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Abstract

Mutualistic associations with soil microbes can improve plant nutrition by improving
access to difficult-to-obtain nutrients such as nitrates and phosphorus. The
establishment of both rhizobial and arbuscular mycorrhizal symbioses requires the
activation of calcium oscillations after the perception of elicitors from the symbionts by
plasma membrane receptors. The calcium oscillation starts inside the nucleus and the
release of calcium from a store between the nuclear membranes is orchestrated by two
nuclear-localised ion channels: a cation channel (DMI1), and a calcium channel
composed of the subunit proteins Cyclic Nucleotide Gated Channel (CNGC) 15a, b and
c. CNGCs are known to form tetrameric complexes, raising the question of the
stoichiometry of the CNGC15a, b, ¢ channel complex in the nuclear envelope.
CNGCD, another member of the CNGC family in Medicago truncatula, was recently
identified as a putative interactor with CNGC15a. CNGCD may therefore form a
heterotetrameric complex with CNGC15a, b and c. Here | aim to characterise the
function of CNGCD in symbioses using expression analysis, interaction assays and
CRISPR-Cas9. | find that CNGCD is expressed in symbiotic tissues and can interact
with other components of the nuclear calcium signalling machinery. Biallelic knockout
of cngeD in M. truncatula hairy roots leads to a loss of nodulation. Taken together, |
demonstrate that CNGCD can form a complex with CNGC15a, b, ¢ and has a role in

root nodule symbiosis.
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1. Introduction

1.1. Ca?* as a ubiquitous secondary messenger

Cells respond to changes in their environment through signal transduction. In plant and
animal cells, free calcium ions (Ca?*) act as a second messenger, with changes in Ca®*
concentration, typically in the cytosol, effecting downstream processes in signalling
cascades. In plants, rapid, transient Ca?* influxes are observed in response to many

abiotic and biotic stimuli.

In a resting cell, cytosolic Ca?* concentration is maintained at 50-100nM, and on
recognition of an extracellular signal, can increase to low-uM levels (Edel et al., 2017;
Demidchik et al., 2018). The Ca?* concentration in the cell wall and in intracellular
calcium stores, such as the ER and vacuole, is typically much higher (0.1-10 mM), and
Ca?* signals can therefore be generated by passive release of Ca?* down the
electrochemical gradient, through calcium-permeable channels (Demidchik et al.,
2018). Sustained increases in cytosolic Ca?* concentration to above 100uM are
cytotoxic, so a low intracellular concentration is maintained through transport and
buffering, and Ca?* release from Ca?* stores is carefully controlled through the
regulation of Ca?*-permeable channels and rapid efflux on generation of a calcium
signal (Edel et al., 2017; Demidchik et al., 2018).

The ubiquity of changes in cytosolic Ca?* concentration as a second messenger raises
the question of how a common second messenger can maintain specificity when
decoded by a downstream signalling element. Several mechanisms may contribute to
maintaining a Ca?* signal’s specificity, including: subcellular location of the Ca?*
release, requirement for synchronised signalling events, and expression of specific
signalling machinery in different cell types (McAinsh and Pittman, 2009). Organelles,
including chloroplasts and nuclei, are capable of generating calcium signals
(Charpentier, 2018; Kelner et al., 2018; Lenzoni and Knight, 2019). Transient calcium
spikes and waves or oscillations show observable stimulus-specific temporal dynamics
— magnitude, wavelength, number, and frequency — known as the calcium signature.
This has led to the hypothesis that the specificity of a Ca®* signal is encoded by the
temporal dynamics of the Ca?* release itself (McAinsh and Pittman, 2009).



Rapid release of Ca?* into the cytoplasm or organelles occurs passively through
calcium-permeable cation channels (Demidchik et al., 2018). Compared with animals
and algae, plants have lost several Ca?* influx mechanisms during evolution, including
several canonical Ca?* channels; hence ion channels controlling calcium influx are
generally referred to as ‘calcium-permeable channels’, permeable to several cations
rather than calcium-specific (Edel et al., 2017; Demidchik et al., 2018). The groups of
calcium-permeable channels present in plants include cyclic nucleotide-gated channels
(CNGCs), ionotropic glutamate receptors (GLRs), mechanosensitive-like channels
(MSLs), Mid1-complementing activity channels (MCA) and reduced hyperosmolarity-
induced [Ca?*]cyt increase channels (OSCAs) (Demidchik et al., 2018).

1.1.1. Cyclic nucleotide-gated channels in plants and animals

Cyclic nucleotide-gated channels (CNGCs) belong to the voltage-gated ion channel
superfamily, and like other members of this superfamily, form tetrameric complexes,
with each subunit containing six transmembrane domains and cytosolic N- and C-
terminal domains (Dietrich et al., 2020). The C-terminus contains cyclic nucleotide
binding domains (CNBD) and calmodulin-binding domains (CaMBD). The
Arabidopsis CNGC family has 20 members, forming five clades (1, Il, I11, IVa and 1Vb)
(Maser et al., 2001). Plant CNGCs are homologous to the cyclic nucleotide-gated
(CNG) and hyperpolarisation-activated cyclic nucleotide gated (HCN) channels in
animals, which have similar structure and domain organisation. These channels have
roles in visual perception, olfaction and heart and central nervous system functioning,

and therefore implicated in several human diseases (Biel, 2009).

Early findings suggested that CNGCs are nonselective ion channels, but more recently
several plant CNGCs have been found to be permeable to Ca?* but not K* (Meena et
al., 2019; Pan et al., 2019). Early electrophysiological characterisations of CNGCs in
Xenopus laevis oocytes found activation by cAMP and cGMP (Leng et al., 1999, 2002;
Balagué et al., 2003). More recent studies have found CNGC activation without
requirement for cyclic nucleotides: AtCNGC11/12 do not require cAMP or cGMP for
activity (Zhang et al., 2019). On recognition of bacterial flagellin, the AtCNGC2/4
heterocomplex in Arabidopsis is activated by BIK1 without requirement for cyclic
nucleotides (Tian et al., 2019).



Cyclic nucleotides bind CNGCs in the C-terminal CNBD, which overlaps with a
CaMBD. Overlap between CNBDs and CaMBDs led to the hypothesis that cyclic
nucleotides and CaMs competitively bind CNGCs to activate or close the channel
(Arazi et al., 2000). CaM7 negatively regulates AtCNGC14-mediated signalling in root
hair growth (Zeb et al., 2020). In symbiotic calcium oscillations, calcium loaded CaM2
binds to the C-terminus 1Q domain of MtCNGC15s to close the channel (del Cerro et
al., 2022). In AtCNGC12, CaMs can bind additional motifs in the N- and C-terminal
domains, with CaM binding having both positive and negative regulatory roles
(DeFalco et al., 2016). AtCNGC12 activity is enhanced when bound to CaML1 in X.
laevis oocytes (Zhang et al., 2019).

Plant CNGCs can form heterotetramers with specific functions. Heterotetramerisation
may allow for specific calcium signals, since each subunit will have unique interaction
partners and generate a calcium channel with specific gating and ion permeability. In
Arabidopsis, CNGC heterotetramers are implicated in a number of processes, as
implicated by phenotype and interaction assays: CNGC2/4/6 in immunity and
thermosensing, CNGC2/4 in floral growth, CNGC18/7/8 in regulation of pollen tube
growth, CNGC6/9/14 in root hair growth, CNGC5/6/9/12 in ABA-induced stomatal
closure, and CNGC15a, b and ¢ in root endosymbioses (Chin et al., 2013; Charpentier
etal., 2016; Brost et al., 2019; Pan et al., 2019; Tian et al., 2019; Ma et al., 2023; Tan et
al., 2023). However, it is currently unknown what stoichiometries heterotetrameric
CNGC complexes form in planta, given that CNGC subunits can form calcium-
permeable homotetramers in heterologous systems like X. laevis oocytes (Charpentier
etal., 2016; Pan et al., 2019).

In contrast, there is extensive structural information from cryo-EM and x-ray
crystallography on homologous channels in animals. In rod and cone cells, CNG
channels form heterotetramers with a 3A:1B stoichiometry, with three CNGAL or
CNGA3 and one CNGA2 or CNGA4 subunit per channel (Weitz et al., 2002; Ding et
al., 2012). Stoichiometry is maintained through interaction between the C-terminal
leucine zipper domains in the CNGAZ1/A3 subunits (Zhong et al., 2002; Shuart et al.,
2011; Xue et al., 2022). There are also resolved structures of human HCN1 channels,
C. elegans TAX-4 and prokaryotic LIiK (James et al., 2017; Lee and MacKinnon,
2017; Li et al., 2017). Since C-terminal domains in plant CNGCs have diverged from



animal and prokaryotic homologues, more detailed structural information on plant

CNGCs is required to understand complex formation and inter-subunit interaction.

