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Abstract

SUPPRESSOR OF MAX2 (SMAX)1-LIKE (SMXL) proteins are a plant-specific clade of type
| HSP100/Clp-ATPases. SMXL genes are present in virtually all land plant genomes. However,
they have mainly been studied in angiosperms. In Arabidopsis (Arabidopsis thaliana), three
functional SMXL subclades have been identified: SMAX1/SMXL2, SMXL345 and
SMXL678. Of these, two subclades ensure endogenous phytohormone signal transduction.
SMAX1/SMXL2 proteins are involved in KAI2 ligand (KL) signaling, while SMXL678
proteins are involved in strigolactone (SL) signaling. Many questions remain regarding the
mode of action of these proteins, as well as their ancestral roles. We addressed these questions
by investigating the functions of the four SMXL genes in the moss Physcomitrium patens. We
demonstrate that PpSMXL proteins are involved in the conserved ancestral MAX2-dependent
KL signaling pathway and negatively regulate growth. However, PpSMXL proteins expressed
in Arabidopsis cannot replace SMAX1 or SMXL2 function in KL signaling, whereas they can
functionally replace SMXL4 and SMXL5 and restore root growth. Therefore, the molecular
functions of SMXL proteins are conserved, but their interaction networks are not. Moreover,
the PpSMXLC/D clade positively regulates SL signal transduction in P. patens. Overall, our
data reveal that SMXL proteins in moss mediate crosstalk between the SL and KL signaling
pathways.
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IN ANUTSHELL

Background: In flowering plants, several proteins of the SUPPRESSOR OF MAX2 1-LIKE
(SMXL) family influence the signaling pathways of the phytohormone strigolactone (SL) and
the elusive KAI2 Ligand (KL). These proteins repress SL and KL signaling and are targeted
by the MORE AXILLARY GROWTH 2 (MAX2) F-box protein for degradation. In the moss
Physcomitrium patens, SL and KL signaling regulates development: SLs repress filament
growth and branching while promoting leafy shoot development, whereas KL triggers the
opposite effects. The PpoMAX2 homolog regulates KL signaling in moss but does not impact
SL signaling.

Question: Four PpSMXL genes are present in the P. patens genome (PpSMXLA-D). Are they
involved in moss phytohormone signaling? Do they mediate repression of the SL and KL

signaling pathways, like in flowering plants?

Findings: We obtained several P. patens mutants in PpSMXL genes, including higher-order
mutants, by clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-
associated nuclease 9 (Cas9)-mediated mutagenesis. The Ppsmxlab double mutant has no
obvious defects, but the Ppsmxlcd mutant exhibits increased filament growth compared to wild
type, similar to a SL-deficient mutant. The Ppsmxlab and Ppsmxlcd double mutations in the
KL-insensitive Ppmax2-1 background partially complement the Ppmax2-1 phenotype. Thus,
PpSMXL proteins may collectively repress KL signaling. This hypothesis is supported by the
observation that PpSMXL-overexpressing lines develop similarly to the Ppmax2-1 mutant and
by the reduced sensitivity of Ppsmxlcd mutants to a KL mimic. PpSMXLCD might promote

SL responses, as Ppsmxlcd mutants are also largely insensitive to an SL mimic.

Next steps: The mechanism of action of PpSMXL proteins in KL signaling resembles that in
flowering plants and in non-vascular plants such as liverworts of the Marchantia genus. In
contrast, PpSMXLCD function in SL signaling may be specific to mosses, a possibility that

warrants further study.

Introduction

Strigolactones (SLs) are butenolide compounds with an early origin in land plant evolution
(Delaux et al. 2012; Kyozuka et al. 2022; Bonhomme and Guillory 2022). In angiosperms,

these molecules have first been identified as rhizospheric signals with both negative and



positive outcomes for the producing plant: SLs stimulate seed germination of root parasitic
plants (Cook et al. 1966) but also promote Arbuscular Mycorrhizal (AM) symbiosis (Akiyama
etal. 2005) by boosting AM fungi mitochondrial metabolism and thus hyphae growth (Besserer
et al. 2006; Besserer et al. 2008). SLs are also employed as phytohormones in angiosperms,
where they play diverse roles, in particular regulating plant architecture (for review see
(Machin et al. 2020)). Notably, SLs have a largely documented ability to repress axillary
branching, by inhibiting axillary bud activity (Gomez-Roldan et al. 2008; Umehara et al. 2008;
Jiang et al. 2013; Kerr et al. 2021).

Phylogenetic studies suggest that the SL biosynthesis pathway is ancient, with genes encoding
most SL biosynthesis enzymes being found both in land plants and some algae (Delaux et al.
2012; Walker et al. 2019). The CAROTENOID CLEAVAGE DIOXYGENASE 8 (CCD8)
enzyme is essential for SL biosynthesis since its product, carlactone (CL), is considered a key
precursor for SLs (Alder et al. 2012). Genetic studies have demonstrated that CCD8 function,
first established in angiosperm models, is probably conserved in bryophytes, as this function
was demonstrated at least in the moss Physcomitrium patens (P. patens) (Proust et al. 2011,
Decker et al. 2017) and in the liverwort Marchantia paleacea (M. paleacea) (Radhakrishnan
et al. 2020; Kodama et al. 2022). However, this conservation has not been established for algal
CCD8 homologs (Walker et al. 2019) and so far, SL synthesis has only been described in land
plants. In P. patens, SLs are used as hormonal signals: Indeed, PpCCD8-derived compounds
repress filament branching and elongation (Proust et al. 2011; Hoffmann et al. 2014), repress
gametophore (leafy shoot) basal branching (Coudert et al. 2015), and enhance resistance to
phytopathogenic fungi (Decker et al. 2017). Still, the exact molecule(s) with a hormonal role
has(have) not been identified yet (Lopez-Obando et al. 2021). In contrast, in M. paleacea, the
recently characterized SL Bryosymbiol (BSB) has no apparent hormonal function but is an

essential rhizospheric signal needed for AM symbiosis establishment (Kodama et al. 2022).

In angiosperms, SL perception is achieved by the receptor DWARF14 (D14). SL perception
triggers D14’s binding to the F-box protein MORE AXILLARY GROWTH 2 (MAX2), and
subsequent targeting of repressor proteins for degradation by the 26S proteasome (Bennett et
al. 2016). These repressors are encoded by a small gene family of type | HSP100/Clp-ATPases
and are called SUPPRESSOR OF MAX2 (SMAX)1-LIKE (SMXL) in Arabidopsis
(Arabidopsis thaliana) (Stanga et al. 2013; Soundappan et al. 2015; Wang et al. 2015), and
DWARF53 (D53) in rice (Oryza sativa) (Jiang et al. 2013). SMXL6, SMXL7, and SMXLS8 are
key repressors of the SL pathway for branching control (Soundappan et al. 2015; Wang et al.



2015). SMAX1 and SMXL2 are repressors in a parallel signaling pathway controlling seed
germination and seedling development in Arabidopsis (Stanga et al. 2016; Villaecija-Aguilar
et al. 2019; Park et al. 2022), and mesocotyl elongation and AM symbiosis in rice (Zheng et al.
2020; Choi et al. 2020). This parallel pathway also involves MAX2 and the KARRIKIN
INSENSITIVE2 (KAI2) receptor (Conn and Nelson 2016), a paralog of D14. While the
existence of an endogenous hormonal KAI2 ligand (KL) is expected (Waters et al. 2015; Conn
and Nelson 2016; Sun et al. 2016), the identity of molecule(s) activating the so-called KL

pathway is still unknown.

Thanks to reverse genetics, SL and KL signaling pathways have been partially described in
bryophyte models (Proust et al. 2011; Decker et al. 2017; Mizuno et al. 2021; Kodama et al.
2022; Kyozuka et al. 2022; Bonhomme and Guillory 2022). In Marchantia polymorpha (M.
polymorpha), a KAI2 and MAX2-dependent pathway regulates thallus growth using a sole
MpSMXL repressor (Mizuno et al. 2021). In the moss P. patens, we have previously shown
that the homolog of MAX2 is not necessary for response to SLs but is involved in the response
to red light and possibly in KL signaling (Lopez-Obando et al. 2018; Lopez-Obando et al.
2021). The KAI2 gene family is extended in P. patens, comprising candidate receptors for SLs
(GJM clade), and candidate receptors for KL (euKAIl2 clade). Thus, both SL (MAX2-
independent) and KL (MAX2-dependent) pathways are present in P. patens, in contrast to M.
polymorpha and M. paleacea (Lopez-Obando et al. 2021, Kodama et al. 2022). Also
contrasting with the single SMXL copy of M. polymorpha, there are four PpSMXL genes.
Hence, we have sought to determine possible roles played by P. patens SMXL proteins in the
ancestral MAX2-dependent KL signaling pathway and in the MAX2-independent, moss-
specific SL signaling pathway.

