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Summary

e In Marchantia paleacea, MpaDMI1-dependent nuclear Ca®* oscillations are essential for
arbuscular mycorrhizal (AM) fungal colonisation, indicating that endosymbiosis-mediated
nuclear Ca®* signalling is a conserved feature of land plant-AM symbiosis. Despite this con-
servation, DOES NOT MAKE INFECTION (DMI)1 regulatory properties have diverged
between bryophytes and angiosperms, suggesting lineage-specific adaptation and incomplete
conservation of the Ca®* oscillation machinery. In angiosperms, DMI1-dependent Ca?*
release requires CYCLIC NUCLEOTIDE-GATED CHANNELS (CNGC)15, but whether a com-
parable CNGC module operates in bryophytes, whose CNGC gene family is greatly reduced,
has remained unknown.

¢ Here, we combined phylogenetic, genetic and cell biology approaches to investigate diver-
ging land plant CNGCs function.

¢ Phylogenetic analyses across streptophytes reveal that CNGCs diversified into three ancient
superclades before the terrestrialisation of plants. Functional analyses reveal that in M. palea-
cea, the combined activity of three MpaCNGCs spanning two superclades is required for
endosymbiosis-associated nuclear Ca>* oscillations and AM fungal colonisation. Although
two of these MpaCNGCs redundantly regulate rhizoid elongation, AM fungi activate Ca?*
signalling and penetrate ventral cells lacking rhizoid growth, indicating that tip-growing cells
are not strictly required for fungal entry in M. paleacea.

e Together, these findings link MpaCNGC function in rhizoid development and AM symbiosis

to nutrient acquisition, supporting both soil exploration and AM fungal colonisation.

Introduction

Arbuscular mycorrhizal fungi (AMF), belonging to the phylum
Glomeromycota, constitute an ancient and widespread mono-
phyletic fungal lineage that forms mutualistic endosymbiosis with
the roots of the majority of terrestrial plants (Brundrett & Teder-
s0o, 2018; Rimington er al, 2018). In this association, AMF
enhance host acquisition of water and essential mineral nutrients,
such as phosphorus and nitrogen, in exchange for photosyntheti-
cally fixed carbon and lipids required for fungal growth and com-
pletion of their life cycle (Govindarajulu ez al, 2005; Smith &
Read, 2008; Keymer ez al., 2017; Luginbuehl ez al., 2017; Wang
et al., 2017). Fossil evidence indicates that AM symbiosis origi-
nated > 400 million years ago (Ma) (Remy et al., 1994), suggest-
ing that this partnership played a critical role in the colonisation
of land by plants by facilitating their survival and expansion in
nutrient-poor terrestrial environments.

Among bryophytes, which represent nonvascular land plant
lineages, colonisation by Glomeromycotan fungi is well docu-
mented, particularly in liverworts and hornworts while it is
absent in mosses (Humphreys et al, 2010; Desiro et al., 2013;
Rimington ez al., 2018). Notably, the complex thalloid liverwort
Marchantia paleacea exhibits well-characterised AM associations,
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making it a valuable model for dissecting the cellular and genetic
basis of plant—AM symbiosis (Bowman ez 4/., 2022). In M. palea-
cea, AMF entry occurs through tip-growing unicellular rhizoids
before colonising the nonphotosynthetic storage region of the
thallus, where highly branched arbuscules are formed (Ligrone
et al., 2007).

Rhizoids share notable morphological and mechanistic simila-
rities with the root hairs of vascular plants, despite their distinct
developmental origins. Rhizoids arise from the gametophytic
thallus, whereas root hairs develop from the sporophytic root
(Jones & Dolan, 2012). Both cell types undergo polarised
growth, contribute to anchorage, water and phosphate uptake,
and rely on similar molecular components for their develop-
ment (Menand et al, 2007; Honkanen ez al, 2016; Kanno
et al., 2026). In vascular plants, AMF penetration of root epi-
dermal cells can occur independently of the presence of root
hairs (Guinel & Hirsch, 2000). Fungal entry takes place in both
trichoblast (root hair cell) and atrichoblast (nonroot hair cell),
with the frequency of trichoblast infection varying among spe-
cies (Guinel & Hirsch, 2000; Novero et al, 2008). In tricho-
blasts, penetration is mainly localised to the basal region of the
cell rather than the tubular outgrowth itself (Novero
et al., 2008). These observations raise the question of whether
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AMF entry in M. paleacea strictly requires a tubular rhizoid
structure.

At the molecular level, colonisation of vascular plant roots by
AMEF is governed by the symbiotic nuclear calcium (Ca**) signal-
ling pathway (Bonfante & Genre, 2010). Perception of diffusible
fungal signals, such as short-chain chitooligosaccharides, by
plasma membrane receptor-like kinases triggers oscillations in
nuclear Ca?*t  concentration (Genre et al, 2013; Feng
et al., 2019; He ez al., 2019; Zhang ez al., 2024; Tan ez al., 2025;
Teyssier et al., 2025). These Ca®* oscillations initiate transcrip-
tional reprogramming of host cells, thereby enabling the intracel-
lular accommodation of the fungal endosymbiont. In the model
legume Medicago truncatula, nuclear Ca** oscillations are gener-
ated by a multiprotein complex of nuclear envelope-localised ion
channels, including DOES NOT MAKE INFECTION (DMI1)
and CYCLIC NUCLEOTIDE-GATED CHANNELS 15a, 15b
and 15¢ (CNGCl15a/b/c), which together regulate Ca*" efflux
across the inner nuclear membrane (Ane ez al., 2004; Charpentier
et al., 2016; Cook et al, 2025). The oscillatory dynamics of
nuclear Ca®" release are jointly regulated by DMI1, which func-
tion as an activator of the CNGC15a/b/c-mediated nuclear cal-
cium release, and by CALMODULIN2, which acts as a
Ca”*-dependent negative regulator by promoting CNGC15a/b/c
closure following each release event (Del Cerro et al., 2022; Cook
et al., 2025).