1.2. Plant root endosymbioses

Plants encounter myriad microorganisms in the soil: pathogenic, neutral, and beneficial.
Associations with beneficial microbes, in long-term mutualistic symbioses or the
maintenance of the root microbiome, incur benefits including improved defence against
pathogens and herbivores, resistance to abiotic stress, and access to nutrients. Most
flowering plants (around 80%) associate with arbuscular mycorrhizal fungi (AMF),
including important crop species like wheat and rice (Harrison, 2005). Species in four
families in the rosid clade associate with nitrogen-fixing rhizobial bacteria: Fabales,
Rosales, Fagales and Curcubitales, known together as the nitrogen-fixing clade, though
not all species in the clade form associations with nitrogen-fixing bacteria (Soltis et al.,
1995). The most notable examples of nitrogen-fixing plants are legumes, including
important crops such as soybean, peas, and the forage crop alfalfa. Legumes are
particularly efficient at nitrogen fixation and are of special research interest due to their
decreased need for nitrogen fertilisers, their use in improving soil quality and crop
nitrogen content when rotated with non-legume crops, and their high protein content
(Foyer et al., 2016). Together, root mutualisms with rhizobia and AMF may be referred
to as endosymbioses, since both require accommodation of the symbiont within the

host cell, and both processes have notable signalling events in common.

The nodule, the root organ produced by association with rhizobia, and the arbuscule, an
intracellular fungal structure in contact with host membranes, are primarily sites of
nutrient exchange. Rhizobial bacteroids in the nodule fix atmospheric nitrogen into
forms that can be used for plant metabolism (Oldroyd et al., 2011). AM fungi provide
plants with difficult-to-obtain nutrients, in particular, phosphorus and nitrogen (Ames et
al., 1983; Govindarajulu et al., 2005; Harrison, 2005). The symbionts, in return, receive
carbon from the host plant. Symbioses with AM fungi also make plants more resistant

to pathogens and abiotic stress (Miransari, 2010).

Rhizobial infection begins when rhizobia are detected at the surfaces of root hairs
within the infection zone — distal of the root meristem — leading to root hair curling

around attached rhizobia. Rhizobia grow down the length of the root hair, in a structure



called an infection thread, and into the root epidermis. Simultaneous signalling in the
cortex leads to cell division and the start of nodule organogenesis, controlled primarily
by auxin and cytokinin signalling (Oldroyd et al., 2011). The mature nodule contains
both host- and symbiont-derived cells. The rhizobia terminally differentiate within the
nodule, from free-living bacteria to bacteroids contained in host cells. Bacterial
nitrogenases catalyse nitrogen fixation, and host-derived leghemoglobins buffer oxygen
in the mature nodule, as free Oz deactivates nitrogenase. Legume nodules are described
as either determinate or indeterminate, based on loss or retention of the nodule
meristem. Species forming determinate nodules include Glycine max, Phaseolus spp.
and Lotus japonicus, while Medicago truncatula and Pisum spp. form indeterminate

nodules.

AM fungi are obligate biotrophs belonging to the phylum Glomeromycotina (Harrison,
2005). Fungal spores living in the soil, attracted to strigolactones produced by the host,
produce a hyphal germ tube that searches the soil for the host root (Harrison, 1997).
The hypha differentiates to form an appressorium, which penetrates the host root
epidermis (Harrison, 1997). The fungus grows in the root cortex, with branching
hyphae in the inner cortex developing into branched, terminal hyphae called arbuscules
(Harrison, 1997). The arbuscule is surrounded by host membrane despite growing
within the cortical cells, with a large surface area between host and fungus for nutrient
exchange (Harrison, 1997). The fungae also produce thick-walled lipid storage vesicles
within and between cells (Choi et al., 2018).

1.2.1. Common symbiosis signalling pathway

Plants secrete flavonoids and strigolactones, which are recognised by rhizobia and
AMF respectively. In response, the microbes secrete rhizobial Nod or fungal Myc
factors, made of chitin derivatives, that are recognised at the host cell surface.
Recognition of both Nod and Myc factors at the cell surface leads to shared early

signalling events, known as the common symbiosis signalling pathway.

Nod lipochitooligosaccharides (Nod-LCOs) are thought to mediate host-mutualist
specificity in legume-rhizobia interactions, since their composition varies widely
among species of rhizobia (Liang et al., 2014). In M. truncatula Nod-LCOs are

recognised by lysine motif receptor-like kinases (LysM-RLK) Nod Factor Perception
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(NFP) and LysM-containing receptor kinase (LYK) 3 (Nod Factor Receptor 5 (NFR5)
and NFR1 in L. japonicus) and Myc chito-oligosaccharides (Cos) are recognised by
Myc Factor Receptor 1 (MYR1) and Chitin Elicitor Receptor Kinase 1 (CERK1) in
rice, with other LysM receptors likely involved in Myc LCO and CO recognition
(Zhang et al., 2015; He et al., 2019). Does Not Make Infections 2 (DMI2) (Symbiosis
Receptor Kinase or SYMRK in L. japonicus), a RLK downstream of NFP and LYK3,
is also involved in common signalling pathways (Endre et al., 2002; Stracke et al.,
2002).

A central component of early symbiotic signalling is the generation of a nuclear
calcium oscillation. This calcium oscillation is required for both rhizobial and AM
symbioses. The signal is transduced from the plasma membrane to the nuclear envelope
by an unknown mechanism, though the mevalonate pathway has been implicated in
inducing downstream signalling events, and G-protein signalling may be required for
root nodule symbiosis (Kevei et al., 2007; Choudhury and Pandey, 2013, 2015;
Venkateshwaran et al., 2015). Three membrane proteins, localised to the nuclear
envelope, are required to generate the nuclear Ca®* oscillation: MCAS, a type 1A
SERCA ATPase, DMI1, a nonselective cation channel, and CNGC15a/b/c, a calcium
channel (Capoen et al., 2011; Charpentier et al., 2016). DMI1 and CNGC15 interact
and are predicted to allow simultaneous movement of ions (Charpentier et al., 2016).
DMI1 is thought to act as a counter-ion channel, allowing movement of potassium ions
into the nuclear lumen, triggering the influx of calcium into the nucleoplasm via
CNGC15. Ca?*-bound CaM2 binds CNGC15s to close the calcium channel (del Cerro
et al., 2022). Rhizobia and AM fungi induce calcium oscillations with similar
signatures in the epidermis and cortex (Sieberer et al., 2012). In outer cortical cells,
slow frequency Ca?* oscillations precede microbial entry into the cortical cell layer, and
high-frequency oscillations begin when the symbiont makes contact with the cortical

cell layer (Sieberer et al., 2012).

The calcium oscillation is decoded by a calcium-/calmodulin-dependent kinase
(CCaMK; called DMI3 in M. truncatula), which forms a complex with the transcription
factor Interacting Partner of DMI3 (IPD3; CYCLOPS in L. japonicus) to regulate
transcription of target genes. In addition to IPD3, a number of other transcription
factors have roles in both AM and RN symbioses, including the gibberellic acid

signalling repressors and GRAS-type transcription factors, DELLAs (Floss et al., 2013;
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Fonouni-Farde et al., 2016; Jin et al., 2016). Nodulation Signalling Pathway 1&2
(NSP1/2), GRAS transcription factors originally identified for their role in nodulation,
also appear to be important for mycorrhization (Hirsch and Oldroyd, 2009; MacLean et
al., 2017).

Though there is convergence at early signalling events, clearly there are divergent
outputs from Nod and Myc factor signalling, leading to the formation of nodules and
arbusculation of root cells respectively. A minority of the transcriptional programs
activated by rhizobia and AMF are shared, though shared early signalling components
are required for transcription of RNS- or AM-specific genes. Specificity is maintained
from Nod and Myc factor recognition, though there is convergence at the nuclear
calcium oscillation, so it is possible that multiple pathways run concurrently, or that
common symbiosis genes are specifically regulated throughout. Recent transcriptomic
studies have shown that extensive transcriptional reprogramming occurs in both
symbioses in a specific manner, with a small percentage of shared early signalling
(Manthey et al., 2004; Hohnjec et al., 2005; Deguchi et al., 2007; Tromas et al., 2012;
Nanjareddy et al., 2017; Sakamoto et al., 2019).

1.3. Background and specific objectives

A fourth putative component of the symbiotic nuclear calcium channel, CNGCD, was
identified as a strong interactor with CNGC15a via immunoprecipitation followed by
mass-spectrophotometry (IP-MS) (Charpentier lab, unpublished data). CNGCD
interacts with CNGC15s, itself and DMI1 in biFC assays in Nicotiana benthamiana
(Charpentier lab, unpublished data). Given that CNGCD interacts with CNGC15s and
DMI1 in Nicotiana benthamiana, it may form a heterotetrameric complex with
CNGC15s in M. truncatula root cells. My aim was to further characterise CNGCD and

its role in symbioses.

