca (CgPACE; Fagales), Dryas drummondii (DdPACE; Rosales) and Datisca glomerata
(DgPACE; Cucurbitales) were tested (Fig. 5a). PACE variants alone (Species abbreviation
PACE:NINminpro) or in the context of the LjNIN promoter (replacing LjPACE; NINpro::Species
abbreviationPACE) achieved CCaMK1-314/Cyclops-mediated gene activation (Fig. 5b),
indicating that PACE variants are functionally equivalent for this purpose. These observations
altogether suggested the necessity and sufficiency of PACE for CCaMK/Cyclops-mediated
transcriptional activation.

3.1.2 PACEdrives gene expression in nodules

Cis-elements often determine tissue-specific gene expression (spatial pattern) for the
respective developmental stage of the relevant biological process (temporal pattern). To
determine the PACE-mediated spatio-temporal expression domain, we introduced a series of
promoter:GUS fusion constructs individually into the model legume L. japonicus Gifu wild-type
roots via Agrobacterium rhizogenes-mediated hairy root transformation (Fig. 6). Roots were
subsequently inoculated with its compatible nitrogen-fixing microsymbiont Mesorhizobium loti
MAFF 303099 expressing DsRed (M. loti DsRed) that facilitated detection of the bacteria
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Abbre-
viation Species Plant Order RNS FaFaCuRo

member PACE

Lj Lotus japonicus Fabales Yes Yes Yes

Cg Casuarina glauca Fagales Yes Yes Yes

Jr Juglans regia Fagales No Yes No

Dd Dryas drummondii Rosales Yes Yes Yes

Zj Ziziphus jujuba Rosales No Yes Yes

Pp Prunus persica Rosales No Yes Yes

Dg Datisca glomerata Cucurbitales Yes Yes Yes

Sl Solanum lycopersicum
(tomato)

Solanales No No No
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through their fluorescence signal in root hairs and nodules 10 to 14 days post inoculation (dpi).
The process by which M. loti is taken up by L. japonicus roots 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 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).

The infection process was therefore categorised into four stages (I - IV) based on the
microscopic detection method used (exemplified in Fig. 6): (I) the root hair IT could be
visualised as a continuous red thread on top of a developing nodule primordium; (II) root hair
ITs progressed into the nodule primordium, but the central tissue of the primordium was not yet
fully infected. At this stage, the DsRed signal was not evenly distributed in the central tissue,
but rather accumulated at certain sites; (III) the entire central tissue of the nodule primordium
became colonised by bacteria, due to ramification of cortical ITs and release of bacteria into
cells to form symbiosomes. The DsRed signal could be detected in the entire central tissue of
the nodule. The nodule typically had a defined round shape and displayed a white colour when
illuminated with white light; (IV) the cortical cells were filled with symbiosomes in a mature
nodule. In addition to the DsRed signal in their entire central tissue, nodules displayed a
characteristic pink colour when illuminated with white light. Transformed root pieces
corresponding to these four stages were excised and stained to detect reporter activity.

The NIN minimal promoter did not mediate reporter gene expression at any stage of
bacterial infection (Fig. 6e). The L. japonicus 3 kb promoter drove reporter expression
throughout the four stages (stage I - IV): from root hair bearing ITs to nodules (Fig. 6a).

Figure 5. PACE sequence variants from species across the FaFaCuRo clade were able to
functionally replace L. japonicus PACE in a LjNINpro:GUS reporter fusion. a, List of species
within the FaFaCuRo clade (light red shade) and outside (light blue shade) and abbreviations. b-
d, Nicotiana benthamiana leaf cells were transformed with T-DNAs carrying a GUS reporter
gene driven by either of the indicated promoters: b, The 3 kb 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); c, chimeric promoters where LjPACE in the LjNIN promoter
was replaced with either one of the PACE variants from species tested in b or from non-
nodulating FaFaCuRo species including the Juglans regia PACE-like motif (JrPACE-like); d, the
S. lycopersicum NIN promoter (SlNINpro) and the SlNIN promoter with LjPACE (SlNINpro::PACE)
or mPACE (SlNINpro::mPACE) inserted. Note in b that the deletion or mutation of PACE in LjNIN
promoter resulted in a drastic reduction in reporter gene expression and in d insertion of LjPACE
but not mPACE into the SlNINpro confers transactivation by CCaMK1-314/Cyclops. The applied
statistical method was ANOVA with post hoc Tukey: b, F20,144 = 51.38, p < 2x10-16; c, F18,166 =
149.1, p < 2x10-16; d, F7,62 = 30.5, p = 7.02x10-7. Different small letters indicate significant
difference. n.d., not determined.
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Mutation or deletion of PACE in the context of the NIN promoter (NINpro::mPACE and
NINpro::∆PACE, respectively) resulted in a loss of GUS expression in the root hairs bearing ITs,
but did not affect that in nodule primordia and nodules (stage II - IV; Fig. 6c - d). 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 Fig. 6d) 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 Fig. 6d). PACE-driven reporter expression
was neither detected in root hairs bearing ITs (Fig. 6g) nor in nodules in which cortical cells
were filled with symbiosomes (panel IV in Fig. 6d). PACE-driven expression was distinct from
that mediated by NINpro or the NINpro with PACE mutated or deleted that conferred reporter
expression across the central tissue of the nodule (panels II - IV in Fig. 6a-c).

Moreover, to confirm the absence of reporter expression in the root hairs, a M. loti MAFF
303099 lacZ (M. loti lacZ) strain was used to inoculate transgenic roots systems transformed
with NINpro:GUS, PACE:NINminpro:GUS or NINpro::mPACE:GUS (Fig. 6g). Dual staining for lacZ
and GUS activity allowed simultaneous visualisation of bacteria and reporter gene expression

Figure 6. Spatio-temporal GUS expression driven by PACE and the NIN promoter in
L. japonicus roots during the bacterial infection process. a - f, L. japonicus Gifu wild-type
hairy roots were transformed with T-DNAs carrying a Ubq10:NLS-GFP transformation marker
together with a GUS reporter gene driven by either of the indicated promoters: a, the 3 kb LjNIN
promoter (NINpro); NINpro with PACE b, mutated (LjNINpro::mPACE) or c, deleted
(NINpro::ΔPACE); d, PACE fused to the LjNIN minimal promoter (PACE:NINminpro); or e, LjNIN
minimal promoter (NINminpro). The progression of bacterial infection was determined by the
DsRed signal 10 - 14 dpi with M. loti DsRed. Nodules undergoing different stages of infection
(panels I to IV) were stained with X-Gluc. 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). Only white light illumination (WLI) pictures 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 L. japonicus WT hairy roots carrying promoter:GUS fusions
same as in a, d & 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. h, Graphic summary of expression domain achieved by
PACE, NINpro and NINpro::mPACE determined by fluorescent reporters (analysis performed by
Chloé Cathebras). Yellow shade: overlapping domain.
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Figure 7. Spatio-temporal GUS expression driven by PACE variants in L. japonicus roots
during the bacterial infection process. L. japonicus Gifu wild-type 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 and experimental details see Fig. S5a
and Fig. 6, respectively. 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. Note that like LjPACE, the PACE
variants-driven GUS expressions were absent at this stage (panel IV in a - c and panel IV in
Fig. 7D). 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.
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(purple and blue colour, respectively). Co-localised blue and purple colour was observed in root
hairs of NINpro:GUS-transformed roots, indicating co-localization of bacteria and GUS activity. In
comparison, while purple root hairs were visible on PACE:NINminpro:GUS-transformed roots,
GUS activity was restricted to nodule primordia. NINminpro:GUS-transformed roots displayed
purple colour in root hairs and nodule primordia, however GUS activity was not detected.
Based on these observations, we concluded that the PACE-driven expression domain is
temporally and spatially restricted and possibly accompanies the development of bacterial
accommodation structures in the nodule.

The observation of localised GUS activity in PACE:NINminpro:GUS-transformed nodule
primordia (stage I - II) suggested that PACE-driven expression was likely regulated in a cell-
specific manner in response to bacterial infection in the nodule primordia. To further resolve
this relationship between PACE-driven gene expression and bacterial accommodation at the

Figure 8. PACE is required for the
restoration of the bacterial infection in
the L. japonicus nin-15 mutant.
L. japonicus nin-15 hairy roots were
transformed with T-DNAs carrying
Ubq10pro:NLS-GFP as a transformation
marker in tandem with the LjNIN gene
driven by either of the following
promoters: the 3 kb LjNIN promoter
(NINpro), LjNIN minimal promoter
(NINminpro), and the LjNIN promoter with
PACE mutated (NINpro::mPACE) or deleted
(NINpro::∆PACE) and analysed 21 dpi
vwith M. loti DsRed. Images of sections
of representative nodules and those of an
IT in a root hair or bacterial entrapment
are displayed. Note the drastic reduction
of restoration of infection in nodules and
root hairs associated with the mutation or
deletion of PACE. Quantification of root
hair ITs and infection nodules of these
transgenic systems is included in Fig. 10.
% in images: percentage of transgenic
root systems bearing at least one
infected nodule or root hair IT. avg:
average number of infected nodules on

plants bearing infected nodules. n: number of transgenic root systems analysed. White
arrowheads and asterisks: infected and non-infected nodules, respectively. WLI: white light
illumination. Bars, 100 µm unless labeled. Characterisation of the nin-15 mutant was performed
by Rosa Elena Andrade. The data presented in this figure was generated by Rosa Elena
Andrade, Chloé Cathebras and Xiaoyun Gong.
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cellular level, an independent analysis using a red and a yellow fluorescent proteins (mCherry
and YFP, respectively) was performed by Chloé Cathebras (LMU Biocenter, Munich). Using a
fusion construct that contained PACE:NINminpro:NLS-mCherry and NINpro::mPACE:NLS-YFP
placed in tandem in the same T-DNA region, the expression domain of PACE could be directly
compared to that of NINpro::mPACE (analysis performed by Chloé Cathebras; unpublished data;
graphic summary for this result included in Fig. 6h). In sections of developing nodules, in which
infection had progressed to stage III or IV, PACE-mediated mCherry was expressed specifically
in a - hereafter called “infection zone” - comprising cortical cells that carried ITs and in some,
but not all, directly adjacent cells. Intriguingly, the expression domains marked by mCherry and
YFP fluorescence were distinct from each other: while the PACE-driven mCherry signal was
consistently marking the infection zone (red in Fig. 6h), the NINpro::mPACE-driven YFP signal
was observed in cortical cells surrounding this zone (green in Fig. 6h). The thin (approx. 1-2
cells thick) border between the two domains was characterised by nuclei emitting both YFP and
mCherry signals (yellow in Fig. 6h). In so-marked cells, ITs were typically not detected. The
expression pattern mediated by the NIN promoter (containing PACE) was congruent with the
sum of both promoter fragments.

These observations suggested that PACE directs NIN expression to a specific infection
zone and that 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.

3.1.3 PACE-driven expression pattern is conserved across the FaFaCuRoclade

The expression pattern mediated by PACE variants from RNS-forming species belonging
to the other three clades, C. glauca (CgPACE; Fagales), D. drummondii (DdPACE; Rosales)
and D. glomerata (DgPACE; Cucurbitales) were investigated as described in 3.1.2 for LjPACE
to test whether the PACE-driven expression domain was conserved (Fig. 7). Similar to LjPACE,
CgPACE, DdPACE and DgPACE, individually was sufficient to drive gene expression in nodule
primordia and nodules (stage II - III), but neither in root hairs bearing ITs nor mature nodules
(stage I & IV, respectively). For all PACE variants analysed, GUS activity was observed in
nodule primordia at stage II (yellow arrowheads), resembling what was observed when LjPACE
was tested (Fig. 6e). These results suggested that the expression pattern conferred by PACE
variant is conserved across the FaFaCuRo clade.

3.1.4 PACE enables formation of infection threads in nodules

The fact that PACE-mediated expression marks an infection zone indicates that PACE-
mediated NIN expression is likely to be associated with bacterial infection. To investigate the
relevance and specific role of PACE in relation to bacterial infection, we utilised a L. japonicus
nin-15 mutant carrying a Lotus Retrotransposon 1 insertion in the NIN promoter 143 bp 3’ of
PACE (LORE1 line 30003529; Małolepszy et al., 2016). nin-15 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
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with symbiosomes were never observed (analysis performed by Rosa Elena Andrade and
Chloé Cathebras; unpublished data). This mutant therefore provided an ideal background to
enable a focussed analysis of PACE in cortical IT formation, circumventing the negative
epistatic effect of the inability of nin loss-of-function mutants to initiate cell divisions. The L.
japonicus NIN gene driven by a series of promoters (Promoter:NIN) individually was introduced
into nin-15 hairy roots. We examined the restoration of bacterial infection 21 dpi with M. loti
DsRed by quantifying the number of root hairs harbouring ITs and the number of infected
nodules (Fig. 8 - 11; Material and Method).

The success of restoration of bacterial infection was described in two respects: (1)
infection frequency: percentage of transgenic root systems bearing at least one roots hair IT or
infected nodule and (2) the absolute count: average number of infected nodules in transgenic
root systems bearing bearing nodules. Transformation with the LjNIN gene driven by the NIN
minimal promoter (NINminpro:NIN) did not alter the symbiotic phenotype of nin-15 roots: only 2%
and 13% of the transgenic root systems bore root hair ITs and infected nodules, respectively,
with an average of less than 2 infected nodules (Fig. 8). In contrast, bacterial infection in root
hairs and nodules of nin-15 could be fully restored by introducing the LjNIN gene driven by its 3
kb promoter (NINpro:NIN): the majority of the transgenic root systems (92%) bore an average of
11.2 infected nodules while root hair ITs were observed in 100% of the root systems analysed
(Fig. 8). Mutation or deletion of PACE in the NIN promoter (NINpro::mPACE and NINpro::∆PACE,
respectively) resulted in drastically reduced restoration of infection both in root hairs and
nodules (Fig. 8). These results indicated that PACE is involved in bacterial infection in both root
hairs and nodules.

We tested whether PACE fused to the NINminpro (PACE:NINminpro:NIN) could rescue
bacterial infection of nodules formed on nin-15 roots, considering that PACE:NINminpro was
sufficient to drive gene expression in the nodules (Fig. 9). In line with its expression pattern,
PACE-mediated NIN expression failed to restore infection in root hairs: only 8% of transgenic
root systems bore root hair ITs. Transgenic root systems bearing infected nodules increased
from 17% of NINminpro:NIN-transformed root systems to 49% of those transformed by
PACE:NINminpro:NIN, with an increase of the average number of infected nodules from 1.7 to
2.8 (Fig. 9a-b). Importantly, sectioning of the infected nodules formed on PACE:NINminpro:NIN-
transformed roots revealed that the vast majority of these nodules carried ITs in the outer
cortex, originating from a hyperaccumulation of M. loti DsRed that seemed to be locally
constricted by root cell wall boundaries (25 out of 28 nodule sections inspected). This
phenomenon was not observed in most of the rarely occurring infected nodules formed on
NINminpro:NIN-transformed roots (11 out of 16 nodule sections inspected). Taken together,
these results suggested that PACE promotes IT development in cortex cells but not within root
hairs.