In M. paleacea, MpaDMI1-mediated nuclear Ca** oscillations
are likewise required for successful AM fungal colonisation of
the thallus but are dispensable for fungal hyphal penetration of
rhizoids (Lam ez al,, 2024). This demonstrates that nuclear Ca**
oscillation represents a conserved component of land plant—AM
symbiosis, whereas rhizoid infection of bryophytes occurs via a
nuclear Ca®* oscillation-independent pathway. Despite this
functional conservation in thallus colonisation, the gating prop-
erties of DMI1 have diverged between angiosperms and bryo-
phytes (Lam et al., 2024), indicating that while the core role of
DMII in coordinating symbiotic Ca*" oscillations has been
maintained, the molecular mechanism underlying channel regu-
lation has undergone lineage-specific adaptation. This divergence
further suggests that the molecular architecture of the Ca®* oscil-
lation machinery may not be fully conserved. In M. truncatula,
CNGC15 channels function as key effectors of DMII-
dependent Ca®* release, yet whether an equivalent CNGC-
mediated module operates in bryophytes remains unknown.
Notably, the CNGC gene family is markedly reduced in bryo-
phytes compared with flowering plants (Wheeler & Brown-
lee, 2008), in which CNGCs participate in diverse signalling
pathways, including development and responses to biotic and
abiotic stresses (DeFalco ez al., 2016; Tan ez al., 2020; Tipper
et al., 2023; Ming er al., 2025). Together, these observations
raise the question of whether CNGCs originally evolved to sup-
port symbiotic Ca®* signalling and AM fungal colonisation, or
whether they served alternative functions and were subsequently
recruited in angiosperms to support endosymbiosis. To address
this, we investigated the role of CNGCs in M. paleacea during
AM symbiosis through an integrated phylogenetic, genetic and
cell biology analysis.
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Materials and Methods

Phylogenetic analysis

CNGC sequences were identified through BLASTp searches
against genomes from 1KP project (Carpenter er al, 2019;
Leebens-Mack James e al, 2019), PayrozoME (Goodstein
et al, 2012) and genomes from Marchantia (Montgomery
et al, 2020; Rich er al, 2021), Apopellia endiviifolia Dicks.
(Szablinska-Piernik et al, 2026), Lunularia cruciate (Linde
et al., 2023), Riccia sorocarpa Bisch. (Krawezyk er al., 2025), horn-
worts (Schafran et al, 2025), Hypnum curvifolium Hedw. (Yu
et al., 2022), Niphotrichum japonicum Dozy & Molk. (Zhou
et al., 2023) and Takakia lepidozioides S.Hatt. & Inoue (Hu
et al., 2023). The M. truncatula CNGC sequences were used as
input for BLastp. BLast+ v(2.7.1) was used for genomes without a
web server (Camacho ez 4/, 2009), followed by reciprocal Braste.
Accessions and amino acid sequences included in the analysis are
listed in Supporting Information Table SI1. Multiple sequence
alignment was performed with MAFFT with the L-INS-I algorithm
(Katoh & Standley, 2013). Maximum-likelihood phylogenetic
analyses were constructed using IQ-Tree v.2.3.2 (Nguyen
et al., 2015). The best-fitting substitution model was selected using
MobEeLFINDER (Kalyaanamoorthy ez 4l, 2017), and branch support
was assessed using 1000 ultrafast bootstrap replicates (UFBooT2;
Hoang ez al,, 2018). The JTT + F + R7 model was used for tree
reconstruction. Trees were visualised using the interactive Tree Of
Life (ITOL) v.6 (Letunic & Bork, 2024). Collapsed clades in
Fig. 1(a) are displayed as triangles.

MpCNGC expression analysis

For reverse transcription polymerase chain reaction (RT-PCR)
analysis, total RNA was extracted from 3-wk-old Marchantia
paleacea thalli using RNeasy Plant Mini Kit (Qiagen) according
to the manufacturer’s instructions. Genomic DNA was digested
using Ambion Turbo DNA-free Kit (Thermo Scientific,
Waltham, MA, USA) according to the manufacturer’s instruc-
tions. cDNA was synthesised from RNA using SuperScript IV
Reverse Transcriptase (Invitrogen) according to the manufac-
turer’s instructions with 4 U pl™" reverse transcriptase used per
20 pl reaction. PCR amplification was performed using Phusion
DNA polymerase (Thermo Scientific) and primers spanning the
full-length coding region of MpaCNGCs (Table S2).

For real-time quantitative polymerase chain reaction (RT-
qPCR) analysis, total RNA was isolated from 3-wk-old Marchan-
tia paleacea plants, and cDNA was synthesised as above. Quanti-
tative PCR was performed using gene-specific primers for
MpaCNGCs listed in Table S2. Transcript abundance was nor-
malised to the housekeeping gene ADENINE PHOSPHORIBO-
SYL TRANSFERASE (MpaAPT). Relative expression levels were
calculated using the 272488 method according to (Schmittgen
& Livak, 2008).

RNA-seq-based expression analysis of MpaCNGCs during AM
symbiosis was performed using publicly available datasets gener-
ated at 3 and 5wk post inoculation (wpi) with Rhizophagus
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Fig. 1 MpaCNGC3 and MpaCNGC1 cluster within superclade C, including Medicago truncatula CYCLIC NUCLEOTIDE-GATED CHANNELS (CNGC)15s.
(a) Maximum-likelihood phylogeny of CNGC amino acid sequences from 11 angiosperm species collapsed into Groups I, II, 1Il, IVa and IVb (shown in blue
triangles); one lycophyte (Sm, Selaginella moellendorffii); 14 bryophytes (Aa, Anthoceros agrestis; Ae, Apopellia endiviifolia; Hc, Hypnum curvifolium;
Lc, Lunularia cruciata; Mf, Megaceros flagellaris; Mp, Marchantia polymorpha; Mpa, Marchantia paleacea; Nj, Niphotrichum japonicum; No, Notothylas
orbicularis; Pc, Phaeoceros carolinianus; Pp, Physcomitrium patens; Rs, Riccia sorocarpa Bisch.; Spfa, Sphagnum fallax; T, Takakia lepidozioides); 26
charophytes collapsed and shown in cyan triangles. The tree is rooted using CNGCs from a chlorophyte (Cr., Chlamydomonas reinhardtii), labelled in pink.
Medicago paleacea CNGCs are highlighted in red, and lycophyte CNGCs in brown. The amino acid sequences are listed in Supporting Information

Table S1, and the uncollapsed phylogeny is presented in Fig. S1. Blue dots on branches represent ultrafast bootstrap support values > 90% (1000
iterations). The bar indicates substitutions per site. (b) Reverse transcription polymerase chain reaction analysis showing the absence of detectable full-
length MpaCNGC5 transcripts in 3-wk-old M. paleacea thalli. The expected sizes of full-length MpaCNGCs are indicated below. (c) Scatter dot plot with
bars representing real-time quantitative polymerase chain reaction analysis of MpaCNGC transcript levels in 3-wk-old M. paleacea plants. Each point
represents a biological replicate with cDNA produced from at least 20 plants. The housekeeping gene ADENINE PHOSPHORIBOSYL TRANSFERASE (APT)
was used for normalisation. Bars and error bars indicate the mean and SD, respectively. (d) Scatter dot plot with bars representing expression analysis of
MpaCNGCs based on RNA-seq data generated at 3 and 5 wk postinoculation (wpi) with Rhizophagus irregularis from Rich et al. (2021). The transcript
levels are presented as transcripts per million (TPM). Bars and error bars indicate the mean and the SD, respectively. Statistical significance was assessed
using a Wald test implemented in DESea2, comparing mock and arbuscular mycorrhizal fungi (AMF) treatment. ns, nonsignificant. (e) Scatter dot plot with
bar representing the expression of M. polymorpha CNGCs, shown as TPM, across 21-d-old M. polymorpha thalli and gemma cup, and 13-d-old
reproductive organs (antheridium and archegonium). Bars and error bars indicate the mean and the SD, respectively. Gene expression data were retrieved

from http://bar.utoronto.ca/efp_marchantia/cgi-bin/efpWeb.cgi.

