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Introduction

Summary

¢ The acquisition of dormancy capabilities has enabled plants to survive in adverse terrestrial
environmental conditions. Dormancy accumulation and release is coupled with light signaling,
which is well studied in Arabidopsis, but it is unclear in the distant nonvascular relative. We
study the characteristics and function on dormancy regulation of a blue light receptor crypto-
chrome in Marchantia polymorpha (MpCRY).

¢ Here, we identified MpCRY via bioinformatics and mutant complement analysis. The bio-
chemical characteristics were assessed by multiple protein-binding assays. The function of
MpCRY in gemma dormancy was clarified by overexpression and mutation of MpCRY, and
its mechanism was analyzed via RNA sequencing and quantitative PCR analyses associated
with hormone treatment.

¢ We found that the unique MpCRY protein in M. polymorpha undergoes both blue light-
promoted interaction with itself (self-interaction) and blue light-dependent phosphorylation.
MpCRY has the specific characteristics of blue light-induced nuclear localization and degrada-
tion. We further demonstrated that MpCRY transcriptionally represses abscisic acid (ABA)
signaling-related gene expression to suppress gemma dormancy, which is dependent on blue
light signaling.

¢ Our findings indicate that MpCRY possesses specific biochemical and molecular characteris-
tics, and modulates ABA signaling under blue light conditions to regulate gemma dormancy in
M. polymorpha.

dormancy promotes seed dispersal, which further decreases the
competition between progeny and parents of the same species

Dormancy is a temporary growth suspension in any meristem-
containing plant structure responding to environmental or devel-
opmental signaling (Graeber ez al, 2012) that facilitates plant
survival under adverse environmental conditions, including high
irradiance, drought, and temperature stress, and regrowth is then
resumed when conditions are favorable (de Vries & Archibald,
2018). For example, seed dormancy delays seed germination
until a more suitable season arrives, and bud dormancy prevents
bud growth in winter (Graeber ¢f al, 2012). In addition, seed
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and enables the colonization of new habitats (Finkelstein et 4/,
2008; Willis er al., 2014; Penfield, 2017). Therefore, the acquisi-
tion of dormancy has helped land plants overcome unfavorable
habitat conditions, regrow in optimal environments, and thrive
on land (Finch-Savage & Leubner-Metzger, 2006; Eklund ez af,
2015, 2018; Martin-Fontecha ez al., 2018).

Dormancy has developed independently throughout the evolu-
tion of different plant lineages, from cyanophytes to spermato-
phytes. Cyanobacteria, pioneer organisms on Earth, enter a
dormant state under nitrogen starvation (Sawers, 2016). Cyano-
bacteria also generate spores called akinetes, which appear to be
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the ancestral form of dormancy for all plants (Agrawal, 2009;
Xie, 2013). However, the dormancy status of spores varies among
species: The thick-walled spores of Chlamydomonas, which is a
single-cell green alga, are capable of achieving dormancy (Agra-
wal, 2009); by contrast, the spores of Physcomitrium patens lack
dormancy capabilities (Vesty er al, 2016). Another example
occurs in the bryophyte Marchantia polymorpha, a species of liver-
wort, which can generate asexual propagules known as gemmae.
As a gemma becomes mature, its apical notch and specialized
cells, such as rhizoidal initial cells and oil cells, are developed
(Shimamura, 2016; Kato er al, 2020). The mature gemmae
remaining in the gemma cup maintain high dormancy levels until
the gemmae depart from the gemma cup or until their parental
plant dies (Eklund ez 4/, 2015, 2018). As rhizoid emergence is a
sign of dormancy release, gemmae without rhizoids are consid-
ered dormant, while nondormant gemmae generate visible rhi-
zoids, at which point gemma dormancy is released, and
germination commences under suitable conditions when the
gemmae depart from the gemma cup (Molisch, 1922; Eklund
et al., 2015, 2018). Gemma dormancy in M. polymorpha is
another kind of dormancy that may play a significant role in dis-
persal, in decreasing competition with the parental plant, and in
adaptation to the variable terrestrial environment.

In spermatophytes, seeds are highly specialized and evolved
dormant bodies in adverse environments that are produced
through sexual reproduction (Linkies ez al., 2010). The unprece-
dented evolutionary success of seed plants is closely related to this
survival advantage conferred by seeds, and the acquisition of dor-
mancy has been critical for plant adaptation to land (Xie, 2013;
Carol & Jerry, 2014). In Arabidopsis, seed dormancy is induced
in the seed maturation stage, and seed dormancy reaches a certain
level and gradually decreases in the desiccation stage. After that,
the seed geminates under appropriate conditions. Generally, dor-
mancy induction, maintenance, and release and germination is
the process that occurs from seed dormancy to germination (Fin-
kelstein et al., 2008; Liao et al., 2022). Abscisic acid (ABA) is one
of the critical phytohormones involved in seed dormancy estab-
lishment, maintenance, and release (Finkelstein ez 2/, 2008; Fin-
kelstein, 2013; Yan & Chen, 2017). In M. polymorpha, it has
been reported that when gemmae are in the gemma cup, ABA
signaling functions inside the gemmae to induce and/or maintain
gemma dormancy, indicating that the ABA function in dor-
mancy regulation has been conserved in land plants (Eklund
et al., 2018). In addition, thallus apex-generated auxin, which is
synthesized by the IPyA pathway, can promote dormancy of the
gemmae inside the gemma cups (Eklund ez 4/, 2015; Kato ez al.,
2017). This function is similar to what occurs in Arabidopsis
seeds in that the dormancy of the seed is regulated by auxin, and
exogenous auxin delays germination initiation (Liu ez 4/, 2013).
However, it remains unclear how gemma dormancy regulation
responds to environmental changes in M. polymorpha.

Environmental cues, such as light, moisture, temperature
change, and nutrients, are vital regulatory factors for dormancy
(Agrawal, 2009). Light is one of the critical environmental signals
regulating plant dormancy from algae to Angiospermae (Dring,
1988; Serrano-Bueno er al, 2017). Changes in light conditions
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can break the dormancy of Chlamydomonas spores and can induce
germination (Agrawal, 2009), and phytochrome-mediated red/far-
red light signaling can modulate the gibberellic acid (GA) content
to regulate seed dormancy in Arabidopsis (Jiang et al., 2016). How-
ever, the earliest algae likely lived in the abyssal ocean, where red
light and UV-B are unable to penetrate; consequently, the light
signal and major energy source for plant development were sup-
ported by blue light (Singh ez al, 2015). The blue light receptor
cryptochrome (CRY) was the first photoreceptor to evolve in
plants (Han ez 4/, 2019). It has been reported that the genomes of
green algal species encode one CRY protein, such as VcCRYp
(from Volvox carter and CtCRYp (from Chlamydomonas rein-
hardti)) (Kianianmomeni & Hallmann, 2014); notably, CrCRYp
is the central regulator of the life cycle and circadian clock (Forbes-
Stovall er al, 2014; Muller ez al, 2017). In P. patens, PpCRY1a
and PpCRY1b are the two cryptochrome genes that redundanty
regulate the differentiation and growth of gametophores and
induce side branching on protonema in blue light by changing
auxin sensitivities (Imaizumi ez a/, 2002). In Chlamydomonas and
Adiantum  capillus-veneris, spore germination is regulated by
the CRY-mediated blue light signaling pathway (Imaizumi ez af,
2000; Kianianmomeni & Hallmann, 2014). Recently, opposing
results in seed plants have been reported: blue light was shown to
alleviate dormancy in Arabidopsis but promoted dormancy in bar-
ley (Barrero ez al., 2014; Stawska & Oracz, 2019). However, how
nonvascular plants respond to blue light to adjust dormancy
mechanisms is unclear.

In this study, we used one of the distant relatives of vascular
plants, the liverwort M. polymorpha as material. To determine
whether blue light can regulate the dormancy of gemmae, we
focused on MpCRY, which is the homolog of Arabidopsis blue
light receptor CRYs in M. polymorpha and investigated the bio-
chemical properties and physiological functions of this protein.
Then, we elucidated elements of a proposed MpCRY-mediated
signaling pathway of gemma dormancy, providing insight into
the dormancy regulation that allows plants to adapt to new habi-
tats and to terrestrial blue light environment changes.

Materials and Methods

Detailed methods for the RNA extraction and RT-qPCR assays,
RNA sequencing (RNA-seq) and data analysis, human cell cul-
ture and transfection, immunoblot and coimmunoprecipitation
(co-IP) assays, bimolecular fluorescence complementation assays
(BiFC), and yeast two-hybrid assays are provided in Supporting
Information Methods S1.

