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SUMMARY STATEMENT 

The transition to 3D growth is negatively regulated by a prion-like protein that alters 

cytokinin perception and cell division processes. 

 

ABSTRACT 

The colonization of the land by plants coincided with the evolution of 3-dimensional 

(3D) growth; the acquisition of apical cells with the capacity to rotate the plane of cell 

division. The moss Physcomitrium patens has recently been developed as a model 

system in which to dissect the genetic basis of 3D growth, a unifying feature of all 

land plants. The cytokinin-unresponsive Ppnog1-R mutant incorrectly orients division 

planes in developing buds and thus fails to make the transition to 3D growth.  To 

reveal the genetic interactors of the PpNOG1 gene, which encodes a protein with a 

C-terminal UBA domain, we performed a screen and identified the suppressor of 

nog1a (snog1a) mutant. We have mapped the causative mutation to a gene that 
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encodes a prion-like protein related to FLOE2/3 from Arabidopsis and demonstrated 

that the mutant phenotypes observed in both a nog1 disruptant mutant (Ppnog1dis) 

and snog1a can be attributed to changes in cytokinin perception. We present a 

revised model in which PpNOG1 operates independently of the PpAPB transcription 

factors to promote 3D growth initiation.  

 

INTRODUCTION 

In the absence of cell movement, plants rely on cell growth processes, combined 

with asymmetric and precisely orientated cell divisions, to generate new 

morphologies and diverse cell types with specialised functions. The main driving 

force behind cellular diversity is the formation of apical cells that can divide to self-

renew and generate new cell types, and it is the geometry of an apical cell and the 

way it divides that can greatly influence the pattern of growth and development that 

follows. Thus, diversification of plant form can largely be attributed to altered division 

processes in apical cells, which occurred prior to the transition from water to land 

approximately 470 million years ago (Kenrick and Crane, 1997).  

Water-dwelling charophycean green algae can develop apical cells but these only 

have the capacity for either 1-dimensional (1D) growth (one cutting face) or 2-

dimensional (2D) growth (two cutting faces). As a result, the morphologies 

represented within the multicellular charophytes are typically filamentous (e.g., 

Chara braunii) or disc-like (e.g., Coleochaete orbicularis) (Kenrick and Crane, 1997; 

Wickett et al., 2014; Delwiche and Cooper, 2015; Harrison, 2017).  3-dimensional 

(3D) growth, the development of apical cells with three or more cutting faces, is a 

unifying feature of all land plants. It was likely the emergence of 3D growth 

processes, along with the development of a multicellular sporophyte and the 

acquisition of vegetative desiccation tolerance, that enabled successful 

terrestrialization (Delwiche & Cooper, 2015; Harrison, 2017; Moody, 2020). 

The gametophyte of the moss Physcomitrium patens is well suited to studies of 3D 

growth. This is because an extensive 2D filamentous growth phase precedes the 

transition to 3D growth, and thus the 2D to 3D growth transition can be studied 
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without causing lethality, as the 2D growth phase can be vegetatively propagated in 

perpetuity (Moody et al., 2018; Moody et al., 2018b; Moody et al., 2021). The 

gametophyte phase of the P. patens life cycle begins with the germination of a 

haploid spore, which gives rise to a 2D branching filamentous network known as the 

protonema, which extends by tip growth. The protonema consists of two cell types; 

the first to emerge are the chloroplast-dense chloronemal cells, and subsequently 

caulonemal cells that form because of an auxin-mediated reprogramming of a 

chloronemal apical cell into a caulonemal apical cell (Jang and Dolan, 2011; Jaeger 

and Moody, 2021). Lateral protrusions derived from caulonemal subapical cells give 

rise to side branch initials, most of which go on to form secondary protonema but 

some acquire 3D fate (gametophore initials) and give rise to gametophores 

(approximately 5%) (Aoyama et al., 2012). The fate of a side branch initial is likely 

determined by highly localized cues within the parental cell prior to side branch 

emergence, as a single caulonemal subapical cell can simultaneously divide to give 

rise to both a filament and a gametophore (Harrison et al., 2009). It has been shown 

that persistent expression of a group of AP2-type transcription factors (PpAPB1-4) is 

required to commit a side branch to 3D cell fate. Loss of PpAPB1-4 expression 

corresponds to the maintenance of 2D cell fate, and consequently, mutants lacking 

all four genes fail to make the transition from 2D to 3D growth (Aoyama et al., 2012).  

A filament initial is readily distinguishable from a gametophore initial: (i) filament 

initials expand by tip growth and divide parallel to the cell from which they are 

derived; and (ii) gametophore initials swell diffusely and divide in a characteristically 

oblique manner during the specification of 3D growth, at the first, second and third 

divisions of the developing gametophore. Successive rotating divisions then lead to 

the establishment of a tetrahedral apical cell at the apex of the shoot. The apical cell 

continuously self-renews and divides only from the three downward faces to form 

phyllid initials that go on to form the leaf-like phyllids that are organized around the 

central axes of developing gametophores in a spiral phyllotaxy (Harrison et al., 

2009). Mature gametophores bear both archegonia and antheridia, which house 

eggs and sperm respectively. Following fertilization, a mitotic programme initiates, 

leading to the formation of a multicellular diploid sporophyte, which undergoes 

meiosis to produce haploid spores to restart the life cycle (Cove and Knight, 1993). 
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It has long been known that cytokinin induces the formation of gametophore initials 

but is insufficient to maintain 3D growth, as treatment with high levels of cytokinin 

produces buds that develop into callus-like tissue, rather than structurally organized 

gametophores (Brandes and Kende, 1968; Ashton et al., 1979). In a variety of 

developmental contexts, auxin has been consistently implicated as the signal 

required to establish asymmetry in plants (Petricka et al., 2009; Shao and Dong, 

2016). Perhaps unsurprisingly, the formation of gametophore initial cells and the 

specification and maintenance of 3D growth also relies upon auxin signaling, 

although the application of high levels of auxin can antagonize cytokinin and reverse 

the effects of cytokinin treatment (Brandes and Kende, 1968). Nevertheless, auxin 

levels are notably high during the specification of 3D growth but diminish once a 

tetrahedral apical cell has been established (Thelander et al., 2018). It is likely that 

auxin acts to promote cell differentiation and that cytokinin acts to continually 

maintain apical cell proliferation (Hata et al., 2024; Hata et al., 2025). Thus, it 

appears that a highly regulated balancing act between auxin and cytokinin is 

required for both the specification and maintenance of 3D growth.  

In recent years, functional studies have demonstrated that the transition to 3D 

growth is complex and regulated at many levels; both epigenetically (Mosquna et al., 

2009; Okano et al., 2009; Raquid et al., 2023) and transcriptionally (Aoyama et al., 

2012), and an ever-expanding number of studies have begun to connect complex 

cell signaling pathways to post-translational regulation (Girod et al., 1999; Perroud et 

al., 2014; Demko et al., 2014; Johansen et al., 2016; Hoernstein et al., 2016; 

Schuessele et al., 2016; Whitewoods et al., 2018; Moody et al., 2018; Perroud et al., 

2020; Moody et al., 2021; Cammarata et al., 2022).  

Using a forward genetics approach, we previously demonstrated that the NO 

GAMETOPHORES 1 (PpNOG1) gene is essential for the transition to 3D growth in 

P. patens (Moody et al., 2018). Notably, the PpNOG1 gene encodes a protein with a 

C-terminal ubiquitin-associated (UBA) domain. UBA domains are often involved in 

protein degradation processes (Hofman and Bucher, 1996; Su and Lau, 2009; 

Moody et al., 2018). Mutants lacking a functional copy of PpNOG1 (the ‘no 

gametophores 1 – Reference’ mutant; Ppnog1-R) produce significantly fewer 

gametophore initials than wild type, even in the presence of cytokinin. Those 
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gametophore initial cells that do form cannot correctly orient the characteristically 

oblique plane of the first cell division. Cell division planes are then misplaced 

thereafter, leading to the formation of defective gametophores that undergo very 

early developmental arrest (Moody et al., 2018). Since the PpAPB genes are 

downregulated in the Ppnog1R mutant, we previously proposed that PpNOG1 may 

positively regulate 3D growth by degrading a repressor of PpAPB transcriptional 

activation, although the identity of the target(s) remains unknown (Aoyama et al., 

2012; Moody et al., 2018). To build on our understanding of the role played by 

PpNOG1 in both the initiation and specification of 3D growth, we generated a 

Ppnog1 disruption mutant (Ppnog1dis) and then performed a suppressor screen to 

identify mutations that alleviated the Ppnog1dis mutant phenotype (i.e., reversion to 

3D growth). Here, we describe the screen, along with the detailed characterization of 

the suppressor of nog1a (snog1a) mutant and the identification of the causative 

mutation within a gene encoding a prion-like protein.  

 

RESULTS 

Disruption of the PpNOG1 locus recapitulates the Ppnog1-R mutant phenotype 

Previously, we performed a UV-mediated forward genetic screen that led to the 

identification of the PpNOG1 gene (Moody et al., 2018). To explore the PpNOG1 

genetic interaction network underpinning the 2D to 3D growth transition, we 

designed a suppressor screen to identify mutations that alleviated the 3D-defective 

phenotype caused by loss of PpNOG1 function (i.e., the reacquisition of 3D growth). 

A preliminary suppressor screen of approximately 3,000 UV-mutagenized lines of the 

original Ppnog1-R mutant, generated in our original forward genetic screen, 

identified eight mutants that exhibited a complete reversion to 3D growth. In each of 

these mutants, the phenotype was caused by correction of the previously described 

mutation; a T>C transition that converted the premature termination codon back to 

an arginine residue (data not shown). We therefore decided to disrupt the PpNOG1 

locus in such a way that would prevent repair simply through the introduction of UV-

induced SNPs. To that end, we set out to generate a nog1 knockout mutant in which 

the entire coding sequence of PpNOG1 had been replaced with a hygromycin 
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resistance cassette. Several attempts were made to obtain a line in which the entire 

PpNOG1 sequence had been removed (Fig. S1A). However, as was the case in 

previous attempts (Moody et al., 2018), we could achieve disruption of the PpNOG1 

locus but unfortunately not a full deletion. Nevertheless, a nog1 null mutant was 

generated in which expression of the gene was abolished (Fig. S1B). Consistent with 

the original Ppnog1-R mutant, the PpNOG1 disruptant mutant (Ppnog1dis) 

completely and consistently failed to make the transition to 3D growth (Fig. S1C). 

