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SUMMARY

Plants can propagate their own clones through asexual reproduction. Genetic and hormonal factors regu-
lating asexual reproduction have begun to be elucidated in the liverwort Marchantia polymorpha, which pro-
duces asexual propagules called gemmae within the gemma cups. Here, we report an APETALA2/ETHYLENE
RESPONSE FACTOR (AP2/ERF) family gene, GEMMIFER (MpGMFR), as a key regulator of asexual reproduc-
tion in M. polymorpha. Suppression of MpGMFR function using genome editing and artificial microRNA
(amiRNA) results in the loss of gemma and gemma cup formation. In contrast, activation of MpGMFR function
using a dexamethasone-inducible system promotes gemma and/or gemma cup formation, depending on the
induction conditions. Notably, transient activation of MpGMFR induces gemma initial cells at the meristem,
which develop into mature gemmae that are capable of reproducing as new individuals after detachment.
MpGMFR expression was detected from the meristem through to the early stages of gemma development
including gemma cup floor cells, which precedes the expression of GEMMA CUP-ASSOCIATED MYB1
(MpGCAMT1) in the early gemma development. Expression of MpGCAM1 was promoted by MpGMFR, and
overexpression of MpGCAMT1 partially restored gemma and gemma cup formation in the Mpgmfr mutant.
Taken together, MpGMFR acts as a master regulator for the initiation of gemma and gemma cup develop-
ment by activating MpGCAM1 as a key downstream effector. We anticipate this finding to serve as a foun-
dation for studying the evolution of extra meristem formation in plant bodies, which may have made a signif-
icant contribution to the prosperity of plants on land.

INTRODUCTION

Plants have the remarkable ability to clone new individuals from
their own bodies. This process, called asexual reproduction, oc-
curs at various structures such as, adventitious shoots, bulbils,
tubers, and rhizome buds." Bryophytes often reproduce asexu-
ally through the dispersal of propagules called gemmae, with
species-specific morphology.?® In the liverwort Marchantia pol-
ymorpha, discoid-shaped gemmae are produced in specialized
cup-shaped structures that are called gemma cups, which are
generated periodically along the dorsal midrib of its thalloid
body.* Recent studies on M. polymorpha have begun to eluci-
date the genetic and hormonal regulation of the gemma and
gemma cup development.® An R2R3-MYB transcription factor,
GEMMA CUP-ASSOCIATED MYB1 (MpGCAM1), has been
identified as a gene that is highly expressed in gemma cups.®
Molecular genetic analysis has shown that MpGCAM1 is
required for the formation of gemma cups and gemmae, acting
through the control of cell differentiation. Cytokinin signaling pro-
motes the formation of gemma cups through upregulation of
MpGCAM1 expression.”® KARRIKIN INSENSITIVE2 (KAI2)-

L)

Upaa

dependent signaling promotes gemma cup formation by upre-
gulating the expression of a cytokinin biosynthesis enzyme,
LONELY GUY (MpLOG), leading to the upregulation of
MpGCAM1 expression.”'® Another R2R3-MYB transcription
factor, SHOT GLASS (MpSTG), regulates the shape of the
gemma cup and gemma development.”’ In addition, several
genes are reported to be required for morphogenesis during
early gemma development. MpROOT HAIR DEFECTIVE SIX-
LIKE1 (MpRSL1) transcription factor gene, targeted by the mi-
croRNA FEW RHIZOIDS1 (MpFRH1), is required for cellular
outgrowth at the floor of gemma cup, which later develops into
gemmae.'"® The single-copy RHO of Plant (MpROP) gene
and its regulatory factors are essential for the morphogenesis
of various tissues and organs, including gemmae and gemma
cups.'*"" Signaling by the plant hormones auxin, ethylene,
and jasmonate affects the morphology of gemmae.'®2°
Although these studies have identified a number of genes regu-
lating gemma development, the key genes that control the initi-
ation of the gemma cell lineage remain unknown.

We have previously shown that MpCLAVATA3/EMBRYO
SURROUNDING REGION-related 2 (MpCLE2) peptide signaling

o Current Biology 36, 2413-2423, May 4, 2026 © 2026 The Authors. Published by Elsevier Inc. 2413

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:yuki-hirakawa@hiroshima-u.ac.jp
https://doi.org/10.1016/j.cub.2026.03.083
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2026.03.083&domain=pdf

¢? CellPress

OPEN ACCESS

oroMPE2F:XVE>>amiR-MpGMFR #2

-Est +Est
11 |
21d 0 7d

o—
N
[N

11
21d 0 7d

Current Biology

Mpgmfr-29¢

Number of gemma cups
=

b b
0
WT Mpgmfr Mpgmfr
-19e -20e

-Est +Est

Figure 1. MpGMFR is essential for the formation of gemma cups and gemmae
(A and B) 2-week-old wild type (A) and Mpgmfr-29° (B) plants grown from explants containing an apical notch. Scale bars, 1 cm.

(C) Quantification of the number of gemma cups (n = 16).

(D-G) Effects of MpGMFR knockdown on gemma cup formation in ,,,MpE2F:XVE >> amiR-MpGMFR. Expression of amiR-MpGMFR was induced by 5 uM
p-estradiol (Est) during different periods within the 21 days as indicated below the panels. Scale bars, 1 cm.

In (A), (B), and (D)—(G), arrowheads indicate gemma cups. In (C), the boxes show the median and interquartile range (IQR), and the whiskers extend to 1.5x IQR.
Individual data points are plotted as dots. Statistical significance was determined by two-way ANOVA with Tukey’s post-hoc test; means sharing the same

superscript letters are not significantly different, p < 0.05.
See also Figures S1 and S2.

negatively regulates the formation of gemma cups, in addition to
its function in stem cell identity in the meristem located in the api-
cal notch.?'® In a transcriptome analysis, we have identified
several differentially expressed transcription factor (DETF) genes
in MpCLE2 gain-of-function transgenic lines. Among them,
JINGASA (MpJIN/MpNACS6) affects stem cell fate in the meri-
stem by promoting periclinal cell division.?* In this study, we
report that another DETF gene, GEMMIFER (MpGMFR)/
MpERF14, plays a key role in the initiation of asexual reproduc-
tion. This finding provides a molecular clue to understanding how
plant cell fate is regulated in asexual reproduction.

RESULTS

MpGMFR is essential for the formation of gemma cups
and gemmae

To understand the function of MpGMFR, we generated loss-of-
function alleles using the CRISPR-Cas9 genome editing. Two in-
dependent frameshift alleles (Mpgmfr-19¢ and Mpgmfr-29°) were
obtained (Figures S1A and S1B), and both resulted in the com-
plete loss of gemma cup and gemma formation. For the quanti-
fication, we observed a 2-week-old thallus developed from an
explant containing an apical notch. In the wild type, all examined
plants formed gemma cups on the dorsal surface (Figure 1A). In
contrast, none of the Mpgmfr-29¢ plants formed gemma cups
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and gemmae (Figures 1B and 1C). This Mpgmfr?® phenotype
was partially complemented by the introduction of a gRNA-resis-
tant MpGMFR expressed under its own promoter (Figures S1C
and S1D). To further elucidate the function of MpGMFR, we
generated estrogen-inducible artificial microRNA (amiRNA) lines
that target MpGMFR mRNA using the XVE transactivation sys-
tem (o oMPE2F:XVE >> amiR-MpGMFR). In RT-gPCR assays,
MpGMFR mRNA levels were decreased in a p-estradiol-depen-
dent manner in the ,,MpE2F:XVE >> amiR-MpGMFR plants
compared with those in wild-type plants (Figure S1E). The ,,M-
pE2F:XVE >> amiR-MpGMFR plants grown for 3 weeks on
B-estradiol-free medium formed gemma cups, but those on
5 pM B-estradiol-containing medium did not (Figures 1D and
1E). We transferred the 2-week-old plants from p-estradiol-free
to B-estradiol-containing medium and grew them further for
1 week, or vice versa. The transferred plants lost the formation
of gemma cups and gemmae in a p-estradiol-dependent, revers-
ible manner (Figures 1F and 1G). Collectively, these data show
that MpGMFR is required for the formation of gemma cups
and gemmae in M. polymorpha.