My specific objectives were:

1. To characterise the CNGCD expression pattern in symbiotic tissues (nodules
and AMF-colonised roots) using a pPCNGCD:GUS construct.
2. To demonstrate if CNGCD could interact with itself and other components of

the nuclear calcium signalling machinery in M. truncatula.
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3. Characterise the phenotype of cngcD and identify a stable mutant line.
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2. Results

2.1. Expression of pCNGC15:GUS and pCNGCD:GUS in symbiotic tissues

To assess whether CNGCD has a similar expression pattern as CNGC15a, CNGC15b
and CNGC15c, the CNGCD promoter was fused to the bacterial s-Glucuronidase
(GUS) (pCNGCD:GUS) in the PKGW-RR-GUS vector. pPCNGCD:GUS as well as
PCNGC15a:GUS, pCNGC15h:GUS and pCNGC15c¢:GUS were expressed in R108 M.
truncatula roots via Agrobacterium rhizogenes-mediated transformation (Chabaud et
al., 2006). 28 days post-inoculation (dpi) with Sinorhizobium meliloti 2011 (Sm2011)
the nodules were collected, and GUS expression was assessed (Fig.1a). 2mM X-gluc
was vacuum-infiltrated into the nodules to create blue staining where the GUS enzyme
is expressed. The expression of GUS driven by promoters of CNGC15a, CNGC15b,
CNGC15c or CNGCD was detected in the apical regions of the nodules (Fig. 1a).
Sectioning of additional nodules confirmed that each CNGC was expressed in the
nodule apex (Fig. 1a). pPCNGC15a:GUS, pCNGC15b:GUS and pCNGC15¢c:GUS
expression were concentrated in the meristem and epidermis, whereas GUS expression
driven by CNGCD promoter was more diffuse through the nodule (Fig.1a).
Transformed roots inoculated with AM fungi 8 weeks post-inoculation (wpi) showed
PCNGCD:GUS expression through all cell layers included cortical cells colonised with
AM (Fig. 1b). This is similar to the expression of CNGC15a, CNGC15b and CNGC15c
(Charpentier lab, unpublished data). Taken together, these results demonstrate that
CNGCD is expressed in symbiotic tissues and may therefore have a function in

symbioses.
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pCNGCD:GUS

Empty vector

pCNGCD:GUS

Empty vector

PCNGC15¢c:GUS pCNGC15b:GUS pCNGC15a:GUS

Whole nodule

100um section

DIC DsRed DIC

WGA-
Alexa Fluor 488

Figure 1. Promoter:GUS expression
analysis of CNGCD and CNGC15s in
symbiotic tissue. Wild-type R108 M.
truncatula hairy roots expressing the
native promoter of each CNGC fused to 3-
Glucuronidase were inoculated with
Sinorhizobium meliloti 2011 (Sm2011) (A)
and Rhizophagus irregularis (B). DsRed
was used as a transformation marker.
Empty vector contains GUS without a
promoter. All scale bars represent 200um.
(A) Expression of CNGCD and CNGC15s
in whole nodules (first and second
column) and 100um sections of nodules.
Nodules were imaged at 28 dpi. (B)
Expression of CNGCD in arbuscule-
containing cortical cells 8 wpi. Roots were
stained with WGA-Alexa Fluor 488 to
visualise fungal structures.



2.2. Pairwise interaction between CNGCD and components of the symbiotic

calcium channel complex

CNGCD was previously identified as a putative interactor of CNGC15a via
immunoprecipitation followed by mass spectrometry analysis using CNGC15a as a bait
in M. truncatula roots (Charpentier lab, unpublished data). | used two approaches,
bimolecular fluorescence complementation (biFC) and bidirectional yeast two-hybrid,
to determine whether CNGCD is part of the calcium channel complex with CNGC15a,
CNGC15b, CNGC15c and whether it can interact with DMI 1.

Firstly, biFC was used to assess interaction between CNGCD and CNGC15s or DMI1
in M. truncatula roots. In biFC, split fluorophores fused to a protein pair of interest will
reconstitute if the two proteins are in close proximity, suggesting potential direct
interaction or complex formation. In earlier biFC experiments performed in N.
benthamiana pavement cells, it was seen that CNGCD can localise in close proximity
with CNGC15s and DMI1 (Charpentier lab, unpublished data). In these experiments
interaction between CNGCs was only seen when half Venus was fused at the N-
terminus of CNGC15s and CNGCD. Fusion of the half Venus to the C-terminus of
CNGCs did not lead to Venus reconstitution, so CNGCD:VenusN/CNGCD:Venus® was
used as a negative control for interaction in these experiments (Fig. 3).

To confirm earlier biFC results, the constructs previously generated were expressed in
R108 M. truncatula roots via A. rhizogenes mediated transformation, and fluorescent
protein reconstitution was assessed via laser scanning confocal microscopy (Figs. 2&3).
Venus reconstitution was seen at the nuclear envelope in root hairs of M. truncatula
hairy roots expressing a combination of CNGCD with CNGC15a, CNGC15b and
CNGC15c, as well as with DMI1 (Fig. 2). The expression of VenusN-tagged proteins
was confirmed by Western blot, but Venus®-tagged proteins were not detected due to
nonspecific binding of the antibody used (Fig. 4). In future, another antibody to detect
Venus® should be used. No Venus reconstitution was observed in the roots expressing
the CNGCD with half Venus fused to the C-term of CNGCD (Fig. 3).

16



YFP mCherry Merge

VenusV:CNGC15a
Venus©:CNGCD
Venus”:CNGC15b
Venus®:CNGCD

>
VenusV:CNGC15¢c
Venus©:CNGCD
VenusV:CNGCD
DMI1:Venus®

Figure 2. Pairwise interaction between CNGCD and CNGC15s and DMI1 by bimolecular
fluorescence complementation. N- and C-terminal Venus (VenusN and VenusC®) were fused
to the N-terminus of the coding sequence of each CNGC and the C-terminus of DMI1,
respectively. All fusion proteins were expressed under constitutive promoters (Lotus
japonicus ubiquitin or Arabidopsis nopaline synthase, see Appendix 1 for construct
information). Images were taken of elongating, immature root hairs in the infection zones of
M. truncatula hairy roots. mCherry was used as a transformation marker. The first column
shows fluorescence in the yellow fluorescent protein (YFP) channel, with arrowheads
indicating nuclei of root hairs. The second column shows mCherry fluorescence in the
imaged root hairs, and the third column shows an overlay of the channels in the first two
columns. Construct pairs are listed in the top left corner of each row. All scale bars are 10um.
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YFP mCherry Merge

VenusM:CNGC15a
Venus®:CNGC15a

VenusN:CNGC15b
Venus®:CNGC15b

A4

VenusM:CNGC15¢c
Venus®:CNGC15¢c

VenusN:CNGCD
Venus®:CNGCD

CNGCD:Venus®
CNGCD:Venus®

Figure 3. Self pairwise interaction of CNGC15s and CNGCD by bimolecular
fluorescence complementation. N- and C-terminal Venus (VenusN and Venus® were fused
to the N-terminus of the coding sequence of each CNGC and the C-terminus of CNGCD as a
negative control (bottom row). All fusion proteins were expressed under constitutive
promoters (Lotus japonicus ubiquitin or Arabidopsis nopaline synthase). Images were taken
of elongating, immature root hairs in the infection zones of M. truncatula hairy roots. mCherry
was used as a transformation marker. The first column shows fluorescence in the yellow
fluorescent protein (YFP) channel, with arrowheads pointing at nuclei of root hairs. The
second column shows mCherry fluorescence in the imaged root hairs, and the third column
shows an overlay of the channels in the first two columns. Construct pairs are listed in the top
left corner of each row. All scale bars are 10um.



Interestingly, interaction was observed between CNGC15b and itself, and CNGCD and
itself, but not between CNGC15a and itself, or between CNGC15c¢ and itself (Fig. 3).
This is similar to findings in earlier biFC in N. benthamiana (Charpentier lab,
unpublished data). However, in both combinations of
VenusN:CNGC15a/Venus®:CNGC15a and VenusN:CNGC15c¢/Venus®:CNGC15c,
Western blot analysis revealed that VenusN:CNGC15a and VenusN:CNGC15c¢ were
either poorly expressed or absent in those samples (Fig. 4). Therefore, these pairwise

interactions will require further analysis to reach any conclusion.

VenusN:CNGC15a + - - - . . - -
VenusN:CNGC15b . A e e . : « .
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Venus®:CNGCD + 0+ F -+ . = = -
CNGCD:Venus® - - - - TR
DMI1:Venus® - - -+ - - 2 2 5
Venus®:CNGC15a - - - - . - $ = =
Venus®:CNGC15b - - - - - - s &
Venus®:CNGC15¢c - - - - - - - -

a-GFPh-term

Ponceau

a-HA

Ponceau

Figure 4. Western blot of bimolecular fluorescence complementation (biFC) fusion
proteins (Figs 2&3). Total protein from transformed root material was extracted and
separated by SDS-PAGE, transferred to nitrocellulose membranes and probed with
antibodies for green fluorescent protein N-terminus (a-GFPN™) binding to Venus N-
terminus (VenusN) and haemagglutinin (HA) to bind Venus C-terminus (Venus®). BiFC pairs
run in each lane are indicated by +. Protein material from untransformed M. truncatula roots
(UR) were run as a negative control. Protein ladders (L) kDa values are indicated to the side
of each membrane. Positive bands are indicated by *. Unspecific bands are indicated by " in
the control lane. Ponceau staining of membranes was used to confirm approximately equal
protein loading in all wells.



