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Abstract

At the core of cell wall integrity mechanisms that enable
plant cells to coordinate their growth with their cell wall
status lies the transmembrane malectin-like receptor kinase
FERONIA (FER) and its family members. FER itself controls
a myriad of plant developmental processes, including
sexual reproduction, cell growth, and morphogenesis, often
intersecting with phytohormone-dependent pathways
such as abscisic acid (ABA) signaling or plant immunity.
Interestingly, FER, together with its downstream receptor-
like cytoplasmic kinase MARIS (MRI), has been shown to
similarly control root hair and rhizoid integrity in the vascu-
lar angiosperm Arabidopsis thaliana and the early diverging
bryophyte Marchantia polymorpha, respectively. It remains
uncertain however whether FER and MRI cooperate beyond
tip growth in Marchantia, and which of their functions in
Arabidopsis originate from mechanisms established early
in land plant evolution. Here, we conducted comparative
transcriptomic and proteomic analyses on the M. polymor-
pha mutant plants, Mpfer-1 and Mpmri-1, alongside their
corresponding wild-type accessions. We observed large and
significant overlaps between differentially expressed genes
and abundant proteins between both mutants. Our multi-
omics approach revealed that MpFER and MpMRI largely
cooperate to repress transcriptional networks, particularly
those associated with plant defense and ABA responses.
Nonetheless, our phenotypic analyses showed that MpFER
and MpMRI exert distinct functions in response to abiotic
stresses such as ABA and salt treatment. Specifically,
Mpfer-1, but not Mpmrri-1, plants exhibited hypersensitivity
to ABA-dependent growth inhibition, indicating that
FER’s role in negatively regulating ABA-mediated growth
responses is conserved between bryophytes and vascular
plants.
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Introduction

In the last 30 years, studies on the plant cell wall (CW)—the
extracellular matrix that surrounds plant cells and prevents
them from bursting—have revealed that this extracellular
compartment is much more than a rigid frame. Rather, the
CW is an extremely dynamic and complex biochemical barrier
that adapts and communicates actively with the cell protoplast
it shelters (Cosgrove 2024, Delmer et al. 2024). Part of this
communication is arbitrated by plasma membrane-localized
receptor-like proteins and receptor-like kinases whose extracel-
lular domains perceive and bind signals within the CW matrix to
regulate intracellular activities (Wolf 2022). One of these recep-
tor classes is the malectin-like receptor-kinase (MLR) family,
also known as the “CrRLK1L family,” with 17 members in the
flowering plant model Arabidopsis thaliana (Franck et al. 2018,
Zhu et al. 2021). MLRs contain an intracellular Ser/Thr kinase
domain, a transmembrane domain, and an extracellular domain
with two malectin-like domains that can bind pectins of the CW
and small secreted peptides called RALFs (rapid alkalinization
factors). FERONIA (FER) is by far the most studied of the MLRs:
its gene is expressed widely throughout the plant body—except
in pollen, where its pollen-expressed sister genes ANXUR1T and
2 and BUDDHA'S PAPER SEAL1 and 2 are taking over (Bois-
son-Dernier et al. 2009, Miyazaki et al. 2009, Ge et al. 2017)—
and is involved in a myriad of biological processes and signaling
pathways (Malivert and Hamant 2023, Cheung 2024). FER was
originally discovered to function in the female gametophyte as
a key component for the dialogue between male and female
gametophytes that results in sperm release in the synergids
and hence was named after the Etruscan goddess of fertility
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(Huck et al. 2003, Rotman et al. 2003). Since then, FER,
together with its coreceptor LLG1 (LORELEI-LIKE glycosylphos-
phatidylinositol-anchored protein) and their peptide ligand
RALFs, has been shown to orchestrate many developmental
processes, including root (Haruta et al. 2014) and root hair
growth (Duan et al. 2010) as well as pavement cell morpho-
genesis (Li et al. 2015, Lin et al. 2022). The involvement of
FER in such processes operates at the crossroads with many
phytohormone signaling pathways such as brassinosteroids
(Guo et al. 2009), ethylene (Deslauriers and Larsen 2010),
and abscisic acid (ABA; Yu et al. 2012, Chen et al. 2016) and
in conjunction with external stress perception, such as high
salinity (Feng et al. 2018) and pathogen invasions (Kessler
et al. 2010, Masachis et al. 2016, Stegmann et al. 2017). Roots
of FER and LLG7 mutant plants carry root hairs that burst
prematurely during growth (Duan et al. 2010, Li et al. 2015).
Similarly, pollen tubes of double mutants for ANX1/ANX2
and their coreceptors LLG2/LLG3 burst in vitro and in vivo
(Boisson-Dernier et al. 2009, Miyazaki et al. 2009, Ge et al.
2017, Feng et al. 2019). These studies demonstrate that MLRs
and their coreceptors are required to maintain cell wall
integrity (CWI) during tip growth. Interestingly, a receptor-
like cytoplasmic kinase from the RLCK-VIII subfamily named
MARIS (MRI), after the Etruscan god of fertility and agriculture,
was identified as a common downstream regulator of these
signaling receptor complexes (Boisson-Dernier et al. 2015). MRI
is preferentially expressed in both pollen tubes and root hairs
of Arabidopsis and mri mutants also display pollen and root
hair bursting (Boisson-Dernier et al. 2015, Liao et al. 2016).
Moreover, expression of an overactive variant of MRI, MRIF*¥C  is
sufficient to rescue the bursting phenotype of fer root hairs and
anx1 anx2 pollen tubes, positioning MRl downstream of the
MLRs (Boisson-Dernier et al. 2015). The R240C mutation in
the kinase activation loop of MRl is likely protecting MRI from
the regulatory inhibition of a yet unknown protein phosphatase
2C as it was reported for the Nicotiana benthamiana MRI
homolog Pti1b (Pto-interacting 1b; Giska and Martin 2019).
While FER and MRI have not yet been reported to interact
or to phosphorylate each other, MRI was recently shown to
be phosphorylated in vitro by BUPS1, while ANX1 failed to
do so (Gao et al. 2023b). In addition, both MRI and MRIR?%¢
were found to interact with pollen-expressed MILDEW LOCUS
01 (MLOT1), but only overactive MRIF%C could activate the
calcium channel activity of AtMLO1, 5, 9, and 15 (Gao et al.
2023b). Altogether, these studies indicate that members of
the RALF/LLG/MLR/MRI/MLO families constitute a signaling
module that regulates CWI during tip growth.

