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Abstract

Root endosymbiosis is formed with nitrogen-fixing bacteria and phosphate-
delivering arbuscular mycorrhizal fungi. These endosymbionts colonize the root cell
intracellular space of their host to trade nutrients in exchange for photosynthetic-derived
carbon source. Prior to root colonization, specific chemical communication between the two
partners is required to establish a root endosymbiotic interaction. Recognition by the host of
bacterial or fungal symbiotic elicitors results similarly in induction of nuclear calcium
oscillations essential for transcriptional reprograming and induction of symbiotic genes. But
the transducing signal that activates nuclear calcium signalling in this pathway is unknown.
Heterotrimeric G protein  subunit (GB) has been previously shown to positively regulate
root endosymbiosis with nitrogen-fixing bacteria in three legumes. We hypothesised that G
functions in transducing signal during root endosymbioses. Loss-of-function of Medicago
truncatula Gf confirmed its positive role during association with symbiotic bacteria.
Characterization of several MtGf mutants with missense mutations allowed us to identify
several amino acid residues critical for its function. Live-cell imaging following application
of symbiotic elicitors enabled us to determine its role during activation of nuclear calcium
signalling. Furthermore, we identified a protein target of MtGp that together may control
root endosymbioses. This study investigates the role of the MtGf in transducing signals
during root endosymbiosis, confirming its positive regulatory function and identifying

critical amino acid residues and a potential protein target involved in this process.
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Chapter |

Thesis Introduction

1.1 General introduction

Land plants are constantly interacting with a diverse range of microorganisms
resulting in either beneficial or detrimental outcomes. Two well-studied mutualistic
associations are those between plants and phosphate-delivering arbuscular mycorrhizal (AM)
fungi and between legumes and nitrogen-fixing rhizobial bacteria. AM fungi and rhizobial
bacteria are soil microsymbionts capable of colonizing the intracellular root tissues of their
hosts to deliver nutrients in exchange for photosynthetic-derived carbon source.

In the last decades, understanding the establishment and the molecular mechanisms
supporting these two root endosymbiotic associations has been an intensive research effort.
Most discoveries have been predominantly made through the use of the model legumes
Medicago truncatula and Lotus japonicus which offer great genetic resources and the
advantage to establish endosymbiosis with both AM fungi and nitrogen-fixing rhizobia.
Nonetheless, many observations and insights have also been brought up and confirmed
through the use of other plant species.

The success of these endosymbiotic associations requires successful recognition of
the symbiont by the plant host. Interestingly, the molecular mechanisms that follow
recognition of either AM fungi or rhizobia involve a common genetic pathway resulting in
generation of calcium (Ca") oscillations within the nucleus of root cells essential for the
establishment root endosymbiosis.

The secondary messenger that links recognition of the endosymbionts and activation
of nuclear Ca?* signalling has not yet been identified. Heterotrimeric G proteins have been
shown to mediate the establishment of root endosymbiosis with rhizobial bacteria. On the
basis of this discovery, | investigated whether heterotrimeric G protein signalling is
implicated in the regulation of nuclear Ca?* signalling during endosymbiosis for both AM-
and rhizobia-plant interactions.

In this introduction, | will present the biological and molecular features of AM-plant

and rhizobia-legume symbioses as well as the plant signalling pathway leading to activation
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of nuclear Ca?" signalling. Eventually, | will present the general aspects of heterotrimeric G
protein signalling and the studies that lead me to investigate further the role of heterotrimeric

G proteins in root endosymbiosis.

1.2 Physiology and signalling of endosymbiosis

1.2.1 Arbuscular mycorrhizal symbiosis

AM symbiosis forms between members of the fungal phylum Glomeromycota and
more than 80% of terrestrial plant species, which include most agriculturally important crops
(Harrison, 1997; Schwarzott and Walker, 2001; Lee et al., 2013). In terms of geographical
distribution and phylogenetic coverage in the plant kingdom, AM is probably one of the most
widespread symbioses on earth (Gutjahr and Parniske, 2013). One speculates that AM fungi
have been instrumental for the transition of plants from water to land (Pirozynski and
Malloch, 1975; Choi et al., 2018), as the oldest AM-like fungi fossils coincide with the
emergence of early diverging land plants 400-450 million years ago (Remy et al., 1994;
Redecker et al., 2000; Bidartondo et al., 2011). However, evidences pointed out that several
species representing the earliest groups of land plants are predominantly symbiotic with fungi
of the Mucoromycotina phylum, rather than Glomeromycota (Bidartondo et al., 2011). This
suggests the coexistence of two fungal clades during land colonization and a transition in
fungal dominance towards Glomeromycota during vascular plant diversification (Choietal.,
2018). Glomeromycota phylum shows surprisingly low diversity comprising approximately
240 known species despite their abundance and wide range of relationship with plant species
(Lee et al., 2013). It is nonetheless predicted that the diversity of these fungi may be much
greater on the basis of molecular studies (Lee et al., 2013).

AM fungi are obligate biotrophs which depend on a living photoautotrophic partner
to complete their life cycle, although spores can germinate in the absence of host plants
(Parniske, 2008). The AM symbiotic structure is characterised by the development of a highly
branched hyphal network referred to as “arbuscule” that develops within root cortical cells
(Oldroyd, 2013). The arbuscules act as the point of nutrient exchange (Oldroyd, 2013). The
host provides the fungus with carbon, and receives in exchange a significant amount of
additional mineral nutrients such as phosphate or ammonium extracted by the AM fungus

through its soil hyphae (Harrison, 1997; Yang et al., 2012; Berruti et al., 2016; Nakmee et al.,
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2016; Ingraffia et al., 2019). Some plant transporters that ensure acquisition of AM-delivered
nutrients, are exclusively expressed during AM symbiosis and contribute to sustain AM
colonization. In Medicago truncatula and Oryzae sativa, such transporters are the phosphate
transporter MtPT4 and OsPT11, respectively (Harrison, 2002; Javot et al., 2007; Yang et al.,
2012). In addition to improving nutrient acquisition, AM interactions are known to enhance
plant resistance towards biotic and abiotic stresses via multiple mechanisms (Cordier et al.,
1998; Berruti et al., 2016).

The progression of AM colonization can be separated into successive steps that
characterize the level of progression of the fungal hyphae within root cells (Figure 1.1;
Gutjahr and Parniske, 2013). Prior to physical contact, the first stage known as precontact or
presymbiotic stage, is characterised by an extensive branching of AM hyphae in the vicinity
of roots in response to plant-derived strigolactones (SLs) (Akiyama et al., 2005; Akiyama et
al., 2010). Mutation in genes encoding SL-precursor-biosynthesis enzymes results in a
significant loss of AM symbiosis, highlighting the role of SL as a rhizosphere plant-signal
mediating interaction with AM (Gomez-Roldan et al., 2008). Likewise, the gene PhPDR1 in
Petunia hybrida encodes an ATP-binding cassette (ABC) transporter responsible for SL
export as root exudates and mediates AM root colonization (Kretzschmar et al., 2012).

The first physical contact is associated with the formation at the root surface of an
AM hyphopodium which is analogous to an appressorium during infection by pathogenic
fungi or oomycetes (Wang et al., 2012). This induces nuclear movement in the epidermal
cells towards the hyphopodium surface (Genre et al., 2005). Before fungal invasion, the
epidermal cell underneath the hyphopodium contact point assembles an intracellular structure
known as prepenetration apparatus (PPA) that is associated with cytoskeletal reorganization
(Genre et al., 2005). This paves the way for fungal hyphae to progress towards the root cortex
(Genre et al., 2008). Once in cortical cells, fungal hyphae growth longitudinally through the
apoplast —or symplast depending on the plant species— and form branches to initiate arbuscule
formation in inner cortical cells (Genre et al., 2008). Intracellular fungal organs take place
within a specialised interface compartment surrounded by the so-called perifungal membrane,
an inward extension of plant plasma membrane supported by an intensive exocytotic
machinery (Genre et al., 2012). Between arbuscular membrane and perifungal membrane, the
so-called periarbuscular interface serves as an intracellular area allowing for the exchange of

nutrients or signals between the two organisms (Choi et al., 2018).

12



Hyphopodium
1
° ° ° °
2 3 L
°
S R 4 o
® ol BERUASSY o
B
1 o ® ° ®
2 z ° °
° o
O\ G ey 10
® o
9 A B 10 a

\Intercalary
arbuscule

Figure 1.1 | Schematic representation of the different AM colonization patterns and associated
cellular dynamics in Medicago truncatula and Daucus carota.

In Medicago truncatula and Daucus carota, the adhesion of a fungal hyphopodium to the root surface
triggers the assembly of a prepenetration apparatus (PPA) in the contacted epidermal cell (1). This, in
turn, initiates PPA formation in the underlying outer cortical cell (2). After radially oriented fungal
crossing of the outer root layers (3), the subsequent longitudinal colonization patterns and associated
inner cortical cell responses differ between the two plants. In M. truncatula (A), intercellular hyphae
grow along and between the cells. Upon direct hyphal contact, these cells respond with nuclear
repositioning and localised cytoplasmic aggregations (4). Inner cortical cell penetration is preceded
by the assembly of large PPAs (5 and 6). Prebranching cytoplasmic aggregations organize at sites
along the intracellular trunk hyphae (6 and 7), preceding the development of the arbuscular fine
branches (8). In D. carota (B), inner cortical cell files are progressively colonised by individual
intracellular hyphae that move from one cell to the next. A number of adjacent cells ahead of the
hyphal tip respond concomitantly by organizing polarised funnel-shaped PPAs that predict the
direction of fungal colonization (9 and 10). As for M. truncatula, prebranching cytoplasmic
aggregations (11) precede the formation of arbuscular side branches (12). Structures are represented
with the following color code: red, nucleus; green, cytoplasmic aggregation; white, perifungal
interface; blue, fungus. Modified from Genre et al., 2008 with permission of Oxford University Press.

1.2.2 Symbiosis with nitrogen-fixing rhizobial bacteria

During evolution, a fraction of angiospermal plant species comprising legumes and
non-legume Parasponia spp. have acquired the ability to establish root nodule symbiosis with
a certain type of soil bacteria collectively called rhizobia (Oldroyd and Downie, 2008).

Rhizobia are nitrogen-fixing bacteria which are distributed in hundreds of species in fourteen
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genera of two bacterial classes, the Alphaproteobacteria and the Betaproteobacteria (Remigi
et al., 2016). Besides, legumes form a wide family named Fabaceae —or Leguminosae—
comprising about 20 000 species that most engage a endosymbiotic interaction with rhizobia
(Peix et al., 2015). Parasponia comprises several tropical tree species and belongs to
Celtidaceae (Sytsma et al., 2002). Phylogenomic analyses revealed it is likely that root nodule
symbiosis originated from a common ancestor and multiple losses have occurred during
evolution (Griesmann et al., 2018; van Velzen et al., 2018; van Velzen et al., 2019). The
symbiotic interaction between legumes or nonlegume plants with rhizobia leads to the
formation of a new root organ referred to as nodule or root nodule. This symbiosis-activated
root organogenesis is referred to as nodulation.

To initiate nodulation, the perception of plant-derived flavonoids by the rhizobia
activate the production of bacterial signalling molecules known as nodulation (Nod) factors
(Dénarié et al., 1996; Subramanian et al., 2006). Plant recognition of Nod-factors triggers
rhizobial infection and nodule organogenesis synchronously (Gage, 2004). Rhizobial
infection usually occurs via root hairs (Figure 1.2) but it can also occur via cracks in epidermis
or via interstitial infections between epidermal cells, depending on the plant species (Dazzo
and Alfayate, 2001; Gonzalez-Sama et al., 2004; Oldroyd et al., 2011).

In Medicago truncatula —the model used in this work— rhizobia entry is via root hairs.
Rhizobial perception elicits swelling of the root hair tips characterised by multiple growth
axis reorientations of the tips leading to root hair curling (Esseling et al., 2003). Rhizobia
become entrapped between compressed cell walls forming a so-called infection pocket where
they continue to grow and divide (Gage, 2004; Geurts et al., 2005). Next to the infection
pocket, a tubular structure referred to as infection thread (IT) forms within root hair allowing
for intracellular colonization. IT formation depends on prior cytoplasmic and cytoskeleton
rearrangement of microtubules and actin, giving rise to columns of cytoplasmic bridges called
pre-infection threads (PITs) through which the inwardly growing IT propagates (van Brussel
etal., 1992; Gage, 2004; Miyahara et al., 2010). Localised plant cell wall degradation initiates
IT progression within root hair without causing cell rupture (Ridge and Rolfe, 1985). IT
formation and progression also depends on nuclear movement and repositioning (Newman-
Griffis et al., 2019). The nucleus is connected to the IT by dense microtubules (Gage, 2004).
IT progression follows the path of the moving nucleus regardless of its direction and it is
ultimately oriented towards the underneath cell (Nutman, 1959; Newman-Griffis et al., 2019).

Once the IT reaches the inner base of the root hair cell, nucleus of the underlying cell
14



repositions itself, resulting in formation of a new PIT and localised degradation of plant cell
walls, allowing the IT to progress into the next cell layer. This process is repeated at each cell
junction, until rhizobia ultimately reach the forming nodule (Sieberer et al., 2012). Nodules
result from mitotic activation of pericycle, endodermal, and inner-cortical cells (Xiao et al.,
2014). The root middle cortex becomes the nodule meristem, which shapes a newly formed
organ that ultimately expands from the root to form a cylindrical structure (Timmers et al.,
1999; Xiao et al., 2014). Once rhizobia enter a root nodule, they differentiate into bacteroids
that can perform nitrogen fixation (Peix et al., 2015). Nitrogen-fixing bacteroids synthesise a
nitrogenase enzyme complex that catalyses the reduction of atmospheric dinitrogen gas into
ammonium (Lodwig and Poole, 2003). Because this reaction is oxygen-sensitive, root
nodules guarantee a near-anoxic condition by synthesising leghaemoglobin, which protects
the nitrogenase enzyme complex from dioxygen and maintains a sufficient oxygen supply to
the nitrogen-fixing bacteroids (Ott et al., 2005). Within this protected niche and in exchange
of photosynthetic-derived nutrients, rhizobia provide the host with ammonium and/or amino
acids conferring important nitrogen supply when the plant is upon starving condition (Lodwig

and Poole, 2003; Clarke et al., 2014).

Nod factor
(o]
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Figure 1.2 | Schematic representation of nodulation.

Flavonoids released by the plant signal to rhizobia in the rhizosphere, which in turn produce nodulation
factors (Nod-factors) that are recognised by the host. Nod-factor perception activates the symbiosis
signalling pathway, leading to calcium oscillations, initially in epidermal cells but later also in cortical
cells preceding their colonization. Rhizobia gain entry into the plant root by root hair cells that grow
around the bacteria attached at the root surface, trapping the bacteria inside a root hair curl. Infection
threads are invasive invaginations of the plant cell that are initiated at the site of root hair curls and
allow invasion of the rhizobia into the root tissue. The nucleus relocates to the site of infection and an
alignment of endoplasmic reticulum and cytoskeleton, known as the pre-infection thread, predicts the
path of the infection thread. Nodules initiate below the site of bacterial infection and form by de novo
initiation of a nodule meristem in the root cortex. The infection threads grow towards the emergent
nodules and ramify within the nodule tissue. In some cases, the rhizobia remain inside the infection
threads, but more often, the bacteria are released into membrane-bound compartments inside the cells
of the nodule, where the bacteria can differentiate into a nitrogen-fixing state. Modified from Oldroyd,
2013 with permission of Springer Nature.
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1.2.3 Symbiont-derived elicitors promoting endosymbiotic associations

AM fungi and rhizobia both release symbiotic elicitors, commonly known as
mycorrhization (Myc) and nodulation (Nod)-factors, respectively. Their recognition by the
host results in transcriptional reprogramming and induction of symbiotic genes. This early
signalling is the first step that paves the way for intracellular colonization of the
endosymbiotic microorganisms.

Myc-factors can be grouped into at least two different molecular signals including
mycorrhizal-lipochitooligosaccharides (Myc-LCQOs) and short-chain chitooligosaccharides
(COs), namely chitotetraose (CO4) and chitopentaose (CO5) (Maillet et al., 2011; Genre et
al., 2013). Latter studies also suggested that chitooctaose (CO8) can induce symbiosis
signalling in Medicago truncatula despite its involvement in innate immunity (Feng et al.,
2019). Myc-LCOs and COs consist of several residues of p-1-4-linked N-acetylglucosamine
(GIcNACc). Myc-LCOs are made of four GIcNAc residues and are N-acylated at the first non-
reducing sugar terminal with either oleic or palmitic acid and can be either sulphated or
nonsulphated at the reducing end of the last GIcNAc residue (Maillet et al., 2011). On the
other hand, Nod-factors only consist of LCO molecules with tetrameric and/or pentameric f3-
1-4-linked GIcNAc backbones (Dénarié et al., 1996). The length and degree of saturation of
the N-acyl group at the non-reducing sugar terminal vary widely between Nod-factors. The
reducing terminal can also be conjugated with a variety of substituents such as methyl,
fucosyl, acetyl and sulphate groups (Roche et al., 1991; Dénarié et al., 1996). Nod-factors are
specific to each rhizobia strain and thus confer recognition specificity by the plant hosts

(Oldroyd and Downie, 2008).

1.2.4 Detection of symbiotic elicitors by plant receptors

Myc and Nod-factors are perceived at the root surface by plant epidermal receptor-
like kinases (RLKSs) possessing extracellular Lysine Motif (LysM) domains known to bind to
N-acetylglucosamine polymers such as LCOs and COs (Buist et al., 2008). Recognition of
Myc-factors in M. truncatula involves amongst others two LysM-RLKs: the Chitin Elicitor
Receptor Kinasel (CERK1) and the LysM Receptor 4 (LYR4) (Feng et al., 2019). MtCERK1
and MtLYR4 bind to mycorrhizal COs, while the mycorrhizal LCO receptors in plants remain
elusive (Feng et al., 2019). Colonization of AM fungi is partially dependant on MtCERK1

and MtLYK4 (Feng et al., 2019), suggesting the presence of multiple Myc-factor receptors.
16



The role of CERK1 homologs for AM symbiosis in the plant kingdom is presumably
conserved as a rice knock-out mutant of OsCERK1 results in the abolishment of AM
colonization (Miyata et al., 2014). On the other hand, Nod-factor perception in M. truncatula
requires two LysM-RLKs referred to as MtLYKS3 (LysM-containing RLK3) and MtNFP
(Nod-factor perception), orthologs of the Lotus japonicus Nod-factor receptors LiNFR1 and
LjNFR5, respectively (Limpens et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003;
Arrighi et al., 2006). Each of these LysM-RLKSs form together a heterodimer complex at the
plasma membrane in their respective plant species (Madsen et al., 2011; Moling et al., 2014).
LjNFR1 and LjNFR5 perceive rhizobial LCOs by direct binding (Broghammer et al., 2012),
and so was predicted MtNFP via modelling (Mulder et al., 2006). Deletion of any of these
LysM-RLKs results in full abolishment of epidermal colonization and root nodule formation,
highlighting the importance of Nod-factor recognition during root nodule symbiosis. The
kinase domain of LjNFR5 was reported to be inactive in contrast to LiNFR1 (Madsen et al.,
2011). In vitro kinase assays evidenced that LjiNFR1 undergoes auto-phosphorylation and is
also capable of phosphorylating the cytoplasmic domain of LjNFR5.

Recognition of Myc and Nod-factors, which is required prior to intracellular invasion
of the endosymbionts, results in the induction of an oscillatory Ca?* spiking that is initiated
in cell nuclei (Ehrhardt et al., 1996; Kosuta et al., 2008; Sieberer et al., 2012; Kelner et al.,
2018). In M. truncatula, MtNFP, MtCERKZ1, and MtLYR4 are all required to generate nuclear
Ca?* oscillations following recognition of symbiotic elicitors (Genre et al., 2013; Sun et al.,
2015; Feng et al., 2019). As induction of nuclear Ca?* oscillations is a common feature of

mycorrhizal and rhizobial responses, it suggests they follow the same signalling pathway.

1.2.5 Early signalling of AM and root nodule symbioses share a common signalling

pathway

One of the first genetic evidences that AM and root nodule symbioses share acommon
signalling pathway came through the characterization of the M. truncatula RLK Does not
Make Infection 2 (DMI2, also known as NORK), ortholog of the symbiosis receptor-like
kinase (SymRK) in L. japonicus (Endre et al., 2002; Stracke et al., 2002). Mtdmi2 and Ljsymrk
null-mutants are defective in both AM and root nodule symbioses and thus evidenced a
common signalling pathway between mycorrhizal and rhizobial symbioses. Similarly,

Mtdmi2 null-mutant showed no Ca?* responses upon treatment with symbiotic elicitors (Sun
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et al., 2015). Nonetheless, the precise function of MtDMI2/LjSymRK has not yet been
established. The extracytoplasmic region of MtDMI2/LjSymRK comprises a three leucine-
rich repeats (LRRs) and a malectin-like domain (MLD) and LjSymRK can associate with the
Nod-factor receptors LjNFR1 and LjNFR5 in planta (Antolin-Llovera et al., 2014; Ried et
al., 2014). A negative feedback loop via ubiquitination of LjSymRK by an E3 ligase which
leads to its degradation, was demonstrated to regulate endosymbiosis in L. japonicus (Den
Herder et al., 2012; Yuan et al., 2012). Likewise, the plant U-box E3 ubiquitin ligase 1
(PUB1) in M. truncatula can interact with MtDMI2 in planta and reduction of PUB1
enzymatic activity increases AM colonization (Vernié et al., 2016). Taken together, these
studies showed that the presence of MtDMI2/LjSymRK at plasma membrane is required to
transduce the symbiotic signal. Interestingly, ectopic expression of the intracellular kinase
domain of MtDMI2 is sufficient to induce nodule organogenesis in absence of rhizobia,
though the full-length is necessary for proper rhizobial colonization (Saha et al., 2014). An
interactor of MtDMI2 has been identified via yeast-two-hybrid screen: the M. truncatula 3-
hydroxy-3-methylglutaryl CoA reductase 1 (HMGRL1), which functions in the production of
mevalonate (MVA) in the MVA pathway (Kevei et al., 2007). Silencing MtHMGRL results
in reduction of rhizobial infection. However, whether MtHMGR1 is also involved in AM
colonization has not been investigated. Interestingly, application of MVA induced nuclear
Ca?* oscillations in wild-type root hairs of M. truncatula, L. japonicus and Daucus carota but
not in Arabidopsis thaliana (Venkateshwaran et al., 2015). Because carrot is only capable of
AM symbiosis and A. thaliana cannot achieve endosymbiosis with AM fungi nor rhizobia, it
was suggested that MVVA would act as a secondary messenger during root endosymbiosis.
The MVA-induced nuclear Ca®" is significantly altered in Mtnfp and Mtdmi2 mutants
(Venkateshwaran et al., 2015), suggesting that MVVA acts in concert with the Nod-factor
receptor complex MtLYK3/MtNFP and the symbiosis co-receptor MtDMI2 for transduction
of the symbiotic signal and activation of the nuclear Ca?" signalling. The study of MVA was
indicative but the exact nature of the secondary messenger during root endosymbiosis as well
as the underlying molecular mechanisms responsible for transduction of the symbiosis signal
remain elusive. Symbiosis-activated nuclear Ca* oscillations initiate in nuclei of root cells
(Kelner et al., 2018). Thus, it implicates that a signal transduction mechanism connects the

plasma membrane to the nucleus.
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1.2.6 Identification of nucleoporins essential for root endosymbiosis

On the path between cytoplasm and nucleoplasm, genetic screens in L. japonicus
allowed for the identification of three components of the nuclear pore complex referred to as
NUP85 (nucleoporin 85), NUP133, and NENA, and these were shown to be involved in
rhizobial and mycorrhizal endosymbioses (Kanamori et al., 2006; Saito et al., 2007; Groth et
al., 2010). Truncation of LjNUP85 or LjNUP133 as well as deleterious amino acid
substitution of LjNENA, are associated with the absence of Ca?* spiking after Nod-factor
treatment (Kanamori et al., 2006; Saito et al., 2007; Groth et al., 2010). Thus, it is likely these
nucleoporins are involved in the transduction of a secondary messenger that goes from the
cytoplasm to the nucleoplasm during symbiosis signalling. Symbiosis defects in Ljnup85 and
Ljnup133 mutants are temperature sensitive with strongest impairment at higher temperature,
namely 18 °C versus 22 °C and 22 °C versus 26 °C, respectively (Kanamori et al., 2006; Saito
et al., 2007). Interestingly, LJ]NENA was shown to be exclusively involved in epidermal
infection of AM fungi and rhizobia (Groth et al., 2010). Nodule development was not
impaired in Ljnena mutant though the root nodules were not colonised. This observation

highlights a differential regulation of rhizobial infection and nodule organogenesis.

1.2.7 Nuclear Ca?" machinery required for root endosymbiosis and downstream

response

The nuclear Ca®" encoding machinery required for the generation of nuclear Ca?*
oscillations during root endosymbiosis, includes the cation-permeable channel MtDMI1, the
Ca2*-permeable cyclic-nucleotide gated channels (CNGCs) 15a/b/c and the calcium ATPase
MCAS8 in M. truncatula (Ané et al., 2004; Capoen et al., 2011; Charpentier et al., 2016).
Similarly, there are two cation-permeable channels in L. japonicus known as POLLUX and
CASTOR, homologs of MtDMI1, and both are required for rhizobial and mycorrhizal
symbioses (Charpentier et al., 2008). Full-length MtDMI1 can complement the symbiotic
mutant phenotype of the castor pollux double mutant (Venkateshwaran et al., 2012). All these
components are localised at the nuclear envelope and govern the generation of nuclear Ca?*
oscillations in response to Myc and Nod-factors (Wais et al., 2000; Charpentier et al., 2008;
Capoen et al., 2011; Sun et al., 2015; Charpentier et al., 2016). In M. truncatula, MtDMI1
and the MtCNGC15s interact with each other in planta (Charpentier et al., 2016). Based on

mathematical modelling, it was predicted that upon transmission of a secondary messenger
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into the nucleus, simultaneous activation of MtDMI1 and MtCNGC15s leads to a weak
release of K* and Ca?*, respectively (Charpentier et al., 2013). A following positive feedback
of Ca?* on MtDMI1 would then fully activate the MtICNGC15s. Subsequently, sustainment
of the nuclear Ca?* oscillation was predicted to require feedback from calmodulin and Ca®".
In agreement with these suggestions, Ca®* binding pockets have been identified on
LJCASTOR and the M. truncatula calmodulin 2 was shown to control closure of the
MtCNGC15s during symbiosis response (Kim et al., 2019; del Cerro et al., 2022). Besides,
the role of MtMCAS is to replenish the nuclear Ca®* store —the lumen between the inner and
outer nuclear envelops contiguous with the endoplasmic reticulum— (Capoen et al., 2011).
Activation of nuclear Ca®* signalling results in transcriptional reprogramming and
expression of symbiosis genes essential for AM and root nodule symbioses (reviewed in
Oldroyd, 2013). The decoding machinery that perceives nuclear Ca®* spiking involves the
nuclear-localised calcium and calmodulin-dependent serine/threonine protein kinase
LjCCaMK and MtDMI3 in L. japonicus and M. truncatula, respectively (Levy et al., 2004;
Mitra et al., 2004). LjCCaMK/MtDMI3 are required for AM and rhizobial symbioses and they
are hypothesised to be the main decoders of the nuclear Ca?* oscillations. Once activated,
they phosphorylate the transcription factors LJCYCLOPS and MtIPD3/MtIPD3-like
(interacting protein of DMI3) in L. japonicus and M. truncatula, respectively (Messinese et
al., 2007; Yano et al., 2008; Singh et al., 2014; Jin et al., 2018a). Phosphorylation of
LjCYCLOPS/MtIPD3/MtIPD3L leads to their activation and thus to their binding to DNA to
induce expression of symbiosis genes essential for AM and root nodule symbioses.
Although multiple components required for the encoding or decoding of symbiosis-
induced nuclear Ca?* oscillation have been identified, the molecular signals transducing the
information from the plasma membrane RLKSs to activate the ion channels at nuclear envelope
remain unknown. Heterotrimeric G proteins have been shown to mediate RLK-dependent
downstream responses in various signalling pathways (Pandey, 2020). Notably, the
heterotrimeric G protein § subunit was shown to positively regulate nodulation in three
legumes including Glycine max, M. truncatula and Pisum sativum (Choudhury and Pandey,
2013; Bovin et al., 2022). Thus, | explore further the role of this heterotrimeric G protein
subunit in M. truncatula during root endosymbioses comprising both AM and root nodule

symbioses.
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1.3 Heterotrimeric G proteins in plants

1.3.1 The heterotrimeric G protein subunits

Heterotrimeric G proteins (hereafter G proteins) are key signalling components in
eukaryotes involved during the regulation of a multitude of growth and developmental
processes (see for instance Simon et al., 1991; Urano et al., 2012a; Urano et al., 2016b;
Chakravorty and Assmann, 2018; Lengger and Jensen, 2020). Most discoveries related to
plant G proteins come largely from studies in A. thaliana and O. sativa although knowledge
regarding G protein signalling have been expanded through studies in other plant species.
Plant G proteins are involved in numerous signalling pathways, including developmental
processes such as seed germination, growth and cell division (reviewed in Perfus-Barbeoch
et al., 2004; Urano et al., 2016b), phytohormone response (reviewed in Jose and Roy
Choudhury, 2020), ion channel opening (Wang et al., 2001; Fan et al., 2008; Jeon et al.,
2019), light response (see references in Urano et al., 2012a), abiotic stress response (reviewed
in Zhang et al., 2021), and plant innate immunity (reviewed in Zhong et al., 2019 and Zhang
etal., 2021).

The core G protein complex consist of three subunits (Ga, Gp and Gy). Ga is capable
of binding either guanosine diphosphate (GDP) or guanosine triphosphate (GTP) and G} and
Gy subunits form together a dimer (see for instance Urano and Jones, 2014). The three
subunits form all together a heterotrimeric complex at the plasma membrane. According to
the classical paradigm that largely derives from the mammalian system, the G protein
complex switches between inactive and active states depending on the nucleotide-bound form
of Ga (Sprang, 1997). During resting phase, Ga is GDP-bound and remains associated with
the GBy dimer in a trimeric conformation. Upon activation of cell-surface receptors, the latter
stimulate GDP release from Ga and GTP-bound Ga dissociates from Gy dimer due to
conformational change. Both the GTP-Ga monomer and Gy dimer can interact with a variety
of downstream protein targets to transduce signals for distinct cellular and physiological
functions (Offermanns, 2003; McCudden et al., 2005; Wettschureck and Offermanns, 2005;
Smrcka and Fisher, 2019).