Here, we show that the four PpSMXL proteins all display canonical SMXL domains and motifs
(Walker et al. 2019) and collectively play a negative role downstream of PpMAX2 in the
putative KL signaling pathway of P. patens. Introduction of moss PpSMXL genes in
Arabidopsis failed to induce functional complementation of the smax1 mutant, suggesting
PpSMXL proteins are not able to form a functional signaling complex with AtKAI2 and
AtMAX2. Our results nonetheless support the hypothesis of the ancestral role of SMXL
proteins in KL response. Moreover, two PpSMXL proteins could promote SL signaling and
thus constitute a level of crosstalk between the SL and the PpMAX2-dependent KL pathway.
The finding that none of these SMXL homologs are repressors in the SL signaling pathway

supports the hypothesis that the mechanism triggering SL signal transduction has an



independent origin in P. patens and in seed plants, even though the same family of receptors
was recruited in both lineages (Bythell-Douglas et al. 2017; Lopez-Obando et al. 2021).
Furthermore, our work supports the hypothesis that the use of SLs as hormones is not an
ancestral land plant trait (Kodama et al. 2022) and might not be shared by seedless plants

outside of bryopsid mosses.

Results
Phylogeny and expression analysis reveal two clades of SMXL genes in P. patens

SMXL are large proteins with several conserved structural domains: a double Clp-N
domain in the N terminus and two ATPase domains (D1 and D2), separated by a long middle
region (M). The D2 domain is split into D2a and D2b subdomains by an Ethylene-responsive-
element-binding factor Amphiphilic Repression (EAR) motif (for review see (Temmerman et
al. 2022)). SMXL activity partly relies on the EAR motif mediating transcriptional repression
(Liang et al. 2016; Ma et al. 2017). In the D2a subdomain lies a specific degron motif (RGKT
or Walker-A P loop), necessary for KL/SL-triggered SMXL degradation (Zhou et al. 2013;
Khosla et al. 2020).

The four PpSMXL proteins harbor this canonical SMXL domain organization
(Supplemental Figure S1). As per a previous extensive analysis of SMXL proteins phylogeny
(Walker et al. 2019), the PpSMXLA and PpSMXLB proteins belong to a SMXL clade that is
specific to bryopsid mosses, while PpSMXLC and PpSMXLD correspond to a SMXL clade
that is common to all mosses. At the amino acid level, PpSMXLC and PpSMXLD show 72%
identity and PpSMXLA and PpSMXLB 61%, whereas comparisons between proteins of the
two different clades give 27-29% identity.

We investigated PpSMXL genes’ expression along vegetative development by RT-
gPCR and observed that transcript levels are generally lower in the PpSMXLA/B clade than in
the PpSMXLC/D clade (Supplemental Figure S2). PpPSMXL transcript levels were mostly stable
across protonema development, and tended to be higher in mature gametophores and/or

rhizoids at later developmental stages (Supplemental Figure S2).

PpsmxI loss-of-function mutants do not display a constitutive SL response phenotype



To investigate the function of the four PpSMXL genes in P. patens and their potential
involvement in the SL and KL pathways, we employed CRISPR-Cas9-mediated mutagenesis
to yield either mutants with frameshift or small insertions/deletions (Ppsmxl) (Lopez-Obando
et al. 2016b), or mutants with complete deletion of the CDS (PpsmxIA) (Supplemental Figure
S3 and S4). Reasoning that the four PpSMXL proteins grouping into two clades could reflect
different functions (Supplemental Figure S2 and (Walker et al. 2019)), we primarily

characterized double mutants for each clade, e.g. PpsmxI(A)ab and PpsmxI(A)cd mutants.

Single and double mutants in the PpSMXLA/B clade were similar to the WT (wild-type)
when grown under white light (Figure 1, A-D). On the other hand, both Ppsmxlcd and
PpsmxIAcd double mutants showed markedly enhanced protonema extension, resulting in very
large plants (Figure 1, A-D), even surpassing the Ppccd8 mutant in some experiments (Figure
1D). Single Ppsmxld mutant also tended to be larger than WT, although not to the same level
as double mutants (Figure 1, A-B). Thus, it appears PpSMXLC/D loss of function results in a
protonema extension phenotype similar to Ppccd8 and opposite to the Ppmax2-1 mutant. The
similarity between Ppccd8 and Ppsmxlcd mutants was also clear when looked more closely at
their protonema, both mutants displaying significantly increased protonema branching

compared to WT (Supplemental Figure S5 A-C).

A triple mutant (Ppsmxlalbldl) and a quadruple mutant (Ppsmxla2b2c1d2) were also
obtained. It should be noted that the Ppsmxlc1 mutation in the quadruple mutant did not induce
a frameshift but removed four residues in the D1 domain of the PpSMXLC protein
(Supplemental Figure S4). When grown under white light, both higher-order mutants displayed
highly restrained growth and browning of the protonema, and only rare, stunted gametophores
were produced (Figure 1 C-D). The dramatic phenotype of the quadruple mutant suggests that
PpSMXLA/B and PpSMXLC/D clades may have redundant and essential functions for both
protonema and gametophore development. Not exclusively, it may also indicate genetic

interaction between both clades.

We then assayed the phenotypes of the Ppsmxl mutants in conditions that previously
allowed us to clearly distinguish mutants affected in the SL pathway from those affected in the
PpMAX2-dependent KL pathway (Lopez-Obando et al. 2018; Lopez-Obando et al. 2021).
Compared to WT, SL deficient (Ppccd8) and SL insensitive (Ppkai2Lgjm) mutants elongate
more caulonema filaments in the dark, whereas KL insensitive mutants (Ppmax2 and eu-KAI2

clade) elongate fewer filaments in the dark and display a defective photomorphogenesis



response to red light (Lopez-Obando et al. 2021). In the dark, PpSMXLA/B clade mutants were
again alike WT, while PpSMXLC/D clade mutants developed more and longer filaments than
WT, similarly to Ppccd8 (Supplemental Figures S5 D-E). Puzzlingly, higher order PpsmxI
mutants grew few agravitropic curled caulonema filaments in the dark (Supplemental Figure
S5 D-E). Under continuous red light, PpSMXLA/B clade mutants showed a similar phenotype
to WT, while PpSMXLC/D clade mutants had smaller and more stunted gametophores,
opposite to the Ppmax2-1 mutant (Figure 1, E-F). Indeed, phytomer length was very short in
PpSMXLC/D clade mutants (Supplemental Figure S6), suggesting constitutive

photomorphogenesis.

Overall, Ppsmxl mutant phenotypic characterization suggests that (1) PpSMXLC and
PpSMXLD act redundantly to limit protonema growth, at least partly by limiting branching of
caulonema filaments, thereby regulating filament number and length; (2) PpSMXLC and
PpSMXLD repress gametophore photomorphogenesis under red light; (3) PpSMXLA and
PpSMXLB play a very modest role (if any) in regulation of protonema and gametophore growth

in various light conditions.

PpSMXL overexpressing lines display phenotypes alike Ppmax2-1

To further explore the putative role of PpSMXL as repressors of the PpMAX2-
dependent pathway, we examined the phenotype of stable P. patens transgenic lines
overexpressing PpPSMXLA and PpSMXLC with a N-terminal GFP tag under the maize (Zea
mays) ubiquitin promoter (ProZmUbi:GFP-PpSMXL lines, noted as OE-SMXLA and OE-
SMXLC, Figure 2, A and F). Under standard growth conditions, both OE-SMXL lines were
significantly less radially extended than the WT and developed fewer (but bigger)
gametophores than WT (Figure 2, A-C). These lines also grew very elongated gametophores
under continuous red-light (Figure 2, D-E), again behaving like Ppmax2-1 and opposite to
mutants of the PpSMXLC/D clade (comparing Figure 1, E-F to Figure 2, D-E). These features
point to PpPSMXLC but also PpSMXLA acting downstream of PpMAX2 and playing an opposite
role to PpMAX2 in development.