3.1.5 PACE is functionally conserved across the FaFaCuRoclade

We tested whether and to what extend the sequence variation of PACE would affect its
function. We exchanged LjPACE (Fabales) with either of the PACE variants (listed in Fig. 5a)
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from the RNS-forming species tested in Fig. 5a: DgPACE (Cucurbitales), DdPACE (Rosales),
and CgPACE (Fagales) in the context of the L. japonicus NIN 3 kb promoter (NINpro::Species
abbreviation PACE:NIN), and tested the ability of these chimeric promoters to restore bacterial
infection in nin-15 roots (as in 3.1.4; Fig. 10). The LjNIN gene driven by either of these chimeric
restored the complete infection process in nin-15 to a similar level as NINpro:NIN, indicating the

Figure 9. PACE enables IT formation in the cortex in L. japonicus nin-15 mutant.
L. japonicus nin-15 hairy roots were transformed with T-DNAs carrying Ubq10pro:NLS-GFP as a
transformation marker together with the LjNIN gene driven by either of the following promoters:
the LjNIN minimal promoter (NINminpro) or PACE fused to the LjNIN minimal promoter
(PACE:NINminpro) and analysed 21 dpi with M. loti DsRed. a, images (DsRed and GFP images
merged) of root systems, root hair ITs and nodule sections. White arrowheads and asterisks:
infected and non-infected nodules, respectively. Note the long cortical infection threads on the
section of PACE:NINminpro:NIN-transformed nodules. % in images: percentage of transgenic
root systems bearing at least one infected nodule or root hair IT. n: number of transgenic root
systems analysed. #/# on nodule section picture: number of nodule sections bearing long
cortical ITs / total number of nodule sections inspected. Bars, 100 µm unless labeled. b,
Boxplots displaying the percentage of root hair ITs among total infection events (sum of bacterial
entrapments and ITs) or the percentage of infected nodules of total number of nodules. Each dot
represents one nin-15 transgenic root system or root piece. 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. The data presented in this figure was generated by Rosa
Elena Andrade and Chloé Cathebras.
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Figure 10. PACEs from FaFaCuRo species are functionally equivalent in restoring bacterial
infection in the L. japonicus nin-15 mutant. a - b, L. japonicus nin-15 roots were transformed
with T-DNAs carrying Ubq10pro:NLS-GFP as a transformation marker together with the LjNIN
gene driven by either of the promoters described in Fig. 5. and identified by GFP fluorescence
emanating nuclei 21 dpi with M. loti DsRed. Images of root systems, nodule sections and root
hair Its or bacteria entrapments are displayed. n, number of transgenic root systems analysed.
Note the drastic reduction of restoration of infection in nodules and root hairs when LjPACE was
replaced with JrPACE-like in the context of L. japonicus NIN promoter. White arrowheads and
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functional conservation of PACE from nodulating species across the entire FaFaCuRo clade
(Fig. 10a&c). PACE variants were also identified in two species that are unable to establish
RNS but maintain the NIN gene: Prunus persica (PpPACE; Rosales) and Ziziphus jujuba
(ZjPACE; Rosales). The 7 conserved nucleotides among PACE variants from RNS-forming
members (Fig. 4) are also conserved in PpPACE and ZjPACE. In the context of the LjNIN
promoter, PpPACE or ZjPACE in the context of LjNINpro were able to fully restore bacterial
infection of nin-15 roots: 96% and 96% transgenic root systems bore an average of 8.3 and 7.6
infected nodules, respectively; and 95% and 96% transgenic root systems bore root hair ITs,
respectively.

PACE was not detected in the promoters of NLP genes (analysis by Maximilian
Griesmann; 1.4.2). Curiously it was also absent from the promoter of the so-annotated NIN
gene of Juglans regia (Fagales). However, a PACE-like motif was identified in the promoter of
the closest gene family member, NIN-like protein 1 JrNLP1b (JrPACE-like). The LjNIN
promoter with LjPACE exchanged with this PACE-like element behaved similarly to the NIN
promoter where PACE was mutated or deleted (Fig. 10b): only 29% and 29% transgenic roots
systems bore an average of 3.3 infected nodules and root hairs with ITs, respectively. This
observation indicated that this PACE-like element could not restore bacterial infection in nin-15.

3.1.6 PACE insertion into the tomatoNINpromoter confersRNScapability

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. S lycopersicum was
chosen has the common symbiosis genes and is able to establish AM, but not RNS. The
SlNLP2 gene (gene ID Solyc01g112190.2.1) was identified based on a previously published
phylogenetic tree as the closest homolog of LjNIN (Griesmann et al., 2018), and is hereafter
referred to as the SlNIN gene. A 3 kb region of the SlNIN promoter fused to the endogenous
238 bp SlNIN 5’UTR was cloned from S. lycopersicum cv. “Moneymaker” and PACE or mPACE
(Fig. 5b) was inserted 184 bp upstream of the SlNIN 5’UTR. 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, while the insertion of the L. japonicus

asterisk: infected and non-infected nodules, respectively. % in images: percentage of transgenic
root systems bearing at least one infected nodule or root hair IT. c, Boxplots displaying the
percentage of root hair ITs among total infection events (sum of bacterial entrapments and Its;
top) and the number of infected nodules per nin-15 transgenic root system (middle and bottom).
Middle and bottom plots display data collected from two independent experiments and each dot
represents one nin-15 transgenic root system. Top plots display 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. The applied statistical method was
ANOVA with post hoc Tukey: c, top to bottom, F9,313 = 106.7, p < 2x10-16; F6,346 = 82.89, p < 2x10-
16; F4,135 = 20.18, p = 4.76x10-13, respectively. Different small letters indicate significant
differences. WLI: white light illumination. Bars, 100 µm unless labeled. The data presented in
a-b was generated by Rosa Elena Andrade, Chloé Cathebras and Xiaoyun Gong.
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Figure 11. Insertion of LjPACE into the NIN promoter from a non-FaFaCuRo species S.
lycopersicum (tomato) could restore bacterial infection in roots hairs and nodules in the
L. japonicus nin-15 mutant. nin-15 hairy roots were transformed with T-DNAs carrying
Ubq10pro:NLS-GFP as a transformation marker together with the LjNIN gene driven by either of
the following promoters: the S. lycopersicum NIN promoter (SlNINpro), SlNINprowith L. japonicus
PACE (SlNINpro::PACE) or mPACE inserted (SlNINpro::mPACE) and analysed 21 dpi with M. loti
DsRed.. White arrowheads and asterisks: infected and non-infected nodules, respectively. a,
Images of root systems (merge of GFP and DsRed images), a root hair IT or bacterial
entrapments and sections of infected (when applied) or non-infected nodules are displayed. % in
images: percentage of transgenic root systems bearing infected nodules or root hair ITs. avg:
average number of infected nodules on plants bearing infected nodules. n: number of transgenic
root systems analysed. #/# on section images: number of nodule sections bearing long cortical
ITs / total number of nodule sections inspected. Bars, 100 µm unless labeled. b, Boxplots
displaying the percentage of root hair ITs among total infection events (sum of bacterial
entrapments and ITs) or the percentage of infected nodules of total number of nodules. Each dot
represents one nin-15 transgenic root system or root piece. 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. Inspection of nodule sections, and imaging of nodule
sections and root hair ITs were performed by Chloé Cathebras.
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PACE (SlNINpro::PACE), but not of a mutated PACE (SlNINpro::mPACE) resulted in a significant
transactivation by Cyclops (Fig. 5c).

We tested the ability of the LjNIN expressed under the control of these synthetic
promoters to restore the bacterial infection process in nin-15 (Fig. 11). Similar to NINminpro:NIN-
transformed nin-15 roots, SlNINpro:NIN did not restore bacterial infection (0% and 7% of
transgenic root systems bore root hair ITs and infected nodules, respectively; Fig. 11a-b). 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 (Fig. 11a-
b). 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; Fig. 11a) resembling those in the PACE:NINminpro:NIN-transformed nin-15 nodules
(Fig. 8). 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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3.2 CYC-RECBP1 confers gene expression in endosymbioses

3.2.1 GUSactivity is absent in the T90whitemutants duringRNSandAM

To identify the regulators of the T90 GUS gene, two independent genetic screens were
performed using an ethyl methanesulfonate (EMS)-mutagenised T90 population. The rationale
was as follows: mutants with altered GUS activity (and/or impaired symbiotic behaviour) likely
possess defects in the upstream regulatory machinery that directly or indirectly regulates the
transcription of the GUS gene. Since transcriptional activation of the GUS gene in T90 occurs
in response to symbiotic interactions, these impaired machineries potentially play a role in RNS
and/or AM. In brief, an EMS-mutagenised T90 M2 population was generated by separately
harvesting seeds of 1342 M1 plants labelled T0001-T1342 (screening performed by Elaine
Jesen née Tuck and Simone Bucerius). Two independent screens were conducted at the
seedling stage utilising individual M2 families to identify (Fig. 12a): (A) individual M2 plants
displaying spontaneous activation of the GUS gene in the absence of symbionts or (B)
individual M2 plants with altered GUS activity in presence of M. loti (for further details see Tuck
2006). For this purpose, root pieces were removed and stained with X-Gluc whereas the rest of
the seedling was maintained to allow for seed production and analysis of heritability. Screen A
of 519 M2 and 203 M3 lines resulted in 84 plants from 55 lines, which showed spontaneous
GUS expression in the roots, however no progenies from them inherited this phenotype.
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Figure 12. Absence of GUS activity in T90
white mutant roots during AM or RNS. a,
Schematics for the two screens of EMS-
induced mutant populations for M2 seedlings
with altered GUS activity: spontaneous
activation of the GUS gene in the absence of
symbionts (left) or undetectable GUS activity
in the presence of symbionts (right; resulting
mutants are referred to as T90 white
mutants). b, T90 white1 roots were stained
with X-Gluc at indicated dpi with M. loti
DsRed or R. irregularis. Note the total
absence of GUS activity in T90 white roots,
compared to those of T90 upon inoculation
with microsymbionts (tested side-by-side in
the same experiment; see Fig. 1a; Fig. S1).
Pictures of T90 white1 root systems and
analysis of T90 white3 are included in Fig.
S2c-d. Green: Alexa Fluor-488 WGA-stained
R. irregularis visualised with a Leica Filter
Cube L5 next to a brightfield image of the
same root segment.. #/#: number of plants
displaying GUS activity / total number of
plants analysed.
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Screen B of 709 M2 lines for loss of M. loti-induced GUS activity resulted in three lines that
exhibited heritable aberrant GUS phenotypes (unpublished; Simone Bucerius). In detail, three
M2 plants (L8668 and L8686-8687, progeny from M1 plant T614 and T1305, respectively), were
identified that did not exhibit blue staining after incubation with M. loti. Based on the white
colour of their roots after GUS staining, these three plants were renamed T90 white mutants
(L8668 white1, L8686 white2 and L8687 white3). The progeny of all three T90 white plants
displayed normal shoot and root morphology and could successfully establish AM and RNS
similarly as T90 and L. japonicus Gifu (Fig. 13), however GUS activity could not be detected in
their roots during both symbioses (Fig. 12b; S1a-b). T90 white2 was less healthy than white3
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and produced limited seeds at the time of this study; therefore, only the progeny of T90 white3
was included in some subsequent experiments.

3.2.2 Transgenic insertion of a T90 promoter:GUS fusion in the T90whitemutant
background restored symbiosis-inducibleGUS expression

Based on the observed dependency of T90 GUS expression on genes involved in early
symbiotic signalling, together with the success of T90 white to form both RNS and AM, we
hypothesised that these symbiosis genes are likely functional in T90 white. We consequently
directed our focus onto the regulatory region of the T90 GUS gene. To this end, we cloned a
chimeric region of 2530 bp directly 5’ of the GUS gene in T90, hereafter called “T90 promoter”.
This region comprised a 1942 bp fragment positioned between -2870 bp to -929 bp relative to
the transcriptional start site of CBP1, followed at the 3’ end by 588 bp of the T-DNA sequence
5’ of the ATG of the GUS gene (Fig. 14a; 3a). This fusion is identical to the original T90 fusion
and contains all elements necessary for the transcription of the GUS gene, such as a minimal
promoter and a transcriptional start site (Jefferson et al., 1987; Topping et al., 1991). We
transformed L. japonicus Gifu hairy roots with T-DNAs containing a GUS reporter gene driven
by the T90 promoter (T90pro:GUS) and analysed the GUS expression in the transgenic roots
followed by inoculation with M. loti DsRed. Upon exposure of roots to X-Gluc, blue staining
indicative of GUS expression was detected exclusively in root hairs (Fig. 15b) and nodules (Fig.
14b). By contrast, T90pro:GUS-transformed roots grown in the absence of microsymbionts or
roots transformed with an identical construct in which the T90 promoter was replaced by a 4 bp
spacer sequence did not exhibit any blue staining (Fig. 14b). The staining pattern achieved by
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Figure 14. Absence of GUS activity in T90
white mutants can be restored by
transgenic T90pro:GUS fusions. a, T-DNA
insertion in the T90 line as in Fig. 3, here
including the CBP1 promoter reference
coordinates used for definition of the length
of the individual fragments tested in the T90
promoter deletion series (for symbols refer
to Fig. 1b). b, L. japonicus Gifu or c, T90
white1 hairy roots transformed with T-DNAs
carrying a Ubq10pro:NLS-GFP transformation
marker together with a GUS reporter gene
driven by the full length T90 promoter
(-2870) or a 4 bp spacer sequence were
analysed at 14 dpi with M. loti DsRed. yellow
arrows: nodules displaying GUS activity .
#/#: number of plants showing GUS activity
in nodules / total number of transgenic root
systems analysed. Bars, 1 mm unless
labeled. WLI: white light illumination.
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the T90pro:GUS fusion in transgenic roots resembled strongly the pattern observed in T90
completely matching each other in all key aspects investigated: expression in response to
M. loti inoculation exclusively in root hairs in early infection stage and later in nodules, which
eventually disappeared in mature nodules.

We sequenced the corresponding T90 promoter region of the three T90 white mutants
and could not detect any sequence alteration (data not shown). We consequently hypothesised
that these mutants may suffer from an epigenetic change that renders its corresponding T90
promoter region non-functional. To test this hypothesis, T90 white1 and white3 hairy roots were
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transformed with the T90pro:GUS reporter fusion construct which gave nodulation-specific GUS
expression in L. japonicus Gifu hairy roots and analysed the GUS expression after inoculation
with M. loti DsRed. In the absence of microsymbionts, no blue staining was detected. After
inoculation with M. loti DsRed, blue staining could be observed in both areas characteristic for
T90: patches of root epidermal cells (Fig. 15b) and in the inner tissue of nodules (Fig. 15c).
Hairy root transformation did not result in a revival of the T90 endogenous GUS gene, as T90
white1 hairy roots transformed with a GUS reporter gene driven by a 4 bp spacer sequence did
not exhibit any blue staining (Fig. 14b). Because the endogenous GUS genes in the T90 white
mutants were not induced during nodulation, any detected blue staining could only result from
expression of the introduced reporter gene. When these transgenic roots were grown in the
absence of microsymbionts, no blue staining was observed. These observations suggested
that the machinery targeting the T90 promoter to induce gene expression during nodulation is
intact in T90 white mutants and supported the hypothesis that epigenetic changes block the
expression of the endogenous GUS genes in T90 white mutants.

