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Abstract
MID1-COMPLEMENTING ACTIVITY (MCA) is a land plant-specific, plasma membrane protein, and Ca2+ signaling component that 
responds to exogenous mechanical stimuli, such as touch, gravity, and hypotonic-osmotic stress, in various plant species. MCA is 
essential for cell proliferation and differentiation during growth and development in rice (Oryza sativa) and maize (Zea mays). 
However, the mechanism by which MCA mediates cell proliferation and differentiation via Ca2+ signaling remains unknown. Here, we 
address this question using the liverwort Marchantia polymorpha. We show that the M. polymorpha MCA ortholog, MpMCA, is highly 
expressed in actively dividing regions, such as apical notches in the thalli and developing gametangiophores, and that MpMCA is a 
plasma membrane protein. In vivo, Ca2+ imaging using a Ca2+ sensor (yellow cameleon) revealed that MpMCA is required for 
maintaining proper [Ca2+]cyt levels in the apical notch region, egg cells, and antheridium cells. Mpmca mutant plants showed severe 
cell proliferation and differentiation defects in the thalli, gametangiophores, and gametangia, resulting in abnormal development and 
unsuccessful fertilization. Furthermore, expression of the Arabidopsis MCA1 gene complemented most of the defects in the growth 
and development of the Mpmca mutant plants. Our findings indicate that MpMCA is an evolutionarily conserved Ca2+-signaling 
component that regulates cell proliferation and development across the life cycle of land plants.
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Introduction
Calcium ions are central regulators of physiological responses 
such as cell proliferation, growth, development, reproduction, 
and stress responses (Rasmussen 1970; Hepler 2005; Chen et al. 
2015; Edel et al. 2017). In general, the cytosolic calcium ion con-
centration ([Ca2+]cyt) is maintained at the submicromolar level 
(Berridge et al. 2000; Luan and Wang 2021). Various developmen-
tal and environmental signals trigger changes in [Ca2+]cyt in 
plants. When plants are exposed to environmental stresses, 
such as low temperature, drought, salinity, and wounding, they 
trigger the elevation of [Ca2+]cyt by influx from outer Ca2+ stores 
or release from inner Ca2+ stores (e.g. endoplasmic reticulum 
[ER] and vacuoles) and evoke downstream responses (reviewed 
in Resentini et al. 2021) including protection from various stresses 
and adaptation to new environmental conditions (Edel et al. 2017). 

However, the fundamental role of Ca2+ signaling pathways in 
plant growth and development remains largely unknown.

Several cation-channel protein families in land plants have been 
studied as a Ca2+-permeable channel, including cyclic nucleotide- 
gated channel (CNGC) (Kaplan et al. 2007), glutamate receptors-like 
channel (GLR) (Simon et al. 2023), reduced hyperosmolality-induced 
[Ca2+]cyt increase channel (OSCA) (Yuan et al. 2014), Piezo mechano- 
sensitive ion channel (PIEZO) involved in root mechanotransduc-
tion (Mousavi et al. 2021), and two-pore channel (TPC1) (Furuichi 
et al. 2001). The model plant Arabidopsis thaliana (Arabidopsis) has 
20 CNGC, 20 GLR, 15 OSCA, two PIEZO, and one TPC genes. Plasma 
membrane-localized CNGCs are required for pollen tube growth 
in Arabidopsis (Gao et al. 2016) and pathogen-associated molecular 
pattern (PAMP)-triggered Ca2+ signaling, which is critical for 
Ca2+-based immunity (Tian et al. 2019). GLRs are involved in pollen 
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tube growth and guidance (Michard et al. 2011), self-incompatibility 
responses (Iwano et al. 2015), and long-distance Ca2+-based plant 
defense signaling (Mousavi et al. 2013; Toyota et al. 2018; Grenzi 
et al. 2023). Arabidopsis OSCA1 functions in Ca2+ signaling induced 
by hyperosmotic stress (Yuan et al. 2014). TPC is localized in the va-
cuolar membrane and regulates the conductance of both mono- 
and divalent cations (Kintzer and Stroud 2016). However, the mu-
tant phenotypes of these Ca2+ channels are mild under unstressed 
conditions; thus, the involvement of these Ca2+ channels in plant 
cell proliferation during growth and development remains to be 
determined.

The MID1-COMPLEMENTING ACTIVITY (MCA) gene AtMCA1 
(At4g35920) was originally identified through Arabidopsis cDNA li-
brary screening based on the functional complementation of a yeast 
Saccharomyces cerevisiae mid1 mutant defective in both Ca2+ influx 
and cell viability maintenance during exposure to mating phero-
mones (Nakagawa et al. 2007). Mid1 is a putative Ca2+-permeable 
stretch-activated channel component and cooperates with a 
voltage-gated Ca2+ channel α1 subunit Cch1 (Kanzaki et al. 1999). 
However, AtMCA1 is not homologous to Mid1 and regulates Ca2+ 

uptake in a Cchl-independent manner unlike Mid1 (Nakagawa 
et al. 2007). Arabidopsis has a paralog of AtMCA1, i.e. AtMCA2 
(At2g17780), with 73% amino acid sequence identity (Nakagawa 
et al. 2007). The Arabidopsis Atmca1 mutant showed an impaired 
touch response in the primary roots (Nakagawa et al. 2007), 
and hypo-osmotic stress-induced Ca2+ uptake was observed in 
Arabidopsis roots overexpressing AtMCA1 (Nakagawa et al. 2007). 
Ca2+ uptake activity in Atmca2 mutant roots was lower than that in 
wild-type or Atmca1 mutant (Yamanaka et al. 2010). Furthermore, 
the expression of AtMCA1 enhanced mechano-sensitive channel ac-
tivity in Chinese hamster ovarian cells (Nakagawa et al. 2007) and 
Xenopus oocytes (Furuichi et al. 2012). Experiments on liposomal 
membranes showed that the N-terminal regions of AtMCA1 and 
AtMCA2, 173 amino acid residues each of the total length of 421 
and 416, respectively, were sufficient for Ca2+-permeability, and 
AtMCA2 was sufficient for mechanosensitivity (Yoshimura et al. 
2021). However, the structural features of AtMCA2 elucidated by cry-
oelectron microscopy show no similarity to those of any character-
ized ion channels or membrane-bound transporters (Shigematsu 
et al. 2014; Hamilton et al. 2015), suggesting that MCAs are structur-
ally unique ion channels.

MCA genes are involved in growth, development, and stress re-
sponses in rice and maize. In rice, RNAi of OsMCA1 resulted in 
growth defects and late flowering in transgenic plants and reduced 
cell proliferation in cultured cells (Kurusu et al. 2012a). Mutations 
in OsMCA1 resulted in severe dwarf phenotypes (Liu et al. 2015; 
Liang et al. 2020). The overexpression of tobacco (Nicotiana 
tabacum) NtMCA1 and NtMCA2 changes the proliferation rate of 
BY-2 cells in a Ca2+ concentration-dependent manner (Kurusu 
et al. 2012b). Furthermore, a Zea mays MCA ortholog CELL NUMBER 
REGULATOR13 (called ZmMCA for clarity), was discovered via mo-
lecular genetic analysis of narrow odd dwarf (nod) mutant that dis-
played severe growth and developmental defects attributable to 
impaired cell proliferation (Rosa et al. 2017). ZmMCA complemented 
the yeast mid1 mutant but did not display detectable Ca2+ channel 
activity in Xenopus oocytes (Rosa et al. 2017). Although these studies 
suggest that MCA is a candidate gene for the Ca2+ signaling pathway 
that regulates plant growth and development, how MCAs function in 
cell proliferation and development during growth and development 
in individual plants remains unclear.

We used a model bryophyte, the liverwort Marchantia polymorpha, 
to further characterize MCAs as Ca2+ signaling components in plant 
cell proliferation (Ishizaki et al. 2008; Bowman et al. 2022). The 

lineages of bryophytes and vascular plants diverged from the com-
mon ancestors of land plants. M. polymorpha is a dioicous species 
with separate male and female haploid individuals. Under white- 
light conditions, both female and male gametophytes grow continu-
ously and perform asexual reproduction by generating gemma cups. 
Under long-day conditions, far-red light (FR) irradiation induces sex-
ual reproduction (Chiyoda et al. 2008; Kubota et al. 2014). In female 
gametophytes, archegoniophores with archegonia that produce 
egg cells emerge from the apical notch region of the thalli, whereas 
antheridiophores with antheridia that produce sperm emerge in 
male gametophytes (Kohchi et al. 2021). In M. polymorpha, several 
small molecules involved in cell proliferation and development 
have been identified (Shinkawa et al. 2022; Hatada et al. 2023: 
Varshney and Gutjahr 2023), but the role of Ca2+ signaling in growth 
and development remains unknown. In such a scenario, an in vivo 
study of Ca2+ dynamics in M. polymorpha would be extremely advan-
tageous for understanding the relationship between Ca2+ signaling 
and gene function in both vegetative growth and sexual reproduc-
tion across the life cycle.