Secondly, direct interaction between CNGCD and DMI1 was assessed using GAL4-
based yeast two hybrid system. GAL4 is a transcription factor with two separate
domains, a DNA-binding domain (BD) that binds to the promoter sequence of the
target gene, and the transcription-activation domain (AD) that is responsible for the
activation of transcription (Osman, 2004). These domains must function together for
transcriptional activation to occur, and when fused to two proteins of interest,
transcriptional activation only occurs if there is protein-protein interaction between the
proteins of interest. In this experiment, when the fusion proteins interact, and BD and
AD are brought into close proximity, transcription of HIS3 and ADEZ2, histidine and
adenine biosynthesis genes, is activated. These two amino acids are essential for yeast
to grow, and when the transformed yeast is plated on media lacking leucine,
tryptophan, adenine and histidine (-LWAH) there will only be growth if AD- or BD-
fused proteins interact. Plates lacking leucine and tryptophan (-LW) are used as
controls for transformation as the plasmids containing the fusion proteins of AD and

BD contain either leucine or tryptophan, respectively.

The C-terminal domain (Ct) of DMI1 was subcloned into pDEST destination vector
containing GAL4-AD and N-terminal domain of CNGCD (Nt) into a pDEST
destination vector containing GAL4-BD. As a positive control, the SV40 large T-
antigen (Clontech™ PT30234-1) and its positive interacting partner p53 were included.
P53 and the T-antigen were also included in combination with CNGCD (Nt) as a
negative control, to test for autoactivation. If the yeast grew in the negative control, the
interaction was deemed autoactive (Fig. 5). When CNGCDNtand DMI1¢twere co-
expressed, yeast growth was observed in -LWAH, demonstrating that DMI®t can
physically interact with CNGCDM to activate transcription in yeast (Fig. 5). No growth
was seen when CNGCDN was expressed with either murine T-antigen or p53 (Fig. 5).
These support the finding that CNGCD N-terminus interacts with DMI1 C-terminus in
biFC (Fig. 2) and are similar to DMI1 interaction with CNGC15s in yeast (Charpentier
etal., 2016).
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Figure 5. CNGCD N-terminus interaction with DMI1 C-terminus in pairwise
GAL4-based yeast two-hybrid system. Saccharomyces cerevisiae strain
AH109 transformed with CNGCD N-terminus and DMI1 C-terminus fused to the
Gal4 activating domain (AD) and binding domain (BD) were grown on synthetic
defined (SD) media deficient in leucine and tryptophan (-LW) and deficient in
leucine, tryptophan, alanine and histidine (-LWAH). A ten-fold serial dilution of
each resuspended pellet was plated. Murine p53 and SV40 large T-antigen were
used as a positive control, and CNGCD N-terminus and T or 53 were used as
negative controls. The protein domain fused to the AD and BD in each row is
listed to the left.

Taken together, my results suggest that CNGCD forms part of the calcium channel
complex with CNGC15a, CNGC15b and CNGC15c, and interacts with the counter-ion
channel DMI1.

2.3. Phenotyping of cngcD mutants

2.3.1. Phenotyping of cngcD EMS mutant lines

Next, the symbiotic phenotype of cngcD was assessed to understand its role in
regulating RNS, AMS or both.

To assess whether CNGCD plays a role in endosymbioses signalling, a collection of
cngeD EMS mutant lines were previously generated and backcrossed with the wild type
A17 line expressing the calcium reporter Yellow Cameleon (YC) 3.6 (A17 x YC3.6).

Among those backcrossed lines generated, four lines carrying missense mutations in
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non-conserved amino acid residues were assessed for their nodulation phenotype at 14
dpi (Fig. 6a) and three lines for AM phenotype at 10 wpi (Fig. 6b). No significant
differences in nodule number were seen among the mutant lines and the wild-type
controls (One-way ANOVA, F = 1.445, p = 0.2115) (Fig. 6a), suggesting that the
individual amino acid substitutions in CNGCD in these lines have no impact on
nodulation at 14 dpi. No significant differences in intraradical hyphal colonisation
(One-way ANOVA, F=1.1772, p = 0.335), arbuscule colonisation (One-way ANOVA,
F =0.8578, p = 0.4973) or vesicle colonisation (One-way ANOVA, F=1.4247,p =
0.243) at 10 wpi (Fig. 6b) were found among lines cngcD1-3 and the wild-type
controls. However, fungal colonisation among all lines was low, averaging at 25.7% for
intraradical hyphae and 11.8% for arbuscules in the A17 x YC3.6 control. Future
experiments with these lines may use a more effective inoculum, to see a larger effect

size where single amino-acid substitutions may cause a weak overall phenotype.
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Figure 6. Nodulation (A) and mycorrhizal colonisation (B) in backcrossed
EMS mutant cngcD x YC3.6 lines. (A) Number of nodules relative to dry weight
was assessed 14 days post-inoculation (dpi) with Sm2011. All genotypes include
data from three separate experiments, combined, except for cngcD-4 which is
only included in one replicate. Numbers of plants is shown above bars. (B)
Percentage colonization of intraradical hyphae (IRH), arbuscules and vesicles in
three cngeD x YC3.6 lines and WT A17 and A17 x YC3.6 at 10 weeks post-
inoculation with Rhizophagus irregularis. n = number of roots assessed. Means
were compared using one-way ANOVA followed by Dunnett’s post-hoc test with
Al7 x YC3.6 used as the control variable. Non-significant pairwise comparisons
not shown.
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2.3.2. CRISPR-Cas9 of cngcD in hairy roots

Given the unlikelihood of identifying a mutant phenotype from a single substitution
induced by EMS, CRISPR/Cas9 was used as a strategy to generate knock-out cngcD
and assess the nodulation phenotype. Cas9 can cause small insertions or deletions at
sites of double-strand breaks (DSBSs), causing a frameshift (Doudna and Charpentier,
2014). M. truncatula R108 roots were transformed with a CRISPR/Cas9 construct
previously generated, containing three sgRNAs and Cas9 (CNGCD-CRISPR), and an
empty vector, containing Cas9 with no sgRNAs (EV-Free Cas9). Nodulation was
assessed in transformed roots 28 dpi, and transformed roots genotyped to confirm if
Cas9 had caused misrepair of DSBs at SgRNA sites (Fig. 7). There are no significant
differences between nodule numbers on EV-transformed roots, and wild-type and
monoallelic roots transformed with CNGCD-CRISPR (Kruskal-Wallis; H = 4.359, p =
0.113). However, the number of roots included may be too low to indicate whether
heterozygous cngcD mutation has an impact on nodulation, and this should be

investigated further using segregating populations of cngcD stable mutants.
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Site 1 Site 2 Site 3
Site 1 Site 2 Site 3
cngeD-5 allele 1 +1 -3 Frameshift, early termination
allele 2 -2 Frameshift, early termination
cngcD-6 allele 1 -6 In-frame deletion of 2 residues
allele 2 +1 Frameshift, early termination
cngeD-7 allele 1 -3 In-frame deletion of 1 residue
allele 2 - - - Excision of 1.3kb
cngecD-8 allele 1 +1 Frameshift, early termination
allele 2 -3 In-frame deletion of 1 residue

Figure 7. Nodulation in hairy roots expressing Cas9 and gRNAs targeting CNGCD. (A)
Number of nodules on roots transformed with Cas9 (EV-Free Cas9) or Cas9 and gRNAs
targeting CNGCD (CNGCD-CRISPR) and inoculated with Sm2011 for 28 days. Means of EV-
Cas9, WT and monoallelic CNGCD-CRISPR were compared using Kruskal-Wallis test with
post-hoc comparisons. (B) PCR of a 3.1kb fragment of CNGCD from EV control roots (top
row) and roots transformed with CNGCD-CRISPR (bottom row). PCR of gDNA is included as
an additional control. (C) Location of gRNAs on CNGCD. (D) Description of insertions and
deletions at each gRNA site in cngcD biallelic mutant roots, on which no nodules formed.
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9/12 root systems well transformed with the CNGCD-CRISPR construct had
monoallelic or biallelic insertions or deletions, giving an efficiency of 75% (Fig. 7a). |
found four individual root systems, from 12 plants transformed with the CNGCD-
CRISPR construct, that had biallelic insertions or deletions at SgRNA sites, named
cngcD-5—38. All had no nodules on transformed roots (Fig. 7a). This indicates that
homozygous cngcD knockout may create a nodulation-deficient mutant, and suggests a
function for CNGCD in nodulation. However, some monoallelic and wild-type roots
transformed with this construct also had no nodules on transformed roots, likely due to
poor growth of the transformed root system in these individuals (Fig. 7a). Future work
assessing nodulation in CNGCD-CRISPR hairy roots should use a larger number of
transformed roots and ensure that all inoculated plants have the opportunity to grow
nodules. This is to confirm that a loss of nodulation is due to knockout of cngcD and

not poor growth of the transformed roots.