3.2.3 A 54 bp and a 113 bp region in the T90 promoter are required for tissue specific
expression

To further dissect the promoter and identify relevant regions and cis-elements, we
generated 5’ deletion series of the T90 promoter in the context of the T90pro:GUS reporter
fusion (starting at -2870 bp relative to the CBP1 transcriptional start site), without modifications
of the rest of the promoter or reporter. The resulting individual constructs started at -1327,
-1146, -1092 and -979 bp (Fig. 15a) and were introduced individually into L. japonicus Gifu or
T90 white1 hairy roots. We observed the characteristic blue patches of root epidermal cells on
Gifu and T90 white roots transformed with the GUS reporter gene driven by T90pro or a shorter
promoter -1146 bp (Fig. 14c). The epidermal blue staining pattern was no longer detected
when a region -1092 bp was tested (Fig. 15b). This 54 bp region (-1146 to -1092 bp) was
therefore called the “Epidermal Patch Response Element in the CBP1 promoter” (EPRECBP1).
Blue staining was observed in nodules transformed with either of the T90 promoter:GUS
fusions starting at -1327, -1146 or -1092 bp (Fig. 15b-c). Further deletion to -979 bp, as well as
promoter replacement with a 4 bp spacer sequence eliminated blue staining in nodules (Fig.
15c). An identical pattern was observed in hairy roots of T90 white1 where a -1092 bp region
could achieve GUS activity in transgenic nodules, but not a -979 bp region (Fig. 15b). We
concluded based on these findings that a region of 113 bp (-1092 to -979 bp) and a stretch of
54 bp located directly 5’ (-1146 to -1092 bp; EPRECBP1) was necessary for gene expression in
nodules and the root epidermis, respectively.

3.2.4 T90 promoter hypermethylationwasdetected in three T90whitemutants

DNA methylation is an important and frequently occurring driver of epigenetic changes,
which can attenuate binding by the transcription regulatory proteins, thereby inhibiting the
activation of target genes (Medvedeva et al., 2014; Yang et al., 2020). We investigated whether
an epigenetic event interfering with the endogenous GUS expression in T90 white mutants
could be related to DNA methylation. To detect differences in the methylation pattern between
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T90 and T90 white mutants, we took advantage of the DNA restriction endonuclease HaeIII
whose activity is impaired by cytosine methylation in its GGCC recognition site
(rebase.neb.com). Its recognition site is present in the short 113 bp region, deletion of which
led to a complete absence of GUS gene expression during nodulation (Fig. 15c). To detect
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differential methylation at this site, we performed restriction digestion of genomic DNA (gDNA)
extracted from roots of L. japonicus Gifu, T90 and T90 white mutants grown in the absence of
microsymbionts, followed by Polymerase Chain Reaction (PCR). PCR based amplification of a
gDNA region containing a HaeIII recognition site and digested with HaeIII is only successful
when its recognition site is methylated and thus protected from cleavage. A promoter region of
the NIN gene that did not contain any recognition site could be successfully amplified with
digested gDNA from all genotypes, demonstrating that the gDNA quality was suitable for PCR
after restriction digestion (Fig. 16b; bottom panel). In contrast, a PCR product using the primers
covering the CBP1 promoter region displayed in Fig 16a was only obtained using digested
gDNA from T90 white mutants as the amplification template, but not with that from Gifu or T90
(Fig. 16b; top panel). Amplicons for the latter two were also not detected when increasing the
PCR amplification cycle to 35 or 40 (Fig. 16c), indicating a complete HaeIII digestion of the
gDNA. Embedded into the context of CYC-RECBP1, the critical C for HaeIII's methylation
sensitivity falls into the CHH sequence pattern of cytosine methylation sites in plants, frequently
associated with epigenetic transcriptional gene silencing (Iwasaki & Paszkowski, 2014). Taken
together, the so discovered differential methylation within the CYC-RECBP1 is likely the cause for
the loss of GUS expression in the T90 white mutants (Fig. 16d).

3.2.5 CBP1 is regulated by theCCaMK/Cyclops complex via a cis-element

The observations that the T90 GUS gene expression can be induced by exposure to
rhizobia and an AMF as well as spontaneously by autoactive CCaMK suggested that the T90
promoter is likely subject to CCaMK/Cyclops regulation. We used transient expression assays
in N. benthamiana leaves to test whether the CCaMK/Cyclops protein complex could
transcriptionally induce expression of a GUS reporter gene under the control of the CBP1
promoter or the T90 promoter (Fig. 17; S2). A 2870 bp region 5’ of the transcriptional start site
of CBP1 was cloned together with the 177 bp 5’ untranslated region (UTR) of CBP1 from L.
japonicus Gifu (CBP1-2870pro). The expression of the reporter gene driven by T90pro or CBP1-2870pro

was induced in the presence of Cyclops and the autoactive CCaMK1-314 (CCaMK1-314/Cyclops;
Fig. 17a; S2b). In addition, T90pro achieved transcriptional activation mediated by
CCaMKT265D/Cyclops (Fig. S2a). A 928 bp stretch of CBP1 promoter corresponding to the
region 3’ to the T90 T-DNA insertion site (CBP1-928pro; fused to the CBP1 5’ UTR in the reporter
fusion) did not achieve reporter gene induction by CCaMK1-314/Cyclops (Fig. 17a; S2b). These
observations together indicated the presence of putative cis-regulatory elements responsive to
CCaMK/Cyclops-mediated transactivation between -2870 and -928 bp of the CBP1 promoter.

To identify the CCaMK/Cyclops-responsive cis-regulatory element, we generated a
promoter 5’ deletion series and investigated reporter gene activation by CCaMK1-314/Cyclops-
mediated transactivation in transient expression assays in N. benthamiana leaves (Fig. 17b-d;
S2c-e). The 5’ deletion series was built on the basis of T90pro:GUS (constructed in the same
way as those tested in Fig. 15a). Each construct comprises a CBP1 promoter stretch of
variable length. The nucleotide position at the 5’ end of the deletions is based on the
coordinates of the CBP1 promoter (Fig. 3a). An initial comparison of the transactivation
strength across the deletion series revealed a reduction to approximately 50% when comparing
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Figure 17. A cis-element in the
promoter of CBP1 is necessary and
sufficient for the CCaMK1-314/Cyclops-
mediated transactivation of the reporter
gene in N. benthamiana leaf cells. N.
benthamiana leaf cells were transformed
with T-DNAs carrying a GUS reporter gene
driven by either of the indicated promoters:
a, the T90 promoter (labeled as T90pro in
a&d or the simplified version -2870 in b-c;
see Fig. 15 legend); one of the two CBP1
promoter regions (CBP1-2870pro or
CBP1-928pro); b-d, promoter deletion series
generated in the context of T90pro including
promoter regions that were b, ca. 300 -
500 bp different in length; c, ca. 50 to 100
bp different in length within -2870 to -2365
bp or -1327 to -979 bp; d, ca. 35 - 50 bp
different in length within -1092 to -967 bp;
e, T90pro, T90pro with the 30 nt long cis-
element (CYC-RECBP1) mutated or deleted
(T90pro::mCYC-RECBP1 or T90pro::∆CYC-
RECBP1, respectively), a 35S minimal
promoter (35Sminpro), or CYC-RECBP1
fused to 35Sminpro (CYC-
RECBP1:35Sminpro). The numbers in a-d
indicating length of promoter were based
on CBP1 promoter taking its
transcriptional start site as +1. Left of the
boxplots in a-d are graphic illustrations of
the promoter regions driving the GUS
reporter gene with the open triangle and
grey boxes illustrating the T-DNA insertion
site projected onto the CBP1 promoter
and of CYC-RECBP1, respectively. Blue and
black line indicates sequence originating
from L. japonicus wild-type genomic
sequence and that from the T-DNA
sequence in T90, respectively. The larger
experimental set-up boxplots including the
results of negative controls is presented
Fig. S2 with statistical tests.
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-2780 and -2365 bp and a complete loss of activity when comparing -1327 to -979 bp (Fig.
17b), indicating that these two regions might contain the responsible cis-elements. Testing
further deletions that were ca. 100 bp different in length within these two regions revealed that
the series between -2870 and -2365 exhibited large variations in responsiveness between
replicates and was therefore not investigated further. In the -1327 to -979 series, fragments
equal to or longer than -1092 resulted in similar reporter gene activation mediated by

Figure 18. CYC-RECBP1 drives gene expression in L. japonicus hairy roots during
nodulation. L. japonicus Gifu hairy roots transformed with T-DNAs carrying a Ubq10pro:NLS-
GFP transformation marker together with a GUS or DoGUS gene, driven by the T90 promoter
(T90pro); a 35S minimal promoter (35Sminpro) or CYC-RECBP1 fused to a 35S minimal promoter
(CYC-RECBP1:35Sminpro) were stained with X-Gluc 10 - 14 dpi with M. loti DsRed. Note that the
T90 promoter could drive GUS expression in root hairs (black arrowheads) but CYC-
RECBP1:35Sminpro could not. Overall the T90 promoter gave stronger GUS activity (darker and
more widespread) in nodules than CYC-RECBP1:35Sminpro (yellow arrowheads; compare the
overview images of root systems). Note that roots transformed with 35Sminpro:GUS did not
show exhibit GUS activity during nodulation except for GUS activity in vasculature in rare
cases. Black and yellow arrowheads: GUS activity in root hairs and nodules, respectively. #/#,
number of plants showing GUS activity in nodules out of total number of chimeric root systems
analysed. WLI: white light illumination. Bars, 1 mm unless labeled.
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CCaMK1-314/Cyclops, while construct -979 was inactive, suggesting the presence of relevant
cis-element(s) between -1092 and -979 bp (Fig. 17c; S2c). By testing a higher resolution series
with 35 bp to 50 bp length difference, we narrowed down the responsible cis-element to the 30
nucleotides between -997 and -967 bp that contained an almost perfect (only two non-matching
basepairs; Fig. 5e) palindromic sequence of 16 bp. We called this element “Cyclops-response
element within the CBP1 promoter” (CYC-RECBP1) because a loss of reporter gene induction by
CCaMK1-314/Cyclops was observed when this element was deleted (Fig. 17d; S2d). To test the
relevance of CYC-RECBP1 in the context of the T90 promoter, we mutated or deleted CYC-
RECBP1 (T90pro::mCYC-RECBP1 and T90pro::∆CYC-RECBP1, respectively). Both resulted in an
almost complete loss of CCaMK1-314/Cyclops-mediated transcriptional activation, indicating that
CYC-RECBP1 was essential for this transcriptional activation (Fig. 17e; S2e). Moreover, CYC-
RECBP1 fused to a 35S minimal promoter (CYC-RECBP1:35Sminpro) was sufficient for the
activation of reporter gene (Fig. 17e; S2e). These results together indicated that CBP1pro (and
T90pro in the context of T90 genome) is regulated by the CCaMK/Cyclops complex through a
cis-regulatory element, CYC-RECBP1.

3.2.6 CYC-RECBP1 drives gene expression duringRNSandAM

CYC-RECBP1 is located only 39 bp 5’ of the T-DNA insertion site in T90 and we noticed that
CYC-RECBP1 sits within the hypermethylated region in the T90 white mutants (Fig. 17). Given
the necessity and sufficiency of CYC-RECBP1 for CCaMK/Cyclops-mediated transcriptional
activation (Fig. 17) as well as the common requirement of this protein complex in AM and RNS,
we hypothesised that this cis-element might be responsible for the symbioses-specific GUS
expression in T90. To test this, a GUS or DoGUS (a variant of GUS) gene driven by CYC-
RECBP1 fused to a 35S minimal promoter (CYC-RECBP1:35Sminpro) or the T90 promoter (T90pro)
was introduced into L. japonicus Gifu hairy roots, followed by inoculation with M. loti DsRed or
the AMF R. irregularis (Fig. 18). During nodulation, GUS activity in roots transformed with CYC-
RECBP1:35Sminpr:GUS exhibited blue staining specifically in nodule primordia and nodules, but
not root hairs (Fig. 18). In contrast, T90pro:GUS- transformed roots displayed a much broader
GUS activity in epidermis including root hairs, in addition to that observed in nodule primordia
and nodules (Fig. 18, bottom panel). The same promoter:reporter fusions constructed with
DoGUS instead of GUS led to similar results (Fig. 18). During mycorrhization, blue staining
were detected in segments in roots transformed with T90pro:DoGUS and correlated strongly
with the presence of R. irregularis, at the entry site of fungal hyphae crossing the epidermis and
in cortical cells containing arbuscles (Fig. 19). Blue staining in roots transformed with CYC-
RECBP1:35Sminpro:DoGUS could be specifically detected in the cortex in segments of roots,
where cells were infected by R. irregularis (Fig. 19). In both cases, GUS activity was visibly
stronger in cells that were just invaded or had developing arbuscles, compared to those that the
arbuscles almost occupying the entire cells. By contrast, roots transformed with GUS or
DoGUS driven by the 35S minimal promoter did not display GUS activity during RNS or AM.
Roots transformed with either one of the mentioned fusion constructs grown in the absence of
microsymbionts exhibited only rarely blue staining, and if so, in vasculature or root tips
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regardless of the reporter fusion. We concluded that CYC-RECBP1 confers AM- and RNS- related
gene expression specifically in the fungal-colonised root cortical cells and in nodules,
respectively.

3.2.7 CBP1promoter drives reporter expression during nodulation

We observed that CYC-RECBP1 in the context of the T90 promoter mediated
responsiveness to transactivation by CCaMK/Cyclops and conferred gene expression during
symbioses. The T-DNA insertion in T90 physically separated the promoter of CBP1 into two
regions: one containing CYC-RECBP1 located 5’ of the insertion (5’ region) and the other 3’ of the
insertion (3’ region). It has been hypothesised previously that the 5’ region enhances CBP1
expression during symbiosis while the 3’ region was responsible for its basal expression (Tuck,
2006). To investigate the role of the 3’ region in more detail, we generated L. japonicus Gifu

Figure 19. CYC-RECBP1 drives gene
expression in L. japonicus hairy roots
during AM. L. japonicus Gifu hairy roots
transformed with T-DNAs carrying a
Ubq10pro:NLS-GFP transformation marker
together with a DoGUS gene driven by
promoters indicated in Fig. 19. Transformed
roots stained with X-Gluc 12 dpi with AMF
R. irregularis. Note the overlapping GUS
activity and fungal infection structures in
root cortex transformed with DoGUS
equipped with T90pro or CYC-
RECBP1:35Sminpro. Roots transformed with
35Sminpro:DoGUS did not exhibit any GUS
activity during mycorrhization except for
GUS activity in vasculature in rare cases.
Green: Alexa Fluor-488 WGA-stained R.
irregularis visualised with a Leica Filter
Cube L5. #/#, number of root systems
showing GUS activity in root cortex out of
total number of chimeric root systems
analysed.C
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hairy roots transformed with a GUS reporter gene driven by CBP1-2870pro that represents the
“native” full length promoter comprising both the 5’ and the 3’ region or CBP1-928pro consists of
only the 3’ region (Fig. 3a; 17a). Transgenic roots were analysed 14 or 21 dpi with M. loti
DsRed for GUS expression (Fig. 20). CBP1-2870pro:GUS-transformed roots exhibited strong blue
staining in nodules, vasculature tissue, lateral root primordia and root tips (93% of transgenic
root systems displaying blue staining in nodules). In comparison, blue staining in
CBP1-928pro:GUS-transformed roots was observed in the same tissue and organ types, however
at a lower efficiency (ca. 50% of transgenic root systems displaying blue staining in nodules),
and the blue staining was overall visibly weaker in nodules. These observations were
consistent with the hypothesis that the 5’ region enhances CBP1 expression during nodulation.