Excitingly, this signaling module active in pollen tubes and
root hairs of the flowering plant Arabidopsis was also found
to be functional in the rhizoids of the bryophyte Marchantia
polymorpha (hereafter referred to as Marchantia; Westermann
et al. 2019). Rhizoids are tip-growing cells that participate in
anchoring the plant body to the substrate and absorbing water
and nutrients, and, as such, are considered analogous structures
of root hairs (Menand et al. 2007). Transferred DNA (T-
DNA) insertional knockdown mutants for MpFER and MpMR,
the unique homologs of the MLR and RLCK-VIII families in

Marchantia, respectively, were found in a large genetic screen
for Marchantia mutants with short rhizoids (Honkanen et al.
2016). In detailed phenotypic analyses, these T-DNA insertional
Mpfer-1 and Mpmri-1 mutants as well as the CRISPR-edited
Mpfer-2 and Mpfer-3 all displayed bursting rhizoids while
expression of MpMRIR*¥¢ was sufficient to partially rescue
Mpfer-1 bursting rhizoids (Westermann et al. 2019, Mecchia
et al. 2022). Thus, the MLR/MRI signaling module that controls
CWI in tip-growing cells has been conserved throughout land
plant evolution from the rhizoids of bryophytes to the root
hairs and pollen tubes of seed plants. Besides rhizoids, MpFER
and MpMRI also play roles during gemmae and thalli growth.
For example, MpFER is expressed in most cells of the thalli, and
Mpfer-2 mutant thalli are smaller with dead cells and display
a lower apparent stiffness than wild-type (WT) thalli (Mecchia
et al. 2022). Mpmri-1 thalli are also smaller than WT ones and
both MpMRI and MpFER somehow regulate gemmae growth
(Westermann et al. 2019, Muller et al. 2025). In addition, trans-
species complementation assays showed that MpMRI and
AtMRI (64% identity at the amino acid level) can functionally
replace each other in the control of tip growth (Westermann
et al. 2019), while this is not true for MpFER and AtFER (43.3%
identity at the amino acid level; Mecchia et al. 2022). Thus, it
remains uncertain which of the known MLR and MRI functions
in Arabidopsis originate from mechanisms established early
during land plant evolution and which ones have arisen in the
last 450 million years.

Here, we exploit the knockdown mutants of the CWI mod-
ule in the liverwort Marchantia by carrying out comparative
transcriptomic and proteomic analyses of Mpfer-1 and Mpmri-
1 compared to the WT accessions Tak-1 and Tak-2. Our results
show that MpFER and MpMRI largely cooperate to negatively
regulate transcriptional networks, in particular those related
to plant defense and abscisic acid (ABA) responses. However,
phenotypic analyses reveal that MpFER and MpMRI have
distinct functions in response to abiotic stresses. For example,
in contrast to Mpmri-1, Mpfer-1 displays hypersensitivity to
ABA-induced thalli growth inhibition, indicating that the
negative regulation of ABA signaling by MpFER and AtFER
is conserved and active in the common ancestor of land
plants.

Results

The transcriptome and proteome of CWI-related
mutants Mpfer-1 and Mpmri-1 overlap significantly

To reveal pathways that could be regulated by the ancestral
FER/MRI module or alternative compensatory ones that are
deregulated in the absence of the module, comparative tran-
scriptomic (RNA-seq) and proteomic liquid chromatography
coupled to tandem mass spectrometry (LC—MS/MS) analyses
of Mpfer-1 (male) and Mpmiri-1 (female) lines and their respec-
tive WT male (Tak-1) and female (Tak-2) strains were carried
out. For this purpose, 3-week-old Marchantia thalli grown on
cellophane membranes were collected and RNA and proteins
were extracted (Fig. 1a).
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Figure 1. Comparative omics studies of the Marchantia cell wall integrity (CWI) mutants. (a) Examples of 3-week-old thalli and rhizoid growth on
cellophane membranes of the wild-type (WT) Tak-1 (male, dark gray) and Tak-2 (female, light gray), and the CWI mutants Mpfer-1 (male, dark
purple) and Mpmri-1 (female, light purple). Thalli and their rhizoids were used for transcriptomic and proteomic analyses. Scale bar =2 mm. (b)
Principal component analysis of RNA-seq data obtained from three biological replicates of the Tak-1, Tak-2, Mpfer-1, and Mpmri-1 genotypes. (c)
Principal component analysis of proteomic data obtained from four biological replicates of the Tak-1, Tak-2, Mpfer-1, and Mpmri-1 genotypes.

To simplify our complex data sets while preserving their
most important structures, principal component analyses
(PCAs) were performed (Fig. 1). These PCAs showed robust
clustering indicating reproducibility between our independent
biological samples for the transcriptomes (n = 3, Fig. 1b) and the
proteomes (n = 4, Fig. 1c), as well as a clear separation between
both mutants and the WT strains.

While the PCA indicated some similarity between Tak-1and
Tak-2 transcriptomes, we decided to compare the female Tak-2
to the male Tak-1 thalli transcriptomes. As expected, this anal-
ysis identified mostly, but not exclusively, transcripts of genes
located on the female U and male V chromosomes among the
top differentially expressed genes (DEGs; Supplementary Fig. S1,
see how U and V chromosome-located genes are on both ends
of the volcano plot). First, this confirms that sex chromosome—
located genes are also expressed in vegetative tissues, maybe
as relics of the ancestral autosome from which the sex chro-
mosomes evolved (Bowman et al. 2017). Secondly, it indicates
that a subset of genes located on autosomes are under the tran-
scriptional control of sex chromosome—-encoded genes even in
vegetative tissues. For instance, this is the case for the feminizer
gene BASIC PENTACYSTEINE ON THE U (BPCU, MpUg00370,
24th most upregulated gene in Tak-2 vs Tak-1), which regulates

the autosomal transcription factor FEMALE GAMETOPHYTE
MYB (FGMYB, Mp1g17210, 40th most downregulated gene of
Tak-2 versus Tak-1), which in turn promotes female sexual
differentiation (lwasaki et al. 2021).

Concerning the CWI mutants, transcriptome profiling iden-
tified 2293 and 2038 genes that are differentially expressed (log2
fold change (FC) > 1.5; P-value < 0.05) in Mpmri-1 versus Tak-2
and Mpfer-1 versus Tak-1, respectively (Fig. 2). Out of roughly
5200 quantified proteins, our proteomic analysis determined
that 775 and 1549 proteins have different abundance [log2
(FC) > 1.5; P-value < 0.05] in Mpmri-1 versus Tak-2 and Mpfer-
1 versus Tak-1, respectively (Fig. 3). For both mutants, there
were more upregulated than downregulated genes (1572 and
1127 up- vs 721 and 911 downregulated in Mpmri-1 and Mpfer-
1, respectively), and more enriched proteins than depleted ones
(526 and 955 enriched vs 249 and 594 depleted in Mpmri-
1 and Mpfer-1, respectively). This indicates that, globally, the
MPpFER/MpMRI module negatively regulates transcriptional
networks.

The transcriptome and proteome data of Mpfer-1 statisti-
cally significantly overlapped (Supplementary Fig. S2a and b),
which was true for Mpmri-1 as well, although to a lesser extent
(Supplementary Fig. S2c and d). More interestingly, statistically
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Figure 2. Volcano plots and Venn diagrams showing differential abundance of transcripts in the Marchantia CWI mutants and their overlaps.
(a) Transcriptional analysis showing the DEGs that are up- (dark pink) or down- (light pink) regulated in Mpmri-1 compared to Tak-2.
(b) Transcriptional analysis showing DEGs that are up- (dark blue) or down- (light blue) regulated in Mpfer-1 compared to Tak-1. Differential
expressions were determined based on log, (FC) > 1.5 and P-value < 0.05. (c) Venn diagram showing the total number of upregulated DEGs in
Mpfer-1 and Mpmri-1 and the number of DEGs common to both analyses. (d) Venn diagram showing the total number of downregulated DEGs
in Mpfer-1 and Mpmri-1 and the number of DEGs common to both analyses. The statistical significance of overlapping datasets in (c) and (d) was
determined using a hypergeometric test.

significant overlaps were observed between DEGs in Mpfer-1  Transcriptome and proteome comparisons indicate
and Mpmiri-1 (Fig. 2c and d), as well as between differentially  that the MpFER/MpMRI module regulates Iarge

abundant proteins in Mpfer-1 and Mpmri-1 (Fig. 3c and d),  gene families related to ABA and defense responses
suggesting that MpFER and MpMRI cooperation is not solely

limited to the maintenance of CWI in rhizoids (Westermann
etal.2019).