In this study, we analyzed the function of the M. polymorpha MCA 
ortholog MpMCA. We characterized genome-edited lines for MpMCA 
and performed Ca2+ imaging using transgenic lines expressing a Ca2+ 

sensor protein to examine whether MpMCA is involved in the Ca2+ 

signaling pathway that functions in proliferation and reproduction. 
Our findings indicated that MpMCA plays pivotal roles in cell prolif-
eration and development, possibly via the regulation of [Ca2+]cyt dur-
ing both vegetative growth and sexual reproduction.

Results
M. polymorpha has a single MCA ortholog MpMCA
We identified a single MCA ortholog, MpMCA (Mp5g19510), in the ge-
nome database of M. polymorpha (MarpolBase ver. 6: https:// 
marchantia.info). MpMCA cDNA (Mp5g19510.1) encoded a polypep-
tide of 482 amino acid residues (Fig. 1A). The predicted MpMCA pro-
tein showed 39.5% and 38.7% amino acid sequence identity with 
AtMCA1 and AtMCA2, respectively (Fig. 1B). As is the case with 
MCA proteins from other plant species, MpMCA has a single putative 
transmembrane segment near the N-terminus, an EF-hand-like 
motif on the N-terminal side, slightly beyond the middle region, a 
coiled-coil motif in the middle region, and a human placenta-specific 
8 (PLAC8) domain (Pfam ID: PF04749) at the C-terminal region (Fig. 1). 
Recent phylogenetic analysis of MCA proteins showed that MCA is a 
land plant-specific protein with MCA functional (MCAfunc) and 
PLAC8 domains (Nishii et al. 2021). Thus, the analysis of MpMCA in 
M. polymorpha will provide evolutionary insights into the role of 
MCAs in the basic molecular mechanisms of growth and develop-
ment in land plants.

MpMCA gene is expressed in the area where cell 
division activity is high in vegetative growth or 
sexual reproduction
Analysis of a public M. polymorpha transcriptome database (MBEX, 
https://marchantia.info/mbex/; Kawamura et al. 2022) indicated 
that MpMCA mRNA is ubiquitously expressed in all tissues, includ-
ing the thallus, gemma cup, apical cells, antheridiophores, and ar-
chegoniophores (Supplementary Fig. S1). Next, the spatial pattern 
of MpMCA expression was examined using MpMCA promoter 
ß-glucuronidase (GUS) or Citrine-NLS fusion reporter gene constructs 
(proMpMCA:GUS or proMpMCA:Citrine-NLS, respectively). When 
proMpMCA:GUS lines were cultured under continuous white light 
conditions, strong GUS staining was detected in the notch region of 

2 | Plant Physiology, 2025, Vol. 197, No. 1

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/197/1/kiae613/7899875 by Lib of Botanical D

ept user on 27 D
ecem

ber 2024

https://marchantia.info
https://marchantia.info
https://marchantia.info/mbex/
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae613#supplementary-data


the young thallus (Fig. 1C(a)), which was confined to this area even 
after branching of the thallus (Fig. 1C(b)), and slightly expanded to 
the wing region after 21 d (Fig. 1C(c)). When archegoniophore or an-
theridiophore formation was induced by a 1 mo FR irradiation, prom-
inent GUS activity was observed in the disks, but not stalks, of both 
archegoniophores (Fig. 1, C(d) and C(e)) and antheridiophores 
(Fig. 1, C(f) and C(g)). In archegonia, GUS activity was prominent in 
the egg cells and was also detected in the cells surrounding the egg 
cells and neck cells (Fig. 1C(h)). GUS activity was detected promi-
nently in antheridia in the cross-sections of the antheridiophore 
(Fig. 1C(i)) and was observed both in the spermatid and jacket 
cells (Fig. 1C(j)). In addition, when antheridia were observed in 
proMpMCA:Citrine-NLS line, strong promoter activity was observed 
in the spermatid and jacket cells of the young antheridia (left panel 
in Fig. 1C(k)). However, the expression was quite low in the mature 
antheridia, particularly in the inner region where mature sperm cells 
resided (right panel in Fig. 1C(k)). These results indicated that 
MpMCA probably functions in areas with high cell division activity 
in the apical notch region and reproductive organs (i.e. archegonia 
and antheridia).

MpMCA regulates cytoplasmic Ca2+ concentration 
in both vegetative growth and sexual 
reproduction
To examine whether MpMCA was involved in the regulation of 
[Ca2+]cyt, we generated transgenic plants expressing the Ca2+ sensor 

protein yellow cameleon 3.60 (YC3.60) (Nagai et al. 2004). YC3.60 is a 
chimeric protein consisting of cyan fluorescent protein (CFP), calm-
odulin (CaM), a glycylglycine linker, the CaM-binding domain of my-
osin light-chain kinase (M13), and the circularly permuted Venus 
protein (cpVenus). When the CaM domain binds Ca2+, the domain as-
sociates with the M13 peptide, leading to an increase in Förster res-
onance energy transfer (FRET) between CFP and cpVenus, resulting 
in increased emission from the FRET acceptor, cpVenus (Fig. 2A). 
This technique is amenable to emission rationing, which is more 
quantitative than single-wavelength monitoring and is independent 
of the concentration of the sensor (Miyawaki et al. 2013; Grenzi et al. 
2021; Miyata et al. 2023). The wild-type transgenic lines expressing 
YC3.60 under the control of the MpMCA promoter (proMpMCA: 
YC3.60) were generated to compare [Ca2+]cyt at the MpMCA expres-
sion sites, such as notch region and gametangia, between wild type 
and Mpmca. The proMpMCA:YC3.60 line was further manipulated 
using CRISPR/Cas9 technology to generate two independent 
Mpmca mutants (Mpmca1-1ge(F), Mpmca1-2ge(F), Mpmca2-1ge(F), and 
Mpmca2-2ge(F)) (Supplementary Fig. S2). In the thalli, strong CFP 
and FRET (cpVenus) signals were observed at the apical notch region 
in all YC3.60 expressing lines (Fig. 2B), consistent with the MpMCA 
promoter activity visualized in the proMpMCA:GUS line (Fig. 1, C 
and a). CFP and FRET images of 3-d-old gemmalings were captured 
to compare the [Ca2+]cyt of the wild type, Mpmca mutants (Mpmca) 
and complemented lines (MpMCAcomp). The intensities of CFP and 
FRET in the region of interest (ROI) (shown using white circles in 
Fig. 2B) were measured, and the ratio (FRET/CFP) reflecting [Ca2+]cyt 

A C

B

Figure 1. Domain structure of MpMCA protein and expression of MpMCA. A) Schematics of MpMCA protein. A ruler indicates the amino acid (aa) 
length. An transmembrane (pink), EF-hand like (yellow), a coiled-coil (sky blue), and PLAC8 (green) domains are indicated as each colored rectangle. The 
target position for two gRNAs is indicated by blue arrowheads. B) Sequence alignment of MpMCA, AtMCA1, and AtMCA2. Identical and conservative 
amino acid residues are shaded in black and grey, respectively. A transmembrane, EF-hand like, a coiled-coil, and PLAC8 domains are shaded in pink, 
yellow, sky blue, and green, respectively. Red box and blue box indicate the target position for gRNAI and gRNAII, respectively. C) proMpMCA:GUS 
transgenic lines stained by X-Gluc solution (a–j) and proMpMCA:Citrine-NLS line (k). (a–c) Thallus grown for 7 (a), 14 (b), and 21 d (c) under a white light 
condition. When female and male thalli were irradiated with FR, archegoniophore (d) and antheridiophore (f), respectively, were emerged at the thallus 
edge. Strong GUS staining was detected in the archegonial (e) and antheridial (f) disks. Cross sections of the disks show archegonia (h) and antheridia (i). 
In h and i, egg cells and antheridia are indicated by white and black arrow heads, respectively. Strong GUS staining or Citrine fluorescence were 
observed in the antheridia dissected from the antheridial disks of proMpMCA:GUS (j) or proMpMCA:Citrine-NLS (k), respectively. Similar results were 
reproducibly observed. Scale bars in j and k are 100 μm.
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was calculated (Fig. 2C). The ratio in the mutant was significantly 
lower than those in the wild-type or MpMCAcomp plants, suggesting 
a lower [Ca2+]cyt in the mutant (Fig. 2C).

We examined [Ca2+]cyt in the female or male gametangia of 
proMpMCA:YC3.60-expressing plants (MpMCA:YC3.60) to examine 
the regulation of [Ca2+]cyt by MpMCA in the reproductive organs. 
A slice of an archegoniophore was cut off in females to examine 
[Ca2+]cyt in archegonia. When cpVenus images excited with 
488 nm light were observed to check YC3.60 expression in the ar-
chegonia, the expression of YC3.60 was detectable in all cell types, 
including the egg, neck, and egg cell-surrounding cells (Fig. 2D). By 
analyzing the ratio images (FRET/CFP) of wild-type plants, it was 

evident that [Ca2+]cyt in egg cells were much higher than that in 
neck cells and egg cell-surrounding cells (Fig. 2D). In contrast, 
[Ca2+]cyt in the egg cells of Mpmca was significantly lower than 
that in the wild type and complemented lines (MpMCAcomp) 
(Fig. 2, E and F). These results indicated that MpMCA is involved in 
regulating [Ca2+]cyt in egg cells.