Figure 20. CBP1 promoter-driven reporter gene expression during nodulation in L.
japonicus roots. L. japonicus ecotype Gifu hairy roots transformed with T-DNAs carrying a
Ubq10pro:NLS-GFP transformation marker together a GUS reporter gene driven by either of the
two CBP1 promoter regions: a 2870 bp region containing CYC-RECBP1 (CBP1-2870pro) or a 928 bp
region that did not contain CYC-RECBP1 (CBP1-928pro), were stained with X-Gluc at indicated dpi
with M. loti DsRed. Note that only ca. 50% roots transformed with CBP1-928pro:GUS had blue
staining in nodules compared to over 93% of those transformed with CBP1-2870pro:GUS. #/#,
number of plants showing GUS activity in nodules / total number of transgenic root systems
analysed. Bars, 1 mm. WLI: white light illumination.
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4. DISCUSSION

4.1 Acquisition of cis-regulatory elements for the evolution of nodulation
Combinatory efforts of cis-elements (such as enhancers and core promoters) and

associated transcription regulatory proteins (such as transcription factors, TFs) in a
transcriptional network determine the spatiotemporal gene expression. Evolutionary studies on
Drosophila and fungal lineages demonstrate that alterations or emergence of both cis-
regulatory elements as well as protein-protein interactions between transcriptional regulators
contribute significantly to phenotypic novelties and variations (Wagner and Lynch, 2010).
Evolution of cis-regulatory elements, especially transcriptional enhancers, is often stressed as
a source of novel traits (e.g., pelvic loss in threespine stickleback fish occurred through
mutations in enhancer regions; Chan et al., 2010). This is due to modularity and high-turnover
rates of enhancers that potentially allow gain of gene expression in discrete spatiotemporal
domains with little risk of pleiotropy. RNS is postulated to co-opt genes that are functional in
other processes such as the most wide-spread plant root endosymbiosis, the AM, as well as in
lateral root development. However, little is known about the involvement of cis-elements in
these co-option events. This study provides evidence that the acquisition of key cis-elements
contributes to evolution of RNS by two case studies of RNS-related cis-elements. The findings
of this study also demonstrate that the acquisition may or may not be crucial for the
establishment of RNS; the outcome is likely dependent on the role of the target genes and their
relevant cellular responses.

4.1.1 PACE, the cis-element linkingmicrosymbiont signalling to infection

With the growing number of available plant genomes, phylogenomic approaches offer the
opportunity to identify cis-regulatory elements that might play a crucial role in the evolution of
RNS. PACE was identified via a phylogenomic approach covering a range of RNS-forming and
non-RNS-forming plant species. PACE turned out to be the only element in the tested NIN
promoters that is exclusively present in those from members of the FaFaCuRo clade, sharing
the same phylogenetic distribution as RNS (1.4.2). Cis-elements that were restricted to the
FaFaCuRo clade could not be detected in the promoters of other members of the same gene
family as NIN, indicating that the acquisition of PACE might have taken place later than the
duplication event that created NIN. The strong phylogenetic signature of PACE, combined with
the fact that NIN is the first RNS-specific TF activated in response to bacterial signalling,
underlines the importance of PACE for RNS and its potential association with the origin of RNS.

It is important to point out that current evidence can not rule out the presence of other cis-
elements exhibiting a PACE-like distribution. Altogether, the targeted phylogenetic approach
was limited in two respects: (1) the search was limited to promoter regions 5’ upstream of the
coding sequence. The choice is justified since most reported symbiosis-relevant regulatory
elements are situated in close vicinity 5’ of the translational start sites of genes (within a few kb
distance; Table S1). Genome-wide analyses of plant enhancers in other plant species also
demonstrate occurrence of the majority of enhancers in the proximal region of genes (Yan et



al., 2019). Nevertheless, distant regulatory regions and untranslated regions that are not
covered in this search have also been reported functional in RNS (Liu et al., 2019c; Soyano et
al., 2019). (2) The search was only conducted for the promoters of a handful of known
symbiosis genes, although the rationale of choosing these candidate genes is well justified. To
complete the search, proximal and distal regulatory regions of all symbiosis-related genes
known thus far should be included in the analysis. Yet, such an analysis would entail technical
challenges regarding the identification of orthologous and equivalent regulatory regions in
plants from different orders. If a genome-wide list of RNS-relevant enhancers was available, it
could be used for phylogenomic approaches for targeted search of cis-elements contributing to
the evolution of nodulation.

PACE contains a Cyclops binding site (Singh et al., 2014) and we observed that PACE is
essential for Cyclops-mediated transcriptional activation of the NIN promoters across the
FaFaCuRo clade and sufficient for this purpose (Fig. 5) in transactivation assays in N.
benthamiana leaves. Additionally, despite the considerable degree of sequence variation (only
7 out 29 nucleotides are completely conserved), PACE appeared to be functionally conserved
across the FaFaCuRo clade when tested in the context of the L. japonicus NIN promoter.
Congruent the phylogenomic distribution of PACE, Cyclops-mediated transcriptional activation
could be conferred by the NIN promoters from RNS-forming members of the FaFaCuRo clade.
The NIN promoters from two species outside of this clade, Solanum lycopersicum (tomato) and
Vitis vinifera (grape), could not mediate transcriptional activation by Cyclops (unpublished data
included in publication 1). Two motifs were also identified in the promoters of Reduced
Arbuscular Mycorrhiza 1 (RAM1) and ERF Required for Nodulation1 (ERN1) that encompass or
partially overlap with previously identified Cyclops response elements, respectively (Pimprikar
et al., 2016; Cerri et al., 2017); and their distributions extend beyond the FaFaCuRo clade
(unpublished data included in publication 1). In line with these data, the ability of CCaMK/
Cyclops to transcriptionally induce the reporter gene expression mediated by the RAM1
promoter is not restricted to those from the FaFaCuRo clade, i.e., both S. lycopersicum and L.
japonicus RAM1 promoter could mediate transcriptional activation by SlCyclops or LjCyclops
(unpublished data included in publication 1). Together with PACE’s phylogenetic signature,
these findings strongly support the hypothesis that emergence of PACE connected the NIN
gene to an ancient signalling transduction pathway that had been already functional in the AM,
via the CCaMK/Cyclops protein complex.

The consequence of PACE acquisition appears to be directing NIN expression in a
discrete infection zone in nodule primordia. Importantly, while PACE and the rest of the NIN
promoter (exemplified by NIN::mPACE and NIN::∆PACE; 3.1.2) both drive NIN expression in
the nodule primordia, their respective domains are not identical. The rest of the NIN promoter
directs expression in the surrounding cortical cells including those bordering on the PACE core
territory (unpublished data included in publication 1). The nearly non-overlapping expression
domains suggest distinct transcriptional regulation of these two elements, and a unique role of
PACE that is not fulfilled by the rest of the NIN promoter. This discrete expression domain
conferred by PACE is consistent with the sufficiency of PACE to restore infection thread (IT)
formation in the cortex of nodule primordia formed on roots of the nin-15 mutant (3.1.4). The
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appearance of long cortical IT originating from an accumulation of bacteria fits the expectation
of a primitive entry mode (Sprent, 2007; Madsen et al., 2010), which is also observed in a
variety of legumes including for example Sesbania and Mimosa as well as a L. japonicus root
hair-less mutant (Karas et al., 2005). Combined with the discovery that cortical ITs might have
been invented by the last common ancestor of the FaFaCuRo clade, these findings support the
hypothesis that the acquisition of PACE likely enabled the common ancestor to form cortical
ITs. Furthermore, PACE and the rest of the NIN promoter, respectively, are both necessary but
insufficient to mediate gene expression in root hairs bearing ITs and to rescue IT formation in
root hairs of nin-15 roots. This observation suggests that collaborative efforts of multiple cis-
regulatory elements are required for NIN expression in root hairs.

The inability to restore bacterial infection in root hairs and nodules of nin-15 associated
with deletion or mutation of PACE supported its essential role in infection during RNS. The fact
that PACE sequence variants are functionally equivalent for this purpose further indicates the
evolutionary importance and maintenance of PACE function. It is intriguing that two PACE
variants identified from non-RNS-forming FaFaCuRo members are also functionally equivalent
to those from RNS-forming species while the PACE-like motif from J. regia is not. The point
mutation of one of these 7 conserved nucleotides in JrPACE-like motif likely explains its
inability to restore infection in the nin-15 mutant (Fig. 10b). The loss or mutation pattern of
PACE needs further analysis as it is possible that changes in PACE also contribute to the loss
of RNS.

Interestingly, the artificial insertion
of an exotic PACE sequence is able to
render a NIN promoter from tomato
(Solanum lycopersicum) - a plant that is
outside of the FaFaCuRo clade and
whose endogenous NIN promoter does
not contain PACE - to be responsive to
Cyclops-mediated transcriptional
activation (Fig. 5c). This “evolved”
version of the tomato NIN promoter is
capable of restoring infection of nin-15
mutant to some degree both in root
hairs and nodules, as well as restoring
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formation of symbiosomes. Combined with the observations that not-yet-identified epidermal
elements and PACE are necessary for NIN expression in root hairs or in cells packed with
symbiosomes, this result implies that the tomato NIN promoter already contains cis-elements
that can partially substitute for the elements in L. japonicus NIN promoter. Further evolution of
these epidermal and symbiosome-related cis-elements may have taken place in the FaFaCuRo
members that efficiently take up bacterial symbiont through root hairs or forms bacterial
symbiosome, or both, respectively.

The strong phylogenetic signature of PACE, its discrete expression domain and its role in
IT formation as well as connection to Cyclops strongly suggest that acquisition of PACE was a
key evolutionary event in the last common ancestor of the FaFaCuRo clade. Based on the
findings presented in this work, the following model for the evolution of nodulation could be
envisioned (Fig. 21): acquisition of PACE resulted in a novel NIN expression domain due to
activation by CCaMK/Cyclops and enabled cortical infection thread formation in the last
common ancestor of the FaFaCuRo clade. This event consequently brought nitrogen-fixing
bacteria in close contact to living plant cells. PACE acquisition was then followed by parallel
gains of nodule organogenesis, evolution of diverse entry modes and other necessary
refinements to give rise to functional nodules in the descendant lineages. Fixation threads in
nodules formed on roots of actinorhizal plants, Parasponia and several tropical trees may be
considered as an actualisation of this ancestral state. This model also implies that the NIN-
regulon at the time of PACE acquisition could at least partially function in infection thread
formation.

This PACE model may be viewed as an analogy of the emergence of cis-elements in
Drosophila and fungi that expanded the regulation territory of existing transcriptional factors,
leading to phenotypic novelties (Gompel et al., 2005; Jeong et al., 2006; Sorrells et al., 2018;
Britton et al., 2020). The contribution of PACE to the evolution of RNS is not matched by the
regulatory region of NIN promoter (CE element) that modulates nodule organogenesis,
considering the occurrence of CE is restricted to only one plant order (Fabales) of the
FaFaCuRo clade. The PACE model clearly agrees with the hypothesis proposed by Soyano
and Hayashi (2014) in which the gain of novel cis-elements in the NIN promoter was predicted
to be the first step in the evolution of RNS. PACE and PACE-enabled traits are good
candidates for the long-sought-after features associated with the predisposition event (Soltis et
al., 1995). This model is intrinsically not in conflict with the single origin model (1.2.1) because
Cyclops-PACE connection is an important adaptation of transcriptional regulation of the NIN
gene and must have been present when RNS evolved. It is noteworthy that a gap of at least 20
million years exists between the acquisition of PACE and the oldest fossil record of a nodule
(Fig. 1). Million years of maintenance implies that an evolutionary advantage or at least
evolutionary neutrality was provided by the putative ancestral cortical ITs. A plausible candidate
for this evolutionary advantage may be the fixed nitrogen provided by symbionts, considering
that biologically fixed nitrogen can be transferred to plants that associate with endophytic or
associative nitrogen-fixing bacteria to support plant growth (Carvalho et al., 2014).
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4.1.2 CYC-RECBP1, the cis-element tagged in the T90 line

With the goal to uncover regulatory elements involved in symbiosis, the regulatory circuits
underlying the symbiosis-specific GUS expression of the L. japonicus promoter tagging line
T90 was investigated. We observed that the T90 GUS expression can be largely recapitulated
in hairy roots transformed with a GUS reporter gene driven by a region between -2870 and
-967 bp of the CBP1 promoter fused to the same T-DNA border found in the genomic
arrangement of the T90 line. The expression pattern achieved by this region matches all key
aspects of that of the T90 line: in root hairs and nodules in presence of M. loti; as well as root
epidermis and cortical cells when roots were colonised by an AMF; and in both symbioses,
absent from other tissues such as root vasculature and root tips. We therefore used this
transgenic setting as the starting point to dissect the promoter function using a classical
promoter deletion series. This analysis revealed at least four regions/elements with significant
impact on CBP1 expression (Fig. 22): (1) a 30 bp CYC-RECBP1 is essential for gene expression
in nodules and root cortex. A 30-nucleotide long element namedCYC-RECBP1 was identified
within the region -997 and -967 bp which is only 39 bp 5’ of the T-DNA insertion in T90. This
element, when equipped with a minimal promoter, was able to confer gene expression during
both RNS and AM (Fig. 18; 19), specifically in nodules and infected cortical cells, respectively.
The features of CYC-RECBP1 provide a plausible explanation for the common and symbioses-
specific GUS activity in T90: as a result of the T-DNA insertion in T90, the promoterless GUS
gene was coincidently brought in proximity at the 3’ of CYC-RECBP1, a cis-element that drives
gene expression during colonisation by rhizobia and AM fungi. In the presence of
microsymbionts, the GUS gene was consequently activated generating a symbioses-specific
expression pattern. These results provided evidence of the involvement of CCaMK/Cyclops in
mediating activation of the CBP1 gene encoding a putative calcium-binding protein for both
RNS and AM, through a common cis-element CYC-RECBP1. In L. japonicus, the expression of
the endogenous CBP1 during nodulation in roots is likely enhanced by the presence of CCYC-
RECBP1 in its promoter (Fig. 20). This conclusion is based on the fact that CBP1 is expressed at
a reduced level in T90 roots in which the T-DNA insertion presumably reduces or entirely
blocks the activity of this cis-element (Webb et al., 2000); (2) a 54 bp region 5’ of CYC-RECBP1

(EPRECBP1) is essential for gene expression in root hairs. A region between -1146 and -1092 bp
was necessary for GUS expression in patches of root epidermal cells in proximity to or
undergoing IT formation (Fig. 15b). Expression in root epidermal cells could not be achieved
when the region was deleted from the T90 promoter or when CYC-RECBP1 was tested on its
own. Whether this region is required for epidermal expression achieved by T90 promoter during
AM development (Fig. 19) requires a refined analysis of early infection stages. Moreover, in
silico analysis predicts a number of transcription factors that potentially bind to EPRECBP1 (Table
S5), the involvement of which in CBP1 regulation remains to be investigated; (3) the region 3’
of the CYC-RECBP1 is boosting CCaMK/Cyclops-mediated expression. The region 3’ of CYC-
RECBP1, between -928 and -1 (region 2 in Fig. 22), had on its own very little or no
responsiveness to CCaMK/Cyclops mediated gene activation in N. benthamiana leaf cells, but
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such responsiveness was significantly boosted when this region was combined with its 5’
region containing CYC-RECBP1 (Fig. 17a). Interestingly, region 2, despite being devoid of a
CCaMK/Cyclops response in in N. benthamiana leaf cells, conferred gene expression in early
nodule development, root vasculature and root tips in L. japonicus hairy roots infected by M.
loti. (4) the region 5’ of EPRECBP1 contains probably multiple regulatory elements. A region
between -2870 and -1327 bp (region 1 in Fig. 22) significantly enhances gene activation
mediated by CCaMK/Cyclops in N. benthamiana leaf cells. Interestingly, the inclusion of this
region in N. benthamiana transient assays resulted in much larger variation between different
leaf discs and unusually strong inter-experimental variation. We interpreted this variation as a
sensitivity of the underlying regulatory machinery to subtle diurnal, developmental or
environmental differences of the leaf tissue that are not observed in other promoter fusions.
Deletion of this region did not result in loss of reporter expression in nodules, rather seemed to
affect the expression strength of the reporter gene (Fig. 17b). Further investigation is needed
for the possible quantitative contribution of the -2780 and -1327 bp region.