PCR genotyping of transformed roots showed large deletions in some roots containing
the CNGCD-CRISPR construct (Fig. 7b). Sanger sequencing was used to determine
whether roots transformed with the CNGCD-CRISPR construct had wild-type sequence
at the three sgRNA sites, or if there were mono- or bi-allelic mutations (Fig. 7c, d).
Sanger sequencing of cngcD-5—8 identified some alleles with frameshifts leading to
early termination and likely non-functional proteins (Fig. 7d). Three roots had
monoallelic deletions that were visible by gel electrophoresis (Fig. 7b). One
monoallelic root showed excision of the entire 2.6kb region between sgRNA 1&3, and
cngcD-7 showed a 1.3kb deletion on one allele (Fig. 7d). However, some repairs of
DSBs led to in-frame deletions of one or two residues, so it is unclear if these led to
non-functional proteins (Fig. 7d). | found no evidence of insertions or deletions at site
2, suggesting that this sgRNA may be ineffective at targeting Cas9 to CNGCD (Fig.
7d).

Taken together, these suggest that homozygous cngcD may be nodulation-deficient, but
to increase confidence in these results, a stable mutant knockout line should be

assessed.
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2.3.2. Generation of cngcD-CRISPRCas9 stable lines

A new construct was made, with sgRNAs targeting sites 1 and 3, given that these were
found to be effective in causing DSBs in my and earlier experiments (Charpentier lab,
unpublished data). The construct was stably transformed by A. tumefacians-mediated

transformation (transformation performed by Nicola Cook, Charpentier group).

I genotyped the To generation by amplifying Cas9 and a fragment of CNGCD
containing both sgRNA sites by PCR. If a plant had Cas9 inserted, | sequenced
CNGCD around sgRNA sites to find evidence of small insertions or deletions. 30 To
plants were produced from the original transformation, of which 25 were genotyped
and 5 died before genotyping. 25/25 To plants had Cas9 inserted and detectable by

PCR, and 0/25 had visible insertions or deletions when sgRNA sites were sequenced.

Since | did not identify a monoallelic or biallelic cngcD mutant among the To
generation, and Cas9 is inserted in all the lines tested, | produced T1 populations from
the transformed plants. Cas9 and the sgRNAs may be expressed in the germline and
able to cause mutations in the T1 generation, additionally, chimeras are likely in the To
generation (Cermak et al., 2017; Feng et al., 2018). | then generated T1 populations
from four To parents, selected for their high expression of the RUBY transformation
marker, which may thus indicate higher expression of Cas9. | observed segregation of
the purple RUBY colour phenotype in the T1 generation. Although 120/124 T1 plants
had Cas9 inserted in their genome, I did not identify a cngcD mutant among the 120
plants which were all sequenced (Table 1). I created T1 populations from 10 additional
To parents but was not able to genotype these plants in the time allowed. Future work

may thus identify a cngcD mutant among T1 populations not yet genotyped.
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Table 1. Summary of genotyping of T1 plants transformed with CRISPR constructs

targeting CNGCD.

Parent Cas9 detectable by Indels detected by Sanger
PCR / total plants sequencing / total sequenced

1 25/26 0/25

2 34/35 0/34

3 24/25 0/24

4 37/38 0/37
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3. Discussion

Here | have begun to characterise CNGCD and its role in root endosymbioses in M.
truncatula. Taken together, my results suggest a role for CNGCD in root
endosymbioses. The CNGCD promoter is active in symbiotic tissues (Fig. 1), and
CNGCD interacts with components of the nuclear calcium signalling machinery in
planta (Fig. 2) and in yeast (Fig. 5). Knockout of cngcD in hairy roots leads to loss of
nodulation, suggesting a function in root nodule symbiosis (Fig. 7). However, much
work is needed to understand the stoichiometry of the calcium channel in symbiosis

signalling, and what role, if any, CNGCD plays in generating nuclear calcium signals.

The expression pattern of CNGCD in nodules differs to that of CNGC15a, b and c. My
observation of CNGC15a, b and c expression concentrated in the nodule meristem (Fig.
1a) concurs with previous experiments expressing these promoter:GUS constructs in
nodule tissues. | found CNGCD expression to be expressed more diffuse through the
nodule (Fig. 1a). In support of this finding, CNGCD is significantly expressed in all
nodule regions, without significantly high expression in any nodule region in
comparison with another, in laser-capture coupled RNA-seq data by Roux et al. (2014).
I also observed that staining of nodules took much less time for pPCNGCD:GUS nodules
than pCNGC15:GUS nodules, suggesting that CNGCD may have higher expression in
nodules than the CNGC15s. Concurrent with this, CNGCD shows higher expression in
nodules in RT-gPCR experiments (data not shown) and across experiments in the
Medicago Gene Expression Atlas (Carrere et al., 2021). Recent advances in single-cell
transcriptomics can give further insight into the expression patterns of CNGCs in
different tissue layers and stages of infection. A recent single-nucleus RNA-sequencing
study identified CNGC15c as highly enriched in the epidermis independent of rhizobial
inoculation, suggesting that CNGC15c is enriched in the epidermal layer prior to
infection with rhizobia (Cervantes-Pérez et al., 2022). CNGCD is also upregulated in a
cortical cell cluster in response to rhizobia (Cervantes-Pérez et al., 2022). Such datasets
will be useful for forming hypotheses about the role of each component in the
epidermis and cortex in future experiments, and as a point of comparison when
interpreting results. The expression pattern of CNGCD compared with CNGC15s may
also be further assessed by confocal microscopy using GFP-protein fusions under the

control of native promoters.
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I describe CNGCD interaction with CNGC15a, b and ¢ and DMI1 in in planta biFC
experiments (Fig. 2). Venus reconstitution in N. benthamiana leaves only occurred
when fluorophores were fused to the N-terminus of CNGCs in earlier experiments
(Charpentier lab, unpublished data). Similarly, in my experiments, Venus reconstituted
when fused to the N-terminus, and not when fused at the C-terminus of CNGCD (Figs.
3,4). This suggests that the N-terminal domains of these CNGCs are in close proximity
in a heterotetrameric complex, and that the C-terminal domains are too far apart to
allow Venus reconstitution. To confirm if N-terminal domains physically interact,
future experiments may examine the effect of deleting the N-terminus on interaction in

in planta co-immunoprecipitation (colP).

Little is known about inter-subunit interaction and required domains for tetramerisation
in plant CNGC tetramers due to a lack of structural information, though some studies
have started to answer this question. Plasma membrane-localised CNGC8-CNGC18
heterotetramer subunits interact via their C-termini in Arabidopsis and C-terminal
regions appear to be required for heterotetramer formation (Pan et al., 2019). N-termini
of LjBRUSH, a L. japonicus CNGC, interact in yeast two-hybrid assays (Chiasson et
al., 2017).

In related channels in animals and prokaryotes, inter-subunit interaction typically
occurs between domains in the C-terminus. In animal rod and cone CNG channels,
three CNGA1 and one CNGBL1, or three CNGAS3 and one CNGB3, units form the rod
and cone channels respectively (Weitz et al., 2002; Ding et al., 2012). A C-terminal
leucine zipper (CLZ) domain in the CNGA1/CNGAS3 subunits determine the 3:1
stoichiometry by creating a 3-helix coiled coil (Zhong et al., 2002; Shuart et al., 2011;
Xue et al., 2022). When the CLZ is removed, alternate stoichiometries can form (Shuart
et al., 2011). In the C. elegans TAX-4 channel, interaction occurs between
transmembrane domains and between gating rings in the C-linker region of each
subunit (Li et al., 2017). In the human HCN1 homotetramer, linkers between two
transmembrane domains of one subunit interact with C-linker and CNBD from an
adjacent subunit (Lee and MacKinnon, 2017). In contrast, the CNBDs in prokaryotic
cyclic-nucleotide gated channel LIiK are rotated outward and facing away from each
other, preventing interdomain interaction, while there remains intersubunit interaction
between C-linkers (James et al., 2017). In contrast, my biFC data suggest that C-
terminal domains are not in close enough proximity to physically interact (Figs. 2&3).
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More detailed structural data from cryo-EM or x-ray crystallography in future will
determine how CNGC15 and CNGCD subunits interact and what structural features

determine stoichiometry.