Furthermore, we examined whether MpMCA was involved in reg-
ulating [Ca2+]cyt in antheridia by comparing the YC3.60 ratios in 
Mpmca and MpMCAcomp plants harboring the MpMCA:YC3.60 con-
struct. Since the receptacle size in Mpmca plants was small and the 
antheridia was immature, we isolated immature antheridia from 
the receptacles at Stage 3 (Higo et al. 2016). The same procedure 

A D

E F

HG

B

C

Figure 2. Distribution of [Ca2+]cyt in gemmalings and gametangia of wild type, Mpmca mutant and complementary lines expressing proMpMCA:YC3.60. 
A) Schematic representation of Forster resonance energy transfer (FRET)-based Ca2+ sensor, yellow cameleon 3.60 (YC3.60). Calmodulin (CaM) and the 
M13 peptide are bracketed by a FRET pair, CFP, and cpVenus. Calcium binding to calmodulin increases emission from the FRET acceptor. B) CFP and 
FRET images excited with 430 nm and ratio (FRET/CFP) image of wild type, two alleles Mpmca mutant, and MpMCAcomp in 3-d-old gemmalings. Scale 
bars = 50 µm. C) Ratio at the notch region of wild type, Mpmca, and MpMCAcomp. The intensity of the region of the interest (ROI) (white circles) of CFP and 
FRET images was measured and the ratio (FRET/CFP) was calculated, respectively. Letters represent significant difference by one-way ANOVA and 
Tukey’s multiple comparison test (P < 0.001). The data were expressed as mean ± SD. (n = 8). D) Bright-field, cpVenus image excited with 488 nm light, 
CFP and FRET images excited with 430 nm and ratio image of wild-type archegonia expressing proMpMCA:YC3.60. Scale bars = 100 µm. E–H) Ratio 
images of wild-type, Mpmca, and MpMCAcomp and quantitative analysis of ratio in egg cells E) and antheridia G). Letters indicate significant difference 
by one-way ANOVA and Tukey’s multiple comparison test (P < 0.001). The data were expressed as mean ± SD. (F, n = 28∼40; H, n = 7∼25) Scale bars = 
100 µm.

4 | Plant Physiology, 2025, Vol. 197, No. 1

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/197/1/kiae613/7899875 by Lib of Botanical D

ept user on 27 D
ecem

ber 2024



was repeated for wild-type and MpMCAcomp genetic backgrounds. 
Thus, we compared the ratios (FRET/CFP) in the antheridia of the dif-
ferent genotypes, revealing that the [Ca2+]cyt in Mpmca antheridia 
was lower than that in the wild-type and MpMCAcomp lines (Fig. 2, 
G and H). These results indicate that MpMCA is involved in regulating 
[Ca2+]cyt during antheridium development and possibly mediates 
cell division during spermiogenesis via Ca2+ signaling.

Collectively, MpMCA regulates [Ca2+]cyt in regions with high di-
vision activity, such as the apical notch in the thalli and develop-
ing sexual organs.

MpMCA regulates cytoplasmic Ca2+ concentration 
during gemma hydration to germination and in 
response to osmotic stress
We generated wild-type and Mpmca transgenic plants expressing 
YC3.60 under the control of the MpEF promoter (proMpEF: 
YC3.60), which is active in meristematic cells (Althoff et al. 2014; 
Tse et al. 2024) to examine whether MpMCA regulates [Ca2+]cyt in 
the notch and in the area surrounding the notch. We then analyzed 
the [Ca2+]cyt dynamics of dormant gemmae during hydration and 
germination every 5 min for 18 h. The ratio (FRET/CFP) at the notch 
area in the gemma of the wild type increased slightly during the ob-
servation period, but this increase was not detected in Mpmca. In 
particular, we compared the YC3.60 ratios of the wild-type and 
mutant plants 15 h after the start of the experiment, where the dif-
ference was significant (Figs. 3, A to C, Supplementary Videos S1
and S2). This result showed that the [Ca2+]cyt in the area surround-
ing the notch in the gemma of the wild type was higher than that in 
Mpmca, suggesting that MpMCA is involved in the regulation of [Ca2 

+]cyt during hydration and germination. Furthermore, a dot-like 
pattern of high [Ca2+]cyt was observed in the central area of the 
wild-type gemmae but not in the Mpmca gemmae (Fig. 3, A and B). 
Rhizoid precursor cells, which are larger and paler than the sur-
rounding epidermal cells in the bright field (BF) observation, were 
found in the central area of the gemma in the wild type (Proust 
et al. 2016). Comparison between BF and FRET images on the surface 
of gemmae at 1 h after hydration revealed overlaps of dot-like FRET 
signals with translucent rhizoid precursor cells (Fig. 3D), which al-
lowed us to find that the number of rhizoid precursor cells was 
significantly lower in Mpmca gemmae than that in the wild 
type (Fig. 3, D and E). Furthermore, because AtMCA1, NtMCAs, 
and OsMCA are implicated in the mechanical stress signaling 
(Nakagawa et al. 2007; Kurusu et al. 2012a, 2012b), hyperosmotic 
stress by exogenous application of mannitol was given to 8-d-old 
gemmaling highly expressing proMpEF:YC3.60. After the addition 
of mannitol, [Ca2+]cyt in the notch surrounding area was elevated 
to about 1.5 times than the basal level before addition in the wild 
type (Fig. 4A; Supplementary Video S3), while [Ca2+]cyt was elevated 
to approximately 1.2 times than the basal level in Mpmca (Fig. 4B; 
Supplementary Video S4).

Overall, these results suggested that MpMCA is required for the 
regulation of [Ca2+]cyt under both mechanically non-stressed and 
stressed conditions.

MpMCA is essential for the normal growth 
and development of the vegetative tissue
We generated Mpmca by gene editing with CRISPR/Cas9 using wild- 
type Tak-2 × Tak-1 spores to further characterize the function of 
MpMCA (Fig. 5, Supplementary Fig. S2). When plants were cultured 
from a gemma for 1 mo under continuous white light conditions 
on half-strength Gamborg’s B5 agar medium with sucrose, the thalli 
of the wild-type accessions (Tak-2 for females [WT(F)] and Tak-1 for 

males [WT(M)]) had several branches with multiple gemma cups 
(Fig. 5, A(a) and A(e)). The thalli of WT(F) were curled (Fig. 5A(a)), 
whereas those of WT(M) were flattened (Fig. 5A(e)). However, 
the thalli of the Mpmca lines (Mpmca-1ge(F) and Mpmca-2ge(M)) 
(Fig. 5A(b) for female lines, and f for male lines) exhibited a smaller 
surface area, decreased branching, a smaller number of gemma 
cups, and lower fresh weight than the wild type (Fig. 5, A(b), A(f), B 
and C). Furthermore, mutant thalli were curled irrespective of sex 
(Fig. 5, A(b) and A(f)). These mutant phenotypes were complemented 
by introducing MpMCA cDNA containing CRISPR/Cas9-resistant 
synonymous mutations (MpMCAcomp) (Fig. 5, A(c) and A(g)). These 
results indicated that MpMCA is required for vegetative tissues to 
grow and develop.

We performed a thymidine analog EdU incorporation assay to 
visualize S-phase progression and further characterize the growth 
of vegetative tissue in Mpmca. Strong EdU incorporation was con-
fined to the apical notch region containing meristematic cells in 
3-d-old gemmae of the wild type and complement lines (Fig. 5D). 
EdU incorporation was also observed in the apical notch region in 
Mpmca but was significantly decreased and sparse compared 
with that in the wild-type and complemented lines (Fig. 5, D and 
E). Bifurcation of both the notch and EdU incorporation areas (ar-
rowheads in Fig. 5D), indicative of branching of thalli, was observed 
in the wild type and the complemented line after 7 d, while such bi-
furcation was rarely observed in Mpmca at this stage (Fig. 5, D and 
E), consistent with the reduced branching in Mpmca (Fig. 5, A(b) and 
A(f)). Importantly, the EdU incorporation area (Fig. 5D) overlapped 
with strong MpMCA expression sites visualized in the proMpMCA: 
Citrine-NLS line (Fig. 5F). In addition, the expression of MpCYCD;1, 
a gene encoding a D-type cyclin that serves as a cell division marker 
in M. polymorpha (Ishida et al. 2022), was significantly lower in 
Mpmca than in the wild type (Fig. 5G). These results indicated 
that the growth defect in Mpmca was due to the inhibition of cell 
proliferation during vegetative growth. Furthermore, these results 
were supported by the analysis of the two allelic Mpmca mutants 
in the proMpMCA:YC3.60 transgenic background. These mutant 
gemmalings exhibited severe growth defects and a coordinated de-
crease in the gemma cup with a decrease in MpCYCD;1 gene expres-
sion on Day 21 (Supplementary Fig. S3, A to E).

When we observed the apical notch of the wild-type and Mpmca 
dormant gemmae in the cup with transmission electron microscopy 
(TEM), many lipid body-like structures were observed in the notch 
region of the gemma of the wild type (Fig. 5H(a)), while the structure 
was rarely observed in that area in the Mpmca (Fig. 5H(b)) and imma-
ture gemmae connected to the stalk (Fig. 5, H(c) and H(d)). These ob-
servations suggested that lipid storage associated with dormancy is 
arrested in Mpmca. In addition, the primary cell wall and middle la-
mella were observed in the wild-type gemma (inset of Fig. 5H(a)), 
but it was difficult to distinguish the primary wall from the 
middle lamella in Mpmca (inset of Fig. 5H(b)). This suggested that 
the cell wall composition of Mpmca was different from that of the 
wild type.

