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General introduction

Introduction

Nitrogen is the most abundant element in the atmosphere, yet it is often a
limiting factor for plant growth and development. Farmers commonly use
chemical nitrogen fertilizers to supplement the soil and support plant
growth to address nitrogen deficiencies. However, excessive use of these
fertilizers can have detrimental environmental effects. For instance, high
nitrogen levels in the soil enhance microbial denitrification, leading to
increased emissions of greenhouse gases such as nitrous oxide. Additionally,
elevated nitrogen concentrations in aquatic ecosystems can cause
eutrophication, characterized by the overgrowth of algae and aquatic
plants. This nutrient enrichment disrupts aquatic ecosystems, reducing
biodiversity (Martinez-Dalmau et al. 2021). A more sustainable approach to
managing nitrogen deficiencies in soil involves plant-bacteria symbiosis,
where nitrogen fixation is regulated by the plants' specific nitrogen needs
(Peoples et al. 1995).

In general, plants interact with a wide range of beneficial microbes. For
example, over 80% of land plants can form symbiotic relationships with
arbuscular mycorrhizal (AM) fungi from the phylum Glomeromycota.
According to fossil records, these fungi began colonizing land plants over 400
million years ago (Mya) (Remy et al. 1994; Smith and Read 2008). Another
example is the symbiotic relationship between plants and diazotrophic
bacteria, such as rhizobium (Gram-negative) and Frankia (Gram-positive),
which can fix atmospheric dinitrogen (N,) into ammonia and provide this to
the plant (Benson and Silvester 1993; Spaink 1995; Frey-Klett et al. 2007;
Oldroyd 2013). Rhizobium and Frankia bacteria form symbiotic relationships
with only a limited number of flowering plant species that are taxonomically
related. This so-called nitrogen-fixing clade (NFC) consists of four orders:
Fabales, Fagales, Cucurbitales, and Rosales, comprising 28 families. Of these,
only 10 families engage in symbiosis with nitrogen-fixing Frankia or
rhizobium (Soltis et al. 1995; Geurts et al. 2012; Delaux et al. 2015; van
Velzen et al. 2019). The rhizobium nitrogen-fixing symbiosis is restricted to
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Chapter 1

two groups of plant lineages. One group is represented by the legumes
family (Fabaceae, order Fabales), which includes 750 genera containing
about 20,000 species. The other group is defined by the genus Parasponia
(Cannabaceae family, order Rosales), comprising five tropical tree species
(Trinick 1973; Trinick and Galbraith 1976; Trinick 1979; Trinick and Galbraith
1980; Trinick and Hadobas 1988; Geurts et al. 2012; Delaux et al. 2015; van
Velzen et al. 2019). In contrast, Frankia nitrogen-fixing symbiosis is found in
eight families collectively known as actinorhizal plants. These families are
dispersed among the orders Fagales (three families), Cucurbitales (two
families), and Rosales (three families) (Geurts et al. 2012; Van Nguyen and
Pawlowski 2017).

Both AM fungi and nitrogen-fixing bacteria can colonize the roots of plants
and become involved in endosymbiosis, which is the most intimate plant-
microbe interaction, hosting symbiont microbes inside the plant cells
(Martin and Schwab 2012; Harris et al. 2020). In the AM symbiosis, the
fungal hyphae colonize and penetrate the root epidermal layer, navigating
towards the inner cortical cells. In the root cortex, the hyphae branch and
colonize the apoplastic space. Subsequently, hyphae infect the cortical cells
intracellularly and form feeding structures, so-called arbuscules, where
fungi exchange phosphate, nitrogen and water for carbohydrates from the
plants (Parniske 2008).

Frankia and rhizobium bacteria cannot penetrate the root in a fashion as AM
fungi do. Instead, these bacteria trigger the formation of a de novo organ
called a nodule, which originates from dividing cortical root cells.
Physiologically, nodules provide the optimal environment to allow
intracellular bacterial infection and to support the nitrogen fixation process
by these bacteria. For example, in the case of legumes, Parasponia and some
actinorhizal plants, nodules express a high level of leghemoglobin, which
controls the oxygen homeostasis in the nodule, such that the bacterial
nitrogenase enzyme complex is protected from oxidation (Ott et al. 2005;
Geurts et al. 2016). To reach the dividing cortical cells that forms a nodule

12



General introduction

primordium, rhizobium, and Frankia explore a range of infection strategies.
These strategies range from crack entry in which apoplastic openings in the
root are explored to sophisticated root hair-based infection (Pawlowski and
Bisseling 1996). Which infection mechanism is employed is largely
depending on the plant species.

Researchers have been trying to fully understand the mechanisms
underpinning AM fungi and root nodule endosymbiosis for decades.
Forward genetics has been employed to generate mutant populations in
Glycine max (soybean) and Pisum sativum (pea) crops, as well as in two
model species, Medicago truncatula and Lotus japonicus (Carroll et al. 1985;
Duc and Messager 1989; Sagan et al. 1995; Szczyglowski et al. 1998;
Penmetsa and Cook 2000; Madsen et al. 2005; Parniske 2008; Tadege et al.
2008; Fukai et al. 2012). Screening for impaired symbiotic phenotypes in
these mutant populations revealed a list of genes involved in both symbiotic
interactions, indicating that root nodule endosymbiosis recruited some of
the genes utilized by the AM endosymbiosis. Furthermore, recent genomic
and transcriptomic comparative studies reported the conservation of
several intracellular infection signature genes in AM fungi symbiosis and
across all known land plant lineages that have evolved an intracellular
mutualistic relationship, such as arbuscular, ericoid and orchid mycorrhizal
symbiosis, as well as root nodule symbiosis (Parniske 2008; Radhakrishnan
et al. 2020). Taken together, these findings strongly indicate that genetic
networks controlling the AM symbiosis were co-opted during the evolution
of the nodule symbiosis.

Evolutionary Route and Novelty of Root Nodule Symbiosis

Early phylogenetic studies on the nodulating plant species using
polymorphisms in the chloroplast gene rbcL, which encodes Ribulose 1,5-
bisphosphate carboxylase/oxygenase (Rubisco), led to the coinage of the
term the nitrogen-fixing clade (NFC), highlighting that nodulating plants
species share a common ancestor (Soltis et al. 1995). The NFC clade consists
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of non-nodulating lineages interspersed with ten nodulating lineages. For
example, out of 10 genera in the Cannabaceae family, only species of the
Parasponia genus can engage in root nodule symbiosis (Geurts et al. 2012).
This interspersion of nodulating lineages among non-nodulating lineages led
to the formulation of two hypotheses. The first hypothesis proposes that the
common ancestor of the NFC gained a genetic predisposition, serving as a
prerequisite for the evolution of the nodulation trait. Subsequently, ten
nodulation-evolving events occurred independently. This multiple gain
hypothesis predicts a gain of nodulation event in the legume family, in the
Parasponia lineage, and up to 8 times in actinorhizal plant lineages. Since
the symbiont and nodule ontogeny of legume, Parasponia, and actinorhizal
types are different, it is seen as support for the occurrence of independent
evolutionary origins of nodulation (Geurts et al. 2012; Geurts et al. 2016;
Van Nguyen and Pawlowski 2017). Consequently, this predisposition-
multiple gain of nodulation hypothesis is widely accepted and finds support
even to date (Bruneau et al. 2008; Koenen et al. 2021).

On the contrary, the second hypothesis suggests that the common ancestor
of the NFC evolved nodulation once, which was followed by an independent
massive loss of nodulation in many of its subsequent lineages. This
hypothesis, though initially less acknowledged, has gained increasing
consideration in recent years as new findings emerge (Soltis et al. 1995).

Phylogenomic studies provide strong support for the “single gain massive
loss” hypothesis by revealing parallel losses of putative orthologs of well-
characterized genes, which are known to be essential for nodulation, in
many non-nodulating plant species. For example, three key genes known to
be essential for nodulation have been either lost or pseudogenized in plants
that no longer have the ability to nodulate. These genes include a Lysin Motif
receptor-like kinase that functions in rhizobial lipo-chitooligosaccharides
(LCOs) perception, a transcription factor named NIN that acts as a master
regulator of nodulation by controlling genes responsible for rhizobium
infection and nodule organogenesis, and finally a regulator of root hair
curling and infection thread progression toward nodule primordia
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(Griesmann et al. 2018; van Velzen et al. 2018). Further insights into the
evolution of root nodule symbiosis were gained through a genomic
comparative study on nodulating and non-nodulating legume plant species,
which revealed the conservation of a set of genes across all legume plant
species that retained the root nodule symbiosis (Griesmann et al. 2018).
Additionally, phylogenetic analysis of close homologs of well-characterized
symbiotic genes, along with the nodule transcriptome of M. truncatula and
Parasponia andersonii (P. andersonii) revealed a common utilization of 290
putative genes in root nodules. Among these, 26 genes were identified as
putative orthologs of rhizobium-legume symbiosis genes, demonstrating the
conservation of many genes governing rhizobium root nodule symbiosis in
species within and outside the leguminous family (van Velzen et al. 2018).
These findings collectively suggest that the common ancestor of the
nitrogen-fixing clade was a nodulator, having co-opted components of
existing gene networks to evolve this trait.

What do we know about the last Parasponia-Legume common ancestor?

In this thesis, | took the single gain massive loss hypothesis as the most likely
scenario to explain the pattern of nodulating and non-nodulating plant
lineages in the NFC. Accumulating evidence suggests that the first nodule in
the last common ancestor of the nitrogen-fixing clade was the actinorhizal
root nodule type induced by Frankia bacteria. A phylogenomic analysis of
3,500 species of flowering plants indicates that the earliest root nodule
symbiosis evolved around 100 million years ago (Mya) (Werner et al. 2014;
Persson et al. 2015). Additionally, fossil records revealed that the
actinorhizal root nodule is the oldest nodule type. This is supported by the
discovery of the oldest known nodule, which dates to the late Santonian
(approximately 83.6 to 86.3 Mya) (Herendeen et al. 1999).

The filamentous actinobacteria genus Frankia comprises four taxonomic
lineages (clusters I, Il, lll, and IV) capable of colonizing root nodules of

actinorhizal plant species. However, regarding its nitrogen-fixing symbiosis
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capacity, only clusters I, I, and Il can fix nitrogen, not cluster IV. Recent
phylogenetic analysis of 50 housekeeping genes across multiple genomes
from Frankia revealed that cluster Il is the basal Frankia group, with clusters
I and Ill being its derived sister groups (Persson et al. 2015). Moreover,
phylogenetic analysis of close homologs of the canonical rhizobial nodABC
genes within the Frankia genus showed that homologs of these genes are
conserved only in Frankia cluster Il (strain Dgl) but not in clusters | and IlI.
nodA, nodB, and nodC represent the core enzymes of the bio-synthetic
machinery of LCOs in symbiotic rhizobia. LCOs are symbiotic signal
molecules that activate nodule formation in most legumes and Parasponia.
LCO signaling molecules haven’t been detected in any Frankia strain;
however, the nodA, nodB and nodC gene homologs of Frankia sp. Dgl can
functionally complement rhizobium nodABC mutants, suggesting that this
Frankia cluster |l strain can produce LCOs (Sen et al. 2014; Persson et al.
2015). It indicates that the common ancestor of the NFC evolved root nodule
endosymbiosis with Frankia strains capable of producing LCOs, and this
capacity was subsequently lost in descendant Frankia lineages in favor of a
different mechanism to induce nodule formation in plants. In contrast, most
rhizobia explore LCOs to communicate with their potential host plants and
only a few bacterial strains switch to additional mechanisms. Studies in
Bradyrhizobium species revealed that LCO-independent nodulation is based
on symbiotic effector proteins that can activate the symbiotic signaling
pathway in legumes (Fabre et al. 2015).

Symbiosis signaling through LysM receptors

Genetic screening of M. truncatula and L. japonicus mutant populations led
to the discovery of a pair of Lysin Motif (LysM) receptors, which are involved
in the perception of the rhizobial-secreted LCO molecules (also called
Nodulation Factors or Nod Factors). The perception of rhizobia-produced
LCOs through these receptors leads to the activation of the root nodule
symbiotic signaling program (Dénarié et al. 1996; Oldroyd 2013). Moreover,
the application of a low concentration of either purified or chemically
synthesized LCOs corresponding to compatible rhizobia triggers root nodule
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organogenesis on host plants, indicating that even in the absence of
rhizobia, the perception of LCO signaling molecules by plant receptors is
sufficient to initiate root nodule symbiosis (Dénarié et al. 1996; Demont-
Caulet et al. 1999; Niwa et al. 2001).

LysM receptors are categorized into two clades/types based on the
possession of a functional kinase domain (Clade I) or a non-functioning
kinase domain (Clade Il). LysM Receptor Kinase 3 (MtLYK3) in M. truncatula
and Nod Factor Receptor 1 (LjNFR1, ortholog of MtLYK3) in L. japonicus
belong to the LysM Clade I, whereas Nod Factor Perception (MtNFP) in M.
truncatula and Nod Factor Receptor 5 (LjNFR5, ortholog of MtNFP) in L.
japonicus are members of the LysM Clade Il. Moreover, mutant studies on
legumes MtLYK3/LjNFR1 and MtNFP/LjNFR5 showed that both receptors are
required for root nodule symbiosis, but not AM fungi symbiosis (Madsen et
al. 2003; Radutoiu et al. 2003; Arrighi et al. 2006; Smit et al. 2007; Zhang et
al. 2007). Similarly, in Parasponia, mutants of PanlLYK3, ortholog of
MtLYK3/LiNFR1, and PanNFP2, ortholog of MtNFP/LiNFR5, are required for
root nodule symbiosis. However, unlike MtLYK3/LjNFR1, which is not
required for AM symbiosis, PanLYK3 is involved in AM fungi symbiosis and
chitin immune response in Parasponia (Rutten et al. 2020). Furthermore,
studies on LjNFR1 and LjNFR5 proteins showed that they are able to bind
directly to a nanomolar range of LCOs and interact with each other forming
a complex. In vitro, studies showed that LjNFR1 functional kinase domain
can trans-phosphorylate the pseudokinase domain of LjNFR5, suggesting the
formation of a heterodimeric complex that might be important for
activating downstream signaling upon perception of LCOs (Madsen et al.
2011; Broghammer et al. 2012; Oldroyd 2013).

It is speculated that in legumes, LysM receptors function in the perception
of LCOs produced by AM fungi, also called Mycorrhization Factors (Myc
Factors). For example, in M. truncatula the application of a low
concentration of the non-sulphated LCOs, which can be produced by the AM
fungus Rhizophagus irregularis, induces lateral root formation, whereas this
response is lost in the Mtnfp mutant background (Maillet et al. 2011).
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However, analysis of the mycorrhization phenotype of Mtnfp and Mtlyk3
mutants showed that the colonization level of both mutants is comparable
to that of wild-type plants, indicating that their role in Myc Factors
perception is redundant (Maillet et al. 2011). Moreover, in non-legume
plants, it was shown that LysM-type receptors homologous MtLYK3/LjNFR1
are functioning in AM symbiosis. For example, the Lysin Motif receptor-like
kinase OsCERK1 in Oryza sativa (rice) is required for AM colonization, as it
functions in the perception of short-chain chitin oligomers (COs) and LCOs
signaling molecules. This is consistent with observations for Parasponia
PanLYK3 (Miyata et al. 2014; Zhang et al. 2015; Carotenuto et al. 2017).

Symbiotic LysM receptors subsequently activate the so-called Common
Symbiosis Signaling Pathway (CSSP) (Figure 1). The CSSP component genes
are positioned downstream of the LysM receptors in the symbiotic signaling
pathway. The CSSP includes four signaling elements: an LRR-type
transmembrane receptor (named LjSYMRK or MtDMI2), cation channels
located in the nuclear envelope (named LjCASTOR and LjPOLLUX, and
MtDMI1), a nuclear-localized calcium and calmodulin regulated kinase
(LjCCAMK and MtDMI3), and a CCAMK interacting transcription factor
(LjCYCLOPS and MtIPD3) (Catoira et al. 2000; Endre et al. 2002; Stracke et al.
2002; Ane et al. 2004; Kistner et al. 2005; Edwards et al. 2007; Charpentier
et al. 2008; Mitra et al. 2004; Tirichine et al. 2006; Messinese et al. 2007;
Yano et al. 2008). Further downstream of the CSSP, the signaling pathway
diverges to initiate either AM symbiosis or root nodule symbiosis by inducing
genes essential for each symbiosis (Oldroyd 2013).

One of the essential receptors involved in the perception of LCO signaling
molecules is SYMRK, which is localized to the plasma membrane of
epidermal cells (Stracke et al. 2002; Oldroyd 2013; Riely et al. 2013). In the
absence of symbiotic signals, SYMRK protein undergoes cleavage of its
extracellular malectin domain, making it an unstable protein that is rapidly
degraded (Antolin-Llovera et al. 2014; Pan et al. 2018). This unstable form
of SYMRK is strongly inclined to form extracellularly a heterodimeric
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complex with the MtNFP/LiNFR5 LysM-type receptor. This heterodimeric
complex is highly stable and is involved in the perception of LCO signaling
molecules (Antolin-Llovera et al. 2014). In addition to SYMRK’s extracellular
interaction with the MtNFP/LjNFR5 type receptor, the cytoplasmic domain
of SYMRK can interact with proteins, which are called SYMRK Interacting
Protein (SIP1) and (SIP2) and SYMRK Interacting E3 Ubiquitin Ligase (SIE3).
These components are implicated in early signaling (Zhu et al. 2008; Chen et
al. 2012; Den Herder et al. 2012). Moreover, the SYMRK cytoplasmic domain
can interact with and inhibit the well-known positive regulator of plant
immunity BRASSINOSTEROID INSENSITIVE 1-Associated receptor Kinase 1
(LiBAK1), leading to the suppression of many immunity-related genes (Feng
et al. 2021). This highlights the importance of SYMRK in LCO perception and
the suppression of plant immunity.

SYMRK is essential for both AM fungi and root nodule symbioses. symrk
mutants are unable to support AM fungi arbuscule formation or hyphae
intracellular penetration. AM fungal hyphae on a symrk mutant plant exhibit
hyphal abnormal swelling and arrest at the epidermal cell layer. In the
context of nodulation, symrk knockout mutants fail to form infection
pockets, to initiate infection threads and cortical cell divisions, or trigger
calcium spiking in response to rhizobium inoculation (Catoira et al. 2000;
Wais et al. 2000; Endre et al. 2002; Stracke et al. 2002). Interestingly, the
R38 mutant in M. truncatula was found to have a single amino acid
substitution (glycine to glutamic acid) in the SYMRK kinase domain, resulting
in a truncated SYMRK protein missing the kinase domain. This mutant
exhibited a surprising phenotype by obtaining normal AM fungi symbiosis
but impaired root nodule symbiosis, indicating that the kinase domain of
SYMRK could be dispensable for AM symbiosis (Endre et al. 2002).

SYMRK plays a role in the transcriptional activation of early nodulin genes
that can be used as marker genes for early stages of infection. For example,
the early nodulation marker leghemoglobin is activated within a few hours
after LCO application; however, this activation is lost in the background of

19



Chapter 1

the symrk mutant, affirming the involvement of SYMRK in the early
responses induced by LCO signaling (Stracke et al. 2002). Subsequent
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Figure 1. Schematic representation of the common symbiotic signaling pathway (CSSP) in
Lotus japonicus and Medicago truncatula. LysM-type receptors on the plasma membrane
perceive bacterial Nod factors or mycorrhizal Myc factors, triggering calcium spiking in the
nucleus. This signal is decoded by CCaMK/DMI3, leading to the phosphorylation of
CYCLOPS/IPD3. The CCaMK/DMI3-CYCLOPS/IPD3 complex interacts with DELLA and specific
transcription factors to activate downstream genes. In nodulation, this complex interacts
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with NSP1 and NSP2 to activate nodulation-related genes, while in mycorrhization, it
interacts with NSP2 and RAM1 to activate mycorrhization-related genes (Genre and Russo
2016; Roy et al. 2020; Ren et al. 2022).

studies also showed that SYMRK also plays a role in the later stages of
rhizobium infection. For instance, RNAi knockdown of the SYMRK ortholog
in the nodule of M. truncatula, which forms root hair-based infection, and
Sesbania rostrata, which forms crack-based infection, revealed the
involvement of SYMRK in later stages of infection. This later-stage infection
function is exhibited by the observed inhibition of bacterial release from the
infection threads into nodule cells when SYMRK is knocked down (Capoen
et al. 2005; Limpens et al. 2005).

Research on SYMRK gene expression has revealed that it is constitutively
expressed in roots. For instance, Northern blotting studies showed that
SYMRK mRNA expression was detected in M. truncatula roots and nodules,
and this expression remained unaffected by rhizobium and nitrogen
application (Bersoult et al. 2005). Furthermore, the spatial expression of the
SYMRK promoter showed that SYMRK is constitutively expressed in the root
under inoculated and non-inoculated conditions. For example, M.
truncatula transgenic plants transformed with a construct carrying the -
glucuronidase (GUS) reporter gene driven by the promoter of SYMRK (a 3
kilobase (kb) region upstream of the transcription site) showed that under
non-inoculation conditions, SYMRK was expressed along the whole root,
except at the root tip. Histological sections of these roots showed that
SYMRK expression occurred in the root hair, the epidermis, and the cortical
cell layers (Bersoult et al. 2005). Moreover, in response to rhizobium
inoculation, the 3 kb SYMRK promoter showed increased and more localized
expression in the susceptible zone just above the root tip of emerging lateral
roots. For instance, two days post-inoculation (2 dpi) showed that the
SYMRK promoter expression was confined to discontinuous batches in the
cortical cells of the susceptible zone, whereas at 3 and 5 dpi the expression
significantly increased in the nodule primordium (Bersoult et al. 2005). A
closer look at SYMRK spatial expression in the nodule showed that the gene
is mainly expressed in the pre-infection zone between the meristematic and
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infection zones. This pre-infection zone is marked by the expression
localization of early nodulin genes such as Early Nodulin 11 (ENOD11) and
ENOD12 (Pichon et al. 1992; Journet et al. 2001; Bersoult et al. 2005).
Therefore, SYMRK is constitutively expressed in the root system at low levels
under non-inoculation conditions, but upon rhizobium inoculation, this
expression is markedly enhanced and restricted to the susceptible zone of
the root and subsequently to the developing nodule.

Trans-complementation studies revealed the conservation of SYMRK
function in nodulating and non-nodulating plant species. For example, the
full-length SYMRK gene of plant species in the NFC such as M. truncatula and
Datisca glomerata, as well as the full-length SYMRK gene of Tropaeolum
majus in the sister clade of NFC, were able to fully complement nodulation
and mycorrhization of the L. japonicus Ljsymrk mutant when driven by the
native LjSYMRK promoter (Markmann et al. 2008). However, trans-
complementation studies of L. japonicus symrk mutants using SYMRK
homologous genes from species that are more distantly related successfully
complement AM symbiosis but not root nodule symbiosis. For example,
complementation studies on the Ljsymrk mutant using the full-length
SYMRK gene of tomato and rice species were able to fully complement
mycorrhization; however, in relation to nodulation, these genes were only
able to complement nodule organogenesis but not infection. This failure to
fully complement nodulation might be attributed to the shorter gene
structure of SYMRK in tomato and rice which contain 14 and 12 exons,
respectively (Markmann et al. 2008).

Deregulation of SYMRK expression in legumes rewires the symbiotic
signaling pathway and can induce spontaneous nodule formation in the
absence of rhizobia. For example, overexpression of LjSYMRK in the
background of Ljsymrk mutant induces spontaneous nodules on non-
inoculated plant roots (Ried et al. 2014). Another example is the
overexpression of the M. truncatula and Arachis hypogaea intracellular
domain of SYMRK, which was able to induce spontaneous nodulation on M.
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truncatula TR25 (dmi2 mutant) (Saha et al. 2014). However, overexpressing
the intracellular domain of SYMRK led to a reduced number of properly
infected nodules under rhizobial inoculation, indicating that the ectodomain
of SYMRK is important for rhizobium recognition and proper infection (Saha
et al. 2014). In chapter 2, | study SYMRK in P. andersonii and show that its
function is conserved in both AM fungi and root nodule symbioses.
Additionally, | show that ectopic expression of P. andersonii SYMRK induces
spontaneous nodule formation in the absence of rhizobia.

In legumes, the perception of LCOs results in the induction of calcium
oscillation in the nucleus of epidermal root cells. When SYMRK was mutated
in both legumes and non-legumes, this calcium oscillation signal was
completely abolished (Walker et al. 2000; Wais et al. 2000; Oldroyd et al.
2001; Kistner and Parniske 2002; Li et al. 2022). The molecular link between
the perception of LCOs and the induction of calcium oscillation is not yet
known. Research has shown that SYMRK can interact with 3-Hydroxy-3-
Methylglutaryl Coenzyme A Reductasel (HMGR1). This enzyme is involved
in the catalysis of 3-hydroxy3-methyl-glutaryl-CoA into mevalonic acid, the
rate-limiting step of the mevalonate pathway (Friesen and Rodwell 2004;
Kevei et al. 2007). RNA silencing of HMGR1 in M. truncatula results in
abolishing of the calcium oscillation response, a severe reduction of nodule
number, and low expression of early nodulin genes, such as ENOD11 (Kevei
et al. 2007; Venkateshwaran et al. 2015). Moreover, the application of
mevalonic acid was able to induce calcium oscillation in various legume and
non-legume plant species and rescued the reduced nodulation and calcium
spiking phenotypes of M. truncatula lines carrying HMGR1 silencing
constructs (Kevei et al. 2007; Venkateshwaran et al. 2015). Therefore, it is
concluded that HMGR1 is an integral part of the symbiotic signaling
pathway.

Research investigating the symbiotic signaling pathway components directly
involved in calcium oscillation led to the discovery of nuclear membrane-

localized proteins. LiPOLLUX and LjCASTOR in L. japonicus and Do Not Make
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Infection 1 (MtDMI1, ortholog of LjPOLLUX) in M. truncatula are cation
channels that play an essential role in calcium oscillation. These cation
channels can form homodimers and are permeable for potassium
(Charpentier et al. 2008; Ane et al. 2004). Lines carrying mutations in genes
encoding these cation channels exhibit a defect in AM and root nodule
symbioses, most probably due to the loss of induced calcium oscillation in
response to LCO perception (Catoira et al. 2000; Kistner et al. 2005; Kosuta
et al. 2008). Furthermore, a gain-of-function mutation in MtDMI1
(MtDMI1576%N) in the absence of rhizobia and AM fungi results in constitutive
activation of calcium oscillation, activation of nodulation- and
mycorrhization-related genes, and the formation of spontaneous nodules.
This observed effect of MtDMI157%N requires functional three cyclic
nucleotide-gated channels (CNGC15s) genes, which are localized to the
nuclear membrane (Liu et al. 2022; Oldroyd 2013; Charpentier et al. 2016).
Finally, deregulation of the LjPOLLUX and LjCASTOR genes in L. japonicus
revealed their functional redundancy. For example, overexpression of
LjPOLLUX in the background of Ljcastor revealed a trans-complementation
ability of LiPOLLUX to rescue the nodulation phenotype of Ljcastor mutant
(Charpentier et al. 2008).

The most downstream components of the CSSP are CCaMK and CYCLOPS,
which are localized in the nucleus and positioned downstream of calcium
oscillation. Legumes carrying mutations in these genes have retained the
calcium oscillation response upon LCO perception, but lost the capacity to
form AM and root nodule symbioses. Furthermore, ccamk and cyclops
mutants have lost the early symbiotic response to rhizobium, such as root
hair deformation related to infection and inner cortical cell division related
to nodule initiation (Catoira et al. 2000; Messinese et al. 2007; Yano et al.
2008; Kistner et al. 2005). CCaMK primarily deciphers the induced calcium
oscillation signal in the nucleus and forms a heterodimer with CYCLOPS
protein (CCaMK-CYCLOPS) (Messinese et al. 2007; Yano et al. 2008). This
heterodimer can activate downstream genes specific to nodulation. For
example, an autoactive form of CCaMK (auto-CCaMK) can rewire the
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symbiotic signaling pathway through the phosphorylation of CYCLOPS,
which leads to the activation of nodulation-related genes such as ENOD11.
In the absence of rhizobia, this activation results in the formation of
spontaneous nodules in wild type and symrk mutant background (Gleason
et al. 2006; Tirichine et al. 2006; Takeda et al. 2012). Similarly, the autoactive
form of CYCLOPS (CYCLOPS-DD) can rewire the symbiotic signaling pathway
and induce spontaneous nodules in wild type plants and in the background
of symrk and ccamk mutants, indicating that CYCLOPS acts downstream of
SYMRK and CCaMK and is the last component of the CSSP (Yano et al. 2008;
Singh et al. 2014; Limpens and Bisseling 2014).

Interplay of symbiotic signaling pathway components downstream of the
CccspP

Nodulation-related phenotype screening in P. sativum, M. truncatula, and L.
japonicus mutant populations led to the discovery of two mutants that are
defective in engaging in root nodule endosymbiosis but had only a mild
phenotype in AM fungi endosymbiosis. Since these mutants show a strong
impairment in nodulation, they were named NODULATION SIGNALING
PATHWAY 1 (NSP1) and NSP2 (Catoira et al. 2000; Oldroyd and Long 2003;
Gleason et al. 2006). Subsequently, reverse genetics knockout mutations in
the putative orthologs of NSP1 and NSP2 in P. andersonii revealed that its
symbiotic functioning is conserved (van Zeijl et al. 2018). NSP1 and NSP2
encode transcription factors containing a GRAS domain, named after
Gibberellic Acid Insensitive (GAI), Repressor of GA1-3 (RGA), and Scarecrow
(SCR) (Pysh et al. 1999; Kalé et al. 2005). GRAS proteins have a characteristic
signature consisting of leucine heptad repeat | and Il (LHRI and LHRII), VHIID,
PFYRE, and SAW domains (Kald et al. 2005; Hirsch et al. 2009).

Phylogenetic studies showed that NSP1 and NSP2 are conserved across
diverse plant species. For example, it has been found that in the monocot
Oryza sativa (which only engages in AM symbiosis), in dicot M. truncatula
and L. japonicus (which engage in both AM and root nodule symbioses), and
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in Arabidopsis thaliana (which lacks the ability to engage in both AM and
root nodule symbiosis) at least a single copy of both NSP1 and NSP2 is
present. This suggests that NSP1 and NSP2 functions are highly conserved in
higher plants. For instance, trans-complementation studies have shown that
Oryza sativa NSP1 and NSP2 possess the necessary molecular features to
participate in nodulation-related processes, allowing them to restore the
nodulation trait of L. japonicus nspl and nsp2 mutants, respectively
(Heckmann et al. 2006; Liu et al. 2011; Yokota et al. 2010). Furthermore,
NSP1 and NSP2 are involved in regulating genes associated with the
carotenoid biosynthetic pathway and the downstream genetic pathway
converting carotenoids into strigolactones and abscisic acid. For example,
unlike in wild type plants, PHYTOENE SYNTHASE (PSY), the key rate-limiting
enzyme of the carotenoid biosynthesis pathway, and DWARF27 (D27), the
first component gene of the strigolactone biosynthesis pathway, exhibit
severely reduced gene expression in nsp1 and nsp2 mutants in M. truncatula
and barley (Hordeum vulgare). Moreover, rice nsp2 mutants showed
significantly reduced expression levels of D27 (Liu et al. 2011; Li et al. 2022;
Kun Yuan et al. 2023). Taken together, NSP1 and NSP2 are highly conserved
and involved in multiple processes in plants.