PpSMXL loss-of-function does not restore WT growth in the Ppccd8 background



To test for genetic links between PpSMXL genes and the SL pathway, we generated and
characterized Ppccd8 Ppsmxlab, Ppccd8 Ppsmxlcd, and Ppccd8 Ppsmxlabcd mutants. We
noticed that mutation of either PpSMXL clade did not restore protonema extension to WT levels
(Supplemental Figure S7). Strikingly, the mutation of all four PpSMXL genes, which had a
dramatic negative effect on growth in the WT background (Figure 1, C-D and Supplemental
Figure S5), was completely circumvented by the Ppccd8 mutation, as the Ppccd8 Ppsmxlabcd
quintuple mutant showed a phenotype similar to Ppccd8. (Supplemental Figure S7). It is
however worthy of note that the PpsmxIc9 mutation in the Ppccd8 Ppsmxlabcd mutant does

not lead to a frameshift, similar to the Ppsmxlc1 mutation (Supplemental Figure S4).

These observations confirm that PpSMXL proteins are not acting as repressors in the
SL pathway. More unexpectedly, the lack of functional PpSMXLA, B and D proteins appears

to be detrimental only when endogenous SLs are present.

PpSMXL mutations partially restore Ppmax2 mutant phenotypes

To confirm the postulated genetic relationship between PpSMXL and PpMAX2, we
tested for complementation of the Ppmax2 mutant phenotype by Ppsmxl loss of function. For
this, we mutated PpSMXLA and PpSMXLB in the Ppmax2-1 mutant background, and mutated
PpMAX2 in one of the PpsmxIAcd mutants (Supplemental Figure S8). We found that Ppsmxlab
mutations did not improve Ppmax2 protonema extension, while PpsmxIAcd mutations partially
suppressed this mutant phenotype under standard growth conditions (Figure 3, A-B). However,
both PpsmxlAab and PpsmxIAcd mutations could partially restore the excessive elongation of
Ppmax2 mutant gametophores under red light (Figure 3, C-D). Thus, all PpSMXL proteins
could act as repressors of the PpMAX2-dependent KL pathway. Genes from PpSMXLC/D
clade have a predominant role under standard growth conditions, while both PpSMXL clades

seem to act redundantly in the regulation of gametophore elongation in red light.

Loss of PpSMXLC/D function dampens the response to SL mimic but not to KL mimic

We then explored whether loss of PpSMXL function could impair the response to
exogenously supplied SL and KL mimics. To this end, we assessed filament growth in the dark

after application of GR24 enantiomers (Hoffmann et al. 2014; Lopez-Obando et al. 2021).



As the use of (-)-GR24 or KAR: treatment to trigger the KL pathway previously gave
non-reproducible results (Lopez-Obando et al. 2021), we instead chose to evaluate the effect
of (-)-desmethyl-GR24 ((-)-dGR24), described as a better mimic for KL in both Arabidopsis
and Marchantia (Yao et al. 2021). Increasing doses of (—)-dGR24 (0.01 to 10 uM) significantly
increased the number of filaments in WT and Ppccd8, but had no effect on Ppmax2-1, as
expected (Figure 4, A). On the other hand, the response to (—)-dGR24 was decreased but not
abolished in the eu-KAI2 clade mutant, affected in PpKAI2L-A to E genes encoding putative
KL receptors (Figure 4, A). Testing (—)-dGR24 on Ppsmxl double mutants, we observed that
all of them were able to respond to this compound (here tested at 1 and 10 uM, Figure 4B).
Considering four independent assays, the increase of filament number in response to 1 uM (-)-
dGR24 was similar to WT for PpsmxlAab double mutant (Supplemental Figure S9A), whereas
response was approximately two-fold lower for the PpsmxlAcd double mutant compared to WT
(14.2 % versus 29.5 %, Supplemental Figure S9A). This observation leads to the hypothesis
that PpSMXLC/D play a predominant role in response to (—)-desmethyl-GR24 in the dark.

When treated with 1 uM (+)-GR24 (SL mimic), WT and Ppccd8 plants developed
significantly less caulonema filaments compared to the control treatment (DMSO), displaying
a typical phenotypic response to SL treatment ((Lopez-Obando et al. 2021) and Figure 4, C).
Ppsmxl single mutants and PpsmxlAab double mutants could respond to the SL mimic,
apparently as much as the WT (Figure 4, C; Supplemental Figure S9, B-C). On the other hand,
the response of PpsmxlAcd double mutants to (+)-GR24 was generally decreased compared to
WT, considering five independent assays (Figure 4, C; Supplemental Figure S9, D). PpSMXLC
and PpSMXLD play redundant roles in responding to (+)-GR24, as the response was not
disturbed in single PpsmxIAc and Ppsmxld mutants compared to WT (Supplemental Figure S9,
C). This suggests that PpSMXLC/D could mediate at least part of the SL response, in addition

to their role in the KL signaling.

PpSMXL transcript levels are downregulated by light and modulated in response to both

the SL and the KL signaling pathways

We wondered if a differential transcriptional regulation of PpSMXL genes could explain
the different responses of moss mutants to SL and KL mimics. We therefore compared the

transcript levels of PpSMXL genes in WT, Ppccd8 and Ppmax2-1 backgrounds. As the



transcriptional response of SL-related genes is strongly affected by light and enhanced in the
dark (Lopez-Obando et al. 2016a; Lopez-Obando et al. 2018), we assessed PpSMXL expression
in both dark and light conditions.

We observed that all PpPSMXL genes consistently had much higher transcript levels in
the dark than in the light (Supplemental Figure S10, comparing the y-axis in left versus middle
panels). In light conditions, PpSMXLC and D transcript levels were higher in Ppccd8 compared
to WT, indicating that endogenous SLs repress the expression of these two genes. Accordingly,
(+)-GR24 application decreased PpSMXLC and D transcript levels, in the Ppccd8 mutant
(Supplemental Figure S10, C- D, right panels). Down-regulation of PpSMXLC and PpSMXLD
transcripts by SLs further points to a possible crosstalk between the KL and SL pathways.

In the Ppmax2-1 mutant, where PpSMXL proteins are likely over-accumulated, all
PpSMXL genes were downregulated compared to WT in the dark (Supplemental Figure S10,
A-D, left panels). This decrease was observed in the light as well, for PpSMXLC and PpSMXLD
(Supplemental Figure S10, C-D, middle panels). This suggests that activation of the KL
pathway upregulates the expression of PpSMXL genes.

Considered together, these results show that PpSMXL genes’ transcript levels are
mainly down regulated by light and that expression of PpPSMXLC/D genes responds to SL and
KL signaling in opposite ways.

PpSMXL proteins are localized mainly in the nucleus, and likely sensitive to a KL mimic

but not to SL application

A sequence enriched in basic amino acids, corresponding to a functional N-terminal
nuclear localization signal (NLS) reported in other SMXL proteins (Liang et al. 2016; Khosla
et al. 2020; Choi et al. 2020), was found in the four PpSMXL proteins, suggesting a nuclear
localization (Supplemental Figure S11). By transiently overexpressing RFP-PpSMXL fusion
proteins in Nicotiana benthamiana, we could observe a clear nuclear signal for each PpSMXL
protein, as evidenced by colocalization with the H2b-CFP histone marker (Supplemental
Figure S12, A, C, E and G). Some cytosolic signal was also observed for PpSMXLA,
PpSMXLB and PpSMXLC fusion proteins.

In angiosperms, the RGKT degron motif is responsible for SMXL proteasomal
degradation, which is stimulated by SL or KL signaling (Zhou et al. 2013; Khosla et al. 2020).



This motif is present in PpSMXLC and PpSMXLD proteins, and slightly modified in
PpSMXLA and PpSMXLB (RGRT, Supplemental Figure S1; Supplemental Figure S12, 1). In
N. benthamiana, we found similarly high levels of nuclear RFP-PpSMXL fusion proteins
whether the RGKT/RGRT motif was present or deleted (Supplemental Figure S12 B, D, F and
H). Nonetheless, the additional cytosolic RFP signal seemed increased in leaves expressing
ARGKT/RGRT variants, which could indicate an increase in RFP-PpSMXL stability
(Supplemental Figure S12, D and H). Therefore, as for other SMXL proteins, PpSMXL
turnover could depend on this degron motif.