Plant G proteins have been similarly shown to interact with numerous protein targets
(see Urano and Jones, 2014 and Pandey, 2019). Plant Go, Gp and Gy subunits are

predominantly localised at plasma membrane but can be detected in inner membranes and
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intracellular organelles (Roy Choudhury et al., 2020). Arabidopsis Ga and Gy harbour a
prenylation motif for membrane anchoring at their N-terminal and C-terminal, respectively,
and both AtGa and AtGy are independently trafficked to the plasma membrane (Adjobo-
Hermans et al., 2006; Trusov et al., 2012). Arabidopsis Gp requires to interact with Gy for its
proper localization and this is achieved prior to their trafficking to the plasma membrane
(Wang et al., 2008). Arabidopsis GBy dimer has been localised at the plasma membrane in
transformed mesophyll protoplasts and detected at the endoplasmic reticulum via western-
blot (Wang et al., 2007; Wang et al., 2008). AtGp alone has been detected within the nucleus
of transformed tobacco and Arabidopsis leaves via immunoprecipitation and fluorescence
microscopy, respectively (Peskan and Oelmiiller, 2000; Anderson and Botella, 2007). Rice
GP and Gy have been similarly detected both at the plasma membrane and within nuclei in

onion epidermal cells and rice root cells (Yadav et al., 2014; Liu et al., 2018).

1.3.2 Plant G proteins are auto-active

In contrast to their mammalian counterparts, plant Ga subunits rapidly release GDP
without any stimulus and the rate of GTP hydrolysis is >100-fold slower in comparison
(Johnston et al., 2007; Jones et al., 2011b; Choudhury et al., 2012; Urano et al., 2012b). X-
ray crystallography of Arabidopsis Ga and computational-based molecular dynamics
simulations enabled deducing that, despite high structural homology with mammalian Ga, its
helical domain displays pronounced intrinsic disorder and dynamic motion, resulting in self-
activation (i.e., GDP release and binding to GTP) (Jones et al., 2011a). Notably, a chimeric
mammalian Go in which its helical domain was replaced by the Arabidopsis Ga helical
domain was sufficient to confer rapid activation (Jones et al., 2012). Plant Gas are therefore
considered as self-activating and this property is presumably conserved throughout the plant
kingdom (Johnston et al., 2007; Choudhury et al., 2012; Urano et al., 2012b). It also implies
that regulation of G proteins in plants is rather directed on the deactivation of Ga instead of
its activation. The ability of Gfy dimer to stabilize Ga in GDP-bound conformation is
presumably not sufficient to counter-balance Go self-activation (Urano et al., 2012b).
Accordingly, protein regulators that accelerate the GTP hydrolysis reaction of plant Gos are
required to maintain a pool of GDP-bound Ga subunits within plant cells. Two GTPase-
accelerating proteins (GAPs) have been identified and shown to mediate Ga self-activation.

These include the regulator of G protein signalling (RGS) proteins and the phospholipase D
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al (PLDal) (Chen et al., 2003; Zhao and Wang, 2004; Urano et al., 2012b). RGS proteins
and PLDal accelerate the GTPase activity of plant Ga subunits and therefore promote Ga
binding to GDP. RGS proteins localize at plasma membrane and consist of a predicted seven-
transmembrane domain and a cytoplasmic C-terminal tail that harbours a GAP domain (Chen
etal., 2003; Urano et al., 2012b). Notably, RGS protein in Arabidopsis is essential to stabilize

Gapy subunits in their heterotrimeric conformation (Liang et al., 2018).

1.3.3 G protein signalling in plants

Despite the wide range of G-protein-mediated signalling in plants, the diversity of G
protein subunits is surprisingly low. This is exemplified in A. thaliana and O. sativa, whose
genomes encode one Ga, one G, and respectively three and five Gys allowing for three and
five heterotrimeric combinations, respectively (Kato et al., 2004; Perfus-Barbeoch et al.,
2004; Thung et al., 2012; Trusov et al., 2012). This is in contrast to the human genome that
encodes numerous Gafy subunits allowing for 1380 unique potential combinations of
heterotrimeric G proteins (Xu et al., 2016).

Specificity of plant G protein signalling arises first from the diversity of Gy subunits
(Thung et al., 2012; Sun et al., 2018). Plant genomes encode three types of Gys (A, B and C)
that differentiate according to their varying C-terminal structure (Trusov et al., 2012). The
type A Gy subunits have similar structures than those of non-plant Gys, while Gys of types B
and C are unique and only found in the plant kingdom (Trusov et al., 2012). Besides, many
plant species are polyploid and have retained multiple G protein subunits (Pandey and
Vijayakumar, 2018). For example, the soybean genome that is allotetraploid encodes four
Ga, four G and ten Gy subunits (Choudhury et al., 2011).

The repertoire of plant G proteins is also uniquely extended as plant genomes encode
unique and unusual extra-large G proteins, known as XLGs (Lee and Assmann, 1999; Ding
et al., 2008; Pandey, 2019). XLG proteins have a C-terminal domain that is homologous to
canonical Go subunits, but also have a unique N-terminal domain extension (absent in
canonical Ga subunits) that is about four-hundred amino-acid long and highly conserved
among XLGs. All plant XLGs are presumably capable of GTP binding and can form
heterotrimeric complex with plant Gy dimers (Heo et al., 2012; Urano et al., 2016a; Pandey,
2019). They function both redundantly and independently of canonical Ga proteins (Urano
et al., 2016a; Pandey, 2019; Roy Choudhury et al., 2020). Thus, XLGs are often referred to
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as non-canonical Ga proteins. For clarity, I won’t refer further to non-canonical Ga subunits
in this introduction as only canonical Ga (hereafter Ga)) was reported to participate in the
regulation of root nodule symbiosis (Choudhury and Pandey, 2013)

Plant G protein signalling is predicted to function via either one of the two following
modes of action: (i) activation and dissociation of the heterotrimeric complex of which Ga
and GPy bind to different protein targets and function in parallel, synergistically, or
antagonistically; (ii) activation of either Go or Gy while one inhibits the other’s action via
sequestration and vice-versa (Pandey et al., 2010; Roy Choudhury et al., 2020). Activation
and/or regulation of plant G protein signalling involve stimulus-dependent activation of
RLKSs (Pandey, 2020), controlled activity of GAP proteins including RGS and PLD1a (Urano
et al., 2012c; Urano et al., 2012b; Roy Choudhury and Pandey, 2016; Watkins et al., 2021),
and post-translational modifications including phosphorylation of the G protein subunits

(Chakravorty and Assmann, 2018; Oliveira et al., 2022).
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Figure 1.3 | Schematic representation of the G protein signalling in plants.

(Left panel) During the resting phase, the heterotrimeric G protein complex consists of the Ga subunit
in a GDP-bound state, along with the Gp and Gy subunits forming a dimer. Plant Gos undergo
spontaneous nucleotide exchange, transitioning to the GTP-bound state. GTPase-accelerating proteins
such as Phospholipase D alpha 1 (PLDal) and Regulator of G-protein Signalling (RGS) play essential
roles in regulating Ga self-activation, facilitating the exchange of GTP for GDP, and reforming the
heterotrimeric complex. (Right panel) Upon stimulus, Receptor-Like Kinases (RLKS) interact with
and regulate G protein subunits and/or RGS protein. (Bottom panel) Upon activation, the
heterotrimeric complex dissociates, enabling transduction of downstream signalling via the interaction
of GTP-Ga and/or GPy dimer with protein targets. Several GBy dimers are shown to underscore the
diversity of Gy subunits in plants, providing signal specificity.
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1.3.4 G-protein-mediated regulation of nodulation

The G protein subunit Gf was shown to positively regulate root nodulation in G. max,
M. truncatula and P. sativum (Choudhury and Pandey, 2013; Bovin et al., 2022), whereas the
soybean GmGao subunits were shown to negatively influence the development of root nodules
(Choudhury and Pandey, 2013). No protein targets of either G} or Go. during nodulation have
been identified. Their precise role was therefore not known as one or the other may simply
inhibit the other’s action via sequestration. Interestingly, the soybean Nod-factor receptor
GmNFR1a (ortholog of MtLYK3/LJNFR1) interacts with GmGa proteins and GmRGS1/2 in
planta (Choudhury and Pandey, 2013; Choudhury and Pandey, 2015). GmNFRIla
phosphorylates GmRGS2 in vitro, and GmNFR 1a-mediated phosphorylation of GmRGS2
increases its GAP activity toward GmGal (Choudhury and Pandey, 2015). Besides,
constitutive expression of native GmRGS2 and phosphomimic GmRGS2 significantly
increased nodule number compared with wild-type plants expressing empty-vector, the
phosphomimic GmRGS2 displaying a greater efficiency in that regard, whereas gene
silencing of GmMRGS1/2 negatively affected root nodulation (Choudhury and Pandey, 2015).
Thus, it was postulated that GmNFR 1a-dependent phosphorylation of GmRGS2 promotes
root nodule development via sequestration of the Ga subunits in their GDP-bound
conformation (Choudhury and Pandey, 2015). In accordance with this, it was later shown that
the symbiosis co-receptor GmSymRKa (ortholog of MtDMI2/LjSymRK) interacts with and
phosphorylates GmGa proteins (Roy Choudhury and Pandey, 2022). GmSymRKa-dependant
phosphorylation of GmGal renders it incapable of GTP binding. Phosphomimic GmGal also
loses its ability to interact with Gy dimers in planta, whereas phospho-deficient GmGal is
still capable of interacting with its heterotrimeric partners (Roy Choudhury and Pandey,
2022). Constitutive expression of phosphomimic GmGal and phospho-deficient GmGal
resulted in significantly more and fewer number of root nodules, respectively. Taken together,
it suggested that Ga subunits in soybean negatively impact root nodulation via sequestration
of the Gy dimers. It also revealed that G proteins may positively regulate root nodulation
via binding to protein targets, as GmSymRKa-dependant phosphorylation of GmGas
ultimately results in release of the GBy dimer from its heterotrimeric complex. Nonetheless,
at which step of root nodule symbiosis G protein signalling would intervene, either during

rhizobial infection or root nodule organogenesis, or both, remained enigmatic. Besides,

25



whether G protein signalling regulates the symbiosis signalling that is common to

mycorrhizal and rhizobial endosymbioses remained also unknown.

1.4 Thesis outline and objectives

The role of G proteins during root nodulation prompted us to speculate that G protein
signalling mediates rhizobial and mycorrhizal symbioses, and that G would participate in
the symbiosis signal transduction that leads to activation of nuclear Ca?* signalling during
root endosymbiosis. First, genetic analyses of M. truncatula mutants to characterize the role
of MtGp in root endosymbiosis will be described (chapter 3). Second, characterization of
MG function in regulating nuclear Ca?* signalling, symbiosis-activated gene expression and
symbiosis-activated root nodule organogenesis will be presented (chapter 4). Finally,

identification of MtGp interactors to regulate root endosymbiosis will be detailed (chapter 5).
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Chapter I

Material and Methods

2.1 Plant materials and growth conditions

Medicago truncatula cv. Jemalong A17 (Barker et al., 1990) was used as wild-type. Mutants
dmil-1 (C71) and dmi2-1 (TR25) were reported previously (Sagan et al., 1995; Penmetsa and
Cook, 1997; Catoira et al., 2000). TILLING mutants were identified from a population of
3,162 individual lines (cultivar A17) generated by Le Signor and co-authors (2009) and
reverse screened by RevGenUK (John Innes Centre). TILLING GS-YF and GSP**N mutants
were backcrossed with M. truncatula A17:YC3.6 (Feng et al., 2019) and homozygote
progenitures were used for calcium imaging and symbiosis phenotyping, respectively.

For seed sterilization, seeds were scarified with sandpaper and surface-sterilised in
10% sodium hypochlorite solution for 2 min. Seeds were washed 5 times with sterile water
before plating on water agar. Seeds were stratified and placed at 4°C for 5-7 days in the dark
and subsequently germinated overnight at room temperature in the dark.

For growth in sterile condition, germinated seeds were moved onto sterile square
plates (clear polystyrene petri dish, 120/120/17 mm, Greiner Bio-One, item No. 688161)
containing appropriate medium agar and sealed with micropore surgical tape. Plates were
placed vertically in growth cabinet under controlled environment (16/8-hour day-night cycle
at 23°C, with 32% humidity, light intensity of 300 umol/m?/s).

For symbiosis assays and seed production, seedlings were first grown in sterile
condition and then moved into plastic pots (4x4x6 cm). Pots were placed in greenhouse under
controlled environment (16/8-hour day-night cycle at 22°C, light intensity of 300 umol/m?/s).
For symbiosis assays, a 1:1 v/v autoclaved mixture of Terragreen (Oil-Dri Ltd., UK) and sand
was used. For seed production, a peat-and-loam-based mix with added grit (65% peat, 25%
loam, 10% grit, 3kg/m?® dolomitic limestone,1.3kg/m® PG mix, 3kg/m® osmocote exact) was
used. After 2-3 weeks, plants for seed production were moved to larger pots (9x9x11 cm) for

flowering and self-fertilization.
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2.2 Genotyping of TILLING population

A leaf of each plant for genotyping was collected 7-10 days after planting on soil. The leaves
were frozen at -20 °C and then extracted using the QlAamp® 96 DNA QIlAcube HT kit
(Qiagen) 96-well plate kit following manufacturer’s instructions, with elution in 50 pL sterile
dH20. Genotypes were assessed via fluorescence-based competitive allele specific PCR (He
et al., 2014). Wild-type- and mutant-specific primers were labelled with VIC (Victoria) and
FAM (6-Carboxyfluorescein) fluorescent dyes, respectively. Primer mix was prepared as
follows; 12 pL of each allele-specific forward primer 100 uM (FAM and VIC), 30 pL of
common reverse primer 100 uM, diluted with dH>O up to 100 pL. Reaction mix was made
of 0.3 pL primer mix, 2.1 uL PACE® polymerase 2X 150 nM (3CR BIOSCIENCE), 2.1 pL
dH20, and 1 pL genomic DNA. The conditions of PCR were the following: initial
denaturation (15 min at 94°C), followed by 10 cycles of first amplification (20 sec at 94°C;
1 min at 54°C), and 35 cycles of second amplification (20 sec at 94°C; 1 min at 55°C).
Fluorescence was measured on PHERAstar plate reader. Excitation and emission
wavelengths of FAM and VIC dyes are 485/520 nm and 520/570 nm, respectively. Data were
analysed on KulsterCaller genotyping software. Genotypes of selected individuals were

confirmed through sequencing of PCR products. Primers are listed on Table 2.3.
2.3 CRISPR-CAS9

Vectors were produced using the Golden Gate cloning strategy as described in this chapter
(section 2.13.5). MtU6.6 promoter and terminator (Kim and Nam, 2013), single guide RNAs
(sgRNASs), and scaffold for sRNAs (Castel et al., 2019) were de novo synthesised. MtU6.6
promoter and terminator and sgRNA scaffold were cloned into modified pL1F-3~5 vectors
with an internal RFP gene for negative selection, flanked with Esp3I restriction sites for
sgRNA insertion. The synthetic DNAs corresponding to the sense and antisense sequences of
the sgRNAs were diluted 1000X and mixed 1:1. The mix was heated up in a water bath to 95
°C and slowly cooled down to room temperature. Double-strand sgRNAs were inserted into
pL1F-3~5 (1 pL sgRNA mix in 15 pL final volume with Esp3l enzyme (ThermoFisher
Scientific) as opposed to Bsal to generate sgRNA-containing pL1F-3~5 vectors). Level 0
vector containing Cas9 gene is the pICSL90017 from The Sainsbury Laboratory (TSL,
Norwich) with N- and C-termini nuclear localised sequence (NLS) and Arabidopsis-codon-

optimised sequence with potato intron (Castel et al., 2019). Final level 2 vectors are described
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in Table 2.4. Roots were transformed via Agrobacterium-rhizogenes-mediated root
transformation and subsequently screened for nodulation assay. Nodules were counted on
fully transformed roots at 25 days post-inoculation and roots were sampled in liquid nitrogen
for DNA extraction. DNA was extracted with the DNeasy® Plant Mini Kit (Qiagen) according
to the manufacturer’s instructions. DNA was amplified via PCR using GoTaq® and amplified
fragments were gel extracted for sequencing. When individuals had multiple fragments of
different size, those were extracted and sequenced separately. In some cases, noise in the
sequencing chromatograms was too elevated for the sequences to be called. Accordingly,
individuals with ambiguous sequences were classified as chimera and removed from the final

data set. Primers are listed in Table 2.3.

2.4 Symbiosis assays

2.4.1 Microsymbiont material

Sinorhizobium meliloti strain 2011 (Sm2011) expressing LacZ reporter gene (Sm2011:LacZ),
reported previously (Ardourel et al., 1994), was used for all rhizobial infection and nodulation
assays. LacZ encodes a B-galactosidase enzyme that cleaves [3-galactosides. X-Gal (5-Bromo-
4-chloro-3-indolyl-p-D-glucuronic Acid) is used as substrate and its cleavage results in a dark
blue precipitate. Blue coloration reports the presence of bacteria. For mycorrhization assays,
Rhizophagus irregularis spores were contained in a granulate mixture (Endorize, Agrauxine,

France) used as inoculum (12.5% of final volume) in all mycorrhization assays.

2.4.2 Rhizobial infection assay

Germinated seeds were grown in sterile condition on square plates containing BNM (Table
2.1) 1% agar covered with sterilised filter paper (WHA10334365, Sigma-Aldrich) to prevent
roots from penetrating the medium. Sm2011:LacZ was grown on selective TY (Table 2.1)
plate containing 100 uM Spectinomycin and 4 uM tetracycline for 2-3 days at 28°C. Single
colony was inoculated in selective TY liquid for 2 days at 28°C. The culture was spun down
by centrifugation (5 minutes at 4000 rpm) and resuspended in sterile dH2O. 1-day old roots
were sprayed with 1 mL of Sm2011:LacZ prepared at ODes0oo=0.01 using an Intranasal
Mucosal Atomization MAD Nasal™ device and grown in sterile condition for five more days.
Plants were then stained via LacZ staining as described below. Infection pocket and infection
thread were visualised by the blue-stained bacteria and the numbers were counted using a
light microscope. The number of infections is relative to the length of root.
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2.4.3 LacZ staining

Roots were fixed in fixative solution made of Z’ buffer (100 mM Sodium Phosphate buffer
(75 mM NazHPO4-7H20; 25 mM NaH:PO4-H20), 10 mM KCI, 1 mM MgCl.) supplemented
with 2.5% v:v glutaraldehyde. This was gently vacuum-infiltrated for 30 min. Fixative
solution was replaced with fresh and samples were kept at room temperature for 1 hour.
Samples were washed three times for 5 min with Z’ buffer. Staining solution was added (1
mM X-Gal, 5 mM Ks[Fe(CN)g], 5 MM Ka[Fe(CN)e], mixed in Z’ buffer) and samples were
kept in the dark for 2-4 hours at 30°C. Staining reaction was stopped by replacing staining

solution with Z’ buffer.

2.4.4 Nodulation assay

To assess the nodulation phenotypes of the TILLING mutants, germinated seeds were grown
in sterile condition for 6 days on square plates containing BNM 1% agar. Plants were then
transferred into pots for symbiosis assay and grown one more day before inoculation with
rhizobium. 5 mL of Sm2011:LacZ prepared at ODsoo=0.01 was spread onto the soil surface
of each plant. Root nodules were counted using a light microscope. Number of nodules is
relative to the root dry mass. Roots were dried out at 37 °C for 2 days. Number of days of

inoculation are indicated in figure legends.

2.4.5 Mycorrhization assay

To assess the mycorrhization phenotypes of the TILLING mutants, germinated seeds were
grown in sterile condition for 6 days on square plates containing BNM 1% agar. Plants were
then transferred into pots for symbiosis assay supplemented with 1:8 v/v (12.5%) of granulate
mixture containing Rhizophagus irregularis spores (Endorize; Agrauxine, France). Fungal
structures were blue stained in acidic ink as follows; roots were cleared in 10% KOH 15 min
at 95°C, washed 3 times in water and subsequently stained in acidic ink (5% ink, 5% acetic
acid) for 4 min at 95°C. The percentage of root colonization was quantified using the grid
line intersect method (Giovannetti and Mosse, 1980). Briefly, roots were cut into small
segments and spread randomly in plastic petri dishes in which a grid with 1x1 cm squares
was affixed to the base. At least one hundred and twenty intersections for each root sample
were counted to measure roots with or without AM-associated structures using a light

microscope. Number of days of inoculation are indicated in figure legends.
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2.4.6 Complementation of TILLING mutant

For complementation of GA-*F mutant, wild-type and mutant were transformed via
Agrobacterium-rhizogenes-mediated root transformation as described below. Four weeks
post-transformation, transformed roots were screened via fluorescence and inoculated as
indicated above for nodulation or mycorrhization assays. Root nodules and AM-associated
structures were scored as described above using a Leica MZFLII1 with fluorescence screening
for counting nodule on transformed roots or selecting transformed material for AM blue

staining.

2.5 Agrobacterium-rhizogenes-mediated root transformation

2.5.1 Transformation of Agrobacterium rhizogenes

T-DNA vectors were generated via Golden Gate as described below. Agrobacterium
rhizogenes electrocompetent cells AR1193 (Stougaard et al., 1987) were transformed by
electroporation (200 Q, 1.25 V, 25 uF; Gene Pulser Bio-Rad) with 1.5 pL plasmid DNA (250
ng.uL) and 20 pL cell aliquot in an electroporation cuvette (Geneflow). Cells were
afterwards incubated in 300 uL SOC medium (Table 2.1) at 28°C and 220 rpm for 2 hours,
then plated on LB medium (Table 2.1) supplemented with appropriate antibiotics and

incubated at 28°C for 3 days.

2.5.2 Root transformation procedure

Each plant had their root cut off and regenerated into transgenic roots via Agrobacterium-
rhizogenes-mediated transformation, while the shoot system of the plants remained non-
transgenic. Each transformed root system should be considered as an independent
transformant as it results from independent T-DNA insertion event. For each assay, new sets
of transgenic roots were prepared. The transformation efficiency varied between 10% and
60%.

To prepare the agrobacterium, A. rhizogenes AR1193 expressing the T-DNA of
interest were first grown on selective LB plates for 3 days at 28°C. On the morning prior to
root transformation, single colonies were incubated for 24 hours in multiple 10 mL liquid LB
medium supplemented with appropriate antibiotic selection (about 50 mL of agrobacterium
culture to transform ~300 seedling roots). The day after, cells were spun down at 4000 rpm

for 5 min and resuspended in sterile dH-O.
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M. truncatula seedlings were germinated overnight at room temperature. The
transformation was performed in sterile condition under a laminar flow cabinet. Germinated
seeds were kept in sterile dH.O to prevent them from drying out. Seed coats were removed
to avoid subsequent fungal contamination. Roots are 1-2 cm long and approximately 3-5 mm
of root tip was cut off after which the seedlings were dipped into the cell suspension of
agrobacteria for 5 min. 20 seedlings were dipped into 1.5 mL of cell suspension while a next
batch of 20 seedlings was prepared. Cell suspensions were changed regularly to reduce the
risk of fungal contamination. After dipping, seedlings were placed into square plates
containing Mod FP (Table 2.1) 1% agar and 2 pug/mL nystatin and grown in sterile condition
for 5-7 days. The following week, roots that had regenerated were cut off as those are mostly
non-transgenic. Plants were then placed into new squares plates containing Mod FP 1% agar
and 2 pg/mL nystatin and covered with sterilised filter paper (WHA10334365, Sigma-
Aldrich) to prevent roots from penetrating the medium. Plants were grown in sterile condition
for 1 up to 4 weeks depending on the assay. Fluorescent probes were used as transgenic
marker. Transformed roots were screened using a fluorescence stereo microscope (MZFL 111
Leica). Roots with no fluorescence or chimeric fluorescence were cut off. Plants with fully

fluorescent roots were kept for further analyses.

2.6 Spontaneous nodulation

To assess spontaneous formation of nodule-like structures in wild-type and dmi2-1 mutant
using different combinations of heterotrimeric G proteins, wild-type and mutant were
transformed via Agrobacterium-rhizogenes-mediated root transformation as described above.
Three weeks post-transformation, transformed roots were screened via fluorescence and
transferred into sterile phytatrays™ (LxWxH 11.4 cmx8.6 cmx10.2 cm, Sigma-Aldrich; 4
plants/phytatrays) containing 1:1 v/v autoclaved mixture of Terragreen (Oil-Dri Ltd., UK)
and sand. dmi2-1 plants were inoculated with Sm2011:LacZ as described above in nodulation
assay procedure. Plants were uprooted after 70 days of growth in phytatrays™. Nodule-like
structures were counted using a light microscope. For sectioning, nodule-like structures were
embedded in 5% agarose and sectioned with a VT1000 vibratome (Leica) using 100 uM

sections. Cross-sections were imaged on a Leica DM6000 microscope.
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2.7 Quantification of gene expression

2.7.1 RNA extraction

Roots were sampled in liquid nitrogen and grinded with mortar and pestle. Total RNA was
extracted using the RNeasy® Plant Mini Kit (QIAGEN) according to the manufacturer’s
instructions. Samples were treated with DNase | (BIORON) for 25 min twice. Absence of
genomic DNA was validated via PCR amplification of intronic fragments. Concentration and
purity were determined by spectrophotometry (A260/280 and A260/230 ratios) and integrity

was confirmed by gel electrophoresis (2% w/v agarose).

2.7.2 cDNA synthesis

cDNA was obtained from 550-1000 ng of RNA using the SuperScript™ Il Reverse

Transcriptase (Invitrogen) according to the manufacturer’s instructions.

2.7.3 Quantitative PCR

Quantitative PCR (gPCR) was performed using a CFX96 Touch™ Real-Time PCR Detection
System (BIO-RAD) with SYBR® Green JumpStart™ Taq ReadyMix™ (Sigma-Aldrich). For
each primer set, amplification efficiency (E) was first determined through a cDNA dilution
series standard curve (two technical replicates per data point and five data points
corresponding to 20X, 40X, 80X, 160X, 320X dilutions of cDNA, in 10 pL reaction mix,
including 0.2 mM of each primer). The conditions of the gPCR were the following: initial
denaturation (2 min at 95°C), followed by 40 cycles of amplification and quantification (20
seconds at 95°C; 20 seconds at 60°C, and 20 seconds at 72°C, with a single fluorescence
measurement). A melt curve was also generated to verify the specificity of the amplification
reaction (50 °C to 95 °C, with a fluorescence measurement every 0.5 °C). Calculation of the
normalised expression and fold change ratio was performed using the mathematical model

described by Pfaffl (2001). Primers used for gPCR are listed in Table 2.3.

2.8 Calcium imaging

For calcium phenotyping of the F2 segregating population of YC3.6xGS-1F

mutant, F2
homozygous wild-types and mutants were grown in sterile condition for 2 days on square
plates containing BNM 1% agar and 100 nM aminoethoxyvinylglycine (AVG) covered with
sterilised filter paper. For calcium imaging of transformed roots co-expressing YC3.6 with

NES-Gp or NLS-Gp, or NLS-RGECO with MtRGSP"P, wild-type plants were transformed
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via Agrobacterium-rhizogenes-mediated root transformation. Site-directed mutagenesis via
overlapping PCR was conducted on MtRGS coding sequence to replace the five
phosphorylation sites with aspartate residues (MtRGS™"P). Transformed roots were
screened via fluorescence at 17-20 days post transformation. A chamber of 48x64 mm
coverglass (Solmedia) using high-vacuum grease (Dow Corning GMBH) was used to place
the roots in 1-2 mL dH20. Only the root was covered with a coverslip to leave space for Nod-
factor application at a final concentration of 10 M. Nod-factors were produced as previously
described (Morieri et al., 2013). For induction of MtRGSPe"P expression, plants were placed
in sterile 6-well plates and roots were incubated in 5 mL liquid BNM complemented with 25
MM dexamethasone. During incubation, plants were kept in growth cabinet for the indicated
time (18-24 hours). Calcium imaging was performed using a Nikon ECLIPSE FN1 equipped
with an emission image splitter (Optosplit, Cairn Research, UK) and an electron multiplying
cooled charge coupled camera (Rolera™ Thunder EMCDD, QImaging). CFP was excited at
wavelength of 436+20 nm by a light emitting diode (OptoLED, Cairn) and emitted
fluorescence was detected at of 48040 nm for CFP and 535+30 nm for YFP. RGECO was
excited at 561 nm and emitted fluorescence captured in the 571-640 nm range. Images were
collected in 3 sec intervals using MetaFluor software. Nod-factor-activated calcium
oscillations were recorded for at least 30 min. Spontaneous nuclear calcium spiking was

recorded for at least 30 min. Calcium imaging traces shown in this study are non-detrended.

2.9 Confocal microscopy

Localization experiment for MtGBs-GFP was performed using a Zeiss 780 confocal laser
scanning microscope equipped with an Argon Krypton laser (Zeiss). Wild-type plants were
transformed via Agrobacterium-rhizogenes-mediated root transformation and transformed
roots were imaged at 21 days post-transformation. Nod-factor treatment was performed in 5
mL dH.0 complemented with mock or Nod-factors at 10" M. The 488 nm excitation line of
the argon ion laser was used to excite GFP, and emission spectra were collected between 490
and 535 nm. For mCherry, excitation wavelength was 561 nm and emission imaged between
575-625 nm. The experiment was conducted with at least three plants for each construct and
condition, and one or two root hairs per plant were imaged. Images were processed in Zen
3.1 lite software. Protein expression and integrity was assessed by protein extraction and

immunoblotting.
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2.10 Yeast-two-hybrid

The gal4-based yeast two-hybrid assay was performed in the yeast strain AH109. Protein
coding sequences were amplified from M. truncatula cultivar A17 root cDNA. The murine
p53 and its interacting partner SV40 large T-antigen were used as control (CLONTECH
PT3024-1). The vector pBD-GAL4-GW and pAD-GAL4-GW (CLONTECH) were used to
sub-clone sequences via BP/LR gateway cloning (Invitrogen) as described below (section
2.13.6). Yeast strain was transformed using the lithium acetate method (Gietz and Woods,
2002). Briefly, 50 mL of yeast culture was grown at 30 °C in YPAD medium (Table 2.1) until
an ODeoo of 0.6-0.8, centrifuged for 5 min at 1000 g, resuspended in sterile dH20, centrifuged
for 5 min at 1000 g, and pellet carefully resuspended in 1.5 mL of 100 mM lithium acetate.
For each transformation reaction, 100 pL of yeast cells were carefully added to 300 pL of
transformation mix (40% polyethylene glycol, 0.12 M lithium acetate, 0.16 mg.mL™ salmon
sperm DNA, and 2-3 pL of plasmids (300-500 ng.mL™)). The mixture was vortexed
vigorously for 2 min, incubated at 30 °C for 30 min, then at 42 °C for 30 min, centrifuged for
5 min at 700 g and gently resuspended in 100 pL 0.9% NaCL. Co-transformed yeasts were
grown on synthetic dropout SD medium (Table 2.1) lacking leucine and tryptophan (-LW)
for 2 days at 28 °C. Positive transformants were grown in liquid SD medium -LW overnight
at 28 °C and resuspended in sterile dH>O. Pairwise interactions were assessed on synthetic
dropout SD medium lacking adenine, histidine, leucine, and tryptophan (-AHLW) after 7
days of growth at 28 °C.