Thus, disruption of the PpNOG1 locus recapitulated the original Ppnog1-R mutant 

phenotype and generated a suitable line for mutagenesis. 

 

The suppressor of nog1a (snog1a) mutant can specify 3D growth and 

responds to cytokinin 

A suppressor screen of 2,864 UV-mutagenized lines of the Ppnog1dis mutant 

yielded two ‘suppressor of nog1’ (snog1) mutants that exhibited a restoration of 3D 

growth. In one of these mutants, suppressor of nog1a (snog1a), the formation of 

gametophores was partially restored to approximately 45% of the frequency of wild 

type in standard growth conditions (Fig. 1A,B), although these were somewhat 

stunted and emerged later than those formed in the wild type (Fig. 1C,D).  

In contrast to the Ppnog1dis mutant, in which responses to cytokinin are impaired in 

a similar manner to that of the Ppnog1-R mutant, buds can be induced by cytokinin 

treatment in the snog1a mutant similarly to wild type (Fig. 2). Thus, the mutant 

phenotypes observed in both the Ppnog1dis and snog1a mutants could be attributed 

to changes in cytokinin perception. 

To determine whether the cell division orientation defects had been repaired in the 

snog1a mutant, we obtained z-stack projections of developing buds stained with 

propidium iodide. In wild-type P. patens, the first division of the gametophore initial 

cell was invariably oblique and yielded an apical and a basal cell (Fig. 3A). Two 

additional oblique divisions of the apical and basal cells then occurred rather 

synchronously. Although the angle of the division plane was consistent in each case, 

the order in which the cells divided was inconsistent; we generally observed that the 
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apical cell divided before the basal cell as often as the basal cell divided before the 

apical cell (Fig. 3B,C). Successive rotating divisions specified a gametophore apical 

cell with a characteristic tetrahedral shape, which self-renewed and divided to give 

rise to the phyllids, which wrap around the central axis of the gametophore in a spiral 

phyllotaxy (Fig. 3D) (Harrison et al., 2009). In the Ppnog1dis mutant, similarly to the 

previously described Ppnog1-R mutant, significantly fewer gametophore initial cells 

formed, and the first division plane of the gametophore initial cell was not 

characteristically oblique. In most cases the initial division pattern followed that of a 

filament initial cell, in which the division plane was positioned roughly parallel to the 

parental cell from which it was derived (Fig. 3E). Cell plates were then positioned 

randomly during subsequent divisions, which prevented the specification and 

maintenance of a tetrahedral apical cell. In some cases, the gametophore initial cells 

swelled and elongated excessively but could then divide in a somewhat oblique 

manner at the first and second divisions (Fig. 3F). However, cell plates were 

invariably misplaced from the onset of the third division (Fig. 3G). Most developing 

gametophores arrested early in development, but occasionally callus-like buds 

appeared because of uncontrolled proliferation (Fig. 3H). Moreover, bifurcation 

events were occasionally observed, which were a result of confused cell fate 

acquisition, and often associated with supernumerary apical cell formation (Fig. 3I). 

However, none of these apical cells were successfully maintained long enough to 

produce a gametophore. In the snog1a mutant, the formation of gametophore initial 

cells was partially restored, and these largely followed a wild-type pattern of 

development, with some exceptions. In some cases, we observed that the angle of 

the first division plane had been corrected to some extent, but not fully. In these 

instances, it is likely that a mature gametophore would fail to form given the close 

resemblance to the Ppnog1dis mutant phenotype (Fig. 3J). However, in most cases, 

the first division plane was characteristically oblique and thus the orientation of the 

division plane had been fully corrected (Fig. 3K). This was followed by two further 

correctly oriented oblique divisions (Fig. 3L), which formed the prerequisites for the 

specification of a conspicuous tetrahedral apical cell at the apex of developing 

gametophores (Fig. 3M). Thus, restoration of gametophore initial cell formation in the 

snog1a mutant was accompanied by the reversion of the cell division orientation 

defects observed in the Ppnog1dis mutant. 

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t



 

Notably, the phenotype observed in the snog1a mutant only constituted a partial 

restoration of the Ppnog1dis phenotype. This could be because the fate of side 

branch initials formed in the snog1a mutant is not fully committed – i.e., it was not 

unusual to observe bulbous gametophore initial cells that had failed to divide. The 

proximity of these cells to those side branch initials that had already committed to 

filament fate served as a reliable marker of cell identity and thus supports this 

explanation (Fig. 3N). Nevertheless, a tetrahedral apical cell could be established 

and maintained in the snog1a mutant, and the gametophores formed produced 

viable gametangia. 

 

The causative mutation of snog1a resides in a gene that encodes a prion-like 

protein 

To identify the causative mutation in the reproductively viable snog1a mutant, we 

obtained phenotypically segregating populations by performing a cross between the 

snog1a mutant (female parent) and the highly fertile non-mutagenized 

Reute::mCherry strain (male parent) (Perroud et al., 2020). Outcrossing was 

confirmed by the detection of mCherry in the resulting sporophytes. Because a 

conventional cross between two different haploid strains was carried out, and at least 

two genetic loci were mutated (the mutation within the PpNOG1 gene, and the 

unknown mutation that caused the snog1a phenotype), we expected one quarter of 

the progeny to exhibit the original Ppnog1dis mutant phenotype and the remainder to 

exhibit varying capacities for 3D growth (Fig. S2A). However, we discovered that the 

observed frequencies were not consistent with the mutation of a single genetic locus 

in the snog1a mutant (Fig. 4A). We prepared genomic DNA from 80 individuals that 

exhibited the Ppnog1dis phenotype and pooled these in equimolar amounts, and this 

became the ‘control pool’ (all individuals resembled the non-mutagenized parental 

line, Ppnog1dis).  We also prepared genomic DNA from 98 individuals with the 

capacity for 3D growth, and this became the ‘mutant pool’. These two pools were 

sequenced at 44X coverage alongside both parental lines; the Ppnog1dis mutant 

(generated in the Villersexel wild-type strain) and the Reute::mCherry line. To 

identify the genomic region containing the snog1a mutation(s), bulk segregant 
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analysis was performed. Single nucleotide polymorphisms (SNPs) that differed 

between the two parental lines were identified as markers and the frequency of each 

SNP variant (allele) was mapped across the chromosomes to show the proportion of 

parental contribution at each region. For regions not associated with the phenotypes 

in the two pools, the expected allele frequency was around 0.5, showing equal 

contribution from both parents. The expected SNOG1A WT (Reute::mCherry 

parental origin) allele frequency was 1 in the control pool and 0.33 in the mutant pool 

(Fig. S2B,C). The allele frequencies for both pools were plotted across the 27 

chromosomes of the P. patens v3.3 genome assembly. It should be noted that 

completion of the P. patens v6.1 genome assembly has since established that the P. 

patens comprises 26 chromosomes (Bi et al., 2024). We determined that the 

expected mutant allele frequencies were observed on chromosome 8, which 

provided a region of the genome to interrogate for causative mutations (Fig. S2D,E). 

Also, the expected allele frequencies for the PpNOG1 locus were apparent on 

chromosome 1, showing that it had segregated as expected in the two pools (Fig. 

S2D,E). None of the other chromosomes displayed allele frequencies that would 

indicate there was another locus associated with the snog1a mutant phenotype. One 

possible explanation for the reduced Ppnog1dis mutant phenotype frequency 

observed was that disruption of the PpNOG1 gene affects haploid spore germination 

and/or the viability of young sporelings.  

Our analysis revealed that two C > T transitions generated two distinct in-frame 

termination codons (Gln335Ter and Gln374Ter) in a single gene (Pp3c8_19720) (Fig. 

4B,C). We cloned and sequenced the genomic locus containing these two mutations 

and confirmed that both point mutations were present in the snog1a mutant but 

absent from both the Ppnog1dis mutant and the Reute::mCherry line (Fig. S3). In 

addition, sequencing of the corresponding transcript confirmed the presence of these 

point mutations but did not reveal any nonsense-associated altered splicing in the 

snog1a mutant, a phenomenon observed in both previously described Ppnog1-R 

and Ppnog2-R mutants (Data S1) (Moody et al., 2018; Moody et al., 2021).  

The gene mutated in the snog1a mutant encodes a protein with a C-terminal UBA, 

and thus the protein domain architecture resembles that of the PpNOG1 protein 

(Moody et al., 2018). To infer phylogenetic relationships for the putative 
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SUPPRESSOR OF NOG1A protein, we set out to retrieve orthologous sequences 

from the genomes of representatives of the chlorophytes, charophytes, bryophytes, 

lycophytes, monilophytes, gymnosperms and angiosperms (Data S2). Remarkably, 

Pp3c8_19720 shares homology with an Arabidopsis prion-like protein (AtFLOE1) 

that can undergo hydration-dependent phase separation (PS) to regulate seed 

germination, and related proteins (AtFLOE2 and AtFLOE3) that have been shown to 

undergo PS in a transient expression system (Dorone et al., 2021). As with the 

analyses conducted by Dorone et al. (2021), our own phylogenetic analyses 

revealed the presence of two discrete clades, a FLOE1-like (FLOE1L) and a FLOE2-

like (FLOE2L) clade. However, while it was previously stated that the FLOE1L clade 

was restricted to seed plants, we found FLOE1L representatives in the seed plants in 

addition to the monilophytes. Conversely, the FLOE2L clade included Pp3c8_19720, 

as well as three additional P. patens paralogues, and homologues in most land 

plants except for hornworts, where they appear to have been lost. FLOE2L 

homologues were also identified in some green algal lineages (Fig. S4, Data S2). 

Given the significant homology between Pp3c8_19720 and representatives within 

the FLOE2L clade, we hereafter refer to Pp3c8_19720 as PpFLOE2L-1.  