Plant materials and growth conditions

The M. polymorpha L. subsp. ruderalis Japanese strain
Takaragaike-1 (Tak-1; male) is the wild-type (WT) plant used in
this study (Ishizaki et 4/, 2008; Bowman ez al., 2017). All the
M. polymorpha gemmae and subcultivated or maintenance plants
were grown aseptically on %2 B5 medium (Gamborg ez al., 1968)
containing 1% sucrose, 1% agar, and 0.05% MES (pH = 5.5)
and were cultured in a growth chamber (HiPoint 740F-LED;
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Taiwan HiPoint Co. Ltd, Taiwan, China) with continuous white
light (60 pmol m™s™") at 22°C.

Light sources

We grew the M. polymorpha gemmae on a 2 B5 agar medium
plate and handled the materials under dim green safelight.
Monochromatic blue (peak 450 nm; half-bandwidth of 20 nm),
red (peak 660 nm; half-bandwidth of 20 nm), or far-red (peak
730 nm; half-bandwidth of 20 nm) light was generated by LED
panels. The light intensity was measured by an LI-250A light
meter equipped with an LI-190R Quantum sensor (Li-Cor Bio-
sciences, Li-Cor Inc., Lincoln, NE, USA).

Gene identification and phylogenetic analysis

Protein or transcript sequences of CRYs were collected from the
MaRrPOLBASE (https://marchantia.info), PHYTOZOME, and NCBI
GenBank databases. The Multiple Sequence Comparison by
Log-Expectation (MUSCLE) program was used to perform multi-
ple amino acid sequence alignments (Edgar, 2004). Based on
these alignments, phylogenetic trees were built with IQ-TREE
software (http://igtree.cibiv.univie.ac.at/) using the default set-
tings (Trifinopoulos ez al., 2016). The trees were edited with the
PHYML tool. The MuscLE and PHYML v.3.1 programs (Guindon
et al., 2010) are available in SEAVIEW v.4.7 (Gouy et 4l., 2010).

Generation of transgenic lines

To generate the Mp CRY overexpression transgenic lines, the cod-
ing sequence (CDS) of MpCRY (Mp2g17590) was amplified
from Tak-1 cDNA by PCR using PrimeSTAR® GXL (TaKaRa
Bio Inc., Otsu, Japan) with specific primers (Table S2) and
cloned into the pPDONR207 vector through the BP recombina-
tion reaction (Invitrogen, Thermo Fisher Scientific (China) Co.
Ltd, Shanghai, China). The LR recombination reaction was used
to clone MpCRY into the pMpGWB136 vector, with further
transformation performed by following the regenerating thallus
transformation protocol (Kubota e al., 2013). A total of 15 inde-
pendent positive transformants were confirmed by an RT-qPCR
assay to check the mRNA expression level of Mp CRY. After two
cycles of gemma transplantation from the approved overexpres-
sion lines, four isogenic G2 lines (proEF-Mp CRY-2/-4/-6/-11)
were used for the experiments.

CRISPR/Cas9-mediated mutagenesis was used to generate
Mpery mutants. The guide RNA (gRNA) was designed in the sec-
ond exon of MpCRY and cloned into the Pstl- and Sacl-digested
pMpGE_En01 vector (Sugano et al, 2018). The gRNA cassette
was cloned into the pMpGEO10 binary vector carrying Atco-Cas9
(Sugano et 4l., 2018) by the LR recombination reaction. The final
construct pMpGEO010 was brought into Agrobacterium tumefaciens
strain  GV3101. Regenerating thalli (Tak-1) were used for
Agrobacterium-mediated transformation, and the transformants
were screened on hygromycin containing %2 B5 agar medium as
described previously (Kubota et al, 2013). A total of 33 indepen-

dent positive transformants were sequenced and genotyped to
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identify the mutations to obtain monoclonal genome-edited lines as
described previously (Sugano & Nishihama, 2018). Four indepen-
dent genome-edited Mpery mutant lines (Mpery-3%/-20°°/-26%/-
33%) (loss-of-function) were generated for further experiments.

Gemma dormancy release assays

For the gemma dormancy assay, all gemmae were obtained from
the dormant mature gemmae in the top of the gemma cups of
white light-grown 3-wk-old plants. The gemmae were plated on
% B5 agar medium under dim green light and then immediately
exposed to continuous blue light (50 pmol m~2 s7Y), red light
(30 pmol m™* s71), far-red light (5 pmol m™2 s7), or white
light (60 pmol m™? s™") following the light intensity protocols
used in previously published papers (Xu ez al., 2018; Wang ez al.,
2019; Mao ez al., 2020). The gemmae were observed, and the
images were taken by a Leica M205FA stereomicroscope (Leica
Microsystems (Shanghai) Trading Co. Ltd, Shanghai, China).
The mature gemmae either lacked visible rhizoids (scored as dor-
mant) or had visible rhizoids (scored as nondormant; Eklund
et al., 2018), so we used the rhizoid emergence rate, which was
calculated by the percentage of gemmae with visible rhizoids, to
assess the gemma dormancy level. At least 30 gemmae of each
genotype were used, and statistical analysis was performed for
three replicates in each experiment. All experiments were
repeated at least three independent times.

Phenotypic analysis of gemmae in gemma cups

Mature gemmae obtained from 3- to 4-wk-old plants were
planted on %2 B5 agar medium under white light and then were
grown under continuous white light (60 pmol m~2 s7Y) for
3 wk, after which they were transferred to blue light
(50 pmol m™% s™") conditions for an additional 2 wk of growth.
The gemmae inside the gemma cup were observed, and the
images were taken by a Leica M205FA stereomicroscope and a
Hitachi TM3030 Plus scanning electron microscope (Hitachi
High-Tech (Shanghai) Co. Ltd, Shanghai, China). If the gem-
mae in the gemma cup itself did not have rhizoids, the cup was
scored as dormant and as germinating if rhizoids were detectable
(Eklund ez al., 2015), so we used the percentage of gemma cups
containing visibly germinating gemmae to assess the dormancy
level of gemmae inside the gemma cups. At least 30 gemma cups
of each genotype were used, and statistical analysis was performed
for three replicates in each experiment. All experiments were
repeated independently at least three times.

Confocal microscopy

Gemmae of proEF-Mp CRY plants were cultured under continu-
ous white light for 1 d, transferred to darkness for 2 d and then
exposed to continuous blue light (50 pmol m™2 s7Y), red light
(30 pmol m 2 s'), and far-red light (5 pmol m s "). Fluores-
cence derived from red fluorescent protein (RFP) was analyzed
by a Carl Zeiss LSM 880 (Carl Zeiss (Shanghai) Management
Co. Ltd, Shanghai, China) and Leica TCS SP8X confocal laser
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scanning microscope, and the wavelength range of the RFP
absorption spectrum was offset to 571-615 nm to eliminate the
spontaneous fluorescence of chloroplasts.

Quantification and statistical analysis

Significant differences were determined using Student’s #test or
the recommended multiple comparisons test, which was con-
ducted in one- or two-way ANOVA using GRAPHPAD Prism
v.7.0a for Mac (GraphPad Software, La Jolla, CA, USA, www.
graphpad.com). The expression levels for RT-qPCR were nor-
malized to those of the reference gene MpAPT (Saint-Marcoux
et al., 2015) using the 2724T method. Then, the relative expres-
sion unit (REU) value was calculated by normalization to the
gene mRNA level in the WT or mock treatment.

Results

MpCRY is the only cryptochrome in M. polymorpha

There was only one protein sequence (Mp2g17590) that shared
significant similarity with both CRY1 and CRY2 (Fig. S1); this
protein was previously named MpCRY (Bowman ez 4/, 2017; Li
et al., 2021). Alignment showed that MpCRY contains the typi-
cal CRY domains: the conserved N-terminal photolyase homol-
ogy region (PHR) domain and the highly variable CRY C-
terminal extension (CCE) domain (Fig. Sla—c). To determine
whether MpCRY was the functional
M. polymorpha, we constitutively overexpressed WT MpCRY
(pro355:MpCRY) in Arabidopsis crylery2 double mutants (Fig.
S1d). Then, we planted WT (Col-4), pro355:Mp CRY/crylcry2,
and crylcry2 Arabidopsis seedlings in darkness, while a matching

cryptochrome  in

set of seedlings was simultaneously placed under 15 pmol m™
s blue light for 5 d. As shown in Fig. S1(d), MpCRY partly
complemented the short hypocotyl phenotype of the crylcry2
mutant under blue light. We also used long-day photoperiod
light conditions (16 h : 8 h, light : dark) to grow pro35S:
Mp CRY/eryIcry2 and crylcery2 adult Arabidopsis plants and found
that MpCRY could complement the delayed flowering pheno-
type of the crylery2 mutant (Fig. Sle). Thus, we confirmed that
MpCRY in M. polymorpha had conserved functions in hypocotyl
inhibition and photoperiodic control of floral origination in Ara-
bidopsis CRYs to a certain extent.