CNGCD interaction with CNGC15a, b and c in planta suggests that CNGCD forms a
heterotetramer with CNGC15a, b, ¢ in a specific, as yet unknown, stoichiometry.
Heterocomplexes in calcium channels might allow specific calcium signatures, from
each subunit being differently regulated through protein-protein interaction and
forming a channel with unique ion conductance and gating. Specific heterotetramers
might form sensing complexes with receptor kinases and other membrane proteins,
creating a membrane nanodomain that senses a specific elicitor and generates a specific
calcium signal. Aberrant calcium spiking in root hairs of cngc15 single mutants
suggests that all three subunits make up part of the epidermal nuclear calcium channel
in Nod factor sensing (Charpentier et al., 2016). Given that calcium spiking in root
symbioses shows different signatures in the epidermis and cortex during progression of
the symbiont, it is possible that multiple channels with unique stoichiometries control
the calcium signatures in each cell layer (Sieberer et al., 2012). My expression analysis
using pPCNGCD:GUS did not focus on native CNGCD expression in the root prior to
symbiont infection, so does not reveal whether CNGCD is natively expressed in
epidermal or cortical cell layers (Fig. 1). GFP-fused CNGCD under its native promoter
should be analysed by confocal microscopy in future experiments to establish whether
CNGCD is expressed in the epidermis or cortex and therefore where it interacts with
CNGC15s.

CNGC heterotetramers have been implicated in several processes in Arabidopsis,
including CNGC2/4/6 in immunity and thermosensing, CNGC2/4 in floral growth,
CNGC18/7/8 in regulation of pollen tube growth, CNGC6/9/14 in root hair growth,
CNGC5/6/9/12 in ABA-induced stomatal closure (Chin et al., 2013; Brost et al., 2019;
Pan et al., 2019; Tian et al., 2019; Ma et al., 2023; Tan et al., 2023). Despite this, few
reports can conclude the stoichiometry of any one calcium channel, given that
individual subunits may form functional homotetramers when expressed in X. laevis
oocytes, or they may bind promiscuously with several other CNGCs. CNGCs can be
implicated in multiple biological processes or expressed in many tissues, meaning they
might form heterotetrameric channels in some contexts and not others. CNGCs that do

not form a heterotetramer in any known context might retain the ability to bind to one
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another—when constitutively expressed in planta or when co-expressed in a
heterologous system such as yeast—from the evolutionary expansion of CNGCs in
plants, rather than a biological function. In future it will be important to combine cell
layer-specific expression data with protein-protein interaction assays using CNGC15s

and CNGCD under the control of their native promoters.

My biFC data suggest that there are limitations on self-interaction, which may imply
limits on complex formation in planta (Fig. 3). While CNGCD and CNGC15b can
interact with themselves in biFC experiments, CNGC15a and CNGC15c do not.
Additional in planta colP should confirm whether there are physical limitations on
pairwise interactions between CNGC15s and CNGCD. Given that expression of
VenusN:CNGC15a and VenusN:CNGC15c could not be confirmed by Western blot
(Fig. 4), due to small tissue sample used, it cannot be ruled out that this negative result
is due to incorrect expression of the protein construct. Additionally, none of the Venus®
fusion constructs, apart from DMI1:VenusC, could be detected by Western blot (Fig. 4)
due to non-specific binding of the antibody, so it is possible that negative results were
due to incorrect or insufficient expression of VenusC fusion constructs. CNGC15a can
form a calcium-permeable homotetrameric channel in X. laevis oocytes, in contrast
with biFC results in both M. truncatula and N. benthamiana (Charpentier et al., 2016).
This either suggests a limitation with the in planta biFC system, such as Venus
inhibiting interaction between subunits or tetramerisation at the C-terminus, or
highlights the importance of studying protein-protein interaction in planta, where
native post-translational modification may limit interaction between proteins that can

interact in a heterologous system.

A limitation of these experiments is the use of constitutive promoters for biFC
constructs, since a large quantity of fluorophores must reconstitute to be visible in
confocal microscopy and native expression of each ion channel is low. This means it is
not possible to confirm the cell layer that interaction is happening, since protein pairs
are being ubiquitously expressed in all cells, and does not confirm if these proteins
interact under their native promoters. Furthermore, individual CNGC subunits may be
implicated in multiple biological processes and some CNGCs can bind other CNGCs
promiscuously (Tan et al., 2023). Future work might aim to dissect where the CNGCs
of interest in this study, CNGC15s and CNGCD, are natively interacting with each
other, in particular, in the epidermis or cortex, in root nodule symbiosis or AM
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symbiosis, or in early or late stages of symbiotic infection. One way to achieve this is to
assess pairwise interaction using colP with CNGCs under the control of their native
promoters. An alternative approach might use TurbolD fused to CNGCs under control
of epidermis-specific and cortex-specific promoters to label native interacting proteins

in each cell layer (Mair et al., 2019).

Furthermore, reconstitution of Venus may be possible over larger distances than would
suggest physical interaction, especially with a flexible linker (Kerppola, 2006). BiFC is
still preferable to Forster resonance energy transfer (FRET)-based microscopy
techniques while there is limited structural knowledge about where CNGC subunits
interact. FRET is only detectable over distances of ~100A and therefore a more
accurate microscopy technique for studying protein-protein interaction (Kerppola,
2006). As structural knowledge of plant CNGCs improves, future work might use
FRET to study the physical interaction between CNGC subunits and the impacts of

deletion of putative domains required for tetramer formation.

Yeast two-hybrid data suggest that CNGCD and DMI1 interact via CNGCD N-
terminus and DMI1 C-terminus (Fig. 5), consistent with DMI1 C-terminus interaction
with CNGC15s N-termini (Charpentier et al., 2016). | did not see pairwise interaction
between CNGC N-termini in yeast in my own experiments (data not shown), possibly
due to poor expression or instability of the protein fusion in yeast. In contrast, the N-
terminus of LjBRUSH can interact with itself in yeast two-hybrid assays (Chiasson et
al., 2017).

My results suggest that cngcD might be nodulation-deficient in hairy roots (Fig. 7a). In
comparison, single mutants in cngcl5a, b and ¢ are not completely deficient in
nodulation, AM colonisation, or rhizobial infection, and show abnormal calcium
spiking (Charpentier et al., 2016). If my finding is replicated in future experiments
using a stable mutant line, this might mean that CNGCD is an essential component for
the calcium channel in nodulation, whereas CNGC15a, b and ¢ have partially redundant
functions in root endosymbioses. Similarly, in other processes where CNGC
heterotetramers are implicated, mutants in individual components show differing levels
of redundancy. For example, CNGC7/8 are redundant in regulating pollen tube growth
while a single mutant of cngcl8 is male sterile, and CNGC6/9/14 are partially
redundant in root hair growth (Brost et al., 2019; Pan et al., 2019). My data are
consistent with a hypothesis that each component of a heterotetrameric channel is
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required for correct calcium signalling. Loss of individual CNGC15s may create an
abnormally functioning channel, while loss of CNGCD might prevent tetramerisation
or sensing. Future work should examine cngcD phenotype in AM colonisation,
rhizobial infection and calcium spiking in response to Nod factor, in addition to crosses
with cngcl5 single and double mutants, to further understand the requirement for
CNGCD in calcium signal generation in symbioses. Future work might also assess the
impact of putative interaction domains in CNGCD, required for tetramerisation or
sensing, to determine which protein-protein interactions are essential for the generation

of calcium signals.

Results of targeting CNGCD using CRISPR/Cas9 in hairy roots, both in my
experiments and in others, suggest that SRNAs 1&3 are effective in creating DSBs in
the sequence of CNGCD and can therefore be used to make a stable cngcD mutant (Fig.
7d). I saw high efficiency of Cas9 in hairy roots, with 75% of plants effectively
transformed with CNGCD-CRISPR showing indels on one or both alleles (Fig. 7a).
However, | was not able to identify a mutant among the To or T1 plants genotyped
(Table 1). Most reports using CRISPR/Cas9 to knock out genes in M. truncatula use
the hairy root system, which creates mutant root systems with high efficiency
(Jardinaud et al., 2022; Pecrix et al., 2022). Several reports also describe successful
generation of stable single- and multi-gene knockouts with high efficiency (Meng et al.,
2017; Zhu et al., 2021). Without a comparison of efficiency of a CRISPR/Cas9
knockout of the same target using A. rhizogenes- vs A. tumefaciens-mediated
transformation it is not possible to say whether the efficiency of mutation is higher
using one transformation method over the other. In future experiments, more attention
could be paid to the RNA expression of Cas9, as a proxy for protein expression, when
selecting To parents without detected mutations. Several reports suggest higher
efficiency of CRISPR/Cas9 in the T1 generation, particularly in cereals, suggesting that
a cngcD mutant might be found among the T1 populations not yet genotyped (Feng et
al., 2018). Additionally, many genotype only in the T1 generation due to the likelihood
of chimeras in the To (Cermak et al., 2017).
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4. Materials and Methods

Plant material and growth conditions

M. truncatula R108 seeds were scarified using sandpaper and surface-sterilised in 10%
sodium hypochlorite + 0.1% Tween-20 for 10 minutes and rinsed 6x with sterile
deionised H20. Seeds were imbibed for 6-8 hours in 5 pg/mL nystatin + 50 ug/mL
augmentin and rinsed 3x with sterile deionised H20. The seeds were then spread evenly
onto water agar plates containing 3% agar, 5 ug/mL nystatin + 50 ug/mL augmentin,
the plate inverted and covered. After 4 days of stratification in the dark at 4°C, seeds

were germinated at room temperature in the dark, with the plate still inverted.