Studying the early signaling events in nsp1 and nsp2 mutants showed that
both genes are involved in LCO signaling. For example, both nsp1 and nsp2
mutants respond to LCO application by inducing calcium oscillation in the
nucleus and root hair deformation. However, no initiation of inner cortical
cell divisions is observed in response to the LCOs, indicating that NSP1 and
NSP2 might play similar roles in nodulation (Catoira et al. 2000; Tsyganov et
al. 2002; Oldroyd and Long 2003; Kalé et al. 2005; Gleason et al. 2006;
Heckmann et al. 2006). Furthermore, gain-of-function auto-CCaMK and
CYCLOPS-DD experiments demonstrated that NSP1 and NSP2 are required
for nodule organogenesis. For instance, in legumes, auto-CCaMK and
CYCLOPS-DD can rewire the symbiotic signaling pathway, activating nodule
organogenesis-related genes in the absence of rhizobia. This results in the
formation of spontaneous nodules and the activation of ENOD11 on the
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roots of wild-type plants but not in nsp1 and nsp2 mutants (Gleason et al.
2006; Tirichine et al. 2006; Takeda et al. 2012; Limpens and Bisseling 2014;
Singh et al. 2014). Surprisingly, CYCLOPS-DD can activate expression of
the NIN gene independent of NSP1 and NSP2 in L. japonicus, suggesting that
NSP1 and NSP2 are positioned downstream of or parallel to NIN. This
discrepancy in the roles of NSP1 and NSP2 concerning nodule organogenesis
and early symbiotic responses suggests they function as facilitators of
symbiosis (Limpens and Bisseling 2014; Singh et al. 2014). This assumption
is supported by studies on MtNSP2 overexpression in M. truncatula and
barley. For example, plants with constructs overexpressing MtNSP2 in M.
truncatula and barley showed upregulation of SYMRK and/or CYCLOPS,
indicating a more complex role for NSP2. Therefore, this accumulated
evidence suggests that NSP2 plays a multifunctional role in symbiotic
signaling, positioning it as a facilitator in the symbiotic signaling pathway (Li
et al. 2022).

Research on NSP1 and NSP2 has provided insights into their tissue-specific
expression and the subcellular localization of their proteins (Hirsch et al.
2009; Kang, H. et al. 2014). Both genes are mainly expressed in root tissue,
and the encoded proteins co-localize in the nucleus. These data suggest that
these transcription factors might physically interact. The co-expression of
MtNSP1 and MtNSP2 proteins in Nicotiana benthamiana leaves and
Arabidopsis thaliana protoplasts revealed that both proteins indeed can
form a heterodimer (NSP1-NSP2) (Hirsch et al. 2009). Additionally, dissecting
the essential domains of MtNSP2 for interaction with MtNSP1 led to the
discovery that the LHRI domain of MtNSP2 is necessary to interact with
MtNSP1, and the LHRI domain alone is sufficient for this interaction (Hirsch
et al. 2009). Moreover, complementation of Mtnsp2 mutants with a
construct carrying an NSP2 version lacking the LHRI domain (NSP2 A-LHRI)
failed to restore the nodulation phenotype, indicating that
heterodimerization of NSP1 and NSP2 proteins might be required for nodule
formation. Furthermore, a single amino acid substitution from alanine to
valine in the LHRI domain of MtNSP2 led to a three-fold reduction in the
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MtNSP1 and MtNSP2 interaction efficiency, which also resulted in a reduced
number of nodules. Therefore, it is concluded that NSP1 and NSP2
heterodimerization is essential for nodulation (Hirsch et al. 2009).

In response to LCO perception and the subsequent induction of the
symbiotic signaling cascade, NSP1 and NSP2, positioned downstream of the
CSSP, form higher-order heterodimer complexes to activate genes specific
to nodulation or mycorrhization. For instance, in response to rhizobium
LCOs, NSP1-NSP2 can form a higher-order complex with CCaMK-IPD2,
bridged by DELLA proteins. This complex can bind to and activate the
promoter of the nodulation-related gene ERF REQUIRED FOR NODULATION
1 (ERN1) (Hirsch et al. 2009; Fonouni-Farde et al. 2016; Jin et al. 2016).
Furthermore, the NSP1-NSP2 heterodimer can form another higher-order
complex with the INTERACTOR OF NSP2 PROTEIN (INP2) in response to
rhizobium LCOs. This complex is capable of activating NIN, the master
transcriptional regulator of nodulation, through direct binding of INP2 to the
INP2-responsive element (INP2-RE) and NSP1 to the nodulation-responsive
element (NRE) motifs in the NIN promoter (Hirsch et al. 2009; Xiao et al.
2020). Activation of these nodulation-specific transcription factors leads to
transcriptional reprogramming of genes involved in rhizobium root nodule
symbiosis. In contrast, the perception of AM fungal LCOs triggers the
symbiotic signaling cascade, which promotes NSP2 (and likely NSP1) to form
a heterodimer complex with the GRAS transcription factor specific to
mycorrhization, REDUCED ARBUSCULAR MYCORRHIZA1 (RAM1). The
formed NSP2-RAM1 heterodimer activates another mycorrhization-specific
gene, RAM2, which facilitates AM colonization (Gobbato et al. 2012; Xue et
al. 2015).

Deregulation of NSP2, but not NSP1, has revealed a role in promoting plant
symbiotic permissiveness. For example, a construct using the MtNSP2 native
promoter to drive a modified version of the MtNSP2 coding sequence (miRR-
MtNSP2), where the recognition site for miRNA171h -a miRNA known to
degrade NSP2 messenger RNA (mRNA)- is silenced, exhibited enhanced AM
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colonization under low phosphate conditions (Lauressergues et al. 2012).
Furthermore, unlike control lines, transgenic lines transformed with the
miRR-MtNSP2 construct under a constitutive promoter showed enhanced
mycorrhization even under high phosphate conditions. This indicates that
overproduction and stabilization of MtNSP2 mRNA from degradation by
miRNA171h are sufficient to enhance plant AM fungi permissiveness (Li et
al. 2022). In Chapter 3, | investigated the symbiotic and developmental
phenotypes resulting from the overexpression of a miRNA171h-resistant
version of Parasponia NSP2 (mNSP2), demonstrating that mNSP2
overexpression enhances mycorrhizal colonization under both low and high
exogenous phosphate conditions. Additionally, | show that mNSP2
overexpression negatively regulates root branching and root nodule
formation in Parasponia, whereas its overexpression enhances shoot
branching. Thus, the dual role of Parasponia NSP2 highlights its critical
involvement in balancing symbiotic interactions and plant development.

Thesis outline

The research presented in this thesis investigates how the manipulation of
key genetic pathways involved in plant-microbe symbiosis can be used to
engineer nodulation in non-nodulating plant species. Utilizing the
nodulating P. andersonii and the non-nodulating Trema orientalis RG33
accession as experimental systems, the study focuses on three main aspects:
(i) validating the symbiotic functionality of the SYMRK in the Parasponia-
Trema lineages, (ii) evaluating the impact of overexpressing the GRAS
transcription factor NSP2 in P. andersonii to enhance plant symbiotic
interactions, and (iii) investigating whether the Autoregulation of
Nodulation (AON) mechanism, which regulates nodule number in legumes,
is conserved in the non-legume P. andersonii.

Chapter 2 involves comparative studies on mycorrhizal colonization
dynamics in the roots of P. andersonii and T. orientalis RG33. While the

overall mycorrhizal colonization level was lower in T. orientalis RG33
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compared to P. andersonii, the number of arbuscule formed was
comparable between the two species when examining 50 randomly selected
1 cm root segments. The conservation of SYMRK symbiotic functioning
within the Parasponia-Trema lineage was investigated through two
experiments. Initially, three independent CRISPR-Cas9-induced Pansymrk
mutants in P. andersonii were generated, showing loss of both nodulation
and mycorrhization capacity. Subsequently, overexpression of PanSYMRK
under a constitutive promoter, in the absence of rhizobia, induced
spontaneous root-like structures. A 'GA' mutation at the donor splice site of
intron 12 in SYMRK of T. orientalis RG33 was identified, raising questions
about its functionality. Testing through trans-complementation of a
Pansymrk mutant with the 'GA' mutation restored nodulation and
mycorrhization in the complemented roots, demonstrating the functionality
of the T. orientalis SYMRK gene. The efficiency of the 'GA' splice site in T.
orientalis RG33 was found to be approximately 95% compared to the more
common 'GC' splice site of intron 12 in P. andersonii.

In Chapter 3, | explore the symbiotic benefits and trade-offs of
overexpressing mNSP2 in P. andersonii. Six transgenic lines with ectopic
mNSP2 expression were generated, showing varied effects on root and
shoot developments. Elevated mNSP2 expression positively correlated with
increased mycorrhizal colonization under varying phosphate conditions. The
role of NSP2 as a key regulator in the biosynthesis of strigolactones,
important for mycorrhization, was further explored through RNA-seq
analysis on roots of mNSP2 overexpressing lines, revealing upregulation in
the MEP and strigolactone biosynthesis pathways. An inverse relationship
was observed between mNSP2 expression levels and nodule formation.
Abnormal cell divisions in the roots of lines with the highest mNSP2
expression resembled enlarged pre-nodules, potentially serving as infection
pockets for rhizobial entry.
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Chapter 4 reviews the autoregulation of nodulation (AON) mechanism,
discussing its key genetic components and signaling networks that balance
the advantages of nitrogen fixation with the plant's overall energy demands.

In Chapter 5 | investigate the conservation of the AON mechanism in the
non-legume P. andersonii. Using a CRISPR-Cas9-induced mutation system,
two independent mutants of P. andersonii CLAVATA1 (PanCLV1), analogous
to M. truncatula SUNN and L. japonicus HAR1, were generated. These two
mutants exhibited a hypernodulation phenotype and increased mycorrhizal
colonization P. andersonii. Changes in root development were also noted,
with an increase in primary root length and lateral root numbers.

Chapter 6 summarizes and discusses the results obtained throughout the
thesis, integrating these findings with existing knowledge in the field of
nitrogen fixation. This chapter provides a forward-looking perspective on
the potential for engineering nodulation in non-nodulating plant species.
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GA mutation in TorSYMRKR%33 encodes a functional protein

ABSTRACT

Background: Nitrogen-fixing nodules occur in ten related taxonomic
lineages interspersed with lineages of non-nodulating plant species.
Nodules result from an endosymbiosis between plants and diazotrophic
bacteria; rhizobia in the case of legumes and Parasponia and Frankia in the
case of actinorhizal species. Nodulating plants share a conserved set of
symbiosis genes, whereas related non-nodulating sister species show
pseudogenization of several key nodulation-specific genes. Signaling and
cellular mechanisms critical for nodulation have been co-opted from the
more ancient plant-fungal arbuscular endomycorrhizal symbiosis. Studies in
legumes and actinorhizal plants uncovered a key component in symbiotic
signaling, the LRR-type SYMBIOSIS RECEPTOR KINASE (SYMRK). SYMRK is
essential for nodulation and arbuscular endomycorrhizal symbiosis. To our
surprise, however, despite its arbuscular endomycorrhizal symbiosis
capacities, we observed a seemingly critical mutation in a donor splice site
in the SYMRK gene of Trema orientalis, the non-nodulating sister species of
Parasponia. This led us to investigate the symbiotic functioning of SYMRK in
the Trema-Parasponia lineage and to address the question of to what extent
a single nucleotide polymorphism in a donor splice site affects the symbiotic
functioning of SYMRK.

Results: We show that SYMRK is essential for nodulation and
endomycorrhization in Parasponia andersonii. Subsequently, it is revealed
that the 5’-intron donor splice site of SYMRK intron 12 is variable and, in
most dicotyledon species, doesn’t contain the canonical dinucleotide ‘GT’
signature but the much less common motif ‘GC’. Strikingly, in T. orientalis,
this motif is converted into a rare non-canonical 5’-intron donor splice site
‘GA’. This SYMRK allele, however, is fully functional and spreads in the T.
orientalis population of Malaysian Borneo. A further investigation into the
occurrence of the non-canonical GA-AG splice sites confirmed that these are
extremely rare.
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Conclusion: SYMRK functioning is highly conserved in legumes, actinorhizal
plants, and Parasponia. The gene possesses a non-common 5’-intron GC
donor splice site in intron 12, which is converted into a GA in T. orientalis
accessions of Malaysian Borneo. The discovery of this functional GA-AG
splice site in SYMRK highlights a gap in our understanding of splice donor
sites.

Keywords

Non-canonical splice site, SYMRK, LRR-type transmembrane receptor
kinase, Mutualistic endosymbiosis, Nitrogen-fixing nodulation symbiosis,
Arbuscular mycorrhizal symbiosis, Parasponia andersonii, Trema orientalis,
Common symbiosis signaling pathway, plant evolution.

Introduction

Plants have evolved a range of mutualistic endosymbiotic partnerships with
microbes to enhance nutrient uptake. The most ancient mutualistic
endosymbiosis is the interaction between plant roots and Glomeromycota
fungi, also known as arbuscular mycorrhizal (AM) fungi, which evolved over
400 million years ago [1]. Even today, AM endosymbiosis still occurs in ~72%
of all higher plants [2]. Besides AM symbiosis, several plant lineages evolved
additional or even alternative mutualistic endosymbiotic interactions, like
orchid mycorrhiza, ericoid mycorrhiza, and diazotrophic rhizobia or Frankia
bacteria hosted in root nodules. Interestingly, the evolution of these
mutualistic endosymbiotic partnerships co-opted a signaling pathway
critical for AM symbiosis. This pathway, known as the common symbiosis
signaling pathway, is highly conserved and can be found in angiosperms,
gymnosperms, monilophytes, and bryophytes [3].

The common symbiosis signaling pathway was first discovered in pea (Pisum
sativum), showing to be critical for AM symbiosis and rhizobium-induced
nodulation [4]. The subsequent molecular genetic characterization in the
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legume models Lotus japonicus and Medicago truncatula revealed the
pathway consists of four conserved components stretching from an LRR-
type transmembrane receptor kinase down to the transcription factor
LiCYCLOPS/MtIPD3 [5, 6]. The LRR-type receptor kinase is generally named
SYMRK (SYMBIOSIS SIGNALLING RECEPTOR KINASE), except for pea, M.
truncatula, and Medicago sativa, where it is named PsSYM19, MtDMI2, and
MsNORK, respectively [7]. The SYMRK extracellular structure varies between
species, but in case of eudicots possesses a malectin domain, a conserved
GDPC motif, and 2-3 LRR domains linked to a canonical intracellular serine-
threonine kinase domain [7-10]. The malectin domain is cleaved in the
absence of symbiotic signaling [11, 12]. Studies in L. japonicus showed that
the remaining part of the SYMRK protein interacts with the LysM-type
transmembrane receptor LjNFR5 [11, 12]. LjNFR5 is part of the receptor
complex  essential  for  recognizing  rhizobium-secreted lipo-
chitooligosaccharide (LCO) signal molecules [13, 14]. Legume symrk
knockout mutants are blocked in rhizobium LCO-induced signaling through
the common symbiosis signaling pathway. Subsequently, nodule formation
is not initiated, nor is Rhizobium infection initiated in symrk mutants [7, 8,
15, 16]. LjSYMRK also interacts with the innate immune receptor LjBAK1
(BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 1), which
may allow repression of immune responses upon symbiotic infection [17].
Such a role is supported by symrk mutant analysis, revealing fortification of
the plant cell wall upon infection with Glomus mosseae AM fungus or
rhizobium in mutant or RNA interference (RNAI) lines [18, 19].

Studies on SYMRK in non-legumes are limited. RNAi Knockdown studies in
the actinorhizal plants Datisca glomerata and Casuarina glauca showed
that, like in legumes, SYMRK is essential for nodulation [9, 20]. These
findings demonstrate that the common symbiosis signaling pathway defines
a conserved genetic basis for nodulation with rhizobia or Frankia. More
recent phylogenomic studies support the hypothesis that the nodulation
trait has a single evolutionary origin in the last common ancestor of the
orders Fabales, Fagales, Cucurbitales and Rosales, representing all ten
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nodulating plant lineages [20-22]. The occurrence of non-nodulating
lineages in these four taxonomic orders allowed the identification of
nodulation-specific genes, as such genes are prone to pseudogenization
from the moment a plant lineage loses the nodulation trait. We identified
seven of such nodulation-specific genes by comparing nodulating
Parasponia species to their non-nodulating sister species of the genus Trema
[23]. Among these is an NFR5 orthologous LysM-type receptor named NFP2,
essential for nodulation in Parasponia [24]. To our surprise, however, we
also identified a seemingly critical mutation in SYMRK of Trema orientalis
(accession RG33; TorSYMRKR®33), originating from the Sabah Provence in
Malaysian Borneo [25]. It suggests that the TorSYMRKR®33 allele experiences
pseudogenization, despite the fact T. orientalis accession RG33 can still
establish an AM symbiosis [23].

TorSYMRKR®33 has a conserved gene structure, though has a mutation in the
conserved dinucleotide motif in the 5’-donor splice site of intron 12,
converting this generally highly conserved dinucleotide motif into ‘GA’. This
led us to investigate the symbiotic functioning of SYMRK in the Trema-
Parasponia lineage and investigate the impact of a seemingly critical SNP in
an intron donor splice site in this gene.

Results

Trema orientalis and Parasponia andersonii differ in Rhizophagus
irregularis colonization

Since SYMRK is known to be important for arbuscular mycorrhization in a
range of species [7, 8, 20, 26], we first questioned whether T. orientalis
accession RG33 can be effectively mycorrhized. To investigate this, we
compared the mycorrhization dynamics of T. orientalis RG33 to P. andersonii
(accession WU1). Both species are close relatives that diverged less than 20
million years ago [22], though have a somewhat different root architecture.
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T. orientalis plantlets have a shorter main root, whereas its lateral roots are
longer when compared to P. andersonii (Figure S1).

To compare the mycorrhization efficiency, seedlings of both species were
inoculated with 125 spores of Rhizophagus irregularis DOAM197198.
Mycorrhization was quantified for 6 weeks, focusing on the frequency of
mycorrhizal presence in the root system(F%), the intensity of mycorrhization
in the root system (M%), the arbuscule abundance in the root system (A%),
and the averaged arbuscule abundance in randomly selected infected root
segments (a%) [27]. This revealed a clear difference in mycorrhization
colonization dynamics between both species. The root system of P.
andersonii is broadly colonized, showing an abundant presence of hyphae 4
weeks post-inoculation (F% >80%, M% >50%, Figure 1A, C). In contrast, T.
orientalis RG33 showed a reduced mycorrhizal infection and a low
abundance of mycorrhizal hyphae in the root (F% <20%, M% <10%, 4 weeks
post-inoculation) (Figure 1A, D). These reduced mycorrhizal infection rates
of T. orientalis RG33 were also reflected in a reduced number of arbuscules
found in the root system (A%). However, when evaluating the infected root
segments, the arbuscule abundance (a%) was comparable to P. andersonii
(Figure 1B). This indicates that T. orientalis RG33 is infected less frequently
by R. irregularis DOAM197198 when compared to P. andersonii. But once
infected, the number of arbuscules formed in the infected root segment is
similar between both species.

Parasponia andersonii SYMRK is essential for arbuscular mycorrhization
and nodulation

As T. orientalis RG33 can establish an arbuscular mycorrhizal symbiosis, we
questioned whether SYMRK represents a single copy gene in the Trema-
Parasponia taxonomic lineage. We analyzed genome sequences of 20
species representing monocots and major clades of dicots, including
Fabales, Fagales, Cucurbiales, and Rosales species. The closest SYMRK
paralogs of P. andersonii and T. orientalis were included as an outgroup. This
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revealed that SYMRK is a single-copy gene in the Parasponia - Trema lineage
(Figure S2).

Knock-down experiments in legumes and the actinorhizal species C. glauca
and D. glomerata showed that SYMRK commits a dual role in establishing
arbuscular mycorrhizal symbiosis and nodulation [7-9, 15, 16, 20, 28].
Furthermore, studies in L. japonicus revealed that ectopic expression of
LiSYMRK results in the spontaneous onset of nodule organogenesis in
absence of rhizobia [29]. To determine whether SYMRK in the Parasponia-
Trema lineage fulfils a similar symbiotic role, two experiments were
conducted. We generated CRISPR/Cas9 symrk knockout mutants in P.
andersonii and conducted PanSYMRK ectopic expression studies in roots.

In total, three Pansymrk knockout mutant lines (homozygous line Pansymrk-
4 and the bi-allelic mutant lines Pansymrk-5 and Pansymrk-6) were obtained
by targeting the fourth and fifth coding exon using two single guide RNAs
(sgRNAs) (Figure S3A). All mutant alleles represent large deletions, only
encoding a fragment of the extracellular domain (Figure S3B). To determine
whether SYMRK commits a key symbiotic function in P. andersonii, we first
studied the nodulation phenotype of the Pansymrk mutants. Pansymrk-4,
Pansymrk-5 and Pansymrk-6 plantlets were inoculated with Mesohizobium
plurifarium BOR2, and the nodulation phenotypes were examined six weeks
post-inoculation. The transgenic empty vector control plants (EV) were
effectively nodulated, having nodule numbers ranging from 25 to 61 per
plant. In contrast, the three Pansymrk mutant lines were unable to nodulate
(Figure 2A).

Next, we investigated the role of PanSYMRK in arbuscular mycorrhizal
symbiosis. Pansymrk-4, Pansymrk-5, Pansymrk-6, and EV control plantlets
were inoculated with an R. irregularis DAOM197198 spore suspension.
Mycorrhization phenotypes were examined six weeks post-inoculation by
quantifying four parameters; F%, M%, a%, and A%, as described above. The
EV control plants interacted normally with the applied symbiont, with F%,
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M%, a%, and A% of 65,4%, 36,8%, 77,1%, and 26,1%, respectively (Figure 2B,
C). Although some intraradical hyphae were observed in a minority of the
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Figure 1. Trema orientalis accession RG33 and Parasponia andersonii accession WU1
differ in mycorrhizal colonization. (A) Comparison of mycorrhization efficiency in the root
system of P. andersonii WU1 (blue) and T. orientalis RG33 (red) at 2, 4 and 6 weeks post-
inoculation with Rhizophagus irregularis DOAM197198. F%: The frequency of mycorrhiza in
the root system. M%: the intensity of mycorrhizal colonization in the root system. A%:
Arbuscule abundance in the root system. (B) a%: Averaged arbuscule abundance detected
in 50 randomly selected 1 cm infected segments of a root system. Error bars represent the
SE of 10 biological replicates for each 50x 1cm root segment that has been analyzed.
Analysis was done according to Trouvelot et al. (1986) [26]. (C) Toluidine blue-stained P.
andersonii and (D) T. orientalis root segment visualizing R. irregulates arbuscules 6 weeks
post-inoculation. Size bar = 10 um. Difference letters above the box indicate statistical
difference (p<0.01) as determined by Kruskal-Wallis test in combination with Fisher’s post-
hoc test.

Pansymrk root segments (7 out of 417, 6 out of 760, and 9 out of 1085
segments) (Figure 2B, D-F), generally, no arbuscules were observed in any
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of the tested Pansymrk mutant plantlets. This demonstrates that SYMRK is
essential for nodulation and arbuscular mycorrhization of P. andersonii
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Figure 2: Parasponia andersonii SYMRK is essential for mycorrhization and nodulation.
(A) Nodule numbers formed in P. andersonii empty vector control line (EV) and three
Pansymrk mutant lines, 6 weeks post-inoculation with Mesorhizobium plurifarium BOR2.
(B) mycorrhization efficiency in the root system of P. andersonii EV-control and three
independent Pansymrk mutant lines 6 weeks post-inoculation with Rhizophagus irregularis
DOAM197198. F%: The frequency of mycorrhiza in the infected root system. M%: the
intensity of mycorrhizal colonization in the infected root system. A%: Arbuscule abundance
in the infected root system. a%: Averaged arbuscule abundance detected in 50 randomly
selected 1 cm segments of a root system. Error bars represent the SE of 10 biological
replicates, for each 50x 1cm root segment that has been analyzed. Analysis was done
according to Trouvelot et al. (1986) [26] (C-F): Toluidine blue-stained P. andersonii EV-
control (C), Pansymrk-4 (D), Pansymrk-5 (E), and Pansymrk-6 (F) root segment visualizing R.
irregulates infections 6 weeks post-inoculation. Size bar = 10 um. Difference letters above
the box indicate statistical difference (p<0.01) as determined by Kruskal-Wallis test in
combination with Fisher’s post-hoc test.
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Next, we questioned whether the ectopic expression of PanSYMRK is
sufficient for spontaneous formation of nodule-like structures. We
employed Agrobacterium rhizogenes-mediated (A. rhizogenes) root
transformation to introduce PanSYMRK driven by the L. japonicus
UBIQUITIN 1 (LjUBI1) promoter. This revealed spontaneous formation of
nodule-like structures on roots ectopically expressing PanSYMRK (n= 5/25)
(Figure 3A-C). Longitudinal sections revealed that these nodule-like
structures originate from dividing cortical and pericycle cells, similar to
genuine Parasponia nodules (Figure 3D). This led us to conclude that SYMRK
is an essential key regulatory LRR-type receptor kinase for the onset of the
nodule developmental program in the non-legume P. andersonii.
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Figure 3: PanSYMRK ectopic expression induces spontaneous nodulation in Parasponia
andersonii. (A, B) Bright-field (A) and green fluorescent image (B) of P. andersonii A.
rhizogenes-transformed roots expressing GFP and PanSYMRK under control of the pLjUBI1
promoter showing spontaneously formed nodule-like structures (6 weeks post planting).
(C) Relative gene expression of PanSYMRK in P. andersonii A. rhizogenes-transformed roots
containing an empty vector (EV) or pLjUBI1:PanSYMRK (n=3). (D) Longitudinal section of a
spontaneously formed nodule-like structure visualizing cortical and pericycle cell divisions.
Scale bar in (A and B) is 0.02mm and in (D) 50uM. Significant difference (p<0.05) was
determined by student t-test.

The GA mutation of the 5’-donor splice site of intron 12 doesn’t affect
SYMRK functionally

As T. orientalis RG33 -possessing a single SYMRK gene copy- can be
mycorrhized effectively, it suggests that the TorSYMRKR®33 allele encodes a
functional protein to support this plant-fungus symbiosis. Earlier studies in
M. truncatula revealed that the SYMRK requirements differ between
mycorrhizal colonization and rhizobium nodulation [7]. The M. truncatula
R38 dmi2 mutant possesses a missense mutation converting a glycine to
glutamic acid mutation at position 794 of the protein [7]. This mutation
affects the kinase phosphorylation activity and the capacity of the protein
to interact with it’s downstream target 3-HYDROXY-3-METHYLGLUTARYL
COENZYME A REDUCTASE1 (MtHMGR1) [30, 31]. M. truncatula R38 dmi2 is
affected in nodulation but not in mycorrhization, suggesting a SYMRK
functional kinase domain is less critical for the latter interaction [7]. As the
T. orientalis SYMRKR®33 may encode -at least in part- a truncated SYMRK
protein lacking essential domains of the kinase motif (Figure 4A), we
guestion to what extent this allele could function in nodulation.

To investigate this, first the native promoter region of P. andersonii SYMRK
was identified. We used A. rhizogenes root transformation to show that a ~3
kb upstream region including the 5’-UTR driving the PanSYMRK gene
functionally complemented the Pansymrk-5 mutant (4.9 nodules/plant at 8
wpi) (Figure 4B; Figure S4B). Next, we used this promoter to drive a
PanSYMRK gene mutant harbouring a GA at the donor site of intron 12,
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mimicking the TorSYMRKR%33 allele to determine its functionality in the P.
andersonii Pansymrk-5 mutant background. Using A. rhizogenes root
transformation, we found full complementation of the Pansymrk mutant
phenotype (Figure 4C-E; Figure S4C). On average, 13 nodules per plant were
formed at 8 wpi. Sections of these nodules revealed a wild type
cytoarchitecture, including a large zone of cells possessing fixation threads.
This shows that the GA point mutation at the donor site of intron 12 is not
affecting SYMRK gene functionality.
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Figure 4: Parasponia symrk-5 mutant trans-complementation of root nodule symbiosis.
(A) Schematic representation of P. andersonii SYMRK gene structure. Arrowhead points to
the location of the introduced GA mutation in PanSYMRK at the 5’-donor splice site of intron
12. (B) Nodule number per plant formed on Pansymrk-5 A. rhizogenes transformed root
with pPanSYMRK:PanSYMRK gene (n=13). (C-E) Nodule number per plant (n=5) (C),
representative image of green fluorescent protein (GFP) nodule (D), and a section through
a mature nodule (E) of Pansymrk-5 A. rhizogenes transformed root with
pPanSYMRK:PanSYMRK®* carrying a GA mutation at the 5’-donor splice site of intron 12.
Nodules were harvested and analyzed at 8 weeks post inoculation with Mesorhizobium
plurifarium BOR2 (OD600 = 0.025). Scale bar in (D) is 0.2mm and in (E) is 100um.

A GA 5’-donor splice site is very rare, though effectively spliced in
TorSYMRKRG33

We question how effective an intron that possesses a GA as the first two
nucleotides of a donor splice site is spliced. To determine this, we aimed to
compare the coverage of RNAseq reads of the 15 exons and 14 introns of
the SYMRK gene of T. orientalis and P. andersonii. SYMRK is highly similar in
both species, though introns show some variation in length (Table 1). SYMRK
is known to be expressed in the root [8]. We grew T. orientalis and P.
andersonii seedlings in vitro on a low nitrate medium and subsequently
isolated 1 cm regions of roots just above the root meristemic zone. RNA
extracted from these samples was sequenced (in triplicates), mapped, and
analyzed (Figure S5A). When focusing on intron 12, we found a per base
mean coverage of 4.6+1.0 for TorSYMRK?®33, whereas in P. andersonii, the
coverage of this intron is only 0.2+0.3 mean per base coverage (Table 1).
Comparing the splice site efficiency of intron 12, we observe that GA splice
site in T. orientalis splices efficiently at approximately 95%, while the GC
splice site in P. andersonnii shows an efficiency of 99.9%. This difference in
intron retention between PanSYMRK and TorSYMRK?®33 was also observed
by gRT-PCR on root mRNA (Figure S5B). These data suggest that SYMRK
intron 12 is spliced less efficiently in T. orientalis when compared to P.
andersonii. However, a similar variance is observed for other introns, which
possess canonical donor and acceptor splice sites; e.g. PanSYMRK intron 11
(Table 1), suggesting some intron retention is not hampering gene function.
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Therefore, we conclude that SYMRKR®33 js fully functional, despite a non-
canonical GA dinucleotide motif in the donor splice site.

Table 1: Splicing efficiency of Trema orientalis and Parasponia andersonii SYMRK in the
root susceptible zone for symbiotic engagement.

T. orientalis  root susceptible zone  P. andersonii root susceptible zone

SYMRK length (bp) coverage s.d. Ie(zit)h coverage s.d.

exonl 99 28.1 8.9 99 94.6 39.6
intronl 765 0.0 0.1 912 0.1 0.1

exon2 525 35.2 13.2 525 96.5 17.6
intron2 339 0.0 0.0 341 0.1 0.2

exon3 475 51.2 9.1 475 114.6 17.1
intron3 351 0.0 0.0 364 0.0 0.0

exon4 150 59.3 23.4 150 127.0 24.9
intron4 188 0.1 0.1 175 0.1 0.2

exon5 71 89.2 27.6 71 166.1 29.4
intron5 103 0.3 0.2 102 1.0 0.7

exon6 68 84.4 20.7 68 133.1 22.2
intron6 202 2.7 0.5 319 0.2 0.2

exon?7 71 70.7 18.3 71 125.0 13.2
intron7 133 0.0 0.0 134 0.3 0.4

exon8 71 62.2 16.9 71 138.8 15.5
intron8 97 0.9 1.1 86 0.1 0.1

exon9 193 76.1 16.1 193 142.9 22.8
intron9 98 1.9 0.6 98 0.9 0.9
exonl0 235 79.6 135 235 155.3 18.6
intron10 83 0.1 0.1 90 0.3 0.6
exonll 126 100.8 133 126 158.0 35.0
intron11 65 13 1.9 83 10.5 4.3
exonl2 86 91.8 19.3 86 158.9 345
intron12 118 4.6 1.0 118 0.2 0.3
exonl3 189 109.4 13.8 189 159.3 16.9
intron13 276 1.6 1.0 273 0.7 0.6
exonl4 132 155.1 7.4 132 255.8 22.9
intron14 112 4.2 43 112 0.4 0.7
exonl5 326 135.4 9.4 326 207.6 13.0

RNA-seq quantification for each intron and exon in the SYMRK gene of Trema orientalis and
Parasponia andersonii is determined by the mean per base coverage of three biological
replicates.
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Next, we questioned how unique a GA donor splice site is in plants. For this,
we analyzed all annotated introns in T. orientalis, P. andersonii, and the
model plant species L. japonicus, M. truncatula, and Arabidopsis thaliana
[23, 32-34]. This showed that a GA donor splice site is extremely rare,
varying from none in the annotated gene models of M. truncatula to 14 in
A. thaliana (Table 2, Table S1).