In summary, the CBP1 promoter contains at least 4 distinct regulatory regions that
contribute to the expression strength or the tissue specificity or the stimulus specificity of the
CBP1 expression (Fig. 22).

CYC-RECBP1 equipped with a minimal promoter was sufficient for CCaMK/Cyclops-
mediated transcriptional activation (Fig. 17e). Three CYC-REs identified earlier come from the
promoters of two RNS-induced genes, NIN and ERN1 (CRE or PACE and CYC-REERN1,
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respectively; Singh et al., 2014; Cerri et al., 2017) and an AM-induced gene, RAM1 (AMCYC-
RE; Pimprikar et al., 2016). ERN1 encodes an AP2/ERF transcription factor that is essential for
bacterial infection during RNS (Middleton et al., 2007; Cerri et al., 2016, 2017). RAM1 encodes
the first transcription factor activated via symbiotic signalling specific to AM, the AM equivalent
of NIN in RNS (Gobbato et al., 2012; Pimprikar et al., 2016). The core of CYC-RECBP1 shares a
high sequence similarity with AMCYC-RE and to a lesser extent with CRE and CYC-REERN1.
Similar to the situation of these three CYC-REs, deletion or mutation of CYC-RECBP1 drastically
impaired Cyclops-mediated transcriptional activation (Fig. 17e). These observations together
suggest that the induction of T90 GUS gene is at least in the nodules, achieved by CYC-RECBP1

via CCaMK/Cyclops-mediated activation and that it contributes essentially, but can not on its
own, mediate expression in root hairs (Fig. 15). The binding of Cyclops to CYC-RECBP1 could be
further verified in, for example, an in vitro electrophoretic mobility shift assay or a ChIP-seq
assay.

The initial forward genetic approach to screen an EMS-mutagenised T90 population led to the
identification of the T90 white mutants (Fig. 12). Based on an analysis using cytosine methylation-
sensitive restriction enzymes, we detected hypermethylation specifically in the T90 white mutants
within CYC-RECBP1 (Fig. 16). This region contains the Cyclops target cis-element, CYC-RECBP1,
which is capable on its own, to drive gene expression during AM and RNS (Fig. 18; 19). Cytosine
methylation is a well-studied phenomenon and frequently associated with heterochromatin-based
gene inactivation (Iwasaki & Paszkowski, 2014). The element’s ability to achieve gene expression
during both symbioses and its hypermethylation in the T90 white mutants are in line with the T90
and T90 white phenotype. However, hypermethylation is typically not restricted to single bases but
generally affects longer DNA stretches that undergo heterochromatin formation. Indeed, we have
obtained preliminary evidence for additional methylated cytosines within the 113 bp element
depicted in Fig. 16 (data not shown). It is therefore likely that the T90 white mutants suffered from a
broader hypermethylation within the T90 promoter and that the silencing of T90 cannot be attributed
solely to the single cytosine methylation within CYC-RECBP1. Independent of the extend of the
hypermethylation in T90 white mutants, our observation revealed that Cyclops activity can be
severely impeded by DNA methylation of its target promoters. As DNA methylation is overall
dynamically altered during nodulation (Satgé, et al., 2016), studying the methylation status of
Cyclops target promoters may reveal another layer of transcriptional regulation during symbiotic
development.

For most genes that are activated in both RNS and AM, the cis-elements responsible for
the common induction are not yet known. Only one other element, an AT-rich motif identified in
the promoter of M. truncatula ENOD11 gene, was reported important for high-level gene
expression during both RNS and AM (Boisson-Dernier et al., 2005). ENOD11 is one of the
earliest marker genes induced by rhizobia as well as an AMF (Chabaud et al., 2002; Journet et
al., 2001). The discovery of CYC-RECBP1 supported a possible scenario that at least a subset of
the genes induced during both RNS and AM development could be regulated by the CCaMK/
Cyclops complex. This hypothesis is in line with the observations that CBP1 expression is
specifically induced in roots upon Nod factor treatment or inoculation with M. loti (Cathrine
Kistner, unpublished data) as well as with the AMF R. irregularis; and the upregulation of CBP1
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during nodulation is dependent on functional Cyclops, NFR1 and NFR5 genes (data retrieved
from LotusBase, Webb et al., 2000; Mun et al., 2016). The observation that four regions of the
CBP1 promoter impact its gene expression suggest that additional pathways are in play to
achieve tissue-specific expression pattern and enhance gene expression.

In L. japonicus, the expression of CBP1 during nodulation in roots is likely enhanced by
the presence of CYC-RECBP1 in its promoter (Fig. 20). This conclusion is consistent with the fact
that CBP1 is expressed at a reduced level in T90 roots in which the T-DNA insertion
presumably reduces or entirely blocks the activity of this cis-element (Webb et al., 2000).
Nevertheless, current evidence seems to suggest that the Cyclops-regulated enhancement of
CBP1 expression is dispensable for symbiosis because T90 and T90 white mutants are neither
impaired in RNS nor in AM. It is likely that the residual expression of CBP1 mediated by the 928
bp regulatory region 3’ of the T-DNA insertion site in T90 may be adequate for endosymbiosis;
or that the impact of the reduced expression levels could not be detected by phenotyping the
number of nodules and shoot dry weight of plants. Alternatively, although it appears that there
is only one copy of CBP1 gene present in the L. japonicus genome, other calcium-binding
proteins could function redundantly with CBP1. A study of genome-wide identification of Ca2+

binding-protein in L. japonicus has reported 47 proteins containing an identifiable CaM-domain,
amongst which several are encoded by genes highly expressed in nodules (Liao et al., 2017).
Given the conserved function of the CaM domain to interact with Ca2+ ions, these proteins
might carry the potential to function redundantly with CBP1 during nodulation.

The CBP1 protein is comprised of 230 amino acids (aa). Bioinformatic analysis of CBP1
predicts an N-terminal cleavable signal sequence (1 to 29 aa) and a C-terminal classic
calmodulin (CaM) domain consisting of a double pair of EF hand Ca2+-binding motifs (Cal-EF-
Afi & SignalP-5.0). Considering its potential to bind to calcium due to its CaM domain and its
participation in both types of endosymbiosis, it is tempting to speculate that CBP1 plays a role
in calcium signalling. Calcium homeostasis is realised by at least four processes: entry of Ca2+

from the apoplast into the cytosol, intracellular compartments involved in Ca2+ release and
uptake, Ca2+ buffers in the cytoplasm and extrusion mechanisms (Schwaller et al., 2002). Up to
date, apart from a few players enabling symbiotic Ca2+ spiking in the nucleus (1.3.1; Fig. 2),
other mediators of Ca2+ homeostasis during RNS are unknown. Proteins capable of binding to
Ca2+ ions such as CaM, calmodulin-like proteins (CML) and calcineurin B-like proteins (CBL)
are attractive candidates, due to their concerted ability to interact with Ca2+ and regulatory
proteins such as Ca2+-dependent protein kinases to exert various biological functions (Kudla et
al., 2018). A CML gene, MtCaML1, is highly expressed in nodules and the encoded protein
localises to bacterial symbiosomes in M. truncatula and M. sativa nodules (Liu et al., 2006);
however its specific role in Ca2+ homeostasis has not been extensively characterised, largely
because the attempt to knock down the six identified CML copies simultaneously did not yield
reproducible phenotypes. The high sequence similarity of the N-terminus of CBP1 to that of
AtCML4 and AtCML5 suggests that CBP1 might localise to specific intracellular compartments.
Interestingly, AtCML5 is a single-membrane anchored protein with its CaM domain exposed to
the cytosol, enabling it to sense cytosolic Ca2+ changes (Ruge et al., 2016). A possible scenario
would be that CBP1 is anchored to specific subcellular structures and senses regional Ca2+
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concentration changes in the cytosol, as for instance a Ca2+ buffer. Examples of Ca2+ buffers
are members of the calbindin-D28K family (Ca2+-binding proteins containing four EF hands) that
principally localise to the cytosol and act as slow or fast Ca2+ buffers to maintain calcium
homeostasis and prevent pro-apoptosis pathways in mammals (Schwaller et al., 2002; Kook et
al., 2014). This hypothesis requires information on the subcellular localisation of CBP1 in terms
of tissue type and subcellular space during RNS and AM, respectively, for further clarification.
Previous studies have demonstrated that CBP1 protein exhibits a mobility shift in a sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) experiment when protein
was extracted from Escherichia coli cells in the presence of an excess amount of CaCl2 (Tuck,
2006). The Ca2+-binding ability and kinetics of CBP1 are worth re-evaluating in depth, for
instance, using flash photolysis analysis, a technique that has been successfully applied to
determine binding kinetics of three types of Ca2+-binding proteins (calbindin, calretinin and
calmodulin) and provided insights in their specific roles in calcium signalling (Faas and Mody,
2012).

4.2 Similarities and differences betweenPACE andCYC-RECBP1

The cis-elements, PACE and CYC-RECBP1, identified in promoters of two genes of distinct
functions, bear notable resemblances. First, both cis-elements confer tissue specific gene
expression in the cortex of nodules in response to microsymbiont-induced signalling. It is not
known yet whether the expression domains of PACE and CYC-RECBP1 overlap, and if so, how
much. A focal accumulation of reporter activity driven by CYC-RECBP1 was observed during the
progression of bacterial infection into nodule primordia (Fig. 18b), similar to that driven by
PACE (Fig. 6e). A detailed analysis at the cellular level is necessary to trace the physical
relation of bacterial infection to the CYC-RECBP1 domain at different stages of bacterial infection.
For this purpose, Medicago truncatula might be a better experimental system than L. japonicus.
Cells in the indeterminate nodules formed on M. truncatula roots are arranged in zones
representing successive developmental stages ranging from the anticipation of infection
threads to hosting fully differentiated bacterial symbiosomes (Roux et al., 2014; Xiao et al.,
2014). A single M. truncatula nodule can therefore provide a high-resolution snapshot of CYC-
RECBP1 activity covering the entire process of bacterial infection. This approach also eliminates
the laborious microscopic screening to locate L. japonicus nodules at specific developmental
stages and the technical difficulty to determine the infection status of individual cells in the
central tissue of nodules.

Moreover, neither PACE nor CYC-RECBP1 is sufficient for gene expression in the root
epidermis. It appears as a recurrent phenomenon that different regulatory regions are required
for epidermal and cortical expression, as it has been observed for the promoter of NIN (this
study and Liu et al. 2019c), CBP1 (this study) and EPR3 which encodes a receptor for the
perception of rhizobial exopolysaccharides during infection (Kawaharada et al., 2017). This
phenomenon is not unexpected considering that a community of TFs in addition to Cyclops are
critical for IT formation in root hairs. These TFs include the previously described ERN1 and NIN
as well as not-yet-identified TFs inducing the production of necessary protein components to
facilitate initiation and elongation of ITs, which involves the rearrangements of actin filaments
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(Yokota et al., 2009; Hossain et al., 2012) and microtubules (Su et al., 2020), cell wall
remodelling (Xie et al., 2012) and several others including RPG (Arrighi et al., 2008), LjSPK1 &
LjROP6 (Liu et al., 2020a), CBS1 (Sinharoy et al., 2016), VAPYRIN, LIN and EXO70H4
(Murray et al., 2011; Liu et al., 2019b, 2020b). Logically, regulatory elements associated with
the transcription of these IT-essential proteins should mediate gene expression in root hairs. In
the case of NIN promoter, direct binding by the regulatory proteins IPN2, NSP1 or SIP1 in
addition to Cyclops has been demonstrated although the function of the responsible cis-
element has not yet been characterised in similar depth as for PACE.

Second, both PACE and CYC-RECBP1 confer Cyclops-mediated transcriptional activation.
Cyclops transcriptionally induce expressions of differential sets of genes in response to
infection by AMF or rhizobia (Fig. 2), e.g., RAM1 for arbuscule formation in AM (Pimprikar et
al., 2016); and NIN and ERN1 for RNS controlling both infection and organogenesis (Singh et
al., 2014; Cerri et al., 2017) via binding to its response elements. So far, it remains elusive how
Cyclops, which is essential for both AM and RNS, discerns between two different
microsymbiont signals and induces the respective transcriptional changes. Current findings
suggest that the transcriptional specificity by Cyclops likely depends on the context. Cyclops
interacts with CCaMK and this complex recruits a GRAS-TF DELLA, the repressor of
gibberellin signalling, during AM to regulate RAM1 expression (Pimprikar et al., 2016). The
resulting tripartite protein complex may further associate with more members based on the
findings of additional proteins directly interacting with CCaMK (Kang et al., 2011) or DELLA (Yu
et al., 2014; Heck et al., 2016). Indeed, recruitment of additional regulatory proteins is a
commonly used strategy, for instance, to determine binding specificity for TF members
belonging to the same family and sharing very similar DNA binding domains (Slattery et al.,
2011; Merabet and Mann, 2016). Studies from other organisms also suggest that community
composition of regulatory proteins and the connections amongst them as well as with their
associated cis-regulatory elements are more determinant than individual players in terms of
tissue-specific expression of target genes (Vaquerizas et al., 2009; Sonawane et al., 2017).
Moreover, biochemical analyses indicate that calmodulin binding is differentially needed for
CCaMK activation during mycorrhization and nodulation, respectively, suggesting that two
activities of CCaMK can be induced in response to different microbial signals (Shimoda et al.,
2012; Routray et al., 2013). Therefore, the protein-protein interaction and differential activation
of CCaMK may provide crucial contextual information for Cyclops activity.