We performed gene ontology (GO) analysis to identify
overrepresented biological processes (BPs) and molecular
functions (MFs) on both DEGs and differentially accumulated
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Figure 3. Volcano plots and Venn diagrams showing differential abundance of proteins in the Marchantia CWI mutants and their overlaps. (a)
Proteomic analysis showing DAPs that are up- (dark pink) or down- (light pink) regulated in Mpmri-1 compared to Tak-2. (b) Transcriptional
analysis showing DAPs that are up- (dark blue) or down- (light blue) regulated in Mpfer-1 compared to Tak-1. (c) Venn diagram showing the
total number of upregulated DAPs in Mpfer-1 and Mpmri-1 and the number of DAPs common to both analyses. Differential abundance was
determined based on log, (FC) > 2 and P-value < 0.05. (d) Venn diagram showing the total number of downregulated DAPs in Mpfer-1 and
Mpmri-1 and the number of DAPs common to both analyses. The statistical significance of overlapping datasets in (c) and (d) was determined

using a hypergeometric test.

proteins (DAPs) using the MarpolBase Expression MBEX
functional enrichment tool (https://mbex.marchantia.info
/enrichment). It revealed some clear overlaps in categories
found in the transcriptomic and proteomic data sets of both
Mpfer-1 and Mpmri-1 (Supplementary Fig. S3), some related
to chitin [chitin catabolic process (GO:0006032), chitinase
activity (GO:0004568), and chitin binding (GO:0008061)], ABA

[response to ABA (GO:0009737), ABA-activated signaling path-
way (GO:0009738), and ABA binding (GO:0010427)], ATP [ATP
binding (G0:0005524)], nucleic acid binding [(GO:0003676)],
DNA binding (GO:0003677), RNA binding (G0:0003723), and
oxidoreductase activity (GO:0016491).

Interestingly, while GO analyses of the transcriptomic
datasets of both mutants were quite similar, the ones for their
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proteomic datasets displayed several opposite regulations. For
example, defense response (GO:0006952), ABA-activated sig-
naling pathway (GO:0009738), protein phosphatase inhibitor
activity (GO:0004864), ABA binding (GO:0010427), and
signaling receptor activity (GO:0038023) are overrepresented
in depleted Mpfer-1 proteins but overrepresented in enriched
Mpmri-1 proteins. This could pinpoint some specific distinct
roles for MpFER and MpMRI.

In addition, when we compared our list of GO terms
for Mpfer-1 with those from an integrated omics study
on the Arabidopsis Atfer-4 mutant (Wang et al. 2022), we
found many common enriched terms in genes and proteins,
such as response to ABA (GO:0009737), plant-type cell
wall organization (GO:0009664), response to oxidative stress
(G0:0006979), nucleic acid binding (G0:0003676), DNA
binding (G0:0003677), RNA binding (G0:0003723), defense
response (GO:0006952), water transport (GO:0006833), perox-
idase activity (GO:0004601), oxidoreductase activity (GO:00164
91), heme binding (GO:0020037), transmembrane trans-
port (GO:0055085), transmembrane transporter activity
(G0:0022857), and intracellular protein transport (GO:00068
86). This supports that at least some BPs and MFs regulated
by FER are conserved in the land plant lineage (Mecchia et al.
2022).

Next, we performed GenFam enrichment analysis on all the
DEGs and DAPs identified in the CWI mutant versus WT strains
(Fig. 4a and b). AQP (aquaporin), LecRLK (lectin-RLK), and
expansins were significantly enriched in downregulated genes
of both mutants, while LEAs (late embryogenesis abundant,
ABA-responsive genes), CAPs (cysteine-rich secretory pro-
teins, e.g. pathogenesis-related 1, PR1), LHC (light-harvesting
chlorophyll binding), CSS (chalcone and stilbene synthesis),
dirigent (DIR), PALs (phenylalanine ammonia lyases, enzymes
that eliminate ammonia from phenylalanine to form cinna-
mate, a precursor of lignins/lignans and flavonoids, and thus
anthocyanins), NOX (NADPH oxidase), cytochromes P450 (Cy
P450), GH (glycosyl hydrolase), and CCH (copper chaperone)
were enriched in upregulated genes of both mutants (Fig. 4a).
Interestingly, LEA, LHC, DIR, and GH were also enriched in more
abundant proteins of Mpfer-1 (Fig. 4b), while DIR was enriched
in upregulated genes and more abundant proteins of both
Mpfer-1 and Mpmri-1. GHs are carbohydrate-active enzymes
(CAZymes) that can selectively cleave various carbohydrates
and glycoconjugates with functions such as CW remodeling,
reserve mobilization, and pathogen defense (Kfoury et al. 2024).
DIR-encoding genes are inducible by different types of abiotic
and biotic stress factors, including wounding, dehydration,
ABA, and NaCl (Paniagua et al. 2017) or following pathogen
infection (Ponce De Ledn et al. 2012, Reboledo et al. 2015,
Carella et al. 2019). They function in secondary metabolism,
defense responses, and the formation and attachment of the
Casparian strip in Arabidopsis (Gao et al. 2023a). In Marchantia,
approximately half of the DIRs were found in the CW proteome
(Kolkas et al. 2021), suggesting that the CWs of Mpfer-1 and
Mpmri-1 are likely quite different from those of WT plants. LEAs
are a large and diverse group of small hydrophilic disordered

proteins involved in protecting plant tissues and cells from
abiotic stresses and low water availability. They are present
from algae to angiosperms and their expression levels are
upregulated by salt, cold, heat, drought, and ABA treatments
(Hsiao 2024).

Based on the GenFam enrichment analysis, we therefore
hypothesized that gene families for PRs, DIRs, CAPs, PALs,
chitinases, anthocyanin biosynthesis, as well as ABA-related
genes may be globally misregulated in the Marchantia CWI
mutants. Indeed, when taking a closer look in our RNA-seq data
at the expression levels of these toolbox genes across all our
biological replicates, they did show globally higher expression
levels in Mpfer-1 and Mpmri-1 mutant samples compared
to WT ones (Supplementary Fig. S4-S7). Moreover, this was
independently confirmed by picking representative genes for
real time quantitative polymerase chain reaction (RT-qPCR)
analyses that showed significantly higher expression levels for
PR1, 3, 4,5, 9, PAL/CHS, and LEAT in the mutants compared to
WT plants (Fig. 4c).

Altogether, our results indicate that MpFER and MpMRI
globally exert a direct or indirect negative influence on the reg-
ulation of defense-responsive genes and ABA responses similar
to that observed for Arabidopsis AtFER (Wang et al. 2022).