Using our stable OE-SMXL P. patens lines, we could confirm the nuclear localization
of PpSMXLA, PpSMXLC and PpSMXLD, even though the GFP signal was not always
restricted to this compartment (Figure 5, A-B, and Supplemental Figure S13, A). The GFP-
PpSMXLB fusion led to a faint and more diffuse cytoplasmic signal (Supplemental Figure S13,
A). GFP-PpSMXLA fluorescent nuclei were easier to spot in the Ppmax2-1 mutant background
compared to the WT background, suggesting PpPMAX2 somehow affects the nuclear
localization of the PpSMXLA protein (Figure 5, C). To further test the hypothesis of PpSMXL
degradation through the KL pathway, we tested the effect of the KL mimic (-)-dGR24 on both
OE-SMXLA and OE-SMXLC lines: a 20-minute-long treatment with 10 pM (-)-dGR24
decreased the nuclear signal, and the observed fluorescence was more diffuse and cytoplasmic,
for both lines (Figure 5, A-B). The treatment with the proteasome inhibitor MG132 had no
striking effect, even when applied concomitantly to (-)-dGR24. These observations suggest
that PpSMXLA and PpSMXLC proteins are sensitive to a KL mimic.

We also tested a 20-minute-long treatment with 10 uM (+)-GR24 on the OE-SMXLA
line, and observed no effect on the GFP-PpSMXLA signal, indicating that at least PpSMXLA
is not rapidly degraded in response to SL (Supplemental Figure S13, B-C). Finally, fluorescent
nuclei were also observed in N. benthamiana overexpressing the RFP-PpSMXL fusion proteins
following a 5 UM (+)-GR24 treatment (Supplemental Figure S14). These results support the
hypothesis that both PpSMXLA and PpSMXLC are sensitive to PpMAX2-dependent
destabilization and are not degraded in response to SL.

Altogether, our data in P. patens allows us to propose a model for PpSMXL role in
moss development, highlighting a crosstalk between the SL and KL signaling pathways (see

discussion).



Expression of PpSMXL proteins rescues SMAX4/5 function, but not SMAX1 or
SMXL6/7/8 function in Arabidopsis

To investigate putative functional conservation of SMXL proteins between Arabidopsis
thaliana and P. patens, we expressed PpSMXLB or PpSMXLC in Arabidopsis smxl mutants. In
addition to the above mentioned SMAX1/SMXL2 and SMXL678 clades, Arabidopsis
possesses a third subclade of SMXL proteins, SMXL345, involved in cell differentiation in a
MAX2-independent manner (Wallner et al. 2017; Moturu et al. 2018; Wallner et al. 2020). We
tested the functional complementation of mutants from these three clades. Expression of
PpSMXL CDS was driven by the appropriate native Arabidopsis SMXL promoter: ProSMAXL,
ProSMXL5 and ProSMXL6, respectively for expression in the smax1, smxl4 smxlI5 and smxI6
smxI7 smxI8 mutants. As positive controls for these complementation assays, we expressed in
the Arabidopsis smxl mutants the native SMAX1, SMXL5 and SMXL6 CDS under their native
promoter (Supplemental Figure S15).

First, we explored the ability of PpSMXL proteins to functionally replace SMAX1 by
integrating into the KL signaling pathway of Arabidopsis. Complementation was assayed by
measuring hypocotyl length of seedlings grown in low light (Supplemental Figure S16, A).
Only partial complementation of smax1-2 decreased hypocotyl length was achieved by
reintroducing ProSMAX1:SMAX1, furthermore only in two out of our three independent
transgenic lines (ProSMAX1:SMAX1 #20.6 and #38.1). Nonetheless, none of the plants
expressing PpSMXLB/C showed longer hypocotyls than the untransformed smax1-2 mutant.
Interestingly, some of them developed even shorter hypocotyls compared to the smax1-2
mutant (ProSMAX1:PpSMXLB #5.4 and #18.3 and ProSMAX1:PpSMXLC #12.5 and #21.3).
Thus, although the used ProSMAX1 promoter sequence may not be efficient enough, it seems
reasonable to conclude that PpSMXL proteins are not able to replace SMAX1 in Arabidopsis.

Then, we explored whether PpSMXL proteins could functionally replace SMXL6 in
shoot development. Plant height, caulinary secondary branch (C2) number, and leaf shape
(width) are clearly affected in the smxI6 smxI17 smxI8 mutant (Supplemental Figure S16, B-D).
These three traits were restored to WT in the control ProSMXL6:SMXL6 lines, while none of
the PpSMXLC expressing lines showed complementation. Only one line expressing PpSMXLB
(#13.2) showed partial complementation of both plant height and C2 number (Supplemental

Figure S16, B-C), whereas leaf width alone was partially complemented in another



ProSMXL6:PpSMXLB line (#7.7). Hence, it appears PpPSMXL proteins are not able to replace
SMXL6 in Arabidopsis.

Finally, complementation of SMXL4/5 function was assessed by measuring the primary
root length of young seedlings (Figure 6). We found that all three PpSMXLB and three out of
four PpSMXLC expressing lines had similar root length as WT Arabidopsis plants and as the
smxl4smxI5 mutant plants complemented with native SMXL5. This surprising result suggests
that both SMXL clades of P. patens have retained the same KL- and SL- independent function
as Arabidopsis SMXL homologs.

Discussion

Taken as a whole, results presented within clearly point to the PpSMXL proteins being
negative regulators of growth in P. patens, acting downstream of PpMAX2 in the moss KL
signaling pathway. Moreover, we brought some evidence that PpSMXLC/D function is
required for P. patens to respond to exogenous SL treatment, suggesting the transduction of
both KL and SL growth-regulating signals converge towards these PpSMXL proteins (dotted

green line in the model in Figure 7).

PpSMXL proteins do not act as repressors of SL response

Clade C/D PpsmxI mutants do not display a constitutive SL response phenotype and
instead are alike the SL deficient Ppccd8 mutant (Figure 1; Supplemental Figure S5 and
Supplemental Figure S6). This could be indicative of a positive role of PpSMXLC/D in SL
signaling. Strikingly, loss-of-function of the PpSMXLA/B and/or the PpSMXLC/D clade in the
Ppccd8 background result in mutants that are like Ppccd8 (Supplemental Figure S7). If
PpSMXL proteins were repressors of SL signaling, the lift of PpSMXL-mediated repression
should circumvent the absence of endogenous SL in Ppccd8 and we could expect restoration
to a WT-like phenotype. Therefore, PpSMXLs are most likely not involved in the repression

of the SL response.

PpSMXLA and PpSMXLC proteins are sensitive to a KL mimic but not to SL



We report herein that application of the KL mimic (-)-dGR24 at 10uM reduced the
GFP-PpSMXLA and GFP-PpSMXLC nuclear signals in moss filaments, instead giving rise to
a diffuse cytoplasmic signal (Figure 5, A-B). In addition, in a Ppmax2-1 background, the GFP-
PpSMXLA signal appeared concentrated in the nuclei. These observations lead us to

hypothesize that the (-)-dGR24 effect on PpSMXL proteins may be PpPMAX2-dependent.

On the other hand, the PpSMXL proteins are not rapidly degraded in response to (+)-GR24 in
moss (Supplemental Figures S13B and S14). This observation is probably not the result of an
insufficient amount of (+)-GR24 and/or treatment duration, as shorter treatments with similar
concentrations, furthermore of the (+)-GR24 racemic mixture, have been reported to lead to
complete SMXL degradation in angiosperms (Zhou et al. 2013, Wang et al. 2015, Soundappan
et al. 2015). Hence, PpSMXL proteins are likely not degraded in the context of SL signaling.

Deletion of the degron motif (or degron-like for PpSMXLA/B) has little effect in N.
benthamiana (Supplemental Figure S12), which could be explained by an incompatibility with

the angiosperm MAX2 and/or with endogenous SL from N. benthamiana.

PpSMXL are negative actors of the KL pathway

Three major points of evidence show that PpSMXL proteins collectively exert a
negative role in the KL signaling pathway: (1) P. patens lines overexpressing PpSMXLA or
PpSMXLC are phenotypically similar to the KL insensitive Ppmax2-1 mutant (Figure 2); (2)
Loss of function of either PpSMXL clade partially restores developmental disturbances caused
by loss of PpMAX2 function (Figure 3); (3) GFP-PpSMXLA and GFP-PpSMXLC fusion

proteins are excluded from the nucleus and/or degraded in response to a KL mimic (Figure 5).