2.11 Co-immunoprecipitation

Co-immunoprecipitation (co-1P) was performed to assess interaction of MtGp and MtAUK
in planta. Constructs were generated via Golden Gate cloning (see section 2.13.5). Genomic
sequence of MtAUK was domesticated by L. Grubb (Charpentier’s lab) to create the Golden
Gate vector. The latter construct was domesticated by L. Grubb to generate MtAUKAGS.
Protein coding sequences of MtG/ and MtDMI3 were used to create the Golden Gate vectors.
MtAUK and MtAUKAGp were C-terminally fused to modified C-terminal YFP including
HA epitope. MtGB and MtDMI3 were C-terminally fused to modified N-terminal YFP
including MY C epitope. All recombinant genes were driven by constitutive promoters except
for MtGB-MYC-nYFP that was driven by MtGp native promoter. Final level 2 vectors are

listed in Table 2.4. Agrobacterium-rhizogenes-mediated root transformation was performed
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in M. truncatula cultivar A17. Four weeks post-transformation, approximately 40 plants were
transferred into plastic pots (4x4x6 cm) filled with a 1:1 v/v autoclaved mixture of Terragreen
(Oil-Dri Ltd., UK) and sand. Plants were further cultured in sterile growth cabinet for another
week. Plants were then inoculated with Sm2011:LacZ as described above. Two days post-
inoculation, plants were uprooted, washed in water, roots cut apart and flash frozen in liquid
nitrogen. For co-IP analysis, roots were pulverised in liquid nitrogen with mortar and pestle
and resuspended in lysis buffer (10% glycerol, 50 mM Tris-HCI pH 8.0, 150 mM NacCl, 1%
Igepal ca-630, 250 mM Mannitol, 1 mM PMSF, 20 uM MG-132 with the addition of
cOmplete™ EDTA-free protease inhibitor cocktail tablets (Roche) (1 tablet per 50 mL)) at a
ratio of 10 mL per 3 g root material. The material was further homogenised using a Potter
tube homogenizer and then supernatant was clarified by centrifugation 3 times at 2,558 x g
for 10 min each. An input fraction was collected and then the supernatant was incubated with
HUMacs HA-trap beads (UMACS™ HA Isolation Kit, Miltenyi Biotec) for 2 h at 4 °C.
Supernatant was then applied to a i column in a pMacs magnetic stand and then beads were
washed 4 times with 1 mL wash buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.1% Triton
X-100, with the addition of cOmplete™ EDTA-free protease inhibitor cocktail tablets
(Roche) (1 tablet per 50 mL)). Following washes, beads were eluted by two additions of 40
UL pMacs elution buffer (50 mM Tris HCI (pH 6.8), 50 mM DTT, 1% SDS, 1 mM EDTA,
0.005 bromphenol blue, 10% glycerol) preheated to 80°C and beads were allowed to sit in
buffer for 1 min prior to elution from columns. Input and IP samples were then loaded on an
SDS-PAGE gel and immunoblotted with aHA or aGFPN*™ antibodies (see Section 2.13.9
and Table 2.2). Immuno-band intensity was quantified using imageJ (see detailed method in
Chapter 11, section 3.5 of Stael et al., 2022). The regions of interest were equal for each

immuno-band.

2.12 Protein expression in heterologous system

2.12.1 Purification from Escherichia coli

Protein coding sequences were cloned into pOPIN-M vector including a 3xHis:MBP tag by
In-Fusion cloning (see section 2.13.7) followed by transformation into E. coli Rosetta DE3
expression strain (Sigma-Aldrich) via heat shock (see section 2.13.8). Cell cultures were
grown in 8 L liquid LB at 30 °C with 210 rpm shaking until ODsoo 0.6-0.8 was reached (3-6
hours) followed by transfer to 16 °C overnight. Overnight culture was complemented with 1

mM IPTG to induce protein expression. Cells were harvested by centrifugation in a Sorvall
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Lynx centrifuge at 5,663 x g and resuspended in buffer A1 (50 mM HEPES, 50 mM glycine,
0.5 M NaCl, 20 mM imidazole, 5% (v/v) glycerol) with the addition of cOmplete™ EDTA-
free protease inhibitor cocktail tablets (Roche) (1 tablet per 50 mL). Cells were lysed by
sonication using a VibraCell sonicator (SONICS) at 40% maximum amplitude with 1 s pulse
and 3 s interval between pulses. Whole cell lysate was centrifuged at 38,724 x g for 30 min
at 4 °Cina Sorvall Lynx centrifuge. Clarified cell lysate was then injected onto a 5 mL Ni2+-
NTA column (GE Healthcare) equilibrated in Al buffer, followed by step-elution with elution
buffer B1 (50 mM Tris-HCI pH 8.0, 50 mM glycine, 0.5 M NaCl, 500 mM imidazole, 5%
(v/v) glycerol), and transfer to a Superdex 200 16/60 gel filtration column equilibrated in
buffer A4 (20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP). Fractions of 2 mL were
collected, those corresponding to an absorbance peak were separated via SDS-PAGE, and
those containing the protein of interest were pooled and concentrated to 1-3 mg/mL using
VivaSpin® centrifugal concentrators (30K for 3xHis:MBP:Gps). For cleavage of the
3xHis:MBP tag, 3C protease (Thermo Fisher Scientific, 1:100 ratio of protein:protease) was

added to the concentrated proteins and incubated overnight at 4 °C for cleavage of the tag.

2.12.2 Purification from insect cells

Insect cells of Spodoptera frugiperda strain Sf9 were maintained at a density of 1x10°
cells/mL by passaging in 20 mL of 1 x SF-900™ (SFM; Gibco) every 3-5 days, with density
measured using an automated cell counter instrument (Countess 3 FL Automated Cell
Counter, Invitrogen). Disposable Countess™ Cell Counting Chamber Slides (Invitrogen)
were prepared with a mix of 10 pL of insect cell sample with 10 pL of trypan blue before
inserting the slide into the instrument for cell counting. The cells were grown at 26 °C with
200 rpm shaking.

For protein production from insect cells, protein coding sequences were subcloned
into pOPIN-M as described above and then pFASTBAC1 (Invitrogen) by In-Fusion cloning
(Takara BioSciences). Briefly, coding sequences including MBP tag and genes of interest
were created by PCR using Phusion® High Fidelity DNA Polymerase (New England
Biolabs) with the pOPIN-M-Gs vectors as DNA template, and specific primers to generate
overhangs with BamHI and Hindlll as digestion sites. pFASTBAC1 vector was linearised
with BamHI and HindllI restriction enzymes. In-Fusion cloning reaction followed the same
procedure than described below (section 2.13.7). Briefly, the constructs were transformed

into STELLAR E. coli, transformants selected and plasmids purified to isolate plasmid DNA

37



followed by confirmation by sequencing. Next, recombinant bacmid was generated by
transforming via heat shock purified plasmid into DH10Bac competent cells (Thermo Fisher
Scientific) expressing YFP as a transformation marker. Positive colonies were selected and
isolated using a modified plasmid purification protocol. From a 5 mL culture incubated
overnight at 37 °C with 200 rpm shaking, cells were pelleted at 2,558 x g for 5 min and
resuspended in 300 pL buffer P1 (50 mM Tris-Cl pH 8, 10 mM EDTA, 100 pg/mL RNase
A, Qiagen plasmid prep kit). Following addition of 300 pL buffer P2 (200 mM NaOH, 1%
SDS (w/v)), mixture was incubated at room temperature for 5 min. 400 pyL of P3 (3 M
potassium acetate, pH 5.5) was added and mixed by inversion. This was allowed to rest on
ice for 6 min and then centrifuged at 2,558 x g for 10 min and then an additional 2 min.
Supernatant was removed and 500 pL of 70% ethanol was added to the pellet and inverted
before centrifugation at 2,558 x g for 5 min at room temperature. This was repeated twice
more. Supernatant was removed and pellet was air-dried for 1 min. DNA was then dissolved
in 50 pL buffer EB (10 mM Tris-Cl, pH 8.5) and bacmid concentration was determined with
a NanoDrop One (Thermo scientific). Sequence was confirmed via sequencing. Next,
recombinant baculovirus was produced using Sf9 cells cultured in 1 x SF-900™ (SFM,;
Gibco). Cells in log phase were added to wells containing 2 mL SFM medium and seeded at
0.5 x10° cells/mL in a 6-well plate. Cells were allowed to attach for 15 min at room
temperature. 6 pL of FUGENE HD transfection reagent (Promega) was added to 4 pg of
bacmid in 200 uL SFM medium and incubated for 15 min at room temperature. This was then
added dropwise to the cells in 6-well plates and incubated for 3 days at 27 °C for production
of the P1 viral stock. P1 virus was harvested and P2 was produced by addition of 1:100 P1 to
50 mL Sf9 cells at density of 1-2 x 10° cells/mL. This was incubated for 3 days at 27 °C with
200 rpm shaking to produce the P2 viral stock. P2 viral stock was harvested by centrifugation
at 1000 x g for 10 min at 4 °C. Supernatant was used (1:100 ratio) to infect 1 L culture at 2
x10° cells/mL and incubated for 60 hours at 27 °C with shaking at 200 rpm. Cells were
harvested at 2 000 xg for 15 min and washed in PBS.

For protein purification, cells were centrifuged again at 2,000 x g for 10 min,
resuspended and lysed in 30 mL ice-cold lysis buffer (25 mM Tris, pH 7.5, 200 mM NaCl,
1mM DTT) with the addition of cOmplete™ EDTA-free protease inhibitor cocktail tablets
(Roche) (2 tablets per 50 mL). Cells were lysed by sonication using a VibraCell sonicator
(SONICS) at 40% maximum amplitude with 1 s pulse and 3 s interval between pulses. Whole

cell lysate was centrifuged at 500 x g for 10 min at 4 °C in a Sorvall Lynx centrifuge.
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Supernatant was centrifuged again at 30,000 x g for 30 min at 4 °C. Supernatant was added
toa5 mL MBP-Trap column (GE) and washed with 15 mL lysis buffer without DTT. Proteins
of interest were eluted with 20 mL lysis buffer without DTT supplemented with 10 mM of

maltose. Protein presence and purity was then assessed via SDS-PAGE and Western-blot.

2.13 Molecular biology methods

2.13.1 Polymerase chain reaction and DNA migration

PCR using GoTag® G2 Green Master Mix (Promega) was prepared in 25 L final volume (5
to 50 ng of DNA template, 12.5 pL 2X GoTaq® Green Master Mix, 0.4 pM primers, mixed
in dH20). The conditions of PCR were the following: 5 minutes at 95°C, followed by 30-40
cycles of amplification (30 sec at 95°C; 30 sec at primer’s annealing temperature; 60 sec per
kb of amplified fragment at 72°C), and a final extension of 5 min at 72°C.

PCR using Phusion™ High-Fidelity DNA Polymerase (ThermoFisher Scientific) was
prepared in 20 pL final volume (5 to 50 ng of DNA template, 0.25 pL Phusion™ High-Fidelity
DNA Polymerase, 4 pL 5X Buffer HF, 0.25 uM dNTPs, 0.4 uM primers, mixed in dH-0).
The conditions of PCR were the following: 2 minutes at 98°C, followed by 30-40 cycles of
amplification (30 sec at 98°C; 30 sec at primer’s annealing temperature; 15/30/40 sec per kb
of amplified fragment at 72°C for plasmid/genomic/complementary DNA template,
respectively), and a final extension of 10 min at 72°C.

Overlapping PCR, for sequence domestication using two separate PCR fragments
upstream and downstream of the domestication site, was prepared using Phusion™ High-
Fidelity DNA Polymerase in a 2-step fashion in 20 pL final volume as described above using
two PCR-amplified fragments as templates and without primers. The conditions of
overlapping PCR were the same as described above with the following modifications: 12
cycles of amplification (step one, without primers), followed by 5 minutes at 42°C while the
5" and 3’ end primers were added at 0.4 mM final concentration, then 32 cycles of
amplification (step two, with primers), with a final extension of 10 min at 72°C. PCR products
were isolated via gel DNA extraction.

Whole plasmid amplification, for sequence domestication of a given plasmid, was
prepared using Phusion™ High-Fidelity DNA Polymerase in 20 pL final volume as described
above with 10 ng of DNA template. The conditions of PCR were the same as above.

Amplified plasmids were digested with Dpnl restriction enzyme (15 pL PCR reaction, 2 pL
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enzyme, 1.5 uL CutSmart Buffer) to cleave remaining plasmid template for 1 hour 30 minutes
at 42°C and 15 minutes at 80°C.

PCR products were resolved in 1% (w/v) agarose Tris-Acetate-EDTA (TAE) buffer
gels (Melford), along with a 2-log DNA ladder (New England Biolabs®) and stained for 10-

15 min in a 10 mg.mL* ethidium bromide solution.

2.13.2 Gel DNA extraction

Agarose gel was moved onto UV box and DNA-containing gel slices were cut and kept in
Eppendorf tubes. DNA was extracted with QlAquick® Gel Extraction Kit (Qiagen) according
to the manufacturer’s instructions with the following modification: DNA was precipitated
with 100 pL isopropanol prior to applying sample to the column and DNA was eluted with

17 uL Buffer EB.

2.13.3 Plasmid purification

Plasmids were purified with QIAprep Spin Miniprep Kit (Qiagen) according to the
instructions of the manufacturer. Pellets from 4 mL overnight-grown bacterial culture (10
min centrifugation at 2,558 x g) were used for purification. Plasmids were eluted with 30 pL

Buffer EB.

2.13.4 Sequencing of PCR product and plasmid

Sequencing tube reaction was prepared in 1.5 mL Eppendorf tube with 1 uL PCR product or
2 UL purified plasmid, 2.5 pL of 10 mM primer, in 10 pL final volume mixed with dH-O.

Tubes were sent to Genewiz (Azenta, UK) for Sanger sequencing.

2.13.5 Golden Gate cloning

Golden gate cloning followed the principles previously outlined (Engler et al., 2008; Engler
et al., 2009; Weber et al., 2011). Level 0 modules were synthesised by Life Technologies
(Thermo Fisher Scientific). Coding sequences were amplified from M. truncatula cultivar
A17 cDNA using Phusion™ DNA Polymerase. Where necessary, Golden Gate incompatible
restriction sites were removed by site directed mutagenesis via overlapping PCR. When
possible, Golden Gate vectors were created via whole plasmid amplification (e.g., plasmid
containing wild-type MtGp sequence mutated into MrGS->*F sequence by mutating one single
nucleotide). Level 1 vectors were generated in a 15 pL reaction mix containing 100 ng of

each level 0 plasmid, 100 ng backbone plasmid, 1.5 pL CutSmart Buffer, 1.5 pL 10X T4
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buffer, 1 uL Bsal (New England Biolabs), and 1 pL T4 DNA ligase (New England Biolabs).
The reaction was incubated for 25 cycles of 3 min at 37 °C and 4 min at 16 °C, followed by 5
min at 50 °C and 5 min at 80 °C, to allow digestion and ligation of the different DNA modules.
Level 2 vectors were generated in the same way, using 1 uL Bpil (ThermoFisher Scientific),

as opposed to Bsal. Level 2 vectors used in this work are listed in Table 2.4.

2.13.6 Gateway cloning

Protein coding sequences were created by PCR using Phusion™ High-Fidelity DNA
Polymerase (ThermoFisher Scientific) as described above with M. truncatula cultivar A17
cDNA as template and specific primers to generate overhangs for BP reaction. The amplicon
size was confirmed on a 1.5% agarose gel, and gel extraction used to purify desired DNA
fragments. A BP reaction was then performed with the reaction mix as described in this
sesction to clone the fragment into pPDONR207 entry vector (Invitrogen). After sequence
verification by sequencing, DNA fragments were cloned into pBD-GAL4-GW and pAD-
GAL4-GW via LR reaction. In vitro DNA recombination BP and LR reactions were
performed in minimal reaction volume as follows; BP reaction: 2.5 pL purified PCR product,
1 pL entry vector (150 ng.uL™), 1 uL BP enzyme; LR reaction: 1 pL entry vector (150 ng.pL
1), 1 pL destination vector (150 ng.uL™), 1 pL LR enzyme. Reaction was incubated for at

least 2 hours at 25 °C prior to competent cell transformation via heat chock.

2.13.7 In-Fusion cloning

In-Fusion HD (Takara Bio Europe) cloning was used to generate pOPIN-M (Addgene)
construct for expression of MtGRWT-2%FL31F proteins in heterologous system. Protein coding
sequences were created by PCR using Phusion® High Fidelity DNA Polymerase (New
England Biolabs) with M. truncatula cultivar A17 cDNA as DNA template, and specific
primers to generate overhangs with Kpnl and Hindlll as digestion sites. PCR products were
separated on agarose gel and gel extracted. DNA concentration was determined with a
NanoDrop One (Thermo Scientific). pOPIN-M vector was linearised with Kpnl and HindllI
restriction enzymes. In-Fusion cloning reaction was prepared using 1x In-Fusion HD enzyme
premix, 50-100 ng linearised vector and 10-50 ng of purified PCR fragment. The reaction
was incubated at 50°C for 15 min and used to transform 50 pL chemically competent
STELLAR E. coli cells (Clontech) by heat shock. Cells were then plated on LB agar plates

containing appropriate antibiotic, 200 pg/mL X-Gal for antibiotic and blue-white selection
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and grown overnight at 37 °C. White colonies were grown in 5 mL LB containing appropriate
antibiotic overnight at 37 °C. Plasmids were purified and sequenced as described above.
POPIN-M vectors for MtGR-?*" and MtGB-*'F proteins were created via whole plasmid

amplification using pOPIN-M-GBVT as DNA template.

2.13.8 Escherichia coli transformation by heat shock

Plasmids were amplified and purified from different Escherichia coli strains as indicated.
Chemically competent E. coli strain DH5a (Invitrogen), or other E. coli strains as specified,
were transformed by adding 2.5 pL of reaction mix to a 25 pL cell aliquot, incubating on ice
for 10 min, followed by a 45 sec heat shock at 42°C and 2 min on ice. Cells were then
incubated 1 hour with 100 pL SOC medium at 37°C and 220 rpm, plated on selective LB
medium and incubated overnight at 37°C. Single colonies were grown overnight in 5 mL
selective LB medium at 37°C and 220 rpm. Plasmids were purified using QlAprep® Spin
Miniprep Kit (Qiagen) and subsequently sequenced (Genewiz by Azenta, UK) as indicated

above.

2.13.9 SDS-PAGE and immunoblotting

Protein samples were run on a 10% SDS-PAGE pre-cast gel (Bio-Rad for Western blots,
Expedeon or Merck for in vitro protein samples) using 1 x Tris-Glycine running buffer for
20 minat 75V then 1 h at 120 V. For immunoblotting, the proteins were transferred from the
gel onto PVDF (polyvinylidene difluoride) membrane (BioRad) with 1 x transfer buffer in
20% EtOH overnight at 30 V. The next day membranes were blocked for 1 h in 5% milk in
TBS-T (20 mM Tris, 150 mM NacCl, 0.1 % Tween 20, pH 7.5) at room temperature and then
blotted with appropriate primary antibody (see Table 2.2) overnight in TBS-T 1 % milk at 4
°C. For antibodies that were not HRP-conjugated, the blots were washed in TBS-T 3 times
for 10 min followed by 2 h incubation with appropriate secondary antibody (see Table 2.2).
The blots were then washed 3 times with TBS-T for 15 min each before imaging with Pico
ECL (ThermoFisher) on an ImageQuant8000.

2.14 Computation methods

2.14.1 Design of DNA, protein and primer sequences in silico

Gene, protein, and coding sequences were retrieved from Phytozome V12 portal (Medicago

truncatula genome Mt4.0v1). DNA sequences were manipulated in silico using ApE plasmid
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Editor tool (M. Wayne Davis). Primers were designed manually or with Primer-BLAST tool

(NCBI).
2.14.2 Transcriptomic analysis

For MtGp expression (Medtr3g116500) assessment in several tissues, transcriptomic data
were retrieved from the M. truncatula Gene Expression Atlas web server (MtGEA) (Benedito

et al., 2008) using the probe ID “Mtr.10712.1.S1_at”.

2.14.3 Protein sequence alignment

Protein sequences were retrieved from Phytozome V12 portal. Protein sequence alignment
was generated using T-Coffee web portal (EMBL-EBI) and formatted using Boxshade

software.

2.14.4 Protein homology modelling of MtGp

The homology modelling was made using the SWISS-MODEL and Phyre? web servers

according to the online tutorials (https://swissmodel.expasy.org/docs/tutorial;

http://www.sbg.bio.ic.ac.uk/phyre2/html/help.cqi?id=help/interpret_normal). The template

‘c2pbiB’ gave the best z-score among all templates identified to build MtGB homology
structure. The template ‘c2pbiB’ was used to generate the final predicted model of MtGf
using EzMol 2.1 software (Reynolds et al., 2018). Homology model of the Arabidopsis
heterotrimeric G protein complex built by Ullah and co-authors (2003) was used in this thesis

(chapter 3) with permission of Oxford University Press (Licence number: 5459460457915).

2.14.5 Statistical analysis

Statistical analyses were performed using GraphPad Prism version 8.0 for Windows
(GraphPad Software, La Jolla California USA, www.graphpad.com). Two-group comparison
tests were conducted using two-tailed t-test with a prior F-test for homoscedasticity. Multiple
comparison tests were calculated by ANOVA by using Tukey’s post-test. The confidence

intervals are shown in the figure legends.
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2.15 Material tables

Table 2.1 | list of media used for culture of plants, bacteria and yeast

Medium

Recipe for 1 L

BNM (Buffered

Nodulation Medium)

Mod FP (Modified
FP)

TY (Rhizobium

complete medium)
LB (Lysogeny Broth)

SOC (Super Orbital
broth with Catabolite

repression)

SD (Synthetic
Dextrose minimal

media)

YPAD (Yeast
Peptone Adenine

Dextrose medium)

390 mg MES hydrate, 340 mg CaSO4-2H,O, 61 mg
MgSO4-7H20, 34 mg KH2PO4, 2.3 mg ZnS04-7H20, 1.6 mg
H3BOs3, 5.8 mg MnSO4-4H0, 0.25 mg Na;MoO4-2H:0, 0.025
mg CuSO4-5H30, 0.025 mg CoCl-6H,0, 9.35 mg Na;EDTA,
6.95 mg FeSO4-7H20, pH 6 with KOH.

40 mg NH4NOs3, 40 mg CaCl,-2H20, 40 mg MgSO.-7H-0, 30
mg KH2PO4, 45 mg Na2HPO,-12H,0, 2.5 mg CeHsFeO-, 2.8
mg H3BOs3, 2 mg MnSQO4-4H0, 0.22 mg ZnSO4-7H>0, 0.08 mg
CuS04-5H0, 0.08 mg H2M0Os, pH 6 with KOH.

5 g Tryptone, 3 g Yeast Extract, 1.32 g CaCl, 6H20.

10 g Tryptone, 5 g Yeast Extract, 5 g NaCl, pH 7 with NaOH.

20 g Tryptone, 5 g Yeast Extract, 0.58 g NaCl, 0.19 g KClI, 2.03
g MgCly, 2.46 g MgSO4-7H>0, 3.6 g glucose.

6.9 g Yeast Nitrogen Base without Amino Acids (Formedium),
20 g glucose, 30 mg L-isoleucine, 150 mg L-valine, 20 mg L-
adenine hemisulphate, 20 mg L-arginine, 30 mg L-lysine, 20
mg L-methionine, 50 mg L-phenylalanine, 200 mg L-threonine,
30 mg L-tyrosine, 30 mg L-tyrosine, 20 mg L-histidine, 100 mg
L-leucine, 20 mg L-tryptophan, 20 mg uracil. pH 5.8 with

NaOH. For solid medium, 2% agar.

10 g Yeast Extract, 20 g peptone, 20 g glucose, 20mg L-adenine

hemisulphate. For solid medium, 2% agar.
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Table 2.2 | List of antibodies used in this work

Antibody Titre Used Vendor

aGFP Nterm (G-1544) 1:1 000 Sigma

aHA-HRP (3F10) 1:1 000 Roche

aMBP-HRP (E8038S) 1:2 500 NEB

a-rabbit-HRP sc-2357 (A0120) 1:10 000 Santa Cruz Biotechnology
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Table 2.3 | List of primers

Name

Sequence (5' to 3')

Additional Comments

Genotyping of TILLING population
-fluorescence-based allele-specific primers (KASP)

L29F-WT-VIC
L29F-mut-FAM
S30F-WT-VIC
S30F-mut-FAM
L31F-WT-VIC
L31F-mut-FAM
D35N-WT-VIC
D35N-mut-FAM
KASP-commun-1
Al123V-WT-VIC
A123V-mut-FAM
D128N-WT-VIC
D128N-mut-FAM
KASP-commun-2
W184X-WT-VIC
W184X-mut-FAM
E198K-WT-VIC
E198K-mut-FAM
D206N-WT-VIC
D206N-mut-FAM
KASP-commun-3
S301F-WT-VIC
S301F-mut-FAM
KASP-commun-4

gaaggtcggagtcaacggattACGTTTGAAGCAAAGACGCC
gaaggtgaccaagttcatgctACGTTTGAAGCAAAGACGCT
gaaggtcggagtcaacggattCGTTTGAAGCAAAGACGCCTCTC
gaaggtgaccaagttcatgctCGTTTGAAGCAAAGACGCCTCTT
gaaggtcggagtcaacggattGTTTGAAGCAAAGACGCCTCTCTC
gaaggtgaccaagttcatgctGTTTGAAGCAAAGACGCCTCTCTT
gaaggtcggagtcaacggattGACGCCTCTCTCTTCTTGATACAG
gaaggtgaccaagttcatgctGACGCCTCTCTCTTCTTGATACAA
AATGAAACTCGAACTCAGAACT
gaaggtcggagtcaacggattCCCCAACTGGTCAATCTGTTGC
gaaggtgaccaagttcatgctCCCCAACTGGTCAATCTGTTGT
gaaggtcggagtcaacggattTGTTGCATGCGGTGGCCTTG
gaaggtgaccaagttcatgctTGTTGCATGCGGTGGCCTTA
CTATCAGTGGGTGAATTAAGATTGAA

gaaggtcggagtcaacggattGTTCTGGTGATCAAACATGTGTTTTATG
gaaggtgaccaagttcatgctGTTCTGGTGATCAAACATGTGTTTTATA

gaaggtcggagtcaacggattAGAACATCTGTTTTTGGAGGTG
gaaggtgaccaagttcatgctAGAACATCTGTTTTTGGAGGTA
gaaggtcggagtcaacggattTTTCAGTCTGGACATACTGCAG
gaaggtgaccaagttcatgctTTTCAGTCTGGACATACTGCAA
CTACTATTAAAACAACTTAAACAATACCTAAGT
gaaggtcggagtcaacggattCAACGAAATGGCACATGTGACCTC
gaaggtgaccaagttcatgctCAACGAAATGGCACATGTGACCTT
GAGGTCACATGTGCCATTTCGTTG
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Fwd
Fwd
Fwd
Fwd
Fwd
Fwd
Fwd
Rev
Fwd
Fwd
Fwd
Fwd
Rev
Fwd
Fwd
Fwd
Fwd
Fwd
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Fwd
Fwd
Rev

Commun Reverse for L29F, S30F, L31F, D35N mutations

Commun Reverse for A123V and D128N mutations

Commun Reverse for W184X, E198K and D206N mutations

Commun Reverse for S301F mutation



-PCR amplification for sequencing

TILLING-seqg-1
TILLING-seq-2
TILLING-seg-3
TILLING-seqg-4
CRISPR-CAS9
-sgRNAs
SgRNA1-sense
sgRNAL-antisense
SgRNA2-sense
SgRNAZ2-antisense
SgRNA3-sense
sgRNA3-antisense

AGTTCGATCCATCCATCCAT
TCCGGTATGACCTTGGAGAG
CCATTGACGAAATTTTACAGGTT
GCAACAATTACCTTAGCCAATAAA

aaCGTCTCacttGCTGGCTATGCAAAGTCTCAgtttaGAGACGaa
ttCGTCTCtaaacTGAGACTTTGCATAGCCAGCaagtGAGACGEL
aaCGTCTCacttGACATACTGCAGATGTACTTgtttaGAGACGaa
ttCGTCTCtaaacAAGTACATCTGCAGTATGTCaagtGAGACGEL
aaCGTCTCacttGTAGAACTCTCCAAGGTCATACgtttaGAGACGaa
ttCGTCTCtaaacGTATGACCTTGGAGAGTTCTACaagtGAGACGtLL

-Genotyping of CRISPR-CAS9-transformed roots (PCR amplification & Sequencing)

CRISPR-1-F
CRISPR-2-R
CRISPR-3-F
CRISPR-4-R
CRISPR-5-F
RT-gPCR
UBC9-F
UBC9-R
Gbeta-F
Gbeta-R
NIN-F
NIN-R
ENOD11-F
ENOD11-R
Ggammal-F
Ggammal-R
Ggamma4-F
Ggamma4-R

GTCAGTTACGGAGCTGAAGGAACG
CCGCACTGCTCGACTTGCCAC
GCATGCGGTGGCCTTGACAGTG
CTAACTCAGTTACGGAATGCTTGGTAC
GTACCAAGCATTCCGTAACTGAGTTAG

GGTTGATTGCTCTTCTCTCCCC
AAGTGATTGCTCGTCCAACCC
TGCGACGCGACTGCCAGATT
TCGTTGTCACCGCTGTGTTGC
GCAATGTGGGGATTTAGAGATT
GGAAGATTGAGAGGGGAAGCTT
CCACATGCAAAGATGGGACG
CAGCCTCCACCTAGCATCCA
CAGCATCCGGCCCTTAAGGAAGT
GCTTTCCCAAGCCTTACCAGGTCT
GTTCCTACTCCATTTGCACAAGTTGGAACTGT
CATTGCAGACTGTGGAAGATTCACCTATTGT
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Fwd
Rev
Fwd
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Fwd
Rev
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Fwd
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Rev
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Rev
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Rev

L29F, S30F, L31F, D35N mutations

A123V, D128N, W184X, E198K, D206N, S301F mutations

PCR amplification of PAM1~3 sites and
sequencing of PAM1~2 sites

Sequencing of PAM3 site
PCR amplification of PAM1~2 sites
PCR amplification of PAM3 site

E=97.4%

E =123.4%

E =110.2%

E=125.7%

E =108.8%

E=112.9%



Table 2.4 | List of Golden Gate level 2 vectors

Identifier =~ Backbone Position 1 Position 2 Position 3 Position 4 Position 5 Lli_:nnk(::r
CRISPR-CAS9
CASS-Gbeta plL2-1 Forward . Reverse Forward Forward Forward DELE-6
(KmR) p35S:mCherry:t35S pLjUBI1:NLS-CAS9-NLS:tACS2 MtU6:sgRNA1:scaffold:tU6  MtU6:sgRNA2:scaffold:tU6 MtU6:sgRNA3:scaffold:tU6
CAS9-Control (pKLri—Rl) p355::£::rr;jy:t35s pLjUBIl:NLE(—eg:;;e—NLS:tACSZ ) ) ) PELE-3
Complementation and
GFP Localization
GFP-control (pKLri-Rl) pAtUB|10:Zi§i:qsceherry:t355 pB::;ﬁ:rtsxicsz : ; ) PELE-3
Gbeta-GFP (pKLri;) pAtUB|1o:l§i;i§§herry:t3ss pB:GBR-Z\(/SeFr;iACSZ ) ) ) PELE-3
OF Gbeta-GFP (pKLri—Rl) pAtU Bllo:zig—esgherry:t%s pLjUBEi/ce;rFsritAcsz ) ) ) PELE-3
Gbetal29F-GFP (F:<LriR1) pAtUBI10:EleLg—er::§herry:t355 pB:GBL2R9eFV—2rGS§P:tACSZ ) ) ) PELE-3
Gbetal 31F-GFP (pKanw_Rl) pAtUBllo:zi;irrfgherry:t%s pB:GBL3R1eF\/—irGSIEjP:tACSZ ) ) ) PELE-3
NES-Gbeta-GFP (pKLri—Rl) pAtUBI1O:lljleLg—er:'1S§herry:t355 pLjUBIl:NSSe—VGeBr—S:GFP:tACSZ ” ’ - PELE-3
NLS-Gbeta-GFP (pKanw_Rl) pAtUBllozlljl?éirrjgherry:t%s pLjUBIl:NFSEi\(/SeBr—S:GFP:tACSZ ) ) ) PELE-3
Calcium Imaging
NES-Gbeta (pKLri;) p355R:$\(/Z§r.:t355 pLjUBllﬁsgéeB:tAcsz ’ : ) PELE-3
NLS-Gbeta (pKLri—Rl) p35;$\é§r.s6€:?t355 olju B|1F§E|\$Zeszmcsz ) ) ) PELE-3
RGSPentab FKLriﬁl) pNOE?G\/sgiNOS pLjUBIl:IS(E\S/—eRréeECO:BSS 3xUAS:m35§:elzg;speentaD:tNOS ) ) PELE-4
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Spontaneous nodulation

Gbeta+Gammal (pKanan)
Gbeta+Gamma4 (pKLrTZ]Rl)
RGSPentaD (pKLriRl)
DMI2 KD (pKLnZ]Rl)
Control (pKLri_Rl)

Co-Immunoprecipitation

: plL2-1
AUK-Gbeta (KmR)

) pl2-1
AUKAGB-Gbeta (KmR)
: pl2-1
AUK-DMI3 (KmR)

Reverse Reverse Reverse
p35S:mCherry:t35S pLjUBI1:GB:tACS2 pNOS:Gy1:tNOS
Reverse Reverse Reverse
p35S:mCherry:t35S pLjUBI1:GR:tACS2 pNOS:Gy4:tNOS
Reverse Reverse
p35S:mCherry:t35S pLjUBI1:RGSpentaD:tACS2 )
Reverse Reverse
p35S:mCherry:t355 pLjUBI1:DMI2-KD:tACS2 )
Reverse

p35S:mCherry:t35S

Forward Reverse Reverse
p35S:mCherry:t35S pNOS:AUK-HA-cYFP:tNOS pB:GBR-MYC-nYFP:tACS2

Forward Reverse Reverse

) ) pNOS:AUKAGR-HA- A . )
p35S:mCherry:t35S CYEP-tNOS pB:GBR-MYC-nYFP:tACS2

Forward Reverse Reverse

) ) ) A ) pLjUBI1:DMI3-MYC-
p35S:mCherry:t35S PNOS:AUK-HA-cYFP:tNOS AYEP-tACS)
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Chapter lll

Medicago truncatula Gf subunit of the heterotrimeric G proteins

regulates root endosymbiosis

3.1 Introduction

The role of heterotrimeric G proteins (hereafter G proteins) during root
endosymbiosis has first been studied in Glycine Max in the context of root nodule symbiosis
by Choudhury and Pandey (Choudhury and Pandey, 2013). In this study, the functions of G
protein Ga, GP and Gy subunits were assessed using gene silencing and overexpression
strategies in Agrobacterium-rhizogenes-mediated transformed root. Based on the number of
root nodules on transgenic roots, they demonstrated that GmGg and GmGy subunits are
positive regulators of root nodule symbiosis. GmGa subunits by contrast were shown to
negatively affect the number of root nodules. Thus, G protein signalling was shown to be
genetically involved in root nodulation, either directly or indirectly, with antagonistic
function between the different G protein subunits (GB/Gy versus Ga).