Molecular phylogenetic analysis has shown that M. polymorpha
possesses three genes: MpERF1 (Mp1g20040), MpERF14/GMFR
(Mp4g00380), and MpERF20/LOW-AUXIN RESPONSIVE (LAXR)
(Mp5g06970), in class VIII of the AP2/ERF (ERF-VIII) family.?>*°
A phylogenetic tree of ERF-VIII genes from various land plant
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Figure 2. Expression patterns of MpGMFR in developing gemma and gemma cup

(A) Schematic illustration of the early development of gemma (left) and developing gemma cup (right, modified from Barnes and Lang®®).

(B-l) Confocal imaging of ,,,MpGMFR:H2B-3xCitrine in developing gemmae (B-G) in 14-day-old plants and cross-sections of thallus in 11-day-old (H) and
12-day-old (l) plants. Cell walls were stained with SCRI Renaissance 2200 (SR2200). Asterisks show developing gemmae. Blue and white arrowheads indicate a
subapical cell and apical notches, respectively. An arrow indicates the layer of gemma cup floor cells. Scale bars, 100 um.

See also Figures S3 and S5.

species (Arabidopsis thaliana, Amborella trichopoda, Ginkgo bi-
loba, Salvinia cucullata, Azolla filiculoides, Selaginella moellen-
dorffii, Sphagnum fallax, Physcomitrium patens, Marchantia poly-
morpha, and Anthoceros agrestis) suggests that ERF-VIII can be
divided into three subgroups, each of which contains a single
M. polymorpha gene (Figure S2A). To verify the functional redun-
dancy among ERF-VIII genes in M. polymorpha, we conducted a
complementation test of the Mpgmfr®® phenotype by introducing
the coding sequences of MpERF1 and MpLAXR, respectively,
that are expressed under MpGMFR promoter. Neither construct
complemented the Mpgmfr®® phenotype, suggesting that
MpGMFR plays an essential function in the gemma cup and
gemma formation that cannot be replaced by MpERF1 or
MpERF20/LAXR (Figure S2B).

Transient activation of MpGMFR induces ectopic
gemmae formation

In M. polymorpha, gemmae are generated from the floor cells at
the bottom of the gemma cup. At the initiation of gemma devel-
opment, a gemma cup floor cell protrudes from the epidermal
surface and then transversely divides twice to form three cells:
a gemma cell, a stalk cell, and a basal cell’”-*® (Figure 2A). While

the stalk cell ceases division, the gemma cell continues to divide,
developing into a discoid gemma with two bilaterally located api-
cal meristematic notches. Thus, the gemma cell acts as the initial
cell for the development of gemma.

To analyze the expression patterns of MpGMFR during
asexual reproduction, we observed ,,,MpGMFR:H2B-3xCi-
trine transcriptional fusion reporter lines in cross-sections of
gemma cups cleared via the iTOMEI method,*® using confocal
laser scanning microscopy. The fluorescence signals of
oroMPGMFR:H2B-3xCitrine were detected in the gemma cup
floor cells (Figures 2B-G). In the initial stage of gemma devel-
opment, the signals were also detected in both the gemma
cell and the stalk cell (Figure 2B) but were lost in the gemma
cell after several subsequent divisions (Figure 2C). At a later
stage, the signals were scattered within the developing
gemmae (Figures 2D and 2E). After the formation of meriste-
matic notches at bilateral sites of the gemmae, the signals
were restricted to cells near the notches (Figures 2F and
2G). This pattern is consistent with the promoter activity
observed in gemmae (https://mpexpatdb.org/).>° In the
vertical longitudinal section of the apical notch of mature
plants, the signals were broadly detected at the meristem,
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Figure 3. Transient activation of MpGMFR induces ectopic gemmae formation
(A) Morphology of ,,,MpEFT1a:MpGMFR plant. The right panel shows a magnification of the
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(B) Morphology of apical notch with the ,,,MpYUC2:GUS marker in 4-day-old gemmalings. The right panel shows a magnification of the dashed box in the center

panel. Scale bars, 100 pm.
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except for the central part near the apical/subapical cells
(Figures 2H and S3). The signals were detected in the floor
cells of the immature gemma cup but not in gemmae
developing in the cup (Figure 2I). These data suggest that
MpGMFR expression is associated with the meristematic re-
gion, gemma cup floor cells, and the very early stages of
gemma development.

To understand the function of MpGMFR, we first generated
overexpression lines using the constitutive MpEF7a promoter.
The poMpEF1a:MpGMFR plants result in ball-shaped struc-
tures composed of small immature thalli (Figure 3A). To
analyze the short-term effects of overexpression, we gener-
ated inducible overexpression lines (,,o,MpEF1a:MpGMFR-
GR), in which MpGMFR proteins fused with glucocorticoid re-
ceptor (GR) were expected to be translocated into the nucleus
by dexamethasone (DEX) treatment. In 1-pM-DEX-containing
medium, 4-day-old ,,MpEF1a:MpGMFR-GR gemmalings
formed protruding cells around the apical notch (Figure 3B).
These cells can be stained by ,,,MpYUC2:GUS and have a
morphology that is similar to the gemma cell in the initial
stages of gemma development. However, 9-day-old ,,,M-
PEF1a:MpGMFR-GR plants grown on the DEX-containing me-
dium did not form gemmae and only formed ball-shaped
structures composed of immature small thalli, phenocopying
the constitutive overexpression lines (Figures S4A and S4B).
Since MpGMFR expression is suggested to be transiently
active in the early development of gemmae (Figures 2A and
2B), we hypothesized that the continuous DEX induction of
MpGMFR compromised the normal development of gemmae.
To avoid this, 4-day-old ,MpEF1a:MpGMFR-GR plants
grown on DEX-containing medium were transferred to DEX-
free medium for further growth. 5 days after the transfer, a
number of gemmae were formed on both the dorsal
and ventral sides of the thallus (Figure 3C). The induced
gemmae can be detached with water and contain apical
notches for further growth (Figure 3D). These notches con-
tained apical and subapical cells, showing a cellular arrange-
ment that is characteristic of a typical stem cell zone (Fig-
ure 3E). In contrast to wild-type gemmae, which possess
two apical notches at bilateral sites, the number of apical
notches varied from one to four among the individual induced
gemmae (Figure 3F). In addition to the apical notches, each
induced gemma had a trace of a stalk, with a cell arrangement
similar to that of the wild type (Figure 3E). Although
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these gemmae were smaller than the wild type in overall
size (ground cover area), they were viable and grew normally
on the medium (Figures 3D and 3G). Consistently, 5-day-
old ,,35S:MpGMFR-mVenus gemmalings formed ectopic
gemmae on the surface (Figure 3H). Activities of other ERF-
VIl genes, MpERF1 and MpLAXR, were examined by gener-
ating proMpEFTa:MpERF1-GR and ,,,MpEF1a:MpLAXR-GR
lines. In both cases, ectopic gemmae were not induced in
contrast to ,,MpEFTa:MpGMFR-GR plants, supporting the
notion that ERF-VIIl genes do not exert redundant function
in M. polymorpha (Figures S4C and S4D). Taken together,
these results demonstrate that the transient induction of
MpGMFR leads to the ectopic formation of gemmae that are
capable of reproducing as new individuals.