irregularis (Rich er al., 2021). Reads were mapped to the March-
antia paleacea genome using Hisat2 v.2.1.0 (Kim ez al,, 2019).
SAMTOOLS v.1.4.1 was used to process and index alignment files
(Li er al., 2009). STRINGTIE v.1.3.5 was used to count gene counts
(Pertea et al., 2015). DESEQ2 v.1.42.1 was used for testing differ-
ential gene expression (Love et al., 2014).

Expression profiles of M. polymorpha CNGCs across different
developmental stages and tissues were obtained from the March-
antia eFP Browser (http://bar.utoronto.ca/efp_marchantia/cgi-
bin/efpWeb.cgi) (Tan er al, 2023). Transcripts per million
(TPM)-normalised expression values were extracted for 21-d-old
thalli and gemma cups, as well as 13-d-old reproductive organs
(antheridia and archegonia).

© 2026 The Author(s).
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To examine the spatial expression patterns of MpaCNGCs,
promoter regions upstream of the translation start site were
synthesised by GenArt (Life Technologies) and fused to the
P-GLUCURONIDASE (GUS) reporter gene using Golden Gate
cloning strategy (Table S3; Engler er al, 2009; Weber
et al., 2011). Bsal-HFv2 (New England Biolabs, Ipswich, MA,
USA) or Eco31I (Thermo Scientific) was used for making Level
1 plasmids. Bpil (Thermo Scientific) was used for making Level
2 plasmids. Promoter fragments of 1.5 kb (MpaCNGC1), 1.5 kb
(MpaCNGC2), 2.0 kb (MpaCNGC3) and 1.5 kb (MpaCNGC4)
were synthesised by GenArt (Life Technologies). Accession num-
bers of MpaCNGCs are listed in Table S4. The resulting

promoter-GUS constructs, inserted in Position 2 and flanked by
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HYGROMYCIN PHOSPHOTRANSFERASE in Position 1 and
mcherry in Position 3 (Table S3) were introduced into M. palea-
cea using transformation procedures as described previously (Lam
et al., 2024). Transgenic plants were selected based on their abil-
ity to grow on half-strength Gamborg’s B5 supplemented with
20 pM hygromycin B (Thermo Fisher, Waltham, MA, USA) and
to express mCherry fluorescence. The transgenic plants were
grown under conditions described below, and GUS activity was
analysed in 2-wk-old thalli as described previously (Lam
et al., 2024). Samples were imaged using either a Leica DM6000
or Leica M205FA Stereo microscope.

Plant materials and growth conditions

Marchantia paleacea plants were grown in Percival Scientific
growth chamber (model CU-36 L4) under a long-day photoper-
iod (16 h, 22°C/8h, 18°C) with white light at an intensity of
60 mmolm *s'. For propagation, plants were cultured on
half-strength  Gamborg’s B5 medium supplemented with
MgSOy, solidified with 0.8% (w/v) agar, and without sucrose.
The medium contained 124 mM KNOj;, 3mM MgSOy:,
0.51 mM CaCl,, 0.51 mM (NH,),SOy, 58.6 uM NaFe-EDTA,
29.6uM MnSOy4, 544pM  NaH,PO4 24.3pM  H3BOs;,
348 puM ZnSOy4, 2.26pM KI, 517 nM Na;MoOy:, 50 nM
CuSOy:, 278 pM Myo-inositol, 14.8 pM Thiamine, 2.43 pM
Pyridoxine and 4.06 pM Nicotinic acid.

Generation of M. paleacea CRISPR/Cas9 mutants

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) constructs used
in this study were generated using Golden Gate cloning and are
listed in Table S3.

Guide RNA (sgRNA) target sites were selected using sgRNA
Scorer 2.0 (Chari ez al., 2017) based on genomic sequences of the
target genes. The selected gRNA sequences are highly specific, such
that any potential off-target sites in the genome differ by more than
three nucleotides from the intended target and are therefore unli-
kely to be targeted. Single-stranded DNA containing gRNA
sequences was synthesised by Integrated DNA Technologies
(Coralville, IA, USA). Annealed double-stranded oligonucleotides
encoding gRNAs were cloned downstream of the MpaUG-1 pro-
moter using Golden Gate assembly using Esp31/BsmBI and Bsal
to generate Level 1 pMpalU6-1:gRNA:tracrRNA vectors, which
were subsequently assembled into Level 2 CRISPR/Cas9 con-
structs (Table S3). Cloning of the promoter of MpaU6-1 and the
chlorsulphuron  resistance gene ACETOLACTATE SYNTHASE
(mALS) was described in Lam ez 2/ (2024).

Stable transformation of M. paleacea was performed using
Agrobacterium tumefaciens strain AGLI, following the protocol
described in Lam ez al. (2024).

The selection of the M. paleacea CRISPR/Cas9 mutants was
performed as followed. Antibiotic-resistant transgenic plants
expressing nuclear-localised Yellow Cameleon 3.6 (NLS:YC3.6)
were screened for fluorescence using a Leica DMR/MZFLIII

microscope. Genomic DNA was extracted, and target loci were
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amplified by PCR as described previously (Lam et al., 2024). Pri-
mers used for genotyping are listed in Table S2. PCR products
were subjected to Sanger sequencing (Azenta Life Sciences,
Burlington, MA, USA), and sequence alignments were performed
using Benchling (Biological software: https://benchling.com).

Rhizoid length and thalli surface area measurement

For rhizoid length measurement, gemmae or 3 X 3-mm thallus
pieces, each containing a meristem, were grown on SRV media
(Fonseca ez al., 20006) solidified with 1% (w/v) agar in 90-mm
Petri dishes positioned vertically for 20 or 14d, respectively.
Plant Images were captured using a Zeiss Axio Zoom V16 micro-
scope (Carl Zeiss, Cambourne, UK). The longest rhizoids were
measured using IMAGE] plugin Neuron] (Meijering er al., 2004;
Schindelin ez al., 2012).

For thalli surface area measurement, cut thalli fragments were
grown on each 90-mm Petri dish containing 30-ml half-strength
Gamborg’s B5 + MgSO4 0.8% (w/v) agar and without sucrose
media for 4 wk. The plants were imaged with a Zeiss Axio Zoom
V16 microscope, and the surface area was calculated using Image]
using the threshold tool (Schindelin ez 2/, 2012).