In two consecutive studies, Choudhury and Pandey further explored the role of two
receptor-like kinases essential for root nodule endosymbiosis, namely the Nod-factor
receptor-like kinase GmNFR 1a (ortholog of LYK3 in Medicago truncatula and NFR1 in Lotus
Japonicus) and the symbiosis co-receptor GmSymRKa (ortholog of MtDMI2/LjSymRK).

The Nod-factor receptor GmNFR1a phosphorylates in vitro the regulators of G
protein signalling GmRGS1/2 (Choudhury and Pandey, 2015). In transformed roots,
phosphomimic and phospho-deficient versions of GmRGS2 were beneficial and detrimental
for root nodule symbiosis, respectively. This observation suggested that GmNFRIla
putatively promotes root nodule development via phosphorylation of GmRGS2. In plants,
RGS proteins catalyse GTP hydrolysis reaction of Ga subunits through their GTPase-
accelerating domain, thereby controlling the GDP-binding state of Gas (Urano et al., 2012b).
Accordingly, the influence of GmNFR 1a-mediated phosphorylation on the inherent GTPase-
accelerating activity of GmRGS2 was tested. Phosphomimic GmRGS2 showed a greater
GTPase-accelerating activity towards the soybean GmGal subunit in in vitro assays

(Choudhury and Pandey, 2015). Given the inhibitory role of GmGas in root nodule symbiosis,
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it suggested that GmRGS?2 attenuates the negative influence of GmGas by maintaining them
in a GDP-bound state —at least in soybean. As such, Nod-factor receptor GmNFR 1a would
promote this inhibition via phosphorylation of GmRGS2 to increase its GTPase activity
towards GmGas.

In addition, the symbiosis co-receptor GmSymRKa was shown to interact with and
phosphorylate GmGal subunit in vitro (Roy Choudhury and Pandey, 2022). Both native and
phospho-dead GmGal showed equally detrimental effect on root nodule symbiosis, whereas
phosphomimic GmGal showed a beneficial effect. These results suggested that GmSymRKa
putatively participates in the mitigation of GmGas by phosphorylating them. Interestingly,
phosphomimic GmGal also loses the ability to interact with the GmGpy dimers as
demonstrated via yeast split ubiquitin and bimolecular fluorescence complementation assays
(Roy Choudhury and Pandey, 2022). The interaction between phosphomimic GmGal and
GmRGS?2 still occurred in these assays.

Depending on the pathway, either Ga or Gy is the active signalling entity and the
other is only required to maintain an inactive heterotrimeric complex, while in other cases Ga
and Gy proteins both function as main signal transducers (Pandey et al., 2010; Roy
Choudhury et al., 2020). In the context of root nodule symbiosis as studied in soybean, at
least two putative regulatory mechanisms controlled by GmNFR1a and GmSymRKa were
suggested to lock GmGas in an inactive state through phosphorylation of GmRGS2 and
GmGas. Considering the beneficial influence of GmGp and GmGy subunits on root nodule
symbiosis, but their inability to interact with phosphorylated GmGal subunit, it was
postulated that GmGpy dimers would be released from their heterotrimeric configuration
during root nodule symbiosis (Roy Choudhury and Pandey, 2022). The release of GmGpy
would then positively regulate the development of root nodules via interaction with
downstream protein partners (Roy Choudhury and Pandey, 2022).

The beneficial role of Gf in root nodule symbiosis was later established in M.
truncatula and Pisum sativum via RNA interference in Agrobacterium-rhizogenes-mediated
transformed roots (Bovin et al., 2021), indicating a ubiquitous role of G during root nodule
development in nodulating species. Nonetheless, the downstream signalling mechanism of
GPB remains elusive. Besides, whether G protein signalling also regulates arbuscular
mycorrhizal (AM) symbiosis, that shares common features and molecular components with

root nodule symbiosis, has not been addressed.
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The aim of the research presented in this chapter was to investigate further the
function of MtGg in AM and root nodule symbioses in M. truncatula. Using genetic analyses
of mutant lines derived from the targeting-induced-local-lesions-in-genomes (TILLING)
method and the use of the CRISPR-CAS9-mediated gene editing strategy, | confirmed the
role of MtGg in root nodule symbiosis and demonstrated its role in AM symbiosis, raising

the question whether the G protein is part of the common symbiosis pathway.

3.2 Results

3.2.1 MtGp is expressed in roots and root hairs of Medicago

A single gene encodes a Gf subunit in M. truncatula genome (Urano 2012). To assess
the expression pattern of MtGf in M. truncatula, | explored the M. truncatula Gene
Expression Atlas web server (MtGEA) (Benedito et al., 2008). | identified one specific probe
for MtGp transcript (Mtr.10712.1.S1_at) and determined that MtGg is ubiquitously expressed
in all organs including root, stem, petiole, leaf and flower (Figure 3.1, A). Importantly, MtGp
is expressed in root hairs cells that are the first cells to perceive rhizobial and mycorrhizal
symbiotic factors. Interestingly, MtGS is significantly down-regulated in nodules and
particularly in mature nodules (Figure 3.1, B), while in root hairs its expression is slightly
repressed after 24 hours of Nod-factor treatment (Figure 3.1, C). These results suggest that
expression of MtGg is repressed when the first steps of rhizobial perception and colonization
are completed. On the other hand, no significant regulation of MtGp expression is observed
after 30 days of mycorrhization (Figure 3.1, D), indicating that the presence of AM structures
in roots has no effect on the transcriptional regulation of MtGf at this stage of AM
colonization. Overall, the transcriptomic data indicate that MtGp is expressed in root and
notably in root epidermis that is the first cell layer in contact with rhizobia and arbuscular

mycorrhizae during colonization.
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Figure 3.1 | Expression profile of MtGp in M. truncatula.

Transcriptomic data of M:Gf (Medtr3gl16500) was built via DNA microarray (Probeset:
Mtr.10712.1.S1_at) using the Affymetrix Medicago Gene Chip ® [1]. The number of transcript units
was measured in different WT M. truncatula tissues including root hairs at 2 days post-germination
(dpg) [2] or root, stem, petiole, leaf and flower at 28 dpg [1] from non-inoculated plants (A), in nodule
at several days post inoculation (dpi) after 15-day-old plants deprived of nitrogen for 4 days were
inoculated with Sinorhizobium meliloti strain 2011 [1] (B), in root hairs of 2-day-old plants treated for
24 hours with mock solution or Nod-Factor [2] (C) and in roots at 30 dpi of 14-day-old plants mock-
inoculated or inoculated with Glomus intraradices [3] (D). Histograms represent mean and standard
deviation and circles represent single value for each dataset. N = 3 biological replicates. Different
letters indicate p-value < 0.05 (multiple comparisons Turkey’s test). * p-value < 0.05 (two-tailed t-
test). n.s., not significant.

[1]: Benedito et al., 2008

[2]: Breakspear et al., 2015

[3]: Gomez et al., 2009

3.2.2 Identification of G mutant lines

To assess the function of MtG# subunit during root endosymbioses, the JIC-RevGen
TILLING population of M. truncatula (Le Signor et al., 2009) was reverse screened to
identify mutant alleles of MtGp. This approach led to the identification of nine ethyl-methane-
sulfonate (EMS) heterozygous mutant alleles carrying either nonsense or missense mutation
in MtGp (Table 3.1). To identify homozygous mutants within each segregating population, |
used the Kompetitive Allele Specific PCR (KASP) genotyping method (He et al., 2014)
(Figure 3.2). This method allowed for fast and cost-effective genotyping of segregating

population via allele-specific PCR and fluorescence-based reporting system.
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Table 3.1 | Phenotype in root nodule and AM symbioses of the TILLING mutants used in this
study.

S Phenotype

= Amino Acid Rhizobial Earl Lat

5 Conservation 1Zoblgl  Nodulation®? ay e
= Infection Mycorrhization™’ Mycorrhization

Loge | Partially Conserved | _ g4 450, - 51.93% - 56.30% - 51.61%

{nOt mOnOCDtS) AR AEK HRE KK

S30F Variable Not Tested -2279% Not Tested R

L31F Highly Conserved - 56.81% - 46.89% - 49.46% - 40.59%

-— 0,

D35N Highly Conserved 22;55 ) No Difference Not Tested Not Tested
D128N Highly Conserved Not Tested  No Difference Not Tested Not Tested
W184X Highly Conserved = = = -

0,

E198K Highly Conserved | No Difference + 23*;29 Yo Not Tested No Difference

D206N | Highly Conserved Not Tested - 18;:‘2% Not Tested B 71;35%
AQQZ,S1VF+ Highly Conserved Mot Tested  No Difference Not Tested Not Tested

The percentages refer to the mean difference in comparison with the wild-type of Wthe number of
infection pocket and infection thread per centimetre of root (average of the two values) at 5 days post-
inoculation (dpi), @the number of nodules per milligram of dry root at 18 dpi, and Bthe percentage of
arbuscule- and vesicle-containing roots (average of the two values) at 25 and 40-45 dpi, respectively. The
values correspond to the results showed in Figure 3.6 (L29F and L31F mutations), Figure 3.8 (S30F and
D35N mutations), and Figure 3.9 (E198K and D206N mutations). No difference in nodulation were
observed in the TILLING mutant harbouring the A123V and S301F mutations (data not shown in this
thesis). * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.
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Figure 3.2 | Genotyping of single nucleotide polymorphism via the KASP method.
Representative result image of the KASP (Kompetitive Allele Specific PCR) genotyping assay used
in this work to genotype TILLING mutants in segregating TILLING population in M. truncatula.
DNA was amplified on 96-well plate with competitive allele-specific oligonucleotides fused to
distinctive fluorescent reporters (one for each allele). Fluorescence was measured with a plate reader
and reported on two-dimensional graph. Circles represent single individuals.
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3.2.3 Gp knock-out abolishes root nodule development

Among the heterozygous mutant alleles retrieved, one carries a nonsense mutation
that leads to a premature stop codon at residue 184 (GB'**W=%) (MtGp protein is 378 amino
acid long). The screening of one-hundred-twenty-three individuals, progenies of
heterozygous G'*V=X mutants, resulted in the identification of only two homozygous
mutants that died prematurely after four weeks of growth (Figure 3.3, A-B). Those two
homozygotes failed to develop a proper shoot system. Both had very stunted tiny leaves
arrested in their development and stems that could not elongate. In addition, the distortion of
segregation observed in the genotype distribution (Figure 3.3, A), suggests that homozygosity
of Gp'*W=X mutant allele causes severe defect in either zygote development or seed
germination. Similar observations were made in Oryza sativa and maize for which seed
lethality and premature leaf development arrest were associated with Gf loss-of-function,
respectively (Sun et al., 2018; Wu et al., 2020; Chen et al., 2022). Nonetheless, the two M.
truncatula homozygous dwarf plants that I identified had developed a root system. The same
observation was made for the loss-of-function Gf mutants identified in maize (Wu et al.,
2020; Chen et al., 2022). This indicates that root organogenesis in M. truncatula can still
occur in the absence of functional MtGp. Hence, I generated full knock-out transformed roots
via Agrobacterium-rhizogenes-mediated root transformation using the CRISPR-CAS9
technology. In this transformation method, only the roots are stably transformed, while the

shoot apical meristem remains non-transformed.

A B TAT|GB G
. WT
Genotype: WT Het Hom
vp (GIG)
) No. of Plants 20 24 0 VY [\
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No. of Plants 34 43 2
2" trial: Het
% ~43.0% =~ 54.4% ~2.5%
GIA) |,
No. of Plants 54 67 2 vV
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Figure 3.3 | Genotyping of TILLING GB'#W—X early stop codon mutant.
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Segregating population of the TILLING mutant GB'3Y—X coding an early stop codon at residue 184
of MtGp protein was genotyped. (A) Summary table of the genotyping assays in two populations
derived from heterozygous knock-out individuals. Number of plants for each genotype and percentage
of each are shown. (B) Representative sequencing chromatograms found in A for each genotype. The
mutation G to A causes codon TGG (tryptophan) to switch to TAG stop codon. WT, wild-type; Het,
heterozygous; Hom, homozygous.

To knock-out MtGp, | designed three single guide RNAs (sgRNAS) targeting either
MG exon two or exon three (Table 3.2). | considered the GC-content within nucleotides 1-
10 and 4-8 of the sgRNAs, as GC-content superior to 25% within these regions showed most
efficiency in mammalian system, whereas GC-content in the nucleotide 11-20 region had no
statistical influence (Labuhn et al., 2018). GC-content within nucleotides 1-10 and 4-8 of
sgRNA1~3, was 60 and 60%, 40 and 40%, and 50 and 20%, respectively (Table 3.2). On-
and off-target of the designed sgRNAs were analysed with the CRISPR-P 2.0 tool (Liu et al.,
2017). No off-targets were found with three or less mismatches as compared with the sgRNA
sequences, while the number of off-targets with four mismatches for sgRNA1~3 was equal
to eight, zero and eleven, respectively (Table 3.2). The secondary structure was also
considered as it may interfere with editing efficiency (Liang et al., 2016a) and was calculated
in accordance to this study (Table 3.2). Only the sgRNAL had a Total Base Pairs (TBP)
between the guide sequence and the scaffold sequence superior to the standard TBP, namely
thirteen instead of twelve or less (Table 3.2). The sgRNAs were eventually evaluated
according to the CRISPRater model (Labuhn et al., 2018) and a microhomology prediction
tool to estimate the frequency of out-of-frame mutations (Bae et al., 2014). The two latter
criteria were in compliance with these studies (Table 3.2). Each sgRNA was amplified and
subcloned via Golden gate assembly with CAS9 enzyme and mCherry fluorochrome as plant
transformation marker as described in Figure 3.4. The CAS9 enzyme used in this work was
an Arabidopsis-codon-optimised CAS9 gene with potato intron and nuclear localization
signal (NLS) peptide at both N- and C-termini, as these ameliorations were shown to elevate
mutation rates (Castel et al., 2019). After validation of the T-DNA construct via sequencing,

the vector was introduced into A. rhizogenes AR1193 for subsequent root transformation.
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Table 3.2 | sgRNA characteristics for CRISPR-CAS9-mediated MtGp gene editing.

S length|. © | ce- | cc- Out- | cRiSPR
= targets Structure of-
= sequence +3 | content| content 1 ater
8 PAM) (=4nt | 1-10| nta-8 ERILTES frame} < core?
= diff) Score?
3 TSL; 0 GSL;
exon 2 |GCTGGCTATGCAAAGTCTCAAGG 20 8 60% | 60% |5CBP; 13 TBP;| 73.8 | 0.8 |high
0 I1BP
3 TSL; 0 GSL;
exon 2 (GTAGAACTCTCCAAGGTCATACCGG| 22 0 40% 40% |4 CBP; 7 TBP; | 70.6 |0.61jmed
01BP
3 TSL; 0 GSL;
exon 3 [GACATACTGCAGATGTACTTAGG 20 11 50% 20% |5 CBP; 10 TBP;| 81.1 |0.69|med
0 1BP

ICriteria: TSL: Total Stem Loop of the sgRNA (equal to 3); GSL: Guide Stem Loop in the guide sequence (equal to 0);
CBP: Consecutive Base Pairs between guide sequence and the scaffold sequence (no more than 7); TBP: Total Base
Pairs between guide sequence an the scaffold sequence (no more than 12); IBP: Internal Base Pairs in the guide
sequence (no more than 6).

“Criteria: superior to 66 according to Bae et al., 2014.

3Criteria: superior to 0.6 according to Labuhn et al., 2018.

nt: nucleotide

F1 R2

=3 »35S] mCherry [£355)>—tACS2] CAS9 |LjUB;1|:

MtUB.6 [ 3GWIAN EF Backbone |MtUG6.6 terminator,
[ MtU6.6]
F3
MtU6.6|=a g\ iV EF Backbone|MtU6.6 terminatort
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Figure 3.4 | T-DNA construct for CRISPR-CAS9-mediated MtGp editing.

T-DNA-containing CRISPR-CAS9 construct used in this work for editing MtGf via Agrobacterium-
rhizogenes-mediated root transformation. Diagram represents Level 2 plasmid generated via the
Golden Gate cloning strategy. Position and direction of each fragment are indicated above or below
the boxes (F: Forward, R: Reverse). The mCherry fluorochrome was used as transformation marker.
The promoter and terminator regions are shown in italics for each fragment. LB, Left Border. RB,
Right Border.

After Agrobacterium-rhizogenes-mediated root transformation and inoculation with
the rhizobia strain Sinorhizobium meliloti, the number of root nodules on fully transformed
roots were counted and DNA of each transformed root system was extracted for genotyping
(Figure 3.5). Among seventeen plants expressing the Gp-targeted CRISPR-CAS9 construct,
five were monoallelic or biallelic homozygous null mutants (Figure 3.5, B). No root nodules
were observed on those plants at 25 days post-inoculation, while the control (free CAS9) and
the plants genotyped wild-type or heterozygote presented numerous fully developed nodules
on their root system (Figure 3.5, A). This result demonstrates that MtGg is not only a positive
regulator of root nodule symbiosis as previously reported, but is also indispensable for root

nodule development.
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Figure 3.5 | CRISPR-CAS9-mediated MG null alleles abolish root nodulation.

The CRISPR-CAS9 gene-editing method was used to generate MtG null mutants in hairy roots via
Agrobacterium-mediated root transformation and transformed roots were inoculated with
Sinorhizobium meliloti (strain Sm2011:LacZ). (A) Number of nodules at 25 days post-inoculation on
transformed roots expressing the CAS9 gene cassette alone (Free CAS9) or co-expressed with the three
single guide RNAs (sgRNAs) targeting MtGf exons (GB CRISPR-CAS9). Individual plants and their
respective root system were genotyped via PCR amplification of the targeted regions and PCR bands
were extracted and sequenced. Five plants were genotyped as homozygous null mutants (Scas9-1~5),
two as wild-type (WT), and ten as heterozygous (Het). n indicates number of plants. (B) Genomic
sequences of representative WT and the five homozygous null mutants at the location of the genomic
sites targeted by the three sgRNAs (SgRNA1~3). Number of bases (+(N)) between the three sites is
indicated between the sequences. Nucleotide deletions are indicated by red hyphen and by red delta
(A) if deletions extended further from the sites. Nucleotide insertions are indicated in red.
Corresponding allele names are indicated for each sequence (top-left above sequences). The null
mutants fScas9-4 and fcas9-5 are biallelic mutants. Total number of deleted (-) or inserted (+) bases is
summarised for each allele (bottom-right below sequences). Double mutations are separated with a
slash. Sequences of the sgRNAs are shown above the WT sequence. Targeted sites (exons 2 and 3)
are shown on representative MtGf gene (top). Black rectangles and lines represent exons and introns,
respectively. The PAM sites are underlined in the sequences. The sequences are 5°—3’ oriented.
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To identify whether any specific amino acid mutations in MtGp could affect its
function and therefore root nodule symbiosis, | assessed the nodulation phenotype of the eight
remaining EMS homozygous mutant lines carrying missense mutations that lead to amino
acid substitutions (Table 3.1). Among them, four mutant alleles (GS-*°F, GF¥F, GB-YF,
GpP?%N) presented a reduction of nodulation, and one mutant allele (GAF*%K) displayed an
increase of nodulation after 18 days post-inoculation with S. meliloti. These results suggest
that specific amino acid substitutions in MtGp can be sufficient to negatively or positively
regulates its activity during root nodule symbiosis. This observation suggests further that
understanding the effect of those point mutations could inform on the signalling mechanism
of G protein, and its effect on putative downstream targets required for root nodule

symbiosis.

3.2.4 L29F and L31F substitutions disrupt both root nodule and AM symbioses

Gp protein consists of a helical N-terminal tail and seven bladed B-propellers, each
blade arranged around a central axis and composed of four antiparallel B-sheets (Figure 3.6,
A-B). Mutant alleles G-*°F and GB“*'F, carry missense mutations that do not reduce or
abolish GA-*°F and GB-'F transcript levels (Figure 3.7). Missense mutations in GA-**F and
G- lead to amino acid substitutions from leucine (L) to phenylalanine (F) on residues 29
and 31, respectively. L29 and L31 residues are both located at the end of the N-terminal helix
(Figure 3.6, B), and L31 is highly conserved in angiosperms while L29 is highly conserved
in dicotyledons (Figure 3.6, C). As both mutations are positioned in the same domain of MtGf3
and both mutants are defective for root nodule symbiosis (Table 3.1), | characterised further
the defect in root nodule symbiosis of these mutants as well as the level of AM colonization.

During root nodulation in M. truncatula, rhizobia are first entrapped in a curled root
hair forming the so-called infection pocket (IP). Then rhizobia invade intracellularly the root
hairs and the underneath cells through a tubular structure called infection thread (IT). These
structures can be visualised few days after inoculation with rhizobia expressing the p-
Galactosidase (LacZ). pB-Galactosidase hydrolyses 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (X-gal) into galactose and 5-bromo-4-chloro-3-hydroxyindole that
spontaneously dimerizes and is oxidised into a blue component, namely the 5,5'-dibromo-

4,4'-dichloro-indigo.
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Figure 3.6 | L29F and L31F mutations impair both root nodule and AM symbioses.

(A) Homology model of the heterotrimeric G protein complex in Arabidopsis built by Ullah et al.,
2003. The Go, G, and Gy subunits are shown in blue, pink and orange, respectively. (B) Homology
model of the G protein in M. truncatula. The N-terminal tail and the seven-bladed beta-propeller
architecture is shown from green to blue. The location of L29F and L31F amino acid substitutions are
shown. (C) Amino acid sequence alignment (from residue 27-28 to 41-42) of Gp protein from
Amborella trichopoda (Am), Arabidopsis thaliana (At), Vitis vinifera (Vv), Zea mays (Zm), Sorghum
bicolor (Sb), Oryza sativa (Os), Phaseolus vulgaris (Pv), Glycin max (Gm) and M. truncatula (Mt).
Orange arrows underline L29F and L31F mutations. (D-F) Rhizobial and mycorrhizal symbiosis
phenotypes of wild-type, GA-2°F (L29F) and GA“F (L31F) mutants. (D) Rhizobia infection assay at
5 days post inoculation (dpi) with Sinorhizobium meliloti (Sm2011:LacZ strain). IP, infection pocket.
IT, infection thread. Representative pictures are shown above. N > 19 (3 biological rep.). (E)
Nodulation assay at 18 dpi with S. meliloti. Number of nodules are relative to the root dry mass.
Representative picture is shown above. N >34 (3 biological rep.). (F) Quantification of AM-associated
symbiotic structures per percentage of roots at 25 dpi (middle) and 40-45 dpi (right) with Glomus
intraradices. IRH, intraradical hyphae. A, arbuscules. V, vesicles. Representative picture is shown
(left). N >26 (middle) and N > 16 (right) (3 biological rep.). Box plots show minimum, 25" percentile,
median, 751 percentile and maximum. Symbols on box plots represent single value for each plant.
Different letters represent p-value < 0.01 (ANOVA multiple comparison Tukey’s test).
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Figure 3.7 | Expression of MtGg in GA-*F and GB-*'F mutants.

Quantitative expression analysis of the transcript level of MGp (Medtr3g116500) in wild-type (WT)
and GB-*°F (L29F) and GA-*'F (L31F) mutants. Expression was normalised to UBC9 (AC137602_2.4).
Histogram and error bars represent mean and standard deviation, respectively. Circles represent single
value. N = 3 biological replicates comprising 15 plants each at 2 days post-germination. Different
letters indicate p-value < 0.05 (multiple comparison Turkey’s test).

To assess whether rhizobial infection is impaired in G-*F and Gp“*'F mutants,
development of IP and IT was observed at 5 days post inoculation with S. meliloti 2011:LacZ.
GB-*F and GB“F mutants showed significantly reduced number of rhizobial infection
structures at 5 days post inoculation (Figure 3.6, D), that correlates with a significant
reduction in nodule number at 18 days post inoculation (Figure 3.6, E). The density of root
nodules in GA-*F and GB-*'F mutants is reduced by half as compared with the wild type
(reduction by 52% and 47%, respectively) (Figure 3.6, E). No differences relating to the root
mass were observed between wild-type and mutants (data not shown), excluding the fact that
the phenotype is due to change in root architecture. Altogether these data show that MtGp
plays a role during the first colonization steps of root nodule symbiosis.

M. truncatula is also capable of AM endosymbiosis. AM invasion within root cells is
first characterised by the penetration of intraradical hyphae (IRH), followed by the
development of arbuscules in the cortical cell region and the development of vesicles at later
stages (Figure 3.6, F; right panel). These AM-associated structures can be visualised via ink
staining and scored using the gridline intersect method (Giovannetti and Mosse, 1980) to
evaluate the percentage of roots colonised by each structure. | counted the number of AM-
associated structures in wild-type, GA*F and Gp“*F mutants at 25 and 45-days post
inoculation to evaluate the degree of AM colonization at an early and later stage (Figure 3.6,
F). The two mutants showed a reduced percentage of IRH and arbuscule development at both
stages, and vesicle at later stage (Figure 3.6, F). These results indicate that MtG is required

for AM colonization. Because both mutants are impaired at early stage of AM colonization

61



and because the significant reduction in AM colonization persists over time, it suggests
further that MtGJ acts early in the colonization process.

Altogether, the endosymbiosis phenotypes of mutant alleles carrying missense
mutation in conserved residues of the N-terminal helix of MtGp reveal that MtGp is required
for early colonization of both arbuscular mycorrhizae and rhizobia. It further suggests that
the N-terminal helix of MtGp is essential for its function in a signalling pathway common to

both AM and root nodule symbioses.

3.2.5 Characterization of Gf5°F and GBP*N mutants confirms the importance of the N-

terminal tail of Gf for its function

Two additional mutant lines with single amino acid substitutions located next to the
internal end of the GB N-terminal helix were identified. The GA%°F and GSP**N mutants carry
missense mutations that lead to the substitution of a serine to a phenylalanine at residue 30
(S30F) and to the substitution of an aspartate to an asparagine at residue 35 (D35N),
respectively (Table 3.1). S30 residue is poorly conserved and only present in nodulating
species, whereas D35 residue is highly conserved across angiosperms (Figure 3.8, B). G¥F
mutant showed a mild reduction in terms of root nodule density and percentage of AM
colonization (Figure 3.8, C-D). Density of nodules was reduced by approximately 22%
(Figure 3.8, C) and percentage of AM colonization was reduced from approximately 74% to
58% in comparison with wild type (Figure 3.8, D). On the other hand, GA°**" mutant showed
a mild defect in terms of rhizobial infection (Figure 3.8, E), less severe in comparison to
GB->°F and G- mutants (Figure 3.6, D). Accordingly, the density of nodules at 18 days
post-inoculation in GBP*N mutant was not significantly different from wild-type (Figure 3.7,

F). This result suggests that D35N substitution has a milder effect on root nodule symbiosis.