To investigate the timing of gemma initiation after MpGMFR-GR
induction, we observed apical notches of ,,,MpEF1a:MpGMFR-
GR plants grown for 1-4 days on 1 pM DEX-containing medium.
Onday 2, protruding cells that have undergone transverse division
were observed at the apical notch (Figure 4A). The protruding cells
have undergone a subsequent transverse division to produce a
gemma cell and a stalk cell on day 3. On day 4, the gemma cells
divided further, whereas the stalk cells did not divide, recapitu-
lating the division patterns in the early development of wild-type
gemmae. In some cases, the cell division patterns of the gemma
cell were unusual compared with those in the wild type, which
might be the cause of the malformation of gemmae (Figures 3D
and 3F). In the 3D-reconstructed images of apical notches
of the parent plants, protruding cells and early-developing
gemmae were observed on both dorsal and ventral surfaces in
oroMPEF1a:MpGMFR-GR plants, whereas no gemmae were de-
tected in the wild type (Figures 4B and S4E). These data indicate
that MpGMFR controls the initiation of gemma cell lineage in the
meristem.

Weak induction of MpGMFR promotes gemma cup
formation

To examine the concentration-dependent effects of MpGMFR,
oroMPEF1a:MpGMFR-GR  plants were grown on growth
media containing different concentrations of DEX (Figure S4F).
In contrast to the 1 uM DEX treatment, which only induced the
formation of gemma-like tissues, 10 nM DEX treatment led to
the formation of semi-circular gemma cups near the apical
notches, which contain gemma-like tissues inside, in 7-day-old
plants (Figure 5A). The rim structure of the induced gemma

(C) Morphology of 9-day-old plants grown from gemmae. Wild-type plants were grown for 9 days on normal medium throughout. ,,,MpEF1a:MpGMFR-GR plants
were grown on 1-pM-DEX-containing medium for 4 days, then transferred to DEX-free medium and grown for an additional 5 days. Overall morphology (left),
scanning electron microscopy (SEM) images of the thallus surface (center), and 3D-reconstruction of confocal images of the thallus cross-section (right) are
shown. Scale bars, 1 mm (left), 200 pm (center), or 100 um (right).

(D) Gemma morphology of wild-type (left) and ,,,MpEF1a:MpGMFR-GR (right two panels) plants. Arrowheads indicate meristematic notches. Scale bars, 100 pm.
(E) Confocal imaging of the stem cell zone and the trace of stalk in wild-type (left) and ,,,MpEF1a:MpGMFR-GR (right) gemmae. The stem cell zone is shown in a
single X-Y plane (top) and a reconstructed X-Z orthogonal view (bottom) derived from z stack images. The traces of stalk are shown in a single X-Y plane (top) and
a 3D-reconstructed view (bottom). Scale bars, 25 pm.

(F) Distribution of the number of apical notches per plant (n = 20-23).

(G) Ground cover area of 7- and 14-day-old plants grown from gemmae (n = 18-20).

(H) 3D-reconstructed view of a 5-day-old ,,,35S:MpGMFR-mVenus gemmaling.

In (G), data are represented by mean and SD (bars) with individual data points (dots). Statistical significance was determined by two-way ANOVA with Tukey’s
post-hoc test; means sharing the same superscript letters are not significantly different, p < 0.05.

In (C) and (E), cell walls were stained with SR2200.

See also Figure S4.

Current Biology 36, 2413-2423, May 4, 2026 2417
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(A) Confocal images of the apical notches in wild-type and ,,MpEF7a:MpGMFR-GR plants grown with 1 pM DEX. Panels in the bottom row show high-
magnification views of the apical notches shown in the middle row. Asterisks indicate stalk cells. Scale bars, 50 pm.

(B) 3D-reconstructed view of apical notches in 4-day-old plants.
In (A) and (B), cell walls were stained with SR2200.
See also Figure S4.

cups in 5 MpEFTa:MpGMFR-GR plants was similar to that of
wild-type gemma cups (Figure 5B). These data suggest that
MpGMFR can also induce the formation of gemma cups.

To examine the functional relationship between MpCLE2 and
MpGMFR genes, we generated ,,MpEF71a:MpGMFR-GR lines
in the background of a gain-of-function allele of MpCLE2,
oroMpYUC2:MpCLE2-2.7" In this background, overexpression
of MpCLE?2 resulted in reduced gemma cup formation, accom-
panied by decreased MpGMFR expression.”** For the pheno-
typic analysis, gemmae were first grown on DEX-free medium
for 12 days, followed by an additional 8 days of culture on a
10 nM DEX-containing medium. As a result, two independent
oroMPEF1a:MpGMFR-GR lines showed a significant increase in
the number of gemma cups compared with the background
line (Figures 5C and 5D), suggesting that MpCLE2 overexpres-
sion phenotypes on gemma cup formation can be suppressed
by restoring the reduced MpGMFR expression.

Genetic interaction of MpGMFR and MpGCAM1

Loss-of-function alleles of MpGCAM1 are deficient in gemma
cups and gemmae,® similar to those of MpGMFR. To analyze
the functional relationship between these genes, we compared
their expression patterns during gemma development. While
the MpGMFR expression was detected in gemma cup floor
cells and during early gemma development (Figure 2), the
MpGCAM1-Citrine knockin allele showed strong fluorescence
throughout gemma development, but signals were barely
detectable in gemma cup floor cells®'" (Figure S5A), suggesting
that MpGMFR expression precedes MpGCAM1 expression in
the gemma development. We further examined the expression
levels of each gene in the mutants of the other gene by

2418 Current Biology 36, 2413-2423, May 4, 2026

RT-gPCR assays. In the 6-day-old plants grown from explants
containing an apical notch, the MpGCAM1 mRNA level was
decreased to approximately 4% in Mpgmfr® lines compared
to wild type (Figure 6A). In the 4-day-old gemmalings of the ,,,M-
PEF1a:MpGMFR-GR line grown with DEX, the MpGCAM1
mRNA level was increased to approximately 750% compared
to mock treatment (Figure 6B). Similarly, the mRNA levels of
MpRSL1, MpFRH1, and MpSTG, genes known to be required
for gemmae formation, were increased by DEX treatment in
4-day-old gemmalings of the ,oMpEFT1a:MpGMFR-GR line
(Figure S5B). On the other hand, the MpGMFR mRNA level
was not significantly affected in the Mpgcam1%° line® compared
to wild type in 6-day-old plants grown from explants containing
an apical notch (Figure 6C). In the 4-day-old gemmalings of an
MpGCAM1-GR overexpression line® grown with DEX, the
MpGMFR mRNA level decreased to approximately 74%
compared to mock treatment (Figure 6D). These data suggest
that MpGMFR promotes MpGCAM7 expression while
MpGCAMT1 has little impact on MpGMFR expression.

To further analyze the functional relationship, we introduced
frameshift mutations in MpGCAM1 by using CRISPR-Cas9
genome editing in the ,,MpEFTa:MpGMFR-GR background
(Figures S6A and S6B). As expected, gemma and gemma cup for-
mation were completely lost in these lines, and we used one of
them for further analysis. To analyze the effects on gemma cup for-
mation, explants containing an apical notch were grown on 1 uM
DEX-containing medium for 7 days, followed by an additional
7 days on DEX-free medium. Under these conditions, gemma-
like tissues were formed in 5, MpEF1a:MpGMFR-GR plants. In
contrast, such gemma-like tissues were not observed in the
Mpgcam19® ,,,MpEF1a:MpGMFR-GR line (Figure 6E). Also, we
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Figure 5. Weak induction of MpGMFR pro-
motes gemma cup formation

DEX 10 nM
' §

o MPEF1a:MpGMFR-GR

soMpYUC2MpCLE2-2  ,,,MpYUC2:MpCLE2-2

o N

®

Number of gemma cups

DEX 1 uM (A) Effects of different concentrations of DEX on
gemma cup formation in ,,MpEF1a:MpGMFR-
GR plants. 4-day-old gemmalings were trans-
ferred from normal medium to DEX-containing
medium (0, 10 nM, or 1 pM) and cultured for
7 days. Panels in the bottom row show magnifi-
cations of the dashed boxes in the upper panels.
Scale bars, 5 mm.