Cryo-scanning electron microscopy

Marchantia paleacea thalli were mounted on an aluminium stub
with Tissue Tek OCT (Calibre Scientific, Rotherham, UK) and
plunge frozen in slushed liquid nitrogen to cryo-preserve the mate-
rial before transfer to the cryo-stage of an ALTO 2500
cryo-transfer system (Gatan, Oxford, UK) attached to an FEI
Nova NanoSEM 450 (FEI, Eindhoven, the Netherlands). Surface
frost was sublimated by warming the sample to —95°C for 4 min,
before the sample was cooled to —125°C and sputter coated with
platinum for 150 s at 10 mA. The sample was loaded onto the
cryo-stage of the main SEM chamber and held at —125°C during
imaging at 3 kV using an Everhart—Thornley detector.

Arbuscular mycorrhizal fungi colonisation

Plants were grown in 1-l vented containers (DELItainer; Pactiv
Evergreen, Lake Forest, IL, USA) containing 200 ml of inocu-
lated soil mixture composed of 20% chive AMF inoculum mixed
with sterile Terragreen 40% and sand 40% (Oil-Dri Co.,
Chicago, IL, USA), with 10 plants per container. After 8 wk,
M. paleacea thalli were embedded in 6% agarose and sectioned
into 100-200 pm slices using a VT1000 vibratome (Leica Micro-
systems, Milton Keynes, UK). Sections were cleared in 10%
(w/v) KOH overnight at 30°C, washed three times with water
and stained in a solution of 5% (v/v) acetic acid and 3% (v/v)
blue ink (Waterman, France) for 10-20 min. The sections were
destained in water. Sections were imaged using a Zeiss Axio Ima-
ger Z2 microscope equipped with 10X or 20X air objectives.

For quantifying colonisation levels, at 8 wpi, M. paleacea thalli
were harvested, cleaned and rhizoids attached to soil debris were
removed. RNA extraction, cDNA synthesis and quantitative real
time PCR (qRT-PCR) were performed as described above.

© 2026 The Author(s).
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Transcript abundance was normalised to the housekeeping genes
ADENINE PHOSPHORIBOSYL TRANSFERASE (MpaAPT)
and ELONGATION FACTOR la (MpaEFla). Relative expres-
sion levels

~Clage
Et<argertl gl)

calculated

/v (Eﬁ\;%m) * EEICJEM‘J). E denotes the PCR effi-

ciency. Primers used are listed in Table S2. Accession numbers of
MpaAPT, MpaEFla, MpaSTR, MpaAMT2, MpaSCR and
RiEF1a are listed in Table S4.

For imaging of infection events in WT::Cas9 and Mpacnge3/4
mutants, the plants were sectioned, cleared and stained with ink
as above. The sections with AM fungal infections were then
stained with 0.5 pgml™" WGA-Alexa Fluor 488 and 0.2%
Renaissance SR2200 in 1X PBS overnight at room temperature.

For percentage AMF thalli length colonisation, M. paleacea
thalli were cleared in 10% (w/v) KOH for 5d at 37°C and
then washed with water. The thalli were bleached in 7.5%
(v/v) hydrogen peroxide (pH9) for 8h, followed by two
washes with water. They were then stained with 0.01% ani-
line blue in 95% acetic acid for 24 h, washed with water and
destained in 80% acetic acid. Subsequently, the thalli were
washed with phosphate-buffered saline and stained overnight
at room temperature in the dark with 0.5ugml'
WGA-Alexa Fluor 488 (Thermo Scientific). Imaging was per-
formed using a Zeiss Axio Zoom V16 microscope (Carl
Zeiss) equipped with a 38 HE GFP filter (excitation:
450—-490 nm; emission: 500-550 nm). Quantification of AMF
colonisation within each thallus was performed using IMAGE].
The extent of AMF colonisation, visualised via WGA-Alexa
Fluor 488 staining, was measured as the length of colonised

were using the  equation:

regions and expressed relative to the total thallus length,
defined as the distance from the basal region to the apical
notches.

Confocal laser scanning microscopy

Fluorescence imaging was performed using a Zeiss LSM980 con-
focal laser scanning microscope equipped with a 25%/0.8 multi-
immersion objective with water immersion. WGA-Alexa Fluor
488 was excited at 514 nm, and Renaissance SR2200 was excited
at 405 nm. Sequential scanning was used and emission was cap-
tured at 380-608 nm with Airyscan 2 detectors. Three-
dimensional visualisation was performed with the ZEiss Arivis
Vision4D software.

For simultaneous imaging of YC3.6 and Renaissance SR2200,
cpYFP was excited at 514nm and Renaissance SR2200 at
405 nm. Sequential scanning was used and emission was captured

at 420-480 and 495-550 nm with Airyscan 2 detectors.

Generation of germinating spore exudate

Six thousand sterile spores of Rhizophagus irregularis (PTB297-L-
ASP-A; Premier Tech, Riviere-du-Loup, QC, Canada) were
incubated in 30 ml water at 30°C for 2wk in the dark. After
spore germination, the supernatant was collected, concentrated
50-fold using a Virtis lyophilizer, aliquoted and stored at —20°C.

© 2026 The Author(s).
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Calcium imaging

Nuclear calcium oscillations were measured using a Nikon
ECLIPSE FN1 microscope equipped with an emission image split-
ter (OptoSplit II; Cairn Research, Faversham, Kent, UK) and an
electron-multiplying cooled charge-coupled device (EMCDD)
camera (Rolera Thunder; QImaging, Calgary, AB, Canada). ECFP
was excited using light emitting diode (OptoLED; Cairn research)
at 436+20nm and emitted fuorescence detected at
535 £ 30 nm (cpVenus) and 480 = 40 nm (ECFP). Images were
acquired at 3-s intervals for at least 1 h using the METAFLUOR soft-
ware. Two- to three-week-old M. paleacea gemmae grown verti-
cally on SRV solidified with 1% (w/v) agar were mounted in a
chamber assembled on a 76X26mm coverglass (Solmedia,
Shrewsbury, Shropshire, UK) using high-vacuum grease (Dow
Corning GMBH, Wiesbaden, Germany). Approximately 80 pl of
liquid SRV medium was added to the chamber, and samples were
incubated for 30 min before imaging. After 10-20 min of baseline
imaging, 10 pl of 50X concentrated AM fungal germinated spore
exudate was added.

Statistical analysis

Statistical significance was assessed by Kruskal-Wallis test with
multiple comparisons against WT::Cas9 as indicated in figure
legends. Statistical tests were performed using GRAPHPAD PRrism
v.8.