Next, we performed a phylogenetic analysis by using the entire
MpCRY protein sequence along with the other 63 CRY protein
sequences, which were obtained from 24 representative diverse
species from algae groups (Charophyta and Chlorophyta), Bryo-
phyta, Lycophyta, Monilophyta, and Spermatophyta (Gymnos-
permae and Angiospermae; Fig. 1; Table S1). CRY from the alga
Ostreococcus tauri was used as an outgroup. There is only one
CRY present in all algal species and in M. polymorpha (Fig. 1).
Two CRYs are encoded in P. patens and in the hornwort Antho-
ceros angustus, which are species from the other two members of
Bryophyta: AaCRY1 is closely related to algal CRY, while
AaCRY is grouped with MpCRY, PpCRYla, and PpCRY1b
(Fig. 1). It is clear that CRYs further expanded in Selaginella
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moellendorffii and that the CRY1 and CRY2 subfamilies formed
from Monilophyta (Fig. 1), which may have come from the
large-scale whole-genome duplication events that occurred dur-
ing evolution from mosses (McGrath ez al, 2014; Clark &
Donoghue, 2018). Given the evolutionary history of the liver-
wort M. polymorpha (Mishler & Churchill, 1984; Kenrick &
Crane, 1997; Qiu et al, 2006; Chang et al., 2016; McDaniel,
2021), in addition to the complementary results we found in this
study and our phylogenetic analysis, we inferred that MpCRY is
a distant nonvascular plant relative of vascular plant CRYs.

The oligomerization of MpCRY is promoted by blue light

In Arabidopsis, the physiologically active forms of both CRY1
and CRY2 are oligomers, and the formation of these oligomers is
necessary for CRY function (Sang ez al., 2005; Yu ez al., 2007b;
Wang et al., 2016). The PHR domain is critical for the formation
of oligomers, of which MpCRY shares 63% and 64% sequence
similarity with Arabidopsis CRY1 and CRY2, respectively (Fig.
Sla,b). The PHR domain of MpCRY
chromophore-binding motifs, the N-terminal MTHF-binding a/
B motif and the C-terminal FAD-binding o motif (Fig. Sla,b),
which are responsible for blue light absorption (Lin & Todo,
2005). These results suggested that the PHR domain of MpCRY
might be functionally conserved, and we further tested whether
self-interaction was mediated by the PHR domain.

To investigate the interaction between MpCRYs, we generated
full-length and truncated versions of the MpCRY protein and
then fused them with GAL4 DNA-BD or GAL4 DNA-AD for
subsequent yeast two-hybrid assays (Figs 2a, S2a). The yeast cells
containing BD-MpCRY and AD-MpCRY grew on double drop-
out synthetically defined (DDO, SD/-L/—W) medium under
both blue light and darkness (Fig. 2b). In addition, only the yeast
cells containing BD-MpCRY and AD-MpCRY showed blue
colonies on quadruple dropout (QDO/X, SD/—-L/—-W/-H/-A/
X-a-Gal) medium under blue light rather than darkness (Fig.
2b). Further analysis showed that the B-galactosidase activity of
the yeast cells containing BD-MpCRY and AD-MpCRY grown
under blue light was significantly higher than that of the yeast
grown under darkness (Fig. 2¢). These results indicated that blue
light could promote MpCRY  self-interaction. On the
other hand, the yeast cells containing BD-MpCRY and AD-
MpCRYPHR grew on QDO (SD/-L/=W/-H/—A) medium
under both blue light and darkness (Fig. S2b). However, the
yeast cells cotransformed with BD-MpCRYCCE and AD-
MpCRY or BD-MpCRYCCE and AD-MpCRYCCE could not
grow on QDO medium under either darkness or blue light (Fig.
S2¢). Based on the results of the p-galactosidase activity assay for

contains two

each yeast cell (Fig. S2d,e), we hypothesized that the interaction
between MpCRYs was mediated by the PHR domain under
darkness and blue light conditions but that the interaction was
enhanced under blue light in M. polymorpha.

We further analyzed the interaction between MpCRYs by
BiFC assays in Nicotiana benthamiana leaf epidermal cells under
both blue light and darkness. We found that the reconstituted
yellow fluorescent protein (YFP) signal intensity of cYFP-
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Fig. 1 MpCRY in Marchantia polymorpha represents a related divergent lineage to extant land plant cryptochromes. Protein sequences of all the plant 2
CRYs in the phylogenetic tree were collected from the MarpoLBase (https://marchantia.info), Phytozome, and NCBI GenBank databases. CRYs are divided g
into two clades, namely CRY1 and CRY2, starting from Monilophyta during the evolution of plants. Information on the plants used for the phylogenetic g
analysis is listed in Supporting Information Table S1. MpCRY is marked with a red star. The numbers close to the branch nodes represent bootstrap value %
and bar represents 1 substitutions in each site. g
g

MpCRY and nYFP-MpCRY under blue light was significantly ~ with nYFP and cYFP was co-expressed with nYFP-MpCRY or §
higher than that in darkness (Fig. 2d,¢). By contrast, no YFP sig- nYFP (Fig. S3). Furthermore, we observed that MpCRY loca- %
nals could be observed when cYFP-MpCRY was co-expressed  lized in the nucleus and formed typical nuclear bodies (Fig. 2d), H
3

3
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Fig. 2 Blue light can promote the self-interaction of MpCRY. (a) The diagrams display the full-length MpCRY protein. Full-length MpCRY was fused with
the GAL4 DNA-binding domain (BD) or GAL4 DNA-activation domain (AD). (b) Yeast two-hybrid growth analysis of the interaction between the MpCRY
protein in darkness or blue light conditions (50 umol m=2 s=") on DDO (SD/—L/-W) or QDO/X (SD/—L/—W/—H/—~A/X-a-Gal) medium agar plates. The
various combinations of mated yeast cell cultures were dropped on the medium with the indicated concentration gradient. (c) Quantitative analysis of the
yeast two-hybrid assay used to determine the MpCRY interaction strength of the yeast cells from (b). The data are shown as the mean + SD, and the aster-
isks indicate a significant difference between darkness and blue light: **** P < 0.0001; ns, not significant (Student's ¢-test). (d) Bimolecular fluorescence
complementation (BiFC) assay showing the interactions of MpCRY with itself in Nicotiana benthamiana leaf epidermal cells in both darkness and blue light.
The cYFP-MpCRY, nYFP, and cYFP, nYFP-MpCRY combinations served as an internal control, and the nYFP, cYFP combination served as an empty vector
control, as shown in Supporting Information Fig. S3. The second row of blue and dark treatments, where only one nucleus is visible, shows higher magnifi-
cation. The YFP channel is false-coloured green. Bars: (white) 25 pm; (yellow) 8 pm. (e) Quantitative analysis of the fluorescence signal from (d). The fluor-
escence intensity is the gray value of the signal, which was calculated by the Imace) program. At least 15 signal areas were used for calculations, and the
data are shown as the mean + SD. The asterisks indicate a significant difference between darkness and blue light: **#* P < 0.0001 (Student's t-test). (f)
Coimmunoprecipitation (Co-IP) assay to confirm the self-interaction of MpCRY by using the HEK293T cell transfection system. The indicated proteins were
co-expressed in HEK293T cells, kept in darkness or exposed to blue light (100 pmol m™2 s™") for 2 h, and immunoprecipitated by GFP-trap beads. The IP
signal (GFP-MpCRY) or the co-IP signals (Myc-MpCRY) were analyzed by immunoblots probed with antibodies against GFP or Myc, respectively. Arabi-
dopsis CRY2 was used as a positive control.
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which has also been observed for Arabidopsis CRY2 (Yu et al.,
2009). These results suggested that MpCRY could interact with
itself in N. benthamiana cells in darkness and blue light condi-
tions and that blue light promoted its self-interaction.