The AM phenotype of this mutant has not been tested.
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Figure 3.8 | Root endosymbiosis phenotypes of G5F and G#P*N mutants.

(A) Homology model of MtGp protein in M. truncatula. The N-terminal tail and the seven-bladed
beta-propeller architecture is shown from green to blue. The location of S30F and D35N amino acid
substitutions are shown. (B) Amino acid sequence alignment (from residue 27-28 to 41-42) of G
protein from Amborella trichopoda (Am), Arabidopsis thaliana (At), Vitis vinifera (Vv), Zea mays
(Zm), Sorghum bicolor (Sb), Oryza sativa (Os), Phaseolus vulgaris (Pv), Glycin max (Gm) and M.
truncatula (Mt). Orange arrows underline S30F and D35N mutations. (C-F) Rhizobial and
mycorrhizal symbiosis phenotypes of wild-type and GA%°F (S30F) (C-D) and GBP**N (D35N) (E-F)
mutants. (C,F) Nodulation assay at 18 days post inoculation (dpi) with S. meliloti. Number of nodules
are relative to the root dry mass. N > 28 (3 biological rep.). (D) Quantification of AM structures (both
arbuscules and vesicles) per percentage of roots at 45 dpi with Glomus intraradices. N > 10 (1
biological rep.). (E) Rhizobia infection assay at 5 days post inoculation (dpi) with Sinorhizobium
meliloti (Sm2011:LacZ strain). IP, infection pocket. IT, infection thread. N > 17 (3 biological rep.).
Representative pictures are shown above. Box plots show minimum, 25" percentile, median, 75%
percentile and maximum. Symbols on box plots represent single value. * p-value < 0.05, **** p-value
<0.0001, n.s., not significant (two-tailed t-test with a prior F-test for homoscedasticity). (F) Homology
model of MtGp protein in M. truncatula with the location of L29F, S30F, L31F and D35N amino acid
substitutions shown in red or gold.
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Altogether, analyses of the endosymbiosis phenotypes of GA-*%, GS5F, and Gp-3'*
mutants demonstrate that substitutions within the end of the N-terminal helix from residues
29 to 31, disrupt the function of MtGp protein in both root nodule and AM symbioses (Figure
3.6, D-F and Figure 3.8, C-D). Nonetheless, S30F mutation has a lower impact than the L29F
and L31F mutations. It raises the question whether these mutations, particularly L29F and
L31F, affect differentially the function of MtGp. The three amino acids (L29, S30 and L31)
are positioned at similar location but with different orientations (Figure 3.8, G). Due to their
orientation on both side of the tail, L29 and L31 might be essential to assure orientation and/or
flexibility of the N-terminal tail of G (Myriam Charpentier, personal communication).
Overall, these data corroborate that alteration in this particular domain of MtGp, located at
the end of the N-terminal helix, impairs both root nodule and AM symbioses, and further

suggest that MtGg is part of the common symbiosis signalling pathway.

3.2.6 Amino acid substitutions within the fourth bladed pB-propeller of Gf subunit

Mutant lines with single amino acid substitutions located within the fourth bladed f-
propeller of MtGB were also identified. The GS9 and GBP?°°K mutants carry missense
mutations that lead to the substitution of a glutamate to a lysine at residue 198 (E198K) and
to the substitution of an aspartate to an asparagine at residue 206 (D206N), respectively
(Table 3.1). These residues are both highly conserved in angiosperms (Figure 3.9, A). GBF1%
mutant showed no difference in terms of number of IP and IT in comparison with wild-type
(Figure 3.9, B), but showed minor though significant increase of root nodule density by
approximately 23% (Figure 3.9, C). During infection of root nodules, rhizobia progress from
the infection zone to the interzone of nodules where they differentiate into nitrogen-fixing
bacteroids. During infection, root nodules undergo several developmental stages that can be
distinguished. This includes the development of small white bombs before rhizobia infection,
followed by the establishment of more matured nodules once rhizobia infection has
terminated and bacteroids have differentiated. Matured and functional nodules are
characterised by their pink colour due to the presence of leghaemoglobin that is essential for
maintaining a low oxygen concentration within the nodule and assure bacterial nitrogenase

activity. The maturation of root nodules in GSE1%%

mutant was significantly increased as
compared with wild-type (Figure 3.9, E), suggesting that E198K mutation could promote root

nodule organogenesis and/or colonization of nodules by rhizobia.
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Figure 3.9 | Root endosymbiosis phenotypes of G and GP2°°N mutants.
(A) Amino acid sequence alignment (from residue 195-196 to 209-210) of G protein from Amborella
trichopoda (Am), Arabidopsis thaliana (At), Vitis vinifera (Vv), Zea mays (Zm), Sorghum bicolor
(Sb), Oryza sativa (Os), Phaseolus vulgaris (Pv), Glycin max (Gm) and M. truncatula (Mt). Orange
arrows underline E198K and D206N mutations. (B-F) Rhizobial and mycorrhizal symbiosis
phenotypes of wild-type (WT), GSEI8K (E198K) (B-C,E-F) and GSP?%N (D206N) (D-F) mutants. (B)
Rhizobia infection assay at 5 days post inoculation (dpi) with Sinorhizobium meliloti (Sm2011:LacZ
strain). IP, infection pocket. IT, infection thread. N > 7 (1 biological rep.). (C-E) Nodulation assay at
18 dpi with S. meliloti. Number of nodules are relative to the root dry mass. All types of nodules were
counted up (C-D) or small bombs and pink nodules were counted separately (E). N >27 (2 biological
rep.) (C) and N > 14 (representative of 2 biological rep.) (D-E). (F) Quantification of AM structures
(both arbuscules and vesicles) per percentage of roots at 45 dpi with Glomus intraradices. N > 9 (1
biological rep.). Representative pictures are shown (top or right). Box plots show minimum, 25t
percentile, median, 75™ percentile and maximum. Symbols on box plots represent single value. Values
in bars are means * s.e.m.. * p-value < 0.05, ** p-value < 0.01, n.s., not significant (two-tailed t-test
with a prior F-test for homoscedasticity). Different letters represent p-value < 0.05 (ANOVA multiple
comparison Tukey’s test).
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In contrast, GAF1%K mutant showed no difference in terms of AM colonization at late
stage (Figure 3.9, F), but the phenotype at earlier stage remains to be evaluated. On the other
hand, GSP?°N mutant had fewer root nodules than the wild-type (approximately 18% less)
(Figure 3.9, D) and nodules were less developed (Figure 3.9, E), suggesting that D206N
mutation alters MtGp function during root nodule symbiosis. But the rate of rhizobial
infection in GAP?%N mutant remains to be evaluated to assess whether the infection process
is impaired, which could explain the fewer number of root nodules. Besides, a severe
reduction in AM colonization was observed in GsP?°N mutant line (Figure 3.9, F) indicating
a defect in AM colonization in this mutant. Overall, these results corroborate the dual function

of MtGp protein in both root nodule and AM symbioses.

3.3 Discussion

G protein signalling was shown to be involved in root nodule symbiosis (Choudhury
and Pandey, 2013; Choudhury and Pandey, 2015; Bovin et al., 2022; Roy Choudhury and
Pandey, 2022) but the function of G in this plant-microbe interaction remained unknown.
The interactions of GmRGS proteins and GmGa subunits with the Nod-factor receptor
GmNFR 1a and its co-receptor GmSymRKa, respectively (Choudhury and Pandey, 2015; Roy
Choudhury and Pandey, 2022), suggest that G protein signalling modulates the early
signalling of root nodule symbiosis. GmMNFRlo and GmSymRKo were shown to
phosphorylate in vitro GmRGS2 and GmGal, respectively. Nonetheless, no evidence was
provided to demonstrate these phosphorylation events occur in a Nod-factor-dependant
manner, thereby causing concerns about whether G protein signalling was regulated during
early signalling (Roy Choudhury and Pandey, 2022). Yet the influence caused by the
phospho-mimic or phospho-dead versions of GmRGS2 and GmGal on nodulation
demonstrates that changes in G protein signalling affect root nodule symbiosis. Also, GmGy
dimers were unable to interact with phospho-mimic GmGal (Roy Choudhury and Pandey,
2022) and Gp was shown to regulate positively nodule formation in three different species
(soybean, pea, and alfalfa) (Choudhury and Pandey, 2013; Bovin et al., 2022). These
observations suggest that G protein may actively mediate downstream signalling during
nodulation. In this study, | investigated further the role of MtGf in root nodule and AM

symbioses.
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Transcriptomic analysis indicates that MtGp is expressed in root and notably in root
hair cells (Figure 3.1, A), which represent the first cell layer to perceive extracellular
symbiotic factors. Expression of MtGf gene in root hairs was recently confirmed via promoter
GUS staining by Bovin and co-authors (2022). A 2,700 bp fragment upstream of the start
codon of MtGp was used as putative promoter and fused to the GUS gene reporter to monitor
expression of Gf in M. truncatula roots in presence or absence of S. meliloti. They observed
strong GUS-reporter signal in root hairs regardless of the presence of S. meliloti (Bovin et al.,
2022). Transcriptomic analysis demonstrates further that MtGp is down-regulated after 24h
treatment with Nod-factor and during nodule maturation (Figure 3.1, B-C). Likewise, Bovin
and co-workers confirmed that strong GUS expression was observed in nodule primordium
and weaker GUS staining was obtained in matured nodules. Overall, this suggests that Gf
might play a role in early endosymbiosis signalling rather than at a later stage of colonization.

To assess the role of G in root endosymbiosis, | characterised several mutant lines
from a TILLING population in M. truncatula (Le Signor et al., 2009). Amongst the mutants,
one carries a nonsense mutation in MtG gene that leads to an early stop codon at residue 184
(Figures 3.3 and 3.4). Homozygosity for GA'**W =X allele was lethal in Medicago as it has
been observed in rice and maize (Sun et al., 2018; Wu et al., 2020; Chen et al., 2022). Maize
and Medicago G knock-out mutants exhibit similar early shoot meristem growth arrest (Wu
et al., 2020; Chen et al., 2022) that was correlated with stunted tiny leaves and growth arrest
of the stems. Studies in maize showed that Gf knock-out induces autoimmune response,
causing early arrest of shoot meristem growth (Wu et al., 2020). The Gf knock-out
autoimmunity phenotype in maize was suppressed after crossing the heterozygotes to a
tropical line (Wu et al., 2020). Suppression of the autoimmune response in the F2s correlated
with restored growth, indicating that autoimmunity is responsible for Gf-knock-out-induced
growth arrest. In Medicago and maize Gf knock-outs, root meristem growth is by contrast
not arrested and plants can survive for few weeks (Wu et al., 2020; Chen et al., 2022). To
assess the nodulation phenotype of G knock-out mutants in Medicago, | genotyped seventy-
six F2 individuals within a segregation population for the G4'3*V~X allele which I inoculated
with S. meliloti (data not shown). However, no homozygous mutants were identified. Given
the low percentage of homozygotes in the previous segregating populations (~1.6 %) (Figure
3.3, A) and the absence of homozygotes in this additional F2 segregating population, more
than three-hundred F2 individuals would have been required to ensure sufficient amount of

F2 homozygotes and assess the presence of root nodules in those.
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To bypass the absence of viable MtGf knock-out mutant line, | generated a CRISPR-
CAS9 construct to produce MtG# null mutants in Medicago transformed roots (Figures 3.4
and 3.5) as knock-out of MtGp does not abolish root development. The absence of root
nodules in five transformed root MtGA null-mutants, while wild-type and heterozygous
transformed roots formed nodules, demonstrates that M:Gp functions in root nodule
organogenesis and/or the perception of rhizobium (Figure 3.5). Twenty-five plants expressing
the CRISPR-CAS9 construct were genotyped in this assay as follows; two wild-types, ten
heterozygotes, five homozygotes and eight with ambiguous sequences considered as
chimeras. Those eight chimeras had sequences with high signal noise (data not shown)
probably resulting from multiple sequences overlapping and could therefore not be
genotyped. The total occurrence of gene editing in this assay was between 92% and 60%
considering chimeras as gene editing events or not, respectively. Three different (instead of
one) single guide RNAs (sgRNAs) targeting exons 2 and 3 of MtGp gene were selected in an
attempt to increase gene editing efficiency as previously suggested (Liang et al., 2016a;
McCarty et al., 2020). But the use of multiple sgRNAs may amplify the risk of generating
multiple edited alleles, thereby leading to ambiguous sequencing results. The sgRNAs were
selected in accordance with several criteria (Table 3.2). I initially considered the GC-content
within the nucleotides 1-10 and 4-8 of the sgRNASs, as GC-content superior to 25% within
these regions showed most efficiency in mammalian system, whereas the GC-content in the
nucleotide 11-20 region had no statistical influence (Labuhn et al., 2018). But it has been
demonstrated in Drosophila that high GC-content in the proximal region of the protospacer
adjacent motif (PAM) was critical (Ren et al., 2014), indicating species-specific requirements
for optimal sgRNA activity. In plants, most efficient SgRNAs have total GC-content between
30% and 80% (Liang et al., 2016a) and studies in Arabidopsis and Rice recommend total GC-
content between 50% and 80% (Ma et al., 2015). The sgRNA1~3 used in this work had total
GC-content equal to 50%, 50% and 40%, respectively, which is in the satisfactory range
described above. To reduce the amount of potential off-target effects, number of mismatches
with off-target genes was tolerated from four base pair mismatches. The sgRNAs were
eventually evaluated according to the CRISPRater model (Labuhn et al., 2018) and a
microhomology prediction tool to estimate the frequency of out-of-frame mutations (Bae et
al., 2014). The transformed root MtG# null-mutants comprise ten out-of-frame mutations out

of twelve total mutations (Figure 3.5, B).
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To investigate further the role of MtGp, additional TILLING mutants with missense
mutation were phenotyped for root nodule and AM symbioses (Table 3.1). In the two mutant
lines G-*F and GA-*'F, reduction in number of root nodules correlated with reduced number
of rhizobial infections (Figure 3.5, D-E). Because these two processes are induced and
regulated by perception of Nod-factors, it suggests that MrGf mediates the Nod-factor
signalling pathway during the early signalling in Medicago. In four mutant lines, reduction
in number of root nodules was associated with reduction in AM colonization. This includes
the GA*F, G, GBI, and GAP?N mutants (Figure 3.6; Figure 3.8; Figure 3.9). The
mycorrhization phenotype in these mutants was characterised by a lower percentage of AM-
associated structures in roots. Particularly in G5*" and G- mutants, the presence of IRH
was significantly decreased at 25 and 40-45-days post-inoculation, suggesting that MtGp
mediates penetration of AM fungi. Altogether these results demonstrate that A¢Gf mediates
early stage of AM and root nodule symbioses. Nodulation and mycorrhization processes share
a common signalling pathway required to activate transcriptional induction of
endosymbiosis-related genes upon perception of the microsymbiont-derived Nod- and Myc-
factors (Parniske, 2008). As MtGf mutants are impaired in the first step of colonization of
the endosymbionts (IP, IT and IRH), it is tempting to speculate that G might be part of the
common signalling pathway that is activated upon perception of symbiotic elicitors by the
LysM-receptor like kinases.

The use of mutants identified by TILLING for reverse genetic screen carries the risk
of biased phenotyping analyses due to recurrent mutations within the genome outside the
gene of interest. To reduce the risk of symbiosis phenotypes caused by alternative mutations,
two or three homozygous lineages for each mutant line were used for phenotyping and
consistency between the lineages was verified. In few cases, different root architectures were
observed between the lineages of a given line, namely the G55 and G5P2%N mutants, but
their endosymbiosis phenotypes were all consistent. Likewise, all the lineages of the GSP*N
mutant line exhibited dwarfism and roots were twice shorter (data not used in this work).
Preliminary data indicated severe disruption during rhizobial infection at similar level than
GS-*°F and G- mutants (data not shown). The GBP*N mutant was backcrossed by Myriam
Charpentier and new homozygotes without dwarfism were identified and phenotyped in
endosymbiosis. The backcrossed GSP**N homozygotes presented in this work still maintained
a lighter root system, namely 83+33 mg versus 111+44 in the wild-type (Figure 3.9, F).

Nonetheless, the similar phenotypes in several mutant lines, particularly in Gs-*F, Gp%=,
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GBS, and GBP?®N mutants, are consistent with a dual role of M¢Gp in nodulation and
mycorrhization.

It would be interesting to speculate on the effect of the single amino acid substitutions
described in this work on MtGp protein based on studies in other eukaryotes, as the structures
of eukaryotes G proteins are comparable to some extent. For example, Ullah and co-workers
(2003) modelled the Arabidopsis G protein heterotrimer on the basis of experimentally
determined structures of two different mammalian G protein heterotrimers (Wall et al., 1995;
Lambright et al., 1996). The predicted model was overall considered as valid with high fold-
recognition and self-compatibility scores, in spite of some minor differences caused by small
insertions in the Arabidopsis proteins (Ullah et al., 2003). Likewise, the crystal structure of
the Arabidopsis Go was determined by Jones and co-workers (2011a) and the overall
structure was found to be highly similar to previously reported mammalian Ga structures.
The comparison between models revealed the existence of short, plant-specific loop inserts
and variations in the lengths of secondary structure elements (Jones et al., 2011a). Similarly,
in eukaryote Gfs, small deviations in some of the loops and turns between the j-propeller
segments were reported and these seem to be specific to each G protein (Sondek et al., 1996).
Large insertions can also occur such as in the yeast GB subunit that contains a 41-amino-acid
insertion within the sixth bladed g-propellers that is phosphorylated during mating signalling
(Cole and Reed, 1991). Overall, studies of G proteins beyond plant species may give insight
into the functions of the different G domains in Medicago.

L29, S30, and L31 residues are located at the internal end of the N-terminal helix of
MtGB, while D35 residue is located on the region linking the N-terminal helix to the p-
propeller (Figure 3.6, B; Figure 3.8 A). The N-terminal helix of Gf is known to form a parallel
coiled-coil with the N-terminal helix of Gy as presented in Figure 3.6, A. The coiled-coil
interface is mainly hydrophobic and is further stabilised by solvent-exposed ion pairs (Sondek
et al., 1996). The segment between the N-terminal helix and the S-propeller in Gp is also
involved in Gy binding and was reported as uniquely flexible, raising the possibility that the
coiled coil may change position upon binding to protein targets (Sondek et al., 1996). Thus,
L29F, S30F, L31F and/or D35N substitutions may change binding affinity to the Gy subunit,
or alternatively disrupt Gf flexibility. On the other hand, single amino acid substitution within
this region was also associated with abolishment of binding to protein target in yeast (Leeuw
et al., 1998). Particularly, D62N substitution in yeast G} prevents its binding to a kinase

protein target without disrupting the association with its Gy partner. The D62 residue in yeast
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corresponds to the D33 residue in Medicago (see Figure 3.6, C or Figure 3.8, B). L29F, S30F,
L31F and/or D35N substitutions may similarly impair the binding affinity to an unknown
protein target. Regarding the D206N substitution described in this work, the D206 residue is
highly conserved in all eukaryotes (Sondek et al., 1996) and is in contact with the Go. subunit
through a hydrogen bond (Lambright et al., 1996). D206N substitution may reduce the
affinity with Ga and therefore impairs the formation of the heterotrimer complex. In such
circumstances, it would suggest that heterotrimeric complex formation is required to prime
the system before the release of Gy during endosymbiosis through the activation of NFR1
and SymRK. Concerning the E198K substitution, E198 residue is only present in angiosperms
(Figure 3.9, A) and is part of a 5-amino-acid-long region that is totally absent from all other
eukaryotes including mammalians, yeast, fly, squid and Caenorhabditis elegans (Sondek et
al., 1996). This region is next to a partially conserved 6-amino-acid-long domain that contacts
Gy through van der Waals bonds (Sondek et al., 1996). E198 may be present in plants to form
additional bonds with plant Gys or may alternatively be involved in interaction with protein
targets. As E198K substitution reverses the electrical charge from a negative to a positive

charge, it may influence Gf} binding affinity to other proteins.
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Chapter IV

Functional characterization of heterotrimeric G proteins during the

early signalling of root endosymbiosis

4.1 Introduction

Root accommodation by rhizobia and arbuscular mycorrhizal (AM) fungi necessitates
recognition by the plants of rhizobial or fungal symbiotic elicitors. Their recognition results
in the activation of nuclear calcium (Ca?") oscillations leading to transcriptional
reprogramming and induction of symbiotic genes. This early signalling is the first step that
paves the way for the intracellular colonization of endosymbiotic microorganisms.

Rhizobia release lipochitooligosaccharides (LCOs), known as nodulation (Nod)-
factors (Dénarié et al., 1996), while AM fungi produce both LCOs and short-chain
chitooligosaccharides (COs), referred to as mycorrhization (Myc)-factors (Maillet et al.,
2011; Genre et al., 2013). These are perceived at the root surface by plant plasma membrane
receptor-like kinases (RLKSs) possessing extracellular Lysine Motif (LysM) domains known
to bind to N-acetylglucosamine polymers such as LCOs and COs (Buist et al., 2008). Nod-
factor perception in Medicago truncatula requires two LysM-RLKs referred to as LYK3 and
NFP, orthologs of the Lotus japonicus Nod-factor receptors NFR1 and NFR5, respectively
(Limpens et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003; Arrighi et al., 2006). Each
of these LysM-RLKs form together a heterodimer complex at the plasma membrane in their
respective plant species (Madsen et al., 2011; Moling et al., 2014). LjNFR1 and LjNFR5
perceive rhizobial LCOs by direct binding (Broghammer et al., 2012), and so was predicted
MtNFP via modelling (Mulder et al., 2006). Deletion of any of these LysM-RLKs results in
full abolishment of epidermal colonization and root nodule formation, stressing the
importance of Nod-factor recognition during root nodule symbiosis. Likewise, recognition of
Myc-factors in M. truncatula involves two other LysM-RLKs: the Chitin Elicitor Receptor
Kinasel (CERK1) and the LysM Receptor 4 (LYR4) (Feng et al., 2019). MtCERK1 and
MtLYR4 bind to mycorrhizal COs, while the mycorrhizal LCO receptors in plants remain
elusive (Feng et al., 2019). Nevertheless, the transcriptional response stimulated by LCOs is

partially dependant on MtCERK1 and MtLYK4. Similarly, colonization of AM fungi is
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partially dependant on MtCERK1 and MtLYK4 as well as MtNFP, demonstrating the presence
of multiple Myc-factor receptors and/or other parallel signalling processes required for
mycorrhizal colonization (Gutjahr et al., 2015). Furthermore, both rhizobial and mycorrhizal
symbioses require the plasma membrane leucine rich repeat (LRR) RLK Does not Make
Infection 2 (MtDMI2) (ortholog of LjSymRK) (Endre et al., 2002; Stracke et al., 2002).
Mtdmi2 and Ljsymrk mutants are unable to form root nodules and arbuscular mycorrhizae,
representing therefore the first evidence of a common signalling pathway leading to the
intracellular accommodation of endosymbiotic microorganisms in legumes. MINFP,
MtCERK1, MtLYR4 and MtDMI2 are all required to activate downstream nuclear Ca®
oscillations that precede recognition of symbiotic elicitors (Genre et al., 2013; Sun et al.,
2015; Feng et al., 2019). Nod and Myc-factor-activated Ca®* oscillations are indistinctively
generated by ion channels localised at the nuclear envelope. In M. truncatula, these include
the cation permeable channel Does not Make Infection 1 (MtDMI1) and the calcium
permeable Cyclic Nucleotide Gated Channels (MtCNGCs) 15a/b/c (Ané et al., 2004,
Charpentier et al., 2016). Similarly, suppression of nuclear Ca?" oscillations by mutating one
of the symbiosis ion channels results in the abolishment of root endosymbiosis (Wais et al.,
2000; Charpentier et al., 2008; Capoen et al., 2011; Charpentier et al., 2016). Overall, the co-
receptor MtDMI2/LjSymRK, the symbiosis ion channels at the nuclear envelope, as well as
the nuclear Ca®*-regulated transcriptional activators that initiate transcriptional reprograming
for endosymbiosis, are part of a group of common symbiosis genes essential for rhizobial and
mycorrhizal entry. This group of genes constitutes the so-called common SYM pathway
(Parniske, 2008).

The characterization of the transducing signal that mediates recognition of symbiotic
factors by plasma membrane receptors and activates the nuclear ion channels to generate
nuclear Ca?" oscillations, remains elusive. Nuclear Ca?" oscillations were shown to be
initiated within nuclei during symbiosis (Kelner et al., 2018), demonstrating that a signal (in
the form of either single or multiple steps) originates from the plasma membrane and has to
travel inside the nucleus to activate the ion channels. In the previous chapter, the
characterization of various MtGf mutants demonstrated that MtGf regulates rhizobial and
mycorrhizal colonization in Medicago, suggesting that MtGf may be part of the early

L31F mutant and

signalling. To test this hypothesis, | characterised the Ca** phenotype in G
the induction of early symbiosis genes controlled by nuclear Ca?* signalling. The results

demonstrate that MtG regulates nuclear Ca®* signalling during the early signalling. Besides,
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the cellular behaviour of functional GB-GFP was tracked within epidermal cells and indicates
that MtGp re-localizes to cell nuclei upon Nod-factor application. In line with this result, Ca®*
imaging assays showed that MtGB can spontaneously stimulate Ca?* release in the nuclear
region of root hair cells. Furthermore, | characterised the roles of other heterotrimeric G
proteins in endosymbiosis on the basis of previous studies. The data corroborate the role
heterotrimeric G proteins in mediating nuclear Ca* release and suggest a role in root nodule

organogenesis.

4.2 Results

4.2.1 MtGp regulates the symbiosis-activated nuclear Ca?* signalling

To characterize the function of MtGp in early endosymbiosis signalling, GA-3'%
mutant line was crossed with stably transformed wild-type expressing the Ca?*-reporter
Yellow Cameleon (YC) 3.6 (Nagai et al., 2004; Krebs et al., 2012). The YC3.6 probe is a
Forster Resonance Energy Transfer (FRET)-based Ca?* indicator, composed of a donor-
acceptor pair of chromophores, CFP and YFP, respectively, linked with a calmodulin (CaM)
and the CaM-binding peptide of the myosin light-chain kinase (M13) (Miyawaki et al., 1997;
Nagai et al., 2002; Nagai et al., 2004). Ca®* binding to CaM triggers reversible folding of the
CaM-M13 hybrid protein, resulting in an increased FRET-efficiency between CFP and YFP.
Hence, temporal dynamic of the YFP/CFP emission ratio correlates with the Ca?
concentration dynamic within the cells. The YC3.6 sensor has already been used to track
nuclear Ca?* oscillations upon application of symbiotic elicitors, initially in transformed roots
using the YC3.6 fused to a nuclear-localised-signal (NLS) peptide, as done for instance by
Sun and co-authors (2015) in Medicago. Since, a stable line expressing the YC3.6 reporter
(without a signal peptide) has been generated and can be similarly used (Feng et al., 2019) as
the sensor diffuses within the cells including nuclei. We used this stable line to cross G-
mutant and assess the Ca?* phenotype during symbiotic elicitor recognition. The cross was
done by Myriam Charpentier. In the F2 segregation population, | selected F2 wild-type plants
and F2 homozygous GB"'F expressing the YC3.6.

To assess the Ca®* phenotype, 2 to 4-day old germinated seedlings were set in a
chamber filled with dH,O. Ca®" imaging was performed using an OptoSplit system that

enables a single camera to record images simultaneously at two different optical wavelengths
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(YFP and CFP, respectively). The images were collected every 3 seconds. | imaged the root
hairs in the root infection zone (above the root meristem) as this area is the most responsive
to Nod-factors (Bhuvaneswari et al., 1981). Nuclear Ca?" oscillations started 5 to 20 minutes
after Nod-factor application (10 M). Image acquisition lasted for at least 30 minutes after
application of Nod-factors. In F2 wild-type plants expressing the YC3.6 sensor, 100% of the
plants responded to Nod-factor with nuclear Ca?* oscillations recorded in 97.4% of nuclei (18
out of 19) (Figure 4.1, A-B). By contrast, only 54% of F2 GS-*'F mutants were responsive
with only 41 % (16 out of 39) nuclei that exhibited nuclear Ca** oscillations (Figure 4.1, A-
B). This result reveals that GA“'F mutant is impaired in the activation of nuclear Ca*
signalling upon perception of symbiotic elicitors. Interestingly, the frequency of Ca®* spikes
in GB-IF was significantly slower than in WT (Figure 4.1, C-E), suggesting that beyond a
defect in the activation, the generation of Ca®* oscillations is inefficient.

The Nod-factor-activated nuclear Ca?* oscillations are decoded by the calcium and
calmodulin dependent kinase (CCaMK) that further induces expression of root nodule
symbiosis genes (Levy et al., 2004; Messinese et al., 2007; Jin et al., 2018b). Those include
Nodule Inception (NIN) and Early Nodulin 11 (ENOD11) (Charron et al., 2004; Marsh et al.,
2007). | evaluated the level of expression of these two genes after 6 hours of treatment with
mock or Nod-factors in the root infection zone of 2-day old seedling of G-**F and Gp-*'*
mutants as well as wild type as control (Figure 4.2). In mock-treated samples, NIN and
ENOD11 are not expressed (Figure 4.2). After 6 hours of Nod-factors induction, NIN and
ENOD11 were significantly expressed in wild-type as well as in the G mutants (Figure 4.2).
However, the induction of NIN and ENOD11 was significantly reduced in the G mutants in
comparison with the wild-type, indicating that the defect in nuclear Ca?* signalling of the Gf
mutants is associated with a compromised nodulation gene expression. Overall, these results
demonstrate that MtGS mediates the activation of the nuclear Ca?* signalling and position

MtGp as an integral part of the early signalling during endosymbiosis.
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Figure 4.1 | GB“'F mutant is impaired in Nod-factor-induced nuclear Ca?* response.

(A-B) Percentage of responsive plants (A) and nuclei (B) exhibiting nuclear Ca?* oscillations after
application of Nod-factor in wild-type (WT) and GA-F mutant (L31F) stably expressing the FRET-
based calcium sensor Yellow Cameleon 3.6 (YC3.6). Wild-type and homozygous GB-F plants derive
from the same segregating population of YC3.6 x GB“*'F backcross. Number of biological replicates
are indicated within bars. (C) Representative nuclear Ca®* traces observed in B in wild-type (top) and
Gp-'F (bottom). Traces start from Nod-factor application. YFP and CFP fluorescence were
simultaneously acquired every 3 seconds for at least 30 minutes. Time scale is shown (bottom). (D-E)
Frequency of Ca?* spikes per minute during the first 20 minutes (D) of the nuclear Ca?* oscillations,
or during the 0-to-5, 5-to-10 and 10-to-20 minute segments (E). Sample size is equal to 15 for both
genotypes in D and E. Box plots show minimum, 25" percentile, median, 75" percentile and
maximum. Symbols on box plots represent single value. Connecting lines in E represent mean + s.e.m.
at different time segments. * p-value < 0.05, ** p-value < 0.01 (two-tailed t-test with a prior F-test for
homoscedasticity).
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Figure 4.2 | GA-*F and GB“-*'F mutants are impaired in Nod-factor-induced gene expression.
(A-B) Quantitative expression analysis of NIN (A) and ENOD11 (B) transcript levels in roots in wild-
type (WT) and GA-%F (L29F) and GS-**F (L31F) mutants after 6 hours treatment with mock or Nod-
factor (10" M). Expression was normalised to UBC9 (AC137602_2.4). Histogram and error bars
represent mean and standard deviation, respectively. Circles represent single value. N = 3 biological
replicates comprising 15 plants each at 2 days post-germination. Different letters indicate p-value <
0.05 (ANOVA multiple comparison Turkey’s test).