(B) SEM images of the gemma cups observed in
20-day-old wild-type plant and 7-day-old ,,,M-
pEF1a:MpGMFR-GR plant. Scale bars, 500 pm.
(C) Effects of MpGMFR-GR induction in MpCLE2
overexpression plant. 12-day-old plants were
transferred from normal medium to 10 nM DEX-
containing medium and cultured for 8 days.
Panels in the bottom row show magnifications of
the dashed boxes in the upper panels. Scale bars,
> 5 mm.

(D) Quantification of the number of gemma cups
shown in (C). The boxes show the median and
IQR, and the whiskers extend to 1.5x the IQR. In-
dividual data points are plotted as dots (n = 4).
Statistical significance was determined by two-
way ANOVA with Tukey’s post-hoc test; means
sharing the same superscript letters are not
significantly different, p < 0.05.

See also Figure S4.

DEX-containing medium for 10 days. In
the background of the MpGCAM1-GR
overexpression line, all observed plants
formed gemmae and gemma cups under
b both mock and DEX treatment. In

b Mpgmfr-3%¢  ,,oMpEF1a:MpGCAM1-GR
I plants, all observed plants failed to pro-

duce gemmae and gemma cups in mock
° treatment. In contrast, a small proportion
l of plants (3/18) formed at least 1 gemma

cup under DEX treatment (Figure 6F).
The induced gemma cups contained
detachable gemmae. Compared with
normal gemmae, they are malformed
and possess 2 or fewer apical notches
and a trace of stalk (Figure S6C). The

ooMPEFTa: , ,MpEF1a:

induced gemmae can grow on medium
and develop a thallus that lacks gemma
cups (Figure S6D). These data show that

MpGMFR- MpGMFR-
GR#2  GR#3

could not observe either the protruding cells or early-stage
gemmae in this line, suggesting that both MpGMFR and
MpGCAMT1 are essential for the initiation of gemma development.
Collectively, these data suggest that gemma development is
initiated through the stepwise function of MpGMFR and
MpGCAM]1.

Next, we introduced a frameshift mutation in MpGMFR by using
CRISPR-Cas9 genome editing (Mpgmfr-3%?) in the M-
PEF1a:MpGCAM1-GR background (Figures S1A and S1B). Ex-
plants containing an apical notch were grown on mock or 10 uM

ooMpYUC2:MpCLE2-2

loss of gemmae and gemma cups in
Mpgmfr mutants can be partially recov-
ered by overexpression of MpGCAM1, suggesting that
MpGCAMT1 is a key factor that acts downstream of MpGMFR.
In addition to the gemma and gemma cup development,
MpGCAM1 was reported to induce an undifferentiated cell clump
when overexpressed.® The formation of a cell clump was
observed in both ,,,MpEF1a:MpGCAM1-GR and Mpgmfr-39°
oroMPEF1a:MpGCAM1-GR plants grown on 10 pM DEX-contain-
ing medium for 14 days (Figure S6E), suggesting that MpGMFR
does not act downstream of MpGCAM1 during the cell clump
formation.
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Figure 6. MpGCAM1 acts downstream of MpGMFR
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\ & -

22/22 0/18
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22/22
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(A and B) Relative expression levels of MpGMFR. 6-day-old plants grown from explants (A) and 4-day-old gemmalings (B) are examined.

(C and D) Relative expression levels of MpGCAM1. 6-day-old plants grown from explants (C) and 4-day-old gemmalings grown with mock or 1 pM DEX (D) are
examined.

(E) Effects of MpGMFR-GR induction in Mpgcam19¢ mutant background. Plants were grown on mock or 1 pM DEX-containing medium for 7 days, then
transferred to DEX-free medium for an additional 7-days to observe the gemma-inducing activity of MpGMFR. Overall plant morphology near the apical notch
(top) and the SEM images of the dorsal surface (bottom) are indicated. Scale bars, 0.5 mm.

(F) Effects of MpGCAM1-GR induction in Mpgmfr-39°. Explants from the tips of thalli were grown with mock or 10 pM DEX for 10 days. Arrowheads indicate
gemma cups. The frequency of plants that formed at least 1 gemma cup is indicated below each panel (n = 18-22). Scale bars, 0.5 mm.

In (A)-(D), the expression levels were normalized to MpAPT and are represented as mean and SD (bars) with individual data points (dots) (n = 3). Statistical
significance was determined by two-way ANOVA with Tukey’s post-hoc test in (A) and Student’s t test in (B)—(D). Means sharing the same superscript letters are

not significantly different, p < 0.05 in (A). In (B)-(D), p value is indicated above each pair of bars.

See also Figures S1, S5, and S6.

DISCUSSION

Due to its nature of autonomous asexual reproduction, the
liverwort Marchantia polymorpha has become an important
model organism for studying the molecular mechanisms of
asexual reproduction. In this study, we identified MpERF14/
GMFR as a key regulator of the initiation of asexual reproduction.
Molecular genetic analysis shows that MpGMFR is required for
the development of gemma cups and gemmae, while overex-
pression of MpGMFR induces gemma cups and/or gemmae in
a dose-dependent manner. When weakly induced, MpGMFR
acts as a positive regulator of formation of gemma cups contain-
ing gemmae, which is consistent with the inhibitory function of
MpCLE2 in gemma cup development, as the expression of
MpGMFR is suppressed by MpCLE2 peptide signaling. Tran-
sient and strong induction of MpGMFR results in the formation
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of ectopic gemmae with a junction to the stalk and meristematic
notches, which enables gemmae to be detached from the
parental plant and grow independently in a remote location. In
contrast to weak induction, which induces the formation of
gemma cups and gemmae, transient and strong induction pro-
motes ectopic gemma formation without concomitant gemma
cup development. We speculate that this is due to the inhibition
of gemma cup formation by the high-level activation of
MpGMFR. Furthermore, continuous and strong induction results
in defective gemma morphology. Given that the expression of
MpGMFR, which begins in the early stage, is progressively
restricted to the vicinity of the meristems during gemma devel-
opment, it is likely that the precise spatiotemporal control of
MpGMFR expression is crucial to this process.

Previous studies show that MpGCAM1 is required for gemma
and gemma cup formation.®¢ In this study, we conducted a
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series of molecular genetic analyses to compare the expression
and function of MpGMFR and MpGCAM1, revealing that
MpGMFR expression precedes MpGCAM1 expression during
early gemma development. Consistent with this pattern, func-
tional analysis showed that MpGCAM1 expression is substantially
reduced in Mpgmfr mutants, in which gemmae fail to form. Impor-
tantly, induction of MpGCAM1-GR in Mpgmfr can partially rescue
gemma and gemma cup development. These findings suggest
that MpGMFR acts as a master regulator that initiates gemma
and gemma cup development by activating MpGCAM1 as a key
downstream effector.

Our phylogenetic analysis suggests that class VIII of AP2/ERF
family proteins can be classified into 3 subgroups, each
comprising genes from major lineages of land plants, including
a single M. polymorpha gene (MpERF1, MpERF20/LAXR, and
MpERF14/GMFR). Thus, three distinct ERF-VIII genes were
already present in the last common ancestor of land plants,
whereas their closest homolog is unclear in the ERF family of
streptophyte algae.?® In Arabidopsis thaliana, AtERF84, which
belongs to the subgroup that contains MpGMFR, has been re-
ported as a positive regulator in drought resistance, while its
function in development is unclear.’’ In M. polymorpha,
MpERF20/LAXR regulates cellular reprogramming during tissue
regeneration in response to reduced auxin levels after the decap-
itation of meristematic notch.>> MpERF20/LAXR is a homolog of
the A. thaliana ENHANCER OF SHOOT REGENERATION 1/
DORNROSCHEN (ESR1/DRN), which promotes stem cell forma-
tion during shoot regeneration.® In the moss P. patens, PPESR
genes promote gametophore apical cell identity, whose expres-
sion is regulated by cytokinin signaling,®* implying deep evolu-
tionary conservation of these genes in controlling stem cell iden-
tity in land plants. The role of MpERF14/GMFR in asexual
reproduction parallels that of the ESR/LAXR genes in the regula-
tion of cell identity, as both lead to the de novo formation of mer-
istems, even though MpERF20/LAXR cannot replace the activity
of MpERF14/GMFR.