Mpfer-1 but not Mpmri-1 plants exhibit priming
and hypersensitivity to ABA exposure

Since our multiomics data pointed to a role for MpFER and
MpMRI in regulating ABA responses (Fig. 4 and Supplementary
Fig. S7b), we compared our transcriptomes of Mpfer-1 and
Mpmri-1 with that of Tak-1 plants treated with 1 wM ABA
for 6 h (Jahan et al. 2019). Interestingly, while there was little
overlap in downregulated genes (Supplementary Fig. S8a and b),
there was a highly statistically significant overlap between
upregulated genes in Mpfer-1/Mpmri-1 versus upregulated
genes in ABA-treated Tak-1 (Supplementary Fig. S8c and d).
This indicates that a significant pool of genes that are
upregulated by ABA treatment in WT Tak-1 is globally already
upregulated in CWI-related mutant plants without ABA
treatment, as confirmed for MpLEAT (Fig. 4c) and other ABA-
related genes (Fig. 6e and Supplementary Fig. S7b).

Because Arabidopsis Atfer-4 plants were shown to be hyper-
sensitive to ABA in seed germination, stomatal, and root growth
assays (Yuetal.2012, Chen et al. 2016), we next tested Marchan-
tia Mpfer-1and Mpmri-1 mutant plant responses to ABA. Anal-
yses of plant growth responses showed that surprisingly, among
the four genotypes, Tak-1 was the least affected. Indeed, for
all the genotypes but Tak-1, ABA-induced growth inhibition
was already significant at 1 WM ABA and became more pro-
nounced at 10 LM ABA (Fig. 5 and Supplementary Fig. S9 for an
independent assay). Tak-1 plants only showed a mild response
at 10 WM ABA. In clear contrast, Mpfer-1 growth inhibition
was the highest among all genotypes at both 1 and 10 puM
ABA (Fig. 5 and Supplementary Fig. S9). These results indicate
that Mpfer-1 plants are hypersensitive to ABA treatment, while
Mpmri-1 behaves like Tak-2. Interestingly, the observed ABA
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Figure 4. Gene family (GenFam) enrichment analysis and RT-qPCR validation of PR, PAL, and LEA gene expression in the Marchantia CW| mutants.
(a) Table showing gene families significantly enriched in the transcriptomic data sets. (b) Table showing gene families significantly enriched in
the proteomic data sets. Three asterisks (***) indicate statistical significance P < 0.001, two asterisks (**) indicate P < 0.01, and one asterisk (*)
indicates P < 0.05, and “ns” indicates not significant. Abbreviations: aaRS, aminoacyl-tRNA synthetase gene family; alba, Alba gene family; ISCT,
inorganic solute cotransporter gene family; PL, polysaccharide lyase gene family. (c) Quantitative real-time PCR results of 10 PR genes, 3 genes
from the phenylalanine ammonia-lyase/chalcone synthase (PAL/CHS) gene family, and 1 gene from the late embryogenesis abundant (LEA)
gene family. These genes and gene families were enriched in the transcriptome of both the Mpfer-1 and Mpmri-1 mutants. Normalization was
performed against MpAPT3 and MpACT7. (*) indicates significant difference between mutants and the WT strain at P < 0.1 according to the
unified Wilcoxon—Mann-Whitney test.

hypersensitivity for Mpfer-1 plants was also observed for plants To further understand the link between MpFER and ABA,
of the independent CRISPR-edited Mpfer-2 and Mpfer-3 alleles ~ we quantified by RT-qPCR transcript levels for ABA-related
(Fig. 5d; Mecchia et al. 2022). genes, including ABA biosynthesis genes (MpABA1, MpNCED),
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Figure 5. ABA-treated Marchantia CWI mutants and quantification of thallus area and growth rate under ABA treatment. (a) Representative
images of Marchantia Tak-1, Tak-2, Mpfer-1, and Mpmri-1 genotypes grown on agar plates supplemented with 0 WM ABA (mock), T wM ABA,
or 10 WM ABA. (b) Violin plot showing the thallus area of the four genotypes grown with 0 ;LM ABA (mock), 1 wM ABA, or 10 .M ABA. (c)
Bar chart showing the relative thallus area as the percentage of the mean thallus area of treated plants to that of mock-treated plants for Tak-1,
Mpfer-1, Tak-2, and Mpmiri-1 plants. See also Supplementary Fig. S9 for an independent assay. (d) Representative images of Marchantia Tak-1,
Mpfer-1, Mpfer-2, and Mpfer-3 genotypes grown on agar plates supplemented with 0 uM ABA (mock) or 10 xM ABA. (e) Bar chart showing the
relative thallus area as the percentage of the mean thallus area of treated plants to that of mock-treated plants for Tak-1, Mpfer-1, Mpfer-2, and
Mpfer-3 independent mutant alleles. Statistically significant differences were determined by two-way ANOVA, followed by Tukey’s method with
a significant level of P < 0.05.
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catabolism genes (MpCYP707A), receptor and early signaling
genes (MpPYL1, MpSnRK2A), transcription factors (MpABI3A,
MPpABI5A), responsive genes (MpLEATL, MpDEHYDRIN), and
regulator genes (MpMFT), in thalli grown for 14 days on 10 uM
ABA. The genes encoding the type-A protein phosphatase 2C
(PP2Cs) MpABITA (MpVg00730) and MpABI1B (MpUg00130),
the main regulators of ABA signaling, are located on the sex-
ual chromosomes and thus were not tested here. Apart from
Tak-1, Mpfer-1, Tak-2, and Mpmri-1, we included two addi-
tional lines, JW26-3yr and JW26-13,.;. These lines are pro-
genies segregating from a backcross of Mpfer-1 (male) with
Tak-2 (female) and are both females. JW26-3y1 plants do not
harbor the T-DNA insertion of Mpfer-1, display wild-type (WT)-
like thalli sizes, and carried intact rhizoids. In contrast, JW26-
13,1 plants still carry the T-DNA insertion in MpFER and are
much smaller, with burst rhizoids, similar to the original Mpfer-
1 plants (Supplementary Fig. S10).

Apart from MpCYP707A, whose levels of expression were
moderately upregulated in Mpmri-1 compared to WT strains
(Fig. 6a and Supplementary Fig. S7b), the T-DNA insertion in
MpMRI did not appear to influence ABA-related gene levels
during this 14-day treatment with 10 wM ABA (Fig. 6 and
Supplementary Fig. S11). This correlates with the normal
responses to ABA treatment observed in Mpmri-1 (Fig.5)
and the globally lower expression levels of the ABA toolbox
in Mpmri-1 samples compared to Mpfer-1 ones (Fig. 6e and
Supplementary Fig. S7b).

Concerning Mpfer-1, first and as expected, across all the
experiments, the fer-1 female mutant progeny JW26-13,,
behaved very similarly to the original male Mpfer-1 (Fig. 6
and Supplementary Fig. S11), indicating that the sexual
chromosomes do not influence the MpFER-dependent ABA
responses. Secondly, for Mpfer-1 and its progeny JW26-13,.;,
ABA-related genes could be grouped into three categories. The
first one includes genes whose levels were not impacted by the
genotypes of our mutant lines (e.g. MpABA1 and MpABISA;
Supplementary Fig. S11a and e). The second one includes genes
that are slightly upregulated when MpFER is disrupted in mock
conditions and do not increase upon the 14-day ABA treatment
(MpNCED, MpPYL1, MpSnRK2A; Supplementary Fig. S11b
and d). The third one is the most prominent and includes
genes that are upregulated when MpFER is disrupted (in Mpfer-
1, male, and JW26-13y,.;, female) in mock conditions and
whose levels in all other genotypes are increased by the 14-day
ABA treatment to roughly the levels found in Mpfer-1/JW26-
1341 (Fig.6). This group comprises MpCYP707A, MpABI3A,
MPpLEATL, MpDEHYDRIN, and MpMFT and likely represents the
targets of MpFER-dependent inhibition. Their higher transcript
levels in unchallenged Mpfer-1 plants likely reflect an induced
ABA state, explaining why Mpfer-1 plants respond more
strongly even to low exogenous ABA concentrations (Fig. 5).