Table 2: Frequency of predicted canonical and non-canonical donor splice sites. Splice site
occurrences are based on existing gene models predictions for Trema orientalis, Parasponia
andersonii, Lotus japonicus, Medicago truncatula and Arabidopsis thaliana.

Splice motif

T. orientalis

Total

%

P. andersonii

Total

%

M.truncatula

Total

%

L. japonicus

Total

%

A. thaliana

Total

%

GT-AG
GC-AG
AT-AC
GA-AG
Others

102107
537
13
11
1426

98.09%
0.52%
0.01%
0.01%
1.37%

100852
567
14
8
1096

98.36%
0.55%
0.01%
0.01%
1.07%

213612
8962
79
0
0

95.94%
4.03%
0.04%
0.00%
0.00%

148570
2193
656
6
190

97.99%
1.45%
0.43%
0.00%
0.13%

159839
1742
L
14
89

98.80%
1.08%
0.06%
0.01%
0.06%

Canonical

Non-canonical

102107
1987

98.09%
1.91%

100852
1685

98.36%
1.64%

213612
9041

95.94%
4.06%

148570
3045

97.99%
2.01%

159839
1935

98.80%
1.20%

Grand Total

104094

100%

102537

100 %

222653

100 %

151615

100 %

161774

100 %

Trema orientalis SYMRKR%33 GA donor splice site is geographically limited

As T. orientalis RG33 possesses an extremely rare GA motif at the donor
splice site of intron 12, we question to what extent such polymorphism is
unique in SYMRK. First, we analyzed SYMRK orthologs in a broad
phylogenetic context. This showed that a non-canonical GC donor splice site
is common in SYMRK intron 12 of dicotyledon species (Figure 5).

However, none of the analyzed SYMRK genes possesses a GA motif at this
position. Subsequently, we analyzed SYMRK of the Parasponia-Trema
species complex. Among others, T. orientalis accession RG33 was collected
during an expedition in Sabah Provence, Malaysian Borneo, in 2012 [23, 25].
We analyzed 27 additional T. orientalis individuals collected from five
distinct locations in Malaysian Borneo (Figure 6A). All possess the rare GA
intron 12 donor splice, whereas this mutation is absent in Trema and
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Parasponia accessions sampled outside Borneo (Figure 6; Table S2). This
demonstrates that the SYMRK?3 allele is not unique, though it associates
with the Borneo T. orientalis population.

Tree scale: 0.1

Splice/Donor site
5T- Oryza sativa SYMRK (0s07g38070.1)

—a——— GT-AG Zea mays (Zm00008a029124)

Solanum lycopersicum SYMRK (: 9091590.2.1)
Petunia axillaris SYMRK (Peaxi162S¢f00703g00117)
Manihot esculenta cassava TME3 (Manes.12G121400.1)
Populus trichocarpa (Potri.007G004700.1)
Dryas drummondii (Drydr303S03268)
- Parasponia andersonii SYMRK (PanWUO01x14_309110.1)
GA-, Trema orientalis SYMRK (TorRG33x02_071490.1)
-AC Datisca glomerata (Datg/115518976)
Casuarina glauca SYMRK (Casgl291514102)
Alnus glutinosa (Alngl603533230)
Arachis hypogaea (arahy. Tifrunner.gnm2.ann1. TBZT1P.1)
Arachis hypogaea (arahy. Tifrunner.gnm2.ann1.5W9Q31.1)
Arachis duranensis (aradu.V14167.gnm1.ann1.Aradu. PBMSW.1)
Arachis duranensis eudicots (aradu.V14167.gnm1.ann1.Aradu. Q4WIY.1)
Arachis hypogaea (arahy. Tifrunner.gnm2.ann1.SZ7D6R.1)
Arachis hypogaea (arahy. Tifrunner.gnm2.ann1.5KC586.1)
- Lupinus albus (Lalb Chr09g0325781)
GT- Glycine max GmSymRKp (Glyma.09G202300.1)
Glycine max GmSymRKa (Glyma.01G020100.1)
Lotus japonicus SYMRK (Lj2g3v1467920.1)
-AG Medicag la DMI2 (Medtr5g030920.1)
GT- Pisum sativum SYM19 (Psat2g134120.1)

Figure 5: Phylogeny of SYMRK including the splice site dinucleotide motifs for intron 12.
Phylogeny was reconstructed based on an alignment of SYMRK orthologous proteins from
19 species. Leaves are labelled by their respective species, gene name if available) and gene
identifier. The non-canonical GC donor splice site is common in SYMRK intron 12 of
dicotyledon species, except in Glycine max SYMRK8 and Pisum sativum SYM19, where GC
is substituted by GT. In contrast, only Trema orientalis RG33 possesses a GA motif in this
position (highlighted in red).

Discussion

The LRR-type receptor kinase SYMRK is a critical component in the common
symbiosis signaling pathway controlling endosymbioses. In legumes, SYMRK
is essential for rhizobium LCO-induced signaling. We identified a seemingly
critical mutation of the conserved dinucleotide motif in the 5’-donor splice
site in T. orientalis SYMRK accession RG33. T. orientalis is a non-nodulating
relative of nitrogen-fixing Parasponia species and has experienced
pseudogenization of several key nodulation genes [23]. Here we show that
despite a mutation in a splice site motif, TorSYMRK?®33 remains a functional
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allele that can be effectively spliced. The dominant occurrence of the
TorSYMRKR®33 3llele in the Malaysian Borneo T. orientalis population
underlines the splice site mutation is not affecting the fitness of the tree
species.

A i

Malaysian Borneo

Bardursen
Begana)Y

Mnn: = Brunej | |

B

Trema orientalis Sabah, Malaysia GTGCTGCACGAG * GAAAGTGATTTT

Trema orientalis China GTGCTGCACGAG " GCAAGTGATTTT

Trema levigate China GTGCTGCACGAG " GCAAGTGATTTT

Trema tomentosa Australia GTGCTGCACGAG " GCAAGTGATTTT

Parasponia andersonii Papua-New Guinea GTGCTGCACGAG” GCAAGTGATTTT
exon12 intron12

Figure 6: SYMRK intron 12 unique non-canonical donor splice site occurs in a Trema
orientalis population endogenous to Sabah, Malaysia. (A) Locations of 28 Trema orientalis
specimens collected in Malaysian Borneo, province of Sabah. 1: Sayap, 2: Poring, 3: Mahua,
4: Gunung Alab, and 5: Inobong. Plants were collected in 2012 as described in Merckx et al.
(2015) [31] (see also Table S2). Map data © 2023 Google. (B) The ‘GA’ donor splice site of
intron 12 is unique to Trema orientalis of Malaysia, Sabah, whereas related accessions and
species possess a non-canonical ‘GC’ at this position in SYMRK.

Splicing is a highly conserved process in eukaryotes, requiring a spliceosome
complex consisting of five small nuclear RNAs and several proteins. The vast
majority of introns are spliced by the so-called U2-type spliceosome,
recognizing two highly conserved di-nucleotide motifs at the start and end
of the intron sequence, namely GT-AG. Bioinformatic studies in plant,
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animal, and fungal species indicate that alternative dinucleotide motifs are
used in less than 2% of cases, among which GC-AG is the most abundant
non-canonical splice motif representing 1.5% of all introns annotated in
plant gene models [35, 36]. The GA-AG splicing motif, as found in
TorSYMRK®®33 intron 12, is reported to occur in >0.03% of the cases [36].

The mechanism driving the evolution of rare non-canonical splice sites
remains elusive. The GA-AG dinucleotide splicing motif was found in higher
frequency in two non-related animal species; the copepod Eurytemora
affinis and the tunicate Oikopleura dioica [36-38]. However, it remains
unknown whether both species have gained these by convergent evolution
or, alternatively, it is an ancestral trait preserved in only a few species [36].
In the case of SYMRK, we noted that in related species, SYMRK intron 12
possesses the more common non-canonical GC-AG dinucleotide splice
motif. This may lead to the hypothesis that such a GC-AG motif is the
ancestral state allowing the evolution of the even more rare GA-AG motif.
We inserted the GC to GA mutation in the P. andersonii SYMRK gene and
showed that this variant is fully functional when expressed under its native
promoter. This suggests that a simple single nucleotide polymorphism is
sufficient to allow the evolution of the GA-AG dinucleotide splicing motif in
TorSYMRKR®33, We analyzed genomes of five plant species for gene models
possessing a GA dinucleotide motif in the donor splice site. We found that
the GA motif is indeed present in the annotated gene models, albeit at very
low frequency in the analyzed species.

Using CRISPR-Cas9 technology in P. andersonii, we demonstrated for the
first time by mutant analysis that SYMRK commits a dual symbiotic role in
essential nodulation and AM symbiosis in a non-legume. Earlier studies
using RNAi in C. glauca and D. glomerata provided evidence that SYMRK is
required for Frankia-induced nodulation and mycorrhization [9, 20].
Parasponia, Casuarina, and Datisca, together with legumes, represent all
four taxonomic orders that contain nodulating species and for which SYMRK
is an essential symbiotic gene. It supports the hypothesis that SYMRK -and
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other components of the common symbiosis signaling pathway- have been
recruited to function in nodulation in a common ancestor that lived before
the divergence of the Fabales, Fagales, Cucurbitales, and Rosales orders.

Conclusions

This study of the LRR-type receptor kinase SYMRK in the non-nodulating
relative of nitrogen-fixing Parasponia species, T. orientalis, led to the
identification of a functional splice site mutation in the gene. The discovery
of this rare non-canonical GA-AG splice site motif in SYMRK raises questions
about the evolution of such motifs and the mechanisms driving their
occurrence. Furthermore, this study demonstrates the conservation of
SYMRK functioning in nodulation and AM symbiosis in both legumes and
non-legumes. The Parasponia-Trema comparative system is established to
obtain insight into the evolutionary trajectory of the nodulation trait. It
uncovered several genes critical for rhizobium-induced nodulation in a non-
legume [23, 24, 39]. Eventually, Trema species can serve as an experimental
test system to uncover essential genes to rebuild the nodulation trait.
Additionally, we demonstrated that the Parasponia-Trema comparative
system is equally valuable to uncovering the functionality of rare non-
canonical splicing motifs. Overall, this study contributes to our
understanding of both the common symbiosis signaling pathway and the
mechanisms of gene splicing in plants.

Material and Methods
Plant materials and growth conditions

Trema orientalis plants used in this study were collected between
September 10th and 25th, 2012, during the Crocker Range/Kinabalu
Scientific Expedition. This expedition was conceived, organized, funded, and
conducted jointly by Sabah Parks (Malaysia) and the Naturalis Biodiversity
Center (The Netherlands). Detailed information about the expedition is
available in Merckx et al., 2015 [25]. Taxonomic analysis of the T. orientalis
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samples has been previously published in van Velzen et al., 2018. [23]. P.
andersonii WU1 and T. orientalis RG33 were grown and maintained as
described previously [40, 41]. Plantlets for nodulation and mycorrhization
assay were vegetatively propagated in vitro and rooted [40, 41].

Mycorrhization assays and trypan blue staining

Mycorrhization assays were performed using a commercial spore of
Rhizopagus irregularis (Agronutrion-DAOM197198, Carbonne, France).
Spores inoculum, inoculation, and trypan blue staining were prepared and
performed as described previously [41].

To quantify mycorrhization, a minimum of ~50 cm roots for each sample
were cut into 1 cm fragments. 25-30 root fragments were placed on a single
microscope slide, and 30% glycerol was added. Roots were covered with a
cover glass and pressed until root fragments became flat. The frequency of
mycorrhiza (%F), the intensity of mycorrhizal colonization (%M), and
arbuscules abundance (%A) in the root system was scored and calculated
according to Trouvelot et al. [27].

Nodulation assay

P. andersonii plantlets for nodulation were inoculated with Mesorhizobium
plurifarium BOR2 (OD600 = 0.05) [23, 40, 41]. Plants were removed from the
pots six weeks post-inoculation, roots were washed with running water to
remove perlite, and nodules were counted. In (trans) complementation
studies, plant roots were examined under fluorescent stereo microscopy,
and nodule number was quantified for each transgenic root (eight weeks
post-inoculation with Mesorhizobium plurifarium BOR2 (OD600= 0.025).

Root growth assay

Five seedlings of P. andersonii and T. orientalis RG33 were grown on %
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strength modified Hoagland medium in 12 cm square plates. Plants were
grown vertically at a 60-degree angle for 21 days at 28°C, 16/8h day-night
regime. The primary root was determined as the main root that emerged
from cotyledon, whereas lateral roots were determined as roots that
emerged from the primary root. Per plants, primary root length, the average
number of lateral roots, and lateral root density (per cm main root) were
determined 21 days post germination. Primary root growth was measured
by following its development every day for 21 days post germination. The
average lateral root length was determined by measuring its size in five
selected lateral roots 21 days post germination.

Vectors and Constructs

Single-guide RNAs (sgRNAs) were designed using the ‘Find CRISPR Targets’
function implemented in Geneious software version 9.1.5 (Biomatters, New
Zealand) and subsequently checked against the P. andersonii genome for
high identity off-targets. For CRISPR/Cas9-mediated mutagenesis and
complementation studies, binary transformation constructs were created
using Golden Gate assembly as described previously [40, 41], and a list of
constructs generated from both studies is listed in (Table S3). For
CRISPR/Cas9-mediated mutagenesis, two sgRNAs were used to target the
fourth and the fifth coding exons of PanSYMRK (Figure S3). Selected sgRNAs
were amplified using sequence-specific forward primers and a universal
reverse primer (Table S4), using Addgene plasmid no. 46966 as template
[42]. To allow for Golden Gate cloning, Bpil and Bsal restriction sites in the
putative promoter sequence of PanSYMRK were mutated by introducing
single nucleotide substitution [43]. For the complementation study, the
sequence of P. andersonii SYMRK promoter, 5’ untranslated region (5’ UTR),
genomic DNA, 3’ untranslated region (3’ UTR), and terminator were
synthesized. Also, a modified version of P. andersonii SYMRK genomic DNA
was synthesized harboring a point mutation at the donor splice site of the
12th intron, mimicking T. orientalis SYMRK?®33, (Invitrogen, Thermo Fisher
Scientific, United States).
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Plant transformation

Agrobacterium tumefaciens-mediated transformation and genotyping were
done based on previously published protocols [40, 41]. Primers used for
genotyping are listed in (Table S4). Hairy root transformations were
performed according to Cao et al. [44], where A. rhizogenes MSU440 or
AR1193 harboring plasmid DNA of interest were used to infect micro-
propagated plants wounded on their base. Infected plants were grown on
agar plates of Schenk and Hildbrandt medium (SH medium) [45] and
incubated at 21°C for one week on a 16/8h light/dark regime. Transformed
plants were transferred to agar plates of SH medium supplemented with 10
g sucrose/L, cefotaxime 100 pg/mL, and kanamycin 50 pg/mL and
subsequently incubated at 21°C for one week followed by 28°C for two
weeks. Plants were checked for transgenic roots using a fluorescence stereo
microscope.

RNA Sequencing

For RNA isolation, tissue was harvested from a ~1 cm region just above the
meristematic zone of young growing roots and snap-frozen in liquid
nitrogen. Material from ~5 plants was combined to form a single biological
replicate. RNA was isolated in triplicate as previously described [23]. Library
preparation and RNA sequencing was conducted by BGI (Schenzhen, China).
Mapped RNA-sequencing reads covering the SYMRK gene in P. andersonii
and T. orientalis were visualized using Integrative Genomics Viewer (IGV)
[46]. Based on the different splice sites, two SYMRK splice variants were
manually constructed. Functional protein domains for these variants were
annotated using InterProScan 5 [47].

Phylogenetic reconstruction

Orthologs of SYMRK were identified among 49 publicly available proteomes
by applying a Reciprocal Best Hits (RBH) approach, using L. japonicus SYMRK
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(Lj2g3v1467920.1) as the query sequence. ldentified orthologous proteins
were aligned using Clustal Omega 1.2.3. [48]. A phylogenetic SYMRK tree
was constructed using PhyML 3.0 [49] with LG substitution model 1,000
bootstrap replicates and rooted on the two Poales outgroup species. The
tree was visualized using the Interactive Tree Of Life (iTOL) tree viewer [50].
A sub-selection of 20 species was extracted from the SYMRK orthogroup,
and a tree was constructed using the same methods described above. Based
on the SYMRK gene models for these 20 species, the splice site at intron 12
for each SYMRK ortholog was added.

Statistical analysis

Graphs and statistical analysis for mycorrhization quantification were
performed using RStudio version 1.1.456. The Ramf R package was used to
analyze and display quantitative AM fungal root colonization data [51].
Statistical tests on three classes of mycorrhization efficiency were done
using Kruskal-Wallis test in combination with the post-hoc test using Fisher’s
least significant difference criterion. Statistical significance was defined as a
p<0.01. A statistical test on root growth assays and for nodules number
quantification on complementation study was done using a student t-test.
Statistical significance for these parameters was defined as a p<0.05.
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referenced in the Materials and Methods section on line 424. In that
publication, an in-depth phylogenetic analysis of the collected specimens is
included (see Figure S6 van Velzen et al., 2018). The plant material was
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(doi.org/10.1038/nature14949) (as indicated in the Materials and Methods
section of the current manuscript: line 422-424) We have specified the
permissions and licenses acquired for the plant material collection.
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Figure S1: Root architecture of Trema orientalis accession RG33 and Parasponia
andersonii accession WU1 differs. (A) Primary root length 21 days post-
germination. (B) Growth of primary root 1-21 days post-germination (mm/day) (C)
The average number of lateral roots per plant, and (D) lateral root density (cm-1
main root) 21 days post-germination (E) Average lateral root length in five selected
root 21 days post-germination (mm). n=5 +/- s.e. Different letters above the bars
indicate statistical significance (p < 0.05) as determined by student t-test. Tor, red:
T. orientalis RG33, Pan, blue: P. andersonii WU1. Plants were grown in vitro on %
strength modified Hoagland medium in 12 cm square plates.
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Figure S2: Phylogenetic reconstruction of SYMRK orthologs. Phylogeny was
reconstructed on an alignment of SYMRK proteins from 51 plant species belonging
to the Nitrogen fixation clade and two species belonging to the Solanales and two
species of the Poales. In addition, Trema and Parasponia SYMRK homologous
proteins were added to show that these groups are outside the SYMRK clade.
Branch support is indicated by posterior probabilities. Lineages are labelled by
species name and gene identifier.
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Figure S3: Parasponia andersonii symrk CRISPR-Cas9 mutant alleles. (A) Structure
of Pansymrk gene spanning 7,280 bp and possessing 15 exons and 14 introns.
Indicated are the positions of two sgRNAs (purple arrowheads) in exons 4 and 5. (B)
Sequence alignment of the fourth and fifth exons of PanSYMRK in wild type (WT)
and the three mutants Pansymrk-4, Pansymrk-5, and Pansymrk-6. Note: Pansymrk-
4 is a homozygote mutant possessing a 303 bp deletion whereas line 5 and 6 are bi-
allelic. In the bi-allelic mutant lines, both alleles (A and B) are shown. Highlighted in
blue and red are the sgRNA target sites and PAM sequences, respectively.
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Figure S4: Parasponia symrk-5 mutant trans-complementation assay of
mycorrhization. (A) Representative image of Pansymrk-5 A. rhizogenes transformed
root with empty vector (EV). (B) complementation with pPanSYMRK:PanSYMRK
gene and (C) trans-complementation with pPanSYMRK:PanSYMRK® gene.
Visualization of Rhizophagus irregularis infection 6 weeks post-inoculation. Scale
barin (A abd B) is 72 uM, and in (C) is 36 uM.
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Figure S5: Analysis of SYMRK Intron 12 splice variant expression in T. orientalis
and P. andersonii roots. (A) Mapping of root RNA sequence reads to SYMRK gene
models of T. orientalis and P. andersonii showing a ~ 300 bp region around intron
12. (B) Difference in intron retention of SYMRK intron 12 and detected by qRT-PCR
in P. andersonii and T. orientalis RG33. The bar plot represents the means of three
biological replicates + SD.
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Ectopic expression of NSP2 in Parasponia

Abstract

Introduction: Plants strictly control root endosymbioses with nutrient-
scavenging arbuscular endomycorrhizal fungi or nodule inducing
diazotrophic bacteria. The GRAS-type transcriptional regulator
NODULATION SIGNALING PATHWAY 2 (NSP2) is a conserved hub in this
process. The NSP2-regulated transcriptional network is instrumental in
balancing nutrient homeostasis with symbiotic interactions. NSP2 activity is
modulated post-transcriptionally by a specific microRNA. Overriding this
control mechanism by ectopic expression of a miRNA-resistant NSP2
transgene enhances the symbiotic permissiveness to arbuscular
endomycorrhizal fungi. Such engineered plants may possess enhanced
capacities for nutrient uptake. However, the trade-off of this strategy on
plant development or other symbiotic interactions, like nodulation, is yet to
be fully understood.

Method: We used the nodulating Cannabaceae species Parasponia
andersonii as an experimental system to study the effect of ectopic NSP2
expression. Parasponia and legumes (Fabaceae) diverged 100 million years
ago, providing a unique comparative system to dissect the nodulation trait.

Results: Six independent transgenic Parasponia lines were generated that
differed in the level of NSP2 expression in the root from 6 to 95-fold higher
when compared to the empty vector control plants. Analysis of these plants
revealed a positive correlation between mycorrhization and the NSP2
expression level, as well as with the expression of the symbiosis
transcription factor CYCLOPS and the rate-limiting enzyme in the carotenoid
biosynthetic pathway PHYTOENE SYNTHASE1 (PSY1). Yet ectopic expression
of NSP2 affected plant architecture and root nodule organogenesis.

Discussion: This indicates a significant trade-off when leveraging NSP2 over-
expression to enhance endomycorrhization.
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Introduction

Plants explore mutualistic relationships with soil microorganisms to enhance
access to essential nutrients. The endosymbiotic interactions with
arbuscular mycorrhizal fungi and nodulating nitrogen-fixing bacteria like
rhizobia are the most advanced examples of such ecosystem services. As
these microbes are engulfed in plant cells, they largely depend on the plant's
supply of carbon sources. These intimate endosymbiotic associations
necessitate stringent regulation to prevent the microbes from exploiting the
plant, especially when excess exogenous nutrients are in the soil.

The GRAS-type transcriptional regulator NODULATION SIGNALING
PATHWAY2 (NSP2) acts as a central hub integrating the plant’s nutrient
homeostasis and symbiotic engagement to orchestrate adaptive responses
(Quilbé and Arrighi, 2021). NSP2 is first identified in legumes, where it is
essential for rhizobium-induced nodule formation (Oldroyd and Long, 2003;
Kalé et al., 2005; Heckmann et al., 2006; Ali et al., 2014; Shtark et al., 2016;
Peng et al., 2021). Subsequent genome studies revealed the gene is present
in many plant species and predates the evolution of angiosperms
(Lauressergues et al., 2012; Cenci and Rouard, 2017). NSP2 of different
species is, to a large extent, functionally conserved, as was shown in trans-
complementation studies of a Lotus japonicus nsp2 nodulation mutant using
OsNSP2 of rice (Oryza sativa) (Heckmann et al., 2006). In legumes and non-
legumes, NSP2 also controls mycorrhizal infection levels (Lauressergues et
al., 2012; Shtark et al., 2016; Li et al., 2022). Studies in barley (Hordeum
vulgare) suggest that NSP2 may do so by regulating the expression of several
common symbiosis signaling genes, including the transcription factor
HvCYCLOPS (Li et al., 2022).

NSP2 also acts as a transcriptional regulator of the strigolactone
biosynthesis pathway in a nutrient status-dependent manner (Liu et al.,
2011; Li et al., 2022). Strigolactones act in planta and ex planta. In planta,
strigolactones function as developmental hormones and control axillary bud
and lateral root outgrowth (Ruyter-Spira et al., 2011; Brewer et al., 2015;
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Marzec and Melzer, 2018). Upon phosphate starvation, plants exude
strigolactones into their rhizosphere, affecting the microbial community
composition, including the infectiveness of arbuscular mycorrhizal fungi
(Schlemperetal., 2017; Kobae et al., 2018; Carvalhais et al., 2019). Together,
these findings highlight the complex regulatory role of NSP2 as a signaling
hub.

NSP2 interacts with a suite of transcription factors to control the expression
of target genes. Studies in heterologous systems showed it interacts with
other GRAS-type transcriptional regulators like NSP1, DELLA, REQUIRED FOR
ARBUSCULAR MYCORRHIZATION1 (RAM1), and REQUIRED FOR
ARBUSCULAR DEVELOPMENT1 (RAD1), and the MYB-type transcription
factor INTERACTING PROTEIN OF NSP2 (IPN2) to control nodulation and/or
mycorrhization (Hirsch et al., 2009; Gobbato et al., 2012; Park et al., 2015;
Xue et al., 2015; Fonouni-Farde et al., 2016; Heck et al., 2016; Jin et al., 2016;
Pimprikar et al., 2016; Xiao et al., 2020). These transcriptional modules are
regulated in a complex manner. Studies in rice showed that NSP2 expression
is controlled by the MYB transcription factor PHOSPHATE STARVATION
RESPONSE 2 (OsPHR2), in response to phosphate starvation (Das et al., 2022;
Yuan et al., 2023). Additionally, NSP2 translation is controlled post-
transcriptionally by micrcoRNA miR171h (Lauressergues et al., 2012; Hofferek
et al., 2014). Transcript levels of miR171h correlate with available phosphate
concentration, suggesting that NSP2 is controlled transcriptionally and post-
transcriptionally in a nutrient-dependent manner (Hofferek et al., 2014).

To enhance sustainable agricultural productivity, reducing reliance on
inorganic fertilizers is essential. This can be achieved by better utilizing the
arbuscular mycorrhizal symbiosis. The ectopic expression of NSP2 improves
mycorrhization under exogenous phosphate concentrations that generally
inhibit the symbiosis, suggesting it represents a potential biotechnological
strategy to enhance nutrient uptake by the plant (Li et al., 2022; Isidra-
Arellano, Singh and Valdés-Lépez, 2024; Yuan et al., 2023). However, at this
stage, it remains elusive what the trade-off of such a strategy will be on plant
development or other symbiotic interactions, like nodulation.
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Studies in the legume models showed that NSP2 overexpression had no
effect on nodulation (Medicago truncatula) or resulted in clustering of
nodules on the root though not affecting the total number of nodules (L.
japonicus) (Lauressergues et al., 2012; Murakami et al., 2013). We used the
nodulating species Parasponia andersonii (Parasponia) as a comparative
experimental system complementary to legumes to study the effect of
ectopic NSP2 expression. The nodulation trait in Parasponia (Cannabaceae)
and legumes (Fabaceae) share an evolutionary origin but diverged soon
after (~¥100 million years ago) (van Velzen, Doyle and Geurts, 2019).
Parasponia nodules have a different ontogeny when compared to legumes
(Behm et al., 2014). Nevertheless, the same core set of symbiotic genes is
used to establish nitrogen-fixing root nodules, including NSP2 (van Velzen et
al., 2018; van Zeijl et al., 2018; Bu et al., 2020; Rutten et al., 2020; Alhusayni
et al., 2023). Parasponia is amenable for efficient Agrobacterium
tumefaciens-mediated transformation, giving TO transgenic plantlets within
~3 months that can subsequently be propagated vegetatively (Wardhani et
al., 2019). We generated independent transgenic Parasponia lines that
differ in the level of NSP2 expression from 6 up to 95-fold compared to the
empty vector control plants. Analysis of these plants revealed a correlation
between mycorrhization and the level of expression of NSP2, the
transcription factor CYCLOPS, and all genes in the biosynthetic pathways
required for the formation of strigolactones. Yet ectopic expression of NSP2
affected plant shoot development and root nodule organogenesis.

Results
Parasponia NSP2ox lines have a root and shoot branching phenotype

Parasponia PanNSP2 was studied previously, revealing it represents a single-
copy gene essential for rhizobium-induced nodulation (van Zeijl et al., 2018).
To enable ectopic expression of a stable PanNSP2 transcript, we first
identified the putative miR171h target site (Lauressergues et al., 2012). Such
a putative site was identified in the coding region and subsequently

96



Ectopic expression of NSP2 in Parasponia

removed by introducing synonymous DNA mutations (Supplementary
Figure S1A). An additional alteration was included in the PanNSP2 coding
region, which may enhance expression stability; the insertion of an intron
(Supplementary Figure S1B) (Feike et al., 2019). Ultimately, two miR171h
resistant PanNSP2 versions (mNSP2) were used for Parasponia
transformation, a construct with and one without an engineered intron,
both driven by the constitutive L. japonicus UBIQUITIN1 promoter (pLjUBQ1)
(Supplementary Figure S1B) (Maekawa et al., 2008).

Six transgenic Parasponia lines were selected, displaying a gradient level of
PanNSP2 ectopic expression ranging from a 6 to 95-fold increase in root
tissue (Figure 1A). In the shoots of these transgenic lines, mNSP2 was also
expressed; in tissues where PanNSP2 transcripts are normally not detected
(Supplementary Figure S2A). Noteworthy, lines possessing the mNSP2intron
construct generally have a lower transgene expression when compared to
constructs possessing mNSP2 with only an adapted miR171h target site.

To analyze whether morphogenic phenotypes are associated with mNSP2
ectopic expression in Parasponia, we selected lines 1, 3, and 6 that possess
a 6-, 51-, and 95-fold enhanced NSP2 expression in root tissue compared to
empty vector control plants. First, the root systems of 34-day-old plantlets
grown in vitro on EKM medium containing low levels of ammonium nitrate
(0.375 mM) and high levels of phosphate (3 mM) were analyzed. Control
plants transformed with an empty vector showed a highly branched root
system with up to 80 secondary lateral roots. This contrasts with what was
observed in mNSP2ox lines 3 and 6, in which the root system was less
branched, with only ~30 secondary lateral roots, whereas the primary root
length is unaffected (Figures 1B, C). Such root phenotype was not observed
on mNSP2ox line 1. As this line has only moderately levels of transgene
expression compared to lines 3 and 6, it suggests that repression of lateral
root growth has a threshold of PanNSP2 expression. Next, we analyzed the
shoot architecture of 60-day-old plantlets grown on potting soil. In the case
of shoot branching, control plants transformed with an empty vector
exhibited an average of 11 branches. In contrast, mNSP2ox lines showed
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Figure 1. Non-symbiotic phenotype of Parasponia mNSP2ox lines. (A) Relative expression
of NSP2 in root tissue of 6 independent lines compared to an empty vector control line
(Cont.). mNSP2ox lines 1 to 3 contain the transgene construct pLjUBQ1:mPanNSP2intron,
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whereas lines 4 to 6 carry pLjUBQI1:mNSP2. Expression was measured using qPCR (n=3). (B,
C) Quantification of the number of lateral roots (B) and primary root length (C) of control
and transgenic lines 1,3, and 6 in vitro grown 34 days post planting (dpp). (D, E)
Quantification of number of lateral shoot branching (D) and internode (E) of mNSP2ox lines
1, 3, and 6 at 60 days post planting (dpp). Different letters indicate significant differences
(p<0.05) between these lines as determined by One-way ANOVA in combination with
Tukey's post hoc test. All data are displayed in box plots, showing data points, the median,
and the interquartile range (IQR).

increased shoot branching, with an average of 14 to 16 branches,
respectively (Figure 1D). This increased number of lateral branches is
associated with an increased number of internodes (Figure 1E). This
phenotype is also observed in mNSP2ox line 1, indicating that NSP2-
controlled developmental effects on plant architecture in root and shoot
might have a different threshold. Quantification of internode diameter
suggests that ectopic PanNSP2 expression may also increase stem thickness,
even though the trees were all similar in size (Supplementary Figure S3).
Taken together, the data show that ectopic mNSP2 expression affects shoot
and root development in Parasponia.