For further validation of this finding, we analyzed blue light-
enhanced MpCRY interaction by a previously described in vivo
co-IP assay (Wang er al, 2016). HEK293T cells that were
cotransfected with two differentially tagged MpCRYs, namely
GFP-MpCRY and Myc-MpCRY, were used for the co-IP assay,
with blue light-dependent Arabidopsis CRY2 interaction as the
positive control. Immunoblot analysis revealed that both green
fluorescent protein (GFP) and Myc antibodies could detect the
corresponding MpCRY protein from both darkness- and blue
light-grown HEK293T cells co-expressing similar amounts of
GFP-MpCRY and Myc-MpCRY proteins before coprecipitation
with GFP-labeled magnetic beads (input) (Fig. 2f). After the pro-
teins were co-expressed in darkness-grown cells and then copreci-
pitated with GFP-labeled magnetic beads (GFP-IP), a faint Myc-
MpCRY band was detected by the Myc antibody (Fig. 2f). How-
ever, after exposure to blue light, more Myc-MpCRY protein
coprecipitated with GFP-MpCRY (Fig. 2f). These results indi-
cated that MpCRY could undergo self-interaction when
expressed in HEK293 cells under both darkness and blue light

but that blue light could promote this interaction reaction.

Evolutionarily conserved blue light-triggered
phosphorylation and specific degradation of MpCRY

Blue light-dependent phosphorylation has been found in Arabi-
dopsis CRY1 and CRY2, and this reaction is critical for CRY1
and CRY?2 physiological activity enhancement and polyubiquiti-
nation with subsequent degradation of nuclear CRY1 and CRY2
(Shalitin ez al., 2002, 2003; Wang ez al., 2015; Liu ez al., 2017,
2022; Wang & Lin, 2020). In our alignment comparison, the
CCE domain of MpCRY showed 20% sequence similarity to
AtCRY1 and only 8.4% sequence similarity to AtCRY2 (Fig.
Sla,c). However, the CCE domain of MpCRY contains a
DQXVP-acidic-STAES  (DAS) motif consisting of the N-
terminal DQXVP sequence, an acidic amino acid (E or D)
sequence, and a C-terminal STAES sequence (Fig. Slc), which
are responsible for CRY1 and CRY2 phosphorylation (Lin &
Shalitin, 2003); the CCE domain of MpCRY is also similar to
that of CRY1 and CRY2 (Fig. S1¢; Yu ez al., 2010).

To analyze whether the phosphorylation of MpCRY is evolu-
tionarily conserved, we used transgenic plants that constitutively
expressed MpCRY (proEFMpCRY-2) to analyze the protein
abundance and phosphorylation modification of MpCRY (Fig.
3). Immunoblot analysis revealed that some of the MpCRY pro-
tein migrated more slowly and significantly degraded only under
blue light but not under dark, red, or far-red light conditions
(Fig. 3a—c). In addition, the blue light-induced phosphorylated
MpCRY protein was eliminated by lambda protein phosphatase
(A-PPase; Fig. S4). This result indicated that MpCRY phosphor-
ylation and degradation were dependent on a specific blue light
wavelength. We further found that the abundance of MpCRY
decreased as the blue light intensity increased, and relatively

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

Research'7 ™

more MpCRY phosphorylation was detected at higher blue light
fluence rates (Fig. 3d—f). The blue light treatment time course
showed that MpCRY started to degrade after a 1-h exposure
time and that the protein abundance decreased with prolonged
blue light treatment (Fig. 3g,h). The blue light-triggered phos-
phorylation of MpCRY was analyzed soon after gemmalings
were exposed to blue light, and the relative abundance of phos-
phorylated MpCRY increased with exposure time (Fig. 3g,i).
These results revealed that the characteristics of MpCRY phos-
phorylation and degradation also depended on the fluence rate
and exposure duration of blue light. Compared with phosphory-
lation and degradation in Arabidopsis, MpCRY phosphorylation
was similar to that of AtCRYs (Shalitin ez 2/, 2002, 2003), but
the MpCRY blue light-induced degradation took longer than
that of CRY2, which degraded rapidly, while CRY1 was stable
under blue light (Liu ez al, 2016). These results suggested that
MpCRY phosphorylation has been conserved but that the
protein degradation mechanism was different from that in

Arabidopsis.

Blue light-induced nuclear localization of activated MpCRY
to modulate gene expression

To investigate the subcellular localization of MpCRY, we used
proEEMp CRY-2 transgenic plants for experiments, as the fluores-
cence signal was too weak for endogenous MpCRY promoter-
driven RFP-MpCRY, and MpCRY could degrade under blue light.
In darkness-grown gemmalings, the RFP-MpCRY fusion protein
was located mainly in the cytosol and plasma membrane (Figs 4a,
S5). After blue light exposure, REP-MpCRY accumulation occurred
almost entirely in a single large cell organelle — the nucleus — and
typical nuclear bodies were formed (Figs 4a, S5), similar to what
occurs with the nuclear bodies or photobodies that are the activated
state of Arabidopsis CRY2 (Yu er al., 2009; Ozkan-Dagliyan ez 4/,
2013; Wang et al., 2016), although levels of cytosol-localized REP-
MpCRY were low (Figs 4a, S5). However, red and far-red light did
not affect the localization of RFP-MpCRY (Fig. S5). This result
suggested that only blue light can induce MpCRY localization and
activation in the nucleus. Interestingly, as the exposure time
increased to 8 h, the red fluorescent signal intensity became weaker
and continuously decreased (Fig. 4a). These results were consistent
with the previously observed exposure time-dependent blue light-
triggered degradation of MpCRY (Fig. 3g,h). Taken together, our
results indicated that nuclear localization of activated MpCRY was
induced in a blue light-dependent manner and was followed by
degradation under prolonged blue light treatment.

To further explore the change in gene expression after blue
light-induced nuclear localization of activated MpCRY, we gen-
erated MpCRY knockout mutants (Mpery®; Fig. S6a,b) using
conventional clustered, regularly interspaced, short palindromic
repeats (CRISPR)/CRISPR-associated 9 (Cas9) (CRISPR/Cas9)
technology (Sugano ez al., 2014; Sugano & Nishihama, 2018).
We performed transcriptome analysis by RNA-Seq of the dor-
mant gemmae of WT and Mpcry* plants at three time points: 0
(8 h dark condition treatment, still maintained dormancy), 8
and 72 h of 50 pmol m™ 5! blue light treatment (Fig. 4b) with
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Fig. 3 Blue light-dependent degradation and phosphorylation of the MpCRY protein in Marchantia polymorpha. (a) Immunoblot assay of continuous
white light-grown 10-d-old gemmalings of the ,,,EF:MpCRY-2 plants transferred to darkness for 3 d and then kept in darkness or exposed to continuous
blue light (50 umol m™2s™"), red light (30 pmol m™2s™"), or far-red light (5 umol m=2s™") for 3 d. D, B, R, and FR represent dark, continuous blue, red,
and far-red light, respectively. (b, ¢) The relative band intensities of MpCRY from the immunoblot of (a) were digitized and quantified by choosing the cor-
responding band to calculate their gray value with the PuotosHop program, showing MpCRY degradation (MpCRY-/MpCRYP) or phosphorylation
(MpCRYPiI/MpCRY). MpCRY" represents the amount of MpCRY protein under light conditions, MpCRYP represents the amount of MpCRY protein in the
dark, MpCRYPi represents the amount of phosphorylated MpCRY protein, and MpCRY represents the amount of total MpCRY protein. All the band inten-
sities of the MpCRY protein were normalized to the loading control. The data are shown as the mean + SD from three independent experimental gels. (d)
Immunoblot assay of continuous white light-grown 10-d-old gemmalings of the ,,EF:MpCRY-2 plants transferred to darkness for 3 d and then exposed to
different blue light fluence rates (0-100 pmol m=2s~") for 8 h. (e, f) The relative band intensities of MpCRY from the immunoblot of (d) were digitized
and quantified as in (b, c). MpCRY® represents the amount of MpCRY protein in blue light. (g) Immunoblot assay of continuous white light-grown 10-d-
old gemmalings of the ,,,.EF:MpCRY-2 plants transferred to darkness for 3 d and then exposed to blue light (50 pmol m=2s™") for the indicated time. (h, i)
The relative band intensities of MpCRY from the immunoblot of (g) were digitized and quantified as in (e, f). Based on the protein bands under dark condi-
tions, we added a red line to serve as the horizontal line, the red line separates the phosphorylated MpCRY on the top and the unphosphorylated MpCRY
on the bottom. Arrowheads indicate phosphorylated MpCRY, and arrows indicate unphosphorylated MpCRY. Loading is the nonspecific band to indicate
the amount of protein in the immunoblot assays.