Because ABA plays a central role in abiotic stress responses,
the responses of CWI mutants’ gemmae to additional envi-
ronmental cues—such as growth-inhibiting salt and osmotic
stresses—were tested by a 7-day treatment with various NaCl
(0, 25, 50, and 100 mM) or mannitol (0, 100, and 200 mM)
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concentrations. Interestingly, in contrast to Arabidopsis, where
the ABA-hypersensitive Atfer-4 seedlings also display salt hyper-
sensitivity (Feng et al. 2018, Zhao et al. 2021, Liu et al. 2023,
Jiang et al. 2024), the ABA-hypersensitive Mpfer-1 gemmae
showed a weak but significant hyposensitivity to 25 mM NaCl
compared to Tak-1 (Supplementary Fig. S12a, left panel). This
hyposensitivity was also observed for JW26-13,.; gemmae com-
pared to JW26-3yr (Supplementary Fig. S12a, right panel, and
S12b), indicating that maybe FER’s role in mediating salt stress
response has changed during land plant evolution or that ABA
signaling and salt stress perception are differently coordinated
in Marchantia and Arabidopsis. Furthermore, Mpmri-1 gem-
mae were more sensitive than any of the other genotypes at
25 mM NaCl (Supplementary Fig. S12a, left panel), highlighting
again the distinct roles of MpFER and MpMRI in abiotic stress
responses. Concerning the response to the growth-inhibiting
mannitol treatment, no significative differences were observed
between the Mpfer-1, JW23-13,,.,, and Mpmri-1 mutant gem-
mae and their respective controls (Supplementary Fig. S12c).

Discussion

In this study, comparative transcriptomic and proteomic analy-
ses of CWI mutant lines versus WT strains showed that MpFER
and MpMRI are global negative regulators of transcription net-
works, with roughly 50% more upregulated genes than down-
regulated genes in the mutants (Fig. 2). Furthermore, our study
reveals that more than half of the DEGs and DAPs identified in
Mpmri-1 mutant plants are also differentially expressed/abun-
dant in Mpfer-1 plants, indicating that MpFER and MpMRI
largely cooperate, but also most likely play specific roles inde-
pendently of each other.

MPpFER and MpMRI have been shown to genetically
interact for the maintenance of CWI during rhizoid growth
(Westermann et al. 2019, Mecchia et al. 2022), just as it
was shown for AtFER and AtMRI during root hair growth
and AtANXUR1/2 and AtMRI during pollen tube growth
(Boisson-Dernier et al. 2015). In Arabidopsis, AtFER’s role is
far from being limited to tip-growing cells as it is crucial for
almost all aspects of plant biology and growth in an ever-
changing environment, including ABA and defense responses
(e.g. Franck et al. 2018, Cheung 2024). In contrast, AtMRI has
only been shown to be involved in regulating root hair and
pollen tube growth so far (Boisson-Dernier et al. 2015, Liao
et al. 2016). AtMRI belongs to the RLCK-VIII (also known as
“CARK” for cytosolic ABA receptor kinase) subfamily with 11
members in Arabidopsis, which have been reported to form
heterodimers and homodimers with each other in planta (Li
et al. 2022). On the one hand, MAZZA (CARKS5) appeared
to play a positive role in CLE peptide signaling in roots and
possibly in stomata spacing (Blimke et al. 2021). On the
other hand, CARK1, 3, and 6 have been shown to function as
positive regulators of ABA-dependent physiological responses
(Zhang et al. 2018, Wang et al. 2019, 2020, 2024a), phospho-
rylating ABA receptors and inducing their de-dimerization
(Li et al. 2022). Recently, AtFER was shown to phosphorylate
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Figure 6. Gene expression analysis in Tak-1, Tak-2, Mpfer-1, Mpmri-1, JW26-3w1, and JW26-13,.; genotypes grown for 14 days on 10 wM ABA
using quantitative real-time PCR (RT-qPCR). Transcript levels for ABA-related genes were quantified, including (a) the ABA catabolism gene
MpCYP707A, (b) the ABA transcription factor MpABI3A, (c) the ABA-responsive genes MpLEATL and (d) MpDEHYDRIN, and (e) the ABA regulator
MPpMFT. Normalization was performed against MpAPT3 and MpACT?7. Statistically significant differences were determined by two-way ANOVA,
followed by Tukey’s method with a significant level of P < 0.05. (f) Diagram depicting ABA-related metabolism and signaling genes with their
expression levels in the Mpfer-1 and Mpmri-1 mutant plants (data from the RNA-seq). Colors represent the same z-score as in the heatmap of
Supplementary Fig. S7. Rectangles, pentagons, circles, diamonds, and circles with a missing slice represent enzymes, ABA receptors, phosphatases
and kinases, transcription factors, and ABA-responsive genes, respectively.
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and interact with AtCARKT to positively regulate ABA signaling
during the early seed germination stage, suggesting that
the regulatory role of AtFER during ABA signaling varies at
different developmental stages (Wang et al. 2024a). In this
study, interaction of AtFER with AtCARK2, 10, and 11 was
also reported but not tested with AtMRI (AtCARK4). However,
AtMRI can interact with and phosphorylate ABA receptors
(Li et al. 2022), but no ABA-related phenotype has yet been
described for AtMRI-related mutants. This could mean that
either AtMRI plays no role during ABA signaling or that its
ABA-related function is hidden by other closely related CARKs
and the right multiple cark mutant combination has not yet
been investigated. In Marchantia, MpMRI regulates rhizoid
(Westermann et al. 2019) and gemmae growth (Muller et al.
2025), while a broader involvement of MpFER at both vegeta-
tive (rhizoid, gemmae cup, gemmae, thallus) and reproductive
stages of development was documented (Mecchia et al. 2022,
Muller et al. 2025).

The large overlap between DEGs and DAPs observed in
Mpfer-1and Mpmiri-1 displays a significant enrichment for gene
families involved in responses to biotic and abiotic stresses, in
particular the LEA, DIR, PR, GH, PAL, CHS, and CSS gene families
(Fig. 4a). Those enrichments can be visualized by looking at the
heatmap of specific gene toolboxes across our samples (e.g.
PRs/PAL/CHS, Supplementary Figs. S4-S7), and were further
confirmed by RT-gPCR analyses (Fig. 4b).