4.2.2 MtGp localizes to the nuclei upon Nod-factor application

To explore further the function of MG in endosymbiosis signalling, | characterised
the cellular behaviour of MtGp protein fused with a C-terminal GFP tag. To confirm GB-GFP
is functional, I first assessed whether GB-GFP can complement the symbiosis phenotype of
GB-*°F mutant. GS-GFP driven by MtGS native promoter (pf:Gp:GFP) or by UBIQUITIN
promoter as constitutive promoter (OE Gp:GFP) were expressed in the GA-**F mutant
background via Agrobacterium-mediated root transformation (Figure 4.3). The pf promoter
is composed of the 960 bp fragment upstream of MtGp start codon, as opposed to the 2,700
bp fragment used in Bovin et al. (2022). According to the Mt4.0v1l M. truncatula genome
assembly, genomic sequence from position -2,700 to -960 contains half coding sequence of
Medtr3g116510. After 25 days inoculation with S. meliloti, over-expression of Gf:GFP
almost fully restored nodulation in GB-*°F whereas pB:GB:GFP partially suppressed the
nodulation phenotype (Figure 4.3, A). This partial restoration of nodule density with GS:GFP
expressed under its own promoter might be due to the higher expression of GA*F in the
mutant background as shown in chapter 3 (Figure 3.7), or to functional cis-elements located
upstream of the selected promoter sequence. The expression of wild-type MtGS in this
condition may therefore be insufficient to counterbalance the presence of endogenous Gp-*F.
On the other hand, both constructs fully restored AM colonization at wild-type level (Figure
4.3, B) except for the number of vesicles that is only partially restored with pS:GfS:GFP

construct. Altogether, these results demonstrate that GB-GFP is functional.
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Figure 4.3 | Complementation of G#-%°F mutant symbiosis phenotype with functional GB-GFP.
(A-B) Genetic constructs expressing C-terminally GFP-tagged MtGp (cds sequence) driven by Gf
native promoter (pS:GB:GFP) or constitutive promoter (OE GS:GFP) were used to complement
nodulation (A) and mycorrhization (B) phenotypes of GA-*F (L29F) mutant. Free GFP driven by Gf
native promoter (free GFP) was expressed in wild-type (WT) and GA-F as controls. (A) Nodulation
phenotype was assessed at 25 days post-inoculation (dpi) with Sinorhizobium meliloti. Number of
nodules is relative to the root dry mass. N > 36 (3 biological rep.). Different letters represent p-value
< 0.01 (ANOVA multiple comparison Welch’s test). (B) Mycorrhization phenotype was assessed at
48 dpi with Glomus intraradices. IRH, intraradical hyphae. A, arbuscules. V, vesicles. N > 12 (3
biological rep.). Different letters represent p-value < 0.05 (ANOVA multiple comparison Tukey’s
test). Box plots show minimum, 25™ percentile, median, 75" percentile and maximum. Symbols on
box plots represent single value.

The cellular behaviour of GB-GFP was assessed in transformed roots expressing the
genetic constructs described in Figure 4.3, with the exception of the transformation marker
that was replaced with NLS-mCherry to locate the position of nuclei within cells (Figure 4.4).
| focused on root hairs to determine the effect of Nod-factor application on the cellular
dynamic of GB-GFP. Free GFP expressed under MtGp promoter was visible within cells
including nuclei (Figure 4.4, A), whereas GB-GFP expressed with the same promoter
localised at plasma membrane (Figure 4.4, A-B). By contrast, GB-GFP under a constitutive
promoter was visible within the whole cell including the cytoplasm and nucleoplasm (Figure

4.4, A).
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Figure 4.4 | GB-GFP localizes to the nucleus in root hairs upon Nod-factor treatment.

(A-B) Laser scanning confocal microscopy pictures of transformed root hairs expressing the
transformation marker NLS-mCherry alone, or co-expressed with free GFP driven by MrGf native
promoter (pB:GFP), C-terminally GFP-tagged GB:GFP (cds sequence) driven by MtGp native
promoter (pf:Gp:GFP) or driven by constitutive promoter (pUBI:Gf:GFP) in the absence or presence
of Nod-factor (+NodF). Mock or Nod-factor treatment lasted 30 minutes before imaging. Pictures are
representative of at least three biological replicates. Scale bars represent 10 um. BF, brightfield. (C)
Fluorescence intensity distribution from vectors shown in B on Green/Red overlay pictures (white
line). Green and red lines represent GB-GFP and NLS-mCherry emitted fluorescence, respectively.
(D) Detection by immunoblot of NLS-mCherry alone (1), GFP (2), and GB-GFP (native promoter) (3)
with aGFP antibody in total protein extracts from roots shown in A and B. Expected sizes of GB-GFP
and GFP are 68 and 27 kDa, respectively. Top panel: immunoblot. Bottom panel: ponceau stained
blot.
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Another set of roots was treated with Nod-factors for 30 min and was subsequently imaged.
In transformed roots expressing pf:Gf:GFP and treated with Nod-factors, fluorescence was
visible at the plasma membrane and in the nucleus at equivalent level (Figure 4.4, A-C).
Notably, GB-GFP co-localised with NLS-mCherry upon Nod-factor treatment (Figure 4.4,
C). This result suggests that a pool of MtGp is directed into nuclei of root hairs upon detection
of symbiotic elicitors. This implies that MtGp may transduce the symbiosis signal from the
plasma membrane to the nucleus. Together with previous results, it indicates that MtG may
regulates nuclear Ca®* signalling directly within nuclei during the early signalling.
Additionally, the localization of overexpressed GB-GFP (pUBI:GfS:GFP, Figure 4.4, A)
shifted predominantly to the nucleus after Nod-factor treatment. One could speculate on the
possibility that the excess GB-GFP is degraded in the cytoplasm following Nod-factor

treatment.

4.2.3 Constitutive expression of NLS-Gf stimulates Ca?* release within the nuclear

region of root hairs

In Lotus japonicus, the overexpression of plasma membrane receptors involved in
root nodule symbiosis is sufficient to induce the formation of spontaneous root nodules in the
absence of rhizobia (Ried et al., 2014). These include the overexpression of LiNFR1, LiNFR5
and LjSymRK (the latter being the most efficient among the three in inducing spontaneous
nodule organogenesis). Because these genes are key regulators of nuclear Ca* signalling, it
is likely that their overexpression induces constitutive activation of nuclear Ca?" signalling.
In accordance with this, the formation of spontaneous nodules upon overexpression of
LjNFR1, LjNFR5 and LjSymRK was dependent on the symbiosis nuclear ion channels as well
as the symbiosis Ca?*-regulated transcription activators (Ried et al., 2014). Similarly, an auto-
active MtDMI1 allele was shown to constitutively activate symbiosis signalling as well as
spontaneous Ca?* spiking, leading to the formation of root nodules in absence of rhizobia (Liu
etal., 2022). Constitutive expression of wild-type MtDMI1 is also sufficient to spontaneously
induce nuclear Ca?" release, though with much lower efficiency (Liu et al., 2022). |
demonstrated that MtGp is required to generate symbiosis-activated nuclear Ca* spiking, and
that upon Nod-factor treatment, a pool of MtGf accumulates in the nucleus. Thus, to analyse
further in which compartment MtGp functions to modulate nuclear Ca?* signalling, | tested

whether accumulation of MtGp in the nucleus or in the cytoplasm could spontaneously
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stimulate nuclear Ca?* release. To this aim, MtGp fused to a nuclear export signal (NES) or a
nuclear localization signal (NLS) peptide was overexpressed (Figure 4.5, A) In transformed
roots, NES-GB-GFP and NLS-GB-GFP correctly localised within the cytoplasm and
nucleoplasm of root hair cells, respectively (Figure 4.5, A).

Next, | co-expressed the Ca®* reporter YC3.6 with NES-GB or NLS-Gp (without GFP
tag and under the same constitutive promoters). 10 to 15-day old transformed roots were taken
for Ca?* imaging using the same method as described above but without Nod-factor
application (Figure 4.5, B). | imaged the young root hairs in the root infection zone. In roots
expressing NES-Gp, the YFP/CFP ratio within the nuclear region remained at basal levels
from a total of eight plants (Figure 4.5, B). By contrast, three plants out of eight expressing
NLS-GB showed multiple Ca** spikes in an oscillatory fashion within the nuclear and
perinuclear regions (Figure 4.5, B). Thus, it indicates that constitutive accumulation of MtGp

in nuclei triggers Ca?* release within the cell in the absence of external stimuli.
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Figure 4.5 | NLS-Gp stimulates Ca®* activity within the nuclear region.
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(A) Laser scanning confocal microscopy pictures of transformed root hairs co-expressing NES-
Gf:GFP and NLS-mCherry (top panel) or NLS-Gf:GFP and NES-mCherry (bottom panel). Scale bars
represent 20 um. (B) Nuclear Ca?* activity was assessed in transformed root hairs using the FRET-
based Ca?* reporter Yellow Cameleon YC3.6. Transformed roots were co-transformed with YC3.6 and
NES-Gp (top panel) or NLS-Gp (bottom panel). Representative Ca®* traces for the two constructs are
shown. Number of plants showing spontaneous spiking per total number of plants imaged is indicated
for each construct. YFP and CFP fluorescence were simultaneously acquired every 3 seconds for at
least 30 minutes. Regions of interest were focused on nuclei. Traces are non-detrended.

4.2 .4 Auto-active MtRGS stimulates nuclear Ca?* release in transformed root hairs

In Glycine max, Regulators of G protein signalling (RGS) were shown to positively
regulate root nodule development (Choudhury and Pandey, 2015). GmRGS2 also interacts
with and is phosphorylated by the LysM-RLK GmNFR1a (ortholog of MtLYK3/LINFR1). A
total of six GmNFR1a-mediated phosphorylation sites were identified on GmRGS2 C-
terminus. When these sites were replaced with aspartic acid residues (GmRGSH®@P), the full-
length phosphomimic GmRGS2H®@ was more efficient in promoting root nodule
development in comparison with its wild-type counterpart (Choudhury and Pandey, 2015).
Notably, the authors tested whether GmRGS2 could restore nodulation in the non-nodulating
mutant nod49 lacking functional GmNFR1o (Indrasumunar et al., 2011; Choudhury and
Pandey, 2015). Interestingly, overexpressing phosphomimic GmRGS2H*P in the presence of
rhizobia is sufficient to supress the mutant phenotype of nod49 mutant. It demonstrates that
GMRGS2H®@P constitutively induces the symbiosis signalling downstream of GmNFRIa
resulting in the development of root nodules in the absence of functional GmNFR1a. It is
worth noting that GmRGS2"¢C s less efficient than GmNFR 1 in restoring nodulation in
nod49 mutant, indicating that GmNFR 1a is necessary for optimal activation of the symbiosis
signalling. Altogether, it suggests that phosphomimic GmRGS2"*® may be functionally
sufficient to induce nuclear Ca?* signalling activation, a hallmark of endosymbiosis
signalling. Thus, | characterised the putative role of MtRGS in stimulating nuclear Ca?*
signalling in Medicago roots.

M. truncatula genome possesses a single gene coding a RGS protein (MtRGS) (Urano
et al., 2012b). The protein sequence alignment between MtRGS and GmRGS2 (Figure 4.6,
A) revealed that MtRGS has retained five of the six phosphorylation sites identified by
Choudhury and Pandey (2015), that are conserved, namely the Thr-269, Ser-279, Ser-407,
Thr-430, and Ser-439 residues (Figure 4.6, A).

I generated a phosphomimic version of MtRGS by replacing these sites with aspartate

residues (MtRGS"®"#P) in order to test its effect in transformed roots. Besides, | used the
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glucocorticoid-mediated transcriptional induction (GVG) system (Aoyama and Chua, 1997)
to control the expression of phosphomimic MtRGS™"® in transformed roots. This system
functions through two key components: the hybrid gene GVG (GAL4-VP16-GR), that
comprises the DNA-binding and transactivating domains of the yeast transcription factor
GAL4, the transactivating herpes viral protein VP16, and the hormone-binding domain of the
glucocorticoid receptor (GR); the second key component is the GAL4 upstream activating
sequence (GAL4 UAS). The hybrid gene GVG is constitutively expressed while a gene of
interest (here MtRGS™®"#P) is under the control of a GAL4-UAS-containing promoter
(pGAL4-UAS). The hybrid protein GVG can bind to glucocorticoids. When it does, it binds
to pGAL4-UAS promoter resulting in transcriptional expression of the gene of interest.
Without application of glucocorticoids, the gene of interest is undetectable (Aoyama and
Chua, 1997). Accordingly, this system allows for transcriptional induction of target genes
with the advantage that it limits pleiotropic effects (Aoyama and Chua, 1997).
Dexamethasone is a synthetic glucocorticoid that is used to activate the GVG system.
Dexamethasone easily permeates plant cells and has already been used in Medicago
truncatula transformed roots using similar induction system (Liu and Yoder, 2016).

To assess whether MtRGS™"™® s sufficient to activate nuclear Ca®* release, |
expressed MtRGS™"® under the control of pGAL4-UAS and tested after application of
dexamethasone the activation of nuclear Ca?* release in roots expressing the nuclear localised
Ca?* sensor NLS-RGECO under the control of a constitutive promoter (LjUBI1). GECOs
(Genetically Encoded Ca?* indicators for Optical imaging) are circularly permutated single
fluorescent protein fused to a M13 and CaM proteins at the N- and C-termini, respectively
(Nakai et al., 2001; Zhao et al., 2011). The GECOs are dim in the absence of Ca?" and emits
light when bound to Ca®* due to conformational change, which triggers a fluorescent
response. RGECO has similar Ca?* binding affinity than its counterpart YC3.6 (Nagai et al.,
2004; Zhao et al., 2011). Despite RGECO not being a ratio metric sensor, it has the benefit
of having a greater dynamic range upon Ca?* binding than YC3.6. NLS-RGECO has already
been used in Arabidopsis and M. truncatula, and has been found suitable to monitor nuclear

Ca?* oscillations during symbiosis response (Kelner et al., 2018).
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Figure 4.6 | Phosphomimic MtRGSPenaD
stimulates nuclear Ca?" activity within root
hairs.

(A) Protein sequence alignment of GmRGS2 (G.
max) and MtRGS (M. truncatula). The six
GmNFR 1a-mediated phosphorylation sites iden-
tified by Choudhury and Pandey (2015) are
highlighted in blue or red if absent in MtRGS.
(B-C) Nuclear Ca?* activity was assessed in wild-
type (WT) and dmil-1 mutant transformed roots in
root hairs, using the nuclear Ca?* reporter NLS-
RGECO (Red GECO). Transformed roots were co-
transformed with NLS-RGECO and phospho-
mimetic MtRGS™™@0 (the five phosphorylation
sites shown in A in blue were replaced with
aspartate residues) under the control of a
glucocorticoid-activated promoter (pGAL4-UAS).
Transformed roots were incubated with 25 pM
dexamethasone (DEX) between 18 and 24 hours to
induce the transcription of MtRGSPeeP,
(B) Representative nuclear Ca?* traces observed in
WT (middle panel) and dmil-1 (bottom panel) after
incubation in DEX. The durations of incubation are
indicated. Top panel: representative Nod-factor-
induced nuclear Ca?* oscillations in WT without
DEX. Red fluorescence was collected every 3
seconds. Scale bars indicate fluorescence intensity
(vertical bar, arbitrary unit) and time (horizontal
bar, minutes). Traces are non-detrended.
(C) Summary table with number of nuclei recorded
and number of nuclei exhibiting nuclear Ca®
spiking in each genetic background as shown in B.
The ratios are indicated. 7 plants were recorded for
each genotype.
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10 to 15-day old transformed roots were treated in liquid medium containing 25 pM
of dexamethasone for 18-24 hours to induce expression of MtRGSPe"eP as these concentration
and time parameters were shown to be effective in M. truncatula roots (Liu and Yoder, 2016).
Emitted fluorescence was collected every 3 seconds for at least 60 minutes. Dexamethasone
does not induce Ca?* change in elongating root hairs (Myriam Charpentier, unpublished). In
wild type root expressing MtRGS™®"® and NLS-GECO, 20.8% of the nuclei displayed
spontaneous and rapid nuclear Ca?* spiking similarly to that observed in plant expressing
NLS-Gp (Figure 4.6, B-C; Figure 4.5, B). To test whether the MtRGSP*"@P-induced nuclear
Ca?* response is dependent on MtDMI1 (Figure 4.6, B-C), | expressed MtRGS™"2P and NLS-
GECO in a dmil mutant background (dmil-1). From seven dmil-1 plants, only one nucleus
out of sixty-two nuclei showed rapid nuclear Ca®* spiking (Figure 4.6, B-C). The single Ca*
spiking observed in dmil-1 was considerably different in terms of number of spikes and
frequency, suggesting that MtRGS™*"#P-induced nuclear Ca®* response is very inefficient in
the absence of MtDMI1. Altogether, it suggests that inducible expression of phosphomimic
MtRGSP®"eP stimulates the activation of nuclear Ca®* response in Medicago root hairs, and
this is partially-dependant on MtDMI1. But the transcriptional induction of MtRGS™"@P in
this assay needs to be confirmed to fully demonstrate its ability to spontaneously activate
nuclear Ca®* release. Yet, it corroborates a function of the heterotrimeric G proteins in

modulating nuclear Ca?* signalling in root cells.

4.2.5 Identification of heterotrimeric G protein y subunits in Medicago truncatula

The heterotrimeric G protein y subunits (hereafter Gys) were shown to be positive
regulators of root nodule development in G. max in the same vein as GmRGS2 and GmGps
(Choudhury and Pandey, 2013). Gys in M. truncatula were therefore identified to characterize
their function in root endosymbiosis. MtGy genes were retrieved from the NCBI (National
Centre for Biotechnology Information) web portal and the corresponding nucleotide and
protein sequences were searched to certify there were no other MtGy genes. Six MtGys were
identified and are hereafter referred to as MtGyl, MtGy2, MtGy3, MtGy4, MtGy9 and MtGyl10
(Figure 4.7).

Plant Gy proteins can be divided in three groups according to their C-terminal
structure (Trusov et al., 2012). Briefly, the group I (or type A) are small Gy proteins (100-

120 residues) with a conserved ‘CaaX’ prenylation motif, the group II (or type B) is highly
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similar to group | but lacks the prenylation motif and possesses instead a C-terminal motif
variant, the group 111 (or type C) has relatively large cysteine-rich C-terminal extension (~70-
350 residues) made of 20-40% cysteine residues. It is worth noting that all these groups have

a conserved Gf-interacting domain.
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Figure 4.7 | Protein sequence similarity tree of heterotrimeric G protein y subunits.

The tree was inferred by using the Maximum Likelihood method and JTT matrix-based model (Jones
et al., 1992). The tree with the highest log likelihood (-7290.37) is shown. The percentage of trees in
which the associated taxa clustered together is shown next to the branches. The tree is drawn to scale,
with branch lengths measured in the number of substitutions per site. This analysis involved 24 amino
acid sequences of heterotrimeric G protein y subunits identified in M. truncatula (Mt), Arabidopsis
thaliana (At), Glycine max (Gm) and Oryzae sativa (Os). The type A, B and C proteins according to
the classification of Trusov et al. (2012) are highlighted in orange, blue and green, respectively. MtGys
are surrounded by red rectangles.

MtGyl and MtGy2 were classified type A as they have conserved the ‘CaaX’
prenylation motif (Figure 4.7). MtGy3 was by contrast unclassified (Figure 4.7) as it lacks
any conserved C-terminal motifs despite 82.7% protein sequence identity to MtGy?2. It is also
the shortest among the six MtGy proteins (89 amino acid long). MtGy4 was classified type B
as it has the C-terminal ‘KRWI” motif that is characteristic of type B Gys in eudicots (Trusov
et al., 2012) (Figure 4.7). MtGy10 has a C-terminal extension with approximately 20%

cysteine residues and was therefore classified as type C (Figure 4.7). MtGy9 was also

86



unclassified as it has a 150-amino-acid long C-terminal extension that only contains 0.02%
cysteine residues (Figure 4.7). To my knowledge, Gy proteins similar to MtGy3 or MtGy9
have not been characterised in plants.

In Glycine max, the type A and the type B GmGys were shown to promote root
nodulation albeit with different efficiencies (Choudhury and Pandey, 2013). Silencing all type
A and all type B GmGys resulted in about 70% and 40% reduction of root nodule number,
respectively, while constitutive expression of GmGy4 and GmGy5 as representatives of type
A and B resulted in 42% and 14% increase of root nodule number, respectively (Choudhury
and Pandey, 2013). The type A GmGys and the type B in a lesser extent, were therefore shown
to be positive regulators of root nodulation in G. max (Choudhury and Pandey, 2013).
Accordingly, MtGyl and MtGy4 were selected as representatives of type A and type B,
respectively, to determine their roles in endosymbiosis in Medicago. MtGf interacts with
MtGyl and MtGy4 in heterologous system (chapter 5, Figure 5.3). | tested the ability of
different heterotrimeric G protein genes to promote root nodule organogenesis. | assumed
that MtGyl and MtGy4 should be co-expressed with MtGf, as Gp and Gy subunits have so
far been shown to function conjointly as a dimer and they are no instances where they function
alone (Thung et al., 2012; Khan et al., 2016). But it is worth noting that MtGf and the MtGy1,4

should have been tested independently.
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Figure 4.8 | MtGpGyl and MtGpGy4 constitutive expression in Agrobacterium-mediated
transformed roots.

(A-B) Quantitative expression analyses by qRT-PCR in dmi2-1 transformed roots co-expressing MtGf3
with MtGyl (A) or MtGy4 (B) driven by constitutive promoters (pUBI, pNOS). Expression was
assessed in three separate plants (Rootl~3) and is shown as fold change over samples expressing
empty vector (EV) (n=3). All relative expressions were first normalised to UBC9 (AC137602_2.4).
Bars represent average of two technical replicates.
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4.2.6 Characterization of MtRGS and MtGfy functions in root nodule organogenesis

As mentioned above, spontaneous formation of root nodules in L. japonicus can be
initiated by overexpressing LjNFR1, LjNFR5, and LjSymRK via Agrobacterium-mediated
root transformation in the absence of rhizobia (Ried et al., 2014). Spontaneous nodules and/or
nodule primordia were observed in 11% (182 plants), 22% (133 plants), and 89% (129 plants)
of these transformed roots, respectively. Of note, expression of LjSymRK driven by its innate
promoter was ineffective in promoting nodule organogenesis. It therefore demonstrates that
ectopic and constitutive (but not basal) expression of the symbiosis RLKSs, spontaneously
drives the transcriptional reprogramming required for root nodule formation. Besides, the
restoration of nodulation by overexpressing phosphomimic GmRGS"P in nod49 mutant in
the presence of rhizobia (Choudhury and Pandey, 2015) leads to similar conclusion. As
shown in figure 4.4, a pool of MtGp translocates to the nucleus upon Nod-factor application,
and expression of NLS-GB and phosphomimic MtRGS™"P are sufficient to induce
spontaneous Ca?* oscillations in the nuclear region (Figure 4.5; Figure 4.6). Thus, | tested
whether constitutive expression of MtRGS™"P and MrGpyl1,4 dimers via Agrobacterium-
rhizogenes-mediated root transformation were sufficient to induce root nodule organogenesis
in the absence of rhizobia or in the absence of the symbiosis co-receptor MtDMI2 (ortholog
of LjSymRK). Quantitative expression analyses via qRT-PCR confirmed that MtGpyl and
MtGpy4 were overexpressed in these assays (Figure 4.8), but the up-regulation of
phosphomimic MtRGSP"™ (driven by the same constitutive promoter) remains to be
confirmed.

Wild-type roots were non-inoculated to assess the formation of spontaneous nodules
in the absence of rhizobia (Table 4.1; Figure 4.9). To prevent rhizobia contamination, the
plants were grown in sterile phytatrays filled with a sterile mix of sand and terragreen. 21
days after Agrobacterium-mediated root transformation, plants with transformed roots were
transferred into phytatrays and dug out after 70 days. Spontaneous nodulation in L. japonicus
was assessed at 60 days post-transformation (Ried et al., 2014). Likewise, Mtdmi2 null-
mutant plants (dmi2-1) were grown in same condition but they were inoculated with
Sinorhizobium meliloti to assess the ability of MtRGS™™® and MtGpyl,4 to restore
nodulation (Table 4.1; Figure 4.10). The kinase domain of MtDMI2 (DMI2 KD) was used as
positive control (Saha et al., 2014) and is sufficient to promote formation of root nodules

(Table 4.1). Overexpressing DMI2 KD leads to the formation of spontaneous rood nodules in
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31% of non-inoculated wild-type plants, while 36% of dmi2-1 mutants (inoculated) had
restored nodule organogenesis with the formation of uninfected nodules (Table 4.1; Figure
4.9, a-b; Figure 4.10, i-j). Ectopic expression of MtRGS"®"e° AstGfyl and MtGpy4, resulted
in emergence of nodule-like or nodule-primordium-like structures in 25%, 14% and 21% of
non-inoculated wild-type plants, respectively (Table 4.1; Figure 4.9, c-h). Some of these
structures were rather large, spherical, and undoubtedly different from lateral root
primordium (Figure 4.9, c, d, f, h). Similarly, ectopic expression of MtRGSP"®, A7tGfy1 and
MtGpBy4 in inoculated dmi2-1 plants resulted in the formation of nodule-like or nodule-
primordium-like structures in 11%, 14% and 7% of plants, respectively (Table 4.1; Figure
4.10, k-s). The longitudinal sections of some of the ectopic root structures observed in dmiz2-
1 confirmed that these structures are distinct from lateral root primordium (Figure 4.10, o, p,
s). Overall, these results suggest that overexpression of MtRGS™*"° MtGpyl and MtGpy4
leads to inefficient nodule-like structure formation. However, a precise characterization of
these ectopic structures shown in figures 4.9 and 4.10 must be completed to precisely
distinguish and quantify the differences in terms of cellular organization between the
observed structures and nodule organogenesis. Additionally, the effect of overexpressing

MtGp alone will need to be assessed in the future.

Table 4.1 | Root-nodule-associated structures in WT and dmi2-1 transformed roots constitutively
expressing different gene combinations of heterotrimeric G proteins.

Genotvpe | Construct No. of Total No. of Plants Forming
yp Plants Nodule-Like Structures?
EV 10 0/10
DMI2 KD 16 6/16
WT
(non- |RGSPeM@D| 20 5/20
inoculated)
GBy1 21 3/21
GBy4 19 4/19
EV 29 0/29
DMI2 KD 38 14 /38
dmi2-1 |psgPentan| g 7160
(inoculated)
GBy1 28 4/28
GBy4 26 2/26

1: Agrobacterium-mediated transformed roots of wild-type (WT) and dmi2-1 were non-inoculated and
inoculated with Sinorhizobium meliloti, respectively. Formation of nodule-like structures was assessed
70 days after the plants were transferred to soil (WT plants) or 70 days post-inoculation (dmi2-1
mutants). EV, empty vector; DMI2 KD, MtDMI2 kinase domain.
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Figure 4.9 | Constitutive expression of different gene combinations of heterotrimeric G proteins
in non-inoculated wild-type.

Agrobacterium-mediated transformed roots of wild-type (WT) expressing different gene combinations
of heterotrimeric G proteins were assessed at 70 days after the plants were transferred to soil to test
the ability of heterotrimeric G proteins to activate nodule organogenesis. (a-h) Representative pictures
of nodule-like structures in WT transformed roots expressing the kinase domain of MtDMI2 (DMI2
KD) used as positive control (a-b), phosphomimic MtRGS™"eP (c-d), MtGp co-expressed with MtGyl
(GByl) (e-f), and MtGp co-expressed with MtGy4 (GBy4) (g-h). WT plants were non-inoculated and
grown in sterile conditions. Total number of nodule-like structures is summarised in Table 4.1. White
bars represent 0.5 mm.

dmi2-1/
DMI2 KD

dmi2-1/
RGSPentaD

dmi2-1/
GBy1

dmi2-1/
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Figure 4.10 | Constitutive expression of different gene combinations of heterotrimeric G proteins
in the non-nodulating dmi2-1 mutant.

Agrobacterium-mediated transformed roots in the non-nodulating dmi2-1 mutant expressing different
gene combinations of heterotrimeric G proteins, were assessed at 70 days post-inoculation with
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Sinorhizobium meliloti to test the ability of heterotrimeric G proteins to suppress the Nod- phenotype
of dmi2-1. (i-s) representative pictures of nodule-like structures in dmi2-1 transformed roots
expressing the kinase domain of MtDMI2 (DMI2 KD) used as positive control (i-j), phosphomimic
MRGSPe"@D (k-1), MtGS co-expressed with MtGyI (GByI) (m-p), and MtGp co-expressed with MtGy4
(GBy4) (g-s). (i-], o-p, s) Longitudinal section pictures of nodule-like structures in indicated trans-
formed roots. Pictures o and s are the longitudinal sections of the structures shown in m and r,
respectively. Black arrows in j point to the dual peripheral vascular bundles, a hallmark of root
nodules. Total number of structures is summarised in Table 4.1. White and black bars in pictures
represent 0.5 mm and 100 pum, respectively.

4.3 Discussion

In the previous chapter, characterization of various MtGf mutants demonstrated that
MtGg regulates both root nodule and AM symbioses in Medicago. Notably, the lower number
of infected epidermal cells by rhizobia and AM intra-radical hyphae in GA-*°F and Gg-'F
mutants (Figure 3.6) indicated that early stages of colonization were impaired. The
deregulated symbiosis-activated nuclear Ca®" signalling in Gp“'* (Figure 4.1) and the
impaired up-regulation of symbiosis genes in G-*F and GS-*'F (Figure 4.2) demonstrated
that MtGp is part of the common SYM pathway upstream of the nuclear Ca?* signalling and
is likely to regulate the latter. Besides, cellular imaging of functional G3-GFP revealed that
a pool of the protein relocates to nuclei in root hair cells upon Nod-factor treatment (Figure
4.4), suggesting that MtGP may be actively translocated into the nucleus after detection of
symbiotic elicitors.