In summary, we have presented the identification of
MpERF14/GMFR as a molecular trigger for asexual reproduction
in M. polymorpha. This work provides a foundation for future
studies to elucidate how plants evolved the formation of extra
meristems from their bodies, which may have made a significant
contribution to their prosperity on land.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
Agrobacterium tumefaciens GV3101 (MP90) Widely distributed N/A

Chemicals, peptides, and recombinant proteins

4% Paraformaldehyde, Phosphate Buffer Solution
Tissue-Clearing Reagent iTOMEI-D [for Plants]
Tissue-Clearing Reagent iTOMEI-M (RI 1.40) [for Plants]
SCRI Renaissance 2200

Glutaraldehyde 8% solution

Osmium Tetroxide 2% w/v solution

t-Butyl Alcohol

Nacalai Tesque

Tokyo Chemical Industry
Tokyo Chemical Industry
Renaissance Chemicals

TAAB Laboratories
Equipment Ltd.
TAAB Laboratories
Equipment Ltd.

Nacalai Tesque

Cat# 09154-14
Cat# T3940
Cat# T4003
N/A

Cat# G018/1

Cat# 0018/1

Cat# 06104-25

Critical commercial assays

KOD One PCR Master Mix -Blue

In-Fusion HD Cloning Kit

Gateway LR Clonase Il Enzyme mix

Nucleospin RNA Plant

ReverTra Ace gPCR RT Master Mix with gDNA Remover
TB Green Premix Ex Taq lI(Tli RNaseH Plus)
THUNDERBIRD Next SYBR qPCR Mix

Toyobo

Takara Bio

Thermo Fisher Scientific
Macherey-Nagel
Toyobo

Takara Bio

Toyobo

Cat# KMM-201
Cat# 639633
Cat# 11790120
Cat# U949B
Cat# FSQ-301
Cat# RR820S
Cat# QPX-201

Deposited data

Marchantia polymorpha MarpolBase
Arabidopsis thaliana TAIR10

Ginkgo biloba GinkgoDB

Amborella trichopoda v1.0

Tanizawa et al.*®

TAIR
GinkgoDB

Amborella Genome
Project

http://marchantia.info

https://www.arabidopsis.org/

https://ginkgo.zju.edu.cn/genome/

https://phytozome.jgi.doe.gov/pz/portal.html

Salvinia cucullata v1.1 MarpolBase http://marchantia.info; https://fernbase.org/

Selaginella moellendorffii v1.0 Phytozome https://phytozome.jgi.doe.gov/pz/portal.html

Sphagnum fallax v1.1 Phytozome https://phytozome.jgi.doe.gov/pz/portal.html

Physcomitrium patens v3.3 Phytozome https://phytozome.jgi.doe.gov/pz/portal.html

Anthoceros agrestis v1.0 MarpolBase http://marchantia.info; https://www.hornworts.
uzh.ch/en/Blast.html

Experimental models: Organisms/strains

Marchantia polymorpha Tak-1 Ishizaki et al.*® N/A

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 Takahashi et al.** N/A

(PMpGWB204)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A

Mpgmir-19° (pMpGEO010)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A

Mpgmfr-29¢ (pMpGEOQ10)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A

Mpgmfr-29° proMpGMFR:MpGMFR#1 (pMpGWB301)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A

Mpgmir-29¢ proMpGMFR:MpGMFR#3 (pMpGWB301)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A

proMpE2F:XVE>>amiR-MpGMFR #2 (pbMpGWB368)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A

Mpgmfr-29¢ proMpGMFR:MpGMFR-GR#7 (pMpGWB312)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A

Mpgmfr-29° proMpGMFR:MpGMFR-GR#8 (pMpGWB312)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A

Mpgmfr-29¢ proMpGMFR:MpERF1-GR#1 (pMpGWB312)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A

Mpgmfr-29¢ proMpGMFR:MpERF1-GR#2 (pbMpGWB312)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A

Mpgmfr-29¢ proMpGMFR:MpLAXR-GR#1 (pMpGWB312)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A

Mpgmfr-29° proMpGMFR:MpLAXR-GR#2 (pMpGWB312)

Marchantia polymorpha Tak-1 proMpLAXR:tdTomato-NLS This paper N/A
proMpGMFR:H2B-3xCitrine #1 (pMpGWB323)

Marchantia polymorpha Tak-1 proMpEF1a:MpGMFR This paper N/A

(PMpGWB303)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A
proMpEF1a:MpGMFR-GR #1 (pMpGWB113)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A
proMpEF1a:MpGMFR-GR #2 (pMpGWB113)

Marchantia polymorpha Tak-1 proMpEF1a:MpERF1- This paper N/A

GR #1 (pPMpGWB313)

Marchantia polymorpha Tak-1 proMpEF1a:MpLAXR- This paper N/A

GR #1 (PMpGWB313)

Marchantia polymorpha Tak-1 proMpYUC2: Hirakawa et al.”’ N/A

MpCLE2#2 (pMpGWB301)

Marchantia polymorpha Tak-1 proMpYUC2:MpCLE2#2 This paper N/A
proMpEF1a:MpGMFR-GR #2 (pMpGWB113)

Marchantia polymorpha Tak-1 proMpYUC2:MpCLE2#2 This paper N/A
proMpEF1a:MpGMFR-GR #3 (pMpGWB113)

Marchantia polymorpha MpGCAM1-Citrine knockin Yasui et al.® N/A

Marchantia polymorpha Tak-1 proMpEF1a:MpGCAM1- Yasui et al.® N/A

GR #1 (pPMpGWB313)

Marchantia polymorpha Tak-1 proMpEF1a:MpGCAM1- This paper N/A

GR

#1 Mpgmfr-39¢ (pMpGEOQ10)

Marchantia polymorpha Tak-1 proMpYUC2:GUS#2 This paper N/A
proMpEF1a:MpGMFR-GR #2 Mpgcam19° (pbMpGEO011)

Oligonucleotides

See Table S1 This paper N/A

Recombinant DNA

pMpGWB113 Ishizaki et al.>” GenBank: LC057455
pMpGWB204 Ishizaki et al.>” GenBank: LC057483
pMpGWB301 Ishizaki et al.®” GenBank: LC057517
pMpGWB303 Ishizaki et al.*” GenBank: LC057519
pMpGWB312 Ishizaki et al.®” GenBank: LC057528
pMpGWB313 Ishizaki et al.>’ GenBank: LC057529
pMpGWB323 Ishizaki et al.>” GenBank: LC057539
pMpGWB368 Ishida et al.*? N/A

pMpGEQ10 Sugano et al.*® GenBank: LC090756
pMpGEO011 Sugano et al.*® GenBank: LC090757
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

CRISPRdirect Naito et al.* RRID: SCR_018186

Fiji Schindelin et al.”® RRID: SCR_002285

CLUSTALW DDBJ RRID: SCR_017277

SeaView Gouy et al.”’' RRID: SCR_015059

MrBayes3.2.7 Ronquist et al.*? RRID: SCR_012067

R version 4.5.0 (2025-04-11) R Core Team, Vienna, https://www.R-project.org
Austria

Rstudio version 2024.12.1 Build 563 RStudio Team; https://rstudio.com
Boston, USA

JMP Pro 18 SAS Institute Inc., https://www.jmp.com/ja/software/predictive-
North Carolina, USA analytics-software

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant materials and growth conditions

Marchantia polymorpha male Takaragaike-1 (Tak-1) accession®® was used as wild type in this study. M. polymorpha plants were
grown on half-strength Gamborg B5 medium (pH 5.5) solidified with 1.4% agar. M. polymorpha plants were grown at 22 °C under
continuous white light. Transgenic plants are listed in the key resources table.