Results

MpaCNGC1/3 are co-orthologues of MtCNGC15a/b/c

Marchantia paleacea genome encodes five CNGC genes, match-
ing the CNGC copy number reported for the non-AMF host M.
polymorpha (Marchetti et al., 2021). By contrast, angiosperm
genomes show substantial expansion of this gene family; Arabi-
dopsis thaliana and M. truncatula possess 20 and 23 CNGC;,
respectively (Charpentier ez al., 2016). To identify the orthologue
of MtCNGC15s in M. paleacea, we performed a maximum-
likelihood phylogenetic analysis based on CNGC amino acid
sequences from streptophytes, including 26 species of land plants
and 26 species of charophytes. The phylogeny was rooted with
CNGC s from the chlorophyte Chlamydomonas reinhardtii. Pre-
vious phylogenetic analyses, based largely on angiosperms,
resolved CNGC:s into five lineage-specific groups (Groups I-IVb;
Maser et al., 2001), shaped by gene expansion and duplication
within flowering plants (Fig. S1). By contrast, the inclusion of
charophyte, bryophyte and lycophyte representatives in our ana-
lysis revealed that land plant CNGCs cluster into three ancient
superclades, designated A to C (Figs la, S1). This topology
including the charophytes demonstrates that the major diversifi-
cation of the CNGC family predates the emergence of land
plants, and consequently, of AM symbiosis. Thus, the apparent
group-level complexity observed in angiosperms largely reflects
secondary expansion and specialisation of a small number of
CNGC lineages inherited from algal ancestors.
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The superclade C comprises Groups I, II and III, whereas
Groups IVa and IVb fall into the distinct superclades A and B,
respectively (Figs la, S1). The five M. paleacea CNGCs are dis-
tributed  across these superclades: MpaCNGC1 and
MpaCNGC3 branch within the superclade C, that includes
Group III CNGC15a, CNGCI15b and CNGCl5c paralogs,
while MpaCNGC4 belongs to superclade A, and MpaCNGC5
and MpaCNGC2 cluster within superclade B. This phylogenetic
distribution of MpaCNGC:s suggests that these channels might
retain functional properties that predate the extensive diversifica-
tion observed in angiosperms. The placement of MpaCNGC1
and MpaCNGC3 within the superclade C further indicates that
they are the closest orthologues of CNGC15a, b, c. Altogether,
the phylogenetic analysis reveals that the CNGC family in M.
paleacea comprises a limited, yet an evolutionary representative
subset of CNGCs that predate land plant diversification.
However, unlike angiosperms, in which gene expansion and
duplication have enabled functional specialisation and subfunc-
tionalisation, the limited CNGC repertoire in bryophytes suggest
that individual channels may fulfil broader or multifunctional
roles, potentially integrating symbiotic Ca** signalling with other
cellular processes. The close phylogenetic relationship between
MpaCNGC1 and MpaCNGC3 and the angiosperm
CNGC15a/b/c further raises the possibility that these channels
may contribute to symbiotic nuclear Ca** oscillations in M.
paleacea.

MpaCNGC1, 3 and 4 are expressed in tissues susceptible to
AMF colonisation

To determine whether MpaCNGCI and MpaCNGC3 are
expressed in tissues colonised by AMF, we first assessed their
expression in 3-wk-old M. paleacea thalli. Among the five M.
paleacea CNGC, full-length transcripts were detected for only
four, namely MpaCNGCI, MpaCNGC2, MpaCNGC3 and
MpaCNGC4 (Fig. 1b,c). Analysis of publicly available transcrip-
tomic datasets (Rich er 2, 2021) from 3- and 5-wk-old M. palea-
cea thalli grown in absence or presence of AMF demonstrated that
the expression levels of each CNGC detected in thallus were not
influenced by AM fungal colonisation (Fig. 1d). Spatial expression
analysis using endogenous promoter-GUS reporter lines further
revealed that pMpaCNGCI, pMpaCNGC3 and pMpaCNGC4
drive expression of GUS in both the nonphotosynthetic storage
region of the thallus (the midrib) and rhizoids (Fig. S2). By con-
trast, pMpaCNGC2 driving GUS expression showed GUS activity
in rhizoids, and expression was largely confined to discrete
unknown cell types but absent from the midrib in 2-wk-old thalli
(Fig. S2). Consistent with this finding, analysis of M. polymorpha
gene expression atlas confirmed that MpCNGCI, MpCNGC2,
MpCNGC3 and MpCNGC4 are expressed in thallus, and indicates
that MpCNGC5 expression is restricted to reproductive structures
during Marchantia polymorpha’s life cycle (Kawamura ez al., 2022;
Fig. 1le). Together, these expression data indicate that
MpaCNGC1, MpaCNGC3 and MpaCNGC4, but not
MpaCNGC5 and MpaCNGC2, are expressed in tissues relevant to
AM fungal colonisation, the midrib and rhizoid.

New Phytologist (2026) 251: 2027-2040
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Mpacngc3/4 double mutant is impaired in rhizoid and
thallus development

Phylogenetic analysis indicates that both MpaCNGCI1 and
MpaCNGC3 are the closest orthologues of MtCNGCl15s.
This suggests that, despite the reduced number of CNGCs in
Marchantia, more than one CNGC may function in AM
symbiosis, provided that this function is conserved. Conver-
sely, the limited size of the CNGC family also implies that
individual MpaCNGCs may have retained additional func-
tions. Notably, angiosperm CNGCs belonging to superclade
C are implicated in root hair growth (Brost er al, 2019; Tan
et al, 2020) and primary root development (Tipper
et al., 2023), whereas members of superclade A are involved
in plant architecture (Tan er al, 2024), suggesting that
CNGCs may also contribute to the regulation of develop-
mental processes in liverworts.