To know where MpMCA functions in the apical notch cells, 
we generated Mpmca mutant producing a mNeonGreen fusion 
protein to the C-terminus of the full-length MpMCA (MpMCA_ 
mNeonGreen) by introducing MpMCAproMpMCAcomp_mNeonGreen. 
The expression of MpMCA-mNeonGreen complemented Mpmca 
mutant phenotypes (Supplementary Fig. S4). Fluorescence of 
MpMCA-mNeonGreen was present in the plasma membrane of ap-
ical notch cells (Fig. 5, I(a) and I(c)). The fluorescence was obviously 
detected on the cell membrane associated with the neighboring 
cells, but not on the outermost cell side (Fig. 5I(a)), suggesting the po-
larized localization of MpMCA.
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Collectively, these results indicated that MpMCA regulates 
vegetative growth and development via the maintenance of cell 

proliferation on the plasma membrane in the apical notch 

regions.

MpMCA is necessary for sexual reproduction
Sexual reproduction in M. polymorpha is induced by supplementa-
tion with FR irradiation under long-day conditions. Wild-type, 
Mpmca, and MpMCAcomp lines were grown under continuous 

A

B

C D E

Figure 3. [Ca2+]cyt change and the rhizoid precursor cells of wild-type and Mpmca mutants expressing proEF:YC3.60. A,B) [Ca2+]cyt changes during just 
after gemma hydration to germination. The upper images are the ratio images (FRET/CFP) in wild type (A) and Mpmca (B) lines, respectively. The left 
panel shows ratio changes of the ROI (a white circle in A1 or B1) at a notch region. The right panel shows the intensity of CFP and FRET of the ROI (a white 
circle in A1 or B1). Numbers in the left panel correspond to each image number of A or B. C) Comparison between wild-type and Mpmca ratios at 1 h or 
15 h after hydration, respectively (n = 5). Letters indicate significant difference by ordinary one-way ANOVA and Tukey’s multiple comparison test (P < 
0.01). D,E) BF, FRET, CFP, and ratio images of the surface of gemmae at 1 h after hydration D) and the number of the rhizoid precursor cells E). 
Arrowheads show the rhizoid precursor cells. Asterisks indicate significant difference compared with Mpmca by Student’s two-tailed unpaired t-test 
(****; P < 0.0001). Scales bars = 100 µm.
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white light for 7 d and then irradiated with supplemental FR to in-
duce gametangiophore formation to investigate the role of 
MpMCA in sexual reproduction (Fig. 6, A and B). In female lines, ar-
chegoniophore formation in the wild type began approximately 14 
d after FR irradiation (Fig. 6, A(a) and C). However, in Mpmca, ar-
chegoniophore formation was significantly delayed, and the total 
number of archegoniophores was greatly decreased compared 
with that in the wild type (Fig. 6, A(b) and C). The defects in the 
timing and number of archegoniophore formations were comple-
mented by the introduction of MpMCAcomp (Fig. 6, A(c) and C). In 
male lines, antheridiophore formation in the wild type was ob-
served ca. 9 d after FR irradiation (Fig. 6, B(a) and D), which is ear-
lier than archegoniophore formation in the wild-type females 
(Yamaoka et al. 2018). In Mpmca, the antheridiophore formation 
was minimally induced (Fig. 6, B(b) and D). In MpMCAcomp male 
lines, antheridiophore formation recovered but was delayed com-
pared with that in wild-type males (Fig. 6, B(c) and D). These re-
sults indicated that MpMCA is required for sexual reproduction.

MpMCA is involved in the development 
of gametangia
Cross sections of the archegoniophores were observed using light 
microscopy (LM) and TEM to compare the morphology of archego-
nia in Mpmca with that of the wild type. The egg cells in the wild 
type were round, the surface was smooth, and the cells surround-
ing the egg cells were well organized (Fig. 6, A(e) and A(f)). However, 
egg cells and surrounding cells were distorted in Mpmca (Fig. 6, A(g) 
and A(h)), indicating that archegonial development was impaired 
in Mpmca. A wild-type sperm droplet was applied to archegonio-
phores in female lines of wild type, Mpmca, and MpMCAcomp to ex-
amine whether successful fertilization was performed in the egg 
cells of Mpmca. Although sporangia formation was observed in 
wild type (Fig. 6A(i)) and MpMCAcomp (Fig. 6A(k)) plants, sporangia 
were rarely formed in Mpmca (Fig. 6A(j)), indicating that MpMCA 
was required for successful fertilization.

During antheridiophore development in the wild type, the an-
theridial receptacle showed a shallow cup-like structure with a 
bump at the center (Fig. 6B(e)) (Higo et al. 2016). Antheridiophores 
were scarcely formed in Mpmca (Fig. 6B(b)), and even if they 
did form, their development was immature (Fig. 6B(f)). When water 
was applied to the top of the mature antheridial disks, sperm were 
released in the wild type (Fig. 6B(i)) and MpMCAcomp (Fig. 6B(j)), but 
not in Mpmca. When sperm nuclei were observed with DAPI stain-
ing, the shape of the sperm nuclei did not differ between the wild 
type (Fig. 6B(i)) and MpMCAcomp (Fig. 6B(j)). We collected antheri-
diophores from the wild type (at Stages 1 to 4) and from Mpmca 
and observed them using LM and TEM to examine whether the for-
mation of antheridia was arrested in Mpmca. At Stage 3, immature 
antheridia were observed in the wild-type lines (Fig. 6B(l); LM). 
Higher magnification images showed that spermatogenous cells 
(SC) repeatedly divided to form many uniform SC cells (Fig. 6B(m); 
LM). In contrast, the antheridiophores of Mpmca contained many 
antheridia (Fig. 6B(n); LM), but the cell size and shape of SC were dis-
organized, suggesting that cell division of SC was impaired in 
Mpmca (Fig. 6B(o); LM). When we further compared the structure 
of the wild type with that of Mpmca using TEM, jacket cells and 
SC were relatively uniform and surrounded by a cell wall of nearly 
uniform thickness in the wild type (Fig. 6B(p)), whereas the shapes 
of both jacket cells and SC were distorted in Mpmca (Fig. 6B(r)). In 
addition, SC in the wild type contained normal nuclei, small va-
cuoles, and plastids (Fig. 6B(q)), whereas SC in Mpmca was filled 
with granular structures, suggesting that cell division was impaired 

and cell death occurred in Mpmca (Fig. 6B(s)). These results indi-
cated that MpMCA is essential for coordinated cell division during 
spermiogenesis.

A

B

C

Figure 4. [Ca2+]cyt change induced by osmotic stress at the notch of 
wild-type and Mpmca mutants expressing proEF:YC3.60. A,B) [Ca2+]cyt 

changes before and after the addition of mannitol solution. 8-d-old 
gemmaling was mounted on the glass-bottomed dish and covered with a 
small amount of 1/2 Gamborg’s medium. For giving osmotic stress, 1/2 
Gamborg’s medium containing 0.4 M mannitol solution was added to the 
dish to a final concentration of 200 mM. Arrowheads show timing when 
mannitol solution was added. The upper images are the ratio images (FRET/ 
CFP) in wild-type (A) and Mpmca (B) lines, respectively. The under panel 
shows ratio changes of the ROI (a white circle in A1 or B1) at a notch region. 
The data were collected every 6 s for 18 min. Scales bars = 100 µm. C) 
Comparison between wild-type and Mpmca ratios before or the maximum 
value after the addition of mannitol solution, respectively. Letters indicate 
significant difference by ordinary one-way ANOVA and Tukey’s multiple 
comparison test (P < 0.01). The data were expressed as mean ± SD (n = 5).
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MpMCA functions in very early stage 
of gametangiophore development
The early developmental stages of antheridiophore formation 
were examined using LM and TEM to further examine the role 
of Mpmca in gametangiophore formation (Fig. 6, E to G). The ga-
metangiophores started to emerge 8 or 9 d after FR irradiation 
in the wild-type male line (Fig. 6D). Thus, we fixed the thalli 
of wild-type and Mpmca days after FR irradiation and observed 
the vertical sections, which are perpendicular to the midrib at 
the notch, using LM and TEM (Fig. 6F). A part of the immature 
tissue of the gametangiophore was observed as a cell clump 
only on one side of the bifurcated notches in the wild type using 
LM (Fig. 6, F(a) and F(c)). However, the bifurcated notch was un-
clear, and cell clumps could not be observed in Mpmca (Fig. 6, 
F(b) and F(d)). Some undifferentiated and round cells were 
observed at the surface of the cell clump in the wild type 
using TEM, but not in the notch region of Mpmca (Fig. 6, F(e) 
and F(f)). Furthermore, 7 d after FR irradiation, very small 
antheridiophores with early stage antheridia were observed 
on the ventral side of the wild-type thalli using field emission 
scanning electron microscopy (FE-SEM) (Toyooka et al. 2023). 
Therefore, these LM, TEM, and FE-SEM observations show that 
MpMCA functions in the very early stages of gametangiophore 
development.