The AtFLOE1, AtFLOE2 and AtFLOE3 proteins contain a predicted folded domain 

(known as the nucleation domain), a coiled-coil domain (CC), a UBA domain at the 

C-terminus and two disordered regions; one enriched for aspartic acid and serine 

(DS-rich domain.) and one enriched for glutamine, proline, and serine (QPS-rich 

domain) (Dorone et al., 2021). Alignment of PpFLOE2L-1 with AtFLOE1, 2 and 3 

confirmed that these protein domains were conserved in PpFLOE2L-1 (Fig. 4D, Fig. 

S5). As a result of the nonsense mutations introduced into PpFLOE2L-1, a truncated 

protein was formed in snog1a, which was missing most of the QPS-rich domain in 

addition to the UBA (Fig. 4D). Conversely, we detected the wild-type version of the 

PpFLOE2L-1 transcript in the second suppressor of nog1 mutant (snog1b), 

suggesting that mutations in a different gene are responsible for the snog1b mutant 

phenotype (Data S1).  

To confirm that we had correctly identified the causative mutation, we used the rice 

actin promoter to drive the expression of a wild-type version of PpFLOE2L-1 in the 

snog1a mutant. The resulting line exhibited a reversion to the 3D-defective 
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phenotype seen in the Ppnog1dis mutant, with a complete absence of gametophores 

(Fig. 5A,B,E and Fig. S6). We also generated an independent line  in which 

PpFLOE2L-1 was disrupted in the Ppnog1dis mutant. The construct was designed to 

replace the endogenous PpFLOE2L-1 sequence with a G418 resistance cassette 

(Fig. S7A). Although appropriate 5’ integration had occurred, it appeared that the 

PpFLOE2L-1 coding sequence had been retained but was likely shifted away from 

the PpFLOE2L-1 gene promoter (Fig. S7B). Regardless, in the Ppnog1dis/floe2l-1 

double disruptant mutants, suppression of PpFLOE2L-1 expression was evident 

based on quantitative RT-PCR (Fig. S7C). Furthermore, the phenotype of the 

original snog1a mutant had been successfully recapitulated (Fig. 5C-G). Thus, the 

causative mutation of snog1a resides in a gene that encodes a FLOE-related 

protein. 

 

Cuticle biosynthesis is restored in the snog1a mutant 

Since there is a strong correlation between the initiation of 3D growth and cuticle 

biosynthesis, and it is likely that one is a prerequisite for the other, we performed 

toluidine blue staining to test for cell wall permeability. As anticipated, the wild-type 

protonema stained intensely while the gametophores remained unstained (Fig. S8A). 

The same pattern of staining was observed in the snog1a mutant, which exhibits 

partial restoration of 3D growth (Fig. S8B). The Ppnog1dis mutant developed only 

protonemal tissues that stained intensely (Fig. S8C), and this staining pattern was 

matched in the snog1a mutant complemented with a functional copy of PpFLOE2L-1 

(Fig. S8D). Furthermore, in an independently generated line in which the snog1a 

mutant phenotype had been recapitulated, the formation of a functional cuticle had 

been restored (Fig. S8E). 
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RNA-seq reveals a suppression of the transcriptional response to cytokinin in 

Ppnog1dis and snog1a 

To further explore the interplay between PpNOG1, PpFLOE2L-1 and cytokinin, an 

RNA-seq experiment was performed using two-week-old protonemal tissue, which 

coincides with the onset of the 2D-to-3D growth transition. We set out to identify 

those genes that were differentially expressed in wild type, Ppnog1dis and snog1a. 

We were also keen to identify those genes that were induced or repressed by 

cytokinin in both wild type and in snog1a, but not in the Ppnog1dis mutant. This 

would ultimately reveal the transcriptional changes needed to restore 3D growth to 

Ppnog1dis. Importantly, we were able to confirm the complete absence of PpNOG1 

expression in both Ppnog1dis and snog1a (Fig. S9A, Data S3). We also exploited 

our transcriptome data to investigate the expression of all four PpFLOE2-LIKE genes 

during the 2D-to-3D growth transition. We determined that PpFLOE2L-1 was 

expressed at equivalent levels in both wild type and in Ppnog1dis but downregulated 

in the snog1a mutant, likely due to nonsense-mediated mRNA decay. We could 

detect the transcripts associated with both Pp3c24_13440 (PpFLOE2L-2) and 

Pp3c11_23810 (PpFLOE2L-3) genes. Although the expression of PpFLOE2L-3 

remained unchanged in snog1a, the PpFLOE2L-2 gene was slightly upregulated 

compared to wild type and the Ppnog1dis mutant (Fig. S9B). We could not detect the 

Pp3c7_1641 (PpFLOE2L-4) transcript in our dataset, although we could amplify 

moderate levels of transcript using RT-PCR (Fig. S9C). Thus, all four PpFLOE2L 

genes are expressed at the developmental stage in which 3D growth is established.  

In the Ppnog1dis mutant, 752 genes were upregulated, and 1110 genes were 

downregulated relative to wild type, which collectively comprised 5.80% of all expressed 

genes identified. In the snog1a mutant, 1350 genes were upregulated, and 1365 genes were 

downregulated relative to wild type, which collectively comprised 8.46% of all expressed 

genes (Fig. S10A). 1143 genes were differentially expressed in both Ppnog1dis and snog1a 

compared to wild type, while there were 719 genes disrupted only in Ppnog1dis and 1527 

genes affected only in snog1a (Figure 6A). Furthermore, there were significantly fewer 

genes that were differentially expressed in the snog1a mutant relative to Ppnog1dis. 

Notably, we identified a total of 349 genes that were differentially expressed in Ppnog1dis 

compared to wild type, but not in the snog1a mutant. This included a considerable number of 
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transcription factors and demonstrated reactivation of certain transcriptional networks had 

occurred to facilitate the partial restoration of 3D growth in the snog1a mutant (Data S4).  

Gene Set Enrichment Analysis (GSEA) using Gene Ontology (GO) biological process terms 

was performed to reveal those pathways that had been most impacted. In Ppnog1dis, 

processes associated with the localisation and transport of proteins had been activated, and 

ubiquitin-dependent processes had been suppressed compared to wild type (Fig. S10B). In 

snog1a, ubiquitin-dependent processes were similarly suppressed, and processes related to 

responses to abiotic and biotic stress or carbohydrate metabolism were upregulated 

compared to wild type (Fig. S10C). When examined more closely, we discovered that 

PpNOG1 was the only gene associated with the ubiquitin-dependent GO term in both 

Ppnog1dis and in the snog1a mutant. When comparing snog1a to Ppnog1dis, it was evident 

that hormone signalling pathways, notably ABA signalling, had been activated in the snog1a 

mutant compared to the Ppnog1dis mutant (Fig. S10D). When the expression patterns of 

individual ABA signalling genes were compared, we determined that several of these 

showed enhanced expression in snog1a, compared to wild type and the Ppnog1dis mutant. 

This included PpABI1A, PpABI1B and several PpSnRK2 genes (Fig. 6C). This suggests that 

PpFLOE2L-1 can act as a negative regulator of ABA signaling in certain developmental 

contexts. 

Following cytokinin treatment, 3417 genes were upregulated, and 2723 genes were 

downregulated in wild type relative to the untreated wild-type control, which 

comprised nearly 20% of all genes identified. In contrast, only 1.11% and 1.52% of 

genes were differentially expressed in Ppnog1dis and snog1a respectively (Fig. 6B, 

Fig. S11A). This demonstrates that the transcriptional response to cytokinin is 

strongly suppressed in both mutants, even though the snog1a mutant exhibits strong 

phenotypic responsiveness to exogenously applied cytokinin (Fig. 2). 

There are 155 genes that are differentially expressed in a similar manner in wild 

type, Ppnog1dis and snog1a, but there are also genes that are specifically induced 

in either Ppnog1dis or the snog1a mutant (Fig. 6B). Notably, there is an overlap of 

288 genes which are responsive to cytokinin in wild type and snog1a, but not in the 

Ppnog1dis mutant. These genes include several kinases and putative transcription 

factors, as well as three cytokinin oxidase enzymes, a gene that encodes a CHASE 

domain histidine kinase (PpCHK3; a classical cytokinin receptor) and two auxin 

efflux transporters (Data S5, Fig. 6B). These transcriptional changes may explain the 
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restoration of the cytokinin response in the snog1a mutant. We also performed gene 

set enrichment analysis on the cytokinin response comparisons. As expected, 

cytokinin treatment elicited the activation of processes associated with cell growth, 

cell wall biogenesis and cell wall organisation in wild type. However, processes 

associated with photosynthesis were suppressed (Fig. S11B). Although processes 

associated with cell wall biogenesis and organisation were both activated in 

Ppnog1dis and snog1a in response to cytokinin (Fig. S11C, S10D), processes 

associated with cell growth were not activated in the Ppnog1dis mutant (Fig. S11C). 

In Ppnog1dis, genes associated with protein synthesis were induced by cytokinin 

whereas those associated with intracellular signalling were suppressed (Fig. S11C). 

Notably we discovered that those genes strongly associated with responses to 

abiotic stress and ABA signaling were induced by cytokinin in snog1a but not in wild 

type or the Ppnog1dis mutant. This suggests some level of hypersensivity to 

cytokinin, which may impact on ABA signaling (Fig. S11D).  

Given that all the cuticle-defective mutants described so far (Renault et al., 2017; 

Lee et al., 2020; Moody et al., 2021; Kreigshauser et al., 2021; Zhang et al., 2024) 

have highly pronounced 3D growth defects, and because the cuticle has been 

restored in the snog1a mutant, we decided to examine the expression of cuticle-

related genes. We discovered that cuticle-related genes that are normally strongly 

induced by cytokinin in wild type are not induced by cytokinin in either Ppnog1dis or 

the snog1a mutant (Fig. 6C). This includes PpCYP98 and PpNOG2/PpHCT, 

enzymes that catalyze steps in the phenylpropanoid pathway leading to cuticle 

biosynthesis in P. patens, and the glycerol-3-phosphate acyltransferase (GPAT) 

genes PpGPAT2 and PpGPAT4, which are required for the formation of cutin 

monomers (Renault et al., 2017; Lee et al., 2020; Moody et al., 2021; Kreigshauser 

et al., 2021). Notably, we determined that the expression of both PpGPAT2 and 

PpGPAT4 were significantly upregulated in snog1a relative to both wild type and in 

the Ppnog1dis mutant in the absence of cytokinin (Lee et al., 2020). Furthermore, 

the expression of the PpABCB14 gene, which encodes an ATP-binding cassette 

transporter that has been implicated in cuticle deposition, was also upregulated in 

the absence of cytokinin (Zhang et al., 2024). Additionally, PpABCB14 was 

downregulated in snog1a in response to cytokinin treatment, which follows the 

opposite trend to that observed in wild type (Fig. 6C). Thus, there is a differential 
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response to cytokinin in wild type, Ppnog1dis and the snog1a mutant that likely 

impacts the regulation of cuticle biosynthesis.  