Several gene families found to be upregulated in the CWI
mutants are related to plant defense responses, indicating
either that the MpFER/MpMRI module negatively regulates
immunity or that the disruption of CWI and its impact on
the CW physico-chemical properties activate autoimmune
responses. In flowering plants such as Arabidopsis, soybean,
rice, and tomato, FER has been shown to play contrasting
roles in responses to pathogens. On the one hand, it is a
susceptibility factor for the obligate biotrophic fungi Erysiphe
orontii, the agent of powdery mildew (Kessler et al. 2010), the
hemibiotrophic fungi Fusarium oxysporum (Masachis et al.
2016, Fan et al. 2024) and Fusarium graminearum (Wang et al.
2024b), the hemibiotrophic fungus Magnaporthe oryzae (Yang
et al. 2020) as well as for the parasitic nematode Meloidogyne
incognita (Zhang et al. 2020, 2021). In the case of Fusarium and
Meloidogyne, the resistance observed in the fer-related mutant
was linked to RALF-like peptides secreted by the pathogens
to manipulate FER-dependent pathways (Masachis et al. 2016,
Zhang et al. 2020). On the other hand, FER has also been shown
to play a positive role in immune responses to the bacterium
Pseudomonas syringae, acting at the plasma membrane as a
scaffold component regulating the formation of the immune
receptor complex (Stegmann et al. 2017) and its mobility
(Gronnier et al. 2022) and in the cytosol by destabilizing MYC2,
a major positive regulator of jasmonic acid and coronatine
responses (Guo et al. 2018). Excitingly, Chen et al. recently
discovered that Arabidopsis infection by P. syringae or RALF23
treatment leads to cleavage of the cytoplasmic domain of FER
and its translocation to the nucleus, thereby likely promoting
immune responses (Chen et al. 2024). In bryophytes, the role of
MpFER during plant—pathogen interactions has not yet been
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characterized, but natural fungal pathogens have been isolated
for Marchantia (Matsui et al. 2020) and pathosystems have
been established with the oomycete Phytophthora palmivora
(Carella et al. 2019), the bacteria P. syringae (Gimenez-lbanez
et al. 2019, Matsumoto et al. 2022), the fungus F. oxysporum
(Redkar et al. 2022), and the tobacco mosaic virus (TMV)
(Ros-Moner et al. 2024). Therefore, it will be possible to
investigate whether the ancestral role of FER was to be a
susceptibility factor, a positive regulator of immune responses,
or both depending on the pathogens.

Besides plant defense responses, the drought stress hor-
mone ABA is also a common denominator known to regu-
late the expression of the gene families found upregulated in
Mpfer-1 and Mpmiri-1. In agreement, ~80% of upregulated
genes in WT Marchantia thalli treated with 1 WM ABA (Jahan
etal.2019) were upregulated in untreated CWI-related mutants
(Supplementary Fig. S8). This suggests that the MpFER/MpMRI
module negatively regulates ABA signaling.

However, despite the increased transcript levels of MpLEAT
(Fig. 4c) and MpCYP707A (Fig. 6a), Mpmri-1 plants displayed
WT-like responses to ABA and mannitol for growth inhibition
assays (Fig. 5 and Supplementary Figs. S9 and S12b) and a weak
hypersensitivity to mild salt stress (Supplementary Fig. S12a).
This indicates that MpMRI is not involved in ABA-dependent
thalli growth inhibition and that the misregulation of ABA-
related genes in Mpmri-1 may be linked to a different, yet
to be revealed, ABA function. In contrast, Mpfer-1 exhibited
enhanced expression of ABA-related genes compared to WT
plants, including those coding for ABA biosynthesis (MpNCED),
an ABA receptor (MpPYL1), key positive regulators of ABA
signaling (MpSnRK2A, MpABI3, MpMFT), and ABA-responsive
genes MpLEA1, MpLEAT1L, and MpDEHYDRIN (Figs. 4c and 6
and Supplementary Fig. S11). Interestingly, the genes of this
group are also downregulated by ectopic expression of the A-
type protein phosphatase 2C PP2C MpABITA (Eklund et al.
2018), which suggests that MpFER and PP2C MpABI1A function
together to negatively regulate ABA signaling. Consistently, we
found that Mpfer plants were hypersensitive to ABA in thalli
growth inhibition assays (Fig.5 and Supplementary Fig. S9)
but slightly hyposensitive to mild salt stress (Supplementary
Fig. S12a).

In Arabidopsis, AtFER also inhibits ABA signaling, with Atfer-
4 plants displaying hypersensitivity to ABA in seed germination,
cotyledon greening, stomatal, and root growth assays (Yu et al.
2012, Chen et al. 2016, Wang et al. 2022). In root growth assays,
AtRALF1 also negatively impacted ABA response (Chen et al.
2016). AtFER interacts with and activates the PP2C AtABI2,
a key negative regulator of ABA. Conversely, AtABI2 dephos-
phorylates AtFER and produces a negative feedback on ABA-
induced activation of AtFER (Chen et al. 2016). In agreement,
integrated omics on Atfer-4 mutant plants showed that the
GO term “response to ABA” (G0:0009737) was significantly
enriched among genes and proteins with increased levels in
Atfer-4 (Wang et al. 2022). Moreover, FER was reported to
phosphorylate and destabilize ABI5, a transcription factor and
positive regulator of ABA inhibition of cotyledon greening in
seedlings (Wang et al. 2022).
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Altogether, our findings indicate that FER’s function of
negatively regulating ABA signaling, likely in cooperation with
A-type PP2Cs, is conserved between bryophytes and flowering
plants and probably was present in the common ancestor
of land plants. Nonetheless, it remains possible that instead
of a direct molecular action of FER on an ABA signaling
component, cell wall defects in Arabidopsis and Marchantia
feronia mutants somehow constitutively unlock ABA signaling,
making the plants more prompt to respond to ABA. A detailed
phenotyping of the cell wall chemical and physical properties
of the Arabidopsis and Marchantia feronia mutants and their
corresponding WT lines would most likely be very informative
in this regard. Of interest, a recent study reports that xyloglucan
content or accessibility in the cell wall was reduced in Mpfer-
2 gemmae compared to WT ones (Muller et al. 2025). Muller
and coworkers hypothesize that the MpFER/MpMRI pathway
could regulate cell wall extensibility through xyloglucan levels
and xyloglucan remodeling. In agreement, GO:0016762, related
to xyloglucan:xyloglucosyl transferase activity, is significantly
enriched among the downregulated genes of both Mpfer-
1 and Mpmri-1 mutants (Supplementary Fig. S3a). Finally,
while MpFER and MpMRI function together in maintaining
CWI during rhizoid growth (Westermann et al. 2019) and
cell wall extensibility (Muller et al. 2025), our results establish
that they also have distinct functions in responses to abiotic
stresses. It would thus be of interest to investigate in more
detail the molecular signaling pathways or regulatory networks
that differentiate MpFER and MpMRI functions. For example,
in Arabidopsis, besides MRI, FER has many other known
downstream regulators, such as some guanine exchange factors
(GEFs), the ErbB3-binding protein 1 (EBP1), the transcription
factor MYC2, and the RPM1-induced protein kinase (RIPK),
(recently reviewed in Cheung 2024, Tang and Guo 2025)
the orthologues of which could mediate MRI-independent
FER responses in Marchantia. Finally, there are three RALFs
in Marchantia that belong to the AtRALF1 clade of the
RALF family and two LLGs that could also constitute MpFER
coreceptors (Mecchia et al. 2022). Assessing whether they
could also play a negative role in ABA signaling would provide
fundamental insights into the molecular mechanisms linking
ABA signaling and CWI.

Materials and Methods

Marchantia material and growth conditions

The M. polymorpha Tak-1and Tak-2 ecotypes as well as the Mpfer-1and Mpmri-
1 T-DNA insertional mutant lines (Honkanen et al. 2016, Westermann et al.
2019) or the CRISPR-edited Mpfer-2 and Mpfer-3 mutant alleles (Mecchia et al.
2022) were cultivated as described previously (Westermann et al. 2019).