As Ppsmxl double mutants from both clades are still able to respond to the KL mimic
(-)-dGR24 (Figure 4, Supplemental Figure S9, A), the two PpSMXL clades likely have a
redundant function in the context of KL signaling. This hypothesis, also suggested by the strong
phenotype of the quadruple smxI mutant (Figure 1, Supplemental Figure S5), would need to be
confirmed by testing the ability of higher-order mutants to respond to (-)-desmethyl-GR24,

but the dramatic phenotype of these mutants makes them a challenge to work with.

Both the KL and SL pathways regulate PpSMXL transcript levels



All four PpSMXL genes are downregulated in the Ppmax2-1 mutant compared to WT
in the dark (Supplemental Figure S10), suggesting that KL signaling would induce the
transcription of these genes. This observation is comparable to what was reported for M.
polymorpha, the uniqgue MpSMXL gene being downregulated in Mpmax2 background (Mizuno
et al. 2021), and for Arabidopsis SMAX1 and SMXL2 genes (Stanga et al. 2013).

A negative autoregulation of SMXL expression was recently described for the
Arabidopsis SMXL6 protein (Wang et al. 2020). A similar mechanism might exist for
PpSMXL proteins, which would repress PpSMXL gene expression. Under our hypothesis that
PpSMXL proteins are the target of PpPMAX2-dependent degradation, PpSMXL protein levels
are likely elevated in Ppmax2-1, which would lead to the observed low PpSMXL transcript
levels in this mutant compared to WT. Therefore, PpSMXL would constitute a level of negative
feedback regulation in the KL pathway of P. patens. Moreover, PpSMXLC/D levels are
elevated in the Ppccd8 mutant compared to WT (in light conditions, Supplemental Figure S10,
C-D, middle panels) so endogenous SL response would again have an opposite effect to
endogenous KL response, also at this transcriptional level. Short-term 6h treatment with the
SL mimic (+)-GR24 has the expected repressive effect on PpSMXLC/D transcript levels,
(Supplemental Figure S10, C-D, right panels).

PpSMXL could be a bridge linking SL signaling and PpMAX2-dependent signaling

De-repression of KL signaling (PpsmxlAcd mutants) and restriction of SL signaling
(Ppccd8 mutant) have very similar effects on the developmental pattern of the protonema (more
extended) and gametophores (smaller, especially in red light) (Figure 1). This, together with
the opposite effects of (+)-GR24 (SL mimic) and (-)-desmethyl-GR24 (KL mimic) on dark-
grown caulonema in WT, indicates that these two pathways could regulate the same processes

in opposite manners.

In addition, we have previously shown that the Ppmax2 mutation is epistatic to Ppccd8
(Lopez-Obando et al. 2018). We suggested in this previous study that the phenotype of Ppmax2
would phenocopy a constitutive response to SL. According to our present data, this phenotype
would result from an over-accumulation of PpSMXL proteins. This fits our model where SL
and KL signaling pathways converge on PpSMXLC/D proteins and regulate their
stability/function in opposite manners (Figure 7). Indeed, as a phenotypic response to (+)-GR24

is not seen in the absence of PpSMXLC/D in some experiments, it appears that SLs act at least



partially by interfering with the KL pathway. Since loss of function of either PpPMAX2 or all
putative KL receptors (PpKAI2-L A-E) does not abolish response to (+)-GR24 (herein and
(Lopez-Obando et al. 2021)), SL response does not require a functional euKAI2/PpMAX2

complex.

On the other hand, we can hypothesize that transduction of the SL signal downstream
of perception by putative SL receptors (PpKAI2-L GJM) requires functional PpSMXLC/D. A
tempting explanation would be that PpKAI2-L proteins of the GJM clade could stabilize
PpSMXLC/D proteins, thus acting downstream of PpMAX2 and leading to opposite effects on
phenotype compared to KL (Figure 7).

There might be another link between PpSMXL proteins and SL response. Indeed, we
observed that triple/quadruple Ppsmxl mutants displayed a striking phenotype with limited
protonema growth and early senescence. However, this phenotype was fully alleviated by the
Ppccd8 mutation (Supplemental Figure S7), suggesting that endogenous SLs produced via
PpCCD8 activity are responsible. We previously showed that SLs have toxic effects at high
concentrations on moss growth (Lopez-Obando et al. 2018). PpSMXL proteins would thus

have a protective effect against SL toxicity.

SMXL proteins likely retained a common molecular function along the evolution

We have shown through complementation assays in Arabidopsis that PpSMXLB/C
expression in the smxl4 smxI5 mutant was enough to restore primary root length to a WT level
(Figure 6). Interestingly, in Arabidopsis, SMAX1 can functionally replace SMXLS5 if expressed
with the same spatio-temporal profile (Wallner et al. 2017). Hence, all SMXL proteins might
have actually kept the same ancestral molecular “growth regulating” function that has been
described for SMXL4/5 (Wallner et al. 2017; Wallner et al. 2020). Along evolution, this
function would have (1) become KL/SL regulated for SMAX1 and SMXL678 clades through
the gain of interaction with KAI2/KAI2L receptors and with MAX2, (2) become differentially
regulated in various types of tissues and developmental contexts through major changes in

regulatory sequences.

One of the processes regulated by both SL and KL is probably cell division, as
demonstrated for the Ppccd8 mutant (Hoffmann et al. 2014). Increased cell division must be

confirmed in PpsmxI mutants. However, it is supported by the observation that double PpsmxI



mutants of both clades (tend to) develop more caulonema filaments than WT in the dark and
that filaments tend to be more branched in light conditions (Figure 4; Supplemental Figure S5).
P. patens protonema branching is inhibited by auxin (Thelander et al. 2018), but promoted by
cytokinins (Cove et al. 2006). Auxin also positively regulates the chloronema to caulonema
filament transition, while cytokinins positively regulate bud initiation (for a review: Guillory
and Bonhomme, 2021). Four AP2-type transcriptional factors, the APB genes, are central
players in this hormonal crosstalk that regulates protonema cell identity and division (Aoyama
et al. 2012). Our results to date do not suggest a role for KL in chloronema to caulonema
transition, but rather favor a role in bud formation (2D to 3D transition). Testing the expression
of the APB genes, as well as the effect of other hormones on SL and KL related mutants, would

enable to clarify their involvement at the cellular level.

The MpKAI2a/MpMAX2 pathway, regulating thallus and gemmae growth in M.
polymorpha through the degradation of the uniqgue MpSMXL repressor (Mizuno et al. 2021) is
so far the “simplest” reported form of the above-described ancestral growth regulating function,
here under the control of KL response. It is interesting to note that in M. polymorpha, like in
P. patens, this pathway is regulated by light. M. polymorpha does not synthesize SLs, and
therefore the crosstalk between SL and KL pathways that we highlight in P. patens cannot be
observed. This crosstalk is also apparently absent in M. paleacea though it synthesizes BSB,
likely because of the absence of the required receptor for SL as hormones (Kodama et al. 2022),
though the absence of SL-sensitive SMXL copies could also play a part. Therefore, the
interconnected SL and KL pathways present in P. patens could represent a specific case among
model bryophytes species. Investigation in other bryophyte species is necessary to determine
whether this SL signaling pathway is shared among mosses or a specificity of P. patens lineage.
Moreover, in the P. patens model species itself, the exact nature of SL and KL signals remains

to be discovered.