GPy translocation to inner membranes have been evidenced in mammalian cells
(Khan et al., 2016). All mammalian Gy subunits are capable of supporting Gy translocation
(Ajith Karunarathne et al., 2012) with varying kinetics depending on the Gy C-termini and
their affinity for membranes (O’Neill et al., 2012). Gy translocation is reversible and meets
several purposes. It maintains a steady intracellular pool of free Gy that regulates response
intensity at the plasma membrane (Chisari et al., 2009; O’Neill et al., 2012) but also allows
for transduction of signal at inner membranes by Gy direct binding to target proteins (Malik
etal., 2015; Khater et al., 2021). In addition, external stimuli can induce Gf translocation into
nuclei to regulate gene expression by G direct binding to transcription modulators
(Bhatnagar et al., 2013). In plants, Gy translocation has not been studied to my knowledge.
But the Arabidopsis G was shown to bind to various proteins in different cell compartments
such as the nuclei (Kobayashi et al., 2012; Yu et al., 2016; Xu et al., 2017; Zhang et al.,

2018) suggesting that G function in plants is not limited to the plasma membrane.
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The role of MtGS in modulating symbiosis-activated nuclear Ca?* signalling (Figure
4.1; Figure 4.2) in addition to the nuclear localization of GB-GFP after Nod-factor treatment
(Figure 4.4), prompted us to speculate that G may regulate nuclear ion channels. This was
tested through constitutive expression of NES- and NLS-Gp with the YC3.6 Ca®" reporter
(Figure 4.5). The results showed that overexpression of NLS-Gp is sufficient to induce
oscillatory Ca®* spiking within the nuclear region of root hairs contrary to NES-Gf (Figure
4.5), suggesting that nuclear-G may be capable of inducing opening of ion channels at the
nuclear envelope. Furthermore, transcriptional induction of phosphomimic MtRGSPeeP
resulted in similar observations, and MtRGS™"®P-induced nuclear Ca®* spiking was
significantly less efficient in the absence of the nuclear ion channel MtDMI1 (Figure 4.6).
These results imply that heterotrimeric G proteins regulate nuclear Ca®* signalling through
GP during endosymbiosis.

In plants, heterotrimeric G proteins have been shown to regulate ion channel opening.
Arabidopsis Go. and Gf were shown to redundantly function regulating ABA (Abscisic
Acid)-activated anion channel opening during stomatal closure (Wang et al., 2001; Fan et al.,
2008). By contrast, Arabidopsis Go and G have antagonist effects on cytoplasmic Ca?*-
induced Ca?* oscillations in guard cells (Jeon et al., 2019). AtGa inhibits the oscillatory Ca2*
release while AtGp is required for its activation. The AtGp-dependant Ca?* response in this
system was presumed to be induced by AtGp binding to phospholipase C. Altogether, these
studies suggest that heterotrimeric G proteins regulate ion channel activity through distinct
pathways. Nevertheless, several ambiguities remain regarding NLS-GB and MtRGSFe"eP-
induced Ca®* release within root hairs. Whether NLS-Gp-activated Ca®* spiking depends on
MtDMI1 was not assessed and should be established in future. One may argue that ectopic
expression of NLS-Gf may trigger pleiotropic effects such as transcriptional remodelling as
GP was shown to interact and modulate the activity of transcription factors (Xu et al., 2017;
Zhang et al., 2018) and might therefore lead to unexpected effects on Ca?* signalling. The use
of an inducible system to control NLS-Gf expression would be more elegant. Furthermore, if
MtGp transduces the symbiosis signal via nuclear translocation, it remains to be determined
by which mechanism MtRGS™" triggers MtGp translocation. Numerous studies on plant
RGS proteins give some insight into how this scenario could be explained (discussed in more
details in general discussion). In any case, it should be verified whether MtRGS™*"° induces

MtGP nuclear translocation in the absence of symbiotic elicitors.
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The use of the GVG system in this study for transcriptional induction may be
questionable since GVG-induced toxicity was reported in several plant species (Kang et al.,
1999; Ouwerkerk et al., 2001; Andersen et al., 2003). Growth and developmental defects in
both shoot and root systems were reported particularly upon DEX application whereas no
chemical treatment resulted in almost no observable phenotype. But the phenotypes were
observed after long period of DEX treatment (>2 weeks) while short treatment (1-4 days) was
reported to have no effect on 1-week-old rice seedlings (Ouwerkerk et al., 2001), and no
detrimental effects were observed after 24 hours of DEX treatment in this study.

Ectopic and constitutive expression of MtRGS™*"? and MtGpy1,4 in Agrobacterium-
mediated transformed roots resulted in subtle stimulation of nodule-like organogenesis (Table
4.1; Figure 4.9; Figure 4.10). Some of the structures are undeniably different from lateral
roots and to a certain extent comparable to root nodules or nodule primordia. In M. truncatula,
lateral roots and nodules equally originate from pericycle, endodermal, and inner-cortical
anticlinal cell divisions as a result of local auxin accumulation (Herrbach et al., 2014; Xiao
et al., 2014). Both developmental programs share 75% overlapping transcriptional changes
(Schiessl et al., 2019). The distinction between lateral root and nodule development rather
relies on distinct processes that produce local auxin accumulation (Schiessl et al., 2019).
Shared genes in lateral root and nodule development are exemplified by MtLBD16 and
LjASL18a/b (Schiessl et al., 2019; Soyano et al., 2019). It is worth noting that MtLBD16 and
LjASL18a/b expression are regulated by and downstream of NIN. Interestingly, constitutive
expression of MtLBD16 and LjASL18a/b induced the formation of ectopic root structures
similar to those observed in MtRGSP*"™ and MtGpy1,4-expressing roots (Schiessl et al.,
2019; Soyano et al., 2019). Thus, dissection of the transcriptional changes associated with
constitutive expression of MtRGS™*"® and MtGpy1,4, would allow for the identification of
the genetic program that initiates ectopic root organogenesis in this study. Notably, activation
of NIN and MtLBD16 in MtRGS"*"?P and MtGpy1,4-expressing roots would demonstrate that
heterotrimeric G proteins regulate both epidermal entry and nodule organogenesis as MtDMI2
does. Furthermore, it would be interesting to assess DMI2 KD-induced spontaneous nodule
formation in GA*F and GA-** mutants. Lower appearance of spontaneous nodules in the
mutants would bring another piece of evidence that MtGf is part of the common SYM

pathway.
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Chapter V

Identification of GP protein interactors for the activation of nuclear Ca%

signalling during root endosymbiosis

5.1 Introduction

Activation of nuclear calcium (Ca®") oscillations during endosymbiosis upon
detection of symbiotic elicitors initiates from the nucleus (Kelner et al., 2018). The nuclear
Ca2* machinery regulating the endosymbiotic response in Medicago truncatula comprises the
cation-permeable channel Does Not Make Infections 1 (DMI1), the Ca?*-permeable cyclic
nucleotide-gated channels (CNGCs) 15a/b/c and the Ca?'-dependant adenosine
triphosphatase (Ca?*-ATPase) MCAS (Ané et al., 2004; Capoen et al., 2011; Charpentier et
al., 2016). According to mathematical modelling, the CNGC15s control the Ca?* release
while DMI1 acts as a counter ion channel to counter-balance the flow of positive charges
delivered in the nucleoplasm (Charpentier et al., 2013). The elevation of nucleoplasmic Ca?*
causes Ca?*-bound calmodulin 2 (CaM2) to bind to the CNGC15s closing the channels, while
MCAS8 pumps back Ca?" into the interspace of the nuclear envelope (Charpentier et al., 2013;
del Cerro et al., 2022). It is hypothesised that the cycle would repeat itself as the CNGC15s
and DMI1 remain in an active state (Charpentier et al., 2013; del Cerro et al., 2022).
Nonetheless, the primary activation mechanism that initiates the nuclear Ca®* machinery
when symbiotic elicitors are detected remains unknown. DMI1 and CNGC15 proteins
physically interact and this may support synchronous activation (Charpentier et al., 2016). It
was also hypothesised that upon activation of either DMI1 or CNGC15, both ion channels
undergo a structural change, putatively unlocking CNGC15 from DMI1 (del Cerro et al.,
2022). Ca?* leak through CNGC15 is predicted to positively feedback on DMI1, increasing
its counter-balance flux, and by consequence the Ca®* release via CNGC15. In agreement
with this prediction, Ca*-binding pockets were identified in one of the homologs of MtDMI1,
LjCASTOR (Kim et al., 2019).

Work presented in chapter 4 shows that the heterotrimeric G protein MtGf subunit
regulates the nuclear Ca®* signalling following application of a symbiotic elicitor (Figure 4.1),

in line with MtRGSP"#® and NLS-Gp-activated spontaneous Ca?" release within the nuclear
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region of root hair cells (Figure 4.5; Figure 4.6). Intriguingly, a pool of C-terminally GFP-
fused MtGp rapidly relocates to nuclei when roots are treated with Nod-factors (Figure 4.4),
suggesting that MtGp undergoes nuclear translocation to putatively activate the symbiosis ion
channels. Thus, | investigated the protein-protein interactions between MtGp and nuclear

proteins to determine the precise role of GB during root endosymbiosis.

5.2 Results

5.2.1 MtGp does not interact with MtDMI1 or MtCNGC15c in a yeast-two-hybrid assay.

In human cells, three ion channels are regulated by Gy via direct binding to the
intracellular amine- or carboxyl-termini of the channels (Zamponi and Currie, 2013; Dascal
and Kahanovitch, 2015; Behrendt et al., 2020). Thus, the ability of MtGp to bind to the
intracellular domains of DMI1 and CNGC15s was tested using the yeast-two-hybrid system.
This system uses the Saccharomyces cerevisiae heterologous system to investigate specific
pairwise protein interactions based on the transcription activator GAL4 (Fields and
Sternglanz, 1994; Matiolli and Melotto, 2018). Briefly, a protein (bait) is cloned in-frame
with the DNA-binding domain of GAL4 (BD), while a second protein (prey) is cloned in-
frame with the transcription activation domain of GAL4 (AD). If the bait and prey proteins
interact, the resulting BD-bait/AD-prey complex reconstitutes the transcription factor GAL4
that binds specifically to GAL4 upstream activating sequences (UAS) and TATA boxes to
induce transcription of marker genes (e.g., alanine and histidine-metabolizing enzymes to
complement a specific yeast auxotrophy). Using a selective medium, bait-prey interaction is
detected from restoration of yeast growth. The yeast-two-hybrid system enables therefore to
screen for direct interaction between two proteins.

The coding sequences (CDS) of the amine or carboxyl-termini of MtDMI1 and
MtCNGC15c were cloned in-frame with GAL4 BD domain, while the CDS of MtGS was
cloned in-frame with GAL4 AD domain (Figure 5.1). No yeast growth was detected on
selective medium (Figure 5.1, A), indicating that MtGB does not bind to MtDMI1 nor
MtCNGC15c.
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Figure 5.1 | Gp does not interact with DMI1 and CNGC15c in GAL4-based yeast-two-hybrid
assay.

(A) GAL4-based yeast two-hybrid assays to assess pairwise interactions between MtGp fused to GAL4
activator domain (AD) and the N-terminus (N-ter) or C-terminus (C-ter) of DMI1 and CNGC15c fused
to the GALA4 binding domain (BD). Dilution series of co-transformed yeast were grown on synthetic
dextrose minimal (SD) medium lacking Leucine and Tryptophan (-LW). Positive interactions were
detected on SD medium lacking Alanine, Histidine, Leucine and Tryptophan (-LWAH) at 7 days post
growth. The mouse p53 protein known to interact with the SV40 large T-antigen (T) was used as
positive control. Pictures are representative of three replicates. (B) Western blot analysis to assess
expression of AD:HA:Gf co-expressed with BD:Myc:CNGC15c N-ter (1) or BD:Myc:CNGC15c C-
ter (2) and AD:HA:T co-expressed with BD:Myc:p53 (3). Both AD:HA:GB and AD:HA:T were
detected on the immunoblot. Expected sizes for AD:HA:Gp and AD:HA:T are 62 and 102 kDa,
respectively.

In parallel to this study, AUK (Auxiliary Unit Kinase) protein was identified in
Myriam Charpentier’s laboratory and interacts with MtDMI1 (Grubb et al., in preparation).
MtAUK localizes at the nuclear envelope and controls root endosymbiosis upstream of
MtDMI1. Constitutive expression of MtAUK in Agrobacterium-mediated transformed roots
induces spontaneous nuclear Ca?* oscillations dependently to MtDMI1. Interestingly, the
closest MtAUK putative protein homolog in Arabidopsis (67.2% identity) was shown to
interact with AtGp and its kinase activity was dependent on AtGp in in vitro assays (Yu et al.,

2016). Thus, the interaction between MtAUK and MtGf} was investigated.

5.2.2 MtGp interacts with MtAUK, a newly identified DMI1-interacting protein.

MtAUK is a newly identified nuclear localised protein that interacts with MtDMI1
and is required to activate nuclear Ca®" oscillation (Grubb et al, in preparation). MtAUK has
a kinase domain on its carboxyl-terminus. Protein-protein interaction between MtGp and
MtAUK was first assessed via GAL4-based Y2H assay. The CDS of MtAUK C-terminal or
MtAUK kinase domain only were cloned in-frame with GAL4 BD, while MtGf was cloned
in-frame with GAL4 AD (Figure 5.2, A). Yeast cell growth was observed with both baits,
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indicating that MtGp binds to the carboxyl-terminus of MtAUK and more specifically to the
kinase domain of MtAUK.

To confirm the interaction in planta, MtAUK and MtGp proteins were fused to HA
(Human influenza Hemagglutinin) and N-terminus YFP (Yellow Fluorescent Protein)
epitopes, respectively, and co-expressed in M. truncatula roots via Agrobacterium-
rhizogenes-mediated root transformation (Figure 5.2, C). The nuclear protein MtDMI3
(Messinese et al., 2007) fused to N-terminus YFP was used as negative control (Figure 5.2,
C). Plants were inoculated with Sinorhizobium meliloti for 48 hours before protein extraction.
AUK-HA proteins were purified from total protein samples using an anti-HA affinity column
(Figure 5.2, C, right panel). GB-nYFP co-immunoprecipitated with AUK-HA in contrast to
DMI3-nYFP (Figure 5.2, C, right panel), demonstrating that MtGp and MtAUK physically
interact in Medicago roots. Besides, a GB-binding site was identified in the closest putative
homolog of MtAUK in Arabidopsis (AtAUK) (Yu et al., 2016). Although the binding site is
not conserved in MtAUK (Figure 5.2, B), it is possible that the changed sequence still
modulates protein-protein interaction with MtGp. Thus, a truncated protein of MtAUK with
15-amino-acid deletion (AUKAGB) was co-expressed with GB-nYFP in M. truncatula
transformed roots (Figure 5.2, B-C). GB-nYFP co-immunoprecipitated with AUKAGB-HA
(Figure 5.2, C), demonstrating that MtGp and truncated MtAUKAGP can still interact.
However, the densitometry units of co-immunoprecipitated products normalised to the
amounts of total protein was twice lower (Figure 5.2, D), suggesting that the 15-amino-acid-
long site supports the interaction but is not essential. Altogether, the results demonstrate that
MtGB interacts with MtAUK and suggests that GB-AUK interaction mediates nuclear Ca*

signalling.
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Figure 5.2 | Gp interacts with AUK in M. truncatula roots.

(A) Pairwise GAL4-based yeast two-hybrid assay to assess pairwise interactions between MtGp fused
to GAL4 activator domain (AD) and the C-terminus (C-ter) or kinase domain (KD) of MtAUK fused
to the GAL4 binding domain (BD). Yeast growth was monitored after 7 days on synthetic dextrose
minimal (SD) media lacking Leucine and Tryptophan (-LW) to assess co-transformation and on SD
media lacking Alanine, Histidine, Leucine and Tryptophan (-LWAH) to assess pairwise interaction.
Yeast cultures were diluted as indicated (bottom panel). The mouse p53 protein and its known
interacting partner SV40 large T-antigen (T) were used as negative and positive controls. Pictures are
representative of three replicates. (B) Protein sequence alignment of Arabidopsis thaliana (At) AUK,
Medicago truncatula (Mt) AUK and the truncated MtAUK (AUKAG) used in C. The GB-binding
site predicted in AtAUK is bolded and underlined. (C) HA-tagged MtAUK (AUK:HA) was
immunoprecipitated with anti-HA antibody from M. truncatula root cells co-expressing GB:nYFP or
DMI3:nYFP. HA-tagged MtAUKAGp (AUKAGB:HA) was immunoprecipitated similarly from M.
truncatula root cells co-expressing GB:nYFP to assess the function of the putative GB-binding domain
identified in AtAUK. Before immunoprecipitation, the M. truncatula transformed roots were
inoculated with Sinorhizobium meliloti for 48h. Tmmunoblots were immunostained with aHA (top
panel) or aGFPN*" (bottom panel) antibodies. Input: total protein lysate. GB:nYFP was detected in the
immunoprecipitate from roots co-expressing AUK:HA or AUKAGB:HA, indicating GB-AUK
interaction. The nuclear localised calcium and calmodulin dependent kinase, DMI3:nYFP, was used
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as negative control. Data are representative of two biological replicates. Expected sizes: AUK:HA, 89
kDa; GB:nYFP, 61 kDa; DMI3:nYFP, 80 kDa. (D) Band intensity ratio (IP over input) of GB:nYFP
immuno-bands in the indicated conditions were calculated from two biological replicates and from
two immunoblots at two or three exposure levels (between 10 and 90 min of exposure time). Bars
represent mean + s.e.m.. * p-value < 0.05 (two-tailed t-test with a prior F-test for homoscedasticity).
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Figure 5.3 | Effects of L29F and L31F mutations on protein-protein interaction.

(A-C) Pairwise GAL4-based yeast two hybrid analysis of MtGB wild-type (GB WT), MtGB-?°F and
MtGB-3F with MtGyl (A), MtGy4 (B) and MtAUK kinase domain (AUK KD) (C). The coding
sequences (CDS) were cloned in frame with the GAL4 activator domain (AD) or binding domain (BD)
as indicated. Yeast growth was monitored after 7 days on synthetic dextrose minimal (SD) media
lacking Leucine and Tryptophan (-LW) to assess co-transformation and on SD media lacking Alanine,
Histidine, Leucine and Tryptophan (-LWAH) to assess pairwise interaction. Yeast cultures were
diluted as indicated (bottom of the panel). The mouse p53 protein and its known interacting partner
SV40 large T-antigen (T) were used as negative controls. Pictures are representative of three
replicates. (D) Detection by immunoblot of AD:HA:Gfs and AD:HA:T using anti-HA antibody.
Proteins were extracted from co-transformants shown in C. Expected sizes: AD:HA:Gps, 62 kDa
(black arrow); AD:HA:T, 102 kDa (black asterisk).

5.2.3 GB-*F and GB“*'F show impaired protein-protein interaction with MtAUK in

heterologous system.

Given the altered symbiosis phenotype observed in GS“**F and GB-*'F mutants
(Chapter 3, Figure 3.5), the effects of L29F and L31F mutations on MtGp protein-protein
interactions were tested. GB requires a Gy subunit for correct localization at plasma

membrane (Marrari et al., 2007; Wang et al., 2008). Thus, impairment in the formation of
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GPy dimer would inhibit GB function in transducing signals. Protein-protein interactions
between MtGpB, MtGB-2F, MtGB-® and MtGy1,4 were assessed using the GAL4-based
yeast-two-hybrid system (Figure 5.3, A-B). Co-transformants expressing MtGp wild-type,
MtGB-*F or MtGB-1F with MtGyl or MtGy4 showed all complementation of yeast
auxotrophy (Figure 5.3, A-B), demonstrating that MtGyl and MtGy4 are Gy subunits per se
capable of interacting with MtGp. It furthermore indicates that L29F and L3 1F mutations do
not abolish the interaction. One may argue that yeast growth in the presence of MtGB-*" and
MtGB-3IF is slightly reduced but additional experiments are required to determine the binding
affinities and test whether L29F and L31F mutations negatively affect GBy dimer formation.
On the other hand, impact of L29F and L31F mutations on the interaction with MtAUK kinase
domain was also assessed (Figure 5.3, C). Co-expression of MtAUK kinase domain with
MtGB-2F or MtGB-31F nearly abolished yeast growth on selective medium (Figure 5.3, C),
suggesting that L29F and L31F mutations prevent MtGp from interacting with MtAUK.
Future experiments will enable to confirm this observation. Overall, this suggests that MtG
transduces the symbiotic signal by interacting with MtAUK, and that impairment of this
interaction resulting from amino acid substitution on MtGp N-terminus ultimately impedes
nuclear Ca®" signalling activation.

To examine further the impact of L29F and L31F mutations on MtGf function,
subcellular localization of MtGB-*F and MtGB-®" in root hairs was analysed via fluorescent
confocal laser scanning microscopy using a GFP (Green Fluorescence Protein) tag fused to
their carboxyl-terminus (Figure 5.4). Roots were additionally treated with Nod-factors to test
whether GB-*-GFP and GB“*"-GFP relocalize. Surprisingly, in the absence of Nod-factors
GFP fluorescence was observed in the cytoplasm and somewhat in the nucleoplasm (Figure
5.4). In the presence of Nod-factor, less fluorescence in the cytoplasm is observed in contrast
to the nucleoplasm, suggesting that a pool of both GB-**F-GFP and GB-*'F-GFP can relocate
to the nucleus. However, these results are preliminary and leave open the possibility that the
L29F and L31F mutations could alter the plasma membrane association, stability and/or
partly the translocation to the nucleus. Additional experiments will be required to assess
whether the MtGB-*F and MtGB-*¥" proteins correctly localize and remain stable at the
plasma membrane as their wild-type counterpart. To this aim, additional confocal laser
scanning microscopy will be required as well as subcellular protein fractionation. The latest
could be informative to determine whether MtGR?*F and MtGB-3'F associate with plasma

membrane.
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Figure 5.4 | Confocal imaging of GFP-tagged GB-*°F and GB-3'F proteins.

Laser scanning confocal microscopy pictures of M. truncatula wild-type root hairs co-expressing the
transformation marker NLS-mCherry with C-terminally GFP-tagged GA-*F:GFP or Gp-'F:GFP
driven by GB native promoter (pf:GB-*F:GFP, pB:GB-*F:GFP) in the absence or presence of Nod-
factor (+NodF). Mock and Nod-factor treatment lasted 30 minutes before imaging. Scale bars
represent 10 um. BF, brightfield.

5.2.4 Protein purification of Gs in heterologous system.

To determine the precise binding affinities of MtGp wild-type and mutants with
MtAUK, two protein purification protocols were tested to isolate the different proteins.
Interaction of Arabidopsis G with protein interactors has previously been tested via pull
down assays in Escherichia coli Rosetta strain (Peng et al., 2018; Zhang et al., 2018) and
plant Ga subunits were successfully purified in this strain (Urano et al., 2012b). Thus, E. coli
Rosetta strain was used to expressed and purify MtGp wild-type, MtGB-?*F and MtGp-1F
proteins (Figure 5.5). Coding sequences were cloned in-frame with a 6xHis (hexa-histidine)

tag and an MBP (Maltose-binding protein) tag both at the N-terminus of each protein. The
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resulting vectors were transformed into E. coli Rosetta strain and bacteria were grown
overnight after induction of protein expression with isopropyl B-D-1-thiogalactopyranoside
(IPTG). After solubilization, proteins were purified using a specific affinity column for poly-
Histidine-tagged proteins. Samples were further purified via gel filtration chromatography.
This process separates proteins by their molecular size in several elution fractions, which can
be analysed via SDS-PAGE (Figure 5.5, A-B). Expected size of 6xHis:MBP:Gfs is 84 kDa.
Accordingly, the eluted fractions that contained the proteins in this molecular size range were
combined and further concentrated as shown in Figure 5.5, C. Analysis via SDS-PAGE of
the concentrated fractions demonstrated that each recombinant GB were present in a small
amount (Figure 5.5, C, black arrow). However, each fraction included a large amount of
protein contaminants. To confirm that the thin bands observed around 84 kDa correspond to
the proteins of interest, the concentrated samples were treated with 3C protease to cleave the
6xHis:MBP tag (Figure 5.5, D). The absence of the thin band in 3C-protease-treated samples
confirmed the presence of 6xHis:MBP:Gp (Figure 5.5, D). However, due to the large amount
of contaminants and the small proportion of 6xHis:MBP:Gfs produced, another protocol was
developed.

GP proteins from various species were successfully purified from insect cell culture
using the Spodoptera frugiperda Sf9 isolate (Ifiiguez-Lluhi et al., 1992; Jones et al., 2011b).
In this system, cells are infected with genetically modified baculoviruses (Schneider and
Seifert, 2010). The highly-expressed viral protein polyhedrin gene is replaced by a gene of
interest, resulting in high-level expression of the corresponding protein. Thus, the coding
sequences of MtGp wild-type and MtGA->°F and MtGB-*'F mutants were cloned in-frame with
an MBP (Maltose-binding protein) tag at their N-terminus and recombinant sequences were
inserted into the baculovirus genome. Insect cells were infected for three days before protein
extraction and purification. Proteins were purified using an MBP-specific affinity column
(Figure 5.6). Analysis via western-blot and SDS-page showed a large proportion of proteins
of interest after protein purification, validating the use of this protocol for MtG purification.
Accordingly, purified MtGp wild-type, MtGB-2F and MtGB-®'" proteins will be tested with
MtAUK via biolayer interferometry to determine their binding affinities and assess the effect

of L29F and L31F mutations on MtGp binding to MtAUK.
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Figure 5.5 | GP protein purification in Escherichia coli conserves high amount of protein
contaminants.

Escherichia coli strain Rosetta DE3 expressing recombinant MtG protein fused to 6xHis (hexa-
histidine) and MBP (maltose-binding protein) tags at the N-terminus (6xHis:MBP:Gp) was grown 14
hours in 8-litre culture in the presence of IPTG to induce expression of the protein of interest. Proteins
were purified through Ni-NTA column (specific affinity for polyHis-tagged protein) and fractionated
in several elution fractions via gel filtration chromatography. (A) Elution fractions were separated via
SDS-PAGE and revealed by Coomassie blue staining to determine in which elution fractions the
protein of interest is present. Expected size of 6xHis:MBP:Gf3, 84 kDa. Crude protein fractions before
(-IPTG) and after (+IPTG) induction are shown. (B) Corresponding elution profile of the eluted
fractions shown in A after gel filtration chromatography. Protein amount is determined via ultraviolet
(UV) absorbance. The elution fractions selected for protein concentration of 6xHis:MBP:Gf} are
highlighted in yellow (elution fractions 8 to 16). (C) The eluted fractions were collected and
concentrated (~90-fold). The same method was used to purify and concentrate 6xHis:MBP:Gf (WT),
6xHis:MBP:GB?F (L29F) and 6xHis:MBP:GBY'* (L31F). Concentrated proteins for each G
recombinant were separated via SDS-PAGE and stained with Coomassie blue as shown in C. Black
arrow on right panel points to the upper single bands corresponding to the 6xHis:MBP:GRWT/L29F/L31F
proteins. The gel displays high amount of contaminants in the three concentrated fractions. (D)
Purified and concentrated 6xHis:MBP:GB from C was treated with 3C Protease to cleave the
6xHis:MBP tag. Proteins were separated via SDS-PAGE before (-) and after (+) 3C protease treatment.
Proteins were loaded at their initial concentration (1:1, left panel) or diluted 10 times (1:10, right
panel). Black asterisks show 6xHis:MBP:Gp bands in untreated (-) condition. The band is not present
in treated (+) condition. Red asterisk shows 6xHis:MBP band. Expected sizes: 6xHis:MBP:G, 84
kDa; 6xHis:MBP, 43 kDa; G, 41 kDa.
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Figure 5.6 | Protein purification of MBP-tagged MtGp in insect cells.

Sf9 insect cells expressing recombinant MtGp protein fused to MBP (maltose-binding protein) tag at
the N-terminus (MBP:Gf) was grown 72 hours in 1-litre culture. Proteins were trapped in MBP-
specific affinity column and eluted afterwards. (A) Detection by immunoblot of MBP:Gp at different
steps of the protein purification procedure. Crude, protein sample before purification; FT, flowthrough
of proteins unbound to MBP-trap column; Wash, proteins washed from MBP-trap column after 15t and
2" rinses with washing buffer; Eluate, MBP-tagged proteins eluted from the column. Immunostaining
was done using aMBP antibody. Expected size of MBP:Gf, 83 kDa (black arrow). Upper panel:
immunoblot. Lower panel: ponceau staining. (B) Following the same method, MBP:Gf (1)(2)(3),
MBP:GB“%F (4)(5)(6) and MBP:GB-%'F (7)(8)(9) proteins were purified and separated via SDS-PAGE.
The gel was stained with blue Coomassie. (1)(4)(7), flowthrough of proteins unbound to MBP-trap
columns; (2)(5)(8), washed proteins from the column after washing; (3)(6)(9), eluted proteins from
the column with elution buffer. Black arrow points to the MBP:Gfs (83 kDa).

5.3 Discussion

In this chapter, the results demonstrate that MtGp physically interacts with MtAUK
(Figure 5.2), which is involved in root endosymbiosis (Grubb et al., in preparation). MtAUK
localizes at the nuclear envelope and interacts with MtDMI1 to regulate nuclear Ca®* release.
It is likely that MtGp interacts with MtAUK through several binding sites as truncated
MtAUKAGS showed reduced but not abolished physical interaction with MtGp (Figure 5.2,
B-C). This interaction is also consistent with the observed translocation of a pool of MtGf
upon application of a symbiotic elicitor (Chapter 4, Figure 4.4), and suggests that MtGf
transduces the symbiotic signal via MtAUK to initiate nuclear Ca®" oscillations. However,
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the underlying mechanism is yet to be determined. It is possible that MtGf influences MtAUK
Kinase activity as it binds to MtAUK kinase domain (Figure 5.2, A). Data also demonstrate
that L29F and L31F mutations negatively influence this interaction as observed in yeast-two-
hybrid (Figure 5.3, C). This will be confirmed in vitro via biolayer interferometry in future.
To this aim, a protein purification protocol for MtG proteins has been developed (Figure
5.6). In mammals, amino acid substitution in the exact same region as L29 and L31 residues
has similarly been shown to negatively influence GP binding to various interactors (Bonacci
et al., 2005; Yuan et al., 2007; Brand et al., 2015). However, it remains to be confirmed
whether GB-" and GB-*'F proteins are stably attached to the plasma membrane in native
conditions and undergo correct trafficking from plasma membrane to the nucleus upon
treatment with a symbiotic elicitor (Figure 5.4).