three biological replicates. Among these time points, we found  electron transport in photosystem I', ‘response to high light
that there were almost no differences in gene expression under intensity’, ‘cellular response to light intensity’, and ‘response to
dark conditions, with only six genes being upregulated and six gibberellin’ (Fig. 4d); all the GO terms are listed in Table S3.
genes being downregulated in Mpcry® plants compared with the ~ Among the upregulated genes in Mpcr®, we found that those
WT plants (FDR < 0.05; log,(FC) > 1; FC, fold change) associated with dormancy regulation were strongly represented.
(Fig. 4c). Differences in transcription were analyzed at 8 h of =~ Gene Ontology categories such as ‘seed dormancy process’,

light treatment, including for 78 upregulated genes and 87  ‘response to abscisic acid’, and ‘response to water deprivation’
downregulated genes (Fig. 4c). After 72 h of blue light exposure, were highly represented (Fig. 4d), implying that dormancy status
385 upregulated genes and 98 downregulated genes were ana-  in Mpcry® may be enhanced. Interestingly, the down- and upre-
lyzed (Fig. 4c). These results indicated that blue light-activated ~ gulated genes in Mpcr® after 72 h of blue light treatment
MpCRY localization changes regulate gene expression changes in ~ showed similar GO enrichment terms, that is, light signaling and

M. polymorpha. Gene Ontology (GO) enrichment analysis  dormancy regulation (Fig. 4e). These results suggested that blue
showed that genes downregulated in Mpery® plants compared  light-activated MpCRY  transcriptionally regulated the genes
with the WT plants after 8 h of blue light illumination were asso- ~ involved in blue light signaling in gemmae and might have a
ciated with light signaling pathways, such as ‘photosynthetic ~ function in dormancy regulation via ABA signaling.
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Fig. 4 Blue light-activated MpCRY
localization changes to regulate the
expression of various genes in Marchantia
polymorpha. (a) The gemmae of the ,oEF:
MpCRY-2 plants were grown under
continuous white light for 1 d, transferred to
darkness for 2 d, and then exposed to
continuous blue light (50 pmol m=2s~") for
the indicated time. The RFP channel is false-
coloured green and the Chlorophyll
autofluorescence is false-coloured magenta.
Bar, 20 pm. (b) Schematic diagram of RNA-
Seq comparison analysis. Dormant gemmae
of wild-type (WT) and Mpcry5€ plants
harvested from gemma cups were grown in
darkness and under 50 pmol m=2 s~ blue
light (8 and 72 h). RNA samples from dark-
grown gemmae and gemmae exposed to
blue light for 8 and 72 h were subjected to
RNA-seq analysis. The DEGs were calculated
by comparing Mpcry®® to the WT indicated
by red arrows at three time points. (c)
Volcano plot showing differentially expressed
genes (log,IFCl > 1; FDR < 0.05) between
Mpcry®® and WT gemmae grown in darkness
or under 8 or 72 h of blue light illumination.
The upregulated or downregulated genes in
Mpcry®€ are depicted in orange or sky blue,
respectively. (d, e) GO enrichment analysis
for differentially expressed genes in Mpcry®®
under 8 and 72 h of blue light exposure.

MpCRY overexpression inhibits gemma dormancy in

gemma cups

Since we had already determined the conserved and specific char-
acteristics of MpCRY, we were eager to investigate its physiologi-
cal functions. We grew WT, Mpcry-33%, and

© 2023 The Authors
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plants under white light (60 pmol m™2 s7') for 3 wk and then
transferred the plants to blue light (50 pmol m 2 s7Y) with an
additional 2 wk of treatment to analyze the dormancy pheno-
type. We found that an average of 8% of the gemma cups from
WT plants containing rhizoids produced gemmae (Fig. 5a,b),

EFMpCRY-2  which is indicative of nondormancy (Eklund er al, 2015).

pro
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Meanwhile, 5% of the Mpcr* mutant gemma cups containing ~ gemma cups maintained a high dormancy level, it appeared it
thizoids produced gemmae, with no significant difference com- ~ would not be easy to analyze the dormancy function. However,
pared with the WT (Fig. 5a,b). Because the gemmae in the  almost all the gemma cups of the ,,,EF:Mp CRY plants contained
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Fig. 5 MpCRY overexpression functions inside gemmae to suppress dormancy under blue light in Marchantia polymorpha. (a) White light-grown 3-wk-
old wild-type (WT), Mpcry-33%¢, and ,,.EF:MpCRY-2 plants were placed under blue light for an additional 2 wk of treatment. The gemmae in the gemma
cup were observed under a stereomicroscope and scanning electron microscope (SEM). The third row of (a) shows higher magnification for the white rec-
tangle marked areas of the second-row pictures. Bars: (top, middle rows) 1 mm; (bottom row) 200 pm. (b) Statistical analysis of the percentage of gemma
cups containing visibly germinating gemmae shown in (a). At least 30 gemma cups of each genotype were used for calculations, and three replicates were
performed. (c) White light-grown 3-wk-old Mpcry-33%° gemmae were transferred into the same 3-wk-old empty WT or ,,EF:MpCRY-2 gemma cups and
then placed under blue light for 2 wk of treatment. (d) White light-grown 3-wk-old ,.EF:MpCRY-2 gemmae were transferred into the same 3-wk-old
empty WT or Mpcry-33%¢ gemma cups and then placed under blue light for 2 wk of treatment. (e) White light-grown 3-wk-old WT gemmae were trans-
ferred into the same 3-wk-old empty Mpcry-33%¢, , . ,EF:-MpCRY-2, or WT gemma cups and then placed under blue light for 2 wk of treatment. (f) Statisti-
cal analysis of the percentage of each genotype containing visibly germinating gemmae shown in (c-e). At least 10 gemma cups of each genotype were
used for calculations, and three replicates were performed. (g) Relative MpCRY mRNA level of blue light-grown gemmae and gemma cup. For (c-€), in
one set of transfer experiments, the left panel indicates the empty gemma cup with all the gemmae removed, the middle panel indicates the empty gemma
cup with gemmae of other plants, and the right panel indicates plants that were placed under blue light with an additional 2 wk of treatment after transfer.
Bars, 1 mm. For (b, f, g), the data are shown as the mean + SD, and the asterisks indicate a significant difference between transgenic and WT lines for (b,

f) or gemma and gemma cup for (g): *##* P < 0.0001; ns, not significant (Student's ¢-test).

large numbers of gemmae with visible rhizoids (Fig. 5a,b). In
addition, the number of gemmae with rhizoids in each gemma
cup was consistent with the MpCRY mRNA expression level in
different ,,, EF-Mp CRY lines (Fig. S6¢c—e). These results suggested
that MpCRY overexpression might inhibit gemma dormancy in
gemma cups under blue light.

To determine whether MpCRY directly functions in gemmae
to regulate dormancy or acts on the gemma cup indirectly to
affect gemma dormancy under blue light, we transferred dormant
mature gemmae within gemma cups of white light-grown 3-wk-
old WT plants into the same 3-wk-old empty Mpcry-33° or
proEFEMp CRY-2 gemma cups where the gemmae had just been
removed, and then, the gemmae in the gemma cups were grown
under blue light for 2 wk. A similar manipulation was used to
transfer Mpcry* gemmae to WT or ,,,EEMp CRY gemma cups
and ,,,EF:Mp CRY gemmae to WT or Mpery* gemma cups, and
the transfer of WT gemmae to WT gemma cups was set as a
negative control (Fig. 5c—e). The WT gemmae remained dor-
mant after transfer into WT, Mpen#, and ,,, EFEMp CRY gemma
cups for 2 wk of blue light treatment (Fig. 5e,f). A similar result
was also observed in Mpcry®, and the ratio of gemma cups with
thizoid-produced gemmae was not significantly different from
that in the WT (Fig. 5¢,f). However, ,,,EF:Mp CRY gemmae pro-
duced rhizoids when transferred into WT or Mpcr® gemma
cups for 2 wk of blue light treatment (Fig. 5d,f). In addition, we
also found that there was no difference in the gemma dormancy
phenotype among the WT, Mper*, and ,,,EEMpCRY lines
under red light conditions (Fig. S7). These results indicated that
MpCRY overexpression functioned inside the gemmae itself
rather than in the gemma cup to regulate dormancy under blue
light, although the MpCRY mRNA level was almost the same in
blue light-grown gemmae and gemma cups (Fig. 5g).