Parasponia NSP2ox lines possess enhanced mycorrhizal infection

Over-expression of an NSP2 miR171h resistant allele in M. truncatula roots
enhances arbuscular mycorrhizal colonization under phosphate-limited
conditions (Lauressergues et al., 2012). Furthermore, a more recent study
showed that in M. truncatula and barley miR171h resistant NSP2 over-
expression promotes arbuscular mycorrhizal root colonization even under
exogenous phosphate conditions that are less amenable for the mycorrhizal
symbiosis. This response is associated with the up-regulation of the
strigolactone biosynthesis pathway (Li et al., 2022). We questioned whether
Parasponia mNSP2ox lines also possess enhanced mycorrhization
colonization levels. We tested two phosphate conditions; 20 uM and 3 mM
exogenous Pi, and inoculated all six mNSP2ox lines with Rhizophagus
irregularis DOAM197198 spores. Mycorrhization levels were scored 6 weeks
post inoculation. Empty vector control plants can be colonized under both
conditions, though the high exogenous phosphate concentration affects
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arbuscular mycorrhizal infection levels, most notably the number of vesicles
formed. In the mNSP2ox lines, the number of hyphae, arbuscules, and
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Figure 2. Ectopic expression of PanNSP2 in Parasponia enhances mycorrhizal colonization.
Mycorrhizal colonization grown at low exogenous phosphate condition (20 uM P04*) (A-C)
and high exogenous phosphate condition (3000 uM PO4*) (D-F). Parasponia lines 1 to 3 are
transformed with pLijUBQ1:mPanNSP2intron construct, whereas lines 4 to 6 contain
pLiUBQ1:mPanNSP2. Different letters indicate significant differences (p<0.05) between
these lines as determined by One-way ANOVA followed by a Tukey’s post hoc test. Plants
were harvested 6 weeks post-inoculation (6 wpi) with 300 spores/plant. All data are
displayed in box plots, showing data points, the median, and the interquartile range (IQR).
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vesicles was significantly increased under both phosphate conditions when
compared to the empty vector control line (Figure 2). At high exogenous
phosphate conditions, the level of mycorrhizal colonization is associated
with the level of PanNSP2 expression. Thus, we conclude that ectopic
expression of PanNSP2 in Parasponia promotes mycorrhization, which is
consistent with reported data in M. truncatula and barley.

NSP2 enhances the expression of genes in the carotenoid biosynthetic
pathway under nutrient starved and nodulation permissive growth
conditions

To identify genes that are potentially directly or indirectly regulated by NSP2
in Parasponia, we investigated the transcriptional effect of increased mNSP2
expression under two distinct nutrient conditions. First plants were grown
for 6 weeks on nutrient-rich medium containing 24.72 mM NOz~, 2.6 mM
NHs*, and 2.6 mM PO4*> and subsequently transferred for 3 weeks to
nutrient starved medium (no nitrogen (N) or phosphate (P) source). This
treatment will enhance the mycorrhizal responsiveness of the plants. In the
second treatment, the plants were transferred from the nutrient-rich
medium to nodulation medium, which contains high phosphate levels (0.375
mM NHsNOs; and 3 mM POs*) (see Materials & Methods). The Pearson
correlation test revealed that under nodulation permissive conditions,
2.73% (873 genes) exhibited a positive correlation with NSP2 expression,
while only 0.95% (305 genes) showed a negative correlation (p-value, BH <
0.05). Conversely, under nutrient starved conditions, 1.70% (525 genes)
were positively correlated with NSP2, and 1.74% (536 genes) were
negatively correlated (Supplementary Table S1). Most genes displayed a
non-significant correlation with NSP2 under either condition (Figure 3A).

We performed a hypergeometric test on the overlap between the positive
and negative correlated gene sets under both nutrient conditions. The
results indicated a p-value of 0 for the overlap in positively correlated genes
and a p-value of 1.250571e-96 for the negatively correlated gene set. These
findings led us to conclude that NSP2 consistently regulates a core set of
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genes, regardless of nutrient conditions, with a subset of genes showing
differential regulation attributable to the nutrient environment (Figure 3B).

Studies in M. truncatula, rice, and barley suggest that ectopic expression of
NSP2 enhances the colonization of plant roots by arbuscular mycorrhizal
fungi, potentially through the modulation of the strigolactone biosynthetic
pathway (Liu et al., 2011; Li et al., 2022). We investigated the activation of
the methylerythritol phosphate (MEP), carotenoid, strigolactone, zaxinone,
and abscisic acid (ABA) biosynthetic pathways in roots of Parasponia
mNSP2ox lines (Figure 4A; Supplementary Table S1). This revealed a
positive correlation between the expression of NSP2 and all genes encoding
enzymes in the carotenoid, strigolactone, and zaxinone pathways (Figure
4B, Supplementary Table S1). The encoded enzymes of these genes convert
geranylgeranyl pyrophosphate at the start of the carotenoid pathway into
strigolactones (Okada et al., 2000; Ablazov et al., 2023). In addition, the
expression levels of genes required for the biosynthesis of the
apocarotenoid zaxinone correlate with the NSP2 expression. Zaxinone may
actin a positive feedforward loop towards strigolactone biosynthesis, as was
shown in rice (Votta et al., 2022). Taken together, it is most probable that
Parasponia NSP2 ectopic expression leads to an increased biosynthesis of
strigolactones in Parasponia root tissue.

Next, we questioned whether the transcriptional activation of the
strigolactone biosynthetic pathway also occurs in the shoot of mNSP2ox
lines. To test this, we used real-time polymerase chain reaction (QRT-PCR) to
quantify the expression of three Parasponia genes, DWARF27 (PanD27),
CAROTENOID CLEAVAGE DIOXYGENASE7 (PanCCD7), and PanCCDS8, in
shoots of lines 1, 3, and 6 under both nutrient conditions (Supplementary
Figure S2 and Supplementary Table S4). This revealed that NSP2 can also
activate the expression of these genes in shoot tissue.

Together, these observations lead us to conclude that enhanced NSP2
expression in Parasponia markedly enhances the expression of genes
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essential for strigolactone biosynthesis and the apocarotenoid zaxinone

across varying nutrient conditions.
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Figure 3. Pearson correlation of all Parasponia genes versus NSP2 profiles under
arbuscular mycorrhizal and nodulation permissive nutrient conditions. (A) Pearson
correlation coefficients are sorted in ascending order. Genes that are significantly positively
correlated are colored in red, while negatively correlated genes are colored in blue.
(Benjamini-Hochberg adjusted p-value, BH < 0.05) (B) Venn diagrams illustrate the overlap
between genes that positively and negatively correlate with NSP2 expression for the two
nutrient conditions.

NSP2 enhances the expression of a limited number of symbiosis genes
among which is CYCLOPS

We also analyzed the expression dataset for symbiosis genes of which the
expression correlates with mNSP2 expression. This revealed that the
expression of only a limited subset of the symbiosis-related genes positively
correlated with mNSP2 expression (Figure 5; Supplementary Table S1).
Among the positively correlated genes, the transcription factor
PanCYCLOPS, the two transporters STUNTED ARBUSCULE2 (PanSTR2) and
YELLOW STRIPE-LIKE 1 (PanYSL1), and ANNEXIN 1 (PanANN1) were shared
between both growth conditions. Intriguingly, the genes encoding a nuclear
envelope localized cation channel CASTOR and the VAMP-associated protein
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VAPYRIN (PanVPY) show only positive correlation with NSP2 expression
under nodulation permissive conditions, whereas studies in legumes
indicated they are also essential for mycorrhizal symbiosis (Imaizumi-Anraku
et al., 2005; Pumplin et al., 2010; Murray et al., 2011). Conversely, under
nutrient starved conditions, a negative correlation with NSP2 expression
was observed with several transcription factor genes, including NIN-LIKE
PROTEIN1 (PanNLP1) and several NUCLEAR FACTOR Y genes: PanNFYAS5,
PanNFYA6, PanNFYA7,  PanNFYB6, PanNFYB8, and  PanNFYC4
(Supplementary Table S3). This indicates a complex regulatory network
where enhanced NSP2 expression differentially influences the expression of
a few symbiosis-related genes depending on the nutrient status of the plant.
This observation suggests a nuanced role of NSP2 in the regulatory network
governing symbiotic permissiveness.

To investigate the gene expression patterns during mycorrhization and
nodulation in Parasponia and their interplay with NSP2 expression, we
plotted the Log,fold changes of genes in mycorrhizal roots and young
developing nodules (Supplementary Table S3) against their Pearson
correlation coefficients with PanNSP2 expression under both conditions
(Figure 6). This revealed that PanSTR2 not only exhibits upregulation in
mycorrhizal roots, but also is transcriptionally induced young developing
Parasponia nodules. When focusing on the carotenoid and strigolactone
biosynthetic pathways, only a single gene stood out; namely PHYTOENE
SYNTHASE1 (PanPSY1). Parasponia possesses three gene copies encoding
phytoene synthases (Supplementary Figure S4), of which only one
correlates with NSP2 expression. PanPSY1 is transcriptionally enhanced in
mycorrhizal roots (0.58 Log,fold (1.5 fold) upregulated) and young nodules
(6.47 Log,fold (89.7 fold) upregulated) (Supplementary Table S3). Phytoene
synthase catalyzed the first step in carotenoid biosynthesis and is a major
rate-limiting enzyme (Zhou et al., 2022). This suggests that NSP2-controlled
of PanPSY1 expression represent a critical step in the biosynthesis of
downstream products, including strigolactones in Parasponia roots that
associate with arbuscular mycorrhizal fungi or nitrogen-fixing rhizobia.
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Figure 4. Schematic representation of the carotenoid biosynthetic pathway in Parasponia
and heatmap of differential gene expression in root tissue in Parasponia under nutrient
starved mycorrhiza and nodulation permissive conditions. (A) Parasponia genes found to
be positively correlated with NSP2 over-expression level are colored in red, while non
correlating genes are colored in black. The MEP biosynthetic pathway is shaded with light
green, the carotenoid biosynthetic pathway is shaded with light yellow, the strigolactones
biosynthetic pathway is shaded light cyan, the ABA biosynthesis pathway is shaded with
light magenta, the zaxinone biosynthesis is shaded light orange, the blumenol and
mycorradicins biosynthesis is shaded green, and the Lutein biosynthesis is shaded light
cornflower blue. Enzyme names are based on annotations in Arabidopsis thaliana and
Parasponia andersonii. Biosynthetic pathway is based on Wakabayashi et al., 2019;
Wakabayashi et al., 2020; and Li et al., 2022. (B) Heatmap of gene expression in the
carotenoid pathway across different lines: Pannsp2-9 knockout mutant, mNSP2ox1,
mNSP20ox3, and mNSP2ox6 ectopic expression lines. Expression levels are indicated by color
intensity, with the scale representing log,fold changes. Each row represents a gene from
the carotenoid pathway.

Parasponia NSP2 ectopic expression induces epidermal cell proliferation
upon rhizobium inoculation

Given that NSP2 is critical for both mycorrhization and nodulation, we
investigated whether overexpression of mNSP2 could enhance symbiotic
interactions with rhizobia. To test that, we grew all six mNSP2ox lines on
nodulation medium (0.375 mM NHsNO3, 3 mM PO4*) and scored the
number of nodules at 8 weeks post inoculation with Mesorhizobium
plurifarium BOR2. We observed fewer nodules on lines with the highest
mNSP2 expression (Figure 7A). We examined the cytoarchitecture of these
nodules, revealing a wild-type phenotype where infection threads and
fixation threads were formed (Figures 7B-D). A surprising observation was
the occurrence of abnormal cell divisions on roots of plants highly expressing
mNSP2. To determine if this cell proliferation was spontaneous due to the
level of PanNSP2 expression or a response to rhizobium application, we
grew plantlets of three PanNSP2 over-expressor lines with fold change in
gene expression of 6, 51, and 95 on nodulation medium either non-
inoculated or inoculated with M. plurifarium BOR2. Under the non-
inoculated condition, all mNSP2ox lines showed no such epidermal cell
divisions, whereas under inoculated conditions, mNSP2ox lines with 51 and

106



Ectopic expression of NSP2 in Parasponia

95-fold increase in mNSP2 expression, but not 6-fold, exhibited foci of
massive cell divisions (Figures 7E-G). This shows that high levels of NSP2

Symbiosis network
Gene ID Nutrient starved Nodulation permissive

RPG PanWU01x14_272380 -
NFYB13 PanWU01x14_356840 -
LYK15 PanWU01x14_258260 -

CLV1 PanWUO1x14_059040 -
ERN1 PanWU01x14_232360 -
NFYB11 PanWU01x14_007750 -
NFYB6 PanWU01x14_175610 -
LYK16 PanWu01x14_258280 -
LYK8 PanWUQ1x14_320270 -
IPN1 PanWUQ1x14_155850 -
NFYAT PanWU01x14_231390 -
NFYC6 PanWU01x14_221860 -
NFP1 PanWU01x14_320240 -
NFYC2 PanVWU01x14_052600 -
LYK4 PanWUQ1x14_195880 -
NLP1 PanWU01x14_370700 -
DELLA3 PanWU01x14_178200 -
NFYC3 PanWU01x14_029060 -
LYK& PanWUQ1x14_320280 -
HK4 PanWU01x14_103380 -
NFYB8 PanWU01x14_319830 -
NUP133 PanWU01x14_002720 -
NFYB5 PanWU01x14_267250 -
NFP2 PanWUQ1x14_320250 -
NFYCS PanVWU01x14_021840 -
LYK10 PanVWUO1x14_332450 -
NFYB10 PanWU01x14_171710 -
NFYC4 PanWU01x14_006060 -
LYK21 PanWUQ1x14_299290 -
TML PanWU01x14_146960 -
DELLA2 PanWU01x14_290070 -
LYK3 PanWu01x14_281010 -
LYKB PanWU01x14_320300 -
NFYAS PanWU01x14_192760 -
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NFYA2 PanWU01x14_161830 -
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NFYBY PanWU01x14_140550 -
LYK11 PanWuU01x14_280560 -
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NLP5 PanWU01x14_262620 -
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SYMRK PanWUO01x14_309110 -
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NLP2 PanWU01x14_210420 -
NIN PanWuU01x14_111140 -
NFYA3 PanVWU01x14_246880 -
HK3 PanWU01x14_222240 -
NSP1 PanWU01x14_334180 -
CCaMK PanWU01x14_157640 -
LYK12 PanVWUO1x14_147180 -
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ANN1 PanWUQ1x14_229570 -
NFYB4 PanWU01x14_327140 -
CASTOR PanWU01x14_023060 -
NOOT1 PanWU01x14_292800 -
NFYB3 PanWU01x14_356950 -
LYK18 PanWUO1x14_328150 -
STR2 PanWU01x14_309120 -
VPY PanWUO01x14_341680 -
CYCLOPS Pan\WU01x14_263790 -
NFYB12 PanWU01x14_171770 -
YSL1 PanWU01x14_242440 -
RAM1 PanWU01x14_146390 -
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Figure 5. Heatmap of genes involved in the symbiosis network across different lines:
Pannsp2-9 knockout mutant, mNSP2ox1, mNSP20x3, and mNSP2ox6 ectopic expression
lines. Expression levels are indicated by color intensity, with the scale representing Log,fold
changes. Each row represents a gene from the symbiosis pathway.

promote cell proliferation in response to rhizobium inoculation. Sections of
these aberrant structures revealed mitotic activity in epidermal, cortical and
endodermal cell layers, (Figures 7H and 1). We concluded that increased
NSP2 expression in Parasponia negatively regulates nodule formation and
causes abnormal proliferation of root tissue in response to rhizobium
inoculation.

Discussion

The GRAS-type transcriptional regulator NSP2 serves as a conserved hub
that regulates the expression of symbiotic genes and genes essential for
strigolactone biosynthesis. As such, NSP2 performs a dual function. The gene
is essential for rhizobium-induced root nodule formation in legumes and the
Cannabaceae species Parasponia (Kald et al., 2005; Heckmann et al., 2006;
van Zeijl et al., 2018; Peng et al., 2021). Additionally, NSP2-controlled
strigolactones are exuded into the rhizosphere, serving as stimulants for
arbuscular mycorrhizal fungi (Liu et al., 2011). Remarkably, ectopic
expression of NSP2 in barley and rice has been shown to increase arbuscular
mycorrhizal colonization rates under various nutrient conditions, while the
reported trade-offs in plant developmental traits are relatively minor (Li et
al., 2022; Yuan et al., 2023). This opens up opportunities to investigate the
effects of enhanced NSP2 expression on plant development and
endosymbioses in different species (Isidra-Arellano, Singh and Valdés-Ldpez,
2024). We focused on Parasponia, the only non-legume known to form
nitrogen-fixing root nodules with rhizobium and revealed novel phenotypes
associated with increased NSP2 expression.

We generated six independent Parasponia NSP2 ectopic expression lines
that differ in NSP2 over-expression from 6 to 95-fold compared to the root
tissue of control plants. These transgenic lines allowed us to correlate
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phenotypic responses to NSP2 expression levels. This revealed that the
mycorrhizal infection levels positively correlate with NSP2 expression.

We also explored the ectopic expression lines to identify genes of which the
expression correlates positively with NSP2 expression. Thereby we focused
on two gene sets; the pathways that lead to strigolactone biosynthesis and
a set of (putative) symbiosis genes. In the case of symbiosis genes, only a
few genes showed a correlation with NSP2 expression (Supplementary
Table S1). Of these PanCYCLOPS is most relevant. CYCLOPS is a transcription
factor that functions in the common symbiosis signaling pathway as the last
shared hub of arbuscular mycorrhizal- and rhizobium-induced signaling
(Capoen and Oldroyd, 2008). Studies in a range of plant species showed that
CYCLOPS is critical for both symbioses (Chen, Ané and Zhu, 2008; Yano et al.,
2008; Horvath et al., 2011; Das et al., 2019; Jin et al., 2018; Prihatna et al.,
2018). CYCLOPS and NSP2 can form a complex having DELLA as an
intermediate (Jin et al., 2016). Studies in M. truncatula showed that the
CYCLOPS orthologs INTERACTING PROTEIN OF DMI3 (MtIPD3) and IPD3-LIKE
(MtIPD3L) are critical for mycorrhizal-induced signaling when plants are
grown at higher exogenous phosphate levels (Lindsay et al., 2019).
Furthermore, constitutive expression of auto active variants of Mt/PD3 and
MtIPD3L induces the expression of several arbuscular mycorrhizal symbiosis
genes, including MtVPY (Lindsay et al., 2019; Lindsay et al., 2022). We found
PanVPY to be associated with mNSP2ox expression in Parasponia when
grown at nodulation permissive conditions, which contains a relatively high
phosphate concentration, but not under nutrient starved (mycorrhizal
permissive) conditions. This led us to conclude that NSP2-controlled PanVPY
expression is phosphate-dependent in Parasponia, a response that may
require CYCLOPS-DELLA-NSP2 complex formation.

Analyzing the strigolactone biosynthetic pathways revealed that the
expression of all genes encoding essential enzymes for the biosynthesis of
carotenoids, strigolactones, and zaxinone positively correlates with NSP2
expression. In contrast, side branches leading to abscisic acid and lutein do
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Figure 6. Scatterplot displaying the expression correlation between PanNSP2 and
mycorrhizal-induced and nodulation-induced genes. (A) Scatterplot representing the
Log,fold change in gene expression of wild type mycorrhizal Parasponia roots against the
corresponding Pearson correlation (Supplementary Table S1) with mNSP2 overexpression
under nutrient starved conditions. (B) Scatterplot representing the Log,fold change of gene
expression in young wild type Parasponia nodules against the corresponding Pearson
correlation (Supplementary Table S1) with mNSP2 expression in nodulation permissive
conditions. Each point indicates a Parasponia gene; blue points denote genes negatively
correlated with mNSP2 expression, red points represent genes with a positive correlation,
and gray points signify non-significant correlations. Several marker genes of mycorrhization
and/or nodulation are indicated. Genes representing the carotenoid pathway are indicated
by a circle.
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Figure 7: Rhizobium-induced nodulation on Parasponia NSP2ox lines. (A) Nodule number
per plant of empty vector control (Cont.) and mNSP2ox lines 1 to 6 8 weeks post-inoculation
(wpi) with M. plurifarium BOR2. Different letters indicate significant differences (p<0.05)
between these lines as determined by One-way ANOVA followed by a Tukey’s post hoc test.
Data is displayed in a box plot, showing data points, the median, and the interquartile range
(IQR) (B-D) Representative image of a section through a mature nodule formed on an empty
vector control line (cont.) (B), mNSP2ox lines 2 (C), and mNSP2ox lines 3 ( D) (8 wpi). Scale
bar is 75 um. m, nodule meristem; in, infection zone; fix, fixation zone; v, nodule
vasculature. (E-G) Bright-field image of nodulated root of the empty vector control line
(cont.) (E), and the root of mNSP2ox line 6 showing rhizobium-induced irregular cell
divisions (F, G) (10 wpi). Scale bar in (E) and (F) is 5 mm and in (G) is 0.2 mm. (H, I)
Longitudinal sections of rhizobium-induced irregular cell divisions on the root of mNSP2ox
line 6 (10 wpi). Scale bar is 287um.

not show such a response. A critical gene in the carotenoid pathway, namely
PanPSY1, is also enhanced upon rhizobium and mycorrhizal inoculation. PSY
commits the first step in the carotenoid pathway converting geranylgeranyl
pyrophosphate into 15-cis-phytoene and is generally considered the rate-
limiting step in carotenoid biosynthesis (Zhou et al., 2022). PSY functioning
is controlled by several mechanisms, in which transcriptional regulation
plays an important role (Stanley and Yuan, 2019). Enhancing PSY expression
has been utilized extensively in plant biotech approaches to enhance
carotenoid biosynthesis (Zhou et al., 2022). We hypothesize that in
Parasponia the symbiotic regulation of PanPSY1 in response to arbuscular
mycorrhizal infection or rhizobium-induced nodulation is a critical factor
ultimately in the biosynthesis of strigolactones.

High expression levels of NSP2 also cause pleiotropic phenotypes. Some of
these, like reduced axillary bud outgrowth, increased secondary thickening
of the stem, and reduced lateral root formation are known strigolactone -
controlled responses (Waters et al., 2017). In addition, we observed
irregular cell divisions upon rhizobium-inoculation in roots of some
Parasponia mNSP2ox lines. The structures formed resemble enlarged pre-
nodules, which can serve as infection pockets to facilitate rhizobial crack
entry (Lancelle and Torrey, 1984). A function of NSP2 in the formation of
rhizobium infection pockets is also known in the legume Aeschynomene
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avenia. Like in Parasponia, rhizobium penetrates A. avenia by crack entry.
Under nodulation permissive conditions, but in absence of rhizobium, A.
avenia forms clusters of multicellular auxiliary hair-like cells at the base of
newly formed lateral roots. These structures can be explored by rhizobium
as an infection pocket that guides bacterial entry (Bonaldi et al., 2011). A.
avenia nsp2 mutants do not form such infection pockets (Quilbé et al.,
2022). Together, these experiments suggest the importance of a balanced
NSP2 expression in the formation of pockets that ultimately can be explored
by rhizobium as a starting point of intracellular infection.

Ectopic expression of NSP2 also affects plant architecture. mNSP2ox
Parasponia trees have a reduced number of lateral roots but more lateral
shoot branches. Studies in rice revealed similar developmental phenotypes,
where OsNSP2ox results in increased tiller formation and a reduced number
of lateral roots (Liu et al., 2011; Yuan et al., 2023). These phenotypes
question whether exploring NSP2 ectopic expression in a biotech approach
aiming to improve crop yield in low phosphate environments is a realistic
strategy (Isidra-Arellano, Singh and Valdés-Lépez, 2024). Our findings
advocate using tissue-specific promoters to obtain enhanced
mycorrhization while minimizing pleiotropic phenotypes in plant
architecture. Studies in rice indicate that using native promoter elements to
enhance expression of GRAS-type transcriptional regulators might be the
way forward to improve agronomic traits under low and medium-
phosphorus conditions (Yuan et al., 2023).

Materials and methods

Plant materials and growth conditions

The tissue culture propagation and maintenance of Parasponia plants were
done on agar plates supplemented with Parasponia propagation medium.
This medium contains 3.2 g/L SH-basal salt, 1 g/L SH-vitamin mixture, 10 g/L
sucrose, 1 mL/L BAP (1 mg/mL), 100 uL/L IBA (1 mg/mL), 3 mL/L MES (1 M,
pH 5.8), and 8 g/L Daishin agar (van Zeijl et al., 2018; Wardhani et al., 2019).
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Performance of nodulation and mycorrhization assays was carried out on
platelets vegetatively grown and rooted following previously published
procedures (van Zeijl et al., 2018; Wardhani et al., 2019).

Nodulation assay and analysis

Rooted plantlets were grown in 1 liter crystal-clear polypropylene pots
(0OS14BOX, Duchefa Biochemie, Netherlands) half-full, with a mixture (1:2
ratio) of river sand and agri perlite (Massmond-Westland, Netherlands). The
mixture was watered with modified EKM medium [15 uM Fe-Citrate, 3 mM
MES (pH 6.6), 6.6 UM MnSQg4, 4.1 uM NazMoO4, 2.08 mM MgSQO4, 0.70 mM
NazS04, 1.4 mM CaClz, 0.375 mM NH4NOs3, 1.5 uM ZnS0O4, 0.88 mM KH2PO4,
1.6 UM CuSQg4, 2.07 mM K;HPO4, and 4 uM H3BOs] (Becking, 1983) and
inoculated with Mesorhizobium plurifarium BOR2 (OD600 = 0.025).
Inoculated plants were then incubated in a controlled climate room at 85%
humidity, under a 16 /8 h day/night growth condition for eight weeks. Plants
were removed from pots and washed under running tap water followed by
quantification of total nodule number and harvest of some nodules for
sectioning. Subsequently, harvested nodules were fixed in 0.1 M phosphate
buffer (pH 7.2) containing 0.5% glutaraldehyde followed by vacuum
application for 60 minutes. Next, nodules were embedded in infiltration
plastic, Technovit 7100 (Heraeus-Kulzer, Germany), following the protocol
provided by the manufacturer. A Leica RJ2035 microtome was used to make
4.5 um plastic sections which were stained with 0.5% toluidine blue. A Leica
DFC425c camera was used to make high resolution images of the
cytoarchitecture of the fixed nodules.

Mycorrhization assays and ink staining

Rooted plantlets were placed in pots half-filled with a mixture (5:1 ratio) of
river sand and commercial potting soil and watered with half-strength
Hoagland’s medium containing 20 uM phosphate (low P condition) or 3 mM
(high P condition). Plants then were incubated in a controlled climate room
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at 85% humidity, under a 16 /8 h day/night regime for two weeks followed
by inoculation with 300 spores of Rhizophagus irregularis fungi
(Agronutrion-DAOM197198, Carbonne, France) and subsequent incubation
for 6 weeks. Afterwards, plants’ roots were harvested and treated with 10%
(w/v) KOH and boiled for 30 minutes at 90 °C and then stained in a staining
solution contains 5% acetic acid and 3% ink (Waterman Vulpen, Zwolle, the
Netherland) for 15 minutes at 90 °C. Next, fungal colonization and formation
of arbuscules and vesicles were quantified, using the gridline intersect
method (Giovannetti and Mosse, 1980), and high-resolution images were
taken, using a Leica CTR66000 microscope.

Vector constructs

All vectors used in this study were propagated in Escherichia coli strain DH5a
and assembled, using Golden Gate Cloning (GGC) as was previously
described (Engler et al., 2009). Level one and two acceptors and binary
vectors used for the assembly were obtained from the GGC toolbox (Engler
et al., 2014). Parasponia clone of NSP2 coding sequence (CDS) with and
without insertion of intron 10 of Arabidopsis thaliana UBQ10 gene (intron)
in the first putative splicing site in NSP2 CDS, including silent mutation in
microR171h putative site and golden gate Bsal or Bpil restriction sites was
synthesized as level zero vectors. Subsequently, level zero vectors of NSP2,
Lotus japonicus UBQ1 (LjUBQ1) promoter, C-terminal Myc tag, and
Agrobacterium tumefaciens nopaline synthase terminator (T-NOS) were
recombined into level one acceptor. Finally, level one vectors of NSP2 with
or without (intron), including Kanamycin resistant level one vectors were
recombined into Level 2 binary vectors. All binary GGC vectors were
validated by restriction enzymes and sequencing before transformation.

Plant transformation and Genotyping

Level 2 binary vectors were transformed into Agrobacterium tumefaciens
AGL1 strain, using Eppendorf Eporator (Eppendorf SE, Hamburg Germany).
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Transformed AGL1 were then grown on lysogeny broth (LB) agar plate
supplemented with appropriate antibiotics and incubated at 28 °C for 2
days. Parasponia plant transformation was carried out as previously
described (van Zeijl et al., 2018; Wardhani et al., 2019), so young stems and
petioles were collected from Parasponia trees grown in controlled
greenhouse conditions at 85% humidity and under a 16 /8 h day/night
regime. The surface of the stems and petioles was sterilized with 2.5%
bleach with a few drops of Tween 20, and subsequently stems and petioles
washed six times with sterile water followed by a co-cultivation with AGL1
strains carrying constructs of interest for 2 days. Afterwards, transformed
stems and petioles were transferred to callus induction medium
supplemented with cefotaxime (300ug/ml) and kanamycin (50ug/ml)
antibiotics for one week followed by transferring to plant propagation
medium supplemented with cefotaxime (300ug/ml) and kanamycin
(50pg/ml) antibiotics, refreshed every 1-2 weeks until transgenic shoots
were formed. Genotyping was performed using a pair of primers designed
to anneal to the Lotus japonicus UBIQUITIN 1 PROMOTER (pLjUBQ1) and the
C-terminal Myc tag, with amplification carried out using the Phire Plant
Direct PCR kit (Thermo Fisher, F130WH), following the manufacturer's
protocol.

Plant growth conditions for RNA-sequencing

Parasponia plant lines, consisting of three NSP2 overexpression mutants
(mNSP2ox1, mNSP20x3, and mNSP20x6), a nsp2 knockout (nsp2-9), and
control line 46 with an empty vector were selected. The mNSP2
overexpression mutants displayed mNSP2 expression levels of 6, 51, and 95-
fold higher than empty vector control. Selected plants were cultivated for 6
weeks on nutrient rich medium containing 24.72 mM NO3~, 2.6 mM NH;*
and 2.6 mM PO4*. Next, cultivated plants were transferred for 3 weeks to
either nutrient starved medium (no N and P resource), or the nodulation
permissive medium (0.375 mM NH4NOs and 3 mM PO4%).
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Subsequently, healthy plantlets were transferred to pots containing a 2:1
ratio of perlite to sand. Each pot was supplemented with 150 mL of EKM
medium, with or without nitrogen and phosphorus, referred to as
nodulation permissive (low nitrate, high phosphate) and nutrient starved
(low nitrate and low phosphate) treatments, respectively. Pots were
populated with three plantlets of a single genotype and grown under a 16-
hour light/8-hour dark photoperiod for 21 days. Following this period, roots
from each pot were pooled for RNA extraction.

RNA extraction and quality control

For each treatment, five root samples weighing 50 mg each were collected.
Tissue lysis was performed using a QIAGEN Tissuelyser LT, followed by
sequential phenol:chloroform and chloroform extractions. Nucleic acid
precipitation was performed using sodium acetate, followed by sequential
washing steps with isopropanol and ethanol to purify the samples.
Subsequently, the samples were treated with DNase to eliminate genomic
DNA contamination. A second round of phenol:chloroform and chloroform
extractions was conducted. The RNA was then re-precipitated in ethanol and
re-suspended in nuclease-free water. The concentration of the isolated RNA
was quantified using both a Biochrom SimpliNano™ Spectrophotometer and
a Qubit 2.0 Fluorometer, utilizing Broad Range Assay Kits. RNA integrity was
confirmed through gel electrophoresis. To validate NSP2 expression levels,
quantitative polymerase chain reaction (qPCR) was employed. ACTIN and
Elongation Factorl Alpha (EFla) served as the housekeeping genes for
normalization.