Function of MpMCA in growth and development 
in M. polymorpha is conserved in AtMCA1
We examined whether MpMCA could complement lethality in the 
S. cerevisiae mid1 cch1 double mutant, similar to seed plant MCAs. 
Compared with the empty vector control cells, FLAG-tagged 
AtMCA1 or AtMCA2 partially rescued this lethality. FLAG-tagged 
or untagged MpMCA weakly complemented lethality at a level 
comparable to AtMCA2 expressing cells (Supplementary Fig. 
S5A). However, unlike AtMCA1 and AtMCA2, MpMCA exhibited 
no detectable complementary activity for Ca2+ uptake defects 
in the mid1 cch1 double mutant (Supplementary Fig. S5B). 
MpMCA or AtMCA1 was introduced into cells of the low-affinity 
Ca2+-uptake-deficient yeast mutant strain K667 to determine 
whether MpMCA has Ca2+ transport activity in yeast cells. This 
strain is a triple mutant strain deficient in the vacuolar ATPase 
PMC1, vacuolar H+/Ca2+ exchanger VCX1, and calcineurin regula-
tory subunit CNB1, and shows Ca2+-uptake deficiency and low Ca2 

+ tolerance (Cunningham and Fink 1996; Pittman and Hirschi 2001). 
Cells of the transgenic K667 strain expressing MpMCA or AtMCA1 
grew well on a plate containing an ordinary concentration of 
CaCl2 (1 mM), similar to those containing the empty vector. 
However, they were slightly sensitive to 50 and 100 mM Ca2+, sug-
gesting that MpMCA and AtMCA1 are involved in regulating Ca2+ 

homeostasis, at least in the K667 strain (Supplementary Fig. S6).
The MpMCA promoter-driven A. thaliana MCA1 gene construct 

(proMpMCA:AtMCA1) was introduced into Mpmca to test whether 
the function of MpMCA is conserved during land plant evolution. 
Growth defects in gemmaling and thalli in the Mpmca lines were 
complemented by the introduction of AtMCA1 (Fig. 5, A(d) and 
A(h)), indicating that AtMCA1 retains the ability to regulate 
growth and development in M. polymorpha.

When grown under continuous white-light conditions for 7 d 
and then irradiated with supplemental FR (Fig. 6, A to C, and D), 
the defect in archegoniophore formation of Mpmca was comple-
mented strongly by introducing AtMCA1 into female lines (Fig. 6, 
A(d) and C); however, the complementation was less in AtMCA1 
male lines than MpMCAcomp male lines (Fig. 6, B(d) and D). 

When the egg cell of AtMCA1 was crossed with wild-type sperm, 
sporangia formation was observed, indicating that the egg cell of 
AtMCA1 was successfully fertilized (Fig. 6A(l)). In male lines, 
growth inhibition of antheridia in Mpmca was rescued by 
AtMCA1 (Fig. 6B(d)), and the shape of the sperm nuclei in 
AtMCA1 lines was not different from that of the wild type 
(Fig. 6A(k)). These results suggested that AtMCA1 complements 
most defects in the growth and development of thalli, gametan-
giophores, and gametangia in Mpmca.

Both MpMCA and AtMCA had partial MCA in yeast, but only 
AtMCA1 had Ca2+ uptake activity (Supplementary Fig. S5B). In 
contrast, AtMCA1 regulated the growth and development of the 
thalli, gametangiophores, and gametangia in M. polymorpha.

Discussion
MCA is a land plant-specific protein associated with mechanosen-
sitive channel activity that permeates Ca2+ ions (Nishii et al. 2021) 
and has been characterized as a pivotal molecule that regulates 
plant growth and development (Kurusu et al. 2013; Rosa et al. 
2017). However, how MCA regulates plant growth and develop-
ment remains unclear. Our detailed analysis of the liverwort M. 
polymorpha MCA ortholog MpMCA sheds light on the role of MCA 
in growth and development and the possible link between Ca2+ 

signaling and cell proliferation in land plants.

MpMCA is essential for regulating [Ca2+]cyt at the 
actively dividing cells
AtMCA1 and/or AtMCA2 are involved in [Ca2+]cyt increase induced 
by various exogenous stresses, including hypergravity, cold, and os-
motic stresses (Nakagawa et al. 2007; Yamanaka et al. 2010; Mori 
et al. 2018; Hattori et al. 2020; Nakano et al. 2021; Okamoto et al. 
2021; Nakano et al. 2022). NtMCA1/2 and OsMCA can regulate a 
[Ca2+]cyt increase induced by hypoosmotic stress in yeast cells or 
cultured cells of tobacco and rice (Kurusu et al. 2012a, 2012b). 
However, it remains unclear whether MCAs are involved in regulat-
ing [Ca2+]cyt in cell proliferation and differentiation during normal 
growth and development under conditions free of external stress. 
We found that MpMCA is a plasma membrane protein (Fig. 5) and 
involved in the external osmotic stress (Fig. 4). In addition, we exam-
ined the potential involvement of MpMCA in regulating [Ca2+]cyt 

during normal growth and development of M. polymorpha plants to 
clarify this. Cell proliferation activity decreased at the apical notch 
in the Mpmca mutant (Fig. 4), concomitant with lower [Ca2+]cyt at the 
apical notch in the mutant than in the wild type under external 
stress-free conditions (Fig. 2, B and C) and lower [Ca2+]cyt changes 
during hydration to germination (Fig. 3). Thus, our findings indi-
cated that MpMCA regulates [Ca2+]cyt at the plasma membrane of 
the apical notch to maintain cell proliferation.

Furthermore, the imaging of [Ca2+]cyt dynamics in pollen tube 
growth and the related Ca2+ transporters have been studied exten-
sively (Schiøtt et al. 2004; Lucca and León 2012; Chen et al. 2015); 
however, there are few studies on the role of [Ca2+]cyt in pollen de-
velopment and megagametogenesis in angiosperms. In this study, 
Ca2+ imaging in M. polymorpha revealed high [Ca2+]cyt in the archego-
nium, particularly in egg cells, in female wild-type plants, and in 
the developing antheridium in male wild-type plants. However, 
[Ca2+]cyt was significantly lower in the same tissues of Mpmca 
than in the wild type. Severe defects in gametophore formation 
and impaired fertility observed in the Mpmca mutant suggest that 
MpMCA is essential for regulating [Ca2+]cyt, leading to the develop-
ment of reproductive tissues and fertilization. As both egg cell 
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formation and spermiogenesis result from active cell proliferation 
and differentiation that can produce intercellular mechanical pres-
sure, MpMCA may be involved in the Ca2+ signaling pathway in-
duced by endogenous mechanical forces in both vegetative 
growth and sexual reproduction.

MpMCA regulates plant growth and development 
through the control of cell division and 
morphogenesis during both vegetative growth 
and sexual reproduction
The growth and development of dicot mca mutant plants, including 
Arabidopsis and N. tabacum, are mild under stress-free conditions, 

and growth defects appear only under severe stress conditions 
(Nakagawa et al. 2007; Yamanaka et al. 2010; Kurusu et al. 2012b; 
Mori et al. 2018; Hattori et al. 2020; Okamoto et al. 2021). In contrast, 
in monocots, mca mutant plants, including Oryza sativa (pad, dwarf, 
and multi-tillering1 [dmt1] mutant) and Zea mays (nod mutant), exhibit 
prominent growth and developmental defects under stress-free 
conditions (Liu et al. 2015; Rosa et al. 2017; Liang et al. 2020). 
Similar to monocot mca mutant plants, Mpmca mutants showed 
severe growth and developmental defects even under external 
stress-free conditions, including slower growth and organ initiation 
during vegetative growth, impaired sexual reproduction, and mal-
formation of gametophore organs and tissues. The only subtle 