MpCRY is involved in gemma dormancy release regulation
after its dispersion

To study the function of MpCRY in gemma dormancy release,
we grew dormant mature gemmae from white light-grown 3-wk-
old WT, Mpcry-33*, and ,,,EF:Mp CRY-2 plants on 2 B5 agar
medium to observe the speed of gemmae rhizoid emergence over
80 h of blue light treatment. The rhizoid emergence rate was
used to assess the gemma dormancy level, which is like seed

© 2023 The Authors
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dormancy release marked by radicle emergence. We first checked
the gemma dormancy level from the top (old) and bottom
(young) of the gemma cup and found that their dormancy level
was almost the same (Fig. 6a,b); thus, we only removed the top
position gemmae for this experiment for the sake of convenience.
The WT gemmae rhizoids emerged after 16 h of plating and gra-
dually increased to a 100% rhizoid emergence rate at 72 h, and
Mpery* gemmae had a similar tendency (Fig. 6¢,d). However,
the rhizoid emergence rate in the Mpcry* gemmae was much
slower than that in the WT (Fig. 6¢,d). For example, Mpcry*
gemmae needed > 48 h to reach a 50% rhizoid emergence rate,
whereas it took ¢. 36 h for the WT (Fig. 6d). The Mpcr* gem-
mae all exhibited rhizoids after 72 h of growth on agar, similar to
the gemmae of the WT (Fig. 6¢,d), suggesting that there was no
developmental defect regulated by MpCRY. The Mpcry® gem-
mae rhizoid emergence rate was consistent with the MpCRY
mutations caused by genome editing (Figs 6d, S6a,b,f). The gem-
mae from ,,, EFXMp CRY plants exhibited the fastest rhizoid emer-
gence rate, which reached 50% after ¢. 9 h of growth under blue
light and reached 100% after only 16 h (Fig. 6d). Moreover, the
rhizoid emergence rate of gemmae from ,,,EF:Mp CRY was con-
sistent with the MpCRY mRNA expression level in these lines
(Figs 6d, S6c,f). To eliminate the possible function of MpCRY
in gemma dormancy regulation in the gemma cup, we harvested
the gemmae from red light-grown 3-wk-old plants to carry out
the same dormancy assay, and a similar result was observed (Fig.
S8a,b).

We next found that the gemmae of both WT and Mper® plants
could not grow and that no gemmae produced rhizoids in darkness
or under far-red light (Fig. S8¢,d), which was similar to the find-
ings of a previous report (Inoue ez 4., 2016). In addition, the gem-
mae rhizoid emergence rates of the WT and Mpcr/* plants were
consistently the same under red light (Fig. S8¢). However, the
MpCRY-overexpressing gemmae exhibited 20% and 35% rhizoid
emergence rates in darkness and under far-red light, respectively
(Fig. S8c¢,d), and the rhizoid emergence rate under red light was
similar to that under the previous blue light conditions (Fig. S8e),
probably because blue light-activated MpCRY degraded slowly
(Fig. 3g). Furthermore, we investigated whether MpCRY-mediated
blue light signaling affects gemma dormancy release depending on
the blue light fluence rate. We found that as the blue light intensity

increased, the gemmae rhizoid emergence rate of these two
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Fig. 6 MpCRY accelerates gemma dormancy release under blue light in Marchantia polymorpha. (a) Pictures show the position of the gemmae in the
gemma cups of white light-grown 3-wk-old wild-type (WT) plants, and the gemmae plated on agar medium, the older gemmae from the top of the cup,
the younger gemmae from the bottom of the cup. Bars, 1 mm. (b) Statistical analysis of the rhizoid emergence rate from the gemma dormancy assay of
dormant mature older and younger gemmae, which were obtained from the gemma cups of white light-grown 3-wk-old WT plants and were plated in
continuous blue light (50 umol m~=2 s~") for the indicated time. At least 30 gemmae were used for the calculations, and three replicates were performed.

(c) The dormant mature gemmae of all the genotypes were obtained from the top of the gemma cups of white light-grown 3-wk-old plants and were pla-
ted in continuous blue light (50 umol m™2 s™") for the indicated time. The gemmae were observed under a stereomicroscope, and representative pictures
are shown. The white arrows indicate the emerged rhizoids. Bar, 1 mm. (d) Statistical analysis of the rhizoid emergence rate shown in (c). At least 30 gem-
mae of each genotype were used for calculations, and three replicates were performed. (e) Statistical analysis of the rhizoid emergence rate of dormant
mature gemmae were obtained from the gemma cups of white light-grown 3-wk-old WT and Mpcry-33%¢ plants and were plated in different blue light flu-
ence rates (0-100 pmol m™2s™") for 48 h. At least 30 gemmae of each genotype were used for calculations, and three replicates were performed. For (b,
d, e), the data are shown as the mean + SD, and the asterisks indicate a significant difference between younger and older gemmae for (b) or the transgenic
and WT lines for (d, e): *, P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001 (Student's t-test).

genotypes gradually increased (Fig. 6e). In addition, the rhizoid
emergence rate of Mpcry* gemmae was consistently significantly
lower than that of the WT gemmae at the same blue light intensity
(Fig. 6e). Overall, these results suggested that MpCRY specifically
regulates the dormancy release of gemmae after its dispersion from
the gemma cup under blue light.
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MpCRY transcriptionally represses ABA signaling genes to
promote gemma dormancy release

It is widely known that the phytohormone ABA is the major
endogenous signal controlling seed dormancy (Kucera ez al,
2005; Finkelstein ez al, 2008; Graeber ez al., 2012; Shu ez al.,

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

85U8017 SUOWILLIOD @A 11810 3|qeo![dde 8Ly Aq peuseob ae sapoie YO ‘8sh JO Sa|n 1oy AIqiT8UIUO AB]IM UO (SUORIPUOD-PUR-SWBIAL0D A3 | 1M Ae.ql 18Ul [UO//:SANL) SUORIPUOD PUe Swia | 8u188S *[£202/c0/60] Uo AriqiTauliuo AB|im ‘Arigiiay L AisieAlun Jeiseoue ] Aq GT8ST Udu/TTTT 0T/I0p/w0d A8 |im ARl ijeurjuo yduy/:sdny woiy pepeojumod ‘0 ‘ZET8697T



New
Phytologist

2016). We found that the GO term ‘response to abscisic acid’
was enriched in upregulated genes in Mpcry* after 8 and 72 h of
blue light treatment (Fig. 4d,e). Thus, we further investigated
whether MpCRY may be involved in ABA signaling-regulated
gemma dormancy. To investigate this possibility, we first con-
firmed that gemmae rhizoid formation was delayed by ABA treat-
ment in a dose-dependent manner and that the gemmaling size
was reduced (Fig. S9). These observations were consistent with
the findings of a previous report (Eklund ez 4/, 2018). Then, we
performed dormancy experiments by using dormant mature

gemmae of the WT, Mpcry-33%, and ,,,EEMpCRY-2 lines

Research™ 13

under blue light. As the results show, the gemmae of all the plants
were able to generate rhizoids when they were growing; however,
gemma dormancy release was delayed by ABA in a dose-
dependent manner, and the Mpery® mutant line was hypersensi-
tive to ABA, while the overexpression line ,,,EEMpCRY was
hyposensitive (Figs 7a—c, S10). Regardless of ABA concentration,
the rhizoid emergence rate of the gemmae was always the highest
in ,,,EFEMpCRY plants and the lowest in Mpery* plants, and
that of the WT plants exhibited an intermediate value (Fig. 7a—
o). These findings implied that MpCRY might inhibit ABA-

delayed rhizoid formation in gemmae.
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Fig. 7 MpCRY accelerates gemma dormancy release under blue light by regulating abscisic acid (ABA)-related genes in Marchantia polymorpha. (a—c) Sta-
tistical analysis of the rhizoid emergence rate of the dormant mature gemmae of the wild-type (WT), Mpcry-338¢, and proEF:MpCRY-2 plants that were
plated on various concentrations of ABA-containing agar medium, as indicated in the figure, under dim green light and then exposed to continuous blue