 

Restoration of 3D growth in the snog1a mutant occurs independently of PpAPB genes 

Within our transcriptome datasets, we were able to investigate the expression patterns of 

genes with known roles in 3D growth in P. patens. We observed that genes that were 

cytokinin responsive in wild type tended to be cytokinin unresponsive in both Ppnog1dis and 

snog1a, except for PpCHK3 (as described above), which has regained partial 

responsiveness in the snog1a mutant (Fig. 6C). We determined that the expression of the 

PpAPB genes was downregulated in Ppnog1dis, as in the Ppnog1-R mutant (Moody et al., 

2018) but also discovered that this downregulated had not been reversed in the snog1a 

mutant as anticipated. Notably, PpAPB4, which has been shown to be sufficient for 

gametophore induction, was further suppressed in snog1a, compared to Ppnog1dis 

(Aoyama et al., 2012) (Fig. 6D). This suggests that gametophore initiation can occur 

independently of the PpAPB transcription factors, or that their downstream target(s) have 

been stabilized in the snog1a mutant. 

 

DISCUSSION 

The acquisition of apical cells with the capacity for 3D growth occurred in the last 

common ancestor of land plants, and enabled the diverse morphologies seen across 

the planet today (Kenrick and Crane, 1997; Delwiche and Cooper, 2015). We 

previously showed that the NO GAMETOPHORES 1 (PpNOG1) gene is required for 

3D growth in P. patens, an extant representative of the bryophytes. Notably, in 

mutants lacking PpNOG1 function (Ppnog1-R), gametophore initial cell formation is 

significantly reduced, even in the presence of cytokinin. Furthermore, cell division 

planes are misoriented in emerging gametophores, which subsequently undergo 

premature developmental arrest. Thus, PpNOG1 promotes the cytokinin-mediated 

transition from 2D to 3D growth and positively regulates the orientation of cell 

divisions required to establish a tetrahedral apical cell (Moody et al., 2018).  
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To reveal new insights into the genetic interaction network underpinning the 

transition from 2D to 3D growth, we first recapitulated the Ppnog1-R mutant 

phenotype in an independent Ppnog1 disruption mutant (Ppnog1dis), in which 

PpNOG1 was not expressed (Fig. S1). The Ppnog1dis mutant was generated using 

a targeted approach and thus lacked the background SNPs that were introduced into 

the Ppnog1-R mutant by UV-based mutagenesis. We then performed a UV-mediated 

suppressor screen to identify mutations that alleviated the Ppnog1dis mutant 

phenotype to permit the reversion to 3D growth. The primary focus of this paper was 

the characterisation of the ‘suppressor of nog1a’ (snog1a) mutant identified in this 

screen.  

Similarly to the original Ppnog1-R mutant, the Ppnog1dis mutant was unable to form 

gametophores even in the presence of cytokinin (Fig. 1,2). Mutants in which all four 

PpAPB genes have been disrupted exhibit a similar level of cytokinin-

unresponsiveness to both Ppnog1-R and Ppnog1dis mutants and fail to make the 3D 

growth transition (Aoyama et al., 2012). Furthermore, we previously observed that 

PpAPB genes are downregulated when PpNOG1 is absent (Moody et al., 2018). 

Thus, PpNOG1, along with the PpAPB genes are integral regulators of cytokinin 

perception during the switch from 2D to 3D growth. Since the snog1a mutant exhibits 

responsiveness to cytokinin, this suggested that those cytokinin signaling 

components, ordinarily repressed in Ppnog1dis, had been reactivated in the snog1a 

mutant. This demonstrates that the phenotypes observed in both Ppnog1dis and 

snog1a can be attributed to alterations in cytokinin perception. Thus, this study has 

begun to shed light on the potential mechanism underlying cytokinin-mediated 3D 

growth initiation, a topic that has fascinated biologists for several decades (Brandes 

and Kende, 1968; Ashton et al., 1979; Reski and Abel, 1985; Schulz et al., 2000; 

Schulz et al., 2001; von Schwartzenberg et al., 2007; von Schwartzenberg et al., 

2016; Cammarata et al., 2022).  

Although the formation of gametophore initial cells was not fully restored in the 

snog1a mutant, those that formed usually followed a wild-type pattern of 

development to achieve the establishment of a tetrahedral apical cell (Fig. 3). It has 

previously been shown that the positioning of cell division planes in emerging 

gametophores is dependent on microtubules (Kosetsu et al., 2017; Kozgunova et al., 
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2022). Thus, it is likely that the cell division orientation defects observed in the 

Ppnog1dis mutant are due to aberrant organisation of the microtubule cytoskeleton. 

Since the correction of division plane orientation observed in the snog1a mutant is 

accompanied by the restoration of a cytokinin response, we speculate that the 

microtubule organisation that occurs during the 3D growth transition is dependent on 

cytokinin. This is consistent with other reports in the literature (Montesinos et al., 

2020). 

There is an increasing volume of literature that describes the regulatory role of 

cuticle-related genes in the 3D growth transition (Renault et al., 2017; Lee et al., 

2020; Kreigshauser et al., 2021; Moody et al., 2021). These mutants invariably 

exhibit perturbations in the frequencies of gametophore initial cells that form, and 

those that do form exhibit division orientation defects that arrest gametophore 

development. Furthermore, the expression of these genes has been shown to be 

induced by cytokinin (Moody et al., 2021). Although we understand that a cuticle is 

absent in the protonema but observed in gametophores, the developmental stage at 

which cuticle biosynthesis initiates remains unclear (Renault et al., 2017; Lee et al., 

2020; Kreigshauser et al., 2021). In several of the 3D-defective mutants described in 

the literature so far, including the Ppnog1-R mutant, the cuticle is invariably absent 

(Aoyama et al., 2012; Renault et al., 2017; Moody et al., 2018; Kreigshauser et al., 

2021; Zhang et al., 2024). Thus, it is possible that the acquisition of the cuticle was a 

pre-requisite for 3D growth, and that the mechanical constraints imposed by the 

cuticle alter the division properties of cells formed in the steps toward the 

establishment of a tetrahedral apical cell. To support this hypothesis, the cuticle is 

notably absent in the Ppnog1dis mutant but has been partially restored in the snog1a 

mutant, in which the partial reversion to 3D growth has occurred (Fig. S8).  

Our mapping approach and phylogenetic analyses revealed that the gene mutated in 

the snog1a mutant (Pp3c8_19720) was a homologue of the previously characterized 

FLOE genes in Arabidopsis; AtFLOE1, AtFLOE2 and AtFLOE3 (Fig. 4,S3,S4) 

(Dorone et al., 2021). Dorone et al. have demonstrated that AtFLOE1 undergoes 

reversible hydration-dependent liquid-liquid phase separation (LLPS) in the embryo, 

and that this process is dependent on the presence of a QPS-rich disordered 

domain. LLPS drives the formation of AtFLOE1 condensates when a seed is 
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hydrated, but AtFLOE1 remains dispersed in desiccated seeds. Since loss of 

AtFLOE1 function can promote germination during drought or salt stress, it is thought 

that AtFLOE1 functions to inhibit seed germination in unfavourable conditions. The 

authors also demonstrated that AtFLOE2 and AtFLOE3, in addition to 

representatives from algae and bryophytes, undergo LLPS in a transient expression 

system (Dorone et al., 2021).  

AtFLOE1 is a member of the FLOE1-like (FLOE1L) clade, which contains only those 

representatives from the monilophytes and seed plants. On the other hand, AtFLOE2 

and AtFLOE3 reside within the FLOE2-like (FLOE2L) clade, which contains 

representatives from algal species as well as all land plant lineages. This includes 

Pp3c8_19720 in addition to three additional homologues in P. patens. We were able 

to complement the snog1a mutant phenotype with a full-length version of the wild-

type coding sequence and recapitulate the phenotype by generating an independent 

double disruptant mutant (Fig. 5). The confirmation of gene identity enabled us to 

amend the name of Pp3c8_19720 to PpFLOE2L-1. The presence of three additional 

FLOE2L homologues in the P. patens genome suggests that these genes may 

function redundantly. Thus, we hypothesise that higher order mutants of these genes 

will exhibit a progressive restoration of 3D growth, and indeed cuticle formation. 

FLOE2L genes were notably absent from hornworts, which suggests that the genetic 

toolkit underpinning 3D growth processes in hornworts is somewhat distinct.      

Our RNA-seq experiments have revealed that transcriptional responses to cytokinin 

are mostly suppressed in both Ppnog1dis and snog1a. Although there are a few 

genes that have regained cytokinin responsiveness in snog1a, it is not yet clear how 

this results in a cytokinin-responsive phenotype that is like that seen in wild type. 

Notably, ABA signalling processes were activated in the snog1a mutant. ABA 

signalling is an important regulator of drought stress responses across all land plants 

and also acts as an inhibitor of germination in seed plants (Kermode et al., 2005; 

Wang et al., 2012). It has been shown that AtFLOE1 responds to water availability in 

the Arabidopsis seed and acts to repress germination if water is scarce. However, 

the mechanism by which AtFLOE1 represses germination is not known (Dorone et 

al., 2021). If there is functional conservation in FLOE function across land plants, 
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then an interaction between FLOE genes and the ABA signalling pathway may hint 

at this mechanism.  