Production of G proteins from insect cells was shown more suitable as the latter
organism expresses endogenous heterotrimeric G proteins and can therefore perform most of
the post-translational modifications (Schneider and Seifert, 2010). Arabidopsis Gf purified
from insect cells have been previously used for in vitro assays (Jones et al., 2011b). By
contrast, bacteria do not possess endogenous heterotrimeric G proteins, even though plant Ga
subunits can be successfully purified from E. coli cells (Urano et al., 2012b). But results

showed that the latter system is rather unsuitable in regard to MtGp (Figure 5.5).
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Chapter VI

General Discussion

6.1 Heterotrimeric G protein B subunit: a new member of the common

symbiosis pathway

The aim of this study was to characterize further the role of the heterotrimeric G
protein B subunit (G) in root endosymbiosis as it has been identified as a positive regulator
of root nodule development in several legumes (Choudhury and Pandey, 2013; Bovin et al.,
2022). In chapter 3, generation of Gf knock-outs in Agrobacterium-mediated transformed
roots using the CRISPR-CAS9 technology confirmed the role of MtGg as a positive regulator
of root nodule symbiosis and demonstrated further that MtGp is essential for root nodule
organogenesis. Besides, characterization of several TILLING mutants revealed a dual
function of MtGp in both arbuscular mycorrhizal (AM) and root nodule symbioses. AM and
rhizobial entry are regulated by a common set of genes, referred to as the common symbiosis
pathway (Parniske, 2008). The pathway is activated when symbiont-derived symbiotic
elicitors are perceived and ultimately results in activation of nuclear calcium (Ca?") signalling
essential to induce the expression of symbiosis genes. In chapter 4, MtGf was shown to
mediate nuclear Ca®* signalling activation and be required for transcriptional reprograming
of early endosymbiosis genes (NIN and ENOD11). Constitutive expression of different
heterotrimeric G protein genes subtly induced root organogenesis in the same vein as other
symbiosis genes (Schiessl et al., 2019; Soyano et al., 2019). Furthermore, MtGp underwent
nuclear relocalization after treatment with rhizobial-derived elicitors (Nod factors). This is in
line with the identification in chapter 5 of a nuclear interactor, namely MtAUK, which has
also been characterised as essential for both AM and root nodule symbioses (Grubb et al., in
preparation). Altogether, the results demonstrate that MtGp is part of the common symbiosis
pathway and constitutes the missing link between plasma membrane perception and ion
channel activation at nuclear envelope. Future studies will help decipher the molecular
mechanisms required for G nuclear translocation on one hand, and those required for nuclear
ion channel opening in concert with AUK on the other hand. Particularly, the development

of a MtGp native antibody would contribute in further characterizing the G-*°F and Gp-3'F
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mutants and assessing the effects of their mutation. Additionally, it would facilitate the study
of the dynamics and subcellular accumulation of wild-type MtGp before and after elicitation

with a symbiotic elicitor.

6.2 The heterotrimeric G proteins constitute a hub for signal

transduction

Heterotrimeric G proteins (hereafter referred to as G proteins) are key signal
transducers of eukaryotic cells. This is exemplified in mammalian systems for which more
than a third of human pharmaceutical drugs target G-protein-dependant signalling pathways
(Hauser et al., 2018). In plants, G proteins are similarly involved in numerous signalling
pathways, including developmental signalling such as seed germination, growth and cell
division (reviewed in Perfus-Barbeoch et al., 2004), phytohormone response (reviewed in
Jose and Roy Choudhury, 2020), ion channel opening (Wang et al., 2001; Fan et al., 2008;
Jeonetal., 2019), light response (see references in Urano et al., 2012a), abiotic stress response
(reviewed in Zhang et al., 2021), and plant innate immunity (reviewed in Zhong et al., 2019
and Zhang et al., 2021). The G subunit actively participates in some of these pathways by
direct binding to interactors (see table of some identified Gf interactors listed in Pandey,
2019). It first raises the question of how a single protein can interact with so many interactors.
This was questioned for example by Smrcka and Fisher (2019) in the mammalian system as
its GPB counterpart similarly binds to a large number of targets without a clear conservation
of binding sequence among the interactors. Two key features of Gfs were highlighted. Firstly,
Gps are WD40 repeat proteins that form a seven-bladed B-propeller structure with a funnel-
like shape. This structure enables them to bind to a wide range of protein targets. Secondly,
GPs are unique because they form a constitutive dimer with Gy subunits through an amino-
terminal a helix tail. This helical N-terminal tail is not present in other WD40 repeat proteins.
Gys are considerably more diverse than the GPs, including in plants, and it is therefore
commonly assumed that the Gys allow for signal specificity in all eukaryotes even though the
underlying mechanisms are not well understood. Crystal structures of the mammalian Gy
complex, in association with various interactors, have revealed multiple binding sites on the
Gp structure. These sites can be found in different regions, ranging from the top of the funnel-
like shape, which is conventionally considered the narrower part, to the side of the structure

(see illustrations in Smrcka and Fisher, 2019). Besides, the N-terminal tail of G has also
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been identified via mutagenesis analysis as an integrant interacting domain of Gf, essential
for its binding activity to protein targets either in mammals (Bonacci et al., 2005; Yuan et al.,
2007; Brand et al., 2015), yeast (Leeuw et al., 1998), or plants (Xu et al., 2017). The
impairment of MtGB-MtAUK protein-protein interaction by L29F and L31F substitutions, as
observed via yeast-two-hybrid in chapter 5, corroborates the role of G N-terminus in
mediating interaction with protein targets.

Given the wide range of G-protein-dependant signalling in plants, several regulatory
mechanisms are necessary to fine-tune the signal outputs. These have been shown to involve
receptor-like kinases, phosphorylation of G protein subunits, and RGS (regulator of G protein
signalling) proteins. Differential translocation rates of Gy dimer were also shown to mediate
the signal outcomes in the animal field. | would like to discuss here these elements and their

putative function in regulating G protein signalling in the context of root endosymbiosis.

6.3 Regulating G proteins signal specificity

Plant G proteins comprise the canonical and non-canonical Ga, Gf, and Gy subunits.
Gpy dimer can form a heterotrimer complex with either the canonical or the non-canonical
Ga (Temple and Jones, 2007; Chakravorty et al., 2015). Canonical Ga can bind to guanosine
diphosphate (GDP) or guanosine triphosphate (GTP), and both GDP and GTP-bound forms
exhibit specific physiological functions (Johnston et al., 2007; Jones et al., 2011b; Maruta et
al., 2019). Non-canonical Ga, also referred to as extra-large G proteins (XLGS) in scientific
publications, can bind GTP and function both redundantly and independently of canonical
Ga proteins (Lee and Assmann, 1999; Heo et al., 2012; Pandey, 2019; Roy Choudhury et al.,
2020). All G protein subunits participate in the different signalling pathways listed above at
different degrees. However only the canonical Go. was shown to be involved in root nodule
symbiosis (Choudhury and Pandey, 2013). The text below will therefore be mainly
descriptive of the G protein heterocomplex comprising the canonical Ga (hereafter referred

to as Ga). For clarity, the non-canonical Ga will not be mentioned unless specified otherwise.

6.3.1 Receptor-like kinases to discriminate the signals

It has been proposed that interaction with receptor-like kinases (RLKS) constitutes the

primary activation mechanism of G protein signalling in plants (Pandey, 2020). RLKSs
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comprise over 600 members in Arabidopsis and 1000 in rice and regulate a myriad of
biological responses (Gish and Clark, 2011). They harbour various extracellular domains
allowing for detection of a wide range of signal ligands. Numerous RLK-dependant signalling
have been linked to G protein signalling with evidence of direct interaction between G
proteins and RLKs (see references in Pandey, 2019). In regard to Gf, most studies were
conducted in Arabidopsis. AtGp was shown to interact with several RLKSs including the
brassinosteroid receptor BRI1 (brassinosteroid insensitive 1; Peng et al., 2018), the
brassinosteroid and immunity co-receptor BAK1 (BRI1-associated receptor kinase 1; Peng
et al., 2018), the negative regulator of immunity BIR1 (BAK1-interacting receptor-like
kinasel; Tunc-Ozdemir and Jones, 2017), the receptor FER (FERONIA; Yu et al., 2018), and
the CLAVATA receptor RPK2 (receptor-like protein kinase 2; Ishida et al., 2014). In some
cases, the RLK-activated signals are partially or fully dependent on AtGf which interacts with
downstream effector proteins. This is exemplified in BRI1Z/BAK1 and FER-activated
responses, in which their respective downstream effectors BES1 and OST1 were shown to
interact with AtG (Yu et al., 2018; Zhang et al., 2018). However, the latter studies provided
no direct evidence that these interactions were dependant on RLK activation, though this is
greatly suggested. Therefore, there is no existing model of a signal transduction in plants
where activated RLKSs trigger G binding to downstream effectors. That being said, it would
be interesting to test whether the MtGB-MtAUK interaction reported in chapter 5 is dependent
on MtDMI2.

On the other hand, the role of AtGp in immunity RLK complexes rather aims at
passively maintaining the canonical and non-canonical AtGa subunits in steady state as the
latter are required to transduce immunity responses upon perception of plant defence elicitors
in a RLK-dependent manner (Liang et al., 2016b; Liang et al., 2018; Xu et al., 2019). This is
in contrast to root nodule symbiosis in legumes where Ga subunit is maintained deactivated
(Choudhury and Pandey, 2015; Roy Choudhury and Pandey, 2022) while Gf transduces the
symbiosis signal as suggested in this work. In soybean, G proteins are regulated by two
symbiosis RLKSs: the Nod-factor receptor GmNFR 1a (ortholog of MILYK3/LjNFR1) and the
symbiosis co-receptor GmSymRKa (ortholog of MtDMI2/LjSymRK) (Choudhury and
Pandey, 2015; Roy Choudhury and Pandey, 2022). Of note, those two RLKs form a symbiosis
complex with the Nod-factor receptor GmNFR5a/MtNFP/LjNFR5 (Ried et al., 2014).
GmNFR1a and GmSymRKa promote root nodule development via phosphorylation of

GmRGS2 and GmGao, respectively, resulting in deactivation of GmGa and release of free
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GmGpy (Choudhury and Pandey, 2015; Roy Choudhury and Pandey, 2022). Considering the
function of MtGp depicted in this work, it is likely that the Medicago symbiosis-related
plasma membrane RLK complex functions similarly to its soybean counterpart in regulating
G proteins during root nodule symbiosis. Nonetheless, one remaining question is how this
scenario applies to AM symbiosis. Both AM and root nodule symbioses depend on the
symbiosis co-receptor MtDMI2/LjSymRK (Endre et al., 2002; Stracke et al., 2002). Thus, G
proteins could be similarly regulated during AM symbiosis through MtDMI2/LjSymRK (i.e.,
deactivation of Ga and release of GPy). Moreover, the Medicago and rice receptors
MtCERK1/OsCERK1 and MtLYR4/OsMYR1 regulate (amongst other receptors) perception
and colonization of AM in their respective species (Zhang et al., 2007; Bozsoki et al., 2017,
Feng et al., 2019; Zhang et al., 2021a). Interestingly, rice transgenic plants co-expressing
chimeric receptors consisting of MtLYK3 and MtNFP extracellular domains fused to
OsCERK1 and OsMYR1 transmembrane and intracellular kinase domains, respectively, are
capable to produce nuclear Ca* oscillations in response to rhizobia-derived Nod-factors (He
et al., 2019). This has immense biological significance as rice species are unable to form
endosymbiotic association with rhizobia nor to respond to Nod-factors in normal condition.
Likewise, Mtlyk3 and Mtnfp mutants in Medicago, which are unable to perform root nodule
symbiosis due to the lack of Nod-factor receptor, can be fully complemented with the
MtLYK3-OsCERK1 and MtNFP-OsMYR1 chimeric receptors, respectively (He et al., 2019).
Taken together, these results demonstrate that the kinase domains of OSCERK1 and OsMYR1
have strictly identical function than those of Nod-factor receptors. Thus, it implies that the
symbiosis RLKs regulating AM association could control G protein activity similarly to Nod-

factor receptors, thereby leading to Gf activation for transduction of symbiosis signal.

6.3.2 Phosphorylation of heterotrimeric G proteins

The limited number of G protein components (one Ga, one G, and three and six Gys
in Arabidopsis and Medicago, respectively) does not correlate with the multiplicity of G-
protein-mediated signalling events (Urano and Jones, 2014). Propagated signals from plant
G proteins rely on different activator receptors as described above, but can also depend on
various post-translational modifications of the G protein subunits such as phosphorylation.
Plant Gas, Gs, and Gys all harbour phosphorylation sites with diverse biological functions

(reviewed in Oliveira et al., 2022). Fifteen phosphorylation sites have been identified on
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Arabidopsis G, both on its N-terminus and WD40 structure (Peng et al., 2018; Mergner et
al., 2020). The brassinosteroid receptor BRI1 regulating sugar response was shown to
phosphorylate AtGp (Zhang et al., 2018). The BRI1-mediated phosphorylation is biologically
relevant as phospho-dead and phospho-mimic 4¢G5 partially and fully complement the sugar
response defect in Atgs mutant, respectively. Interestingly, dissociation of AtGp from AtGa
during sugar response is dependent on BRI1, suggesting that AtGB-AtGa dissociation is
promoted through BRI1-mediated AtGp phosphorylation. Given that Gy dimer is released
from Ga during endosymbiosis (Roy Choudhury and Pandey, 2022), it is possible that G
and/or Gys undergo post-translational modifications such as phosphorylation to fine-tune the
signal output. Thus, it would be interesting to investigate if MtGp integrates symbiosis-
activated phosphorylation. This also applies to MtGys as the latter can modulate G activity.
The interaction between GB/Gys with symbiosis receptors have not been addressed to date.
Other kinase proteins may also be involved. The Lotus japonicus NFR5-interacting
cytoplasmic kinase 4 (LjNiCK4) interestingly undergoes nuclear translocation 90 min after

Nod-factor treatment similarly to MtGp (Wong et al., 2019; chapter 4).

6.3.3 RGS proteins

Plant RGS (regulators of G protein signalling) are plasma membrane proteins with a
predicted seven-transmembrane domain and a cytoplasmic C-terminal tail (Chen et al., 2003;
Urano et al., 2012b). The tail harbours a GTPase-accelerating protein (GAP) domain that
stimulates the GTP hydrolysis of Ga subunits and therefore promotes GDP-bound form of
Ga (Chen et al., 2003; Jones et al., 2011b; Urano et al., 2012b). The characterization of RGS
proteins provided a real breakthrough in the plant G protein signalling field as the latter
exhibits major inconsistencies to the animal paradigm. Animal Gas have a slow rate of
nucleotide exchange (GDP release) and their activation rely on cell-surface receptors that
promote GTP binding to Ga leading to dissociation of the heterotrimer (i.e., GTP-Ga
dissociates from GPy dimer due to conformational change) (Sprang, 1997). The intrinsic GTP
hydrolysis of Ga resets the system. For all metazoan and yeast Ga proteins, GDP-release is
slower than GTP-hydrolysis, and thus the G protein is predominantly GDP-bound in its
resting state. In contrast, plant Gas rapidly release GDP without any stimulus, and the rate of
GTP hydrolysis is in comparison >100-fold slower (Jones et al., 2011b; Urano et al., 2012b;
Choudhury and Pandey, 2017). This implies that plant Gas would be almost entirely GTP-
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bound in a cell where GTP is in excess over GDP. Thus, GTP hydrolysis is the rate-limiting
step in plant G proteins (Johnston et al., 2007; Urano et al., 2012b). The GAP activity of RGS
proteins presumably maintains the G protein heterotrimer into a dynamic and self-repeating
cycle, in which a Ga spontaneously associates with GTP and a RGS protein promotes its
hydrolysis (Urano et al., 2012b; Urano et al., 2012c; Fu et al., 2014). GPy interaction with
canonical and non-canonical Gas is compromised in the absence of RGS (Liang et al., 2018),
demonstrating it is essential for the maintenance of a heterotrimeric complex. Although GBy
dimer cannot bind to Ga subunit in its GTP-bound conformation in vitro (Jones et al., 2011b),
it was reported in planta to stay in close proximity of GTP-Ga in the absence of external
stimuli (Adjobo-Hermans et al., 2006; Wang et al., 2008). GTP hydrolysis is nonetheless
essential to maintain the formation of a heterotrimer. Indeed, when a constitutively active
form of rice Ga (i.e., incapable of GTP hydrolysis) is expressed in a Ga-null background, it
is predominately found in a free monomeric form (Kato et al., 2004). Accordingly, RGS-
mediated self-repeating cycle of G proteins can be depicted as follows; GBy dimer binds to
GDP-Ga, forming together an heterocomplex, or remains in close proximity of GTP-Ga until
it switches back to its GDP-bound form through the RGS protein GAP activity. This dynamic
equilibrium is presumably sustained as long as no stimuli are perceived. Additionally, it is
worth noting that a relative proportion of Ga has been reported to remain in a free monomeric
form in membrane fractions (Kato et al., 2004; Wang et al., 2008), suggesting that not all
subunits are stabilised in their heterotrimeric conformation and/or spontaneous heterotrimeric
dissociation frequently occurs .

Phosphorylation of the RGS C-terminal tail is a key modulator mechanism in G-
protein-mediated signalling (Fu et al., 2014; Tunc-Ozdemir et al., 2017; Oliveira et al., 2022).
Various phosphorylation patterns can be produced depending on the stimulus and the
activated protein kinase, thereby modulating the signal specificity. In innate immunity
response, three different RLKs have been shown to phosphorylate independently the RGS C-
terminal with two distinct identified phosphorylation patterns leading to RGS endocytosis
and/or dissociation from the heterotrimeric complex (Tunc-Ozdemir et al., 2016; Tunc-
Ozdemir and Jones, 2017; Liang et al., 2018). In sugar response, three Ser/Thr Kkinases
catalyse another phosphorylation pattern distinct from the two cited above that leads to RGS
endocytosis (Urano et al., 2012c; Fu et al., 2014). A fourth RLK-mediated phosphorylation
motif has been identified but the biological function has not yet been characterised (Tunc-

Ozdemir et al., 2017). About 70% of the phosphorylated residues are highly conserved in
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plant RGS (Oliveira et al., 2022), suggesting the different phosphorylation motifs are
preserved between species.

The Nod-factor receptor GmNFR 1a phosphorylates in vitro GmRGS2 (Choudhury
and Pandey, 2015). A total of six phosphorylation sites were identified of which one is
common to the innate immunity and sugar responses, namely the threonine residue 430
(Medicago numbering) that corresponds to the serine residue 428 in Arabidopsis (Tunc-
Ozdemir et al., 2017; Liang et al., 2018), but the five other phosphorylation sites differ from
those cited above. GmNFR 1a-mediated phosphorylation of GmRGS2 does not lead to its
endocytosis, nor to its dissociation from GmGa (Choudhury and Pandey, 2015; Pandey,
2020). Instead, phosphorylated GmRGS2 has significantly greater GAP activity towards
GmGas, thereby accelerating the cycles of dissociation/association between GmGas and
GmGpys (Choudhury and Pandey, 2015). Interestingly, constitutive expression of wild-type
and phosphomimic GmRGS2 in a GmNFRIo-null mutant background, leads to partial
restoration of root nodule development, with phosphomimic GmRGS2 displaying a greater
efficiency (Choudhury and Pandey, 2015). Because the Nod-factor receptor NFR1 is required
for symbiosis-activated nuclear Ca?* signalling, it suggests that phosphomimic RGS in
soybean promotes nuclear Ca?* oscillation. Medicago RGS protein has conserved five of the
six phosphorylation sites, namely the Thr-269, Ser-279, Ser-407, Thr-430, and Ser-439
residues (chapter 4). Replacement of those with aspartic acids resulted in spontaneous nuclear
Ca?* oscillations in Medicago root hairs (chapter 4). Because the present work suggests that
Gp transduces the symbiosis signal via nuclear translocation, this raises the question of how
phosphomimic RGS protein would promote Gy dissociation and translocation to nuclei in
root hairs.

Characterization of Ga, G and Gy subunits in planta on native gels demonstrated
that the subunits are in large membrane-bound complexes ranging from 400 to 700 kDa,
suggesting they are engaged amongst others with different membrane receptor complexes at
basal level (Kato et al., 2004; Wang et al., 2008). Similarly, characterization of RGS protein
endocytosis in sugar and immune responses indicated that two distinct pools of RGS proteins
are natively engaged with their respective sugar and immune receptors at basal level (Watkins
et al., 2021). Taken together, it is likely that RGS proteins and Gofy are in close proximity
of the symbiosis receptors prior to ligand recognition. For clarity,

MtLYKS3/LjNFRL/GmNFR1,  MINFP/LJNFR5/GmNFR5 and  MtDMI2/LjSymRK/
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GmSymRK will be in the next paragraph referred to as NFR1, NFR5 and SymRK,
respectively.
In the absence of symbiotic elicitors, | speculate two scenarios (Figure 6.1, A-B):

(i) the symbiosis RLK receptors and RGS/Gapy proteins form together a single membrane-
bound complex which dismantles upon Ga nucleotide exchange (i.e., GDP-to-GTP switch)
and a new pool is formed afterwards, or (ii) the whole complex is somewhat stable and RGS
protein mediates a self-repeating cycle as depicted above, but Ga nucleotide exchange sets
the G proteins in motion preventing their activation by the symbiosis RLK receptors. In both
scenarios, recognition of symbiotic elicitor would activate the Nod-factor receptor NFR1 by
an unknown mechanism, resulting in the phosphorylation of RGS protein. Phosphorylated
RGS stabilizes Ga in GDP-bound form enabling its phosphorylation by the co-receptor
SymRK. GPy dimer is consequently released and is shuttled to the nucleus either
spontaneously or via an unknown mechanism. Hence, phosphomimic RGS would mimic
activation by NFR1 and spontaneously promotes Go phosphorylation by SymRK, leading to
spontaneous activation of GBy. However, these scenarios assume that the different RLK
receptors are in close proximity at basal level, but it should be considered that recognition of
symbiotic elicitors is required for the formation of the symbiosis RLK complex. It has been
reported that LjiSymRK and LjNFR5 have strong binding affinity in planta (Antolin-Llovera
etal., 2014). Besides, GmNFR 1o interacts in planta with GmRGS1/2 and GmGo. (Choudhury
and Pandey, 2013; Choudhury and Pandey, 2015). One may speculate that two plasma
membrane pools are formed comprising RGS/GaBy/NFR1 on one hand, NFR5/SymRK on
the other (Figure 6.1, C). NFR1 constitutively phosphorylates RGS protein and promotes
higher stabilization of the complex, but the absence of symbiotic elicitor prevents the
recruitment of NFR5/SymRK. Extracellular symbiotic ligand promotes the formation of an
RGS/Gafy/NFR1/NFR5/SymRK complex and allows for SymRK-mediated activation of the
G proteins. In this scenario, phosphomimic RGS constitutively stabilizes the heterotrimeric
complex at plasma membrane, independently of NFR1, allowing for spontaneous G protein
activation whenever a SymRK protein is in the vicinity. In any case, it should be tested
whether SymRK (MtDMI2) is required for MtRGSP"P-activated spontaneous Ca®'

oscillations to assess if any of the above scenario is correct.
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Figure 6.1 | Schematic models illustrating the proposed hypotheses of G protein signalling
activation during endosymbiosis.

(A) The symbiosis RLK receptors NFR1, NFR5 and SymRK along with the G protein signalling
complex comprising the GDP-Ga (in grey), GB, Gy subunits and the RGS protein, together form a
unique complex at the plasma membrane. In the absence of symbiotic elicitors, Ga nucleotide
exchange (GTP-Ga in red) disrupts the complex. The GTPase-accelerating activity of the RGS C-
terminal tail (C-ter) is too weak to maintain the current complex resulting in the formation of a new
complex (i), or maintains a dissociation/association cycle of Ga to stabilize the complex but it is
insufficient for Ga to be phosphorylated by SymRK (ii). (B) Upon recognition of Nod-factor, NFR1
phosphorylates the RGS C-terminal (red tail) (1), increasing the GTPase-accelerating activity of the
RGS protein (2). This, in turn, enables SymRK to phosphorylate the Ga subunit (red outline) (3), and
promotes the dissociation of the GBy dimer to transduce the symbiotic signal (4). (C) In this scenario,
two complexes at the plasma membrane are present comprising RGS/Gafpy/NFR1 on one hand,
NFR5/SymRK on the other. NFR1 constitutively phosphorylates the RGS protein but the absence of
symbiotic elicitor prevents the recruitment of NFR5/SymRK (left panel). Presence of extracellular
Nod-factor promotes the formation of a unique complex (right panel), allowing for SymRK-mediated
phosphorylation of Ga and release of the Gfy dimer.

SymRK
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6.3.4 Different Grs, different translocation kinetics

Mammalian Gy dimers can target downstream effectors at plasma membrane as well
as at intracellular locations (Khan et al., 2016). Upon ligand perception at plasma membrane,
GBy dimers can undergo plasma membrane dissociation and translocation to inner
membranes at different kinetics depending on the Gy subunit (Ajith Karunarathne et al., 2012;
O’Neill et al., 2012). The twelve mammalian Gy can be grouped into fast- (~10 s),
intermediate- (~50 s), and slow (~130 s)-translocating subunits. It was therefore suggested
that the ability of GPy dimers to translocate at varying kinetics into intracellular regions
following heterotrimer activation, may have important effects on downstream responses
(O’Neill et al.,, 2012). Plasma-membrane-to-nucleus translocation of Gf in a ligand-
dependent manner has been evidenced in mammalian system (Bhatnagar et al., 2013), and it
is likely that the different Gy subunits affect differentially this response due to varying
translocation kinetics amongst other regulatory mechanisms (i.e., differential binding
affinity). Mammalian Gy subunits are prenylated at their C-terminal with either a 15-carbon
farnesyl or a 20-carbon geranylgeranyl depending on the C-terminal end motif (Wedegaertner
etal., 1995). It has been evidenced that plasma membrane affinity of geranylgeranylated Gpy
subunits correlates with the translocation kinetics (O’Neill et al., 2012). Hydrophobic and
positively charged residues next to the prenylation motif influence positively plasma
membrane attachment, and therefore reduce translocation ability upon G protein activation.

Plant Gy of group A are preferentially prenylated with a geranylgeranyl group,
whereas group B and group C lack prenylation motifs but are predicted to be anchored at
plasma membrane through an amphipathic a-helix (Adjobo-Hermans et al., 2006; Zeng et al.,
2007; Trusov etal., 2012). To the best of my knowledge, plasma membrane affinities amongst
plant Gy subunits and groups have not been studied. But it is possible that this trait may
coordinate G-protein-dependent responses in plants. In root nodule symbiosis, GmGy group
A and group B positively influence root nodule development, while group A is significantly
more effective in that regard (Choudhury and Pandey, 2013). Thus, if group A and group B
have different plasma membrane affinities it would shed light on the prerequisites for G-
protein-mediated root endosymbiosis. If strong plasma membrane affinity is preferentially
required, it would suggest that G proteins in steady state conformation is the rate-limiting
step. Whereas low plasma membrane affinity would suggest that fast translocation is required

for optimal transduction of the signal. Soybean and Medicago Gys belonging to group A,
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have only few hydrophobic and positively charged residues next to the prenylation motif,
similarly to mammalian fast-translocating Gys (data not shown). Nevertheless, it is difficult
to speculate on their membrane binding affinity and/or translocation kinetics. Indeed, one Gy
in Arabidopsis from group A was shown to be S-acylated on a cysteine residue next to the
prenylation motif, whereas the second Arabidopsis group A Gy showed no S-acylation (Zeng
et al., 2007). S-acylation would certainly increase membrane affinity. This cysteine residue
is conserved in plant group A Gys (Trusov et al., 2012), including in soybean and Medicago.
It was postulated that S-acylation of this conserved cysteine residue may occur on some Gys
of group A (Trusov et al., 2012). Interestingly, the non-acylated AtGy was localised in both
plasma membrane and internal membranes in contrast to its acylated counterpart (Zeng et al.,
2007), suggesting that S-acylation may coordinate differential cellular localization to
optimize the location of the different pools of GPy. Furthermore, one may expect that some
Medicago Gy subunits translocate to the nucleus after Nod-factor application similarly to
MtGB (chapter 4). It would be interesting to test whether a particular group of Gy translocates
faster and whether it correlates to a greater positive effect. The latter experiment would inform
whether translocation Kinetic variation is a regulatory mechanism that has been conserved

between plant and mammalian systems.

6.4 The role of mevalonate in root endosymbiosis

The Medicago 3-hydroxy-3-methyl-glutaryl-coenzyme A reductasel (MtHMGR1)
has been identified via yeast-two-hybrid as a protein partner of MtDMI2 (ortholog of
LjSymRK/GmSymRKs) (Kevei et al., 2007). MtHMGRL is a key enzyme in the mevalonate
biosynthetic pathway leading to the production of a diverse array of isoprenoid compounds.
Interestingly, the use of the HMGR inhibitor lovastatin, that blocks the production of MVA
and downstream compounds, significantly decreased number of root nodules and delayed
nodulation (Kevei et al., 2007). The secondary metabolites derived from the mevalonate
pathway comprise the geranylgeranyl- and farnesyl-pyrophosphate, which are the substrate
for Gy prenylation (Tennakoon et al., 2019). The use of lovastatin has been similarly used on
mammalian cells to study the influence of mevalonate pathway inhibitors on Gy subcellular
distribution (Tennakoon et al., 2019). Lovastatin impedes Gy membrane anchoring through
inhibition of Gy prenylation. Likewise, Gy translocation to inner membranes following G
protein activation was significantly impaired when cells were treated with a mevalonate
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pathway inhibitor. Accordingly, pharmacological inhibition of nodulation with lovastatin
corroborates the role of G proteins in root nodule symbiosis. Mevalonate has also been
suggested to be a secondary messenger in the symbiosis pathway, as treatment with
mevalonate is sufficient to induce Ca®* oscillation dependently of the nuclear ion channel
MtDMI1 (Venkateshwaran et al., 2015). Interestingly, Medicago, Lotus and carrot but not
Arabidopsis did respond to mevalonate, suggesting that the molecular machinery required for
mevalonate-induced Ca?" oscillations is only present in species capable of root
endosymbiosis. | would like to emphasize here that the kinase domain of AtSymRK is not
capable of supporting root nodulation in Ljsymrk-null mutant, in contrast to those of
LjSymRK, MtDMI2 and OsSymRK (Li et al., 2018). How mevalonate triggers cellular Ca®
response in the absence of other stimuli remains however elusive. One possibility is that
treatment with mevalonate leads to high accumulation of G proteins at plasma membrane in
a sufficient proportion to be activated by DMI2/SymRK, as mevalonate was suggested to
positively regulate the amount of G proteins at plasma membrane in mammalian cells

(Chiloeches et al., 1997).

6.5 Future prospects

In conclusion, this work demonstrates the role of G proteins in the common signalling
pathway controlling both AM and root nodule symbioses, and reveals the role of G as the
missing link between the Nod and Myc-factors receptors and the activation of nuclear Ca%*
oscillation. G proteins interact and are regulated by the Nod-factor receptor LYK3/NFR1 and
co-receptor DMI2/SymRK (Choudhury and Pandey, 2015; Roy Choudhury and Pandey,
2022) and presumably by AM receptor in a similar fashion. | further discussed putative
regulatory mechanisms that would result in Gf nuclear translocation and transduction of the
symbiosis signal. G protein signalling is also involved in plant innate immunity via RLK-
dependent activation (reviewed in Zhong et al., 2019 and Zhang et al., 2021) and future
analyses may shed light on how symbiosis and pathogen responses may affect each other in
a G-protein-dependent manner. G proteins have been conserved in plants during evolution
but some variations have occurred (Urano et al., 2012b). Understanding how G-protein-
dependent endosymbioses are regulated in distant species including basal land plant would

give some insights into the primary molecular mechanisms required for root endosymbiosis.
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