RNA-seq library preparation and high-throughput sequencing

For each harvested sample, mRNA was isolated from total RNA utilizing poly-
T oligo-attached magnetic beads. The resulting mRNA served as the
template for first-strand cDNA synthesis, which was initiated with random
hexamer primers, and subsequently followed by second-strand cDNA
synthesis. Sample quality and nucleic acid concentration were quantitatively
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assessed using Qubit and gPCR assays, using EFla and ACTIN for
normalization genes. Size distribution of the samples was further confirmed
via bioanalyzer analysis. Three biological replicates for each sample
exhibiting the best characteristics (quantity and quality) for sequencing
were selected for library preparation and sequencing, conducted at
Novogene UK (Cambridge, United Kingdom). The resulting libraries were
pooled and subjected to paired-end sequencing on an lllumina NovaSeq
6000 platform. Each biological replicate generated approximately 25 million
reads, with each read consisting of 150 base pairs.

The quality of the sequenced reads was assessed using FastQC and
subsequently visually inspected through MultiQC. Remaining adapters and
low-quality bases were trimmed using Trimmomatic with settings
TRAILING:3, SLIDINGWINDOW:4:15, MINLEN:50, HEADCROP:12. Transcript
abundances were quantified with Kallisto, and the resulting files were
loaded into R Studio version 2022.07.2 using R version 4.1.1. Differential
gene expression analysis was conducted using DESeq2 for each condition
(Nodulation permissive and nutrient starved) separately (Supplementary
Table S2).

Correlation Analysis between NSP2 Overexpression and Gene Expression

Pearson correlation analysis was performed for each nutrient condition
(nodulation permissive and nutrient starved) to assess the expression
correlation with NSP2. The analysis was conducted in R, calculating the
correlation, p-value, and False Discovery Rate (FDR, or adjusted p-value). An
FDR cutoff of 0.05 was applied and used to categorize the correlation as
positive, non-significant, or negative. The Pearson correlation graphs were
plotted using the ggplot2 package. Overlapping genes between nutrient
conditions were visualized using the VennDiagram package in R.

Prominent pathways featuring upregulated genes under mNSP2
overexpression conditions, as well as genes of interest related to nodulation
and mycorrhization in Parasponia, were selected for detailed investigation.
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The first set, named the "Symbiosis Network," consists of a gene set in
Parasponia previously annotated (Supplementary Table S1). The second set
includes genes involved in the carotenoid biosynthesis pathway in
Parasponia. Orthologous genes in Parasponia involved in carotenoid
biosynthesis were identified using gene IDs from Arabidopsis thaliana, as
reported in the study by (Li et al.,, 2022) (Supplementary Table S1).
Corresponding gene IDs for Parasponia were identified through a reciprocal
best BLAST hit approach, using the Arabidopsis gene IDs as references.
BLASTP was performed with the following parameters: E-value cutoff of 1le-
5, BLOSUMG62 scoring matrix, gap penalties of 11 for existence and 1 for
extension, and a word size of 3. The top BLAST hits in Parasponia were then
used for a reverse search against the TAIR Araport 11 protein set to verify
orthologous relationships.

Data analysis on mycorrhization and Young nodules data

Parasponia wild type young nodule data were previously published under
PRINA272473. Additionally, an experiment was conducted on Parasponia
plants inoculated with Rhizophagus irregularis (MYC+) or left uninoculated
(MYC-) (van Velzen et al., 2018; van Zeijl et al., 2018; Bu et al., 2020; Rutten
et al., 2020; Alhusayni et al., 2023). Parasponia plants were grown under
controlled greenhouse conditions with a 16-hour light/8-hour dark
photoperiod at 28°C and 85% humidity. The growth medium consisted of a
mixture (5:1 ratio) of river sand and commercial potting soil and watered
with half-strength Hoagland solution containing 20 uM PO, every other
week. After placing the plants in pots, they were allowed to recover for 2
weeks before being inoculated with 300 R. irregularis spores. Root samples
were harvested 42 days after inoculation.

Total RNA was extracted from collected samples using the RNeasy Plant Mini
Kit (Qiagen). mRNA was isolated from total RNA using poly-T oligo-attached
magnetic beads. The isolated mRNA served as the template for first-strand
cDNA synthesis, initiated with random hexamer primers, followed by
second-strand cDNA synthesis. Sample quality and nucleic acid
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concentration were assessed using Qubit and gPCR assays. Size distribution
of the samples was confirmed via bioanalyzer analysis. Three biological
replicates per sample exhibiting the best characteristics (quantity and
quality) were selected for library preparation and sequencing.

Sequencing was conducted at Novogene UK (Cambridge, United Kingdom)
using an lllumina NovaSeq 6000 platform. Each biological replicate
generated approximately 25 million paired end reads of 150 base pairs. The
quality of the sequenced reads was assessed using FastQC and subsequently
visually inspected through MultiQC.

To analyze the RNA-seq dataset from nodule stages 1, 2, and 3 versus roots,
as well as mycorrhization data of Parasponia wild type MYC- and MYC+ data,
the following procedures were performed using the R programming
language. Transcript abundances were quantified using Kallisto. The
resulting files were imported into R Studio version 2022.07.2 with R version
4.1.1 for subsequent analysis using DESeq2 as previously described
(Supplementary Table S2). The differential expression results were
integrated with existing annotated datasets for nodulation permissive and
nutrient starved conditions. Ggplot2 was used to plot Log,fold change versus
the NSP2 correlation (Supplementary Table S3).

Statistical analysis

Box plot graphs were generated using BoxPlotR, an online tool developed by
(Spitzer et al., 2014). Bar charts were created in Microsoft Excel for Mac
(Version 16.89). The Kruskal-Wallis test, followed by Tukey’s post-hoc test,
was employed for statistical analysis. Statistical significance was established
at a threshold of p <0.05. Additionally, the quantification of internode
diameter was assessed using a Student’s t-test, with statistical significance
also defined as p < 0.05.
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Data availability

The RNA-seq datasets analyzed in this study are available in the NCBI SRA
repository under BioProject number PRINA1029573. Plant material and
seeds used in this study can be obtained upon request from the authors.
Scripts used in the differential gene expression and visualization of the
heatmaps can be found on GitHub:
https://github.com/kleinjoel/NSP2_overexpression_analysis. Young
nodules data were previously published under BioProject number
PRINA272473.
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Supplementary information

(A)

miR171h binding site GAGUGAUAUUGAUUCGGCUCG
MINSP2 - putative miR171h binding site  GAGUGAUAUUGAUCCGGCUCA
PanNSP2 - putative miR171h binding site GGGUGAUAUUGGUUCGGCUCA

mNSP2 miR171h (silenced) GAGUAAUCUUAGUCCGCCUAA

(B) miR171h R

GAGUAAUCUUAGUCCGCCUAA

ATG

TGA
PanNSP2 .
N

Intron 10
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miR171h R
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400 bp

Supplementary Figure S1: Construct design to ectopically express Parasponia NSP2. (A)
Alignment of putative miR171h target sites in Medicago truncatula (Lauressergues et al.,
2012) and Parasponia NSP2 as well as mNSP2 a modified version of Parasponia NSP2 in
which the target site of miR171hR is silenced. Matching nucleotides at the miR171h binding
site are shown in red, mismatching nucleotides in black, and silencing nucleotides in green.
(B) A schematic representation of the transformation constructs to achieve ectopic
expression of PanNSP2 in Parasponia.
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Supplementary Figure S2: Ectopic PanNSP2 expression enhances the expression of

strigolactone biosynthesis genes in shoot tissue. (A-D) qRT-PCR-based expression of
PanNSP2, PanCCD7, PanCDD8, and PanD27 in shoot of plants grown under nodulation
permissive condition (n=3), and (E-H) nutrient starved condition (n=3). Asterisk indicates

significant difference relative to cont. as determined by Student’s t-test (*p < 0.05)
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Supplementary Figure S3: Shoot phenotype of Parasponia NSP2ox lines. Quantification of
internode diameter of the empty vector control line (cont.) and mNSP2ox lines 1,3 and 6.
Asterisk indicates significant difference relative to cont. as determined by Student’s t-test
(*p < 0.05). Stem diameters were measured at the middle of internodes (IN) for the first 12
internodes, from the bottom to the top of 60 days old plants (n=10).

124



0.89

1 4]

0.2

Ectopic expression of NSP2 in Parasponia

Trama ofisrdsis_TerRG333x02_I34660.1

Parssponia anandersonl]_PanWUeix14_118050.1 PanPSY1

Eunaiyptus grandis_Eucgr B03&13.1

Madicago tureatuls_Nedir3geassg. 1

Ghyciews max_Glyma. 193000600, 1

Ghyiree max_Ghyma, 11G256400.1

Fragaris vosoa_Fyosoa geno24 796

Maninet ascdenta TME3_Manes.03GOE4T00.1

Papulus Fichacarpa_Poti 001G0OTT00.1

Fragaria vesca_Fyosca gano31674

Madicaga funcabuln_MedSg078820.1

Ghyciews max_Glyma. 02G240200.1

Populus Fichooarpa_Potn 004G081500.1
Populus Fichotarpa_Poti 0176138800, 1
Arabidopals thallana_AT5G17230.3 AtPSY
Medicago inmcatuls_Medirdgdsos10.1
Eyrire ma_Gilyma. D8GI0EZ00. 1

Glycie ma_Ghyea. 18G111500.1

Medicago tnrcatula_Medt Sg090780.1
Gtysinve max_Ghyma. 02G2H400.1

Eyrire man_Gilyma. 1460312001
Eucalyplus grandis_Eucgr.A02030.1
Papulus ¥ichocarpa_Potr D02GOSE800.1
Papulus ¥ichooarpa_Potr D0SG205800.1
Fragaria vesca_Fvasca gena2BTES
Parssponis andersoni_PaniWU01x14_211330.1 PanPer3
Trama oriertalis_TorRGI3.02_1456260 1
Troma orientalis_TorRiG33u02_ 1452701

Parespania sndarssnil_PanWUDTe14_211820.1 PanPaY2

Supplementary Figure S4: Phylogenetic relation of Parasponia PSY proteins. Phylogenetic

relation is reconstructed based on an alignment of protein sequences from the following

species: Parasponia andersonii,

Trema orientalis, Arabidopsis thaliana, Medicago

truncatula, Glycine max, Fragaria vesca, Eucalyptus grandis, and Manihot esculenta.
Parasponia and Arabidopsis proteins are in bold letter-type. Three orthogroups are
recognized and marked in distinct colors. Node labels indicate posterior probability.
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Review of the AON genetic pathways in legumes

Introduction

Nutrient availability in soil is one of the key limiting factors for plant growth
and development. To overcome nutrient shortages, plants have evolved the
capacity to engage in endosymbiosis with nutrient-scavenging microbes. For
example, most land plants participate in symbiosis with arbuscular
mycorrhizal (AM) fungi, whereas leguminous and actinorhizal plants can also
form a root nodule endosymbiosis with nitrogen-fixing rhizobium or Frankia
bacteria, respectively (Smith and Read, 2008; Doyle, 2011; Geurts, Lillo and
Bisseling, 2012). The rhizobium-legume endosymbiosis has been extensively
studied. In nitrogen-deficient soil, legumes engage with nitrogen-fixing
rhizobium to satisfy their nitrogen needs. This interaction results in the
formation of many root nodules, which host millions of bacteria inside the
nodule cells. This intimate interaction comes at a cost. Maintaining bacterial
fitness and driving the reduction of dinitrogen into ammonia require an
investment of up to 25% of the plant’s photosynthates (Minchin et al., 1981;
Schuize, Adgo and Merbach, 1999; Oono and Denison, 2010). Consequently,
legume plants have evolved an autoregulation of nodulation (AON)
mechanism to tightly control and balance the engagement with nitrogen-
fixing rhizobium to prevent the overproduction of ammonia, which can
negatively impact plant growth, development, and vyield (Britto and
Kronzucker, 2002; Liu et al., 2013; Pan et al., 2016; Liu and von Wirén, 2017).

This chapter highlights the progress made in comprehending the mechanism
of AON in legumes and the genetic dissection of the key players involved in
the AON pathway.

A mechanism controlling infection and nodule organogenesis at early
stages

Research in soybean (Glycine max) revealed that rhizobium inoculation

triggers many infection events, of which only a few are successful, resulting
in the formation of a limited number of functional nodules around the root
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crown. Anatomical studies revealed that unsuccessful infection events are
aborted in the epidermis and are accompanied by sub-epidermal cell
division (Calvert et al., 1984; Mathews, Carroll and Gresshoff, 1989; Reid et
al., 2011). In G. max, nodule formation is anatomically divided into 8
developmental stages. The first four stages are marked by hypodermal and
cortical anticlinal cell divisions that form a young nodule meristem beneath
the infected curled root hair. Research on these developmental stages has
revealed that most infection events arrest at stages 1 to 4 (Figure 1) (Calvert
et al., 1984; Mathews, Carroll and Gresshoff, 1989; Reid et al., 2011). This
suggests that there may be an active mechanism controlling infection and
nodule organogenesis at these early stages of the interaction.
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Figure 1: lllustration of the stage of nodule development in soybean in which AON-
triggered abortion of infection occurs. The cortical cells that form the nodule primordium
are colored. The outermost cortical cells are colored in yellow-green, and the inner cortical
cells are colored in light blue. M: marks the place of infection. The illustration is based on
Calvert et al. (1984).

Split root experiments in legumes were among the early studies
investigating the AON mechanism. These simple but powerful experiments
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revealed that AON is activated systemically through long-distance signals
that travel from root to shoot and back to the root to inhibit nodule
formation (Delves et al., 1986; Olsson et al., 1989). In a split root experiment,
the plant root is separated into two sides, with one side inoculated some
days earlier than the second (delayed inoculation). Split root experiments
on G. max, Pisum sativum, Medicago truncatula, and Lotus japonicus have
demonstrated that AON is activated within 1 to 4 days after infection. For
example, a difference of two days in inoculation between both sides of the
root system already resulted in a remarkably reduced number of nodules
formed on the “delayed” side of the root, whereas, a seven-day inoculation
window between both sides of the root system completely inhibited nodule
formation on the ‘delayed’ side (Kosslak and Bohlool, 1984; Olsson et al.,
1989; Suzuki et al., 2008; Li, Kinkema and Gresshoff, 2009; Kassaw and
Frugoli, 2012).

In conclusion, AON regulates nodule number systemically through
interaction between the root and the shoot. It is activated within the early
days of infection, before plants fulfill their nitrogen needs by forming
functional nodules. Finally, AON is a generic mechanism to control
nodulation found in various legume species.

Genetic dissection of AON

Genetic screenings for genes involved in controlling nodule number have
been saturating, leading to the discovery of many orthologous genes
involved in the AON pathway in different legume species (Carroll, McNeil
and Gresshoff, 1985; Sagan et al., 1995; Krzysztof Szczyglowski et al., 1998).
Legume mutants in AON are characterized by a hypernodulation /
supernodulation phenotype. Interestingly, nodulation in these mutants is
also tolerant to exogenous nitrate, pointing to an overlap between the AON
genetic network and the nitrate regulation pathway (Day et al., 1986; Jeudy
et al., 2010; Okamoto and Kawaguchi, 2015). Components of the AON
pathway (Table 1) are categorized into four groups: systemic root-derived
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small peptide signals, shoot receptor signal receivers, systemic shoot-
derived non-coding microRNA (miRNA) and cytokinin signals, and a root
Kelch F-box protein targeted by the systemic miRNA signal. These four
groups will be discussed below.

The flow of the AON pathway

Upon rhizobium and nitrate application NODULE INCEPTION (NIN) and NIN-
like proteins (NLP) are activated in the root, respectively. (Figure 2) NIN and
NLP genes encode for transcription factor proteins involved in the regulation
of a group of root-specific genes, which encode CLAVATA 3 (CLV3) and
EMBRYO SURROUNDING REGION (ESR)-Related proteins collectively
referred to as CLE peptides. For example, in response to rhizobium, NIN
induces in G. max RHIZOBIA-INDUCED CLE PEPTIDE 1 (GmRIC1) and GmRIC2,
in L. japonicus CLE-ROOT SIGNAL 1 (LjCLE-RS1), LijCLE-RS2, and LjCLE-RS3, and
in M. truncatula MtCLE12 and MtCLE13. Conversely, in response to nitrate,
NLP proteins induce in G. max NITRATE-INDUCED CLE 1 (GmNIC1), and
GmNCI2, in L. japonicus LjCLE-RS2, and in M. truncatula MtCLE35 (Okamoto
et al., 2009; Mortier et al., 2010; Lim, Lee and Hwang, 2011; Sasaki et al.,
2014; Hastwell et al., 2017; Kassaw et al., 2017; Moreau, Gautrat and
Frugier, 2021; Bashyal, Gautam and Miiller, 2023). The induced CLE peptides
in the root undergo post-translational modification and translocate to the
shoot through the xylem. In the shoot, they are perceived by a leucine-rich
repeats receptor-like kinase (LRR-LK). This receptor is called NODULE
AUTOREGULATION RECEPTOR KINASE (GmNARK) in G. max (Delves et al.,
1986; Sheng and Harper, 1997; Searle et al., 2003), SYM29 in P. sativum
(Sagan and Duc, 1996), HYPERNODULATED ABERRANT ROOT FORMATION 1
(LjHAR1) in L. japonicus (K. Szczyglowski et al., 1998; Wopereis et al., 2000;
Krusell et al., 2002; Nishimura et al., 2002; Okamoto et al., 2009), and SUPER
NUMERIC NODULE (MtSUNN) in M. truncatula (Sagan et al., 1995; Penmetsa
et al., 2003; Schnabel et al., 2005). Activation of this receptor leads to the
suppression of a shoot-derived signal, microRNA2111 (miRNA2111) which,
in the absence of rhizobium and nitrate, is produced in the shoot and
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transferred to the root through the phloem. The suppression miRNA2111

production in the shoot correlates with the reduction of its abundance level

in the root. Low abundance of miRNA2111

in the root favors the

accumulation of its main target TOO MUCH LOVE (TML), a root specific gene
encodes for a Kelch Repeat-Containing F-box. The accumulation of TML in

the root suppresses nodule formation and development.

Table 1. Key players of AON pathway discovered by forward and reverse genetics

Gene product
CLV1-like LRR-
RK

CLV2-like
LRR-RK

LRR-RK
LRR-RK

NCT
CLE peptide

HPAT
KR-F-box

pre-miRNA2111

cytokinin

G. max

NARK

RIC1; RIC2;
NIC1; NIC2

TML1g;
TML1b;
TML2

miRNA2111

P. sativum M. truncatula

Sym29

SYmM28

NOD3

SUNN

cviz

CORYNE

DAR

CLE12; CLE13;
CLE35

RDN1
TML1; TML2

miRNA2111

L. japonicus
HAR1

CLV2
KLAVIER

CLE_RS1;
CLE_RS2;
CLE_RS3

PLENTY
T™ML

miRNA2111

IPT1; IPT3

Place of
production
Shoot/root

Shoot/root

Shoot/root
Shoot/root

Root

Root

Root
Root

Shoot

Shoot

Place of
function
Shoot/root

Shoot/root?

Shoot/root?
Shoot/root?

Root

Root

Root
Root

Root

Root

HPAT= Hydroxyproline O-arabinosyltransferases, KR-F-box= Kelch Repeat-Containing F-box Protein,

LRR-RK=leucine-rich repeat receptor kinase, NCT= non-cytoplasmic transmembrane spanning

domains, and DAR= Defective in Autoregulation
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CLE signal induction in root

Deregulation of the CLE genes in legumes systematically modulates nodule
number in the root. For example, overexpression of GmRIC1, and GmRIC2,
LjCLE-RS1, LjCLE-RS2, LjCLE-RS3, MtCLE12, and MtCLE13 systemically
suppresses nodulation in GMNARK/LiHAR1/MtSUNN-TML dependent
manner, pointing to their involvement in the AON pathway (Okamoto et al.,
2009; Mortier et al., 2010; Lim, Lee and Hwang, 2011; Takahara et al., 2013;
Sasaki et al., 2014; Kassaw et al., 2017; Bashyal, Gautam and Miiller, 2023).
Additionally, overexpression of LjCLE-RS1 and LjCLE-RS2 in L. Japonicus and
MtCLE13 in M. truncatula revealed their dependence on LjHAR1/MtSUNN
to regulate lateral root and petiole number, respectively (Mortier et al.,
2010; Sasaki et al., 2014). Finally, the induction of GmNIC1, GmNIC2, LjCLE-
RS2, and MtCLE35 through the modulation of nitrate concentration requires
a fully functional GmNARK/LjHAR1/MtSUNN-TML pathway to suppress
nodulation in root locally and systemically (Okamoto et al., 2009; Reid,
Ferguson and Gresshoff, 2011; Moreau, Gautrat and Frugier, 2021).

CLE Proteins in legumes- either those induced by rhizobium or nitrate- can
undergo arabinosylation through a root-located
LjPLENTY/MtRDN1/PsNOD3, which their corresponding mutants exhibit
hypernodulation phenotype (Ishikawa et al., 2008; Yoshida, Funayama-
Noguchi and Kawaguchi, 2010; Kassaw et al., 2017; Yoro et al., 2019).
Subsequently, nano-liquid chromatography-mass spectrometry (nano-LC-
MS) on samples overexpressing LjCLE-RS2 revealed that the encoded CLE
protein undergoes cleavage into a small 12 or 13 amino acid peptide and the
addition of three residues of arabinose at their 7th hydroxyproline residue
(Okamoto et al., 2013). Enzymatic and trans-complementation assays
demonstrated that LjPLENTY/MtRDN1 has arabinosylation activity.
Subcellular localization of these proteins in the Golgi apparatus provided
additional support for their role in protein modification (Kassaw et al., 2017;
Yoro et al., 2019). Furthermore, LjCLE-RS3 and MtCLE12-induced
suppression of nodulation requires a functional LjPLENTY/MtRDN1 gene.
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Figure 2: Schematic representation of the autoregulation of nodulation (AON) pathway.
In the presence of rhizobium or nitrate, the transcription factors NODULE INCEPTION (NIN)
or NIN-LIKE PROTEIN (NLP) encoding genes are induced in the root. The induction of NIN
and NLP leads to the transcriptional activation of a group of root-specific genes encoding
CLE peptides. These CLE peptides in the root undergo post-translational modification, such
as cleavage into 12 or 13-amino-acid peptides and arabinosylation by Hydroxyproline O-
arabinosyltransferases enzyme (HAPT). These now mature small amino-acid CLE peptides
are then translocated to the shoot through the xylem, where they are perceived by
CLAVATA1 (CLV1)-type receptor. Activation of the CLV1-type receptor leads to the
suppression of shoot-derived signals such as microRNA2111 (miRNA2111) and cytokinins,
which are transferred to the root through the phloem and target TOO MUCH LOVE (TML)
messenger RNA, reducing its gene expression. Suppression of the shoot-derived signals by
the CLV1-type receptor decreases their production and their abundance in the root, leading
to the induction of TML gene expression in the root, which inhibits nodule formation and
development.

In contrast, LjCLE-RS1, LjCLE-RS2, and MtCLE13 can suppress nodulation in
the background of Ljplenty/Mtrdnl mutation, indicating that they do not
undergo arabinosylation by LjPLENTY/MtRDN1, but possibly by other yet
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unknown proteins. This was further supported through shoot feeding of
none arabinosylated and arabioyslated synthetic peptides of LjCLE-RS1
(Ara3-LjCLE-RS1), Ara3-LjCLE-RS2, and Ara3-AtCLE3 to WT plants, revealing
that only Ara3-LjCLE-RS1 and Ara3-LjCLE-RS2 were able to suppress
nodulation. However, shoot feeding of these peptides to Ljharl mutant
plants did not result in suppression of nodulation, confirming that Ara3-
LjCLE-RS1 and Ara3-LjCLE-RS2 suppression of nodulation is LjHAR1-
dependent (Okamoto et al., 2013; Kassaw et al., 2017; Yoro et al., 2019).
Since the LjCLE-RS2 gene is expressed in the root and LjHAR1 is located in
the shoot, transportation of arabioyslated LjCLE-RS2 was further
investigated in xylem sap of G. max plants with Agrobacterium rhizogenes
transformed root expressing LjCLE-RS2 gene under its native promoter.
Xylem sap collection from the shoot and subsequent analysis using nano-LC-
MS revealed the presence and transportation of arabinosylated LjCLE-RS2,
produced and modified in the root, to the shoot (Okamoto et al., 2013).

Perception of CLE root signals in the shoot

Earlier grafting and shoot apex decapitation experiments revealed that the
function of GmMNARK, LjHAR1-1, and MtSUNN is required in the shoot and
suggested that these genes are active in the leaf (Delves, Higgins and
Gresshoff, 1992; Wopereis et al., 2000; Krusell et al., 2002; Searle et al.,
2003; Schnabel et al., 2005; Reid et al., 2011). Subsequent research found
that the encoded receptor proteins are located in leaf phloem cells, where
they perceive CLE peptides to activate the AON pathway (Nontachaiyapoom
et al., 2007; Reid et al., 2011; Sasaki et al., 2014; Notaguchi and Okamoto,
2015). Mutants of Gmnark, Ljhar1-1, and Mtsunn fail to perceive CLE peptide
root signals to control nodule number, resulting in high energy investment
in forming a hyper number of nodules, negatively impacting overall plant
growth and development. Unlike the scattered nodules on the wild-type
root system, on Gmnark, Lihar1-1, and Mtsunn mutant roots are massively
covered with nodules. Sectioning of these nodules revealed a wild-type
mode of infection (Krzysztof Szczyglowski et al., 1998; K. Szczyglowski et al.,

142



Review of the AON genetic pathways in legumes

1998; Wopereis et al., 2000). Moreover, nodulation permissiveness of
Gmnark, Ljhar1-1, and Mtsunn mutants show tolerance to high exogenous
nitrogen (NH4NOs) concentrations. This contrasts with wild-type plants,
which only form bump-like nodule structures under similar exogenous
nitrogen conditions (Delves et al., 1986; Sagan et al., 1995; Wopereis et al.,
2000; Schnabel et al., 2005). Finally, mutating LjHAR1 in the background of
the autoactive cytokinin receptor LHK1, named spontaneous nodule 2 (snf2)
mutant, results in an enormous number of spontaneous nodules, indicating
that nodule organogenesis is sufficient to activate the AON feedback
mechanism (Tirichine et al., 2007).

Another interesting function of the AON pathway in legumes is its role in
controlling root development. Unlike wild-type plants, non-inoculated roots
of Gmnark and Ljhar1-1, but not Mtsunn, showed an increased density of
lateral roots, most likely due to increased cell division in the pericycle and
cortical cell layers (Wopereis et al., 2000; Searle et al., 2003; Schnabel et al.,
2005). Furthermore, non-inoculated roots of Ljhar1-1 and Mtsunn mutant
plants exhibit shorter primary roots, and the severity of this phenotype is
increased upon rhizobium inoculation. Additionally, a closer examination of
Ljihar1-1 roots revealed a decrease in root diameter compared to WT, most
likely due to impaired root cell expansion (Wopereis et al., 2000; Schnabel
et al., 2005; Chaulagain et al., 2023).

Expression analyses showed that GmNARK, LjHAR1 and MtSUNN are
expressed in both shoots and roots of G. max, L. Japonicus and M.
truncatula, respectively. Their expression is not altered upon rhizobium and
nitrate treatment, indicating that they are transcriptionally regulated by
another factor (Krusell et al., 2002; Searle et al., 2003; Schnabel et al., 2010).
This led to the hypothesis that root-produced CLE peptides are transferred
to the shoot to activate the GmNARK, LjHAR1 and MtSUNN receptors. This
was confirmed through photoaffinity labeling in L. Japonicus, demonstrating
that LjHAR1 Halo Tag (HAR1-HT) protein is bound by Ara3-LjCLE-RS1 and
Ara3-LjCLE-RS2, but not Ara3-AtCLV3. In contrast, Ljhar1'?*6F mutated
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protein, which carries a mutation in Leu?*®, mimicking the mutation of

Ljhar1-4 mutant, was unable to bind to Ara3-LjCLE-RS1, Ara3-LjCLE-RS2 and
Ara3-AtCLV3. This confirmed that LjCLE-RS1 and LjCLE-RS2 are the ligands of
the LjHAR1 receptor in the shoot (Okamoto et al., 2013).

In M. truncatula, a receptor with an inactive kinase domain named CORYNE
(MtCRN) was identified as the closest ortholog of AtCRN. A Tntl
(transposable element of Nicotiana tabacum) insertion mutation in the first
exon of MtCRN results in a hyperrnodulation phenotype, revealing its
involvement in the AON pathway in legumes (Crook, Schnabel and Frugoli,
2016; Nowak, Schnabel and Frugoli, 2019). Subcellular localization studies
showed that MtCRN is localized in the plasma membrane and the
endoplasmic reticulum, while MtSUNN is localized only in the plasma
membrane. Co-expression of MtCRN and MtSUNN in N. benthamiana leaves
demonstrated that they can form a heterodimer complex in the plasma
membrane (Crook, Schnabel and Frugoli, 2016). In addition to the
interaction of MtSUNN on the protein level, gene expression studies
revealed that MtSUNN has a genetic interaction with Like Sunn
Supernodulator (MtLSS) locus (Schnabel et al., 2010). Mtlss mutant exhibited
ethylene and nitrate insensitivity, as well as a hypernodualtion phenotype,
which is very similar to the phenotype of the Mtsunn mutant (Schnabel et
al., 2010). Although Mtlss mutant does not show any mutations in the
MtSUNN gene or its surrounding region, a mutant cross between Mtlss and
Mtsunn could not rescue the hypernodualtion phenotype. This ambiguity
was explained by the drastic reduction in MtSUNN gene expression in the
Mtlss mutant, indicating that MItSUNN is regulated by MtLSS locus (Schnabel
etal., 2010).

An ortholog of A. thaliana AtCLV2 was also identified in L. japonicus, M.
truncatula, and P. sativum, called CLAVATA2 (LjCLV2, MtCLV2, and PsCLV2,
respectively) (Bleckmann et al., 2010; Zhu et al., 2010; Krusell et al., 2011;
Crook, Schnabel and Frugoli, 2016). The CLV2 gene encodes a receptor
lacking the intracellular kinase domain, and a mutation in LjCLV2 and
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PsCLV2, but not MtCLV2, results in a hyperproduction phenotype (Krusell et
al., 2011; Crook, Schnabel and Frugoli, 2016). The Ljc/lv2 mutant has a Tnt1
insertion in the coding sequence that disrupts the gene, and Pscl/v2 mutant
has a single nucleotide substitution, leading to an early premature stop
codon. However, the Mtclv2 mutant has a Tnt1 insertion in the non-coding
region upstream of the start transcript site, indicating that MtCLV2 gene
expression is minimally disrupted (Krusell et al., 2011; Crook, Schnabel and
Frugoli, 2016). Transient co-expression of MtCLV2 and MtSUNN in N.
benthamiana leaves showed that they can form heterodimers; however, co-
expression of LjCLV2 and LjHAR1 failed to form such an interaction. This
inconsistency is explained by their protein subcellular localization: MtCLV2
and MtSUNN co-localized in the plasma membrane, whereas LjCLV2 and
LjHAR1 are localized differently, with LjCLV2 in the endoplasmic reticulum
and LjHAR1 in the plasma membrane (Krusell et al., 2011; Crook, Schnabel
and Frugoli, 2016). Finally, transient co-expression of MtCLV2, MtSUNN, and
MtCRN in N. benthamiana leaves revealed that they could form a complex
similar to what has been reported for their orthologs in A. thaliana
(Bleckmann et al., 2010; Zhu et al., 2010; Krusell et al., 2011; Crook, Schnabel
and Frugoli, 2016).