A

D F

H

I

E G

B C

Figure 5. Phenotype in the vegetative growth of wild-type, Mpmca, and the complemented lines, Mpmca expressing MpMCAcomplement (MpMCAcomp) 
or AtMCA1 (AtMCA1). A) Growth and development of thalli. 4-wk-old thallus female (a–d) and male (e, f) grown on 1/2 Gamborg’s medium containing 
10% sugar under continuous white light. WT(F) and WT(M) are wild-type accessions, Tak-2 and Tak-1, respectively. Scale bars = 1 cm. B,C) Fresh weight 
in 4-wk-old thallus of female or male lines (B, n = 4; C, n = 5). Asterisks indicate significant difference compared with Mpmca by Student’s two-tailed 
unpaired t-test (*; P < 0.05, **; P < 0.01, ****; P < 0.0001). Bars represent mean ± SD. D,E). Analysis of cell proliferation in apical notch region of gemmalings 
in wild-type, Mpmca, and MpMCAcomp male lines. D) EdU incorporated cells (green) in 3-d-old (upper panels) and 7-d-old (lower panels) gemmalings 
after incorporation of EdU for 4 h. Arrowheads show the notch. Scale bars = 100 μm. E) The number of EdU-incorporated cells per single notch in 3-d-old 
gemmalings (n = 10). Whiskers, maximum, and minimum values; box limits, upper, and lower quartiles; center line, median. F) MpMCA-expressed cells 
(green) visualized in proMpMCA:Citrine-NLS (a) in 3-d-old gemmalings. Magenta signal in (b) shows chlorophyll autofluorescence. Scale bars = 100 μm. G) 
Relative expression level of MpCYCD;1 determined by qRT-PCR of 3-d-old gemmalings (n = 3). Letters in (E) and (G) indicate significant difference 
compared with Mpmca by one-way ANOVA and Dunnett’s multiple comparison test (P < 0.01). Bars represent mean ± SD. H) TEM image of the apical 
notch in wild-type (a, c, d) and Mpmca (b) dormant gemmae and wild-type developing gemmae (c, d) on the stalk in the cup. The stage of (c) is earlier than 
that of (d). Arrowheads show lipid bodies. Each inset shows a magnified image of a black square. Brackets in the inset show the primary wall. Middle 
lamella (m). Scale bars = 2 µm. Scale bars in insets = 0.5 µm. I) Localization of MpMCAcomp_mNeonGreen (arrowheads) in the plasma membrane of 
apical notch in gemmae of Mpmca-1ge(F) expressing proMpMCA:MpMCAcomp_mNeonGreen (a). Magenta signal in (b) shows chlorophyll autofluorescence. 
(c) shows an overlapping image of (a) and (b). White dotted line in shows the edge of apical notch. Scale bars = 20 μm.
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defects in dicot mca mutant plants suggest that dicots might have 
evolved an additional mechanical Ca2+ channel system to mediate 
growth and development. For example, Arabidopsis has many 
Ca2+-permeable channel proteins, which are believed to function 
as mechanical Ca2+-permeable channels and potentially play a cru-
cial role in various stress response (Guichard et al. 2022). M. polymor-
pha has a much smaller set of calcium-permeable channel genes, 
five CNGC, one GLR, four OSCA, one PIEZO, and three TPC genes 
(Marchetti et al. 2021; Watanabe et al. 2024; Wu et al. 2022; Radin 
et al. 2021; Hashimoto et al. 2022). Thus, the contribution of 
MpMCA to growth and development could be great in M. polymorpha.

Severe defects in Mpmca mutants were accompanied by mor-
phological changes in the cell wall structure (Fig. 5, H(a) and H(b)) 
and cell wall deformation (Fig. 6, A(l), B(r), and B(s)), suggesting a 
change in the cell wall composition in Mpmca. However, the report 
that AtMCA1 is involved in the perception of cell wall damage in-
duced by an inhibitor of cellulose biosynthesis or a cell wall degra-
dation enzyme in Arabidopsis (Engelsdorf et al. 2018) supports this.

Plants perceive exogenous mechanical stress caused by environ-
mental factors as well as endogenous mechanical stress, which is 
attributed to their own cell division and cellular growth (Hamant 
2013; Sampathkumar 2020; Kouhen et al. 2023). Plant cell division 
depends on the balance between turgor pressure and cell wall re-
sistance to tensile strength (Hamant and Haswell 2017). Plant cells 
and tissues are prestressed structures with high turgor pressure, 
which is 2- to 10-fold greater than the atmospheric pressure (Du 
and Jiao 2020; Long et al. 2020). Therefore, we speculated that 
MCAs could monitor not only exogenous mechanical stress but 
also endogenous mechanical stress to coordinate cell proliferation, 
differentiation, and morphogenesis throughout the life cycle to 
form the proper 3D architecture of plants. Cells constantly receive 
endogenous mechanical cues derived from the cell division and ex-
pansion of themselves or their neighbor cells during vegetative and 
reproductive growth and development. Thus, wild-type cells are 
considered to have responded to these stimuli to regulate [Ca2+]cyt 

and divide normally. In contrast, the Mpmca mutant could not 

A C D
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B

Figure 6. Phenotype in the reproductive phase of wild-type, Mpmca, and the complemented lines, Mpmca expressing MpMCAcomplement 
(MpMCAcomp) or AtMCA1 (AtMCA1). A) Archegoniophore formation and morphological analysis in female plants at 1 mo after FR irradiation (a–d), 
archegoniophore formation (e–h), wild-type (e, f) and Mpmca (g, h) archegonia observed with LM (e, g), and TEM (f, h). In Mpmca, distortion in the egg cell 
and in the cells surrounding egg cell (arrows in h) was observed. (i–l). Sporophyte formation when crossed with wild-type sperms. B) Antheridiophore 
formation (a–d) and morphological analysis in male plants at 1 mo after FR irradiation. Antheridiophore (e–h) and sperm cells stained with DAPI (i–k). 
Cross section of antheridia of wild type (l, m, p, and q) and Mpmca (n, o, r, and s) observed with LM (l–o) and TEM (p–s). Nucleus (N), vacuole (V), and 
plastids (P). C,D) Time-course analysis of archegonia and antheridiophore formation after FR irradiation. Bars represent mean ± SD from five 
independent experiments. E) Scheme of antheridiophore formation and cutting position (red line) for LM and TEM observation. F) Vertical cross section 
to midrib in notch region of thallus at 5 d after FR irradiation. Tissue and cell structure were observed with LM (a–d) and TEM (e, f). Cell clump (arrows) 
observed at one side of notch region of wild type. Square regions (c, d) in b were magnified in c and d, respectively. G) Cross section of immature 
wild-type antheridiophore at 7 d after FR irradiation observed with FE-SEM. (a) A panorama (composite) image of immature antheridia (arrowheads) 
consisting of 35 images. (b) A higher magnification of immature antheridia. Arrowheads show immature antheridium. Square region in b was magnified 
in c and d, respectively. Plastids (P), nucleus (N), and mitochondria (M).
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respond to these endogenous mechanical stimuli, and [Ca2+]cyt was 
lower than that of the wild type, resulting in a decrease in cell divi-
sion activity. The adjustment of [Ca2+]cyt by MpMCA under 
endogenous stress should be associated with the regulation of long- 
term [Ca2+]cyt/Ca2+ homeostasis. Thus, our results suggest the 
possibility that MpMCA functions as a mechanosensitive channel 
that increases [Ca2+]cyt in response to exogenous mechanical stress.

MpMCA might be related to lipid metabolization
TEM electron microscopy revealed the existence of a lipid body-like 
structure in the notch region of the dormant gemma. Lipid bodies 
are plant organelles that compartmentalize neutral lipids into a hy-
drophobic matrix covered by lipid body membrane proteins em-
bedded in a phospholipid monolayer (Guzha et al. 2023). The 
major lipid-body-membrane protein families in seeds are oleosins, 
caleosins, and steroleosins, and neutral lipids are the source of car-
bon and energy for seed germination and growth (Guzha et al. 2023). 
Oleosins play important roles in regulating the biosynthesis, metab-
olism, and mobilization of lipids during seed maturation and germi-
nation (Parthibane et al. 2012). Caleosins contain a calcium-binding 
site, the EF-hand motif, at the N-terminus (Chen et al. 1999). Ca2+ 

and EF-hand are essential for the peroxidase activity of caleosins 
(Hanano et al. 2023). Some caleosins are also expressed in vegetative 
tissues and are induced by drought and osmotic stress in the leaves 
and stems (Aubert et al. 2010). Therefore, caleosins may be involved 
in the Ca2+ signaling pathway induced by drought stress. Lipid body- 
like structures in the notch region were rarely observed in Mpmca 
mutant or developing gemmae. Because caleosin-like genes are 
found in the M. polymorpha genome and MpMCA is required for 
the maintenance of [Ca2+]cyt in the notch region (Fig. 2), MpMCA 
may regulate lipid body formation by regulating [Ca2+]cyt and lipid 
metabolism.

The function of MCAs is widely conserved in land 
plants
The predicted MpMCA protein showed 39.5% and 38.7% amino acid 
sequence identity with AtMCA1 and AtMCA2, respectively (Fig. 1B). 
The approximately 170 amino acid (aa) N-terminal region contain-
ing a transmembrane region plus EF-hand-like domains (“MCAfunc” 
domain: Nishii et al. 2021) was sufficient for Ca2+ permeation activ-
ity in vitro (Nakano et al. 2011). The sequence identity at this 
N-terminal region was higher than that in the full-length region be-
tween MpMCA and AtMCAs (54.4% and 50.9% with AtMCA1 and 
AtMCA2, respectively). AtMCA1, AtMCA2, NtMCA1, NtMCA2, and 
ZmMCA all exhibit the MCA (Nakagawa et al. 2007; Yamanaka 
et al. 2010; Kurusu et al. 2012b; Rosa et al. 2017).

In this study, we found that MpMCA was required for vegetative 
growth and sexual reproduction by regulating cell proliferation 
and differentiation. Our findings indicate that MpMCA modulates 
these phenomena by regulating [Ca2+]cyt levels in the plasma mem-
brane of actively dividing and differentiating cells. However, an in- 
depth understanding of the role of MCAs in regulating [Ca2+]cyt to 
control cell proliferation and differentiation requires further bio-
chemical and biophysical analyses of MpMCAs and other MCAs.