An aspect so far neither investigated nor discussed, is the influence of CYC-REs on the
activity of Cyclops, considering that the differential activities of the three CYC-REs analysed
suggest distinct regulatory mechanisms. Assembly of regulatory protein complexes is known to
depend on their associated cis-regulatory elements; the sequence and corresponding DNA
ultrastructure of cis-elements influence the composition of associated protein complexes
(Kribelbauer et al., 2020). The detectable variation in nucleotide composition, particularly those
flanking the Cyclops binding site, among PACEs variants form different plant orders indirectly
suggests that distinct regulatory mechanisms other than Cyclops are in play. The CYC-REs
(including PACE variants) may be used to uncover additional layers of regulation by Cyclops,
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including the dissection of protein complex assembly involving CCaMK, Cyclops and other
proteins.

Last but not the least, the Cyclops-PACE and Cyclops-CYC-RECBP1 connections render
NIN and CBP1, respectively, responsive to an ancient signal transduction pathway induced by
signalling molecules exuded by microsymbionts. The exclusive and restricted presence of
PACE suggests that recruitment of NIN via PACE occurred in the last common ancestor of the
FaFaCuRo clade. In contrast with PACE, the phylogenetic distribution of CYC-RECBP1 and
phenotypic consequence of its acquisition has not yet been investigated. It is helpful to identify
the orthologues of the CBP1 proteins and enable analysis of their promoters to trace the the
evolutionary pathway of CYC-RECBP1.

4.3 Evolution of NIN andCBP1proteins

The transcriptional rewiring for the evolution of RNS is certainly a combinatory effort of
evolution of cis- and trans-acting elements (1.3). What is beyond the scope of this study is the
contribution of regulatory protein evolution. Given its importance, we consider it necessary to
discuss the potential adaptations of protein function during the evolution of RNS. In terms of
CBP1, a functional divergence of the protein appears less likely considering the conserved
function of EF-hands containing CaM motif to bind to Ca2+. Nevertheless, it is certainly
interesting that the CBP1 N-terminal extension shares high sequence homology to the N-
terminal signal of AtCML4 and AtCML5 from A. thaliana (Ruge et al., 2016), that anchors them
to endomembrane systems and expose CaM domain to the cytosol. A similar case is described
for two EF-hand containing small Ca2+ binding proteins, CaBP7 and CaBP8, that are unique
amongst human Ca2+ binding proteins due to the presence of a C-terminal anchoring signal.
CaBP7 and CaBP8 localise to trans-Golgi network with its CaM domain facing the cytosol
(McCue et al., 2009, 2011). It is suggested that sorting these Ca2+ sensors to specific
subcellular compartments might be essential to sustain distinct roles of Ca2+-binding proteins,
likely refines the Ca2+ signalling on top of a global Ca2+ response. It is well probable that the
adoption of (or alternatively loss it in some species) the N-terminal extension of CBP1 might be
an important evolutionary adaptation, and likely related to refined response towards Ca2+

signalling during symbiosis.

The case of NIN differs from CBP1 in that NIN is a transcription factor, the change of its
expression domain potentially affecting the expression of its whole regulon. In fact, NIN has
probably experienced functional divergence over evolutionary time, based on the observations
that NIN has lost the nitrate-mediated post-transcriptional regulation that has been reported for
its close relative NLPs (Schauser et al., 2005; Konishi and Yanagisawa, 2013; Suzuki et al.,
2013) and that A. thaliana NIN ortholog can not rescue M. truncatula nin-1 mutant (Liu and
Bisseling, 2020). The pre-FaFaCuRo NIN regulon therefore is very likely to differ from its
modern regulon. However given the timing of the duplication event giving rise to NLPs and NIN
roughly coincides (if not earlier) with that of birth of the FaFaCuRo clade, this pre-FaFaCuRo
NIN regulon may contain the overlapping regulatory modules between the modern NIN and
NLPs regulons (Liu and Bisseling, 2020). The overlapping modules include NF-Y and LBD
members that are directly regulated by NIN in RNS to induce nodule organogenesis (Soyano et



al., 2013, 2019; Schiessl et al., 2019). The NF-YA1 orthologs of A. thaliana, a plant that does
not engage in RNS or AM, modulate root architecture through regulating lateral root
development and root growth, which is consistent with the idea of an origin of NIN as a
regulator of lateral root development. The expression pattern of NF-YA1 orthologs are altered
in the A. thaliana nlp7 mutant (Sorin et al., 2014; Zhao et al., 2018; Alvarez et al., 2020).
Furthermore, the LBD16 ortholog playing a role in A. thaliana root development is a direct
target of AtNLP7 (Alvarez et al., 2020). A comparison of binding-sites of L. japonicus NIN and
NLP4 revealed that they recognise highly similar cis-elements and that NIN and NLP4 bind to
the same regulatory regions of CLE-RS2, LBD38 and Nitrate Reductase1 (NIR1) genes
(Nishida et al., 2021). These observations strongly supports that NIN and NLP4 share binding
sites and downstream target genes. Intriguingly, analysis on NIN-binding sites from 17 genes
that are up-regulated by rhizobial inoculation in a NIN-dependent manner and down-regulated
by nitrate in a NLP4-dependent manner suggested that NIN-specific binding sites appear less
palindromic than those of NLP4. This sequence signature appears to help distinguish the
binding protein because replacing part of a NIN-specific binding site in the NF-YB promoter with
the counterpart from that of NLP4-specific binding site in LjNIR1 promoter leads to gain of
binding of this chimeric element by NLP4 (Nishida et al., 2021). The similarity and specificity
seen in the NIN and NLP4 binding sites might be a result of target gene adaptation during the
evolution of NIN function.

The PACE model suggests that the Cyclops-PACE connection recruited the ancestral
NIN into a novel process and a novel expression domain, probably leading to the formation of
cortical ITs in the root cortex, one of the essential building blocks of RNS. It is not yet
understood which parts of pre-FaFaCuRo NIN regulon are involved in this process. One
potential candidate could be NIN-regulated NF-Y members that are proposed to have an
ancestral function in IT formation (Bu et al., 2020). Moreover, a SHR-SCR module involved in
cell division during nodulation depends on NIN in M. truncatula (Dong et al., 2020) and the
orthologous module is functional for root development in A. thaliana (outside of the FaFaCuRo
clade). Although whether NIN directly regulates the SHR-SCR module and if so, when the
recruitment of this module into NIN regulon occurred is not yet clear, this finding together with
the LBD module regulated by modern NLPs and NIN maybe interpreted to mean that the pre-
FaFaCuRo NIN regulon had the capacity to induce cell division. Combined with the necessity of
newly divided cells for IT formation, cell division in the PACE-domain might have already taken
place in the last common ancestor to produce competent cells for bacterial infection (Fig. 21).

Another possibility, though currently lacking experimental evidence, is that a NIN-
independent pathway in the common ancestor of the FaFaCuRo clade could activate cell
division in the PACE-domain. The pre-FaFaCuRo ancestor presumably engaged in symbiosis
with AMF, a symbiosis that does not involve the induction of novel organs in the vast majority of
modern plant species. Nevertheless, several lines of evidences - the observation of sparse cell
division induced by AMF in legume roots (Russo et al., 2019), fossil records of short
arbusculated cells (Strullu-Derrien et al., 2018) and specialised mycorrhizal nodules on some
gymnosperm and angiosperm plant roots (Duhoux et al., 2001; Schwendemann et al., 2011;
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Harper et al., 2015; Nunes et al., 2020) - might be interpreted to mean that cell division in
response to AMF infection was once more frequent. The intriguing observation that AM-
induced ectopic cell divisions may be dependent on CCaMK deserves detailed examination
(Russo et al., 2019), considering that CCaMK is fundamental for the establishment of both
types of endosymbiosis and a key regulator for nodule organogenesis. Unlike the cyclops
mutant, the ccamk mutant is unable to initiate cell division upon rhizobial infection. The
deregulated variants of CCaMK induce spontaneous nodules in both wild-type and
interestingly, in the cyclops mutant (Yano et al., 2008; Hayashi et al., 2010; Shimoda et al.,
2012; Takeda et al., 2012). Whether a hypothetical AMF-induced cell division program exists
and whether CCaMK plays a role in this process requires further functional dissection of the
role of CCaMK in AM-induced ectopic cell divisions and formation of mycorrhizal nodules.
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5. CONCLUDING REMARKS

The functional and phylogenomic analysis of the two cis-regulatory elements, two
Cyclops response elements, in this study highlights their importance in establishment and
evolution of the nitrogen-fixing root nodule symbiosis (RNS). In particular, PACE may stand at
the basis of the evolution of RNS, serving as a pre-requisite for the emergence of functional
nodules. The evolution of cis-regulatory elements is dynamic and multi-functional, that may
alone suffice for phenotypic novelty (Gompel et al., 2005) or function as an initial permissive
event before another novel factor causes an evolutionary shift in phenotypes (Sorrells et al.,
2015). Fine tuning of gene expression for a particular biological process often involves several
cis-elements acting via diverse mechanisms (Baudouin-Gonzalez et al., 2017). Therefore, it is
almost certain that more cis-elements involved in the evolution of RNS trait modulation await to
be discovered. In addition to PACE that directs NIN expression in a discrete infection zone, the
findings presented in this study indicate the presence of cis-elements that confer NIN
expression in root hairs, cortical dividing cells and cells filled with symbiosomes. Yet
undiscovered repressive cis-elements might have also emerged to turn a ubiquitously active
NLP promoter into a NIN promoter that is only induced by bacterial infection. Additionally, cis-
elements encompassing binding sites in the NIN promoter for TFs that induce NIN expression
(e.g., IPN2 & NSP2) have to be analysed to understand the full spectrum transcriptional control
of NIN. Changes in protein coding sequence, that are not addressed in this study, are another
profound contributor of evolutionary novelties, often leading to altered protein-protein
interactions and post-translational modifications. In this context, the N-terminal domain
adjacent to the conserved EF hands Ca2+-binding motif of CBP1 may represent an important
evolutionary adaptation. A similar suggestion has been made for the human calcium binding
proteins HsCaBP7 and HsCaBP8 in human (Haynes et al., 2012). Altogether, this work
proposes that the reconstruction of RNS in crops should consider evolutionary adaptations of
essential transcriptional regulators and crucial cis-elements, that ultimately made up the full set
of the RNS genetic toolbox.

Recent technical advances based on next-generation sequencing technologies and
computational prediction of cis-elements enable genome-wide identification of enhancers in a
high-throughput format. This type of genome-wide approach has been successfully
implemented for humans (Andersson et al., 2014), Drosophila (Arnold et al., 2013), zebra fish
(Taminato et al., 2016) and more recently for plants (Ricci et al., 2019; Sun et al., 2019; Yan et
al., 2019; Jores et al., 2020) independent from prior identification of relevant transcription
regulators. In an ideal scenario, a genome-wide search for symbiosis-relevant enhancers could
be conducted for different type of endosymbioses, at different developmental stages and in
different cell and tissue types. Coupled with Omics data such as that generated from
transcriptomic analysis, the genome-wide list of RNS- or AM-relevant enhancers carries the
potential to uncover symbiosis-essential genes with high efficiency, bypassing the classical
mutant screening process.
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6. MATERIAL AND METHODS

Plant, bacterial and fungal material

Lotus japonicus genotypes used in this thesis are: Gifu (wild-type, accession B-129,
Handberg & Stougaard, 1992); T90 (Webb et al., 2000); T90 white 1 (original seeds harvested
from L8668); T90 white 2 (original seeds harvested from L8686); T90 white 3 (original seeds
harvested from L8687); and nin-15 (LORE1 line 30003529). The LORE1 line was genotyped to
select plant homozygous for LORE1 insertions as instructed (Małolepszy et al., 2016) by Rosa
Elena Andrade. Seed bag numbers are listed in Supplementary Table 2.

Mesorhizobium loti MAFF 303099 constitutively expressing Discosoma sp. red
fluorescent protein (DsRed) (M. loti DsRed) or lacZ (M. loti lacZ, provided by David Chiasson,
Saint Mary’s University, Canada) were used to inoculate L. japonicus plants. M. loti was grown
in Tryptone yeast extract (TY) liquid medium (Beringer, 1974) supplied with the appropriate
antibiotics: 25 µg/ml gentamicin and 2 µl/ml tetracycline for M. loti DsRed and M. loti lacZ,
respectively. Bacterial liquid cultures were incubated at 180 rpm at 28 oC overnight and bacteria
were collected by centrifugation at 3400 rcf (Multifuge 3L-R; Thermo Electron Corporation) for
10 min at room temperature (RT). M. loti was washed twice with nitrogen-reduced FAB medium
containing the following components: 500 µM MgSO4·7H2O, 250 µM KH2PO4, 250 µM KCl, 250
µM CaCl2·2H2O, 100 µM KNO3, 25 µm Fe-EDDHA (catalog no. F0527.0250, Duchefa
Biochemie), 50 µM H3BO3, 25 µM MnSO4·H2O, 10 µM ZnSO4·7H2O, 0.5 µM Na2MoO4·2H2O, 0.2
µM CuSO4·5H2O and 0.2 µM CoCl2·6H2O (pH 5.7) and resuspended in the same medium to
reach the desired final optical density (determined at 600 nm, OD600).

The arbuscular mycorrhizal fungus (AMF) Rhizophagus irregularis was used to inoculate
L. japonicus roots in a chive nurse plant system (based on Wegel et al., 1998). To prepare the
nurse plants, Rhizophagus irregularis spores (DAOM197198; Connectis, Agronutrition) were
used to inoculate chive seedlings (ca. 200 spores for 40 plants). R. irregularis spores were
collected by centrifugation at 805 rcf for 10 min at 4 oC and resuspended in 10 ml of ¼ strength
modified Hoagland’s solution (based on the nitrogen-free medium described in Hoagland and
Arnon (1938) with the following modifications: 1 mM KNO3, 100 µM KH2PO4 and replacing half
of the chelated iron stock solution with 12.5 µm Fe-EDDHA). Chive seeds were briefly sterilised
with 1.2% NaClO and 0.1% SDS for 1 - 2 min and thoroughly washed with sterile distilled
water. Pots used to grow chive plants were washed and sterilised with 70% ethanol before use.
Sterilised chive seeds were placed on the surface of a sterile sand-vermiculite mixture (2:1) in a
pot and watered with 35 ml of modified 1/4 Hoagland’s solution and spore solution. Chive pots
were kept in a growth chamber (24 oC, 16 h light /8 h dark; light intensity of 180 µmol/m2.s) and
were covered with a plastic lid for the first 3 days. Chive plants were watered with 1/12 modified
Hoagland’s solution three times a week (20 ml solution for each pot). Six weeks post
inoculation, chive roots were stained with black ink to monitor the colonisation by AMF. After
verification of AM colonisation, two chive plants were transferred to a new pot containing a
sterile sand-vermiculite mixture and 40 ml of 1/12 modified Hoagland’s solution and allowed to
grow for another 4 - 6 weeks before being used as nurse plants. The shoot systems of chive



nurse plants were cut off for AM inoculation experiments, leaving only colonised roots in the
growth substrate.