Another interactor of LjHAR1 in L. japonicus is a leucine-rich repeat receptor-
like kinase protein encoded by LjKLAVIER (LjKLV). An out-of-frame deletion
in the coding sequence of LjKLV gene resulted in a hypernodulation
phenotype, with nodules covering about 80 % of the root system (Oka-Kira
et al., 2005). In contrast to wild-type plants, the Ljklv mutant grown under
KNOs (5 mM) was able to form nodules, and even under a 20 mM KNO3
concentration, it continued to form nodules, showing tolerance to KNOs.
However, it is worth noting that the observed tolerance to KNOs is less
pronounced compared to the Ljharl mutant, as the Ljklv hypernodulation
level was slightly reduced under high KNOs (Oka-Kira et al., 2005). A grafting
experiment between wild-type and Ljklv shoot and root parts showed that
the graft composed of wild-type shoot but not root could rescue the
hypbernodulation phenotype of Ljklv mutant, indicating that also LjKLV
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functioning is mainly in the shoot. Like LjHAR1, LjKLV protein is required for
LjCLE-RS1 and LjCLE-RS2-triggered suppression of nodulation (Oka-Kira et
al., 2005; Miyazawa et al., 2010). Moreover, like LjHAR1, LjKLV gene is
required for the activation of the AON pathway induced by the gain of
function snf2 mutant, as the Ljklv Ljsnf2 double mutant shows massive
formation of spontaneous nodules. Furthermore, the Ljklv mutant also
exhibits non-symbiotic phenotypes such as aberrant leaf veins, increased
flower number, and delayed flowering time, revealing that it has a non-
symbiotic function in plants (Oka-Kira et al., 2005; Miyazawa et al., 2010).
The symbiotic and non-symbiotic phenotypes of the Ljharl Liklv double
mutant are similar to those observed in the Ljhar1 and Ljklv single mutants,
indicating that they function in the same pathway, and none of them is
epistatic to the other. Finally, tissue-specific expressions of LjHAR1 and LjKLV
reveal that they are co-expressed in vasculature cells, suggesting a physical
interaction is possible. This was confirmed through their transient
expression in N. benthamiana leaves, which demonstrated that LjHAR1 and
LjKLV proteins can form homodimers and heterodimers (Miyazawa et al.,
2010).

Shoot derive signals

Recent research in legumes has revealed that MicroRNA2111 (miRNA2111)
is the most prominent shoot-to-root signal, functioning downstream of
GmNARK, LiHAR1 and MtSUNN receptors and upstream of its direct target
TML. It also highlighted the involvement of miRNA2111 in the regulation of
plant susceptibility to rhizobium infection and nodulation. For instance, non-
inoculated roots of G. max, L. japonicus, and M. truncatula exhibited high
levels of miRNA2111, while TML expression level is low. This contrasts with
rhizobium inoculated roots, which show significantly reduced levels of
miRNA2111 and an alleviated transcript level of TML. Moreover, the
observed abundance of miRNA2111 in the shoot and root requires a
functional LjHAR1 and GmNARK proteins in the shoot (Tsikou et al., 2018;
Okuma et al., 2020; Zhang et al., 2020). In agreement with this, M.
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truncatula plants carrying Agrobacterium rhizogenes transgenic roots
overexpressing miRNA2111, but not miRNA2111 short tandem target mimic
(miRNA2111STTM), show increases in infection threads and nodule number,
as well as reduction of TML expression (Tsikou et al., 2018; Zhang et al.,
2020). Additionally, overexpression of miRNA2111 in the background of
Gmnark mutant reduces its hypernodulation phenotype, indicating that
miRNA2111 is suppressed by GmNARK in the shoot (Zhang et al., 2020).
Furthermore, grafting experiments in L. japonicus showed that grafts
composed of a shoot from a miRNA2111 overexpressing plant and a root
from an Ljtm/ mutant plant did not manifest an additive effect on the
hypernodulation phenotype of Ljitm/ mutant, indicating that miRNA2111 and
LjTML are functioning in the same pathway (Okuma et al., 2020). Similarly,
in L. japonicus, grafting experiments showed that grafts composed of a
shoot from a miRNA2111 overexpressing plant and a root from wild-type
plant revealed that miRNA2111 accumulation in the shoot is sufficient to
increase nodules number on the root (Okuma et al., 2020). Likewise, in G.
max double-stranded synthetic miRNA2111 feeding through petioles
enhanced nodule number on the wild-type plant root, suggesting that
miRNA2111 is transported through the phloem. This was further supported
by the expression of miRNA2111 in the phloem of mature leaves, and the
detection of mMiRNA2111 in the phloem sap of G. max and L. japonicus. Taken
together, these data confirm that miRNA2111 plays a key role in the AON
pathway and systematically regulates root nodule number through
modulation of TML gene expression in the root (Tsikou et al., 2018; Zhang et
al., 2020).

In L. japonicus, cytokinins, another important but less prominent shoot-to-
root signal, were found to function downstream of LjHAR1. For example,
rhizobium inoculation or overexpression of LjCLE-RS1 and LjCLE-RS2 induce
expression of the cytokinin biosynthesis ISOPENTENYL TRANSFERASE 1
(LjIPT1) and LjIPT3 in the shoot in LjHAR1 dependent manner, with a more
pronounced induction of LjIPT3 gene expression than LjIPT1. Moreover,
isopentenyl riboside monophosphate (iPRPs), LjIPT products, are highly
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accumulated in the shoot of rhizobium-inoculated wild-type plants, and in
the shoot of LjCLE-RS1 and LjCLE-RS2 overexpressing plants, with full
dependence on LjHAR1 gene. Furthermore, the spatial expression of the
LjIPT3 promoter driving The beta-glucuronidase (GUS) reporter gene
showed that LjIPT3 is expressed in the leaf phloem, similar to LjHAR1
(Nontachaiyapoom et al., 2007; Sasaki et al., 2014). Interestingly, the
mutation of LjIPT3 in the shoot, but not the root, resulted in an increased
nodule number. In contrast, overexpression of LjIPT3 both in the shoot and
the root reduced nodule number, indicating that LjIPT3 negatively regulates
nodulation systematically from the shoot. Furthermore, shoot feeding of
Benzoylaminopurine (BOP), a synthetic form of cytokinin, reduces the
number of nodules and lateral roots in a TML-dependent manner.
Therefore, it is concluded that shoot-produced cytokinins are transferred to
the root to negatively regulate nodulation (Sasaki et al., 2014).

Root targets of shoot-derived signals

Genetic screening in legumes discovered a root-specific gene that plays a
role in the AON pathway downstream of the LRR-LK shoot receptor. This
gene is called TOO MUCH LOVE (TML), and in legumes there is at least one
copy of this gene. For example, L. japonicus has a single copy TML gene,
whereas in M. truncatula and G. max TML has undergone duplications,
resulting in MtTML1 and MtTML2 and GmTML1a, GmTML1b, and GmTML2,
respectively (Magori et al., 2009; Gautrat et al., 2019; Zhang et al., 2020).
The TML gene is expressed in roots and nodules and encodes a Kelch Repeat
F-box protein containing two nuclear localization signals. The kelch repeat
domain suggests that it can interact with other proteins, whereas the F-box
domain implies that TML is involved in protein degradation. Subcellular
localization studies revealed that TML localizes to the nucleus (Takahara et
al., 2013). Moreover, tm/ mutants in legumes are characterized by
hypernodulation, tolerance to exogenous nitrate concerning nodulation
permissiveness, and a short primary root (Chaulagain et al., 2023).
Interestingly, a mutant carrying mutations in both, the gain of function LHK1
(snf2) and knockout of tm/ exhibits a phenotype of massive spontaneous
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nodulation, indicating that AON functions downstream of the cytokinin
receptor (Takahara et al., 2013). Finally, in the absence of rhizobia and
nitrate, TML gene expression is barely detectable, whereas in response to
rhizobium and nitrate application, its gene expression is remarkably
increased in a GmNARK, LjHAR1 and MtSUNN-dependent manner (Magori
et al., 2009; Takahara et al., 2013; Gautrat et al., 2019; Gautrat, Laffont and
Frugier, 2020; Zhang et al., 2020; Chaulagain et al., 2023; Schnabel et al.,
2023). Taken together, TML plays a key role in the suppression of nodulation
and is the most downstream component of the AON pathway.

AON regulation of mycorrhization

Split-root experiments have shown that systemic suppression of arbuscular
mycorrhizal (AM) fungi colonization occurs in the “delayed” side of the root
in barley, soybean, and alfalfa. Pre-inoculation with AM fungi, Nod factors,
or rhizobium on one side of the root has been found to systematically
suppress mycorrhization on the other side, suggesting an overlap between
AON suppression of nodulation and mycorrhization (Vierheilig et al., 2000;
Catford et al., 2003; Vierheilig, 2004; Meixner et al., 2005, 2007; Sakamoto,
Ogiwara and Kaji, 2013). In legumes, mutations in various genes involved in
the AON pathway, both in the shoot and the root, lead to increased
mycorrhizal colonization (Morandi et al., 2000; Shrihari et al., 2000; Zakaria
Solaiman et al.,, 2000; Meixner et al., 2005; Chaulagain et al. 2024).
Interestingly, similar effects are observed in non-legumes with mutations in
orthologous AON pathway genes, where enhanced mycorrhization occurs.
For example, a mutation in the ortholog of the legume CLV2 gene in tomato
increases both mycorrhizal colonization and arbuscule formation (Wang,
Reid and Foo, 2018). In conclusion, this body of evidence suggests that
multiple components of the AON pathway regulate plant associations with
both rhizobia and AM fungi, highlighting a shared regulatory mechanism in
controlling interactions with these beneficial microbes.
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Regulation of shoot meristem and lateral root formation in Arabidopsis
thaliana

In Arabidopsis thaliana (A. thaliana), CLAVATA3/ESR (CLV3) and CLAVATA1
(CLV1) are components of a signaling pathway in the shoot devoted to
regulate the maintenance of shoot apical meristem. The AtCLV3 peptides
undergo modification such as arabinosylation and cleavage into functionally
active small peptides, 12-13 amino acids. These small peptides function as
ligands that directly bind to the ectodomain of AtCLV1 receptor promoting
it to form a heterocomplex with two other interacting receptors AtCRN and
AtCLV2 to regulate shoot apical meristem (Clark, Running and Meyerowitz,
1993; Kondo et al., 2006; Ni and Clark, 2006; Ogawa et al., 2008; Bleckmann
etal., 2010; Zhu et al., 2010; Niet al., 2011). The A. thaliana CLV1 controlled
pathway also regulates root meristem differentiation in response to external
factors such as nitrate deficiency. For example, under nitrogen-starved
conditions, the production of AtCLE3 root-mobile signaling peptide is
induced, reducing lateral root formation as an adaptive strategy response.
This observed reduction in lateral root through AtCLE3 requires a functional
AtCLV1 receptor (Araya et al., 2014; Bashyal, Gautam and Miiller, 2023).

In contrast, under nitrogen starvation conditions, the dicot species L.
japonicus and A. thaliana have evolved mechanisms to promote lateral
number initiation through a root-specific gene called TOO MUCH LOVE
(LjTML) and its homolog HOMOLOGUE OF LEGUME TML (AtHOLT),
respectively. The LjTML and AtHOLT genes are orthologous. Taking AtHOLT
as an example, under nitrogen starvation, AtHOLT is highly induced in the
root, and its induction positively correlates with an increase in lateral root
initiation. However, under nitrogen-sufficient conditions, the expression
level of AtHOLT is drastically reduced, resulting in a corresponding decrease
in lateral root initiation. This reduction in AtHOLT is systemically regulated
through nitrate-responsive microRNAs (miRNA2111a and MiRNA2111b)
produced in the shoot. For example, overexpression of miRNA2111 in the
shoot is sufficient to systematically reduce the expression level of AtHOLT in
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root and decrease the number of lateral roots initiated. This observation is
consistent with the reduced lateral root initiation phenotype of Atholt
mutant, indicating that AtHOLT is a positive regulator of lateral root
initiation and is systematically regulated through miRNA2111 (Hsieh et al.,
2009; Pant et al., 2009; Erdmann and Barciszewski, 2011; Sexauer et al.,
2023). In conclusion, this suggests that the systemic regulation of lateral
root development is an ancient mechanism conserved in dicot species,
which evolved in legumes to regulate nodule number.

Other pathways regulating nodule number

COMPACT ROOT ARCHITECTURE 2 (CRA2)

In M. truncatula, forward genetics screening discovered a gene called
COMPACT ROOT ARCHITECTURE 2 (MtCRA2), which encodes a Leucine-Rich
Repeat Receptor-like Kinase that regulates nodulation systemically and root
architecture locally. Mutation of MtCRA2 leads to reduced nodule number
and shorter primary root length, while increasing lateral root number
(Huault et al., 2014). MtCRA2-dependent regulation of nodulation and root
architecture requires upstream functional root-induced C-TERMINALLY
ENCODED PEPTIDEs (CEPs). CEP genes are transcriptionally upregulated in
the root in response to nitrogen starvation and the absence of rhizobia,
highlighting their role in enhancing plant symbiotic permissiveness (Imin et
al., 2013; Zhu et al., 2021). For example, overexpression of MtCEP1 or
treatment with a synthetic form of MtCEP1 peptide enhances nodule
formation and infection but reduces lateral root emergence (Imin et al.,
2013; Mohd-Radzman et al., 2016). Moreover, the application of synthetic
MtCEP1 peptides significantly increases hypernodulation of Mtsunn and
Mtskl mutants (Mohd-Radzman et al., 2016). The MtCEP1-MtCRA2 pathway
systematically modulates nodule number in the root through the regulation
of miRNA2111 expression in the shoot, which in turn reduces the expression
levels of MtTML1 and MtTML2 in the root, resulting in enhanced nodule
formation (Gautrat, Laffont and Frugier, 2020; Laffont and Frugier, 2024).
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Therefore, this indicates an overlap between the MtCEPs-MtCRA2 and
MtCLEs-MtSUNN pathways, independently but consecutively regulating
nodule number.
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CLAVATA1 regulates symbiotic interactions in Parasponia

ABSTRACT

Plant engagement in root nodule and endomycorrhizal symbioses is tightly
controlled by the plant in response to nutrient availability in the soil. This
control is exerted through the autoregulation of nodulation (AON) pathway,
a mechanism involving both the shoot and root parts of the plant. Mutations
in orthologs of this gene in Arabidopsis, tomato, and cereals lead to enlarged
shoot apical meristems, resulting in fasciation phenotypes. In legumes, the
CLV1-type receptor is a key player in the AON pathway, transducing long-
distance signals to control plant symbiotic interactions in the root. Legumes
carrying mutations in this gene exhibit enhanced nodulation and
mycorrhization phenotypes. However, it remains elusive whether the
functioning of the CLV1-type receptor in the AON pathway is a legume-
specific adaptation or a generic mechanism conserved in other plant
species. To investigate the conservation of the AON pathway outside of
legumes, we studied Parasponia andersonii (Cannabaceae), which can
engage in nodulation with rhizobia and endomycorrhization with arbuscular
mycorrhizal fungi. We generated two independent mutants of P. andersonii
CLAVATA1 (PanCLV1). Panclvl mutants exhibited hypernodulation and
increased mycorrhization phenotypes, revealing that AON is conserved in
non-legume plant species and functions in controlling plant symbiotic
interactions. Additionally, Panclvl mutants manifest enhanced primary root
length and an increased lateral root number, as well as reduced internode
diameter, indicating that AON in P. andersonii plays a role in root and shoot
development. These findings extend our understanding of the symbiotic role
of CLV1 receptor beyond legume species, highlighting its potential as a
target for biotechnological applications aimed at enhancing symbiotic
interactions in crops.
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Introduction

Plant growth is highly dependent on nutrient availability, specifically
phosphate and nitrogen. Under phosphate and nitrogen limitations, plants
form mutualistic interaction with micro-symbionts. For example, under
phosphate limitation, more than 75% of land plant species engage in
endomycorrhizal symbiosis with arbuscular mycorrhizal (AM) fungi of the
Glomeromycota phylum (Remy et al., 1994; Smith and Read, 2008). In
contrast, under nitrogen limitation, a limited number of species of four
phylogenetically related orders, Fabales, Fagales, Cucurbitales, and Rosales
engage in endosymbiosis with nitrogen-fixing bacteria of the genus Frankia
or rhizobia (Soltis et al., 1995; Geurts, Lillo and Bisseling, 2012; Delaux,
Radhakrishnan and Oldroyd, 2015; van Velzen, Doyle and Geurts, 2019). In
both endosymbioses, the plant invests a significant portion of their
photosynthates to maintain the symbiotic relationship (Minchin et al., 1981;
Schuize, Adgo and Merbach, 1999; Smith and Read, 2008; Oono and
Denison, 2010).

Under nutrient sufficiency, plants prohibit an interaction with both AM fungi
and nodulating bacteria. Legume plants evolved a long-distance signaling
mechanism to tightly control nodule number. This mechanism is known as
the Autoregulation of Nodulation Pathway (AON) (Carroll, McNeil and
Gresshoff, 1985) (discussed in detail in chapter 4). Among the key players in
this pathway is a gene that encodes a Leucine Rich Repeat Receptor Kinase,
called NODULE AUTOREGULATION RECEPTOR KINASE (GmNARK) in soybean
(G. max) (Delves et al., 1986; Sheng and Harper, 1997; Searle et al., 2003),
PsSYM29 in pea (Pisum sativum) (Sagan and Duc, 1996), HYPERNODULATED
ABERRANT ROOT FORMATION 1 (LjHAR1) in Lotus japonicus (Szczyglowski et
al., 1998; Wopereis et al., 2000; Krusell et al., 2002; Nishimura et al., 2002;
Okamoto et al., 2009), and SUPER NUMERIC NODULE (MtSUNN) in
Medicago truncatula (Sagan et al., 1995; Penmetsa et al., 2003; Schnabel et
al., 2005). Mutants carrying mutations in this gene in legume plant species
exhibited a hypernodulation / supernodulation phenotype.
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GmNARK/PsSYM29/LjHAR1/MtSUNN are putative orthologous to
CLAVATA1 of Arabidopsis thaliana (Sagan and Duc, 1996; Krusell et al., 2002;
Nishimura et al., 2002; Searle et al., 2003; Schnabel et al., 2005). Mutations
in this gene, as well as in its orthologs in soybean (Glycine max) tomato
(Solanum Lycopersicum), cucumber (Cucumis sativus) rice (Oryza stavia),
and maize (Zea mays) show enlarged shoot and floral meristems, resulting
inflorescence and flower fasciation (Suzaki et al., 2004; Bommert et al.,
2005; Xu et al., 2015; Mirzaei et al., 2017; Rodriguez-Leal et al., 2019; Cheng
etal., 2022). Furthermore, clvl knockout mutants in A. thaliana and tomato
show enhanced lateral root formation, especially at nitrogen-deprivation
(Stahl et al., 2013; Araya et al., 2014; Xu et al., 2015; Whitewoods et al.,
2018; Nakagami et al., 2023) A similar subtle effect on root growth is
observed the legume Gmnark, Mtsunn and Ljharl mutants, indicating that
the CLV1-type receptor commits a conserved non-symbiotic function in
meristem formation and maintenance (Day et al., 1986; Wopereis et al.,
2000; Schnabel et al., 2012; Goh, Nicotra and Mathesius, 2019; Lagunas et
al., 2019).

In legumes, the GmNARK/PsSYM29/LjHAR1/MtSUNN receptor controls
nodule number from the shoot. Upon rhizobium-induced signaling a set of
genes encoding for CLAVATA3 (CLV3) and EMBRYO SURROUNDING REGION
(ESR)-Related (CLE) is activated (Okamoto et al., 2009; Mortier et al., 2010;
Lim, Lee and Hwang, 2011; Sasaki et al., 2014; Hastwell et al., 2017; Moreau,
Gautrat and Frugier, 2021; Bashyal, Gautam and Miiller, 2023). These CLEs
are called in G. max Rhizobia-Induced CLE peptide 1 (GmRIC1) and GmRIC2,
in L. japonicus CLE-Root Signal 1 (LjCLE-RS1), LjCLE-RS2, and LjCLE-RS3, and
in M. truncatula MtCLE12, and MtCLE13. Encoded proteins of the CLE genes
undergo post-translational modifications and cleavage to 12-13 amino acids
small peptides which are subsequently transported to the shoot through the
xylem (Ishikawa et al., 2008; Yoshida, Funayama-Noguchi and Kawaguchi,
2010; Kassaw et al., 2017; Yoro et al., 2019). In the shoot, transported CLE
peptides are then perceived by the leaf phloem-localized CLV1-type
receptor leading to an increase in its activity to suppress the leaf phloem-
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produced microRNA2111s (miRNA2111s) (Okamoto et al., 2013; Tsikou et
al., 2018; Okuma et al., 2020; Zhang et al., 2020). Prior to the suppression of
miRNA2111s production, miRNA2111s are produced and translocated to the
root through phloem to target and degrade the messenger RNA (mRNA) of
the TOO MUCH LOVE (TML) gene. TML encodes a Kelch Repeat F-box protein
containing two nuclear localization signals. Although its functioning is not
yet uncovered, TML might trigger in the degradation of an unknown positive
regulator of nodulation (Magori et al., 2009; Takahara et al., 2013; Gautrat
et al., 2019; Gautrat, Laffont and Frugier, 2020; Zhang et al., 2020;
Chaulagain et al., 2024; Schnabel et al., 2023).

Besides nodulation, CLV1-type receptors in legumes also regulate arbuscular
mycorrhizal (AM) symbiosis through a process known as autoregulation of
mycorrhization (AOM) (Wang, Reid, and Foo, 2018). For instance, in
Medicago truncatula, the CLE53 gene is upregulated in roots in response to
AM fungi, initiating a long-distance signaling pathway that modulates the
level of AM fungal colonization in the roots (Miiller et al., 2019; Karlo et al.,
2020). This regulatory mechanism depends on a functional MtSUNN
receptor in the shoot, as overexpression of MtCLE53 in an Mtsunn mutant
background did not lead to a reduction in mycorrhizal colonization levels,
unlike in wild-type plants (Muller et al., 2019). Additionally, proper control
over mycorrhization requires the MtTML1 and MtTML2 genes, as tml1 tml2
double mutants in M. truncatula exhibited increased levels of mycorrhizal
colonization compared to the control. (Chaulagain et al., 2024).

As mycorrhization is considered ancient, predating the evolution of
nodulation, symbiotic CLE-CLV1 signaling might be a conserved function of
this signaling module. However, till today, this has not been tested, so it
remains elusive whether CLE-CLV1 signaling was co-opted in legumes to
function in a symbiotic context, or, alternatively, is more ancient. To address
this question, we made use of Parasponia andersonii (Parasponia), the only
non-legume able to engage in root nodule symbiosis with rhizobium bacteria
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and AM endomycorrhizal symbiosis. The legume family (Fabales order) and
the Parasponia genus (Rosales order) diverged about 110 million years ago
(van Velzen, Doyle and Geurts, 2019). By exploring Agrobacterium
tumefaciens-mediated transformation in Parasponia, we aimed to generate
a CRISPR-Cas9 mutants of Parasponia TOO MUCH LOVE (PanTML) and
CLAVATA1 (PanCLV1), of which only the latter was successful. Phenotypic
analysis revealed that the AON pathway is conserved in Parasponia and
plays a role in regulating plant symbiotic interactions and plant
development.

Results

Mutating Parasponia TML is lethal for Parasponia regeneration.

To investigate the symbiotic functioning of the systemic CLE-CLV1 signaling
in Parasponia, we initially aimed to generate CRISPR-Cas9 knock mutations
in two genes; CLV1 and TML. Phylogenetic analysis indicates both genes
represents a single gene in Parasponia, which we named PanCLV1 (gene ID:
PanWUO01x14_059040) and PanTML (gene ID: PanWUO01x14_146960)
(Supplemental Figure S1). Analysis of available RNAseq data on a range of
tissues, showed that both genes are transcriptionally active, with PanCLV1
highest expressed in stem internodes and PanTML in nodule primordia and
mature nodules (Figure 1).

Knockout mutants of the TML single gene in L. japonicus and the duplicated
gene copies TML1 and TML2 in M. truncatula resulted in hypernodulation
phenotype and increased mycorrhization (Magori et al., 2009; Chaulagain et
al., 2024). To determine if PanTML serves a similar function in Parasponia,
we generated two CRISPR-Cas9 constructs aiming to create a knockout
mutant of PanTML. Each CRISPR-Cas9 construct contains 2 guide RNAs
(gRNA) targeting the 5’ end of PanTML single exon. Next, P. andersonii stems
and petioles were co-cultivated with Agrobacterium tumefaciens containing
the PanTML sgRNAs, CRISPR-Cas9, and NPTII selectable markers (van Zeijl et
al., 2018). More than six independent transformation experiments were
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performed; however, all were unsuccessful. We were unable to generate
transgenic calli from neither Parasponia stems nor petioles (Supplemental
Figure S2). As an alternative strategy, we employed RNA interference (RNAI)
to knock-down PanTML mRNA in Parasponia. For that, we generated a
hairpin RNA construct containing a 250 pb homologous sequence to
PanTML, driven by the constitutive Cauliflower Mosaic Virus 35S promoter
(CamMv35S) and NPTII and DsRed selection markers. Subsequently, the
PanTML silencing construct was then transformed into Parasponia stems
and petioles. Initially, no transgenic calli were formed on the Parasponia
optimized transgenic shoot induction medium (Wardhani et al., 2019), but
increasing the cytokinin concentration from 1 mg/L to 3 mg/L and 6 mg/L,
led to the formation of a few transgenic calli which produced a total of six
transgenic TML RNAi lines (Supplemental Figure S3).
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Figure 1: Gene Expression Patterns of Parasponia CLV1 and TML. Expression of PanTML
(A) and PanCLV1 (B) across various Parasponia tissues under symbiotic and non-symbiotic
conditions, showing tissue-specific regulation in response to symbiosis.

To determine if the obtained six PanTML RNAI lines exhibit a root nodule
symbiosis phenotype, and correlate the observed phenotype with the
silenced level of PanTML gene expression, we conducted two experiments:
nodulation assay and Real-Time Polymerase Chain Reaction (RT-PCR) on
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root tissue of all six lines. PanTML RNAi lines were inoculated with
Mesorhizobium plurifarium BOR2, and scored for nodulation 5 weeks post
inoculation (5 wpi). We noticed a significant increase in the nodule number
of lines 4 and 6, but not line 1, 2, 3 and 5 (Supplemental Figure S4A). To
determine if the observed increased nodule number is due to silenced
PanTML gene expression, we extracted total RNA of the 6 lines, followed by
complementary DNA (cDNA) synthesis, and performed RT-PCR. Our analysis
revealed that neither lines 4 and 6 nor the other four lines had a statistically
significant reduction of PanTML transcripts compared to control
(Supplemental Figure S4B), suggesting that they are escape lines. In
conclusion, the failed knock-out and knockdown experiments of PanTML
lead us to conclude that in Parasponia PanTML may represent a critical gene
functioning in plant regeneration. Subsequently, knockdown or knockout
mutations, might be lethal.

Parasponia CLAVATA1 functions as a negative regulator of nodulation

Previous studies on LjHAR1 and MtSUNN revealed that these genes control
the number of nodules a plant will form (Nishimura et al., 2002; Searle et al.,
2003). This led us to question whether PanCLV1 fulfills a similar symbiotic
function in Parasponia. To investigate that, we generated two Panclvi
homozygous mutants (Panclvi-16 and Panclv1-21) using 3 sgRNAs targeting
the 5’ end of the first coding exon (Figure 2A). Subsequently, sequencing
alignment of the target sites in Panclv1-16 and Panclv1-21 mutants revealed
out-of-frame deletion 247 and 248 bp, respectively (Figure 2B). These
mutated alleles encode truncated PanCLV1 proteins of 19 and 57 amino
acids, of which only the first 8 or 9 amino acids correspond to PanCLV1,
covering a fragment of the signaling peptide. To determine if PanCLV1
functions in regulating nodulation in Parasponia, we evaluated the
nodulation phenotype of an empty vector control and Panclvi-16 and
Panclv1-21 mutants 4 weeks post-inoculation with M. plurifarium BOR2. The
transgenic control (EV) plants had 16 nodules on average (n=16), whereas
Panclvl-16 and Panclvl-21 mutant plants exhibited a hypernodulation
phenotype with 64 and 89 nodules on average (n=13), respectively (Figure
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3 A-C). We sectioned some of the nodules formed on roots of the Panclvl
mutant plants and observed wild type phenotype (Figure 3 D and E). In line
with findings, we conclude that PanCLV1 functions as a regulator of
nodulation in Parasponia, similar as observed in legumes.

Parasponia Panclvl mutants show enhanced mycorrhizal colonization

Previous studies in legumes reported the involvement of LjHAR1 and
MtSUNN in AOM pathway, as mutants in these genes causes enhanced
mycorrhizal colonization (Morandi et al., 2000; Shrihari et al., 2000; Zakaria
Solaiman et al., 2000; Meixner et al., 2005). To investigate if PanCLV1 plays
a similar role in regulating mycorrhizal colonization, we inoculated Panclvi-
16 and Panclvi-21 mutant plantlets with 300 spores of Rhizophagus
irregularis fungi, and analyzed their mycorrhization phenotype compared to
the control six weeks post-inoculation (6wpi). We observed a colonization
level of (3.3%, 2.9%, and 0.1%) for hyphae, arbuscule, and vesicle,
respectively, on the transgenic EV control (n=15), whereas the colonization
rate of hyphae, arbuscule, and vesicle on the Panclvl-16 mutant (n=14) was
about 45%, 41%, and 3%, on Panclv1-21 mutant (n=15) and 68%, 63%, and
4%, respectively (Figure 4). In line with this finding, we conclude that
Parasponia PanCLV1 controls mycorrhization levels, most probably in an
AOM pathway.

Knockout mutant of PanCLV1 alters shoot and root branching

Studies on the CLV1 receptor mutants in A. thaliana and tomato have
revealed developmental phenotypes in shoot and floral organs as well as
root branching (Clark, Running and Meyerowitz, 1993; Xu et al., 2015). To
determine if PanCLV1 is involved in shoot development, we grew empty
vector control (n=10), Panclv1-16 (n=10) and Panclvi-21 (n=10) mutants in
nutrient-rich potting soil (without rhizobium inoculation) for 60 days and
subsequently analyzed the shoot branching phenotype as well as the
diameter of internodes. First, we observed that empty vector control,
Panclv1-16 and Panclvl-21 mutants formed a similar number of axillary
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buds and internodes with on average 16-17 axillary buds and 14-16
internodes (Figure 5 A and B). Next, we measured the diameter of the first
12 internodes (with the 1%t at the bottom and the 12 at the top of the stem).
This revealed a decreasing trend in internode diameter in the Parasponia
Panclv1-16 and Panclvi-21 mutants compared to the empty vector control
(Supplemental Figure S5). This observation suggests that PanCLV1 is not
essential for shoot branch formation, but might play a positive role in
controlling internode thickness.