Transcriptomic analyses

Total RNA for RNA-seq analysis was extracted from four biological replicates
of 3-week-old Tak-1, Mpfer-1, Tak-2, and Mpmri-1 thalli grown on cellophane
membranes to preserve the rhizoids using TRI reagent (Ambion Life Tech-
nologies). Two micrograms of DNase |-treated RNA (RNA integrity num-
ber RIN > 7, OD260/280 = 1.8-2.1, OD260/230 > 1.5) for three of the four

biological replicates was sent to the Cologne Center for Genomics (CCG) for
paired-end 100 bp short-read sequencing. Raw sequencing data were imported
into the Galaxy web server (Galaxy), and the read quality was assessed using
the FastQC package. Adapter sequences were trimmed, and the reads were
quality-filtered using the fastp package with default settings and enabling
overrepresentation analysis. The transcript count was then determined from
the resulting preprocessed FASTQ files using the KallistoQuant package with
default settings and sequence-based bias correction (42 bootstraps). Finally,
DEGs were determined using the DESeq2 package with default settings. An
adjusted P-value < 0.05 and log,(fold change) > 1.5 or <—1.5 were set as the
cutoff values to identify DEGs. All the transcripts were mapped to the M. poly-
morpha genome (MpTakv6.1) obtained from the MarpolBase website (https:
//marchantia.info) (Tanizawa et al. 2025). The RNA-seq data from this study
are available at the NCBI Gene Expression Omnibus (GEO) repository under
accession number GSE282327.

To visualize the robustness of our experimental design and assess the quality
of the biological replicates used in our RNA-seq experiment, several analyses
were performed. First, PCA plots were generated from the transcript counts
of each individual replicate using the plotPCA package in Galaxy (Ramirez
et al. 2016). Next, a list of DEGs and the corresponding transcript abundances
from each replicate were extracted and corresponding heatmaps (Tak-2 vs
Tak-1, Mpfer-1 vs Tak-1, and Mpmri-1 vs Tak-2) were generated using RStudio
(RStudio Desktop - Posit) with the ggplot2 and pheatmap packages. From
the DEG list, the logy(fold change) versus the —logqo(P-value) was plotted
with R studio and the ggplot2 package to generate volcano plots showing
the magnitude and significance of DEGs. Next, we determined the number
of common and unique transcripts by comparing the list of DEGs in Mpfer-1
versus Tak-1 to those in Mpmri-1 versus Tak-2. The significance of overlapping
transcriptomic datasets was determined using the hypergeometric test from
the R phyper function and the overlaps were visualized using area-proportional
Euler diagrams with the EulerR package.

Among DEGs, gene families that were significantly enriched (false discovery
rate, FDR < 0.01) were identified using the GenFam online tool (https://www.
mandadilab.com/genfam/; Bedre and Mandadi 2019) using a Fisher’s exact test
with Benjamini-Hochberg multiple testing correction.

Gene Ontology (GO) enrichment analysis was performed to identify
overrepresented BPs and MFs, within our gene sets (e.g. DEGs). Prior to
analysis, all the gene IDs were converted to version 7.1 from version 6.1
using the dedicated gene ID converter tool available on the marchantia.info
platform (https://marchantia.info/utils/id_converter/). Functional enrichment
analysis was then conducted using the MarpolBase Expression MBEX functional
enrichment tool (Kawamura et al. 2022), accessible through the marchantia.
info website (https://mbex.marchantia.info/enrichment) based on the recent
MpTak_v6.1 genome version. For each gene set, MBEX was utilized to identify
significantly enriched GO terms. The analysis was performed against the latest
available M. polymorpha GO annotation database provided by the platform.
Fisher’s exact test was employed to determine statistical significance, and P-
values were adjusted for multiple comparisons using the Benjamini-Hochberg
method to control the FDR. GO terms with an adjusted P-value (FDR) < 0.05
were considered significantly enriched.

Real-time quantitative PCR

One microgram of total RNA was reverse-transcribed (RevertAid First Strand
cDNA Synthesis Kit, Thermo Fisher Scientific). RT-qPCRs were carried out in a
QuantStudio 5 System (ABI/Life Technologies) using 96-well plates (0.2 mL) and
cover foil (Opti-Seal Optical Disposable Adhesive) from BlOplastics following
the work of Stephan et al. (2019). Reaction mixtures of 10 jLL were composed
of 5 L GoTaq RT-qPCR Master Mix (Promega), 0.2 L of each primer (10 uM),
1 L diluted cDNA, and 3.6 L ddH,O. Amplification was carried out with the
standard settings of the QuantStudio 5 System (50°C for 2 min, 95°C for 10's,
40 cycles at 95°C for 15 s, and 60°C for 1 min, followed by 95°C for 15 s and
a final dissociation curve from 60°C to 95°C). Analysis was performed using
QuantStudio TM Design, Analysis Software version 1.4.1, and Excel 2019.
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Sequences for primer design were taken from MarpolBase (Genome
Database for M. polymorpha, https://marchantia.info/), and in silico sequence
analysis was carried out with CLC DNA Workbench version 5.6.1. The primers
were designed using GenScript Real-time PCR Primer Design (www.genscript.
com) at an optimum T, of 60 = 2°C. All the amplicons showed a single band
of the expected size in gel electrophoresis and a single peak in the melting
curve. Average Cq values (y) and log10 values of three biological and three
technical replicates of six serial dilutions of 1:5, 1:10, 1:20, 1:40, 1:80, and 1:160
(x) were used to calculate the slope of a regression line using the formula

slope = % The efficiency of primers was then calculated with

1
efficiency [%] = 100 x (10(_W) — 1. The correlation of the Cq values

(R?) was calculated with the formula Pxy = % Primers for the

reference genes MpACTIN7 (MpACT7) and MpADENINE PHOSPHORIBOSYL
TRANSFERASE 3 (MpAPT3) were described before Saint-Marcoux et al. 2015.
Novel primers for genes of interest were accepted with an efficiency of 80%—
120% and a correlation between —1 and —0.99 (Supplementary Table S1).

All the transcript quantities of the genes of interest represent the average
of four biological and three technical replicates from RT-qPCRs of 1:5 diluted
cDNA samples. Outliersin the raw data were removed using a two-sided Grubbs
test atasignificance level of 0.05. Normalization against the two reference genes
MPpACT7 and MpAPT3, was carried out using normalization factors, according
to the geNorm manual (Vandesompele et al. 2002).

Since exponentiation causes the data to be strictly positive, the standard
normal assumption is not appropriate (Kirkwood 1979). However, using a Kol-
mogorov-Smirnoff test on the log-transformed data, we were able to demon-
strate that the data are log-normally distributed. We use 1 + efficiency as the
base for our logarithm, leading to the adjusted formula corrected mean =

(In(}/ 1+%)+1/202) ~2
(1 + efficiency) x witho? = In (1+ ;7 (variance). The
bias-corrected standard deviations are given by SD [X] = E[X] % CV [X] with

E[X] = %Z?ﬁ Xi (empirical mean), CV[X] = /(1 +efﬁci(-:'ncy)‘Iz -1

(coefficient of variation),and 0 = ’,%1 S (Xi—E [X])? (empirical standard
deviation).