light (50 ymol m™2 s™") for the indicated time. At least 30 gemmae of each genotype were used for calculations, and three replicates were performed. (d)
RT-qPCR analysis of ABA signaling-related gene (MpABI3A, MpABI5B, and MpMFT) mRNA levels in WT, Mpcry-338¢, and proEF:MpCRY-2 gemmae
grown on mock medium under blue light for 8 h, as shown in (a). (e-g) RT-qPCR analysis of ABA signaling-regulated gene (MpABI3A, MpABI5B, and
MpMFT) mRNA levels in WT, Mpcry-33%¢, and proEF:MpCRY-2 gemmae grown on mock or 20 pm ABA medium under blue light for 8 h. (h) RT-qPCR
analysis of ABA-responsive gene (MpLEA1/2/3 and MpDHNT) mRNA levels in WT, Mpcry-338¢, and proEF:MpCRY-2 gemmae grown on mock medium
under blue light for 8 h, as shown in (a). (i) RT-qPCR analysis of ABA-responsive gene (MpLEA1/2/3 and MpDHN17) mRNA levels in WT gemmae grown
on mock or 20 um ABA medium under blue light for 8 h. For (a—i), the data are shown as the mean + SD, and the asterisks indicate a significant difference
between the transgenic and WT lines for (a—h) or mock and ABA for (e-g, i): *, P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001; ns, not signifi-
cant (Student's t-test).
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To further analyze how MpCRY is involved in ABA signaling,
we analyzed three ABA signaling-regulated genes, namely MpA-
BI3A, MpABI5B, and MpMFT, which are orthologs of the Arabi-
dopsis genes AtABI3, AtABI5, and AtMFT (Eklund ez al., 2018).
The mRNA expression levels were analyzed in the gemmae of the
WT, Mpery-33, and ,,,EEMpCRY-2 lines grown on agar med-
ium for 8 h under blue light. RT—qPCR analysis showed that the
mRNA expression levels of these three genes were all upregulated
in the Mper® gemmae compared with the WT gemmae (Fig. 7d).
Correspondingly, the MpABI3A and MpMFT mRNA expression
levels were downregulated in the ,,,EEMp CRY gemmae compared
with the WT gemmae, even though there was no change in MpA-
BI5B gene expression (Fig. 7d). The same RT—qPCR assay was
performed using gemmae cultured for 8 h under red light condi-
tions, and there was no ABA signaling gene expression change
except that MpABI3A expression was lower in ,,,EFEMp CRY (Fig.
S11a). These analyses revealed that MpCRY could transcriptionally
regulate ABA signaling-regulated genes when the gemmae dis-
persed on the medium under blue light.

To establish whether mutation of MpCRY could mimic exo-
genous ABA-induced ABA signaling-regulated gene expression,
we tested the mRNA expression levels of these ABA signaling-
regulated genes in the gemmae of the WT, Mpcry-33%, and
proEFEMp CRY-2 lines grown on 20 pM ABA or mock medium
under blue light for 8 h. RT—qPCR analysis showed that the
MpABI3A mRNA expression level was increased in both ABA-
treated WT gemmae compared with the mock-treated gemmae
and in the Mpcry® gemmae compared with the WT gemmae
(Fig. 7e). Correspondingly, the MpABI34 mRNA expression
level was decreased in both ABA- and mock-treated ,,,EF:
Mp CRY gemmae compared with the WT gemmae (Fig. 7¢). The
expression patterns of MpABI5B and MpMFT under these con-
ditions were similar to that of MpABI3A (Fig. 7f,g). These results
indicated that MpCRY could transcriptionally repress ABA-
induced ABA signaling-regulated genes when the gemmae dis-
persed on medium with or without ABA under blue light.

In addition, we also analyzed whether MpCRY could affect
ABA-responsive gene expression. Four ABA-responsive genes,
namely MpLEA1/2/3 and MpDHNI, have been presented in a
previous report (Ghosh ez al, 2016; Eklund ez al, 2018). RT-
qPCR analysis showed that the mRNA expression levels of all
four genes were increased in both the Mpery* gemmae compared
with the WT and the ABA-treated WT gemmae compared with
the mock-treated gemmae (Fig. 7h,i). At the same time, the
mRNA expression levels of all four genes were decreased in the
poEFEMp CRY gemmae compared with the WT gemmae (Fig.
7h). There was no expression change in MpLEAI/2/3 and
MpDHNI between Mper* and WT gemmae cultured under
red light conditions (Fig. S11b). Moreover, the mRNA expres-
sion levels of all eight ABA signaling-related genes in the gemmae
inside the gemma cup were not significantly different between
the Mper® and WT (Fig. S12a,b), although some gene mRNA
expression levels were reduced in the ,,,EFMpCRY gemmae
compared with the WT gemmae (Fig. S12a,b). Taken together,
these results revealed that MpCRY was involved in the ABA sig-
naling pathway and transcriptionally repressed ABA signaling-
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Fig. 8 Proposed model of cryptochrome-modulated abscisic acid (ABA)
signaling in blue light in the liverwort Marchantia polymorpha. The sche-
matic illustration shows that MpCRY autonomously promotes gemma dor-
mancy release after gemmae dispersal from the gemma cup by
transcriptionally repressing ABA signaling-regulated genes in blue light in
M. polymorpha. The blunt ended dashed line means indirectly repressed,
the blunt ended solid line means directly repressed, and the arrowheaded
solid lines mean directly promoted.

related genes under blue light to suppress gemma dormancy and
promote dormancy release after gemma dispersal from the
gemma cup in M. polymorpha.

Discussion

The findings in this study elucidated elements of a proposed
MpCRY-mediated signaling pathway during gemma dormancy
and prompted us to propose the following working model: when
dormant gemmae disperse in darkness, MpCRY exists as an inac-
tive monomer and/or oligomeric protein in the cytosol.
After blue light illumination, nucleus-localized MpCRY self-
interaction is enhanced and phosphorylation occurs to activate
the protein, which transcriptionally represses the expression of
both ABA signaling-regulated and ABA-responsive genes, further
weakening the ABA inhibitory effect on gemma dormancy
release (Fig. 8). Thus, in the liverwort M. polymorpha, MpCRY-
mediated blue light signaling modulates ABA signaling to regu-
late gemma dormancy release, which provides insights into the
distinct blue light environmental adaptation mechanism of plants
in various surroundings.

MpCRY has distinct photooligomerization and protein
degradation characteristics in M. polymorpha

Bryophytes and vascular plants diverged from their common
ancestor, which was a bona fide early land plant (McDaniel,
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2021). Marchantia polymorpha, which is a member of the Bryo-
phyta, is a shade-loving plant (Mache & Loiseaux, 1973) and
may have acquired many derived traits to adapt to such environ-
ments over the past million years. MpCRY was first identified as
a blue light receptor in the M. polymorpha genome (Bowman
et al., 2017), and MpCRY was involved in asymmetrical thallus
growth, sucrose metabolism, and carbon fixation in M. polymor-
pha under blue light conditions, but it is unclear how it trans-
duces blue light signaling (Li ez 2/, 2021; Zhang et al., 2021). In
this study, we first found that MpCRY self-interaction occurs
under dark conditions and that blue light promotes this process
(Figs 2, §2), which is different from blue light-dependent oligo-
merization in vascular plants (Liu ez 4/, 2020). In vascular plants,
CRY photooligomerization is necessary for blue light signal trans-
duction, phosphorylation, light-dependent proteolysis, and inter-
action with proteins (Liu ez al., 2020). It has also been reported
that MpCRY interacts with MpSPA in the nucleus under both
dark and blue light conditions (Zhang ez al., 2021). These results
suggest that MpCRY undergoes oligomerization and interaction
with cryptochrome-interacting proteins in darkness, which might
be in preparation for subsequent signal transduction after blue
light irradiation. In addition, we found that compared with the
degradation of both CRY1 and CRY2 in Arabidopsis, it took
much longer for blue light-induced degradation of MpCRY to
occur in M. polymorpha (Fig. 3; Liu et al., 2016). In Arabidopsis,
blue light inhibitors of cryptochromes can inactive cryptochrome
photooligomerization and subsequently inhibit cryptochrome
photoactivation to repress the known biochemical and physiolo-
gical activities in blue light (Wang e 4/, 2016; Wang & Lin,
2020). Interestingly, the M. polymorpha genome does not encode
the homologs of blue light inhibitors of cryptochromes (Wang
et al., 2017). Thus, although MpCRY have conserved physiology
function in Arabidopsis (Fig. S1d,e), a distant regulatory mechan-
ism may exist for cryptochrome photoactivation and inactivation
in M. polymorpha — in contrast to what occurs in Arabidopsis —
that could be tested in the future.