To assess their potential impact on the development of rhi-
zoid and thallus, that are essential for AM fungal colonisation,
we generated single and higher-order Mpacnge mutants using a
CRISPR/Cas9-based strategy (Fig. S3). All single, double, tri-
ple and quadruple mutants obtained were confirmed by
sequencing to be null alleles for their respective targeted
CNGC genes (Figs S3, S4). Measurement of the rhizoid length
from 20-d-old thalli grown vertically showed that the loss of
individual MpaCNGC had no impact on rhizoid growth
(Fig. 2a,b). However, higher-order mutants exhibited much
stronger phenotypes. In particular, the combined knockout of
MpaCNGC3 and MpaCNGCH resulted in defects in both rhi-
zoid and thallus development. As Mpacngc3/4 mutants failed
to produce gemma cups, thallus surface area was quantified
using cutting-propagated thalli from independent mutant lines.
After 4wk of growth, Mpacngc3/4 mutant thalli were half the
size of wild-type (WT) and single mutant thalli (Fig. S5a,b),
and no rhizoid growth was observed (Fig. 2¢). In addition, the
thalli growth defect of Mpacnge3/4 was not exacerbated in the
triple mutants (Mpacngel/3/4 and Mpacngc2/3/4) or in the
quadruple mutant Mpacngel/2/3/4 (Fig. S5), demonstrating
that MpaCNGC3 and MpaCNGC4 modulate thallus develop-
ment with no additional contribution from MpaCNGC1 and
MpaCNGC2. Scanning electron microscopy analysis further
revealed that rhizoid cells in Mpacngc3/4 mutants were reduced
to small bulges of ¢. 50 pm in length, indicating an essential
and redundant role for MpaCNGC3 and MpaCNGC4 in rhi-
zoid cell elongation. Altogether, our findings demonstrate that
MpaCNGC3 and MpaCNGC4 play essential roles in both
thizoid and thallus development in M. paleacea. Although
impaired rhizoid function could indirectly affect thallus growth
via reduced water and nutrient uptake, a previous study identi-
fied transcription factors that impair rhizoid development
without affecting thallus growth (Proust e al, 2016), suggest-
ing that the observed thallus defects are unlikely to be solely
secondary. Together, these results reveal that CNGCs possess
developmental functions before the emergence of flowering
plants. Furthermore, our findings highlicht functional conser-
vation between angiosperms and bryophytes despite ¢. 400 Ma

© 2026 The Author(s).
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Fig.2 Mpacngc3/4 mutants are defective in rhizoid development. (a) Images of 20-d-old Medicago paleacea wild-type (WT) expressing Cas9 (WT::Cas9)
and Mpacngc mutants grown from gemmae on vertical plates. Bars, 2 mm. (b) Scatter dot plot showing the rhizoid lengths of 20-d-old M. paleacea WT::
Cas9 and Mpacngc mutants grown from gemmae. Bars and error bars indicate the mean and the SD, respectively. Statistical significance was assessed
using the Kruskal-Wallis test with multiple comparisons against WT::Cas9. n > 33. ns, not significant. Data from three biological replicates are shown.

(c) Images of 2-wk-old M. paleacea WT::Cas9 and Mpacngc mutants regenerated from cut thalli and grown on vertical plates. Bars, 2 mm. (d-f) Scanning
electron microscope images of lower epidermis of thalli from (d) Mpacngc3 #7 and (e, f) Mpacngc3/4 #7 mutant. (f) Higher-magnification image of the

boxed region in (e). Bars, 1 mm in (d, ) and 50 um in (f).

divergence, with CNGC being required for the outgrowth of
both root hair and rhizoid cells.

Mpacngc3/4 double mutant uncouples rhizoid
development and AM fungal colonisation

AMF colonise M. paleacea via rhizoids (Kobae ez al., 2019). To
assess whether rhizoids are essential for AM fungal colonisation,
we analysed infection in Mpacngc3/4 mutants inoculated with R.
irregularis for 6 wk. Confocal microscopy of WT::Cas9 thallus
sections co-stained with the cell wall dye SR2200 and the fungal
marker WGA-Alexa Fluor 488 confirmed hyphal entry through
rhizoids, followed by colonisation of the thallus midrib and for-
mation of arbuscules (Fig. 3a,c). Despite the absence of devel-
oped rhizoids, AM fungal entry still occurred in Mpacncg3/4
mutants via bulged and nonbulged cells, allowing hyphae to
reach the thallus midrib and form arbuscules (Fig. 3a—¢;
Movies S1, S2). Collectively, these data demonstrate that, while
rhizoids represent a major route for AM fungal entry in M. palea-
cea, they are not strictly required for successful colonisation.

© 2026 The Author(s).

New Phytologist © 2026 New Phytologist Foundation.

MpaCNGC1/3/4 are required for AM symbiosis

Endosymbiosis-mediated nuclear Ca®* oscillations are conserved
across land plants and require the cation channel DMI1. Despite
this functional conservation, the regulatory properties of DMI1
have diverged between bryophyte and angiosperms (Lam
et al., 2024), raising the possibility that the molecular compo-
nents underlying calcium oscillations are not fully conserved
across land plant lineages.

In M. truncatula, DMI1-dependent Ca®* oscillations during
AM symbiosis require three paralogous CNGC15s (Charpentier
et al., 2016). In M. paleacea, our results demonstrate that
MpaCNGC1, MpaCNGC3 and MpaCNGC4 are ubiquitously
expressed throughout the thallus; however, loss of MpaCNGC3
and MpaCNGC4 alone is not sufficient to abolish AM fungal
colonisation, which occurs in absence of rhizoids growth. These
observations suggest that, if MpaCNGCs are required for AM
symbiosis, this function may depend on the combined activity of
more than two CNGCs. To test whether MpaCNGCs mediate
AM symbiosis, we assessed AM fungal colonisation in single and

New Phytologist (2026) 251: 2027-2040
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Fig. 3 Rhizoid growth and arbuscular mycorrhizal (AM) fungal infection
are uncoupled. (a—c) Confocal laser scanning microscopy images of cleared
and stained sections of Marchantia paleacea WT::Cas9 and Mpacngc3/4
#3 plants colonised by Rhizophagus irregularis 6 wk postinoculation (wpi).
The cyan channel shows the cell wall stain SR2200, and the yellow channel
shows the AM fungi labelled with WGA-Alexa Fluor 488. Bars, 50 pm (a)
Maximume-intensity projections of Z-stacks showing AM fungal hyphae.
(b) Zoomed-in 3D-cross section views of AM fungal infection events in
Mpacngc3/4 #3 mutant shown in (a), including (1) infection via bulged cell
and (Il) infection via nonbulged cell. White arrows indicate infection sites.
(c) Representative images showing arbuscules developed within the thallus
midrib of WT::Cas9 and Mpacngc3/4 #3 plants. WT, wild-type.
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higher-order Mpacnge mutants. After 8 wk of inoculation with R.
irregularis, thalli of M. paleacea WT::Cas9 and all single Mpacngc
mutants were fully colonised (Fig. 4a). Transcript levels of
R. irregularis ELONGATION FACTOR la (RiEFla; Gomez-
Gallego er al, 2019), together with the M. paleacea genes
STUNTED ARBUSCULE (MpaSTR), AMMONIUM TRANS-
PORTER 2 (MpaAMT2), and SCARECROW (MpaSCR), which
are upregulated in arbuscule-containing cells (Rich ez al, 2021),
were similar between individual Mpacnge mutants and WT:: Cas9
thalli after 8 wk of R. #rregularis inoculation (Fig. 4a,b). Likewise,
AM fungal colonisation was observed in the double mutants
Mpacngel/3, Mpacngcl/4 and Mpacngc3/4 (Fig. 4a). However,
whereas 100% of Mpacngcl/4 thalli were colonised, knockout of
MpaCNGC3 in combination with either MpaCNGCI or
MpaCNGCH resulted in a reduction in both the proportion of
colonised thalli and the extent of AM fungal colonisation within
the midrib (Fig. 4a,c). This reduction was accompanied by a
trend towards lower expression of RiEFIa, MpaSCR and
MpaAMT2, although these differences were not statistically sig-
nificant, with the exception of MpaAMT2 expression in
Mpacnge3/4 (Fig. 4b). By contrast, no AM fungal colonisation
was detected in the triple mutant Mpacngel/3/4 #2, which was
further confirmed by the absence of RiEFIa, MpaSTR,
MpaAMT2 and MpaSCR expression in Mpacngel/3/4 #30
(Fig. 4a,b).