A SP LRRs PK

«

750 bp

1 18 ] 38 48 58 68

| [ | [ | | |
Pan CLVI-WT ATGATAGCCTTAGTCTCAGCCTCATCTTTATATCAGATTCTTCTTCTTTGCTTTITACTT
Pan clvi-16 ATGATAGCCTTAGTCTCAGCCTCATCTTT-
Pan clvl-21 ATGATAGCCTTAGTCTCAGCCTCAT ------nn
Pan CLVI-WT ACCACTATCTGTTCTGGETACAGTGACCTGGAC

Pan clvl-16 ~cccccccccnccanas e asasaa -
Pan clul-21 --cemmmmiananan mmmsmas R -
Pan CLV1-WT ACCGﬁCCCAﬁlﬁﬁ‘f'I'CMGAC‘I'CG&'I'MCTGKTACCCTCTTC‘I’TCT‘I’C‘I’TCTTCTTCT
Pan clvl-16 ~cccccccccnccanas mmmmeae msasmsmaa memmaas
Pan clvl-21 cccccccccnacanas mmmmeae msasmsmaa memmaas
Pan CLV1-WT 'I'CTCC‘I’CCTCC'I'T'CMTGCTCCTTTTACGGAETUCGTMGMMTUCET
Pan clvi-16 -=-cceves [P R
Pan clvl-21 -ccceee B msmsma.
Pan CLV1-WT GTCACG&T CMCG‘I’ CAATG CCCC‘I'E"I' EG&T&CTTGCCKCGMTTGEE
Pan clvl-16 ------ - -GGATACTTGCCGCCGRAGATTGGE
Pan clvl-21 ------ ---T"EG&T&CTTGCCKCGGA&ATTGEE

FPan CLVI-WT CTTCTGAGCAAGC TCGTGAACCTCACCATCGCCTGOGACAATCTCACCGRAARALCTCCCC
Pan clvi-16 CTTCTGAGCAAGE TCGTGAACCTCACCATCGCCTGOGACAATCTCACCGGAARACTCCCC
Pan clvl-21 CTTCTGAGCAAGE TCGTGAACCTCACCATCGCCTGOGACAATCTCACCGGAARACTCCCC
Pan CLVI-WT CCGGAGATGGCAMACCTCACTTCOCTGARACACT TGAACATCTCCAACAACGCCTTCAAT
Pan clvl-16 CCGGAGATGECAMACCTCACTTCOCTGARACACT TGAACATCTCCAACAACGCCTTCAAT
FPan clvl-21 COGGAGATGGCAMACCTCACTTCOCTGARACACT TGAACATCTCCAACAACGCCTTCAAT
Pan CLVI-WT GACAGGTTCCCCGGAGARATCACGC TCGGAATGACGGAGC TCGANGT TCTCGACATATAC
Pan clvl-16 GACAGGTTCCCCGGAGARATCACGC TCGGAATGACGGAGC TCGANGT TCTCGACATATAC
Pan clvl-21 GACAGGTTCCCCGGAGAAATCACGC TCGGAATGACGGAGC TCGANGT TCTCGACATATAC
Pan CLVI-WT GACAACAATTTCACTGGTCCATTACCGATCGAGATTGTTGETCTCAAAAAGAT TAAACAT
Pan clvl-16 GACAACAATTTCACTGGTCCATTACCGATCGAGATTGTTGETCTCAMMAAGAT TAAACAT
Pan clvl-21 GACAACAATTTCACTGGTCCATTACCGATCGAGATTGTTGETCTCAAAAAGAT TAAACAT
Pan CLVI-WT CTTCATCTTGGCGGEAACTACTTCACGEGAAGCATACCGGAAAGTTACTCTGAGATTCAG
Pan clvi-16 CTTCATCTTGGCGGEAACTACTTCACGEGAAGCATACCGGAAMGTTACTCTGAGATTCAG
Pan clvl-21 CTTCATCTTGGCGGEAACTACTTCACGEGAAGCATACCGGAAMGTTACTCTGAGATTCAG
FPan CLVI-WT AGCTTGGAGTATCTGGGTCTGAACGGGAACAGCC TCAGCGEGAAGTTTCCGRCEAGCTTA
Pan clvl-16 AGCTTGGAGTATC TGGGTCTGAACGGGAACAGCC TCAGCGEGAAGTTTCCGECGAGCTTA
Pan clvl-21 AGCTTGGAGTATC TGGGTCTGAACGGGAACAGCC TCAGCGEGAAGTTTCCGECGAGCTTA
Pan CLVI-WT GCTAAGTTGGAGAATCTCAAMGAANTGTACGT TGGETATGACAACAAC TACGACGETGE
Pan clvl-16 GCTAAGTTGGAGAATCTCAAMGAANTGTACGT TGGETATGACAACAAC TACGACGETGE
Pan clvl-21 GCTAAGTTGGAGAATC TCAAMGAAATGTACGT TGGGTATGACAACAAC TACGACGETGE

Figure 2: CRISPR-Cas9 Induced Mutations in PanCLV1 Gene of Parasponia andersonii. (A-
B) Structural and sequence analysis of the PanCLV1 gene and its CRISPR-Cas9 induced
mutations. (A) The schematic illustrates the 3553 bp PanCLV1 gene structure, including two
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exons and one intron, with the CRISPR-Cas9 guide RNA target site located at the 5' end of
the first exon. (B) Sequence alignment of the first 719 nucleotides of the PanCLV1 gene in
wild type and two mutant lines (Panclv1-16 and Panclv1-21) reveals out-of-frame deletions
resulting in premature stop codons in the mutants.
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Figure 3: Hypernodulation in Parasponia andersonii clvl Mutants(A-E) Quantification and
visual representation of nodulation in control plants (cont.) versus Panclvi-16 and Panclv1-
21 mutants. (A) The graph shows a significant increase in nodule number per plant in
Panclvi-16 and Panclvi-21 mutants at 4 weeks post-inoculation (wpi), with mutants
displaying a higher nodule count compared to controls (*P < 0.05, Student’s t-test). (B-C)
Representative images of nodules formed on the roots, with (B) showing a typical nodule
from a control plant and (C) displaying the hypernodulation observed in Panclvi-16 and
Panclv1-21 mutants. (D-E) Cross-sections of mature nodules, comparing the structure of
nodules from control plants (D) to those from Panclvl mutants (E). Scale bar in (B and C) is
5mM and in (D and E) is 75uM.
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Figure 4: Knock-out of PanCLV1 Enhances Mycorrhizal Colonization. Quantification of
mycorrhizal colonization levels was performed in Panclvi-16 (n=14), Panclvi-21 (n=15)
mutants, and empty vector control plants (cont.) (n=15) at 6 weeks post-inoculation (6 wpi)
with 500 spores per plant. The analysis includes measurements of hyphae, arbuscules, and
vesicles colonization percentages. Error bars represent standard deviation (SD), and
asterisks indicate significant differences relative to control (*P < 0.05, Student’s t-test).

Next, the root phenotype was characterized. Parasponia empty vector
control plants and the Panclv1-16 and Panclv1-21 mutant plants were grown
in vitro on agar plates for 20 days without rhizobium inoculation, and
subsequently, quantified their lateral root number and primary root length.
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Compared to the empty vector control (n=17), Panclvi-16 (n=14) and
Panclvi-21 (n=12) showed an increase in lateral root number with an
average of 19, 43 and 31 lateral roots, respectively (Figure 5 C). In relation
to primary root length Panclvi-16 showed an increased primary root length
with an average of 6 cm compared to 5 cm in both Panclvi-21 mutant and
the empty vector control (Figure 5 D). In conclusion, our data suggest that
PanCLV1 negatively controls lateral root development and to some extent
inhibits primary root length.

Discussion

The CLV1-type LRR Receptor Kinase in legumes plays a crucial role in
regulating the AON/AOM pathways in the shoot, which are responsible for
controlling symbiotic interactions with rhizobial bacteria and AM fungiin the
roots. Legumes carrying mutations in GmNARK/PsSYM29/LjHAR1/MtSUNN
exhibit enhanced nodulation and mycorrhization phenotypes under high or
moderate levels of exogenous nitrogen and phosphate conditions,
respectively (Sagan and Duc, 1996; Morandi et al., 2000; Shrihari et al., 2000;
Nishimura et al., 2002; Searle et al., 2003; Schnabel et al., 2005; Miller et
al., 2019). We investigated the conservation of this symbiotic function of the
CLV1 type receptor outside the legume family using Parasponia, the only
non-legume plant species capable of forming root nodule symbiosis with
rhizobium. Through CRISPR-Cas9 mutagenesis, two independent Parasponia
Panclvl mutants were generated. Studying these mutants revealed, for the
first time, that the regulation of nodulation in a non-legume is—like in
legumes—dependent on this CLV1 receptor. Therefore, we conclude that
the AON pathway is not a legume-specific adaptation but rather a
mechanism already present in the last shared common ancestor of legumes
and Parasponia, which lived over 100 million years ago.

Studies on the non-symbiotic functions of the CLV1-type receptor in plant
development have highlighted its significant role in regulating both shoot
and root architecture. For example, mutating CLV1 in A. thaliana resulted in
shoot and floral meristem fasciation, as well as the expansion of lateral root
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primordia (Clark, Running and Meyerowitz, 1993; Araya et al., 2014).
Similarly, mutations in the CLV1-type receptor in cucumber (Cucumis
sativus) led to fasciation in the shoot, floral meristem, and internodes
(Cheng et al., 2022). Building on these findings, we explored the non-
symbiotic role of the CLV1-type receptor in Parasponia. Our findings show
that PanCLV1 plays a role in Parasponia plant development, as it promotes
internode diameter in the shoot while simultaneously suppressing primary
root length and lateral root formation.
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Figure 5: Non-Symbiotic Root and Shoot Growth Traits in Parasponia Panclvl Mutant
Lines. Comparison of root and shoot growth traits between empty vector control (cont.)
and Panclvl mutant lines. (A-B) Number of axillary buds (A) and internodes (B) as shoot
growth traits in empty vector control (n=10), Panclv1i-16 (n=10), and Panclvi-21 (n=10)
mutant lines at 60 days post-planting (dpp). (C-D) Number of lateral roots (C) and primary
root length (D) as root growth traits in empty vector control (n=17), Panclv1-16 (n=14), and
Panclv1-21 (n=12) mutant lines in vitro grown for 20 days post-planting (dpp). Error bars
represent standard deviation (SD), and asterisks indicate significant differences relative to
control (*P < 0.05, Student’s t-test).

We also aimed to study the function of TML in Parasponia using a mutant
analysis approach, as this gene functions downstream of the CLE-CLV1
systemic signaling pathways. Genetic screening of mutagenized seed
populations in L. japonicus led to the identification of the tm/ mutant, while
reverse genetics approaches in M. truncatula produced RNAi-silenced and
CRISPR-Cas9-induced tm/ mutants through tissue culture (Nishimura et al.,
2002; Gautrat et al., 2019; Chaulagain et al., 2024). However, our studies in
Parasponia revealed that this approach is not universally applicable: no
CRISPR-Cas9 mutants could be generated, and RNAi knockdown levels were
relatively low in the transgenic lines that were regenerated. This raises the
question of why tm/ mutants could not be generated in Parasponia via tissue
culture, whereas such an approach was possible in M. truncatula. It suggests
that PanTML may play a role in regulating embryogenesis in Parasponia and
raises the question on whether the TML genes in legumes and Parasponia
have functionally diverged.

The putative role of TML in regulating plant regeneration is supported by the
expression of the Manihot esculenta TML gene (Manes.17G103600), which
is highly expressed in friable embryogenic callus, suggesting a function in
plant embryogenesis (Supplemental Figure S6) (Wilson et al., 2017).
Parasponia has a single TML gene copy that may also be expressed in
embryogenic callus. PanTML is predicted to encode a Kelch Repeat F-box
protein containing two nuclear localization signals, similar to the TML
protein of L. japonicus, which has been shown to localize to the nucleus
(Takahara et al., 2013). The Kelch Repeat and F-box domains are known for
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mediating protein-protein interactions and protein degradation,
respectively. This suggests that in the nuclei of embryogenic cells in the
callus, TML might interact with other proteins to form a complex that either
enhances transcriptional activators or degrades transcriptional suppressors
involved in cell differentiation during embryogenesis. Further research is
needed to support this hypothesis, such as determining PanTML expression
in Parasponia embryonic calli to clarify whether TML plays such a role.

Studies in L. japonicus revealed that cytokinins function in AON and control
nodulation in a TML dependent manner (Takahara et al., 2013; Sasaki et al.,
2014). For example, overexpression of the cytokinin biosynthesis gene
isopentenyl transferase 3 (LjIPT 3) in the shoot reduces nodule number. This
reduction is proposed to be systemic, as shoot feeding of
Benzoylaminopurine (BAP), a synthetic form of cytokinins, reduces the
number of nodules and lateral roots in a TML-dependent manner. If TML
plays a broader function in cytokinin signaling, then a functional TML in
tissue culture plant regeneration is highly relevant since artificial cell
differentiation in Parasponia tissue culture is induced by hormones like
cytokinins and auxin. To mitigate probable effect on cytokinin signaling,
during our round of transformations, we tried to optimize the concentration
of cytokinin in our transformation and growth medium to facilitate the
formation of transgenic calli on stems and petioles transformed with CRISPR
Cas9 construct targeting TML, but all our efforts were not successful.
However, optimizing cytokinin concentration on stems and petioles
transformed with an RNAi construct targeting TML mRNA partly worked as
a few transgenic calli were formed and gave rise to six lines with a minor
reduction in TML levels. Therefore, we concluded that knockdown of
Parasponia TML allows some degree of regeneration, but complete
knockout is detrimental to Parasponia plant regeneration.
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Material and Method

Plant materials and growth condition

In this study, Parasponia andersonii WU1 plant or plantlet were used as
previously described (Op den Camp et al., 2011; Van Velzen et al., 2018).
Plant growth and maintenance were done as described (Van Velzen et al.,
2018; Wardhani et al., 2019). Plant micropropagation for root and shoot
architecture, nodulation, and mycorrhization assays was done following
the published protocol (Van Velzen et al., 2018; Wardhani et al., 2019).

Vectors and constructs

To generate PanCLV1 mutants, a CRISPR/Cas9 mediated mutagenesis
system was used. Three single-guide RNAs (sgRNA) targeting the 5’ end of
the PanCLV1 first exon were designed, using the ‘Find CRISPR Targets’
feature implemented in Geneious software version 11.0.15 (Biomatters,
New Zealand). The designed sgRNAs were amplified using PanCLV1 specific
forward primer and a generic reverse primer, using Addgene plasmid no.
46966 as a template (Nekrasov et al., 2013). Golden Gate Cloning was used
to generate the binary transformation vector as described (Van Velzen et
al., 2018; Wardhani et al., 2019). To generate PanTML silenced mutants, an
RNA interference system was used following (Limpens et al., 2004).
Gateway cloning was used to generate a binary transformation vector
(Hartley, Temple and Brasch, 2000). PanTML specific forward and reverse
primers were used to amplify 250 bp of the PanTML coding sequence.
Next, the amplified sequence was cloned into pENTY/D-TOPO vector
(Addgene), and subsequently, cloned into the 35S-driven expression vector
pK7GWIWG2(ll) (VIB-UGent Center for Plant Systems Biology, Belgium).

Nodulation assay and histochemical analysis

P. andersonii control and clvl mutant plantlets were inoculated with
Mesorhizobium plurifarium BOR2 (OD600=0.025). Four weeks post
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inoculation, plants were taken out of pots 1 L crystal-clear polypropelene
pots (0S14BOX, Duchefa Biochemie, Netherlands) and subsequently roots
were washed under running water to remove adhered sand and perlite.
Next, the nodule number was quantified and stored in a fixative solution
(5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2). Fixed nodules were
vacuumed for 30—60 minutes, and subsequently went through a
dehydration process, followed by embedding in plastic polymerizing
solution Technovit 7100 (Heraeus-Kulzer, Germany). Thereafter, an RJ2035
microtome was used to generate (6 M) sections which were subsequently
stained with 0.05 % Toludine Blue, and observed and imaged using a
DM5500B microscope supplied with a DFC425c camera (Leica
microsystems).

Mycorrhization assays and ink staining

P. andersonii plantlets were grown on river sand mixed with potting soil in
polypropylene pots and watered with % Hoagland low phosphate (20 uM)
medium. Next, plants were inoculated with 300 spores of Rhizophagus
irregularis (Agonutrion- DAOM197198). Six weeks post inoculation, plants
were removed from pots and roots were washed under running water to
remove residual sand. Next, roots were treated with 10 % KOH and boiled
at 95 °C for 30 minutes, followed by rinsing in water 6 times. Afterwards,
roots were stained with a solution of (5% acetic acid and 3 % ink) at 95 °C
for 15 minutes. Mycorrhizal colonization was assessed using the
intersection method (Giovannetti and Mosse, 1980). Images of mycorrhizal
roots were taken, using a DM5500B microscope equipped with a DFC425c¢
camera (Leica microsystems).

Shoot and root architecture phenotyping assay

For shoot architecture, rooted plantlets of P. andersonii control and clv1
mutants were grown on watered potting soil in polypropylene pots for 60
days without rhizobium inoculation. Next, plants were taken out of the
pots and the formed axillary buds, and internodes were quantified.
Internode diameter was measured at the center of the internode using a
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digital vernier caliper. For root architecture, rooted plantlets of P.
andersonii control and clvl mutants were grown between two cellophane
membranes placed on squared petri dish plates supplement with 2 % agar
in EKM medium [15 uM Fe-Citrate, 3 mM MES (PH 6.6), 6.6 UM MnSQy4, 4.1
UM NazMoQgs, 2.08 mM MgS0O4, 0.70 mM Na3S0a, 1.4 mM CaCly, 0.375 mM
NH4NO3, 1.5 uM ZnS0Og4, 0.88 mM KH2POg, 1.6 uM CuSOg4, 2.07 mM K2HPO,,
and 4 uM HsBOs] (Becking, 1983). Subsequently, plates were incubated
vertically for 20 days at 85 % humidity and under a 16 /8 h day/night
regime in a controlled growth chamber. Finally, primary root length and
lateral root number were assessed.

Phylogenetic reconstruction

Protein sequences of L. japonicus HAR1 (NP_001414787.1) (Nishimura et
al., 2002) and TML (XP_057437509.1), M. truncatula SUNN (AAW71475.1)
(Schnabel et al., 2005), TML1 (XP_013448012.1) and TML2
(XP_013451409.1 1) were obtained from NCBI. Parasponia CLV1
(PON73400.1) and TML (PON61319.1) protein sequences were acquired
from www.parasponia.org (Van Velzen et al., 2018). MUSCLE Alignment
and FastTree tools implemented in Geneious software version 11.0.15
(Biomatters, New Zealand) were used to align protein sequences, and
subsequently generate phylogenetic trees.
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Supplemental information

F-box'kelch-repeat protein At gEE2THike [Lobus japonicus]

F-bow domain contaning protein [Parasponia andersonil]

F-box domain containing protein [Parasponia andersonil]

F-bow domain containing protein [Parasponia andersonil]
F-bowlkelch-repeat protein At1gE7480 [Lotus japonicus]

Kelch-type beta propeller [Parasponia andersoni]

Kelch-type beta propeller [Parasponia andersonil]

Kelch repeat-contaning F-box protein TML [Parasponia andersoni]
F-bofkelch-repeat protein TML2 [Medicago truncatula]
F-bowlkelch-repeat protein TML1 [Medicago truncatula]
F-bofkelch-repeat protein TML [Lotus japonicus]

F-box domain containing protein [Parasponia andersconil]

Kelch repeat type [Parasponia andersoni]

F-bowkelch-repest protein AtSgB0570 [Medicage fruncatula]
F-bow'kelch-repeat protein AtSgBR5TD isoform X1 [Lotus japonicus]
F-boxkelch-repeat protein At g2883Hike [Lotus japonicus]

Keich repeat type [Parasponia anderson]

F-bo'kelch-repeat probein At 7451 Hike isoforn X1 [Lotus japonicus]
Keich repeat type [Parasponia andersons]

F-bou'kelch-repeat protein A g74510 [Medicage fruncatuia]
F-bowkelch-repeat protein At 7451 Hike isoforn X1 [Lotus japonicus]

Leucine-rich receptor-ike protein kinase famity protein [Arabidopsis thaliana]

BAM? [Arabidopsis thaliana]

Leucine-rich receptor-Ske protein kinase famity protein [Arabidopsis thaliana)

Phosphorylase kinase, gamma catalytic subunit [Parasponia andersond]

Phosphorylase kinase, gamma catalytic subunit [Parasponia andersond]

leucine-rich repeat ptor-like serinefth ine-protein kinase BAM3 [Medicago truncatula)
Protein kinase [Medicago truncatuls]

unnamed protein product [Arabidopsis thaliana]

BAM3 [Arabidopsis thakana]

i ine profein kinase [Parasponia andersonii]

leucine-rich repeat receptor-iike sernefthrecnine-protein kinase BAM3 [Medicago truncatula]
leucine-rich repeat ptor-like serine/th ine-protein kinase BAM3 [Medicago truncatula)
LRR receptor-like kinase family protein [Medicago truncatula]

ich repeat ptor-like kinase protein CLV1 [Parasponia andersoni]
ieucine-rich repeat receptor-like kinase protein SUNN [Medicago truncatula)
Leucine-rich repeat receptor-iike kinase protein HAR1 [Lotus japonicus]
putative NTF2-like domain-containing protein [Medicago truncatula]
lzucine-rich repeat receptor-like protein [Lotus japonicus]
LRR receptor-like kinase family protein [Medicago fruncatula)
Leucine-rich repeat protein kinase family protein [Arabidopsis thaliana)
TDR [Arabidopsis thakana]
CMI545.400.nc [Lotus japonicus]
leucine-rich repeat receptor-like kinase [Lotus japonicus]
BAK1 [Lotus japonicus]
receptor-like kinase SYMRE [Lotus japonicus]

Supplemental Figure S1: Phylogenetic Analysis of TML and CLV1 Proteins in Parasponia
andersonii and Related Species. Phylogenetic relationships of TML and CLV1 proteins from
Parasponia andersonii, Medicago truncatula, Lotus japonicus, and Arabidopsis thaliana

based on protein sequence alighments. (A) TML proteins: P. andersonii (green), M.

truncatula (blue), and L. japonicus (pink). (B) CLV1-type proteins: P. andersonii (blue), M.

truncatula (red), L. japonicus (green), and A. thaliana (orange). Bootstrap values are

indicated at the nodes.
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Supplemental Figure S2: Parasponia andersonii Stem and Petiole Response to PanTML
Knock-out. (A-B) Images of Parasponia andersonii stems and petioles 1.5 months post co-
cultivation with Agrobacterium tumefaciens carrying a plasmid with two CRISPR-Cas9 guide
RNAs targeting the PanTML coding region. The transformation resulted in the failure to
form transgenic calli.

Bright field DsRed fluorescentcent Overlay

Supplemental Figure S3: Expression of RNAi Hairpin Targeting PanTML mRNA in
Parasponia andersonii Transgenic Shoots. (A-F) Images of Parasponia andersonii
transgenic shoots expressing an RNAI hairpin targeting PanTML mRNA along with a DsRed
fluorescent marker. (A, B) Bright field (A) and DsRed fluorescence (B) of transgenic shoots
with an empty vector (EV) RNAI construct. (C, D) Bright field (C) and DsRed fluorescence (D)
of transgenic shoots with the PanTML RNAi construct. (E, F) Overlay images showing the EV
RNAI construct (E) and the PanTML RNAI construct (F).
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Supplemental Figure S4: Quantification of Nodule Number and PanTML Gene Expression
in RNAi Lines. (A-B) Analysis of six transgenic RNAi lines of PanTML compared to the empty
vector control. (A) Nodule number per plant at 5 weeks post-inoculation (wpi) with
Mesorhizobium plurifarium BOR2 (OD600 = 0.025). (B) Relative expression of the PanTML
gene in control and RNAi lines at 2 weeks post-inoculation, with expression levels
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normalized to PanTML expression in non-inoculated control plants (*P < 0.05, Student’s t-
test). (n=3)
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Supplemental Figure S5: Internode Diameter in Mutant Lines of Parasponia CLV1.
Comparison of internode diameter in empty vector control and Panclv1-16 and Panclvi-21
mutant lines at 60 days post-inoculation (n=10). The data illustrate the impact of CLV1
mutation on shoot development in Parasponia (*P < 0.05, Student’s t-test).
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Supplemental Figure S6: Gene Expression Patterns of Cassava (Manihot esculenta) TML1
and TML2. Expression levels of TML1 and TML2 in various tissues of Cassava (accession
204), including friable embryogenic callus (FEC), organized embryogenic structure (OES),
fibrous root, storage root, petioles, leaf, and stem. Expression is quantified as Fragments
Per Kilobase of transcript per Million mapped reads (FPKM) based on RNA-seq data
published by Wilson et al. (2017).
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General discussion

Introduction

Plants are stationary organisms, and being fixed in the soil exposes them to
many environmental challenges, such as drought, high salinity, extreme
temperatures, and, most importantly, nutrient starvation, namely
phosphate and nitrogen (Smith and Read, 2008). To overcome phosphate
and nitrogen limitations in soil, plants engage with nutrient-scavenging
microbes (Parniske, 2000; Geurts, Lillo and Bisseling, 2012).

An outstanding example of mutualistic interaction with nutrient-providing
microbes is the nitrogen-fixing root nodulation trait. Root nodules can be
formed by plant species within ten related taxonomic lineages (known
collectively as the Nitrogen-Fixation Clade), with the legume family
(Fabaceae) being the most notable. Legumes comprise nearly 20,000
species, most of which can establish a root nodule endosymbiosis with a
diverse range of diazotrophic rhizobium bacteria. These bacteria reside
within nodule cells and are surrounded by plant-derived membranes. When
inside the nodule cells, the bacteria appear organelle-like, resembling
nitroplasts (Nowack and Weber, 2018; Coale et al., 2024). Nodules provide
a low-oxygen environment, which maintains the stability and functionality
of the oxygen-sensitive nitrogenase enzyme in rhizobium, which is essential
for converting atmospheric nitrogen (N;) into ammonia (Tjepkema and
Yocum, 1974; Tjepkema, 1983). This highly energy-demanding process is
powered by photosynthates and represents a significant investment from
the plant (Minchin et al., 1981; Schuize, Adgo and Merbach, 1999; Oono and
Denison, 2010). In exchange, the plant benefits by receiving ammonia from
the bacteria, enabling it to thrive in soils deficient in exogenous fixed
nitrogen sources.

Engineering the nodulation trait into non-legume crop species has been a
long-standing goal (Burrill and Hansen, 1917; Beringer and Hirsch, 1984; de
Bruijn, Jing and Dazzo, 1995; Saikia and Jain, 2007; Charpentier and Oldroyd,
2010; Beatty and Good, 2011; Untergasser et al., 2012; Mus et al., 2016;
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Huisman and Geurts, 2020). This research thesis also aligns with this
objective. In this discussion chapter, | will reflect on how the data obtained
on SYMRK in Trema orientalis (Chapter 2), NSP2 overexpression, and
CLAVATA1 knockout studies in Parasponia andersonii (Chapters 3 and 5)
might contribute to an engineering strategy.

Studies in legume models such as Lotus japonicus and Medicago truncatula,
along with several legume crop species, have uncovered hundreds of genes
involved in nodule formation and function (Roy et al., 2020). The research
led to the discovery that the nitrogen-fixing nodulation trait has co-opted
several genes also utilized by the arbuscular mycorrhizal (AM)
endosymbiosis with Glomeromycota fungi. These nutrient-scavenging AM
fungi penetrate plant roots and form feeding structures in the root cortical
cells, known as arbuscules (Parniske, 2008). Like rhizobia in nodule cells,
arbuscules are encased in a plant-derived membrane, serving as an interface
for nutrient exchange. The fungi deliver minerals, especially phosphates,
which they gather using their extensive extraradical hyphal network in the
soil. In return, they receive carbohydrates, mainly lipids, from the plant host
(Parniske, 2008). Unlike the nodulation trait, AM symbiosis is more common
among plants, with about 75% of all plant species capable of interacting with
AM fungi. This interaction is considered ancient, dating back over 400 million
years (Remy et al., 1994).

A critical genetic module shared between nodulation and AM
endosymbioses is the common symbiotic signaling pathway (CSSP). The
CSSP comprises four components: the SYMBIOTIC SIGNALING RECEPTOR
KINASE (SYMRK), the nuclear calcium-releasing cation channels CASTOR and
POLLUX, the calcium-decoding kinase protein CALCIUM CALMODULIN-
DEPENDENT PROTEIN KINASE (CCaMK), and the transcription factor
CYCLOPS (Catoira et al., 2000; Endre et al., 2002; Stracke et al., 2002; Kistner
et al., 2005; Edwards et al., 2007; Messinese et al., 2007; Charpentier et al.,
2008; Yano et al., 2008). Mutations in any of these CSSP genes eliminate the
symbiotic ability to interact with AM fungi and rhizobium bacteria (Catoira
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et al., 2000; Mitra et al., 2004; Godfroy et al., 2006; Tirichine et al., 2006;
Messinese et al., 2007; Banba et al., 2008; Markmann, Giczey and Parniske,
2008; Yano et al., 2008; Chen et al., 2009; Li et al., 2022). Bioinformatic
comparisons of the gene structures of the CSSP components between
nodulating and non-nodulating plant species have shown that the encoded
proteins are structurally very similar (Banba et al., 2008; Markmann, Giczey
and Parniske, 2008). Furthermore, the trans-complementation of legume
mutants using CSSP genes from non-nodulating plant species has revealed
that the CSSP genes are functionally highly conserved (Banba et al., 2008;
Markmann, Giczey and Parniske, 2008). These findings indicate that CSSP
genes in non-nodulating plant species possess the molecular capacity to
initiate the nodulation program.

To identify nodulation genes that represent critical engineering targets,
phylogenomic approaches were used to compare nodulating legumes and
non-legume species with their closely related non-nodulating sister species
(Griesmann et al., 2018; van Velzen et al., 2018). These studies yielded two
major findings. First, non-nodulating species within the Nitrogen-Fixing
Clade have lost a limited number of nodulation genes, most notably the
LysM-type receptor NFP/NFR5 and the transcription factor NIN (Geurts &
Huisman, 2023). The NFP/NFR5 receptor specifically recognizes microbial-
secreted lipo-chitooligosaccharides (LCOs). Together with the heterologous
LysM-type receptor LYK3/NFR1 and the malectin-like LRR-type receptor
SYMREK, it activates the CSSP and subsequently induces the expression of
NIN (Radutoiu et al., 2003; Arrighi et al., 2006; Antolin-Llovera, Ried and
Parniske, 2014; van Zeijl et al., 2018). NIN acts as a key regulator of
nodulation and controls the transcriptional networks essential for nodule
organogenesis, bacterial infection, and the conditions necessary for
nitrogen fixation. In short, NFP/NFR5 and NIN are considered essential
targets for strategies for engineering the nodulation trait in other plant
species (Schauser et al., 1999; Griesmann et al., 2018; van Velzen et al.,
2018; Geurts and Huisman, 2024). Second, the conserved pattern of gene
loss in non-nodulating sister species within the Nitrogen Fixing Clade, while
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homologs of NFP/NFR5 remain highly conserved in species outside this
clade, suggests that these genes specifically functioned in nodulation and
were lost when the nodulation trait was lost (Griesmann et al., 2018; van
Velzen et al., 2018). Following this line of reasoning, it is hypothesized that
nodulation originated from a single evolutionary event approximately 100
million years ago in the last common ancestor of the Nitrogen-Fixation Clade
(Herendeen et al., 1999; Werner et al., 2014; Persson et al., 2015).

Relevance of a functional SYMRK allele in Trema orientalis

SYMRK is a transmembrane receptor featuring a malectin domain, a
conserved glycine- aspartate-proline-cysteine (GDPC) motif, and 2-3 Leucine
Rich Repats (LRRs) in its extracellular domain (Endre et al., 2002; Stracke et
al., 2002; Markmann, Giczey and Parniske, 2008; Kosuta et al., 2011). The
malectin domain can be cleaved, allowing the processed transmembrane-
localized receptor to interact with the NFP/NFR5 receptor (Antolin-Llovera,
Ried and Parniske, 2014; Pan, Stonoha-Arther and Wang, 2018). Upon
phosphorylation, SYMRK activates downstream signaling, initiating the root
nodule developmental program (Abel et al. 2024). This functionality is not
unique to SYMRK of nodulating plants; for example, SYMRK from Indian
cress (Tropaeolum majus) and rice (Oryza sativa) can functionally
complement nodule formation in an L. japonicus symrk knockout mutant
(Markmann et al. 2008), suggesting that SYMRK functioning is highly
conserved in plants capable of establishing AM and/or nodule symbiosis.