Liquid-liquid phase separation (LLPS) is a phenomenon that has been increasingly 

linked to important developmental processes in plants (Fang et al., 2019; Huang et 

al., 2021; Cao et al., 2023). Furthermore, there have been reports that LLPS enables 

ubiquitin-binding shuttle proteins (i.e., those containing UBAs) to degrade 

ubiquitinated substrates (Dao and Castaneda, 2020). Similarly, to the three other 

FLOE2-like genes identified in P. patens, PpFLOE2L-1 encodes a protein that 

contains a disordered domain enriched in glutamine, proline, and serine (QPS-rich), 

previously shown to serve as a prerequisite for LLPS; coiled-coil (CC) and nucleation 

domains; a disordered domain enriched in aspartic acid and serine (DS-rich); and a 

UBA. The presence of the UBA suggests that PpFLOE2L-1 plays a role in protein 

degradation, which is curiously reminiscent of the PpNOG1 protein. Due to the 

presence of two in-frame premature stop codons in the PpFLOE2L-1 transcript, the 

snog1a mutant lacks most of the QPS-rich disordered domain as well as the UBA 

(Fig. 4). Thus, we hypothesise that PpFLOE2L-1 undergoes cell-type dependent 

LLPS to compartmentalize the cellular components required to degrade a 

ubiquitinated repressor of the 2D to 3D growth transition. In support of this notion, it 

has been reported that E3 ligases involved in protein degradation processes are able 

to function within condensates (Dao and Castañeda, 2020). Thus, we propose LLPS 

as a mechanism by which the induction of 3D growth can be rapidly triggered in 

response to both intrinsic and extrinsic cues, at the correct stage of development.  

 

SUMMARY 

Since the loss of PpFLOE2L-1 function can reverse the 3D-defective phenotype of 

the Ppnog1dis mutant phenotype, we have demonstrated that PpFLOE2L-1 acts as 

a negative regulator of 3D growth. We have also shown that the expression of the 

PpAPB genes is not corrected in the snog1a mutant even though the capacity for 3D 

growth has been recovered. Thus, we have devised two alternative models for 

PpNOG1 function. The first model proposes that PpNOG1 acts upstream of, and 

represses the activity of PpFLOE2L-1, which in turn induces the degradation of 
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protein(s) that repress cytokinin-mediated 3D growth initiation independently of the 

PpAPB transcription factors. Alternatively, the second model proposes that PpNOG1 

and PpFLOE2L-1 act antagonistically to regulate the degradation of protein(s) that 

mediate the respective promotion or repression of cytokinin-mediated 3D growth 

initiation (Fig. 7). 

 

MATERIALS AND METHODS 

Physcomitrium patens growth conditions 

To encourage bud development, P. patens was grown on cellophane-overlaid BCD 

medium (1 mM MgSO4, 1.84 mM KH2PO4 (pH 6.5), 10 mM KNO3, 45 µM FeSO4; 1 

mM CaCl2;  0.1% Trace Elements Solution: 116 µM AlK(SO4)2,  220 µM CuSO4, 10 

mM H3BO4, 235 µM KBr, 660 µM LiCl,  230 µM CoCl2, 190 µM ZnSO4, 2 mM MnCl2, 

170 µM KI, 124 µM SnCl2) containing 0.8% agar. For routine propagation, and to 

stimulate filamentous growth, P. patens was grown on BCD medium supplemented 

with 5 mM ammonium tartrate (BCDAT). To enable propagation, tissues were 

harvested and homogenized in sterile water using an IKA T-25 digital ULTRA-

TURRAX®. Tissues were then pipetted onto cellophane-overlaid BCDAT plates in a 

laminar flow hood. Plates were then placed in a growth cabinet at 24°C with a 16 h:8 

h light (300 µmol m-2 s-1): dark cycle. Protoplasts were regenerated on cellophane-

overlaid Protoplast Regeneration Medium (PRMB; BCDAT supplemented with 10 

mM CaCl2, 0.5% glucose and 6% (w/v) D-mannitol) (Cove et al., 2009). 

 

Generation of the Ppnog1dis mutant 

A genomic DNA fragment from -827bp upstream of the start codon, up to but 

excluding the start codon of the PpNOG1 sequence, was PCR-amplified using 

NOG1.5FKpnI and NOG1.5RXhoI primers (Table S1) and ligated into KpnI/XhoI cut 

pAHG1 (a kind gift from Yasuko Kamisugi and Andrew Cuming) to create pAHG1-

NOG1-5’. A PpNOG1 genomic DNA fragment including the stop codon up to 1420bp 

downstream of the PpNOG1 stop codon was PCR-amplified using NOG1.3FNotI and 
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NOG1.3RNotI primers and ligated into NotI cut pAHG1-NOG1-5’ to create 

pNOG1delH. pNOG1delH was linearized using KpnI prior to transformation into 

protoplasts isolated from the Villersexel wild type strain. Stable transformants were 

selected using 15 mgmL-1 Hygromycin B (Sigma-Aldrich cat. no. H9773). 

 

RT-PCR to detect absence of NOG1 in the Ppnog1dis mutant 

Total RNA was isolated from two-week-old Villersexel wild type and the Ppnog1dis 

mutant using the RNeasy kit (Qiagen) according to the manufacturer’s instructions. 

DNase treatment was carried out using TURBO DNase (Ambion) and cDNA 

synthesis performed using SuperscriptTM III (ThermoFisher Scientific), as specified 

by the manufacturers. The tubulin transcript was amplified using PptubF and 

PptubR, and the PpNOG1 transcript was amplified using either NOG1_GSP.F and 

NOG1_GSP.R, or NOG1_exon3F and NOG1_exon5R (Table S1).  

 

RT-PCR to detect PpFLOE2L-4 in WT tissues 

RNA was extracted from two-week-old wild type tissues and converted into cDNA as 

described above. The tubulin transcript was amplified using PptubF and PptubR, and 

a portion of the PpFLOE2L-4 transcript was amplified using Pp3c7_1641_qPCR_F 

and Pp3c7_1641_qPCR_R (Table S1). The amplicon was sanger sequenced by 

Source Bioscience with the same primers to confirm that the amplicon belonged to 

the Pp3c7_1641 transcript. 

 

Transcriptome analysis 

P. patens tissues were initially grown on BCD for one week and then transferred to 

plates containing BCD + 1 µM BAP for another week. Control samples that were not 

treated with BAP were transferred to a fresh BCD plate containing no BAP at the 

same stage. For each line and/or treatment there were three biological replicates. 
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Tissues were harvested and frozen in liquid nitrogen, ground with a pestle. Total 

RNA was then extracted and DNase treated as described above. The quality and 

quantity of RNA was determined using a NanoDrop™ spectrophotometer. Quality 

control and sequencing was performed by Novogene (NovaSeq PE150 platform, 150 

bp paired end reads). Fastp v0.20.1 was used for quality filtering of the raw reads, 

adaptor trimming, base correction and over-representation analysis (Chen et al., 

2018). Filtered reads were mapped to the reference transcriptome (Phypa_V3), 

which was obtained from Ensembl Plants (Lang et al., 2018). Mapping and 

quantification were performed using Salmon v1.5.1 (Patro et al., 2017). The R 

packages biomaRt v2.46.3 and GenomicFeatures were used to create the TxDb 

(Durinck et al., 2009; Lawrence et al., 2013), which was used to create a Tx2gene 

data frame. This was then converted to a matrix using tximport (Soneson et al., 

2015). Differentially Expressed Gene (DEGs) analysis was carried out using DeSeq2 

v1.30.1 (Love et al., 2014). The log2 fold change was shrunk (normal shrinkage type) 

to adjust for lowly expressed genes. Statistical comparisons were performed using 

the Wald test with an FDR <0.05. Gene set enrichment analysis was carried out with 

clusterProfiler 4.10.0 (Wu et al., 2021).  

 

Quantitative RT-PCR 

Quantitative RT-PCR (RT-qPCR) was used to quantify relative transcript levels. 

There were three biological replicates for each P. patens line and three technical 

replicates for each cDNA sample and water controls. On a 96-well PCR plate, each 

well contained 2 µl of cDNA template, with 6 µl SYBR® Green PCR Master Mix 

(Applied Biosystems™), 0.5 µl each of the forward and reverse qPCR primers (10 

µM) for the target or control genes (Table S1) and 1 µl water. A StepOnePlus™ 

Real-Time PCR System and the accompanying StepOne™ Software (Applied 

Biosystems™), with a Relative Standard Curve quantitation was used to carry out 

the RT-qPCR. The cycling conditions were 5 min at 95°C, followed by 40 cycles of 

15 s at 95°C and 1 min at 60°C. The raw amplification data was processed with 

Real-time PCR Miner (Zhao and Fernald, 2005), which calculated Cycle Threshold 

(CT) values. From the CT values, the expression levels of genes of interest were 
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calculated relative to the control gene using the formula 2-ΔΔCT as in Moody et al. 

(2018). An ANOVA test was used to determine if there was statistically significant 

variation in relative transcript levels between P. patens lines. 

 

UV mutagenesis and screening 

One-week old protonemata from the Ppnog1dis mutant was digested for 1 h in 1% 

Driselase dissolved in 8% mannitol. The resulting cell suspension was passed 

through a 40 µm cell strainer and centrifuged for 3 min at 120 xg without braking. 

Protoplasts were subsequently washed twice in 8% mannitol, with repeated 

centrifugation steps in between washes. Cells were resuspended in 6 ml 8% 

mannitol, counted using a haemocytometer, and then plated at a density of 50,000 

cells per plate onto cellophane overlaid PRMB. Protoplasts were immediately 

exposed to a 75,000 mJ dose of UV light using a Stratalinker UV Crosslinker and this 

was performed with the petri dish lids removed. Following irradiation, the lids were 

quickly replaced, and the plates were wrapped with micropore tape. Plates were 

incubated at 24°C in the dark for 24 h, to prevent photoactivatable DNA damage 

repair, before being transferred to standard growth conditions for a further 2-3 

weeks. When visible, regenerating protoplasts were transferred into individual wells 

of 24 well plates containing BCD medium. After approximately one month of growth 

in standard conditions, the mutagenized plants were screened for reversion of the 

Ppnog1dis phenotype (i.e., restoration of gametophore development). 