METHOD DETAILS

Plasmid construction

Primers used in this study are listed in Table S1. The Gateway cloning system (Thermo Fisher Scientific, Waltham, MA, United States)
was used for generation of plant transformation vectors. Gateway destination vectors are described in Ishida et al.*?, Ishizaki et al.*”
and Sugano et al.*®

For genome editing of MpGMFR/MpERF 14 and MpGCAM1, guide RNAs were designed using CRISPRdirect.>® The plasmids for
genome editing were constructed according to Sugano et al.*®

For the complementation study of a genome editing allele of MpGMFR, a 5026 bp MpGMFR promoter sequence was
PCR amplified from M. polymorpha genomic DNA with a primer pair of MpGMFR_prom_F_InFusion_Xbal and
MpGMFR_prom_R_InFusion_Xbal, and cloned into the Xba | digestion site of pMpGWB301 and pMpGWB312 vectors using
In-Fusion HD Cloning Kit (Takara Bio, Shiga, Japan) to produce pMpGWB301-proMpGMFR and pMpGWB312-proMpGMFR,
respectively. The coding sequence of MpGMFR was PCR amplified from M. polymorpha cDNA with a primer pair of
MpGMFR_CDS_F and MpGMFR_CDS_R_+stop or MpGMFR_CDS_R_-stop, and cloned into the Nco | and Xho | digestion sites
of pENTR4 Dual Selection Vector (Thermo Fisher Scientific). To introduce gRNA-resistant mutation to the resulting plasmids,
PENTR-MpGMFR_CDS_+stop and pENTR-MpGMFR_CDS_-stop, site directed mutagenesis was performed. The plasmids were
PCR amplified with mutagenesis primers, MpGMFR_CDS_gRNAres_F and MpGMFR_CDS_gRNAres_R, and subjected to digestion
with Dpn | (Takara Bio), followed by transformation of Escherichia coli. Mutagenized plasmids were selected by DNA sequencing.
pPENTR-MpGMFR_CDS_gRNAres_+stop was transferred to pMpGWB301-proMpGMFR, and pENTR-MpGMFR_CDS_gRNAres_-
stop was transferred to pMpGWB312-proMpGMFR using Gateway LR Clonase Il Enzyme mix (Thermo Fisher Scientific).

For production of the estrogen-inducible artificial microRNA (amiRNA) lines, an amiRNA target sequence was designed at coding
sequence of MpGMFR using amiRNA Design Helper*® (https://marchantia.info/tools/amir_helper/) to be inserted into MpMIR160
backbone. Cloning into the pMpGWB368°* plasmid to generate estrogen-inducible amiRNA construct was performed according
to Sakai et al."’

For promoter reporter analysis, a 5026 bp DNA fragment of MpGMFR promoter sequence flanking the translational initiation site
was PCR amplified with a primer pair of MpGMFR_prom_F and MpGMFR_prom_R, and cloned into pENTR/D-TOPO vector (Thermo
Fisher Scientific). The resulting plasmid, pENTR-proMpGMFR, was transferred to the pMpGWB323-H2B vector® using Gateway LR
Clonase Il Enzyme mix.

For production of MpGMFR overexpression alleles, pENTR-MpGMFR_CDS_+stop was transferred to pMpGWB303 using
Gateway LR Clonase Il Enzyme mix. For production of inducible MpGMFR overexpression alleles, pPENTR-MpGMFR_CDS_-stop
was transferred to pMpGWB113. For the ,,,35S:MpGMFR-mVenus, the CDS of MpGMFR was synthesized (Genewiz) as an
LO_CDS12 part and directly cloned into the pBy12 vector as described in Romani et al.**

For the functional analysis for MpERF1 and MpERF20/LAXR, the coding sequences of MpERF1 and MpERF20/LAXR were PCR
amplified from M. polymorpha cDNA with a primer pair of MpERF1_CDS_F and MpERF1_CDS_R_-stop or MpLAXR_CDS_F and
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MpLAXR_CDS_R_-stop, and cloned into the Nco | and Xho | digestion sites of pPENTR4 Dual Selection Vector. The resulting plasmid,
PENTR-MpERF1_CDS_-stop or pENTR-MpLAXR_CDS_-stop were transferred into pMpGWB313 or pMpGWB312-proMpGMFR
using Gateway LR Clonase Il Enzyme mix.

Generation of transgenic plants

Agrobacterium-mediated transformation of M. polymorpha was performed using regenerating thalli according to Kubota et al.*®
CRISPR/Cas9-based genome editing was performed according to Sugano et al.>® Mutations in the guide RNA target loci were exam-
ined by direct sequencing of PCR product amplified from genome DNA samples with primers listed in Table S1.

Imaging and phenotypic measurement
For the analysis of overall plant morphology and the measurement for the number of gemma cups, plants were imaged under a digital
microscope (DMS1000, Leica Microsystems, Wetzlar, Germany) or a digital camera (TG-6, Olympus).

For fluorescence observation in confocal imaging, plants were fixed and cleared with iTOMEI protocol® as described in Takahashi
et al.?* The cleared samples were mounted in the mounting solution and observed under a confocal laser scanning microscopy (Fluo-
view FV3000, Olympus). For the observation of Citrine fluorescence in developing gemmae, gemma cups and apical notches, hand-
sections were prepared with a scalpel. For 3D-reconstruction, Z-series images were processed using ‘3D-viewer’ or ‘3D-projection’
function of Fiji software.*°

For scanning electron microscopy imaging, plants were pre-fixed with 4 % glutaraldehyde in 50 mM phosphate buffer (pH 7.2) for 2
hours at room temperature, followed by washing in the phosphate buffer. Pre-fixed plants were post-fixed with 1 % osmium tetroxide
in 50 mM phosphate buffer (pH 7.2) for 2 hours at 4 °C. Fixed plants were dehydrated using ethanol series at room temperature, then
immersed in t-butyl alcohol and freeze-dried in an evacuator (VFD-21S, Vacuum Device Inc.) until completely dry. Finally, samples
were coated with gold by an ion sputtering device (JFC1500, JEOL) and observed under a scanning electron microscopy (JSM-
T220A, JEOL).

GUS staining

GUS staining was performed according to Hirakawa et al.” " Briefly, individual plants were stained separately in 30-50 uL GUS stain-
ing solution (50 mM sodium phosphate buffer pH 7.2, 1 mM potassium-ferrocyanide, 1 mM potassium-ferricyanide, 10 mM EDTA,
0.01 % Triton X-100 and 1mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid) at 37 °C in dark. GUS-stained samples were washed
with water, cleared with ethanol, and mounted with clearing solution (chloral hydrate-glycerol-water, 8:1:2) for imaging under a light
microscope (BX51, Olympus, Tokyo, Japan).

21
I

RT-qPCR

To quantify MpGMFR and MpGCAM1 mRNA levels, total RNA was extracted from thallus using NucleoSpin RNA Plant (Macherey-
Nagel, Duren, Germany) according to manufacturer’s instruction. First-strand cDNAs were prepared by reverse transcriptase (RT) using
ReverTra Ace gPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). RT-gPCR was performed with the reagents, TB
Green Premix Ex Taq Il (Takara Bio) and THUNDERBIRD Next SYBR gPCR Mix (TOYOBO), using the devices, Step One Plus Real-
Time PCR System (Thermo Fisher Scientific) and CFX Connect (Bio-Rad Laboratories, California, USA). MpAPT (Mp3g25140) was
used as a reference gene.