MpMCA has a conserved structural feature and 
activity in land plants
MpMCA is comprised of a single transmembrane segment, an EF 
hand-like motif in the N-terminal region, a coiled-coil motif in the 
middle, and a C-terminal PLAC8 motif (Nakagawa et al. 2007; 
Kamano et al. 2015). Although the sequence similarity of MCAfunc 

domain with AtMCAs was higher than 50%, MpMCA lacks the 

two amino acid residues, corresponding to the Leu20/Ile20 and 
Asp21 of AtMCA1 and AtMCA2, in the transmembrane region 
(Supplementary Fig. S7), which were shown to be involved in Ca2+ 

influx in Arabidopsis (Nakano et al. 2011; Yoshimura et al. 2021). 
In addition, MpMCA contains a Gln residue at a site corresponding 
to the Arg44 of OsMCA1, which is essential for this channel’s func-
tion (Liu et al. 2015) (Supplementary Fig. S7). Furthermore, no de-
tectable Ca2+ transport activity of MpMCA was detected in the 
yeast mid1 cch1 mutant. Nevertheless, MpMCA retained an ability 
to complement the yeast mid1 cch1 mutant. More importantly, the 
Mpmca mutant showed traits similar to those observed in mca mu-
tants of seed plants, such as defects in stress-induced increases in 
[Ca2+]cyt, plant growth and development, and cell proliferation. 
Finally, we demonstrated that AtMCA1 efficiently rescued defects 
in Mpmca mutant plants in both vegetative growth and sexual re-
production. Therefore, the common domain structure and basic 
function of MCAs could have already been established in the com-
mon ancestor of land plants before the ancestors of bryophytes 
and tracheophytes were separated, although the amino acid resi-
dues necessary for MCA function changed in a plant lineage-specific 
manner. Indeed, in the non-vascular plant linages, hornworts, the 
MCA proteins contain Asp, but moss ones contain Asn at the corre-
sponding position to Asp21 of MCA proteins.

Collectively, our results support that MpMCA is either a part of 
a mechanosensitive channel complex or that the presence of 
some species-specific molecules is required for mechanosensitive 
Ca2+ channel activity. To confirm the Ca2+ transport activity of 
MCAs, the electrophysiological and pharmacological analyses 
are essential. Furthermore, structural analysis of MpMCA and 
identification of in vivo interactors of MpMCA should help us re-
veal the role of MpMCA in the regulation of [Ca2+]cyt.

Materials and methods
Plant materials and growth conditions
The male and female M. polymorpha accessions, Takaragaike-1 
(WT(M)) and Takaragaike-2 (WT(F)), respectively (Ishizaki et al. 
2008), were used as wild type. Plants were grown on half-strength 
Gamborg’s B5 medium (Gamborg et al. 1968) with or without 1% 
sugar containing 1% agar or on vermiculite supplemented with 
1/2000-strength HYPONeX (Hyponex Japan, Osaka, Japan) under 
continuous white light from a cold cathode fluorescent lamp (50 
to 60 µmol photons m−2 s−1; OPT-40C-N-L., Optorom) at 22°C. To 
induce reproductive growth, 5-d-old gemmalings or older thalli 
were transferred to white-light conditions supplemented with 
FR (30 μmol photons m−2 s−1, VBL-TFL600-IR730∗, Valore, Kyoto, 
Japan). F1 spores were generated by crossing Takaragaike-1 and 
Takaragaike-2 and used for the transformation of sporelings.

Plasmid construction, transformation, 
and selection of transformants
Oligo DNAs used in this study are listed in Supplementary 
Table S1.

To generate proMpMCA:GUS or proMpMCA:Citrine_NLS, the 
5067 bp promoter sequence of MpMCA was amplified from wild-type 
genomic DNA with the primer pair MpMCApro_FW1/MpMC 
Apro_RV1 and cloned into the pENTR/D-TOPO entry vector 
(Thermo Fisher Scientific). Then, the cloned sequence was trans-
ferred to pMpGWB104 or pMpGWB115, respectively (Ishizaki et al. 
2015), with LR Clonase II (Thermo Fisher Scientific).

To generate pMpGWB301_proMpMCA, pMpGWB301 was digested 
with XbaI and then the promoter sequence of MpMCA was amplified 
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from MpMCApro/pENTR with the primer pair MpMCApro_ FW2/ 
MpMCApro_RV2. The proMpMCA PCR fragment was inserted into 
the XbaI site of pMpGWB301. To generate pENTR/ 
D-TOPO_MpMCA, MpMCA cDNA was amplified from an M. polymor-
pha cDNA library with the primer pair MpMCA_F1/MpMCA_F2 and 
cloned into the pENTR/D-TOPO entry vector.

To obtain the plants expressing yellow cameleon 3.60 (YC3.60), 
YC3.60 coding sequence, which was codon optimized for 
Arabidopsis, was amplified with the primer pair YC3.60 _FW/ 
YC3.60_RV, and cloned into the pENTR/D-TOPO entry vector. The 
cloned sequence was transferred to pMpGWB301_proMpMCA or 
pMpGWB103 with LR Clonase II to generate proMpMCA:YC3.60 or 
proMpEF:YC3.60, which were introduced into F1 sporelings by 
Agrobacterium-mediated transformation (Ishizaki et al. 2008). After 
transformation, we selected thalli emitting bright fluorescence 
from the plants growing on the agar plates containing hygromycin 
or chlorosulfuron using a fluorescent stereomicroscope (SMZ18, 
Nikon).

To obtain knockout lines of MpMCA, the gRNA oligo DNA sets 
(MpMCA_gRNAI_FW and MpMCA_gRNAI_RV for gRNAI; MpMCA_ 
gRNAII_FW and MpMCA_gRNAII_RV for gRNAII) were annealed 
and then ligated into BsaI-digested pMpGE_En03 vector (Sugano 
et al. 2018). The resulting constructs were transferred to the 
pMpGE010 or pMpGE011 binary vector (Sugano et al. 2018) to gener-
ate pMpGE010_MpMCA_gRNAI, pMpGE011_MpMCA_gRNAI, and 
pMpGE010_MpMCA_ gRNAII. These constructs were introduced 
into F1 sporelings or regenerating thalli of proMpMCA:YC3.60 
or proMpEF:YC3.60 expressing plants via Agrobacterium (Kubota 
et al. 2013). In order to isolate Mpmca mutants, the gRNAI- or 
gRNAII-targeted regions (Supplementary data S4) was amplified 
with genomic DNAs prepared from transformed thalli using the pri-
mer pair MpMCA_FW2/MpMCA_RV2. PCR products were directly 
sequenced with BigDye Terminator v3.1 (Thermo Fisher Scientific).

To obtain complementation lines in Mpmca (gRNAI) mutant back-
ground, MpMCA cDNA with synonymous substitutions that confer 
resistance to MpMCA_gRNAI (Supplementary data S4A), were 
made. First, by using the XhoI fragment containing gRNAI-target re-
gion (496 bp) from pENTR/D-TOPO_MpMCA as a template, two PCR 
fragments that were overlapped at the gRNAI target site and carried 
the synonymous substitutions were amplified with the primer sets; 
MpMCA_Xho1_FW/MpMCA_G1_comp_RV and MpMCA_G1_comp_ 
FW/MpMCA_Xho1_RV. Then, using two resulting DNA fragments 
as templates, the XhoI fragment containing gRNAI-synonymous 
substitution were amplified by overlap extension PCR with the pri-
mer pair MpMCA_Xho1_FW/MpMCA_Xho1_RV. The resulting frag-
ment was then inserted into XhoI site of pENTR/D-TOPO_MpMCA 
and then transferred into pMpGWB301_proMpMCA with LR reaction 
to generate pMpGWB301_proMpMCA: MpMCAcomp. The resulting 
complementation vector was introduced into regenerating thalli of 
Mpmca (gRNAI) plants via Agrobacterium (Kubota et al. 2013).

To obtain complementation lines expressing mNeonGreen in 
Mpmca (gRNAI) mutant background, MpMCAcomp without stop 
codon was fused with mNeonGreen, which was amplified from 
the enhanced Nano-lantern (eNL) (Suzuki et al. 2016) with the primer 
pair mNG_FW/mNG_RV. The PCR fragment was cloned into the 
pENTR/D-TOPO entry vector (MpMCAcomp_mNeonGreen) and 
then transferred into pMpGWB301_proMpMCA with LR reaction 
to generate pMpGWB301_proMpMCA: MpMCAcomp_mNeonGreen.

To obtain complementation lines in proMpMCA:YC3.60-express-
ing Mpmca (gRNAI) mutant background, crossing with complemen-
tation lines expressing MpMCA cDNA with CRISPR/Cas9-resistant 
synonymous mutations was done and Mpmca lines expressing 
both proMpMCA:YC3.60 and proMpMCA: MpMCAcomp were selected.

To obtain Mpmca (gRNAI) mutant lines expressing AtMCA1, 
AtMCA1 cDNA was amplified from an Arabidopsis cDNA library 
(Fujita et al. 2003) with a primer pair AtMCA1_FW/AtMCA1_RV 
and cloned into pENTR/D-TOPO. The cloned sequence was then 
transferred to pMpGWB301_proMpMCA with LR reaction to gener-
ate pMpGWB301_proMpMCA:AtMCA1. The binary vector was in-
troduced into regenerating thalli of Mpmca (gRNAI) plants via 
Agrobacterium.

GUS staining
For detection of GUS activity in situ, samples were incubated for 
from 6 to 18 h at 37°C in X-Gluc solution (2 mM 5-bromo- 
4-chloro-3-indolyl β-D-glucuronic acid, 50 mM sodium phosphate 
buffer, pH 7.0), and then washed with 70% to 100% ethanol (v/v) 
threee or four times in order to remove chlorophyll. The images 
were obtained using a stereomicroscope (SMZ18, Nikon) or a digital 
camera (EOS Kiss X90, Canon).