 

Imaging 

To stain cell walls, tissues were submerged in propidium iodide (10 µgmL-1) for around 10 

min and then mounted on slides in water. Images were acquired using a Leica SP5 scanning 

confocal microscope with a 40x water immersive lens. A 488 nm laser was used to excite the 

propidium iodide with 30% laser power and fluorescence was detected at 600-630 nm.  

Toluidine blue staining was performed by submerging tissues in 0.05 % (w/v) toluidine blue 

solution (diluted in water) for 30 s to 1 min. The stain was then washed off by rinsing the 
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tissues several times with water until the water remained clear. Images were acquired using 

a Motic SMZ-171-TLED trinocular stereo microscope fitted with a Chromyx 4K Pro Full HD 

microscope camera. 

 

Plant phenotyping 

To assay the number of gametophores produced by different P. patens lines, tissues 

were grown on cellophane-overlaid BCDAT plates for one week and then the tissues 

were harvested into separate 50 ml tubes containing 10 ml sterile water. The tissues 

were each homogenized with an IKA disperser for 20 s, and then 1 ml of 

homogenate was removed to measure optical density (OD600) in a 

spectrophotometer. The density of the homogenate was normalized by adding the 

required amount of water to each tube. 50 µl of homogenate was pipetted onto BCD 

medium in small petri dishes, with 5 repeats for each line. These plates were grown 

for two months under standard conditions, so that mature gametophores had 

sufficient time to develop. The number of gametophores formed on each plate were 

counted. To measure gametophore height, a representative and intact sample from 

each line was extracted from the tissue, placed in a petri dish and photographed. 

The heights were measured in ImageJ, by drawing a line from the apex to the base. 

To determine the cytokinin responsiveness of each line, tissues were grown on BCD 

medium for one week and then the cellophanes were cut and transferred to BCD 

medium containing 1 µM BAP for 3 days (or control medium) before being examined 

and images captured using a Leica M165C stereomicroscope equipped with a 

QImaging Micropublishing 5.1 RTV camera. 

 

Plant crossing and bulk segregant analysis 

Both the snog1a mutant and the Reute::mCherry line (Perroud et al., 2019) were 

grown in magenta pots on BCD medium in standard growth conditions for 2-3 

months. Pots were subsequently transferred to sporophyte induction conditions (16 h 

dark: 8 h light, 16oC). After approximately three weeks, gametophores were 

examined for the presence of gametangia (archegonia and antheridia). When 
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gametangia were present, the Reute::mCherry line was submerged under water to 

make a sperm suspension, which was subsequently added to the  Ppsnog1a mutant 

to allow outcrossing. After approximately 4-6 weeks, the resulting sporangia were 

removed carefully using forceps and examined under a Leica M165C fluorescence 

stereomicroscope to detect mCherry expression. This demonstrated a successful 

outcrossing event. Sporangia were sterilized in 70% ethanol for 4 min, washed 3 

times with sterile water and then incubated at 4oC in the dark for one week. In a 

laminar flow hood, the sporangia were transferred to a 15 ml tube containing 10 ml of 

sterile water and then the sporangia ruptured with a pipette tip. 1 ml of spore 

suspension was plated onto each of ten cellophane-overlaid BCDAT plates and then 

grown in standard conditions to permit germination and subsequent growth. 

Individual sporelings were then transferred to wells of 24-well plates containing BCD 

medium and grown for a further 4-6 weeks. The progeny were screened for the 

presence or absence of gametophores, and sorted into two populations; Ppnog1dis-

like (control pool, 80 individuals) and wild type or snog1a-like (mutant pool, 98 

individuals). Genomic DNA was then extracted from one-week old protonemal 

tissues prepared from each individual line.  

 

Isolation of genomic DNA  

Immediately before use, 0.07% (v/v) 2-mercaptoethanol and 0.1% (w/v) ascorbic 

acid was added to aliquots of extraction buffer (100 mM Tris-HCl pH 8.0, 1.42 M 

NaCl, 2 % CTAB, 20 mM EDTA, 2% PVP-40). The aliquots of extraction buffer were 

pre-warmed at 65°C in a water bath. One plate of 1-week-old protonemal tissues, 

grown on cellophane-overlaid BCDAT plates, was harvested and then blotted on 

filter paper to remove excess water. Tissues were then placed in a 2 ml 

microcentrifuge tube and frozen in liquid nitrogen. A miniature pestle was used to 

grind the tissue into powder, and then 500 µl of pre-warmed extraction buffer was 

added to the powder while frozen and further homogenised. An additional 200 µl of 

extraction buffer was added to the tube, along with 7 µl 10 mgmL-1 RNase A, and 

then incubated at 65°C for 10 min. 600 µl of chloroform-isoamyl alcohol (24:1) was 

added and the tube, mixed and centrifuged at 13,000 rpm for 10 min. Then the upper 
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aqueous phase of the mixture was transferred to a fresh tube, 0.7 volumes of 

isopropanol were added, the contents of the tube mixed and spun again immediately 

at 13,000 rpm for 10 min. The pellet was washed in 70% ethanol, allowed to air-dry, 

and then resuspended in 30 µl nuclease-free water. A NanoDrop™ 

spectrophotometer was used to assess the quantity and quality of the extracted 

DNA. 

 

Preparation of genomic DNA samples for Whole Genome Sequencing 

In total, four genomic DNA samples were prepared for sequencing; both parental 

lines (Ppnog1dis and Reute::mCherry) and two pooled samples (a snog1a-like 

‘mutant pool’ and a nog1-like ‘control pool’). The pooled samples were prepared by 

pooling 1 µg genomic DNA extracted from all individuals in that population (80 

individuals in the ‘WT pool’ and 98 individuals in the ‘mutant pool’). 

 

Candidate identification through bulk segregant analysis 

Whole genome sequencing was performed using a NovoSeq X Plus sequencing 

platform (150 bp PE read lengths, 44X coverage) at Novogene. Bioinformatic 

analysis was performed as described previously (Moody et al., 2018; Moody et al., 

2021). The presence of the premature termination codons in Pp3c8_19720 was 

confirmed by sequencing PCR products, amplified from both wild type and snog1a 

derived genomic DNA, using the primers Pp3c8_19720_int_F and 

Pp3c8_19720_int_R (Table S1). 

 

Physcomitrium patens transformation 

Before the transformation, large quantities of plasmid DNA were acquired by 

midiprep using a QIAGEN plasmid midi kit. Approximately 20 µg of the plasmid was 

linearized by restriction digest overnight, treated with CIAP and precipitated with 
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sodium acetate. Before starting the transformation, all solutions required were made 

fresh and filter sterilized using [filter]. The transformation was carried out in a 

biological safety cabinet. 2 g of polyethylene glycol (PEG) 6000 in a flat-bottomed 

vial, that had been sterilised in the autoclave, was melted in the microwave for 

approximately 1 min. 5 ml mannitol/Ca(NO3)2 solution (0.8% mannitol, 0.1 M 

Ca(NO3)2, 10 mM Tris pH 8.0) was added to the molten PEG 6000, mixed and 

allowed to cool for 2-3 h. 

For each P. patens line that was to be transformed, 1-2 plates of tissue were 

harvested. 0.1 g Driselase enzyme was dissolved in 10 ml 8% mannitol for each 

digest. The tube containing the enzyme solution was wrapped in foil and rocked for 

approximately 10 min at room temperature. The tube was spun for 3 min in a 

centrifuge at 3,300xg, and the supernatant was filter sterilised. P. patens tissue was 

placed in the tube with the Driselase solution, wrapped in foil and rocked very gently 

until the tissue appears well digested (at least 40 min). The digested tissue was put 

through a 70 µm cell strainer to separate protoplasts from remaining debris. The 

protoplasts were spun at no more than 120 xg, the supernatant was removed and 

the protoplasts were resuspended in 6 ml mannitol. This wash was repeated twice 

more. The cell density of the protoplasts was determined using a haemocytometer. 

The protoplasts were spun down again and resuspended in MMM (0.5 M mannitol, 

0.15 M MgCl2, 0.1% MES pH5.6), to achieve a cell density of 1.5x106 cells mL-1. The 

next steps were carried out without delay as the protoplasts cannot tolerate the 

MMM solution for very long. At least 10 µg of the linearised construct was pipetted 

into the bottom of a round-bottomed Falcon tube. To this was added 300 µl of 

protoplast suspension. 300 µl of the PEG solution was added in drops and the tube 

was swirled gently after the addition of each drop. The tube was heat-shocked at 45 

°C in a water bath for 5 min and then incubated at room temperature for a further 5 

min. Next, 300 µl 8% mannitol was added to the tube, 5 times at 3 min intervals and 

the mixture was gently swirled after each addition. Then, 1 ml 8% mannitol was 

added to the tube 5 times at 3 min intervals, gently tilting the tube after each addition 

to mix it. The tube was centrifuged at 120 xg, supernatant removed, and the cells 

were resuspended in 3 ml 8% mannitol. This suspension was gently pipetted onto 

three PRMB plates overlaid with cellophanes (1 ml for each plate). These plates 

were sealed with micropore tape and wrapped in foil for 24 h. Subsequently, they 
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were unwrapped and placed in normal growing conditions for 5-7 days. Then the 

cellophanes, with the regenerating protoplasts, were transferred to selective BCDAT 

plates containing the appropriate selective agent. After another week on selective 

plates, the cellophanes are transferred to BCDAT plates with no selective agent to 

allow recovery. After another 1-2 weeks, the surviving P. patens colonies were 

individually transferred to selective BCD plates, to select for stably transformed 

colonies. Following another 1 – 2 weeks on selection, colonies that survived both 

rounds of selection were transferred to non-selective BCD plates and allowed to 

grow and generate tissue for further study. 

 

Generation of snog1a complementation lines 

RNA was extracted form two-week-old wild-type tissue using an RNeasy kit (Qiagen) 

and treated with Turbo DNase (Ambion), according to the manufacturer’s 

specifications. cDNA was then synthesised using SuperscriptTM III Reverse 

Transcriptase (ThermoFisher Scientific). Subsequently the Pp3c8_19720 transcript 

was PCR-amplified (excluding the stop codon) using Pp3c8_19720.FSalI and 

Pp3c8_19720.R_NOSTOP_HindIII and ligated into pZAG1 to create 

Act1p::Pp3c8_19720-GFP. This construct was linearised with SacII for subsequent 

transformation into the snog1a mutant. Stable transformants were selected using 

100 µgml-1 Zeocin (Invitrogen; R25001). Genotyping was performed using the 

primers putativeSNOG1A_genomic2_F and putativeSNOG1A_genomic2_R (Table 

S1, Fig. S6). 