Phylogenetic analysis

Protein sequences were retrieved from the following databases: MarpolBase®® (https://marchantia.info), Phytozome“® (https://
phytozome-next.jgi.doe.gov/), TAIR (http://www.arabidopsis.org/) and GinkgoDB*” (https://ginkgo.zju.edu.cn/genome/). Alignment
was performed on the amino acid sequences of the AP2 domain using CLUSTALW (https://www.genome.jp/tools-bin/clustalw). After
manually removing the alignment gaps using SeaView,*' phylogenetic analysis was performed on the alignment using
MrBayes3.2.7.%? Two runs with four chains of Markov chain Monte Carlo (MCMC) iterations were performed for 6,000,000 genera-
tions, keeping one tree every 100 generations. The first 25% of the generations were discarded as burn-in and the remaining trees
were used to calculate a 50% majority-rule tree. The standard deviation for the two MCMC iteration runs was below 0.01, suggesting
that it was sufficient for the convergence of the two runs. Convergence was assessed by visual inspection of the plot of the log likeli-
hood scores of the two runs calculated by MrBayes.*® Character matrix used to run the Bayesian phylogenetic analysis is provided in
Data S1.

Data visualization
The statistical software R version 4.5.0 was used for data visualization.

QUANTIFICATION AND STATISTICAL ANALYSIS

For phenotypic quantification, JMP pro 18 (JMP Statistical Discovery LLC, North Carolina, USA) was used for statistical tests.
Statistical details including the type of test, sample size and statistical significance can be found in figure legends.

Current Biology 36, 2413-2423.e1-e4, May 4, 2026 e4



https://marchantia.info
https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
http://www.arabidopsis.org/
https://ginkgo.zju.edu.cn/genome/
https://www.genome.jp/tools-bin/clustalw

Current Biology, Volume 36

Supplemental Information

Initiation of asexual reproduction by the AP2/ERF
gene GEMMIFER in Marchantia polymorpha

Go Takahashi, Saori Yamaya, Facundo Romani, Ignacy Bonter, Kimitsune Ishizaki, Masaki
Shimamura, Tomohiro Kiyosue, Jim Haseloff, and Yuki Hirakawa



A

GEMMIFER (GMFR)/MpERF14/Mp4g00380

gRNA

WT CAGGAACTGAGCTGGCTCGACGAGCGT-AGCTGGAGATCTT

Mpgmfr-19¢ CAGGAACTGAGCTGGCTCGACG

AGCTGGAGATCTT

Mpgmfr-29¢ CAGGAACTGAGCTGGCTCGACGAGCGTTAGCTGGAGATCTT
Mpgmfr-39¢ CAGGAACTGAGCTGGCTCGACGAGCGTTAGCTGGAGATCTT

B

WT

100 bp

MALHDVLLSSSYNAIPFFRSETMMKQELSWLDERSWRSCARCSSVSPQVICPACTTLAMSANPTSLFSSSPVGSDSAHNAALLDDQFWTETNGTSDQKTG
PIKREKLEEDHLKSLPSIMPSLQHSFASTRDGGSDGQEVDLDMIGIGAVVGRGVLFGANSSDNFATAAFTTALAPSGSIPMLNRSSSSSSPPSSSCGGAF
IHLADLLRQTRAPSPPTGGNLKESAVLSPPVSAAMTPGCHQTVTHNSIQQPQQARPAIPVSAAEEVESKVVSTTDSRVTSGDGTGTSGRVFRGVRKRPWG
RWSAEIRDRIGRCRHWLGTFDTPEDAARAYDAAARKLRGAKARTNFTIPTSPSSPLOMSPQPDPATSRQRSKPSLORAASMKAAYSRPISENESLISSKD
RCLTKSNTMWPRVNEVKIADMASFASNLSQRNLGASSPQSDLCASDNHSAYDMLELELNLGARSPSYRDNGTVAFDSSQSVEFVLEFPQQQWRSYSL*
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Figure S1. Loss-of-function mutants for GEMMIFER. Related to Figures 1 and 6.

(A) Structure of MpGMFR/MpERF14/Mp4g00380 locus with the position of designed guide RNA (gRNA). An exon is
shown as a box. Genotyping of genome editing alleles is indicated below. gRNA sequences are in blue. Deleted or
inserted bases are in red. (B) Deduced MpGMFR protein sequences for WT and mutants. Sequences different from WT
are in red. Asterisks indicate translational termination. (C) Complementation test for Mpgmfr-29¢ by gRNA-resistant
MpGMFR coding sequence driven under own promoter. Arrowheads indicate gemma cups. Scale bars, 1 cm. (D) The
number of gemma cups (n=8). (E) Relative expression levels of MpGMFR in 14-day-old plants of wild type and
proMPE2F:XVE>>amiR-MpGMFR grown from gemmae in mock or B-estradiol-containing medium, normalized by MpAPT
(n=3, biological replicates). In (D), the boxes show the median and interquartile range (IQR), and the whiskers extend to
1.5x% IQR. Individual data points are plotted as dots. In (E), data are represented by mean and SD (bars) with individual
data points (dots). Statistical significance was determined by two-way ANOVA with Tukey’s post hoc test in (D, E). Means
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sharing the same superscript letters are not significantly different, p < 0.05.
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Figure S2. Analysis of ERF-VIII genes. Related to Figure 1.

(A) Molecular phylogenetic tree of class VIII of AP2/ERF family among land plant species, generated with a Bayesian
method based on the conserved AP2 domain. (B) Complementation test of Mpgmfre¢ by MpGMFR-GR, MpERF1-GR
and MpLAXR-GR driven under MpGMFR promoter. The frequency of plants containing at least one gemma cup is
indicated below each panel (n=10). Arrowheads indicate gemma cups. Scale bars, 1 cm.
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Figure S3. Expression patterns of MpGMFR around the stem cell zone. Related to Figure 2.

Confocal imaging of the apical notch of ,,,MpGMFR:H2B-3xCitrine in 23-day-old plant. A single X-Y plane (top) and a
reconstructed X-Z orthogonal view (bottom) derived from Z-stack images are indicated. Cell walls were stained with SCRI
Renaissance 2200 (SR2200). Asterisks indicate a (sub)apical cell observed in the X-Y and X-Z planes. Scale bars, 50
um.



A oroMPEF1a:MpGMFR-GR (+DEX, 1uM) C WT oo MPEF1a:MpGMFR-GR#2 ,,,MpEF1a:MpERF1-GR#1 ,, MpEF1a:MpLAXR-GR#1
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Figure S4. Overexpression phenotypes of MpGMFR and its homologs. Related to F|gures 3-5.
(A) Morphology of p,eMpEF1a:MpGMFR-GR plant grown on 1 yM DEX-containing medium for 9 days. The middle panel
shows a close-up of the inset from the left panel. The right panel shows a magnified view of the tissue excised from the
plant shown in the middle panel. Scale bars, 1 mm. (B) SEM images of the surface of 9-day-old thalli. Genotypes and
growth conditions are indicated above the panels. Scale bar lengths are indicated in each panel. (C and D) Effects of
inducible overexpression of MpGMFR, MpERF1 and MpLAXR/MpERF20. Overall morphology of plants grown on 1 uM
DEX-containing medium for 14 days (C) and those grown on 1 uM DEX-containing medium for 4 days followed by culture
on DEX-free medium for 5 days (D). Scale bars, 1 cm. (E) Dorsal and ventral surfaces are shown from the 3D-
reconstructed images of the apical notches in 3-day-old wild-type and ,oMpEF71a:MpGMFR-GR gemmalings. Right
panels show magnified view of the areas indicated by dashed boxes in left panels. Cell walls were stained with SR2200.
(F) Morphology of 7-day-old p,sMpEF1a:MpGMFR-GR plants grown from gemmae on media supplemented with indicated
concentrations of DEX. Scale bars, 1 mm.
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Figure S5. Expression analysis of known genes for gemma development. Related to Figures 2 and 6.