Materials and Methods
Cultivation of Physcomitrium patens Gransden

Unless otherwise stated in legends, experiments were always carried out on PpNO3 medium
(minimal medium described by Ashton et al. 1979), in the following control conditions
(standard growth conditions): 25°C during daytime and 23°C at night, 50% humidity, long days
conditions with 16 hours of day and 8 hours of night (quantum irradiance of ~80 pmol/m?/s)



using OSRAM L 36W/865 LUMILUX Cool daylight fluorescent tubes. Multiplication of
tissues from young protonema fragments prior to every experiment was done in the same
conditions, using medium with higher nitrogen content (PpNH4 medium, PpNO3z medium
supplemented with 2.7 mM NHa4 tartrate). For red light experiments, plants were grown on
PpNOz medium in Magenta pots at 25°C, in continuous red-light (~45 pmol pumol/m?/s).
Cellophanes of appropriate sizes were used for monitoring of protonema extension and
branching, as well as for the cultures launched in 6-well plates for gene expression studies
(Guillory and Bonhomme 2021). Analysis of caulonema growth in the dark was performed in
24-well plates, with ~2 weeks of growth in control conditions before incubation (+ treatment)

in the dark and placed vertically for ~10 days (Guillory and Bonhomme 2021).
P. patens gene expression analyses by RT-gPCR

Total P. patens RNA was extracted and rid of contaminant genomic DNA using RNeasy Plant
Mini Kit and on-column DNAse I treatment (Qiagen), following supplier’s indications. cDNA
was obtained using the Maxima™ H Minus retrotranscriptase (ThermoFisher), from 50-250 ng
of total RNA. cDNA extracts were diluted at 1/5-1/8 before use. RT-qPCR was performed in
a 384-well thermocycler (QuantStudioTM®, ThermoFisher), using SsoAdvanced Universal
SYBR Green Supermix (BioRad) and appropriate primers. The thermocycler was programmed
to run for 3 min at 95°C, followed by 40-45 cycles of 10 sec at 95°C and 30 sec at 60°C. Each
biological replicate was run twice to assess technical variation. Expression of genes of interest
was normalized by two reference genes : PpUbiquitin-protein ligase (PpElig2, Pp3c14 21480)
and PpAdenine Phosphoribosyltransferase (PpAPT, Pp3c8_16590) (both are expressed at
similar levels (Le Bail et al. 2013)). Relative expression was calculated as RE = 2-CTgene/2-
CTrer where CTrer is the mean value of the two reference genes. For the study of PpSMXL genes’
expression across development (Supplemental Figure S2B), WT P. patens was cultivated in
Petri dishes from fragmented tissues, or in Magenta pots (for 35 days). The following tissues
were collected: protonema at 6 days (mostly chloronema in our culture conditions), at 11 days
(mix of chloronema and caulonema), and at 15 days (mix of chloronema, caulonema and buds),
and mature gametophores and rhizoids at 35 days. Four biological replicates were used for each
timepoint. For the “response to (+)-GR24” experiment (Supplemental Figure S13), plants were
cultivated from fragmented protonema in 6-well plates for 2 weeks in control conditions, then
transferred in the dark for one week, and treated with 1 pM (+)-GR24, or 0.01% (v/v) DMSO

in the dark for 6 hours. Six biological repeats were used for each genotype and treatment.



Cloning of PpSMXL CDS

We recovered four SMXL genes from Physcomitrium patens (formerly Physcomitrella patens)
genome on Phytozome (V3.6) as the first four results of a BLAST against P. patens proteome,
using the full protein sequence of SMAX1 (encoded by AT5G57710.1). These genes were
renamed PpSMXLA (Pp3c2_14220), PpSMXLB (Pp3cl_23530), PpSMXLC (Pp3c9_16100)
and PpSMXLD (Pp3c15 16120). Coding sequence of each PpSMXL gene was amplified on
WT P. patens Gransden cDNA, using Phusion DNA polymerase (ThermoFisher), following
provided instructions and using primers with attB1 and attB2 extensions (respectively on the
forward and reverse primer, see Supplemental Table S1). CDS were then integrated into the
pDONR207 plasmid using BP clonase Il mix (Thermofisher). pPDONR207 plasmids containing
PpSMXL CDS were submitted to PCR-mediated mutagenesis to obtain ARGK/RT versions.

CRISPR-Cas9 mediated mutagenesis

Coding sequences of PpSMXL and PpMAX2 were used to search for CRISPR RNA (crRNA)
contiguous to a PAM motif recognized by Streptococcus pyogenes Cas9 (NGG), using the
webtool CRISPOR V4 against P. patens genome Phytozome V9 (http://crispor.tefor.net/).
crRNAs located in the first third of the coding sequence, with highest possible specificity score,
and fewest possible predicted off-targets, were selected. Small constructs containing each
crRNA fused to either the proU6 or the proU3 snRNA promoter in 5° U3 or U6 promoter
(Collonnier et al. 2017), and to the tracrRNA in 3’, encased between attBl/attB2 GateWay
recombination sequences, were synthesized by Twist Biosciences. These inserts were then
cloned into pDONR207 vectors. The pDONR207-sgRNA plasmids were codelivered in WT
moss protoplasts with a Cas9 expressing cassette, and a cassette for transient transformation
selection, through polyethylene glycol-mediated transformation, as described in (Lopez-
Obando et al. 2016b). Two CRISPR-Cas9-based mutagenesis strategies were used to mutate
PpSMXL loci in the various backgrounds (WT, Ppccd8 or Ppmax2-1). In the first strategy, we
used only one guide RNA targeted against the CDS region to obtain Ppsmxl mutants with
frameshift or small insertions/deletions (Lopez-Obando et al. 2016b). In the second strategy,
crRNAs were designed in the 5° and 3’UTR sequences, to completely remove the coding
sequence of PpSMXL genes from the genome when used together (Supplemental Figure S1;
Supplemental Table S1). Mutations giving rise to a complete deletion of the CDS were noted
as PpsmxIA (Supplemental Figure S3 and S4). Mutations obtained from the first strategy were
genotyped by PCR amplification of PpSMXL loci around the recognition sequence of each



guide RNA and sequencing of the PCR products. Those obtained from the second strategy were
genotyped by monitoring the size and sequence of amplicons spanning from the S’UTR to the
3’UTR. Ppsmxlab mutants in the Ppmax2-1 background were obtained, but no Ppsmxicd
mutants. Therefore, we instead mutated PpPMAX2 in one of the PpsmxIAcd mutants, using the
CRISPR-Cas9 system, with five guide RNAs targeting PpPMAX2 (Supplemental Figure S10,
Supplemental Table S1). Using this approach, we successfully obtained a new Ppmax2 mutant

allele (Ppmax2-16) in the PpsmxiAcd mutant background.
Generation of ProZmUbi:GFP-PpSMXL and control ProZmUbi:flag-GFP lines

ProZmuUbi:GFP-PpSMXL constructs were obtained by LR recombination of pDONR207
plasmids containing PpSMXL coding sequences with the pMP1335 destination vector
(http://labs.biology.ucsd.edu/estelle/Moss_files/pK108N+Ubi-mGFP6-GW.gb). These

plasmids were used independently to transform WT P. patens Gransden, together with

pDONR207 containing SgRNA recognizing Pp108 homology sequences contained in the three
pPMP vectors and appropriate Cas9 and selection plasmids (Lopez-Obando et al. 2016b).
Obtained G418 resistant lines were screened for insertion using PCR (with GFP forward and
PpSMXL reverse, or ProZmUbi forward and GFP reverse primers, respectively, Supplemental
Table S1).

Agroinfiltration of Nicotiana benthamiana leaves

pbiFP plasmids containing the genes of interest were electroporated into Agrobacterium
(Agrobacterium tumefaciens) strain C58C1. Agrobacteria were incubated for 18 hours at 28°C
under constant agitation and then pelleted, washed twice, and resuspended in infiltration buffer
(13 g/L S-medium (Duchefa Biochemie) and 40 g/L sucrose, pH 5.7 with KOH) to attain an
OD600 value of 0.5. To enhance transient Pro35S-driven expression of RFP-PpSMXL fusion
proteins, the P19 viral suppressor of gene silencing from tomato bushy stunt virus was co-
expressed. Equal volumes of needed bacterial cultures were mixed and infiltrated into the
abaxial epidermis of 4-5-week-old Nicotiana benthamiana leaves (in a line stably expressing
CFP tagged H2b histone), cultivated under long day in growth chamber (day: 16h at 24°C with
150 pmol/m?s light, Philips MASTER SON-T PIA Green Power Bulbs; night: 8h at 20°C).
After incubation at 25 °C (same light regime) for 4 days, leaves were harvested on wet paper
and kept in similar temperature and hygrometry conditions for short-term preservation until

observation.