 

Generation of a snog1a deletion mutant 

A deletion construct was designed. The construct consisted of the PpFLOE2L-1 5’ 

flanking sequence, with a small section of the PpFLOE2L-1 CDS and a PpFLOE2L-1 

3’ flanking sequences. The 5’ and 3’ sequences were either side of a G418 

resistance cassette. The construct was synthesized by TWIST Bioscience. The 

product was verified by Sanger sequencing. Prior to transformation into protoplasts 
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isolated from the Ppnog1dis mutant, the plasmid was linearized with PvuI. Stable 

transformants were selected using 40 µgml-1 G418. 5’ integration of the deletion 

construct was confirmed using the primers snog1a_del_genotyping_F and 

snog1a_del_genotyping_R (Table S1, Fig. S7). 

 

Phylogenetics 

For each of the species included in the analysis, proteome sequences (primary 

transcript only) were obtained. The data used were: Physcomitrium patens v3.3 

(Lang et al., 2018), Marchantia polymorpha  v3.1 (Bowman et al., 2017), Selaginella 

moellendorffii v1.0 (Banks et al., 2011), Oryza sativa v7.0 (Ouyang et al., 2007), Zea 

mays PH207 v1.1 (Hirsch et al., 2016), Sorghum bicolor v3.1.1 (McCormick et al., 

2018), Brachypodium distachyon v3.1 (Vogel et al., 2010), Arabidopsis thaliana 

Araport11 (Cheng et al., 2017), Solanum lycopersicum ITAG2.4 (Tomato Genome 

Consortium, 2012), Medicago truncatula Mt4.0v1 (Tang et al., 2014), Populus 

trichocarpa v3.1 (Tuskan et al., 2006), Micromonas pusilla CCMP1545 v3.0 (Worden 

et al., 2009) and Ostreococcus lucimarinus v2.0 (Palenik et al., 2007), Chara braunii 

S276v1.0 (Nishiyama et al., 2018), Chlamydomonas reinhardtii v5.5 (Merchant et al., 

2007), Amborella trichopoda v1.0 (Amborella Genome Project, 2013), Botryococcus 

braunii v2.1 (Browne et al., 2017), Anthoceros agrestis Oxford (Li et al., 2020), 

Azolla filiculoides v1.1 (Li, et al., 2018), Brassica rapa FPsc v1.3 (DOE-JGI, 

http://phytozome.jgi.doe.gov/), Ceratodon purpureus R40 v1.1 (Carey et al., 2021), 

Ceratopteris richardii v2.1 (Marchant et al., 2022), Chlorokybus atmophyticus CCAC 

0220 v1.1 (Wang et al., 2020), Klebsormidium nitens NIES-2285 v1.1 (Hori et al., 

2014), Mesostigma viride NIES-296 (Liang et al., 2020), Spirogloea muscicola CCAC 

0214 (Cheng et al., 2019), Mesotaenium endlicherianum SAG 12.97 (Cheng et al., 

2019), Coccomyxa subellipsoidea C-169 v2.0 (Blanc et al., 2012), Dunaliella salina 

v1.0 (Polle, et al., 2017), Volvox carteri v2.1 (Prochnik eta l., 2010), Porphyra 

umbilicalis v1.5 (Brawley et al., 2017), Sphagnum fallax v1.1 (Healey et al., 2023), 

Diphasiastrum complanatum v3.1 (DOE-JGI, http://phytozome-next.jgi.doe.gov/), 

Gingko biloba v2021 (Liu et al., 2021), Glycine max Wm82 ISU-01 v2.1 (DOE-JGI, 

http://phytozome.jgi.doe.gov), Gossypium raimondii v2.1 (Paterson et al., 2012), 
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Musa acuminata v1 (D’Hont et al., 2012), Panicum hallii v3.2 (Lovell et al., 2018), 

Salvinia cucullata v1.2 (Li et al., 2018), Spirodela polyrhiza v2 (Wang et al., 2014), 

Thuja plicata v3.1 (Shalev et al., 2022), Vitis vinifera v2.1 (Jaillon et al., 2007), 

Saccharomyces cerevisiae R64-1-1 (Liachko et al., 2013), Drosophila melanogaster 

BDGP6.32 (Adams et al., 2000) and Homo sapiens GRCh38 (Lander et al., 2001).  

With this set of proteomes, OrthoFinder was used to identify orthogroups (Emms and 

Kelly, 2019)Click or tap here to enter text.. The orthogroup containing Pp3c8_19720 

was selected and the protein sequences were aligned using MAFFT (L-IN-SI 

method) and a gene tree constructed using IQ-TREE, with automatic model selection 

(ModelFinder) and ultrafast bootstrapping (UFBoot) with 1000 replicates (Hoang et 

al., 2018; Kalyaanamoorthy et al., 2017; Katoh and Standley, 2013; Nguyen et al., 

2015). Tree was rooted and edited in Interactive Tree of Life (iTOL) (Letunic and 

Bork, 2016). 

 

ACKNOWLEDGEMENTS 

We are grateful to Pierre-François Perroud for proving the Reute::mCherry line, Yuji 

Hiwatahi for providing the pZAG1 plasmid; Andrew Cuming and Yasuko Kamisugi for 

providing the pAHG1 plasmid and John Baker for photography.  

 

FUNDING 

The work was funded by a Royal Society University Research Fellowship awarded to L.A.M. 

(URF\R1\191310 & URF\R\241023), a BBSRC Grant awarded to L.A.M. (BB/Z516831/1), a 

Royal Society University Research Fellowship (URF\R1\201033) and a Wellcome Trust 

grant (226598/Z/22/Z) awarded to S.K., a BBSRC PhD studentship (BB/M011224/1) 

awarded to Z.W. and a BBSRC PhD studentship (BB/T008784/1) awarded to G.C.  

  

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t



 

AUTHOR CONTRIBUTIONS 

Z.W. conducted the experiments, with assistance from G.C., E.D. and L.A.M.; L.A.M. 

conceived and designed the study; S.K. carried out the bioinformatics; Z.W. constructed the 

phylogenetic tree; and L.A.M. and Z.W. wrote and edited the manuscript.  

 

DATA AVAILABILITY 

The raw genome sequence reads reported in this manuscript have been deposited at the 

European Nucleotide Archive (ENA) under the accession number PRJEB88224. The raw 

RNA-Seq reads reported in this manuscript have been deposited at ENA under the 

accession number PRJEB88216. Supplementary material is available online: 

Supplementary Data S1 (10.6084/m9.figshare.29490473); Supplementary Data S2 

(10.6084/m9.figshare.29490482); Supplementary Data S3 (10.6084/m9.figshare.29490479); 

Supplementary Data S4 (10.6084/m9.figshare.29490476); Supplementary Data S5 

(10.6084/m9.figshare.29490470). 

 

REFERENCES 

Adams, M. D., Celniker, S. E., Holt, R. A., Evans, C. A., Gocayne, J. D., Amanatides, P. G., 

Scherer, S. E., Li, P. W., Hoskins, R. A., Galle, R. F., George, R. A., Lewis, S. E., 

Richards, S., Ashburner, M., Henderson, S. N., Sutton, G. G., Wortman, J. R., Yandell, 

M. D., Zhang, Q., … Craig Venter, J. (2000). The genome sequence of Drosophila 

melanogaster. In Science (Vol. 287, Issue 5461). https://doi.org/10. 

1126/science.287.5461.2185 

Amborella Genome Project. (2013) The Amborella genome and the evolution of flowering 

plants. Science. 342(6165), 1241089. 10.1126/science.1241089.  

Aoyama, T., Hiwatashi, Y., Shigyo, M., Kofuji, R., Kubo, M., Ito, M., & Hasebe, M. (2012). 

AP2-type transcription factors determine stem cell identity in the moss Physcomitrella 

patens. Development, 139(17), 3120–3129. https://doi.org/10.1242/dev.076091 

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

https://doi.org/10.%201126/science
https://doi.org/10.%201126/science


 

Ashton, N. W., Grimsley, N. H., & Cove, D. J. (1979). Analysis of gametophytic development 

in the moss, Physcomitrella patens, using auxin and cytokinin resistant mutants. Planta, 

144(5), 427–435. https://doi.org/10.1007/BF00380118 

Banks, J. A., Nishiyama, T., Hasebe, M., Bowman, J. L., Gribskov, M., DePamphilis, C., 

Albert, V. A., Aono, N., Aoyama, T., Ambrose, B. A., Ashton, N. W., Axtell, M. J., 

Barker, E., Barker, M. S., Bennetzen, J. L., Bonawitz, N. D., Chapple, C., Cheng, C., 

Correa, L. G. G., … Grigoriev, I. V. (2011). The selaginella genome identifies genetic 

changes associated with the evolution of vascular plants. Science, 332(6032). 

https://doi.org/10.1126/science.1203810 

Barbazuk, W. B., dePamphilis, C. W., Der, J. P., Leebens-Mack, J., Ma, H., Palmer, J. D., 

Rounsley, S., Sankoff, D., Schuster, S. C., Soltis, D. E., Soltis, P. S., Wessler, S. R., 

Wing, R. A., Albert, V. A., Ammiraju, J. S. S., Barbazuk, W. B., Chamala, S., 

Chanderbali, A. S., dePamphilis, C. W., … Tomsho, L. (2013). The {Amborella} 

{Genome} and the {Evolution} of {Flowering} {Plants}. Science, 342(6165). 