Germinated seeds were transferred to Modified Fahraeus Medium (FP) media + 5
ug/mL nystatin (without nystatin if plants were later inoculated with AM fungi) and

were grown at 22°C, 80% humidity, 16 h photoperiod, 300 umol m-2 s light intensity.

Medicago truncatula hairy root transformation

A. rhizogenes strain AR1193 was transformed with the construct of interest by
electroporation (1.25 V, resistance 200 Q, time constant 4.8 s) and grown on lysogeny
broth (LB) agar containing selective antibiotics for 3 days at 28°C. A single colony was
used to inoculate liquid LB containing selective antibiotics, which was grown for 24
hours at 28°C. The liquid culture was centrifuged at 4000 rpm for 5 mins and the pellet

resuspended in 1 mL sterile deionised H20.

The seed coat was removed from the germinated seed and the tip of the radicle cut to
remove the root meristem, and the cut radicle was dipped in the A. rhizogenes culture
for at least one minute. Seedlings were placed on plates containing Modified FP media
+ 5 ug/mL nystatin and grown at 22°C, 80% humidity, 16h photoperiod, 300 pmol m
st light intensity for one week.

After one week, emerging untransformed roots were cut from the seedlings and the
seedlings placed onto modified FP plates (+ 5 ug/mL nystatin unless used for AM
assays) covered with filter paper to prevent the transformed roots from growing into the
agar. Two weeks after transfer, the emerging roots were screened for mCherry/DsRed

fluorescence using a stereo microscope.
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Nodulation and arbuscular mycorrhizal colonisation assays

WT Al7, A17 x YC3.6 and cngcD EMS lines were grown on Modified FP agar for one

week before inoculation.

Well-transformed roots, positive for mCherry or DsRed expression in all root tissue
layers, assessed under a stereo microscope, and at least 2 cm long and with lateral roots
emerging were considered ready for transfer to trays, typically 3-4 weeks after

transformation.

For nodulation assays, plants were transferred to trays (each well 45x45x50mm, with
40 cells in each tray) containing 1:1 sand:terragreen (Oil-Dri Company, Wisbech, UK).
S. meliloti strain Sm2011 was grown in tryptone and yeast (TY) media containing 4
ug/mL tetracycline + 100 pg/mL spectinomycin for 3 days at 28°C, centrifuged at
4000rpm for five minutes and resuspended in deionised H20. 5 mL of Sm2011 ODeoo =
0.01 was used to inoculate each plant. Uninoculated controls were kept in separate
trays. Roots were dug out of trays at the time points indicated, rinsed and stored in

water prior to counting, or immediately stained as indicated.

Nodules were counted under a stereo microscope, using brightfield (for stable lines) or
DsRed fluorescence (for transformed roots — to exclude nodules on untransformed roots
that emerge after planting in trays). Roots from WT and cngcD stable lines were dried
completely at 37°C and the dry weight measured, with number of nodules expressed
relative to mg dry weight. Transformed roots were flash-frozen for genotyping (cngcD-
CRISPR in hairy roots) or qRT-PCR (for NIMIN overexpression nodulation analysis)

so total nodules per transformed root system is shown instead.

Mycorrhizal colonisation was assessed 10 weeks post-incoulation (wpi) using the grid-
intersect method (Giovannetti and Mosse, 1980). Roots were cleared in 10% KOH for
15 min at 95°C, rinsed 3x in water and stained in 5% acetic acid 3% ink for 10 min at
95°C, then rinsed again and stored in water before scoring. Each root system was
spread out evenly over a grid and the presence of intraradical hyphae, arbuscules and
vesicles was scored at each intersect, and expressed as a percentage of total intersects

interrupted by a root.
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Histochemical staining

Roots expressing pPCNGC:GUS constructs were dug out of trays at 28 dpi (nodulation)
and 8 wpi (AM colonisation). Roots were fixed in 90% methanol for 1 hr at -20°C and
rinsed in phosphate buffer (0.5M Na2HPQO4, 0.5 M NaH2PO4, 0.1M KsFe(CN)s, 0.1M
K4Fe(CN)s) for 3x10 min with gentle agitation. Roots were then stained with X-Glc
(2mM 5-bromo-4-chloro-3-indolyl-beta-D-glucuronide, 0.5M Na2HPQO4, 0.5 M
NaH2POs, 0.1M K3sFe(CN)s, 0.1M KaFe(CN)s), by vacuum infiltrating for 30 min at

room temperature, followed by 24 hr incubation at 37°C.

To stain fungal structures in AM-inoculated roots, after GUS staining, roots were
placed in 50% ethanol overnight, then cleared in 20% potassium hydroxide for two
days at room temperature. Roots were then rinsed with diH20, placed in 0.1M
hydrochloric acid for 3 hours, rinsed again with diH20 and 1x phosphate-buffered
saline (PBS). Roots were then placed in 1x PBS containing 0.5 ng/mL WGA Alexa

Fluor-488 overnight at room temperature.

GUS- and WGA- stained roots were imaged using a Leica DM6000 microscope, using

a 10x air lens.

Confocal microscopy

Well-transformed roots expressing biFC constructs were imaged when ~2cm long and
before lateral roots began emerging. Immature, emerging root hairs, close to the
meristem, were imaged. Root hairs were imaged using a Zeiss LSM880 microscope at
40x magnification using a water immersion lens. YFP was excited using an argon laser
(514 nm; laser power 30%) and emission was collected at 516-543 nm; mCherry was
excited using a solid state laser (594 nm; laser power 8%) and emission collected at
600-750 nm. The pinhole was opened to 6.1 um. Pixel dwell time on scanning was 4.10
usec, and line-averaging from 16 scans was used to reduce noise in the final scan.
Images were taken at 510x510 pixel resolution. Where brightness and contrast are
adjusted post-acquisition, this was done on ImageJ and applied equally to the entire

image.
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Western blot

Frozen root samples were ground using a cooled mortar and pestle, then dissolved in
pre-warmed extraction buffer (100 mM Tris, 150 mM NaCl, 5 mM EDTA, 10 mM
DTT, 5% SDS, 4M urea, protease inhibitor) and heated at 70°C for 30 min, followed by
centrifugation at 13000 rpm for 2 min. 20uL of the supernatant was mixed with 5uL
sample buffer (Bio-Rad, Berkeley, USA) and heated at 90°C for 5 minutes prior to gel

loading.

SDS-PAGE was run on pre-cast gels (Mini-PROTEAN TGX; Bio-Rad, Berkeley,
USA) in running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3) for 30 min
at 75V followed by 45-60 min at 130V. Transfer to nitrocellulose membrane (Bio-Rad,
Berkeley, USA) was performed for 16 hours at 30V at 4°C in transfer buffer (25 mM
Tris, 192 mM glycine, 0.1% SDS, 20% EtOH). The membrane was washed in Tris-
buffered saline (TBS-T; 20 mM Tris, 150 mM NaCl, 0.5% Tween-20, pH 7.6) for 3x
15 min followed by a 1 hr block in TBS-T + 5% milk. The membrane was then rinsed
in TBS-T for 3x5 min and incubated in the primary antibody in TBS-T + 1% milk
overnight at 4°C. The primary antibody for probing the N-terminal of Venus was anti-
GFP N-terminal (Rabbit, G-1544, Sigma-Aldrich, St Louis, MI, USA) at a titration of
1:1000 and the primary antibody for probing the C-terminal of Venus was anti-HA-
HRP (Rabbit monoclonal, Ref:12013819001, Roche, Basel, Switzerland) at a titration
of 1:500. Membranes were washed in TBS for 3x15 min. For C-term-Venus-tagged
proteins membranes were incubated for 1 hr in anti-Rabbit (Mouse 1gG-HRP, sc-2357,
Lot A0120, Santa Cruz Biotechnology, Santa Cruz, USA) in TBS + 1% milk. For
detection, membranes were covered in 2mL of SuperSignal chemiluminescence
detection reagent (Thermo Fisher, Waltham, USA; 1 mL each of luminol and peroxide
solution) in the dark for 5 min. Membranes were imaged on an ImageQuant LAS 500,
with 45 min exposure for membranes treated with anti-GFP Nterm and 6 min exposure

for membranes treated with anti-HA.

Yeast two-hybrid assay

The C-terminal domain of DMI1 (S343 to E882) and the N-terminal domain of
CNGCD (M1 to F106) were previously fused to both the AD and BD of Gal4 by
Gateway cloning. The SV40 large T-antigen and its positive interacting partner p53
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(Clontech™ PT30234-1) were used as a positive control, and CNGCD N-terminus
interaction with T and 53 used as a negative control. S. cerevisiae strain AH109 was
grown on YPAD agar for 3 days at 28°C and a single colony was used to inoculate a
liquid YPAD culture overnight at 28°C. Yeast were transformed with protein pair
constructs using the lithium acetate method (Gietz and Woods, 2001) and grown on

synthetic dropout (SD) agar lacking leucine (L) and tryptophan (W) for 3 days.