Confocal microscopy observations


http://labs.biology.ucsd.edu/estelle/Moss_files/pK108N+Ubi-mGFP6-GW.gb

Fragments of P. patens ProZmUBI:GFP-PpSMXL plants and infiltrated parts of Nicotiana
benthamiana leaves were both observed on a TCS SP5 inverted or on a TCS SP8 Upright
confocal microscopy system (Leica), with a 20X objective. GFP fluorescence was acquired in
the 495nm-520nm A range, RFP in the 570nm-610nm range and CFP in the 465nm-505nm
range. Signals in the 700nm-750nm range were attributed to chlorophyll autofluorescence.
Lasers used for excitation have a peak wavelength of 488nm (GFP), 458nm (CFP) and 561nm

(RFP). Laser power was set at 12 % and smart gain 100 %.
Constructs and generation of Arabidopsis transgenic lines

The expression vectors for transgenic Arabidopsis (Arabidopsis thaliana) were constructed by
MultiSite Gateway Three-Fragment Vector Construction kit (Invitrogen). SMAX/SMXL and
PpSMXL constructs were tagged with m-Citrine protein at their C-terminus. Lines were
resistant to hygromycin. For the Arabidopsis SMAX1, SMXL5, and SMXL6 promotors cloning,
a 3128-bp fragment upstream from SMAX1 start codon, a 3028-bp fragment upstream from
SMXL5 start codon and a 3058-bp fragment upstream from SMXL6 start codon were amplified
from Col-0 genomic DNA using the primers described in Supplemental Table S1, and were
cloned into the pPDONR-P4P1R vector, using Gateway recombination (Invitrogen) as described
in (Lopez-Obando et al. 2021). The m-Citrine tag was cloned into pPDONR-P2RP3 (Invitrogen)
as described in (de Saint Germain et al. 2016). SMAX1, SMXL5 and SMXL6 CDS were PCR
amplified from Arabidopsis Col-0 cDNA and with the primers specified in Supplemental Table
S1 and then recombined into the pDONR221 vector (Invitrogen). PpSMXLB and PpSMXLC
CDS were obtained as described above. The suitable combinations of SMAX1/SMXL native
promoters, SMAX1/SMXL or PpSMXL CDS, and m-Citrine tag were cloned into the
pH7m34GW final destination vectors by using the three fragment recombination system
(Karimi et al. 2007) and were thusly named ProSMAX1:SMAX1, ProSMAX1:PpSMXLB,
ProSMAX1:PpSMXLC, ProSMXL5:SMXL5, ProSMXL5:PpSMXLB, ProSMXL5:PpSMXLC,
ProSMXL6:SMXL6, ProSMXL6:PpSMXLB and ProSMXL6:PpSMXLC. Transformation of
Arabidopsis smax1-2, smxl4-1 smxI5-1 and smxI6 smxI7 smxI8 mutants was performed
according to the conventional floral dipping method (Clough and Bent 1998), with
Agrobacterium strain GVV3101. For each construct, at least 12 independent T1 lines were
isolated, and then 2 to 4 lines were selected in T2 for showing a 3 :1 segregation (single T-
DNA insertion). Phenotypic analysis shown in Figure 6 and Supplemental Figures S16 were

performed on the T3 homozygous lines.



Arabidopsis plant materials, growth conditions, and phenotypic assays

Arabidopsis plants used in this study originated from the Columbia (Col-0) accession
background. smax1-2 and smxl6 smxI7 smxI8 Arabidopsis mutants are gift from Dave Nelson
(University of California, Riverside), and the Arabidopsis smxl4-1 smxI5-1 double mutant gift
from Thomas Greb (Heidelberg University, Heidelberg). For shoot branching assays, the plants
were grown in greenhouse. Experiments were carried out in summer, under long photoperiods
(15-16 h per day); daily temperatures fluctuated between 18 °C and 25 °C. Peak levels of PAR
were between 700 and 1000 umol m2 s, Plants were watered twice a week with tap water.
The number of caulinary branch and plant height were scored when the plants were 35 days
old. Leaf Morphology Assay was performed as described in (Soundappan et al. 2015) on the
5th leaf of each plant marked with indelible marker at 3 weeks post-germination. Plants were
cultivated as for branching assay. Hypocoty| elongation assays were performed as described in
(Guercio et al. 2022) with the following modification: 11-day-old seedlings were
photographed, and hypocotyl lengths were quantified using ImageJ. 2 plates of 20 to 24 seeds
were sown for each genotype. For root length assay, seedlings were grown on 3 different plates
in the same media and condition as for hypocotyl assay. Primary root length was measured at

15 days post-germination using ImageJ.

Chemicals

GR24 enantiomers and (-)-desmethyl-GR24 were produced by V Steinmetz and F-D Boyer
using organic synthesis and chiral separation as described in (de Saint Germain et al. 2021).
Chemicals were diluted in DMSO.

RT-PCR analysis in Arabidopsis

RT-PCR analyses of Arabidopsis transformants were performed from leaf or seedling RNAs,
extracted and rid of contaminant genomic DNA using RNeasy Plant Mini Kit and on-column
DNAse I treatment (Qiagen), following supplier’s indications. cDNA was obtained using the
H Minus retrotranscriptase (ThermoFisher), from 250 ng of total RNA. cDNA extracts were
diluted twice, and 1 pLL was used for each PCR reaction. The thermocycler was programmed
to run for 3 min at 95 °C, followed by 28 cycles of 30 sec at 95 °C, 30 sec at 56 °C and 40 sec
at72 °C.

Statistical analysis of results



Kruskal-Wallis, Mann-Whitney and post-hoc Dunn, Dunnett or Tukey multiple comparisons
tests (details in figures legends) were carried out either in R 3.6.3 or in GraphPad Prism 8.4.2.
Tests employed were mostly non-parametric as normality of distributions and/or
homoscedasticity among groups could not be confirmed in most experiments (Kruskal-Wallis
tests for multiple comparisons and Mann-Whitney for single comparisons, unless otherwise
stated in legends). For some gene expression experiments, data points were excluded based on
an outliers’ search (Grubb’s, 0=0.05) on in GraphPad Prism 8.4.2. Unless otherwise defined,
used statistical significance scores are as follow: # 0.05<p<0.1, * 0.01<p<0.05, **
0.001<p<0.01, *** p<0.001. Same letters scores indicate that p>0.05 (non-significant
differences). All statistical analyses are described in Supplemental Data Set 1.

Accession Numbers

Sequences used in the present article can be found on Phytozome (P. patens Gransden genome,
V3.1 version). PpSMXLA is Pp3c2_14220, PpSMXLB is Pp3cl_23530, PpSMXLC is
Pp3c9 16100 and PpSMXLD is Pp3cl5 16120. PpMAX2 corresponds to Pp3cl7_1180,
PpCCD8 to Pp3c6_21520, PpAPT to Pp3c8_16590, PpACT3 to Pp3c10_17080, and PpElig2
corresponds to Pp3cl4 21480.

Supplemental data

Supplemental Figure S1. Model of PpSMXL genes and proteins.

Supplemental Figure S2. Expression of PpSMXL genes along P. patens vegetative
development.

Supplemental Figure S3. Used Ppsmxl and APpsmxI mutations.

Supplemental Figure S4. PpSMXL predicted mutant proteins local alignments.
Supplemental Figure S5. Further characterization of Ppsmxl mutants.
Supplemental Figure S6. Growth of Ppsmxl mutant gametophores in red light.
Supplemental Figure S7. Genetic analysis of PpSMXL relationship with PpCCDS8.
Supplemental Figure S8. Description of Ppmax2-16 mutation.