Agrobacterium tumefaciens strains AGL1 and GV3101 were used for the transient
expression assays in Nicotiana benthamiana leaves. Agrobacterium rhizogenes AR1193
(Stougaard et al., 1987a) was used for hairy root transformation to generate chimeric
transgenic root systems. A. tumefaciens and A. rhizogenes carrying plasmids of interest were
grown in 2 ml Lysogeny broth (LB) medium for two days and then transferred to fresh LB
medium of an appropriate volume or plated on LB plates (300 µl for each plate), respectively,
one day before the respective experiment. LB medium and plates were supplied with the
appropriate antibiotics; relevant information can be found in Supplementary Table 3.

Plant growth conditions

L. japonicus seeds were scarified and surface sterilised as previously described (Groth et
al. 2010) and plated on ½ Gamborg's B5 (catalog no. G0209.0050; Duchefa Bichemie) with
0.8% BD Bacto™ agar (BD 214010; Becton, Dickinson and Company) plates. Seeds were kept
in a Panasonic growth chamber (24 oC; 16 h light/8 h dark; MLR-352H-PE) first in dark for three
days and then in light condition for days as stated. Seedlings were either directly transferred to
Weck jars (SKU743 or SKU745; J.WECK GmbH u. Co. KG) for phenotypic analysis or
subjected to A. rhizogenes-mediated hairy root transformation based on the protocol described
(Charpentier et al., 2008) with the following modifications: 1) roots of seedlings were cut while
seedlings were immersed in A. rhizogenes re-suspended in sterile water; 2) after removal of
roots, shoots of the seedlings were transferred to plates containing Gamborg’s B5 medium
(without sucrose) and 0.8% BD Bacto™ agar. Shoots were kept on this sucrose-absent B5
medium for a week to avoid excessive growth of A. rhizogenes.

For phenotypic analysis under symbiotic condition (Fig. 3, 12), ten-day-old seedlings
were transferred to chive nurse pots (5 plants in each pot) watered with ¼ modified Hoagland’s
solution (20 ml for each pot; supplied with 9 mM KNO3) three times a week or Weck jars
(SKU745) containing 300 ml of sterile sand-vermiculite mixture (2:1) and 25 ml Fahraeus
medium (Fåhraeus, 1957) containing M. loti DsRed with an OD600 of 0.03. The same amount of
nitrogen-reduced version of FAB medium without M. loti DsRed was used for the non-
inoculated control. Plants were kept in a growth chamber (24 oC, 16 h light /8 h dark; light
intensity of 180 µmol/m2s) and roots were harvested at days post inoculation as stated in each
figure legend. For phenotypic analysis under nitrogen-sufficient condition (Fig. 13), seven-day-
old seedlings were transferred to Weck jars (SKU745) containing 300 ml of a seramis-
vermiculite mixture (4:1; seramis from Seramis Zimmerpflanzen, Westland Deutschland GmbH)
mixed well with 30 ml of ¼ Hoagland’s solution (15mM KNO3). Plants were analysed at 26 days
post transfer. Roots of T90 white mutants (w2 & w3) grown under these conditions were
harvested for extraction of genomic DNA (used in the analysis illustrated in Fig. 16). To grow
plants for genomic DNA extraction (Gifu, T90 and T90 w1; Fig.16), seven-day-old seedlings
were transferred to Weck jars (SKU745) containing 300 ml of a sand-vermiculite mixture (2:1)
mixed well with 60 ml of the nitrogen-sufficient version of FAB medium (other components
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remain the same except for KNO3 adjusted to 1.5 mM). Roots were harvested 25 days post
transfer.

Plants with chimeric transgenic root systems generated via hairy root transformation were
transferred to: (a) Weck jars (SKU745 & SKU743) containing 300 ml of sterile sand-vermiculite
mixture mixed well with 60 ml nitrogen-reduced FAB medium containing M. loti DsRed or M. loti
lacZ with an OD600 of 0.01 (Fig. 6 - 7, 14, 15c & 18); (b) Weck jars (SKU745 & SKU743)
containing 300 ml of a sterile sand-vermiculite mixture and 30 ml nitrogen-reduced FAB
medium containing M. loti DsRed with an OD600 of 0.05 (Fig. 8 - 11); (c) Weck jars (SKU745)
containing 300 ml of sterile sand-vermiculite mixture and 25 ml Fahraeus medium containing M.
loti DsRed with an OD600 of 0.03 (Fig. 15b, S1c); (d) chive nursing pots (5 plants in each pot)
and watered with ¼ modified Hoagland’s solution (20 ml for each pot; supplied with KNO3 to a
final concentration of 9 mM) three times a week (Fig. 19). Plants were grown in the same
growth chamber as the chive plants.

Staining method for arbuscular mycorrhizal fungal visualisation

To determine AMF colonisation in chive nurse plants, chive roots were first cleared with
10% KOH, followed by two times rinsing with distilled water. Cleared roots were acidified by
rinsing roots with 10% acetic acid and then stained with 5% black ink in 5% acetic acid at 95 oC
for 5 minutes. Roots were kept in 5% acetic acid for detaining for at least 20 min at RT before
microscopic evaluation. Plants co-cultivated with mycorrhized chive plants were harvested at
indicated days post transfer to the chive pots (referred as dpi; Table S2). Roots or transgenic
root systems were subjected to GUS staining for 14 to 16 h at 37 oC, followed by cleaning with
50% ethanol overnight at RT and then cleared with 10% KOH. Roots were thoroughly rinsed
with distilled water and incubated in 0.1 M HCl for 2 hours at RT before overnight staining with
1 μg/ml WGA Alexa Fluor 488 (catalog no. W11261;Thermo Fisher Scientific) dissolved in PBS
buffer (140 mM NaCl; 2 mM KCl; 10 mM Na2HPO4; 2 mM KH2PO4; pH 7.4). Roots were kept in
staining buffer at 4 oC in the dark until microscopic analysis.

Equipment and settings

For Fig. 3b, 6, 7, 12b, 14, 15c, 18, 20 & S1, roots were examined using a Leica MZ16 FA
stereomicroscope equipped with a DFC 300FX digital camera (Leica Microsystems) using the
GFP and DsRed filters. The white light source was Schott KL 1500-Z. For Fig. 8 - 11, roots
were evaluated using a Leica M165FC stereomicroscope equipped with a DFC 450C camera
and a Leica DM6B-Z light microscope equipped with a DFC 9000GT camera. Sections of
nodule primordia and nodules were imaged with a TCS SP5 confocal laser-scanning
microscope (CLSM) equipped with a HCX PL APO CS 20x/0.7 IMM CORR CS objective lens
(Leica Microsystems). The argon laser band of 514 nm was used to excite DsRed, with the
emission window set between 559 to 633 nm. The images displayed are maximal projections of
selected planes of a Z-stack. To detect AMF in Fig. 3, 12b, 19 & S1, roots were examined with
a Leica DM6B-Z light microscope equipped with a DFC 9000GT camera. Presence of WGA-
stained AMF was detected using the L5 filter cube (512nm - 542nm; size K, catalogue no.
11513880; Leica Microsystems).



For Fig. 15b & 18, roots were imaged with a Keyence VHX-6000 digital microscope with
full ring light setting (KEYENCE Deutschland GmbH). For Fig. 3b, images of root and nodule
sections were obtained using a Leica DM6B-Z light microscope equipped with a DFC320R2
camera. For Fig. 13a, plants were scanned at 600 dots per inch with an Epson V700 scanner.
All microscopic images were processed using the Fĳi ImageJ v2.0.0 rc 44/1.50e software and
the vector progressing software Affinity designer (Serif (Europe) Ltd).

Cloning and DNA constructs

The NIN gene used in this study consists of the NIN genomic sequence without the 5’ and
3’ UTRs. For all the versions of the L. japonicus NIN promoter tested, the LjNIN 5’UTR was
fused to 3’ end of the promoter. The Solanum lycopersicum NLP2 gene (gene ID
Solyc01g112190.2.1) was identified as the closest homolog of LjNIN based on a previously
published phylogenetic analysis (Griesmann et al., 2018) and was referred to as the SlNIN
gene. A 3 kb region of the SlNIN promoter fused to the endogenous 238 bp SlNIN 5’UTR was
cloned from S. lycopersicum cv. “Moneymaker” (seeds obtained from Arne Weiberg and
propagated in a greenhouse located the at LMU biocenter). PACE or mPACE (Fig. 5a) was
inserted 184 bp upstream of the SlNIN 5’UTR. Promoter fragments used to generate the
synthetic promoter with PACE or mPACE inserted at in the SlNIN promoter were obtained by
Polymerase Chain Reaction (PCR) or directly synthesised (eurofins Genomics). To clone cis-
regulatory elements, the two complementary strands of the cis-element with the appropriate
flacking sequence required for subsequent cloning steps were synthesised as single-stranded
DNA fragment (100 µM; Merck KGaA). One microliter of each strand was added to annealing
buffer (10 mM Tris-HCl, 0.1 mM Na2EDTA, 50 mM NaCl) to make up a total volume of 20 µl,
which was incubated at 95 oC for 5 min and allowed to cool for 45 min to 60 min at RT. One
microliter of the annealing mix was used in subsequent cloning experiments.

A variant of the GUS gene, DoGUS (from plasmid C204, DNA Cloning Service), used for
cloning was kindly provided by David Chiasson (SMU, Halifax, Canada). Constructs were
generated with the Golden Gate cloning system (Binder et al., 2014). A detailed description of
the constructs used in this study is provided in Supplementary Table 3 and primers used for
cloning are included in Supplementary Table 4.

Phenotypic analysis

For promoter activity analysis with the GUS reporter gene, GUS staining was performed
as previously described with the incubation time adjusted (Groth et al., 2010). Roots or
transgenic root systems were harvested as indicated time point and subjected to GUS staining
for 6 h at 37 oC before imaging with white light illumination. To investigate GUS activity in
nodules at different development stages, the analysis was performed 10 to 14 dpi with M. loti
DsRed as follows (Fig. 6 - 7): (1) transformed nodule primordia and nodules were identified by
the presence of GFP fluoresence emitting nuclei (Ubi10pro:NLS-2xGFP; GFP transformation
marker encoded on the T-DNA) with a GFP filter. Bacterial infection of each nodule primordium
and nodule was determined by detecting the DsRed signal indicative of M. loti DsRed with a
DsRed filter. Nodule primordia and nodules were imaged with the GFP and DsRed filters; (2)
transformed nodule primordia and nodules of interest were excised, placed in 24-well plates
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(one nodule in each well containing 500 µl GUS staining buffer; catalog no. 83.3922, Sarstedt
Ltd.) and incubated for 3 h at 37 oC. Meanwhile the individual transgenic root systems from
which the nodule primordia and nodules of interests had been excised were also subjected to
GUS staining; (3) images of nodule primordia and nodules were obtained with the brightfield
after staining.

For complementation experiments of nin-15 (Fig. 8 - 11), the terms ‘infected’ and ‘non-
infected’ nodules refer to nodules with DsRed signal detected or not detected inside nodules,
respectively. Presence or absence of bacteria was later confirmed by examination of sections
of representative nodules. Quantifications and sectioning were performed 21dpi with M. loti
DsRed as follows: (1) transgenic roots were identified by GFP fluorescence emitting nuclei with
a GFP filter; (2) infected nodules were identified and quantified with a DsRed filter; (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 the infection events in root hairs, the
number of bacterial entrapment and ITs in root hairs were scored with a DsRed filter on a 0.5
cm root piece for each transgenic root system, excised from a region where bacterial
accumulation was visible. 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).

For Fig. 13, shoot height was evaluated as the distance between shoot apical meristem to
the lower end of the hypocotyl. Root length referred to as the length of whole root system.
Shoot dry weight was measured after drying the shoots at 60 °C for 1 h in an incubator
(Memmert GmbH & Co.KG.).

Genomic DNA extraction and investigation of promoter methylation pattern

Roots (ca. 100 mg) from plants grown in the absence of symbiont of each genotype were
harvested, frozen and ground in liquid nitrogen with mortar and pestle. Genomic DNA (gDNA)
was extracted as previously described (Lueders et al. 2004). Concentration of gDNA was
determined with a Nanodrop photometer (DS-11; DeNovix Inc.). In total, 25 ng gDNA was
subjected to restriction digestion by HaeIII (New England Biolabs GmbH) in a 10 μl reaction
that contained 1 μl appreciate NEB Cutsmart restriction buffer (supplied with the enzyme), 1 μl
gDNA, 1 μl (ca. 10 units) of enzyme and 7 μl MilliQ water for 18 h at 37 oC. PCR was performed
with 1 μl of digestion mix as template and the primer pair 5’-
AATAGTGGCATATGAAAATGTTGG-3’ (F1) and 5’-AATTATAGGAAGACGTTGGAGAGT-3’
(R1; Fig. 16) to amplify a 220 bp region in the T90 promoter containing a single recognition site
of each of the enzymes, or the primer pair 5’-TTTCGCCGATATCGTAGAC-3’ and 5’-
GCAACACCGGCTATATAATAGTG-3’ to amplify a 199 bp region of the NIN promoter that does
not contain recognition sites for any of the enzymes, as a control for the quality of digested
gDNA. The PCR was performed with Taq DNA polymerase (catalog no. M7848 Promega) as
follows: initial denaturation at 95 oC for 3 min, 30, 35 or 40 cycles of amplification (95 oC for 20
s, then 53 oC for 30 s, followed by 72 oC for 25 s); and a final extension step at 72 oC for 5 min.
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PCR products were detected using agarose gel electrophoresis (2.0 % agarose gel with
9.5V/cm for 40 min for Fig 16b; 1.0% agarose gel with 8v/cm for 35 min for Fig. 16c).

Transient expression in Nicotiana benthamiana leaves

Nicotiana benthamiana plants were grown as previously described (Cerri et al., 2017),
and infiltration of N. benthamiana leaves with A. tumefaciens (Cerri et al., 2012) with the
acetosyringone concentration in the infiltration buffer changed to 150 µM. A. tumefaciens
carrying promoter:GUS fusion constructs of interest (strain AGL1) were co-infiltrated with A.
tumefaciens containing plasmid 35Spro:3xHA-Cyclops (strain AGL1; Singh et al., 2014),
35Spro:CCaMK1-314-NLS-mOrange (strain GV3101; Takeda et al., 2012) or
35Spro:CCaMKT265D-3xHA (strain GV3101; Yano et al. 2008) as indicated in Fig. 5 & 18. An
AGL1 strain carrying a K9 plasmid constitutively expressing DsRed was used as needed to
equalise the amount of A. tumefaciens infiltrated per leaf, together with an A. tumefaciens
strain carrying a plasmid for the expression of the viral P19 silencing suppressor (Voinnet et al.,
2003). N. benthamiana leaf discs with a diameter of 0.5 cm were harvested 60 hours post
infiltration and used for either quantitative fluorometric GUS assays.