MpCRY has a specific nuclear localization mechanism

Photoactivated CRYs transduce blue light signals to downstream
targets, primarily in the nucleus, via transcriptional regulation.
For example, CRY2 localizes in the nucleus all the time, and
nuclear-targeted CRY1 regulates most CRY1-mediated responses
in Arabidopsis, although CRY1 localizes equally in the cytoplasm
and nucleus (Cashmore ez 4/, 1999; Wu & Spalding, 2007; Yu
et al., 2007a). We found that MpCRY exhibited cytoplasmic and
plasma membrane localization under dark, red, or far-red light
conditions (Fig. S5) but showed nuclear localization under blue
light illumination (Figs 4a, S5). These results indicate that
MpCRY is a distinct class of cryptochromes and localizes differ-
ently from the known CRY localization in land plants. However,
MpCRY has a nuclear localization exclusive to N. benthamiana
leaf epidermal cells (Fig. 2d), indicating that there is a specific
nuclear localization mechanism in M. polymorpha. In addition,
there is plasma membrane localization signaling of MpCRY
under nonblue light conditions (Figs 4a, S5). Arabidopsis CRY1
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interacts with the G-protein f subunit AGBI1, which is usually
localized in the plasma membrane in all eukaryotes (Gilman,
1987; Lian et al., 2018), suggesting that MpCRY probably has
other important functions that need to be further studied.
MpCRY and its distant relative from vascular plants which shared
with conserved physiology functions evolved from one ancient
ancestor (Figs 1, Sld,e) but sense blue light in different light
environments. Therefore, blue light-specific MpCRY nuclear
localization together with oligomerization in darkness, longer
degradation, and conserved phosphorylation constitute a new
blue light signal transduction pathway in M. polymorpha, which
may help it adapt to its own ecological environment that consists
of shaded areas (Mache & Loiseaux, 1973; Fraser et al., 2016).

MPpCRY plays a key role in gemma dormancy release after
its dispersion

Light is one of the most important environmental cues regulating
dormancy; for example, phytochrome-mediated red/far-red light
signaling plays various roles in seed dormancy induction, mainte-
nance, release, and germination in Arabidopsis (Jiang et al., 2016;
Yang et al., 2019, 2020; Liao et al., 2022). CRY-mediated blue
light signaling also has roles in seed dormancy and germination
regulation in barley and Arabidopsis (Barrero et al., 2014; Stawska
& Oracz, 2019), indicating that both blue and red light partici-
pate in seed dormancy and germination regulation in vascular
plants. It has been reported that MpPHY is involved in gemma
germination in a conserved photoreversible way (Inoue er 4/,
2016). In our study, we did not find different dormancy levels
between WT and Mpery-33 gemmae in gemma cups under blue
light (Fig. 5). We speculate that many complicated factors, such
as hormones, signals produced by the apex of the paternal plant,
and other unknown signals from the base of the gemma cup, may
inhibit the dormancy regulation function of MpCRY in gemma
cups (Eklund er al, 2015, 2018), although overexpressed
MpCRY can enable the high dormancy status to be overcome
(Figs 5, S6e). In addition, MpCRY protein content is negatively
regulated by blue light (Figs 3, 4a, S4), which causes the gemmae
to maintain high dormancy in the gemma cup even when the
light intensity reaches 200 pmol m™ s~ (Fig. S12c¢,d). Once
the gemmae are dispersed from the gemma cup, the functional
inhibition of MpCRY is removed, which mediates blue signaling
and plays key roles in dispersed gemma dormancy release (Figs 6,
S6f, S8). We found that the rhizoid emergence rate of dispersed
gemmae increased with increasing blue light intensity, and this
rate in Mpery® was significantly lower than that in the WT under
blue light conditions (Fig. 6e). Coincidentally, MpCRY phos-
phorylation and protein degradation in dispersed gemmae are
also correlated with blue light intensity and exposure time (Fig.
3). More importantly, MpCRY nuclear localization, photobody
formation, and gene expression regulation are also dependent on
blue light irradiation in dispersed gemmae (Figs 4, S5). These
results suggest that photoexcited MpCRY-mediated blue light
signaling regulates gemma dormancy release, indicating that both
MpCRY and MpPHY modulate gemma dormancy/germination
in M. polymorpha.
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MpCRY-mediated blue light interacts with ABA signaling
during dormancy release

Due to the lack of an ABA-binding PYL homolog, ABA-
dependent responses cannot be analyzed in algae, although ABA
synthesis among algal species is widespread (Sun ez al, 2019).
Abscisic acid signaling is specific to land plants and is closely
related to drought stress and dormancy regulation (Hauser ez al.,
2011). The interaction between ABA synthesis/signaling trans-
duction and environmental cues modifies the adaptability of
plants to the external environment. In barley, the ABA synthesis-
related gene HyNCEDI and ABA metabolism-related gene HvA-
BA8 OH-1, which are regulated by HYCRY1, mediate blue light
signaling to promote dormancy and inhibit seed germination
(Barrero ez al., 2014). The ABA signaling pathway, which is con-
served in M. polymorpha, regulates dormancy induction and/or
maintenance and is specific to gemmae rather than gemma cups
(Eklund et 4l., 2018). Our data further showed that the gemma
as an asexual reproductive organ can independently respond to
MpCRY-mediated blue light cues to repress the key ABA signal-
ing genes and promote dormancy release in M. polymorpha (Figs
6-8). These results indicate that CRY-modulated ABA biosynth-
esis or signal transduction is a conserved environmental adapta-
tion mechanism, although it is still unknown how CRY regulates
ABA biosynthesis/signaling gene expression.

We also observed that red light may also function in gemma
dormancy release (Fig. S8e), but the shaded areas where M. poly-
morpha survived have a high far-red ratio (Mache & Loiseaux,
1973; Casal, 2013), which reverses red light signal transduction
(Inoue ez al., 2016). MpPIF has also been identified in M. poly-
morpha, it will be degraded via interacting with the active form of
MpPHY in red light condition, although it is stable in dark and
far-red condition (Inoue et al., 2016). It has been reported that
CRYs interacts with PIF4/5 in limiting blue light condition to
promote hypocotyl elongation (Pedmale ez 2/, 2016). Given that
only one MpPIF protein is encoded by the M. polymorpha gen-
ome and the conserved function of MpCRY on hypocotyl and
floral origination in Arabidopsis (Fig. Sld,e), it is likely that
MpCRY may interact with MpPIF to regulate some biological
events of gemma in blue light condition. Hence, both MpCRY
and MpPHY may interact MpPIF to regulate gemma dormancy
release and germination in different light conditions, which
maintaining M. polymorpha propagation and expansion.
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Fig. S1 PHR domain of cryptochromes is conserved, and the
important residues of the CCE domain are conserved in March-
antia polymorpha.

Fig. 82 PHR domain-mediated self-interaction of MpCRY is
promoted under blue light in yeast cells, related to the content of
Fig. 2.

Fig. S3 Negative control experiment for the BiFC assay for
MpCRY self-interaction in Nicotiana benthamiana cells, related
to the content of Fig. 2.

Fig. S4 Phosphorylation of the MpCRY protein in a blue light-
dependent manner in Marchantia polymorpha, related to the con-
tent of Fig. 3.

Fig. S5 Blue light induces the translocation of the MpCRY pro-
tein into the nucleus in Marchantia polymorpha, related to the
content of Fig. 4.

Fig. §6 Dormancy phenotype of Mper® and ,,,EFEMpCRY
plants of Marchantia polymorpha, related to the content of Figs 5
and 6.

Fig. 7 MpCRY does not affect gemma dormancy in the gemma
cup under red light in Marchantia polymorpha, related to the con-
tent of Fig. 5.

Fig. S8 MpCRY represses dormancy and promotes dormancy
release of gemmae specifically under blue light in Marchantia
polymorpha, related to the content of Fig. 6.
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Fig. 89 Abscisic acid treatment dosage effect on delaying gemma
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Fig. $10 MpCRY acts antagonistically with abscisic acid to sup-
press gemma dormancy under blue light in Marchantia polymor-
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Fig. S11 Abscisic acid-related gene mRNA levels of gemmae
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content of Fig. 7.

Fig. S12 Abscisic acid-related gene mRNA levels of gemmae
inside the gemma cup grown under blue light in Marchantia poly-
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methods.
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Table S3 Gene Ontology results related to the content of Fig. 4.
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