(A) Confocal imaging of MpGCAM71-Citrine plants in developing gemmae in 14-day-old plants. Asterisks indicate
developing gemmae. Arrowheads indicate apical notches. Cell walls were stained with SR2200. Scale bars, 100 pm. (B)
Relative expression levels of MpRSL1, MpFRH1 and MpSTG in poMpEF1a:MpGMFR-GR plants grown with mock or 1
MM DEX-containing medium for 4 days. Data are represented by mean and SD (bars) with individual data points (dots).
Statistical significance was determined by Student’s t-test. P-value is indicated above each pair of bars.



A

MpGCAM1/Mp6g04830
I l—
I
gRNA 100 bp
WT GGTCGTCTTTTGTACAGGTCTGAAGCGC-TGCGGARAGAGCTGC
Mpgcaml9® GGICGTCTTTTGTACAGGTCTGAAGCGCCTGCGGAAAGAGCTGC
B

MOPLPTKQPSAATEFVAVIFLALVAPFVAMGRAPCCDKANVKKGPWS PEEDAKLKSFIEHNGTGGNWITLPSKAGLKR
CGKSCRLRWINYLRPDIKHGSFTEEEEKT IYRLHAQIGSRWSLIAAQLPGRTDNDIKNYWNTRLKKKLLERASNMWC
GRPHHSFQIYPMNQPANDQMSNAVGREGLLNSQFLHAQAYYQYVQOQQOPQYYLPQOQOQOPQPIQDPSQTVQLPTVLQ
HOLHMRSIKNELVDEHQQQQAPTGGVVESERLRDIESSLRSIVDESSSRTFDARRAFQRLHCLSNRLPANGNPMSPA
AVATSHHNTSPTSSCSNLSSDRNSFGVQQIADSAFSDSGYTMYEDPAAREPSTTMLNTSILGSASQQQVASLPDTST
PESLLSTSRFEDGVEFDDLSMYNRSQDLSEVAVVDRALGTGGVKEESHQASGGGSADWWANMDLVAPPGPLNQKSTVL
AANSMMRWSIPTPRCGAENIYNSPOAQLTSQSHGTQPLDGMNSYSDSFLSKLIS*

Mpgcaml9¢

MOPLPTKQPSAATFVAVIFLALVAPFVAMGRAPCCDKANVKKGPWS PEEDAKLKSFIEHNGTGGNWITLPSKAGLKR
LRKELQTPLDQLFASRHQTWKLH*

C Overall image Stem cell zone (X-Y) D
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Figure S6. Functional analysis of MpGCAM1. Related to Figure 6.

(A) Structure of MpGCAM1/Mp6g04830 locus with the position of designed guide RNA (gRNA). Exons are shown as
boxes. Genotyping of a genome editing allele is indicated below. gRNA sequence is in blue. An inserted base is in red.
(B) Deduced MpGMFR protein sequences for WT and mutant. The sequence different from WT is in red. An asterisk
indicates translational termination. (C) Confocal imaging of a gemma formed in Mpgmfr-39¢ ,,;,MpEF1a:MpGCAM1-GR
plant by DEX treatment (top-left), containing a stem cell zone and a trace of stalk indicated in dashed boxes. The stem
cell zone is shown in a single X-Y plane (top-right) and a reconstructed X-Z orthogonal view (bottom-right) derived from
Z-stack images. The trace of stalk is shown in a 3D-reconstructed view (bottom-left). Scale bars, 25 ym. (D) Sixteen-
day-old thalli grown from gemmae of WT and Mpgmfr-39¢ ,,;MpEF1a:MpGCAM1-GR. Scale bars, 1 mm. (E) SEM images
of the thallus surface of 14-day-old plants grown from explants including an apical notch on mock or 10 yM DEX-
containing medium. Scale bars, 100 um.



Primer Names
MpGMFRg_108F_A
MpGMFRg_108F_B
MpGMFR_CDS_341R
MpGCAM1g_363f_A
MpGCAM1g_363f B
MpGCAM1_CDS_617R

MpGMFR_amiR_F

MpGMFR_amiR_R

MpGMFR_prom_F
MpGMFR_prom_R
MpGMFR_CDS_F
MpGMFR_CDS_R_+stop
MpGMFR_CDS_R_-stop

MpGMFR_prom_F_InFusio
n_Xbal

MpGMFR_prom_R_InFusio
n_Xbal

MpGMFR_CDS_gRNAres_
F

MpGMFR_CDS_gRNAres_
R

MpERF1_CDS_F
MpERF1_CDS_R_-stop
MpLAXR_CDS_F
MpLAXR_CDS_R_-stop
MpGMFR_rt_F
MpGMFR_rt_R
MpGCAM1_rt_F
MpGCAM1_rt_R
MpRSL1_rt_F
MpRSL1_rt_R
MpFRH1_rt_F
MpFRH1_rt_ R
MpSTG_rt_F
MpSTG_rt_R
MpAPT_rt_F
MpAPT_rt_R

Sequence (5' to 3')
ctcgGCTGGCTCGACGAGCGTAGC
aaacGCTACGCTCGTCGAGCCAGC
GACTTCAGATGGTCCTCCTCGAG
ctcgTGTACAGGTCTGAAGCGCTG
aaacCAGCGCTTCAGACCTGTACA
GTAAACCCTACAAATGCGAGCAG

cactTTTTCCCGTTTAATTGGGCCCACTGAGGAGCTCCTCAGAGACCTT

GACAGGCTCCGTAGCGGGCCCGATTAAGCGGGGAAA

ctccTTTCCCCGCTTAATCGGGCCCGCTACGGAGCCTGTCAAGGTCTCT

GAGGAGCTCCTCAGTGGGCCCAATTAAACGGGAAAA
caccGCAGGGAGATTAATGGACAGGCG
GGATACTCCTATCGAAGAAACGACCG
gcaggctccaccatgATGGCCTTGCATGATGTCCTC
gtctagatatctcgaTCACAGACTGTAGGATCGCCATTG
gtctagatatctcgaCAGACTGTAGGATCGCCATTGTTG

caagcttgggtctagaTTTAGCGACCGTGAAGAGGTGC

tgttgataactctagaCTTCTAATCTTAACCGTGATCTTCTCTTCG

CTGGCTCGACGAGCGGAGTTGGAGATCTTGCGC

GCGCAAGATCTCCAACTCCGCTCGTCGAGCCAG

gcaggctccaccatgATGGCTTTGAGGGACGAAGAGC
gtctagatatctcgaGGCCCGACTGCACAATGG
gcaggctccaccatgATGGTGGGGAGGAAGCTGG
gtctagatatctcgaCATGGGAACTAAAAGAAGAG
TGTATCGGCTGCCATGACTCC
AGCCGCAGACACTGGGATTG
TGGATCAATTATTTGCGTCCCGAC
ACCATCTGCTGCCAATTTGAGC
AGATGAGTCTGGGGCAACC
CGCTTTAGAGTGGTAGGCGC
GGGCTGCAGCACAAATCTAGATTC
GTTCACTGATGCACCGAACTTGG
AACTCGTCCAAGATCACCATCC
CAAGAGAGTAGATGCAGACGCT
CGTCGTTGTTGGAATTGAAGC
TTCTTGGGCTTTCGTTGAGG

Table S1. Primers. Related to STAR methods.
Small letters denote additional sequences for ligation, cloning and In-Fusion reaction.

Purpose
Genome editing
Genome editing
Genotyping
Genome editing
Genome editing
Genotyping

Artificial
microRNA
Artificial
microRNA
pENTR cloning
pENTR cloning
pENTR cloning
pPENTR cloning
pENTR cloning

Insertion into
Gateway Vector

Insertion into
Gateway Vector

pENTR cloning

pENTR cloning

pENTR cloning
pENTR cloning
pPENTR cloning
pPENTR cloning
RT-gPCR
RT-gPCR
RT-gPCR
RT-qgPCR
RT-gPCR
RT-qgPCR
RT-gPCR
RT-qgPCR
RT-gPCR
RT-gPCR
RT-gPCR
RT-gPCR
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