A single yeast colony was used to inoculate liquid double dropout (SD -LW) media
overnight at 28°C. 800uL of liquid culture was centrifuged at 1000 g and the pellet
resuspended in 500 L sterile diH20. A ten-fold serial dilution was plated on double
(SD -LW) and quadruple (SD minus leucine (L), tryptophan (W), alanine (A) and
histidine (H)) dropout agar plates and incubated at 28°C. After 3 days growth was
assessed and imaged.

Each transformation was repeated three times with similar results. Representative

images are shown in Fig. 5.

Genotyping CNGCD-CRISPR lines

DNA was extracted from TO and T1 plants transformed with Cas9 and guide RNAs
targeting CNGCD using DNeasy plant mini and 96-well kits (Qiagen, Hilden,
Germany). DNA samples were eluted in 30 pL deionised H20. PCR was used to
amplify a 3.1kb region containing all 3 gRNA sites. 1 uL of DNA was used for each
PCR with 12.5 uL. GoTaq PCR master mix (Promega, Madison, USA), 1ImM MgCl,
3% DMSO and 1 uM of each primer. Cycling parameters were 2m initial denaturation
92°C; 10 cycles 92°C 20s denaturation, 56°C 20s annealing and 68°C extension 2m; 30
cycles with 2m20s extension; 4m final elongation 68°C. PCR products were run on 2%
agarose gels and sequenced by Sanger sequencing, using nested primers. PCR
fragments with suspected biallelic mutations were subcloned into the vector
pDONR207 by Gateway ™ cloning (Invitrogen, Waltham, USA) and several colonies

sequenced to assess genotype on each allele. See Appendix 2 for list of primers used.
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Statistical treatment

All statistics and data visualisation were performed in GraphPad Prism 8. For Fig. 6,
data were checked for homoscedasticity and normality, and ANOVA followed by
Dunnet’s post-hoc test, with A17 x YC3.6 as the control, were performed. Data in Fig.
7a did not meet the requirements for a parametric test and Kruskal-Wallis test was used

to compare the means.
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6. Appendix

Appendix 1. List of constructs used.

Table 1.1. List of constructs made by Gateway assembly.

Description Vector Insert Relevant section | Acknowledgement
Subclone CNGCD promoter pDONR207 pCNGCD 2.1 (Fig. 1) N Cook

Fuse CNGCD promoter to GUS | pKGW-RR-GUS | pCNGCD 2.1 (Fig. 1) N Cook

Subclone CNGCD N terminus pDONR207 CNGCD Nt | 2.2 (Fig. 5) P Del Cerro

Fuse CNGCD to AD pAD CNGCD Nt | 2.2 (Fig. 5) P Del Cerro

Fuse CNGCD to BD pBD CNGCD Nt | 2.2 (Fig. 5) P Del Cerro
Subclone DMI1 C terminus pDONR207 DMI1 Ct 2.2 (Fig. 5) M Charpentier
Fuse DMI1 to AD pAD DMI1 Ct 2.2 (Fig. 5) M Charpentier
Fuse DMI1 to BD pBD DMI1 Ct 2.2 (Fig. 5) M Charpentier

Table 1.2. List of constructs made by Golden Gate assembly.
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Description Level | Vector Inserts Relevant section | Acknowledgement
pCNGC15a:GUS L2 EC50507 35s:DsRed_pCNGC15a:GUS_linker 2.1 (Figure 1) M Charpentier
pCNGC15hb:GUS L2 EC50507 35s:DsRed_pCNGC15b:GUS _linker 2.1 (Figure 1) M Charpentier
pPCNGC15c¢:GUS L2 EC50507 35s:DsRed_pCNGC15c:GUS_linker 2.1 (Figure 1) M Charpentier
VenusN:CNGCD L1 EC47802 R1 | pLjUB_VenusN_CNGCD_t35s 2.2 (Figs 2-4) R Huisman
VenusN:CNGC15a | L1 EC47802 R1 | pLjUB_VenusN_CNGC15a_t35s 2.2 (Figs 2-4) M Charpentier
VenusN:CNGC15b | L1 EC47802 R1 | pLjUB_VenusN_CNGC15b t35s 2.2 (Figs 2-4) M Charpentier
VenusN:CNGC15c | L1 EC47802 R1 | pLjUB_VenusN_CNGC15c_t35s 2.2 (Figs 2-4) M Charpentier
VenusC:CNGCD L1 EC47811 R2 | pNOS_VenusC_CNGCD_tNOS 2.2 (Figs 2-4) R Huisman
VenusC:CNGC15a | L1 EC47811 R2 | pPNOS_VenusC_CNGC15a_tNOS 2.2 (Figs 2-4) M Charpentier
VenusC:CNGC15b | L1 EC47811 R2 | pPNOS_VenusC_CNGC15b _tNOS 2.2 (Figs 2-4) M Charpentier
VenusC:CNGC15c¢ | L1 EC47811 R2 | pNOS_VenusC_CNGC15c¢ tNOS 2.2 (Figs 2-4) M Charpentier
DMI1:VenusC L1 EC47811 R2 | pNOS_DMI1_VenusC_tNOS 2.2 (Figs 2-4) M Charpentier
CNGCD:VenusN L1 EC47802 R1 | pLjUB_CNGCD_VenusN_t35s 2.2 (Figs 2-4) R Huisman
CNGCD:VenusC L1 EC47811 R2 | pNOS_CNGCD_VenusC_tNOS 2.2 (Figs 2-4) R Huisman
15a/D Nterm L2 EC50507 VenusN:CNGC15a_VenusC:CNGCD_mCherry_KanR_linker 2.2 (Figs 2,4) R Huisman
15b/D Nterm L2 EC50507 VenusN:CNGC15b_VenusC:CNGCD_mCherry_KanR_linker | 2.2 (Figs 2,4) R Huisman
15¢/D Nterm L2 EC50507 VenusN:CNGC15c¢_VenusC:CNGCD_mCherry_KanR_linker | 2.2 (Figs 2,4) R Huisman

D Nterm/DMI1 L2 EC50507 VenusN:CNGCD_DMI1:VenusC_mCherry_KanR_linker 2.2 (Figs 2,4) R Huisman
Cterm

D/D Nterm L2 EC50507 VenusN:CNGCD_VenusC:CNGCD_mCherry_KanR_linker 2.2 (Figs 3,4) R Huisman
D/D Cterm L2 EC50507 CNGCD:VenusN_CNGCD:VenusC_mCherry_KanR_linker 2.2 (Figs 3,4) R Huisman
15a/15a Nterm L2 EC50507 VenusN:CNGC15a_VenusC:CNGC15a_mCherry_KanR_linker | 2.2 (Figs 3,4) R Huisman
15b/15b Nterm L2 EC50507 VenusN:CNGC15b_VenusC:CNGC15b_mCherry_KanR_linker | 2.2 (Figs 3,4) R Huisman
15¢/15¢ Nterm L2 EC50507 VenusN:CNGC15c¢_VenusC:CNGC15¢c_mCherry_KanR_linker | 2.2 (Figs 3,4) R Huisman




CNGCD sgRNA1 | L1 EC47751 F3 | pMtU6_gRNAL1 2.3.2(Fig7) R Huisman
CNGCD sgRNA 3 | L1 EC47761 F4 | pMtU6_gRNA3 2.3.2 (Fig7) R Huisman
CNGCDsgRNA 2 | L1 EC47772 F5 | pMtU6_gRNAZ2 2.3.2 (Fig7) R Huisman
CNGCD-CRISPR | L2 EC50507 mCherry_Cas9_guidel guide3_guide2_linker 2.3.2 (Fig 7) R Huisman
EV-Free Cas9 L2 EC50507 mCherry_Cas9_linker 2.3.2 (Fig7) R Huisman
CNGCD-CRISPR | L2 EC50507 RUBY _Cas9 guidel guide3_linker 2.3.3 N Cook

(stable mutant line)
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Appendix 2. List of primers used.

Primer description Sequence Relevant
section

Genotyping PCR CNGCD- | GCCGACATTCACTAACATGTTC 2.3.2-3

CRISPR F

Genotyping PCR CNGCD- | GTCTCAACCTCTGTTAACGCCT 2.3.2-3

CRISPRR

Sequencing CNGCD- GTTCTGATGTACTAGCAACAAAG | 2.3.2-3

CRISPR C

Sequencing CNGCD- TCGAACTTGATCCCTCTGGT 2.3.2-3

CRISPR

Sequencing CNGCD- AGATCCCTCATGTGACATCC 2.3.2-3

CRISPR

Subcloning CNGCD- GGGGACAAGTTTGTACAAAAAAG | 2.3.2-3

CRISPR PCR products for | CAGGCTTCGCCGACATTCACTAA

seguencing CATGTTC

Subcloning CNGCD- GGGGACCACTTTGTACAAGAAAG | 2.3.2-3

CRISPR PCR products for
sequencing

CTGGGTGGTCTCAACCTCTGTTA
ACGCCT
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