Proteomic analyses

For protein extraction and fractionation, four biological replicates of frozen
thalli with their rhizoids (three thalli per replicate for Tak-1 and Tak-2 controls
and five to six thalli for Mpfer-1 and Mpmri-1 smaller mutant plants) were
disrupted in a Retsch Mixer Mill MM 400 with stainless steel beads for 5 min at
30 Hz. To the finely ground plant material 300 L urea/DTT extraction buffer
(8 M urea/5 mM DTT in 100 mM Tris, pH 8.5/protease inhibitor cocktail 2 and
3, Sigma, 20 pL/mL) was added, and samples were mixed and incubated for
30 min at room temperature (RT). After centrifugation for 10 min (15000 X g)
at room temperature, the supernatant was removed and transferred to a fresh
tube; this procedure was repeated up to three times, until no visible pellet was
retained. The protein concentration was determined using the Pierce 660 nm
protein assay.

An aliquot of 50 L of total protein extract was subjected to a chloroform—
methanol precipitation (Wessel and Fliigge 1984). In brief, 200 L of methanol
was added, and samples were vortexed. Next, 50 pL of chloroform was added
and the samples were vortexed again. Finally, 150 L of H,O was added and,
after vortexing, the samples were centrifuged for 1 min at 14000 x g. The
upper layer was then removed, without disturbing the layer of precipitated
protein. Two hundred microliters of methanol was added, and the samples were
vortexed and centrifuged for 10 min at 18 000 x g to pellet the precipitate. After
removal of the organic layer, the pellet was air-dried for 10 min and subjected
to an in-solution digest.

After precipitation, samples were taken up in 25 L 8 M urea/5 mM DTT
(pH 8.5, 0.1 M Tris—HCI) and subjected to in-solution digestion using 0.5 j1g
trypsin (Marques et al. 2021). After overnight digestion, samples were acidified
with 5 L 50% trifluoroacetic acid (TFA) and split into BoxCar and library
samples (Phookaew et al. 2024). For the library samples, 20 L (5 jLg) of each
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condition per replicate was mixed and submitted to strong cation exchange
(SCX) fractionation as previously described (Phookaew et al. 2024). Samples
in buffer A* (2% acetonitrile ACN, 0.1% TFA) were diluted to 0.1 pg/pL for
measurement. The first fraction was discarded, and samples were measured in
reverse order of elution.

For the BoxCar analysis, the remaining samples were desalted according
to the StageTip protocol (Rappsilber et al. 2003) and eluted peptides were
dried and then taken up in 10 wL A* buffer. The peptide concentration was
determined by using the Nanodrop program “Protein A280,” which showed
some unexpected variance especially for the mutant samples. The samples were
then diluted 1:10 rather than to a specific concentration. Inspection of the
resulting chromatograms showed similar profiles and intensities across samples,
validating the approach.

For LC-MS/MS data acquisition, library samples were analyzed using an
EASY-nLC 1200 (Thermo Fisher) coupled to a Q Exactive Plus mass spectrom-
eter (Thermo Fisher). Peptides were separated on 16 cm frit-less silica emit-
ters (Nikkyo Technos Co., Ltd, 75 iwm inner diameter), packed in-house with
reversed-phase ReproSil-Pur C18 AQ 1.9 wm resin (Dr. Maisch). Instruments
settings and gradients were used as described before (Phookaew et al. 2024).
BoxCar samples were analyzed using the above-described setup and previously
reported methods for BoxCar acquisition (Phookaew et al. 2024).

The MS data are available at the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD058089 (Perez-Riverol
et al.2022). Raw data were processed using MaxQuant software (version 1.6.3.4,
MaxQuant) (Cox and Mann 2008) with label-free quantification (LFQ) and
iBAQ enabled (Tyanova et al. 2016) using the settings recently described for
BoxCar analysis (Marques et al. 2021).

MS/MS spectra were searched by the Andromeda search engine (Max
Quant) against a combined database containing the sequences from Marchan-
tia Tak-1 and Tak-2 genotypes (MpTakv6.1) and sequences of 248 common
contaminant proteins and decoy sequences. Note that of the n = 4233 proteins
identified in the four biological replicates of the Tak-1 and Tak-2 strains, over
97% (4111) are present in both strains most likely because Tak-1 and Tak-2
genomes are very close (Tanizawa et al. 2025). Other settings were set to default
or as previously described (Marques et al. 2021).

Statistical analysis of the MaxLFQ values was carried out using Perseus (ver-
sion 1.5.8.5, MaxQuant) as described previously (Pruitt et al. 2021). Quantified
proteins were filtered for reverse hits and hits “only identified by site” and
MaxLFQ values were log,-transformed. After grouping samples by condition,
only those proteins that had been identified at least three times in at least
one of the conditions were retained for the subsequent analysis. Two-sample
t-tests were performed using a permutation-based FDR of 5%. Volcano plots
were generated in RStudio with the ggplot2 package (Supplementary Fig. S1b
and Figs. 2b and 3b).

ABA-, NaCl-, and mannitol-related responses in
Marchantia

For growth quantification, images of at least 20 individual thalli grown for 7 or
14 days on square Petri dishes containing agar-solidified '/> strength Gamborg's
B5 medium, pH 5.7, supplemented with 0, 1, or 10 WM ABA (A1049; Sigma-
Aldrich), 0, 25, 50, and 100 mM of NaCl (31434; Sigma-Aldrich), or 0, 100, and
200 mM D-mannitol (M9647; Sigma-Aldrich) were collected using a Scanner
Epson Perfection V850 Pro. The thallus surface area was determined using
classical segmentation by color thresholding with the Fiji-Image) v1.46 program
(Schindelin et al. 2012). Pixel areas were calibrated to square centimeters using
a scale bar to obtain the total surface area per individual thallus, and identical
segmentation parameters were applied to all the images. The mean thallus area
of mock-treated plants was set to 100% and the relative area was calculated
as the percentage of the mean thallus area of treated plants to that of mock-
treated plants. Data are presented as (i) violin plots, showing individual thallus
areas (cm?) and (ii) bar charts, depicting the relative area to mock (%). Graph
design and statistical analyses were performed using the GraphPad Prism 8
software (GraphPad Prism Software Inc.). Statistically significant differences

920z aunp 9| uo Jasn A181008 youeld-xeN Aq 961 +9¥8/S L obead/dod/ea01 "0 /10p/8o1ue-aoueApe/dod/woo dno-olwapese//:sdiy wody pepeowmoql

13


https://marchantia.info/
https://marchantia.info/
https://marchantia.info/
https://marchantia.info/
https://marchantia.info/
www.genscript.com
www.genscript.com
www.genscript.com
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcag015#supplementary-data
MaxQuant
http://www.maxquant.org/
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcag015#supplementary-data

14

Jobe et al.

were determined by two-way analysis of variance (ANOVA), followed by
Tukey’s method with a significance level of P < 0.05.

Concerning ABA-related RT-qPCR, total RNA extraction and reverse tran-
scription were made according to (Giordano et al. 2022). The primers used
for PCR experiments are listed in Supplementary Table S1. All the data were
from three independent biological replicates, each involving three technical
replicates. Reference genes were MpACT7 and MpAPT3, as indicated in the
figure legends. Data from the AriaMx v1.0.8 real-time PCR machine (Agilent
Technologies) were quantified with the comparative delta-Ct method, using
the individual primer efficiency—corrected calculation (Rao et al. 2013). Statis-
tically significant differences for RT-qPCR data were determined by two-way
ANOVA, followed by Tukey’'s method with a significance level of P < 0.05.
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