To test whether Mpacngcl/3/4 mutant is impaired in AM fun-
gal germinated spore exudate (GSE)-induced nuclear Ca*" oscil-
lations, knockout Mpacnge mutants expressing the nuclear
localised Ca** reporter, Yellow Cameleon 3.6 fused to the nuclear
localisation signal (IVLS:YC3.6) were tested for symbiosis-
mediated nuclear Ca®* oscillations (Fig. 5a,b). Application of
GSE induced nuclear Ca** oscillation in nuclei of rhizoids of the
WT, Mpacngel, Mpacnge3 and Mpacngel/3 mutants, as well as in
both bulged and nonbulged cells of the Mpacnge3/4 mutants,
with 28% of nonbulged cells responding compared with only 9%
of bulged cells (Figs 5c,d, S6). Consistent with the absence of
AM fungal colonisation, nuclear calcium oscillations were not
detected in either bulged or nonbulged cells of the Mpacngc1/3/4
mutant following GSE application (Figs 5c¢,d, S6). Together,
these results demonstrate that MpaCNGC1, MpCNGC3 and
MpaCNGC4 are collectively required for the generation of
endosymbiosis-associated nuclear Ca** oscillations and for suc-
cessful AM fungal colonisation. Moreover, the presence of GSE-
induced nuclear Ca** oscillations and AM fungal colonisation in
both bulged and nonbulged cells of Mpacnge3/4 mutants reveals
that rhizoid growth is uncoupled from AM symbiosis signalling
and fungal colonisation in M. paleacea.

Discussion

By integrating phylogenetic analysis with higher-order mutant
analysis and nuclear Ca®* imaging, we show that CNGCs are
essential for endosymbiosis-associated nuclear Ca** oscillations
and AM fungal colonisation, while rhizoid outgrowth itself is dis-
pensable for fungal deepen  our

entry. These findings

© 2026 The Author(s).
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Fig.4 Mpacngc1/3/4 mutants are impaired in arbuscular mycorrhizal (AM) symbiosis. (a) Representative pictures of transverse sections of Medicago
paleacea thalli from wild-type (WT)::Cas9 and Mpacngc mutants 8 wk after inoculation with Rhizophagus irregularis. AM fungal structures were stained
with acidic ink. The percentage of plants colonised is indicated with n denoting the total number of thalli analysed. The experiment was performed in three
biological replicates. Bars, 200 pm. (b) Scatter dot plots with bars represent real-time quantitative polymerase chain reaction (RT-qPCR) analysis of
transcript levels of R. irregularis marker gene, ELONGATION FACTOR 1a (RiEF1a) and M. paleacea marker genes associated with AMF colonisation:
STUNTED ARBUSCULE (MpaSTR), AMMONIUM TRANSPORTER 2 (MpaAMT2) and SCARECROW (MpaSCR), in M. paleacea thalli 8 wk after
inoculation with R. irregularis. Each point represents a biological replicate with cDNA from at least two thalli. Transcript level was normalised to the
geometric mean of the M. paleacea housekeeping genes ADENINE PHOSPHORIBOSYL TRANSFERASE (MpaAPT) and MpaEF1a. Bars and error bars
indicate the mean and the SD, respectively. n > 4. Kruskal-Wallis test with multiple comparisons against WT::Cas9. *** P < 0.001; **, P < 0.01; *,

P < 0.05. (c) Scatter dot plot showing the percentage of AMF thallus length colonisation in the indicated genotype: n =10 (WT::Cas9), n =10
(Mpacngc1/3 #2), n = 6 (Mpacngc3/4 #7), n = 10 (Mpacngc1 #3) and n = 10 (Mpacngc3 #6) from data presented in (a). Bars and error bars indicate the
mean and the SD, respectively. Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple comparison test. Different letters

indicate significant differences between groups.

understanding of the evolutionary origin of symbiotic Ca®* sig-
nalling and demonstrate that rhizoid infection can be uncoupled
from symbiotic competence in M. paleacea.

Phylogenetic analysis across streptophytes resolves land plant
CNGC s into three ancient superclades (A—C), indicating that the
major diversification of this family predates both land plant evo-
lution and AM symbiosis. Within this framework, MpaCNGCl1
and MpaCNGC3 are sister to the angiosperm lineage containing
MtCNGCI15a/b/c, which are required for symbiosis-associated
Ca®" oscillations in M. truncatula. In M. paleacea, however,
simultaneous loss  of MpaCNGCI, MpaCNGC3 and
MpaCNGC4 is required to completely abolish symbiosis-induced
nuclear Ca** oscillations and blocks AM fungal colonisation.
Notably, these three CNGCs belong to two distinct superclades,
indicating that in bryophytes the symbiotic function of CNGCs
is not constrained by phylogenetic grouping. These results further
demonstrate that endosymbiosis signalling represents a conserved

function of CNGC:s in land plants.

© 2026 The Author(s).
New Phytologist © 2026 New Phytologist Foundation.

In addition to their role in endosymbiosis, both MpaCNGC3
(superclade C) and MpaCNGC4 (superclade A) promote rhizoid
elongation, revealing a conserved requirement for CNGCs in ani-
sotropic cell expansion. This parallels the involvement of
CNGGC s in pollen tube and root hair growth in angiosperms and
is consistent with the reliance of tip-growing cells on oscillatory
Ca*t dynamics (Bibikova ez 4., 1997; Damineli et al., 2017; Bas-
com Jr. er al., 2018). Among angiosperm CNGCs, AtCNGC7,
AtCNGC8 and AtCNGC18 are required for pollen tube devel-
opment (Frietsch ez al., 2007; Tunc-Ozdemir et al., 2013; Gao
et al., 2016), whereas AtCNGC5, AtCNGC6, AtCNGC9 and
AtCNGC14 contribute to root hair growth (Brost ez al., 2019;
Tan ez al., 2020). The Arcnge5/6/9 triple and quadruple mutant
Atenge5/6/9/14 exhibits reduced root hair length and increased
branching when grown on the surface of vertical media or in
media. However, when grown in media, increased root hair
bursting is observed only in the Arenge5/6/9/14 quadruple mutant
and Arcngel4 single mutant, indicating that AtCNGC14