Two strategies regarding target species can be employed when aiming to
engineer the nodulation trait. One approach targets relevant crops such as
maize (Zea mays), barley (Hordeum vulgare), or cassava (Manihot
esculenta), all of which are outside the Nitrogen Fixation Clade.
Alternatively, the nodulation trait could be reverse-engineered in a non-
nodulating species within the Nitrogen-Fixation Clade. Trema sp. is
considered an attractive option in this case as it is closely related to the
nodulating non-legume Parasponia (Cannabaceae) (Huisman & Geurts,
2020). Unlike other non-legume nodulators, Parasponia can form root
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nodules with rhizobia, similar to legumes, though Parasponia nodules are
less advanced than most legumes (Behm, Geurts and Kiers, 2014).
Phylogenetic studies suggest nodulating Parasponia is nested within the
Trema clade (Yang et al., 2013). The loss of NFP/NFR5 and NIN genes in
Trema is estimated to have occurred only 17 million years ago, marking it a
relatively recent event (Lie et al. 2015; Van Velzen et al. 2019).

A high-quality genome sequence and annotation have been generated for
Trema orientalis accession RG33, collected in Malaysian Borneo (van Velzen
et al., 2018). Comparative analysis with P. andersonii revealed only limited
gene loss events in T. orientalis. Surprisingly, SYMRK was annotated as a
pseudogene in T. orientalis RG33, even though this species can still
effectively engage in mycorrhization (van Velzen et al., 2018). | investigated
SYMRK more thoroughly and concluded that in several Parasponia and
Trema species, SYMRK is a single-copy gene with a conserved intron-exon
structure. However, only T. orientalis RG33 SYMRK R633 possesses a critical
mutation at the donor splice site of intron 12, converting a GC -a highly
efficient non-canonical splice site- into a GA, a motif unknown to function in
a donor splice site. Reverse genetic studies in P. andersonii confirmed that
SYMRK is essential for nodulation and mycorrhization (Alhusayni et al.,
2023). This suggests that also SYMRK?®33 is a functional genes. | then
complemented the P. andersonii symrk CRISPR knockout mutant with a
construct carrying the GA mutation (SYMRKR®33 mutation mimic) at the
donor splice site of intron 12 in the P. andersonii SYMRK gene. This mutation
did not impair the functionality of the P. andersonii SYMRK gene, as the
construct successfully restored both nodulation and arbuscule formation in
transformed roots of the P. andersonii symrk mutant. In summary, T.
orientalis RG33 possesses a functionally conserved symbiotic SYMRK gene,
despite an extremely rare GA donor splice site at intron 12. | conclude that
T. orientalis accession RG33 can be used as an experimental system for
reverse engineering the nitrogen-fixing nodulation trait.
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NSP2-induced upregulation of the carotenoid biosynthetic pathway
doesn’t enhance the permissiveness for nodulation

NSP2 encodes a plant-specific GRAS-type transcriptional regulator protein.
The initial discovery of NSP2 was in legumes, revealing that plants with
mutations in this gene lost the capacity to form nodules (Oldroyd and Long,
2003). Subsequent studies have shown that NSP2 also facilitates AM fungi
colonization, with nsp2 mutants in legumes exhibiting reduced levels of AM
colonization (Maillet et al., 2011). These findings are consistent with recent
data from our lab, which demonstrated that P. andersonii nsp2 mutants
cannot form nodules and show reduced levels of AM root colonization
compared to controls (van Zeijl et al., 2018). Furthermore, overexpression
studies of NSP2 in barley, rice, and M. truncatula have indicated NSP2's role
in regulating the symbiotic permissiveness of plants to AM fungi. For
instance, under low exogenous phosphate conditions, barely and M.
truncatula plants exhibited high permissiveness to AM colonization, but
upon an increase in phosphate content, this permissiveness is suppressed.
Interestingly, overexpression of NSP2 in barely and M. truncatula override
phosphate suppression of AM colonization. This effect is observed in the
roots of plants grown on medium and high phosphate levels (0.5mM and
1mM, respectively), which show enhanced levels of AM colonization and
strigolactone content compared to wild-type plants. The observed
enhancement of AM colonization on NSP2 overexpressor lines under
phosphate suppressive conditions is potentially through the modulation of
gene expression of components crucial for the biosynthesis of
strigolactones. Strigolactones are plant signaling molecules secreted by
roots during phosphate starvation to attract AM fungi. Strigolactones
enhance AM fungi spore germination, promote hyphal growth and
branching, and modulate the internal activity of AM fungi (Akiyama et al.
2005; Besserer et al. 2006; Parniske 2008). Ultimately, strigolactones can
enhance AM symbiosis, even though studies in rice indicated they are not
essential (Servanté et al., 2024).
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Studies in L. japonicus have shown that overexpression of NSP2 also affects
nodulation. NSP2 overexpression lines exhibit clustering of nodules,
although the total number of nodules is not immediately affected
(Murakami et al., 2013). This suggests that NSP2 expression may also
regulate permissiveness to rhizobium. Our aim was to explore the trade-offs
of NSP2 overexpression using P. andersonii as an experimental system,
which allows us to study nodulation in a non-legume context. We generated
six lines ectopically expressing miRNA171h-resistant version of Parasponia
NSP2 (mNSP2), with overexpression levels ranging from 6 to 95-fold. These
lines demonstrated enhanced mycorrhization under both low and high
exogenous phosphate conditions, associated with the upregulation of the
carotenoid and strigolactone biosynthetic pathways, consistent with studies
in barley and M. truncatula (Li et al., 2022). Surprisingly, we observed that
mNSP2 overexpressor lines exhibited a reduction in nodule number, with
the severity of this reduction intensifying as mNSP2 expression levels
increased. This suggests that overexpression of mNSP2 is not an appropriate
strategy for enhancing nodulation permissiveness. Additionally, we
observed rhizobium-induced aberrant cell divisions in the root epidermal,
cortical, and endodermal cell layers in P. andersonii lines with high levels of
mNSP2 expression. These clusters of dividing cells may resemble enlarged
pre-nodule structures, serving as infection pockets for the crack entry mode
of infection in Parasponia (Lancelle and Torrey, 1984). This highlights the
sensitivity of nodulation to NSP2 expression levels and emphasizes the
importance of maintaining balanced NSP2 levels for successful nodule
formation.

Parasponia CLAVATA1 functions in autoregulation of nodulation and
mycorrhization

Early research on the regulation of nodulation revealed that legumes strictly
control the formation of nodules through the autoregulation of nodulation
(AON) pathway, which gets activated in response to exogenous nitrate and
rhizobium inoculation as early as 1 to 4 days post-inoculation. The AON
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pathway in legumes underlines stringent regulation of nodulation. Legumes
suppress nodulation even before fully functional nodules are formed to
satisfy their needs for nitrogen (Kosslak and Bohlool, 1984; Olsson et al.,
1989; Suzuki et al., 2008; Li, Kinkema and Gresshoff, 2009; Kassaw and
Frugoli, 2012). The AON pathway acts systemically. Legume plants carrying
mutations in key genes essential for the long-distance signaling in the AON
pathway exhibited enhanced symbiotic interactions. For example, GmNARK,
PsSYM29, LiHAR1, and MtSUNN genes all encode a structurally similar
Leucine-Rich Repeat Receptor Kinase protein that acts in the shoot of the
plant. Knockout mutations in this gene enhance nodulation and
mycorrhization (Morandi et al., 2000; Shrihari et al., 2000; Meixner et al.,
2005). In addition, legume species with a mutated TML gene that encodes a
Kelch Repeat-Containing F-box protein in the root showed enhanced
nodulation and mycorrhization (Magori, S. et al., 2009; Chaulagain, D. et
al.,2024). This suggests impairing AON signaling in legume species enhances
their susceptibility to symbiotic interactions. In Chapter 4, we aimed to
investigate (i) if the AON pathway is conserved beyond legumes, like in the
non-legume Parasonia species, and (ii) if deregulation of the AON pathway
could be a strategy to engineer nodulation in non-nodulating plant species.
To determine that, | targeted the P. andersonii putative orthologs of two key
genes in legumes AON pathway: P. andersonii CLAVATA1 (PanCLV1, ortholog
of LiHAR1 and MtSUNN) and TOO MUCH LOVE (PanTML, ortholog of LjTML
and MtTML1 and MtTML2).

Generating CRISPR Cas9-induced mutants of PanTML in P. andersonii was
problematic as seven independent transformation experiments were
performed to knock out PanTML, but all attempts were unsuccessful. No
transgenic calli were formed to give rise to transgenic platelets. Additionally,
trials to generate TML RNAi silencing mutant lines were fruitless, as six
transgenic lines were acquired from transgenic calli, but analysis of their
TML gene expression showed minimal reduction. So, we focused our efforts
on generating mutants of PanCLV1 and succeeded in generating two
independent CRISPR Cas9-induced mutants, Panclvi-16 and Panclv1-21.
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First, analyzing the nodulation phenotype of Panclvi-16 and Panclvi-21
mutants revealed that they have hypernodulation phenotype. This
phenotype is consistent with the phenotype observed on legume mutants
that have impaired orthologous genes GmNARK, PsSYMZ29, LjHAR1, or
MtSUNN (Sagan and Duc, 1996; Krusell et al., 2002; Searle et al., 2003;
Schnabel et al., 2005). Therefore, these findings indicate that the AON
pathway is a conserved mechanism utilized by both legume and non-legume
species to regulate nodulation. Panclvl-16 and Panclvl-21 mutants also
showed enhanced mycorrhizal colonization on the roots compared to empty
vector control. This enhanced mycorrhization phenotype on Panclvi
mutants is consistent with report data on enhanced mycorrhization on roots
of Mtsunn, Gmnark, Ljhar1, and Pssym19 legumes mutants (Morandi et al.,
2000; Shrihari et al., 2000; Zakaria Solaiman et al., 2000; Meixner et al.,
2005; Wang, Reid and Foo, 2018). Thus, our data further support the
hypothesis of overlap between AON and autoregulation of mycorrhization
pathway (AOM) to regulate mycorrhizal colonization in legume and non-
legume plant species. Next, evaluating the shoot and root architecture of
Panclv1l-16 and Panclv1-21 revealed that AON is involved in root branching
as these mutants exhibited increased primary root length and number of
lateral roots compared to empty vector control. Whereas in the shoot, AON
seems to play a role in controlling internode thickness. Our findings partially
align with the published data related to the root phenotype of soybean
Gmnark and L. japonicus Ljhar1-1 mutants, which showed enhanced lateral
root formation (Wopereis et al., 2000; Searle et al., 2003). This suggests a
common role of AON in regulating root growth in legume and non-legume
plant species. In conclusion, these studies in Parasponia emphasize CLV1
commits a conserved function in the AON pathway, controlling nodule
number, permissiveness to AM and root branching.

Concluding remark

In this thesis, | explored potential strategies that could contribute to
achieving the long-standing objective of engineering nodulation in non-
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nodulating plant species. First, | investigated whether the seemingly
pseudogenized TorSYMRKR33 allele plays a role in the loss of nodulation in
Trema orientalis RG33 accession. The key finding from this part of the thesis
is that the TorSYMRKR%33 allele is fully functional in both nodulation and
mycorrhization, providing valuable insight for the Wageningen team’s
efforts to engineer nodulation in Trema orientalis RG33. Second, | assessed
the feasibility of overexpressing Parasponia mNSP2 to enhance symbiotic
interactions in P. andersonii. The main conclusion here is that the trade-offs
associated with mNSP2 overexpression outweigh the benefits of increased
symbiotic interactions, indicating that overexpressing mNSP2 is not an
appropriate strategy for this purpose. Finally, | explored the viability of
utilizing the autoregulation of nodulation (AON) pathway to enhance
symbiotic interactions in plants. By generating Panclvl mutants in P.
andersonii, and analyzing their symbiotic phenotypes, | observed a
significant enhancement in their symbiotic interaction. This finding suggests
that components of the AON pathway, such as CLV1, could serve as
promising targets for engineering nodulation in non-nodulating plant
species.
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Summary

Nutrient limitation is a crucial factor restricting plant growth and
development. To address this issue, farmers often supply their plants with
chemical fertilizers. However, the overuse of these chemicals is harmful to
the environment, leading to high concentrations in soil and water, which
results in soil degradation and water pollution, respectively. To minimize
reliance on chemical fertilizers, it is beneficial to explore biological nitrogen
fixation, a sustainable biochemical process in which nitrogen-fixing bacteria
inside plant cells fix the atmospheric nitrogen. For decades, the scientific
community has focused on understanding this process, particularly the
nitrogen-fixing endosymbiosis, where rhizobium bacteria are hosted in root
lateral organs called nodules. These nodules provide a suitable environment
for nitrogen fixation and exchange between the bacteria and the host plant.
Forward and reverse genetics in two legume models, Medicago truncatula
and Lotus japonicus, and soybean and pea crops have led to the discovery
of over 200 genes involved in this process. The accumulated knowledge
about the genetic network regulating nodule symbiosis has inspired recent
initiatives to move from exploration to application, with aims to (i) enhance
this trait in plants that naturally possess nitrogen-fixing endosymbiosis, like
legumes, (ii) re-engineer this trait in plants that have lost it, such as non-
nodulating plants within the nitrogen-fixing clade, and (iii) engineer this trait
in plants that have never obtained it, such as rice, maize, and cassava. My
research thesis aligns with aims (ii) and (iii), as they highlight promising
strategies for the engineering of nodulation in non-nodulating plants. This
work is based on research on the non-legume Parasponia andersonii that
can form root nodule symbiosis with rhizobium bacteria.

In Chapter 2, | show that Trema orientalis RG33 is a valuable experimental
system for reverse engineering the nitrogen-fixing nodulation trait. Trema
orientalis is a non-nodulating plant closely related to the nodulating
Parasponia. Previous comparative genomics between Parasponia and
Trema species showed that several genes specific to nodulation experienced
either loss or pseudogenization in Trema species. Notably, Among marked
genes as pseudogenized in Trema species is only the SYMRK of Trema
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orientalis RG33 (TorSYMRKR533), which possesses a critical mutation at the
donor splice site of intron 12, converting a GC—a highly efficient non-
canonical splice site (99.99%)—into a GA a rare motif not known to function
in a donor splice site. The SYMRK gene encodes a Leucine-Rich Repeat
Receptor-Like Kinase protein essential for nodulation and mycorrhization.
As Trema orientalis RG33 can be mycorrhized, it remains unclear if the rare
GA donor splice site in TorSYMRKR®33 allele can also support nodulation. To
investigate this, we generated P. andersonii symrk CRISPR knockout
mutants, confirming that SYMRK is essential for nodulation and
mycorrhization. We then complemented the P. andersonii symrk mutant
with a construct mimicking the SYMRKR®33 mutation at the donor splice site
of intron 12 in the P. andersonii SYMRK gene. The introduced GA mutation
in P. andersonii SYMRK gene did not affect its functionality, as the construct
successfully restored nodulation and arbuscular formation in the P.
andersonii symrk mutant. In summary, T. orientalis possesses a functionally
conserved symbiotic SYMRK gene, despite the presence of an extremely rare
GA donor splice site at intron 12. This work highlights the potential of T.
orientalis as an experimental system for reverse engineering the nitrogen-
fixing nodulation trait.

In Chapter 3, | show that overexpression of a miRNA171h-resistant version
of Parasponia NSP2 (mNSP2) is a beneficial strategy to enhance mycorrhizal
colonization, but harmful for nodulation and plant root development. |
generated six transgenic lines over-expressing mNSP2 with an expression
level ranging from a 6 to 95-fold increase compared to wild-type plants.
Analysis of the mycorrhization phenotype of the PanNSP2 over-expressing
lines under both high and low exogenous phosphate conditions showed an
increase in hyphae, arbuscule, and vesicle colonization. This increase in
colonization level positively correlates with the increased expression level
of mNSP2. NSP2 is known to be a key regulator of the biosynthetic pathway
of strigolactones, a plant-secreted hormone important for AM fungi root
colonization and spore germination. Transcriptome analysis of mNSP2 over-
expressing lines showed upregulation of all genes in the strigolactone
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signaling pathway and most component genes of upstream pathways,
including the MEP and carotenoid pathways. Next, we assessed the
nodulation phenotype of mNSP2 over-expressing lines, and we observed
that the nodule number was reduced, and this reduction negatively
correlates with the increase in mNSP2 expression level. Moreover,
evaluation of the root system of mNSP2 over-expressing lines under non-
symbiotic conditions reveals a decrease in lateral root number only on
mNSP2 over-expressing lines with high expression levels. In conclusion,
NSP2 over-expression has the potential to be used as a biotechnological tool
to promote mycorrhization. However, NSP2 over-expression is not the right
tool for engineering nodulation in non-nodulating plants.

In Chapter 4, | gave an overview of the Autoregulation of Nodulation (AON)
mechanisms by which plants, particularly legumes, control their root nodule
and AM symbiotic interactions.

In Chapter 5, | showed that the AON mechanism, which controls nodule
number, is conserved in the non-legume Parasponia. | generated CRISPR
Cas9-induced mutations in Parasponia CLAVATA1 (PanCLV1), the putative
ortholog of Medicago truncatula SUNN and Lotus japonicus HAR1 genes that
are known to play a key role in the AON pathway in legumes. | obtained two
independent mutants of PanCLV1 and named them Panclv1-16 and Panclv1-
21. Assessment of the nodulation phenotypes of Panclvi-16 and Panclvi-21
mutants revealed a hypernodulation phenotype compared to control plants.
This finding is consistent with the nodulation phenotype observed in Mtsunn
and Ljharl mutants, suggesting that the AON pathway is an ancient
mechanism to control nodule number in nodulating legume and non-legume
plant species. Next, we evaluated the mycorrhization phenotype of the
Pancvll mutants and observed a significant increase in mycorrhizal
colonization in their roots compared to control plants. This result indicates
an overlap between AON and the more ancient autoregulation of
mycorrhization (AOM) pathways. Finally, we assessed the impact of
mutating PanCLV1 on root development and observed an increase in the
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primary root length and lateral roots number of Panclvl mutants compared
to control plants. This finding aligns with the reported compact lateral roots
phenotype of Mtsunn and Ljharl mutants. In summary, the AON mechanism
for controlling nodule number is not a legume-specific adaptation but a
generic mechanism in both legume and non-legume plants that probably
evolved alongside the nitrogen fixation trait in the last common ancestor of
the nitrogen-fixing clade.

In Chapter 6, | discuss the implications of my research in the context of
engineering nodulation in non-nodulating plants. The key conclusion is that
Trema orientalis RG33 is a viable experimental system for re-engineering the
nitrogen-fixing trait. Furthermore, | highlight that while overexpressing
mNSP2 is not an effective strategy for engineering nodulation in non-
nodulating plants, the potential of the autoregulation of nodulation (AON)
pathway presents a more promising strategy for future research in this area.
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Boer-Mijnhart, ik wil u graag mijn oprechte dank betuigen voor uw
vriendelijkheid tegenover mij, mijn vrouw Fatimah en onze zoon
Abdulrahman. Ondanks de taalbarriere, omdat wij geen Nederlands
spreken, hebt u ons altijd met warmte ontvangen. U nodigde ons uit in uw
huis voor koffie en diner en zorgde zelfs dat er iemand aanwezig was om te
vertalen, zodat we elkaar beter konden begrijpen. We zijn vooral dankbaar
voor de attente cadeaus die u ons gaf, vooral die voor onze kleine jongen.
Ze gaven ons het gevoel echt welkom te zijn in Belmonte, zelfs wanneer
sommigen misschien minder blij waren met het idee van een kind in de
buurt. De avonden waarop u zwaaide om mij welkom te heten na een lange
dag op het werk, betekenden veel voor me. Ik voel me gelukkig dat ik u als
buren heb gehad, en ik wens u beiden gezondheid en een lang leven. B.W.
van Druten, ik ben dankbaar dat ik jou als buur heb, ook al ben je pas recent
in je appartement komen wonen. Je bent altijd vriendelijk geweest tegen
mijn vrouw Fatimah en mijn zoon Abdulrahman. Bedankt voor het cadeau
dat je aan mijn zoon hebt gegeven, vooral de schildpad die veel voor je
betekende. Ik ben dankbaar voor de avonden waarop je naar ons zwaaide
wanneer ik na mijn werk met mijn zoon ging wandelen; dat betekende echt
veel voor me. lk voel me gezegend dat ik jou als buurman heb gehad, en ik
wens je een gezond en lang leven toe. M. Huijskes, Ik ben blij dat je mijn
buurman bent. Jij en mijn vrouw, Fatimah, zijn goede vrienden. Bedankt
voor het uitnodigen van haar voor een kopje koffie in je huis. We zijn ook blij
je bij ons thuis te ontvangen voor een kopje koffie. Ik ben dankbaar voor de
cadeaus die je voor mijn zoon, Abdulrahman, hebt gegeven. Silvia Jacobs,
je bent een geweldige secretaresse met een unieke en vriendelijke houding.
Heel erg bedankt dat je voor ons huis hebt gezorgd toen we weg waren,
vooral tijdens onze lange vakantie in Saudi-Arabié. Ik ben ook dankbaar voor
je hulp bij het reserveren van de grote zaal in ons gebouw voor mijn feest na
de verdediging. Het was heel attent van je om contact op te nemen met de
verantwoordelijke persoon en de gebruikelijke wekelijkse activiteit voor die
avond te annuleren, zodat ik de ruimte de hele avond kon gebruiken. Jouw
steun betekent echt veel voor mij.
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To my Saudi friends nearby Wageningen, Mohammed Almansouri, | am
grateful to Mostafa for introducing us, which led to a wonderful friendship
during the four years of my PhD journey. You were the first Saudi person |
got to know in the Netherlands, and for more than a year, you remained my
only Saudi friend here. This past years are full of moments that | consider
some of the happiest | have had in the Netherlands. We went on numerous
family trips together to several countries—Germany, Belgium, Poland,
Austria, Slovakia, Hungary, France, Switzerland, to name a few. These travels
gave us countless funny and memorable moments, like our spontaneous
drive to Kleve, Germany, late in the evening just to buy halloumi burgers
(hahaha), and the rush to make it home before curfew started during the
COVID-19 lockdown. | am also deeply grateful for all the times you helped
me, like when | was buying my car—you drove me to The Hague three times
in a row and were willing to go a fourth if necessary. | truly appreciate your
kindness and generosity. | would also like to express my sincere gratitude to
your wife, Eman, and your children, Romysa and Yousef. Thank you, Eman,
for your friendship with my wife, Fatimah, and for staying over at our
apartment to keep her company when | was away in England. That meant
so much to me. Romysa, thank you for being patient as | struggled to
pronounce your name correctly at first (calling you "Romysah"®
repeatedly). Even though you often teased me by saying you liked
"Mohamed Alharbi" more than me, | always found it adorable. Yousef,
when | first met you, you were only six months old, and | had the pleasure
of watching you grow into a curious and active little boy. You even bravely
was about to jumped over a bridge in Poland! Playing with you Romysa and
Yousef in the playground at the Roermond Outlet gave me some of the best
moments, and it prepared me well to play with my son, Abdulrahman, now.

Mohamed Alharbi, what a privilege it has been to know you and your family.
| am grateful for that day when your wife, Manal, and my wife, Fatimah,
both felt the urge to have a cup of coffee from the same coffee house, which
led to them meeting each other. From that moment, they became friends
and eventually introduced us. You became the second Saudi | got to know in
the Netherlands and have always been a special friend to me. | have learned
from you how to be kind and patient. You never get bothered by anything
and always look at the positive side of any situation. | even once asked you
if you have ever felt anger, and your expected answer was a confident "No."
| am also grateful for the books you bought for me from Saudi Arabia, even
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though people asked you why you were buying books by authors considered
liberal in our conservative society. Finally, | would like to thank Manal for
her friendship with Fatimah which has created some unforgettable
moments in our journey in the Netherlands.

Ayman Iskandrani, | am so glad to have gotten to know you. You are a
genuinely funny person, you have got the most colorful vocabulary | have
ever heard; truly a poetic masterpiece! (hahahah). Thanks to your wife
,Khadija, and son ,Qays, for the joyful moments they shared with my family
and for the thoughtful gifts they gave to my son.

Yasser Alhejji, | appreciate your friendship and the wonderful photo you
took of me during our outing. | wish you great success in your PhD, and |
hope we stay in touch in the near future.

To my other Saudi friends all around the Netherlands, Abdulrahman Alasiri,
| really appreciate the time we spent together in the Netherlands. You are a
very likable person, funny, and an excellent cook. | learned a lot from you,
especially about how to respect the minds of children. | saw this in the way
you interact with your son, Amar, and your lovely daughter, Dareen, during
our regular outings. | am also grateful for your wife, Amal, and her friendship
with my wife, Fatimah, and for staying over at our apartment to keep her
company when | was away in England. Mohammed Alasiri, | am so happy to
have gotten to know you. You are a funny and sarcastic person, always
managing to deliver your witty remarks without ever being impolite. | still
remember that one time at the Afghan restaurant when you couldn’t read
the menu because it was so dirty. Instead of complaining, you sarcastically
thanked the waiter for how clean the menu was; | laughed about that for
the entire day (hahaha). Congratulations on defending your PhD a few
months ago, and | wish you all the success in your future career.
Abdulrahman Alshalani, | want to thank you for the great times we shared.
You are a very likable person, and | truly enjoyed your company, especially
during our trip to Germany. | wish you all the best in your future endeavors.
Ali Alsamil, although we didn’t have many chances to sit and talk, the few
times we did meet left a lasting impression on me. You are one of the kindest
people I've encountered during my PhD journey. | wish you every success in
life. Khalid Alameer, Thank you for organizing the Saudis in the Netherlands
outings. We had so much fun during those gatherings, even though we often
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found ourselves arguing a lot. | hope we catch up again in the near future. |
would like to thank some more of my Saudi friend Ahmed Zelfawei, Naif
Farhan, Abdulrahman Qari, Elias Hawsawi.

To my dear Saudi friends in the outing group recently renamed “Arykah
group©”. Fouad Asiri, | first got to know you through your interview on the
Thmanyah broadcast, and | was fortunate to meet you in person. You are
incredibly knowledgeable and have a youthful spirit. | truly appreciate your
friendship throughout my PhD, even though you always tease me; especially
when | was entrusted by Hisham Abu-Tawil to be his secret keeper (hahaha).
| wish you nothing but success in your future endeavors. Hisham Abu-Tawil,
although I've only known you for about a year, it honestly feels like we have
been friends for many years. You are humble and incredibly likable. The past
two months spent with you have been more memorable than the entire five
years of my PhD. You trusted me with your great secret (don’t worry, no
blackmail here, haha), and the ongoing, humorous debates with our mutual
friends as they tried to persuade me to spill the beans were some of the
funniest moments | have had. | laughed more in those two months than | did
throughout my entire PhD journey. Thank you for your friendship, and | wish
you great success in completing your PhD. Oh, and | can’t forget to
mention—you are a fantastic cook! The “makshan samak” you made last
time was absolutely perfect©. Mohammed Alharthi, | truly appreciate your
friendship. You are a very quiet person and a great listener, but when you
do speak, you are wise and knowledgeable. | wish you all the best in your
PhD journey. Ahmed Alhammad you are such a funny and likable person. |
still remember the first time we met when you jokingly suggested sharing
your school calendar with everyone, so we could plan our meetings around
your important dates. | found that absolutely hilarious. | also enjoyed
making jokes about who might be divorced, and | remember how you always
wrongly picked on Fouad Asiri, pretending he was divorced (hahaha). Thank
you for your friendship and | wish you success in your future. Mohammed
Hamzi, | really appreciate your friendship during the final stretch of my PhD.
You are well-informed, especially when it comes to poetry and history. Like
Fouad Asiri, you always found joy in teasing me—especially to a whole new
level after | became the keeper of Hisham Abu-Tawil’s secret. | wish you all
the best in your PhD journey. Abdullah Aljifri, | would like to thank you for
your friendship. You organized our first outing in Rotterdam, which allowed
me to meet many wonderful Saudi friends. Congratulations on recently
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defending your thesis and securing a postdoc position in your group. | wish
you great success and a bright future ahead. Ammar Banafea it is often said
that Saudi students affiliated with Aramco tend to form small, close-knit
groups. You, however, have been a remarkable exception; you always
enjoyed connecting with other Saudi students, and you even invited some
of us over for dinner at your place. | am so glad to have gotten to know you,
and | wish you all the success in your future. Mohammed Alghtani, | got to
know you during the final stretch of my PhD. You are a very kind person, and
| am happy to add you to the list of wonderful Qahtani friends I’'ve had the
pleasure of knowing. | wish you all the best in your PhD journey.
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To conclude, but most importantly, | want to express my deepest gratitude
to my beloved family—my wife, Fatimah, and our son, Abdulrahman. Our
journey as a family began when Fatimah and | got married in July 2018 in
Taif, Saudi Arabia. Marriage was a new milestone for us, and shortly after,
we moved to Al-Hofuf, where | spent a year working at King Faisal University.
In early 2019, our family made the important decision to move to the
Netherlands after | was accepted to pursue a PhD in René Geurts' group at
Wageningen University. Preparing for the move took months of searching
for an appropriate apartment, and ultimately, we secured the only one
available to us in Wageningen—a small place in Belmonte. Our journey to
the Netherlands began on October 20, 2019, and we had no idea where this
adventure would lead us. On our arrival, we were captivated by the beauty
of the Netherlands in the autumn, with thousands of leaves scattered across
the ground and sidewalks. It gave us a sense that we would enjoy our time
in Wageningen, and indeed, the first three months were wonderful.
However, in February 2020, the Netherlands was struck by the COVID-19
pandemic. Multiple lockdowns and curfews forced us to isolate ourselves in
our small apartment. Despite the challenges, we bravely kept ourselves safe.
A year and a half later, COVID-19 restrictions were completely lifted, and we
resumed our normal lives, exploring nearby cities and even venturing to
neighboring countries.

In late 2022, our family was blessed with a beautiful new addition, our son
Abdulrahman. He is the most incredible gift, and everyone remarked that
he is a "copy-paste" of me. Watching him grow and develop into a
courageous, funny, and adorable little boy has been one of my greatest joys.
Fatimah and Abdulrahman, | am incredibly thankful to Allah for blessing me
with both of you in my life.

Fatimah, | used to think that studying abroad as a single person would be
easier since | wouldn’t have responsibilities beyond my own. But with you, |
realized how wrong | was. True, being with you meant new responsibilities,
but | was only seeing the half-empty side of the cup. | never anticipated how
beautifully you would take over so many of those responsibilities. You never
complained about managing the household—handling groceries, keeping
everything running smoothly, and making our home feel like my own
personal restaurant, especially when you'd announce, “On the menu today,
we have this and that.” Those moments truly meant a lot to me. Even during
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times when | struggled with a recurring upset stomach, you were incredibly
kind, always finding creative ways to help me feel better.

You always wanted to continue your education and pursue a master’s
degree in the Netherlands. To do this, you needed to improve your English,
so you traveled to Amsterdam three times a week for intensive English
courses, as there was no nearby institute offering them. | watched your
English skills improve so quickly, and you soon reached a level that qualified
you for acceptance at a Dutch university. But as | was nearing the end of my
PhD, and we welcomed Abdulrahman into our lives, you chose to postpone
your plans until we return to Saudi Arabia. Thank you for putting our family’s
needs first; your selflessness is deeply appreciated.

Throughout this journey, you took on so much—caring for Abdulrahman all
day. Even when | came home exhausted or unwell, you would still take
charge of keeping him occupied so | could get a moment to rest. After the
grace of Allah, | owe the completion of this journey to your unwavering
support, love, and care. Words are not enough to express my gratitude, but
what | can say is: THANK YOU!

Abdulrahman—or "MaMan," as you like to call yourself; you should know
that | am so proud of you. Having you in my life has been, and will always
be, the most beautiful gift. Your arrival in the final stretch of this journey
brought new energy and made me rethink my balance between work and
life, so | could savor moments with you. Whether it’s playing with you as you
ride on your bike—your “catati,” as you like to call it—or reading your
favorite books London Bus Cloth Book and Gruffalo, Where Are You?, these
moments are priceless. Words can’t fully capture my love and care, but what
| can say is: Is MaMan Habibi? And today, there’s no room for a “no” from
you!(©)
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