Quantitative fluorometric GUS assay and analysis

The quantitative fluorometric GUS assay was adapted (Jefferson 1987) to be suitable for
96-well plate format. N. benthamiana leaf discs were harvested into a 96-deep well plate (one
leaf disc for each well; catalog no. 260252; Thermo Fisher Scientific) in liquid nitrogen with two
glass beads for each well (2.7 mm; catalog no. N032.1; Carl Roth GmbH & Co. KG) and closed
tightly with a silicon lid (catalog no. 276000; Thermo Fisher Scientific). Leaf discs were ground
into fine powder with a Retsch mill (MM400; Retsch) for 1 min at a frequency of 30/sec. The
plate was then briefly centrifuged to collect and remove leaf powder from the lid at 4 °C, kept on
ice while 350 µl of extraction buffer (50 mM sodium-phosphate buffer, pH 7.0; 10 mM
Na2EDTA; pH 8.0; 10 mM beta-Mercaptoethanol; 0.1% Triton X-100; 0.1% N-Laurylsarcosine)
was added to each well. The fine leaf powder was allowed to thaw on ice and completely
homogenised with the extraction buffer by gentle inversions, followed by a centrifugation at
3220 rcf for 30 min at 4 °C. Supernatant (100 µl for each well) was transferred to a 96-well PCR
plate (catalog no. I1402-9700; Starlab GmbH) and kept on ice, referred to as the protein
extract. A “GUS reaction plate” was prepared by adding 100 µl of extraction buffer supplied with
1 mM 4-Methylumbelliferyl-ß-D-glucuronide hydrate (4-MUG) for each well of a 96-well PCR
plate and preheated to 37 °C for 5 min in a Thermomixer (Eppendorf Thermomixer® C
equipped with a 96-well Eppendorf SmartBlock™; Eppendorf Deutschland). Ten microliter of
protein extract were added into each well of the GUS reaction plate that was kept at 37 °C.
After 20 min of incubation, 10 µl of the reaction mix were pipetted into a black fluorescence
measuring plate (Costar 96-well Flat Black, Merck KGaA) containing 100 µl of 0.2 M Na2CO3 in
each well. The fluorescent signal of 4-Methylumbelliferone (4-MU; released product from 4-
MUG substrate by GUS) was measured with a TECAN Infinite® 200 PRO (Tecan Trading AG)
under the following conditions: excitation at 360 nm; emission at 465 nm; 15 flashes; manual
gain at 50. One microliter of the protein extract per well was added into a transparent protein
measurement plate (Costar 96 flat transparent or Greiner 96 flat transparent; Greiner Bio-One



International GmbH) containing 100 µl Bradford solution (1:5 dilution in MilliQ water) and the
amount of total protein was measured with TECAN Infinite® 200 PRO (absorbance at 595 nm;
15 flashes). Two standard curves were calculated with different concentrations of BSA protein
(3.0, 2.5, 2.0, 1.5, 1.0, 0.5, 0.25 and 0 µg/µl) and 4-MU (500, 250, 100, 10, 1, 0.5, 0.25 and
0.125 pmol/µl), to assist calculating the total amount of protein and 4-MU, respectively. The
amount of GUS protein in each leaf disc was indicated by the amount of 4-MU, normalised to
reaction time and total amount of protein. A total number of four to eight leaf discs per indicated
combinations was analysed in at least two independent experiments performed in different
weeks.

Prediction of transcription factor binding sites

The binding sites were predicted by Tomtom (version 5.4.1; accessed on https://meme-
suite.org/meme/tools/tomtom; accessed Nov 8th, 2021). The EPRECBP1 was used as input query
motifs against the JASPAR (non-redundant) core plant database (2018). The motif column
comparison function was Pearson correlation coefficient and a significance threshold of E-value
<10 was used. The identified putative motif sequences and corresponding known motif were
summarised in Table S5.

Data visualisation and statistical analysis

Statistical analyses and data visualisation were performed with RStudio 1.1. 383 (RStudio
Inc.). Boxplots were used to display data in Fig 5, 9 -11, 13 (Wickham & Stryjewski, 2011).
Individual data points were added to boxplots using R package “Beeswarm” with the method
“center” and spacing of 0.1 or 0.3 (https://github.com/aroneklund/beeswarm). R package
“agricolae” was used to perform ANOVA statistical analysis with post hoc Tukey (Mendiburu
2018). Statistical results were presented in small letters where different letters indicate
statistical significance, while identical letters indicate no significant statistical difference.
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T90 white3 roots were stained with X-
Gluc at indicated dpi with M. loti
DsRed or R. irregularis. Note the total
absence of GUS activity in T90 white
roots, compared to those of T90 upon
inoculation with microsymbionts (see
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Fluor-488 WGA-stained R. irregularis
visualised with a Leica Filter Cube L5.
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number of plants displaying GUS
activity / total number of plants
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illumination. c, T90 white3 hairy roots
transformed with T-DNAs carrying a
Ubq10pro:NLS-GFP transformation
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gene driven by the the T90 promoter
(T90pro) were analysed 21 dpi with M.
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T90 w1
T90 w3
T90 w1
T90 w1

92822; 92823; 93824
88256
88502
110519

M. loti DsRed
M. loti DsRed
M. loti DsRed
R. irregularis

14 dpi
21 dpi

3, 7 or 21 dpi
8 dpi

Fig. 12c
Fig. 12c
Fig. 12b
Fig. 12b

nin-15
nin-15
nin-15
nin-15
nin-15
nin-15
nin-15
nin-15
nin-15
nin-15

nin-15
111284
111281
111292
111278
111638
111281
111286
111293
111292
111285
111636

same as Fig. 9
same as Fig. 10

M. loti DsRed
M. loti DsRed

M. loti DsRed

M. loti DsRed

21 dpi
21 dpi

21 dpi

21 dpi

Fig. 10
Fig. 11

Fig. 8

Fig. 9

T90
T90

Gifu WT

Gifu WT
lhk1-1

111268
92056

M. loti lacZ
M. loti DsRed

10 to 14 dpi
7, 8 or 21 dpi

Fig. 7a
Fig. 7b

91664
92731
92673

M. loti DsRed
R. irregularis

M. loti DsRed

3, 7 or 21 dpi
8 dpi

10 to 14 dpi

Fig. 3
Fig. 3
Fig. 6

Plant genotype Seedbag no. Symbiont Time pointFigure
Plant material

Gifu WT
T90
T90 w1

92673
92813
110519

M. loti DsRed 7, 10, 14, 28
or 49 dpi

Fig. 13b

Gifu WT
T90
T90 w1
T90 w2

111218
92730
110518
113530

25 dptFig. 13a n.a.

Gifu WT
T90 w1
T90 w3

92665
92822; 92823; 93824

88256

M. loti DsRed
15 dpi
14 dpi
21 dpi

Fig. 14

Supplementary Table 2. Plant and bacterial material used in this work.
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T90 w1
T90

T90 w3
88502
91664

88257
M. loti DsRed 3, 7 or 21 dpiSupplementary Fig. 1b

T90 w3 88256 M. loti DsRed 21 dpiSupplementary Fig. 1c

T90 w3
T90 w3

110512
110512

R. irregularis

M. loti DsRed
8 dpi

3, 7 or 21 dpi
Supplementary Fig. 1a

Gifu WT
Gifu WT
Gifu WT

111218
111220
111268

M. loti DsRed
R. irregularis

M. loti DsRed

11 to 14 dpi
12 or 13 dpi
14 or 21 dpi

Fig. 18
Fig. 19
Fig. 20

Plant genotype Seedbag no. Symbiont Time pointFigure
Plant material

Gifu WT
Gifu WT

111220
111218

R. irregularis

M. loti DsRed
12 dpi

10 to 14 dpi
Fig. 17
Fig. 17

Gifu WT
T90
T90 w1
T90 w2
T90 w3

92665
92809
92822
113530
110511

M. loti DsRed

25 dpt
25 dpt
25 dpt
26 dpt
26 dpt

Fig. 15

R. irregularis: Rhizophagus irregularis inoculated in a chive nursing pot
dpi and dpt: days post inoculation and days post transfer, respectively
n.a.: not applicable

M. loti DsRed: Mesorhizobium loti MAFF 303099DsRed
M. loti lacZ: Mesorhizobium loti MAFF 303099 lacZ

Gifu: Lotus japonicus accession B-129
nin-15: Lotus japonicus LORE1 line 30003529

Supplementary Table 2. Continued.
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Supplementary Table 3. Plasmids used in this study (continued to page 106). Plasmids (LIII)
were used for experiments presented in this week. LIII plasmids were generated with standard Golden
Gate modules (Binder et al., 2014) and customized L0, LI and LII modules. XGp8 and XGp179a are
master backbone only used to generate other fusion constructs. Ref no.: reference number. Plasmids
with a reference number containing XG or RA were generated by Xiaoyun Gong and Rosa Elena
Andrade, respectively.

XGp8 LIIIβ lacZ:GUSi (master backbone)

XGp9 LIIIβ T90 pro :GUSi
XGp10 LIIIβ T90 pro (-2365 bp):GUSi
XGp11 LIIIβ T90 pro (-1925 bp):GUSi
XGp12 LIIIβ T90 pro (-1327 bp):GUSi
XGp13 LIIIβ T90 pro (-979 bp):GUSi
XGp14 LIIIβ dy :GUSi
XGp15 LIIIβ T90 pro (-1299 bp):GUSi
XGp16 LIIIβ T90 pro (-1146 bp):GUSi
XGp17 LIIIβ T90 pro (-1092 bp):GUSi
XGp18 LIIIβ T90 pro (-2799 bp):GUSi

XGp19 LIIIβ T90 pro (-2672 bp):GUSi

XGp20 LIIIβ T90 pro (-2329 bp):GUSi
XGp21 LIIIβ T90 pro (-2479 bp):GUSi
XGp126 LIIIβ T90 pro (-1053 bp):GUSi
XGp127 LIIIβ T90 pro (-1019 bp):GUSi
XGp128 LIIIβ T90 pro (-967 bp):GUSi
XGp125 LIIIβ CYC-RECBP1 :35Smin pro :GUSi
XGp41 LIIIβ 35Sminpro :GUSi
XGp136 LIIIβ T90pro ::ΔCYC-RECBP1 :GUSi
XGp137 LIIIβ T90pro ::mCYC-RECBP1:GUSi
XGp65 LIIIβ CBP1-2870pro :GUSi
XGp66 LIIIβ CBP1-928pro :GUSi
XGp187 LIIIβ T90 pro :DoGUS

XGp179a LIIIβ lacZ:DoGUS (master backbone)
XGp190 LIIIβCYC-RECBP1 :35Sminpro :DoGUS
XGp192 LIIIβ 35Smin pro :DoGUS
XGp75 LIIIβ LjNIN pro :GUSi
pRA121 LIIIβ LjNINpro::ΔPACE:GUSi
pRA122 LIIIβ LjNINpro::mPACE:GUSi
XGp74 LIIIβ LjNINmin pro :GUSi
XGp71 LIIIβ LjPACE:NINmin pro :GUSi
XGp97 LIIIβ CgPACE:NINmin pro :GUSi
XGp98 LIIIβ DdPACE:NINmin pro :GUSi
XGp99 LIIIβ Dg1PACE:NINmin pro :GUSi
XGp100 LIIIβ Dg2PACE:NINmin pro :GUSi
pRA66 LIIIβ lacZ:NINmin pro :NIN
pRA146 LIIIβ LjPACE:NINmin pro :NIN
pRA20 LIIIβ lacZ:NIN
pRA21 LIIIβ NIN pro :NIN
pRA119 LIIIβ NINpro::ΔPACE:NIN
pRA120 LIIIβ NINpro::mPACE:NIN
pRA135 LIIIβ LjNINpro::CgPACE:NIN
pRA136 LIIIβ LjNINpro::DdPACE:NIN
pRA137 LIIIβ LjNINpro::Dg2PACE:NIN
pRA138 LIIIβ LjNINpro::Dg1PACE:NIN
XGp142 LIIIβ LjNINpro::ZjPACE:NIN
XGp143 LIIIβ LjNINpro::PpPACE:NIN
XGp144 LIIIβ LjNINpro::JrPACE -like:NIN
XGp110 LIIIβ SlNINpro::184LjPACE:NIN
XGp111 LIIIβ SlNINpro::184mLjPACE:NINXGp115 LIIIβ SlNIN pro :NIN

XGp215 LIIIβ F Ub10pro :NLS-2xGFP - LjUbi pro :CBP1-mCherry

Ref no.
LIII LIIIName Ref no. Name
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XGp3 LII F 3-4 lacZ:GUSi

CCp5 LIIc F 1-2 Ub10 pro:NLS-2xGFP

XGp134 LIIc F 4-5 T90pro::ΔCYC-RECBP1

XGp135 LIIc F 4-5 T90pro::mCYC-RECBP1

XGp172 LII F 3-4 lacZ:DoGUS

XGp122 LIIβ F 3-4 LjUbi pro:CBP1-mCherry

pRA65 LIIβ F 3-4 lacZ:NINminpro:NIN

pRA19 LIIβ F 3-4 lacZ:NIN

Ref no.
LII

Name

Ref no.
LI

Name

XGp5 L0 T90pro

XGp91 L0 LjNINminpro (96 bp)

XGp92 L0 35Sminpro

XGp68 LI A-B LjPACE:NINminpro

XGp93 LI A-B CgPACE:NINminpro

XGp94 LI A-B DdPACE:NINminpro

XGp95 LI A-B Dg1PACE:NINminpro

XGp96 LI A-B Dg2PACE:NINminpro

XGp62 L0 CBP1-2870pro

XGp63 L0 CBP1-928pro

XGp119 L0 CBP1 without stop codon

pRA130 LI LjNINpro::CgPACE (2 kb)

pRA131 LI LjNINpro::DdPACE (2 kb)
pRA133 LI LjNINpro::DgPACE (2 kb)

XGp129 L0 T90pro fragment 1

Ref no.
LI

Name

XGp130 L0 T90pro::ΔCYC-RECBP1Frag 2.1

XGp131 L0 T90pro::ΔCYC-RECBP1Frag 2.2

XGp132 L0 T90pro::mCYC-RECBP1Frag 2.1

XGp133 L0 T90pro::mCYC-RECBP1Frag 2.2

XGp138 LI LjNINpro::ZjPACE (2 kb)

XGp139 LI LjNINpro::PpPACE (2 kb)

XGp140 LI LjNINpro::JrPACE-like (2 kb)

pRA116 LI LjNINpro::mPACE (2 kb)

pRA117 LI LjNINpro::ΔPACE (2 kb)

pRA64 LI B-C LjNINminpro (96 bp)

pRA1 LI C-D LjNIN

pRA145 L0 A-B LjPACE

XGp106 L0 pSly184PACE-1

XGp107 L0 pSly184PACE-2

XGp108 L0 pSly184mPACE-1

XGp109 L0 pSly184mPACE-2

XGp124 LI CYC-RECBP1:35Smin pro

KPp10 LI A-BSlNIN pro (3kb)

KPp13 LI A-B LjNINpro (1 kb)

KPp14 LI A-B LjNINpro (2 kb)
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