Supplemental Figure S9. Phenotypic response of P. patens to (+)-GR24 and (-)-desmethyl-
GR24 in the dark.
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Figure 1. Phenotypes of the PpsmxI mutants. Ppsmx| mutants were grown in white light long
day conditions (A-D) , or under continuous red light (E-F). WT = Wild-type. A, Three-week-
old plants grown in the light on low nitrogen content medium, without underlying cellophane.
Bar =5 mm. B, Diameters of six-week-old plants; Left panel: n=42-49 plants of each genotype
grown on 6-7 individual plates. Statistical significance of comparisons between all genotypes
are indicated by bold letters (Kruskal Wallis test (p<0.0001) followed by a Dunn posthoc test
for pairwise comparisons); Right panel: n=20-35 plants of each genotype grown on at least 4
individual plates. Statistical significance of comparisons between all genotypes are indicated
by bold symbols; right panel: standard ANOVA (p<0.0001) followed by a Tukey post-hoc
test). C, Phenotype of two-week-old plants grown on low nitrogen content medium (with
underlying cellophane). Scale bar = 2 mm. D, Diameters of 5-week-old plants; n=9-36 plants
of each genotype, grown on 4 individual plates. Statistical significance of pairwise comparisons
is indicated with letters (Welch’s ANOVA followed by a Dunnett’s T3 post-hoc test, p<0.05).
E and F, Gametophores from two-month-old plants grown in red light (upper panels). Bar =3
mm. Gametophore height was measured for n>30 two-month-old gametophores of each
genotype (bottom panels). Statistical significance of comparisons between all genotypes are
indicated by bold letters (Kruskal Wallis followed by a Dunn post-hoc test, p<5%). B, D, E, F:
Whiskers refer to lower and upper quartiles, bar inside the box to the median, and cross to the

mean.
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Figure 2. Growth of ProZmUbi:GFP-PpSMXL lines, overexpressing PpSMXLA (OE-
SMXLA) or PpSMXLC (OE-SMXLC). (A-B) Plant extension in control conditions. WT =
Wild-type. A, Representative individuals after 5 weeks of growth. Scale bar = 1 cm. B,
Diameters were measured from 6 week-old plants, grown on at least 3 different plates.
Statistical significance of comparisons between all genotypes are indicated as bold letters
(Welch ANOVA (p<0.0001) followed by a Dunnett post-hoc test, n=21-35). C, Gametophore
number was assessed on six-week-old plants, grown on at least 3 different plates. Statistical

significance of of the comparison between all genotypes is indicated by bold letters (Welch’s



ANOVA (p<0.0001) followed by a Dunnett’s T3 post-hoc test, n=14-21). (D-E) Gametophore
height in red light. D, Representative individuals after two months culture under continuous
red light. Scale bar = 1 mm. E, Gametophore height was measured on two-month-old
gametophores of each genotype. Statistical significance of comparisons between all genotypes
are indicated by bold letters (standard ANOVA (p<0.0001) followed by a Tukey post-hoc test,
n=28-30). B,C,E: Whiskers refer to lower and upper quartiles, bar inside the box to the median,
and cross to the mean. F, Expression of GFP-PpSMXL fusion transcripts in transgenic P. patens

lines, as assessed by RT-PCR.
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Figure 3. Genetic analysis of PpSMXL relationship with PpMAX2. (A-B) Plant extension
in control conditions. WT = Wild-type. A, Representative individuals after 5 weeks of growth.
Bar = 1 cm. B, Plant diameters of the mutants grown on low nitrogen content medium with
underlying cellophane for 5 weeks, with 7-8 independent plates per genotype. (C-D)
Gametophore height in red light. C, Representative gametophores after two months culture
under constant red light. Scale bar =3 mm. D, Gametophore height was measured for 30 two-
month-old gametophores of each genotype, with 3 independent Magenta boxes per genotype.

(B,D): Statistical significance of comparisons between all genotypes are indicated by bold



letters (Kruskal Wallis test (p<0.0001) followed by a Dunn post-hoc test, B: n=35-40; D: n=43-
45). Whiskers refer to lower and upper quartiles, bar inside the box to the median, and cross to

the mean.
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Figure 4. Ppsmx| mutant response to (+)-GR24 and (-)-desmethyl-GR24. Treatments were

applied on two-week-old plants which were incubated vertically in the dark for ten days.

Negatively gravitropic caulonema filaments were enumerated for each plant. WT = Wild-type.

A, Dose-response assays. plants were mock treated with 0,1% Dimethyl Sulfoxide (DMSO,



grey) or increasing concentrations of (-)-desmethyl-GR24 ((-)-dGR24, light orange to brown
: A, 0.01, 0.1, 1 and 10 uM). The gain or loss of filaments response has been calculated for
each (—)-dGR24-treated group as the following ratio: (numberireated - NUMbDErmock) / NUMbDErmock.
n=24 except for WT-DMSO and WT-0.01 uM where n=16. B, Response of Ppsmx| double
mutants to (-)-dGR24: n=24 except for WT-DMSO; plants were mock treated with 0,1%
DMSO (grey), 1 uM of (-)-dGR24 (orange) or 10 uM of (-)-dGR24 (brown). A and B,
Statistical significance of comparisons between control and treated for each genotype is shown
as bold orange symbols (Kruskal Wallis followed by a Dunn post-hoc test). Statistical
significance of comparisons of control groups relative to WT is shown as bold black symbols
(Kruskal Wallis test (p<0.0001) followed by a Dunn post-hoc test, n=16-24). C, Response to
(+)-GR24: n = 24 two-week-old plants of each genotype were mock treated with 0,01% DMSO
(grey) or with 1 uM of (+)-GR24 (blue). Statistical significance of comparisons between
control and treated for each genotype is shown as blue symbols (Mann-Whitney tests).
Statistical significance of comparisons of control groups relative to WT is shown as black
symbols (Kruskal Wallis followed by a Dunn post-hoc test). For all statistical analyses, p-
values are reported as * 0.01<p<0.05, ** 0.001<p<0.01, *** p<0.001. (A-C): Whiskers refer

to lower and upper quartiles, bar inside the box to the median, and cross to the mean.



Figure 5
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Figure 5. Subcellular localization of GFP-PpSMXLA and GFP-PpSMXLC fusion

proteins in transgenic P. patens line and effect of (—)-dGR24 addition on stability.

A, Localization of the Green Fluorescent Protein (GFP)-PpSMXLA fusion protein in the wild-
type background (OE-SMXLA line). B, Localization of the GFP-PpSMXLC fusion protein in
the wild-type background (OE-SMXLC line). C, Localization of the GFP-PpSMXLA fusion
protein in the Ppmax2-1 background. Filaments were incubated in a solution of DMSO 0.01%



(control) or in (-)-dGR24 at 10 uM (diluted in 0.01% DMSO) for 20 minutes, and/or treated
with 100uM MG132 for the same duration. Merge are overlays of GFP (Green Fire Blue LUT),
autofluorescence (Magenta) and bright field images. Scale bar = 50 um. Instances of nuclei

displaying GFP fluorescence are pointed at by white arrows.
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Figure 6. Arabidopsis smxl4 smxI5 mutant root phenotype is complemented by
PpSMXLB and PpSMXLC. A, Root length was measured from 15 day-old seedlings grown
vertically on 0.5 x MS medium with 1% sucrose. For control lines (wild-type (WT, Col0) and

smxl4-1 smxlI5-1), n=38-40 seedlings per genotype, grown on 5 different plates. For all
transformed lines, n=20-24 seedlings per genotype, grown on 3 different plates. Statistical
significance of comparisons relative to WT is shown as black symbols and statistical
significance of comparisons relative to the double mutant smxl4-1 smxI5-1 is shown as red
symbols (Kruskal Wallis tests (both p<0.0001) followed by Dunn post-hoc tests). Whiskers



refer to lower and upper quartiles, bar inside the box to the median, cross to the mean. B,

Representative seedlings from each genotype. Scale bar =1 cm.
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Figure 7. Current model of KAI2 Ligand (KL) and strigolactone (SL) signaling in P.
patens. SLs and putative KL signal are mimicked by (+)-GR24 and (-)-desmethyl GR24 ((-)-
dGR24) respectively, and perceived by receptors of PpKAI2L(GIM) clade and eu-KAI2 clade
respectively (black arrows). The question mark and dashed black arrow symbolize the elusive
nature of KL signal. Two CAROTENOID CLEAVAGE DIOXYGENASE (CCD) PpCCD7
and PpCCD8 are known enzymes of P. patens SL biosynthesis. SL and KL pathways (green
and purple arrows respectively) have opposite effects on protonema extension and
gametophore development. Pointed arrows symbolize positive effect, while flat head arrows
symbolize negative effect. In contrast to angiosperms, only the KL pathway is PpMAX2
dependent. It is still unknown whether an F-box protein is involved in P. patens SL signaling
(in grey). All four PpSMXL are likely suppressors of the KL pathway, though their PpMAX2-
dependent degradation following KL/(-)-dGR24 perception has not fully been demonstrated



(question mark). The green dotted arrow indicates that PpSMXL could be stabilized by SLs. A
further level of regulation through possible transcriptional regulation of PpSMXL gene

transcription by PpSMXL proteins has not been represented.