New Phytologist (2026) 251: 2027-2040
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Fig. 5 Germinated spore exudate-induced nuclear calcium oscillation is abolished in Mpacngc1/3/4 triple mutant. (a, b) Representative confocal laser
scanning microscopy images of Marchantia paleacea rhizoids expressing the nuclear-localised Ca®* reporter Yellow Cameleon v.3.6 (NLS:YC3.6),
visualised in the yellow fluorescent protein (YFP) channel. Bars, 100 pm. (a) Rhizoids of wild-type expressing Cas9 (WT::Cas9::NLS:YC3.6), Mpacngc1::
NLS:YC3.6 #3, Mpacngc3::NLS:YC3.6 #6 and Mpacngc1/3::NLS:YC3.6 #18. Images are single confocal optical sections. Composite images show
brightfield (BF) merged with the YFP channel. (b) Rhizoids of WT::Cas9::NLS:YC3.6, and bulged and nonbulged cells of Mpacngc3/4::NLS:YC3.6 #3 and
Mpacngc1/3/4::NLS:YC3.6 #30. The cyan channel shows cell walls stained with SR2200. White arrows indicate bulged cells. Images are maximum-
intensity projections of Z-stacks. (c) Representative Ca®* oscillation traces induced by R. irregularis germinated spore exudate (GSE) in M. paleacea WT::
Cas9::NLS:YC3.6 and Mpacngc mutants expressing NLS:YC3.6. All lines expressed NLS:YC3.6 under the control of the M. polymorpha EF1a promoter.
Traces show the ratio of YFP to cyan fluorescent protein (CFP) fluorescence in arbitrary units (A.U.). Arrowheads indicate the timing of GSE application.
Numbers indicate the number of responding plants or nuclei relative to the total number analysed. Bar indicates 20 min. (d) Contingency bar chart showing
the number of plants or nuclei classified as responding (yellow bars) and nonresponding (white bars) to GSE, based on nuclear Ca>* oscillation data
presented in (c). Statistical significance was assessed using Fisher's exact test. ns, not significant; P-values are indicated.
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specifically contributes to root hair integrity in response to
mechanical or physical constraints. By contrast, AtCNGCS5,
AtCNGC6 and AcCNGC9 primarily promote root hair elonga-
tion (Brost et al, 2019; Tan et al, 2020). AtCNGC5/6/
7/8/9/14/18 and MpaCNGC3 belong to superclade C, while
MpaCNGC4 belongs to superclade A, indicating that the aniso-
tropic growth function of CNGC:s is not constrained by phyloge-
netic grouping in Marchantia. In this lineage, limited gene
expansion may have restricted subfunctionalisation, resulting in
the retention of overlapping functions among CNGCs from dif-
ferent clades. By contrast, expansion of this gene family in flower-
ing plants has likely promoted functional partitioning, restricting
this role to a single clade.

The conserved role of CNGC in anisotropic cell expansion of
both rhizoid and root hair cells aligns with extensive conservation
between rhizoid and root hair developmental programmes (Hon-
kanen er al, 2016). In M. polymorpha, the NADPH oxidase
MpRBOHLI is essential for rhizoid formation (Chu ez al., 2023),
which is reminiscent of the role of A(RBOHC/RHD2 in root
hair growth (Foreman ez al, 2003). MpRBOH1 contains two
EF-hand motifs in its cytosolic N-terminus, and Ca>* binding to
these EF-hands is required for reactive oxygen species (ROS) pro-
duction in planta (Hashimoto et al., 2023). In this context, Ca*t
signals mediated by MpCNGC3/4 may promote rhizoid growth
by activating RBOH-dependent ROS production. Beyond regu-
lation of ROS production, Ca®* signalling may also influence
membrane trafficking (Himschoot ez al, 2017), cytoskeleton
dynamics (Himschoot ez al, 2015) and ROP-based polarity
establishment (Mulvey & Dolan, 2023), offering multiple non-
mutually exclusive routes through which CNGCs could support
rhizoid growth.

Strikingly, despite the severe rhizoid defects of the Mpacnge3/4
mutant, AMF still penetrate lower epidermal cells (both bulged
and nonbulged), colonise the thallus midrib and form arbuscules.
Consistently, both bulged and nonbulged cells generate nuclear
Ca®* oscillations in response to GSE. This demonstrates that rhi-
zoids, while representing a major entry route, are not strictly
required for AM symbiosis in M. paleacea. This flexibility in
infection strategy is further supported by in vitro studies in the
hornwort Anthoceros punctatus and liverwort Plagiochasma rupes-
tre, where colonisation is observed through nonrhizoid epidermal
cells (Silvani ez al., 2012). The dispensability of tip-growing cells
for fungal entry closely parallels observations in flowering plants,
where AMF infect both trichoblast and atrichoblast epidermal
cells. Together, these findings indicate that flexible epidermal
entry is an evolutionarily conserved feature of AM symbiosis that
predates the origin of true roots. These results further reveal the
conserved involvement of CNGC:s in facilitating nutrient acqui-
sition by coordinated rhizoid development and AM symbiosis
during terrestrialisation.

Together, our findings show that a reduced CNGC repertoire
in bryophyte underpins multiple biological processes through
combinatorial channel activity. This functional versatility under-
scores the central role of Ca** signalling as an integrative regula-
tory mechanism that supported developmental innovation and
symbiotic competence during land plant evolution.

© 2026 The Author(s).
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Marchantia paleacea contains two co-orthologues to the
angiosperm Group I, II and IIT CNGCs.

Fig. S2 Expression analysis of MpaCNGC promoters.

Fig. S3 Generation of Mpacnge CRISPR/Cas9 knockout

mutants.

Fig. 84 Truncation of MpaCNGC proteins in CRISPR/Cas9

knockout mutants.

Fig. 85 MpaCNGC3 and MpaCNGC4 are required for thallus

development.

Fig. S6 Nonbulged cells in the Mpacngcl/3/4 mutant are
impaired in germinated spore exudate-induced nuclear Ca®*
oscillations.

Movie S1 3D reconstruction of a Mpacnge3/4 #3 plant colonised
by Rhizophagus irregularis through a bulged cell.
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Movie S2 3D reconstruction of a Mpacngc3/4 #3 plant colonised
by Rhizophagus irregularis through a nonbulged cell.

Table S1 List of sequence accessions used for phylogenetic analy-
sis.

Table S2 List of primers used in this study.

Table S3 List of Level 1 and Level 2 Golden Gate vectors gener-
ated in this study.

Table S4 List of accession numbers for Marchantia genes used in
this study.
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