Fluorescent imaging
For fluorescent imaging (Fig. 1), the samples were illuminated with 
blue green excitation light for Citrine and the images were obtained 
using a 535/40 emission filter with an inverted microscope (Axio 
Observer, Zeiss). For fluorescent imaging (Fig. 5D), the samples 
were excited with 514 nm laser for Citrine fluorescence or with 
670 nm for chloroplast autofluorescence and the images were ob-
tained in the range of 519 to 586 nm or 654 to 779 nm with confocal 
laser scanning microscopy (LSM) (TCS SP8 X FALCON; Leica 
Microsystems). For fluorescent imaging (Fig. 5I), the samples were 
excited with 491 nm laser for mNeonGreen fluorescence with LSM.

Ca2+ imaging system
For FRET imaging, the YC3.60-expression samples were imaged 
with a Zeiss inverted microscope (Axio Observer, ZEISS) equipped 
with a LED light (Prizmatrix), an EM-CCD Evolve 512 camera 
(Photometrics), and a filter exchanging system (Prior). The samples 
were illuminated with blue excitation light (438/24–25) for YC3.60, 
and imaging of the YC3.60 emission ratio was accomplished using 
two emission filters (483/32 for CFP, 535/40 for cpVenus). The 
FRET (cpVenus/CFP) ratio was determined using MetaMorph soft-
ware (Molecular Devices, USA). A 10×/0.5 or a 20×/0.8 objective 
lens was used for imaging. Exposure times were 50 to 500 ms, and 
images were collected every 1 s to 5 min. In each experiment, the ra-
tio in a region of interest was measured using the MetaMorph soft-
ware, and it is shown as sequential line graphs. The mean and 
maximum values were calculated using Microsoft Excel.

For hydration and germination experiments, gemmae were 
mounted on the medium containing half-strength Gamborg’s B5 
medium without 1% sucrose and 1% agar (ultralow gelling temper-
ature type IX-A) in moistened glass-bottomed dishes. For the hyper-
osmotic stress experiment, 8-d-old gemmalings were mounted on 
the glass-bottomed dish and covered with a small amount of 
half-strength Gamborg’s B5 medium without 1% sucrose. Finally, 
half-strength Gamborg’s B5 medium containing 0.4 M mannitol 
was added to a final concentration of 200 mM.

Functional characterization of MpMCA in yeast 
cells
The MpMCA cDNA sequence (MpMCA) was cloned into the 
YEplac181-based expression vector pBET that carries the yeast 
TDH3 promotor. Cells of yeast (S. cerevisiae) mutant strain H319 
(MATa mid1-Δ5::HIS3 cch1Δ::HIS3) expressing untagged MpMCA, 
FLAG-tagged MpMCA (MpMCA-FL), AtMCA1-FL, and AtMCA2-FL 
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were cultured at 30˚C in SD.Ca100 medium containing the mating 
pheromone α-factor, as described previously (Nakano et al. 2011). 
The parental strain H207 (MATa MID1+ CCH1+) bearing the empty 
vector was used as a positive control. Before the following experi-
ments, we selected yeast strains that express the same amount of 
MCA protein as each other. For viability assays, the above cultures 
were incubated for 8 h, and the cells were stained with methylene 
blue (MB). MB-negative (viable) and MB-positive (nonviable) cells 
were then counted, and the percentage (%) of cell viability was cal-
culated (Iida et al. 1994; Nakagawa et al. 2007). For Ca2+ uptake as-
says, the above cultures were incubated for 2 h with 45CaCl2, after 
which 45Ca2+ accumulation into the cells was measured, as de-
scribed previously (Iida et al. 1994; Nakagawa et al. 2007).

The yeast complementation assays, using the S. cerevisiae mutant 
strain K667 (cnb1::LEU2 pmc1::TRP1 vcx1Δ) (Cunningham and Fink 
1996), was performed as described previously (Pittman and Hirschi 
2001). The MpMCA cDNA sequence (MpMCA) or AtMCA1 was cloned 
into the yeast expression vector pYES2 that carries the URA3 gene as 
a selection marker and the GAL1 promoter. pYES2::MpMCA, pYES2:: 
AtMCA1, and pYES2 empty vectors were introduced into K667 cells 
by the LiAc/carrier ssDNA/PEG method (Gietz and Schiestl 2007). 
Transformants were selected on synthetic complete (SC)-agar 
medium depleted of uracil (Yadav et al. 2015). Growth test assays 
were performed for the transformants grown for 5 to 8 d on 
SC-agar medium containing 2% agar, 2% galactose, and 1 (as the con-
trol), 50, 100, 125, or 150 mM CaCl2 (high Ca2+).

Visualization of S-phase cells
S-phase cells were visualized with a Click-iT EdU Imaging Kit 
(Thermo Fisher Scientific) as described previously (Nishihama 
et al. 2015; Ishida et al. 2022; Shinkawa et al. 2022). For EdU assay 
on wild type, Mpmca, and MpMCAcomp, 3- or 7-d-old gemmalings 
were incubated with 10 μM EdU for 4 h. Incorporation of EdU was 
terminated by fixing explants with 3.7% formaldehyde solution in 
phosphate-buffered saline (PBS) for 1 h. After permeabilization 
with 0.5% Triton X-100 in PBS for 20 min, EdU incorporated into 
DNA was stained by incubation in the dark with Alexa Fluor 
488-containing Click-iT reaction cocktail for 1 h. After washing 
with PBS containing 3% bovine serum albumin (BSA) and then PBS 
without BSA, the sample was treated with the clearing agent 
(Kurihara et al. 2015). Fluorescence excited by 491 nm laser was 
captured in a range of 498 to 573 nm with LSM or an all-in-one fluo-
rescence microscope (BZ-X700, Keyence). For quantitative analysis 
of EdU-positive nucleus in 3-d-old gemmalings, Z-series of fluores-
cence images with 2 μm steps were captured and EDU-positive nu-
clei were counted manually.

LM and electron microscopy for morphological 
analysis
Sample preparation was performed as described previously (Koide 
et al. 2020). Briefly, the plant materials were fixed with 2.5% (v/v) 
glutaraldehyde and 2% (w/v) paraformaldehyde in 50 mM phos-
phate buffer pH7.2 (PB) at 4°C for more than 3 h. After washing 
with 50 mM PB, the samples were post-fixed with 2% (w/v) osmium 
tetroxide at room temperatures for 2 h. Then, fixed samples were 
washed three times with 8% (w/v) sucrose solution for 30 min, dehy-
drated in a graded series of ethanol, and embedded in epoxy resin 
(Quetol 812; Nisshin EM, Tokyo, Japan). For LM, semi-thin sections 
were cut with a diamond knife using an ultramicrotome (EM-UC6; 
Leica, Wetzlar Germany), mounted on microscope-slides, and 
stained with 1% (w/v) toluidine blue. Samples were observed with 
an LM (Axiophoto; Zeiss). For transmission electron microscopic 

observation, ultra-thin sections (80 nm thick) were cut with a dia-
mond knife using an ultramicrotome (EM-UC6; Leica, Wetzlar, 
Germany), mounted on a one-hole grid with supporting film, and 
stained with 2% (w/v) uranyl acetate and a lead stain solution. 
Samples were observed with TEM (H-7650; Hitachi, Japan) at 
80 kV. For field emission scanning electron microscopic (FE-SEM) 
observation, serial sections (400 nm thick) were cut with a diamond 
knife using an ultramicrotome (EM-UC6; Leica, Wetzlar, Germany), 
mounted on a silicon wafer (380 µm thick; Canosis, Tokyo, Japan) 
and stained with 2% (w/v) uranyl acetate and a lead stain solution. 
Samples were observed with FE-SEM (JSM-7900F; JEOL, Tokyo, 
Japan). Images were obtained at 4 kV. Stacked images were aligned 
using the software (Stacker NEO; JEOL, Tokyo, Japan).

RNA extraction and RT-qPCR
To examine the expression level of MpCYCD;1, total RNA was ex-
tracted from the whole body of 3-d-old gemmaling grown under 
continuous white light. RNA extraction and RT-qPCR were per-
formed as described previously (Ishida et al. 2022). MpEF1 was 
used as internal control for the normalization of the PCR. Primer 
pairs used for each gene are shown in Supplementary Table S2.

Statistical analysis
Statistical analysis was performed with GraphPad Prism software 
Ver. 9.5.0. For the comparison between two groups, an unpaired 
two-tailed t-test was used. For the multigroup comparison, a one- 
way analysis of variance (ANOVA) followed by Tukey’s multiple 
comparison test was done. For comparison of one control group 
with all other group, a one-way ANOVA followed by Dunnett’s 
multiple comparison test was done. The data were expressed 
as mean ± SD. Significance was defined at asterisks (*P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001) or letters.

Accession numbers
Sequence data from this article can be found in the GenBank/ 
EMBL data libraries under accession numbers BFI36503.1.

Marchantia polymorpha gene sequence data from this research 
can be found in the MarpolBase (https://marchantia.info) with 
Mp5g19510/Mapoly0134s0009.
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