Bi, G., Zhao, S., Yao, J., Wang, H., Zhao, M., Sun, Y., Hou, X., Haas, F.B., Varshney, D., 

Prigge, M., Rensing, S.A., Jiao, Y., Ma, Y., Yan, J. & Dai, J. (2024). Near telomere-to-

telomere genome of the model plant Physcomitrium patens. Nat. Plants 10, 327–343 

(2024). https://doi.org/10.1038/s41477-023-01614-7 

Blanc, G., Agarkova, I., Grimwood, J., Kuo, A., Brueggeman, A., Dunigan, D. D., Gurnon, J., 

Ladunga, I., Lindquist, E., Lucas, S., Pangilinan, J., Pröschold, T., Salamov, A., 

Schmutz, J., Weeks, D., Yamada, T., Lomsadze, A., Borodovsky, M., Claverie, J. M., … 

Van Etten, J. L. (2012). The genome of the polar eukaryotic microalga Coccomyxa 

subellipsoidea reveals traits of cold adaptation. Genome Biology, 13(5). 

https://doi.org/10.1186/gb-2012-13-5-r39 

Bowman, J. L., Kohchi, T., Yamato, K. T., Jenkins, J., Shu, S., Ishizaki, K., Yamaoka, S., 

Nishihama, R., Nakamura, Y., Berger, F., Adam, C., Aki, S. S., Althoff, F., Araki, T., 

Arteaga-Vazquez, M. A., Balasubrmanian, S., Barry, K., Bauer, D., Boehm, C. R., … 

Schmutz, J. (2017). Insights into Land Plant Evolution Garnered from the Marchantia 

polymorpha Genome. Cell, 171(2). https://doi.org/10.1016/j.cell.2017.09.030 

Brandes, H., & Kende, H. (1968). Studies on cytokinin-controlled bud formation in moss 

protonemata. Plant Physiology, 43(5), 827–837. http://www.ncbi.nlm.nih.gov/ 

pubmed/16656847 

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

https://www.nature.com/articles/s41477-023-01614-7#auth-Mengkai-Zhao-Aff5
https://doi.org/10.1038/s41477-023-01614-7
http://www.ncbi.nlm.nih.gov/


 

Brawley, S. H., Blouin, N. A., Ficko-Blean, E., Wheeler, G. L., Lohr, M., Goodson, H. V., 

Jenkins, J. W., Blaby-Haas, C. E., Helliwell, K. E., Chan, C. X., Marriage, T. N., 

Bhattacharya, D., Klein, A. S., Badis, Y., Brodie, J., Cao, Y., Collén, J., Dittami, S. M., 

Gachon, C. M. M., … Prochnik, S. E. (2017). Insights into the red algae and eukaryotic 

evolution from the genome of Porphyra umbilicalis (Bangiophyceae, Rhodophyta). 

Proceedings of the National Academy of Sciences of the United States of America, 

114(31). https://doi.org/10.1073/pnas.1703088114 

Browne, D. R., Jenkins, J., Schmutz, J., Shu, S., Barry, K., Grimwood, J., Chiniquy, J., 

Sharma, A., Niehaus, T. D., Weiss, T. L., Koppisch, A. T., Fox, D. T., Dhungana, S., 

Okada, S., Chappell, J., & Devarenne, T. P. (2017). Draft nuclear genome sequence of 

the liquid hydrocarbon-accumulating green microalga botryococcus braunii race B 

(Showa). Genome Announcements, 5(16). https://doi.org/10.1128/genomeA.00215-17 

Cammarata, J., Morales Farfan, C., Scanlon, M. J., & Roeder, A. H. K. (2022). Cytokinin-

CLAVATA cross-talk is an ancient mechanism regulating shoot meristem homeostasis 

in land plants. Proceedings of the National Academy of Sciences of the United States of 

America, 119(14). https://doi.org/10.1073/PNAS.2116860119/SUPPL_FILE/PNAS. 

2116860119.SD02.TXT 

Cao, X., Du, Q., Guo, Y., Wang, Y. & Jiao, Y. (2023) Condensation of STM is critical for 

shoot meristem maintenance and salt tolerance in Arabidopsis. Mol Plant 16(9), 1445-

1459. doi: 10.1016/j.molp.2023.09.005.  

Carey, S. B., Jenkins, J., Lovell, J. T., Maumus, F., Sreedasyam, A., Payton, A. C., Shu, S., 

Tiley, G. P., Fernandez-Pozo, N., Healey, A., Barry, K., Chen, C., Wang, M., Lipzen, A., 

Daum, C., Saski, C. A., McBreen, J. C., Conrad, R. E., Kollar, L. M., … McDaniel, S. F. 

(2021). Gene-rich UV sex chromosomes harbor conserved regulators of sexual 

development. Science Advances, 7(27). https://doi.org/10.1126/sciadv.abh2488 

Chen, S., Zhou, Y., Chen, Y., & Gu, J. (2018). Fastp: an ultra-fast all-in-one FASTQ 

preprocessor. Bioinformatics, 34(17), i884-i890. https://doi.org/10.1093/ 

BIOINFORMATICS/BTY560 

Cheng, C. Y., Krishnakumar, V., Chan, A. P., Thibaud-Nissen, F., Schobel, S., & Town, C. 

D. (2017). Araport11: a complete reannotation of the Arabidopsis thaliana reference 

genome. Plant Journal, 89(4). https://doi.org/10.1111/tpj.13415 

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

https://doi.org/10.1073/PNAS.2116860119/SUPPL_FILE/PNAS
https://doi.org/10.1093/%20BIOINFORMATICS/BTY560
https://doi.org/10.1093/%20BIOINFORMATICS/BTY560


 

Cheng, S., Xian, W., Fu, Y., Marin, B., Keller, J., Wu, T., Sun, W., Li, X., Xu, Y., Zhang, Y., 

Wittek, S., Reder, T., Günther, G., Gontcharov, A., Wang, S., Li, L., Liu, X., Wang, J., 

Yang, H., … Melkonian, M. (2019). Genomes of Subaerial Zygnematophyceae Provide 

Insights into Land Plant Evolution. Cell, 179(5). https://doi.org/10.1016/ 

j.cell.2019.10.019 

Cove, D. J., & Knight, C. D. (1993). The Moss Physcomitrella patens, a Model System with 

Potential for the Study of Plant Repmduction. The Plant Cell, 5, 1483–1488. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC160378/pdf/051483.pdf 

Cove, D. J., Perroud, P. F., Charron, A. J., McDaniel, S. F., Khandelwal, A., & Quatrano, R. 

S. (2009). Transformation of the moss Physcomitrella patens using direct DNA uptake 

by protoplasts. Cold Spring Harbor Protocols, 4(2). https://doi.org/10.1101/pdb.prot5143 

Dao, T.P., & Castañeda, C.A. (2020) Ubiquitin-Modulated Phase Separation of Shuttle 

Proteins: Does Condensate Formation Promote Protein Degradation? Bioessays 

42(11), e2000036. 10.1002/bies.202000036.  

D’hont, A., Denoeud, F., Aury, J. M., Baurens, F. C., Carreel, F., Garsmeur, O., Noel, B., 

Bocs, S., Droc, G., Rouard, M., Da Silva, C., Jabbari, K., Cardi, C., Poulain, J., 

Souquet, M., Labadie, K., Jourda, C., Lengellé, J., Rodier-Goud, M., … Wincker, P. 

(2012). The banana (Musa acuminata) genome and the evolution of monocotyledonous 

plants. Nature, 488(7410). https://doi.org/10.1038/nature11241 

Delwiche, C. F., & Cooper, E. D. (2015). The Evolutionary Origin of a Terrestrial Flora. 

Current Biology, 25(19), R899–R910. https://doi.org/10.1016/J.CUB.2015.08.029 

Demko, V., Perroud, P.-F., Johansen, W., Delwiche, C. F., Cooper, E. D., Remme, P., Ako, 

A. E., Kugler, K. G., Mayer, K. F. X., Quatrano, R., & Olsen, O.-A. (2014). Genetic 

Analysis of DEFECTIVE KERNEL1 Loop Function in Three-Dimensional Body 

Patterning in Physcomitrella patens. PLANT PHYSIOLOGY, 166(2), 903–919. 

https://doi.org/10.1104/pp.114.243758 

Dorone, Y., Boeynaems, S., Flores, E., Jin, B., Hateley, S., Bossi, F., Lazarus, E., 

Pennington, J. G., Michiels, E., De Decker, M., Vints, K., Baatsen, P., Bassel, G. W., 

Otegui, M. S., Holehouse, A. S., Exposito-Alonso, M., Sukenik, S., Gitler, A. D., & 

Rhee, S. Y. (2021). A prion-like protein regulator of seed germination undergoes 

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

https://doi.org/10.1016/


 

hydration-dependent phase separation. Cell, 184(16). https://doi.org/10.1016/j. 

cell.2021.06.009 

Durinck, S., Spellman, P.T., Birney, E., & Huber, W. (2009). Mapping identifiers for the 

integration of genomic datasets with the R/Bioconductor package biomaRt. Nature 

Protocols, 4(8), 1184-1191. https://doi.org/10.1038/NPROT.2009.97 

Emms, D. M., & Kelly, S. (2019). OrthoFinder: Phylogenetic orthology inference for 

comparative genomics. Genome Biology, 20(1), 238. https://doi.org/10.1186/s13059-

019-1832-y 

Fang, X., Wang, L., Ishikawa, R., Li, Y., Fiedler, M., Liu, F., Calder, G., Rowan, B., Weigel, 

D., Li, P., & Dean, C. (2019) Arabidopsis FLL2 promotes liquid-liquid phase separation 

of polyadenylation complexes. Nature 569(7755), 265-269.  10.1038/s41586-019-1165-

8.  

Girod, P. A., Fu, H., Zryd, J. P., & Vierstra, R. D. (1999). Multiubiquitin chain binding subunit 

MCB1 (RPN10) of the 26S proteasome is essential for developmental progression in 

Physcomitrella patens. The Plant Cell, 11(8), 1457–1472. 

http://www.ncbi.nlm.nih.gov/pubmed/10449580 

Harrison, C. J., Roeder, A. H. K., Meyerowitz, E. M., & Langdale, J. A. (2009). Local cues 

and asymmetric cell divisions underpin body plan transitions in the moss Physcomitrella 

patens. Current Biology : CB, 19(6), 461–471. https://doi.org/10.1016/j.cub.2009.02.050 

Harrison, C.J. (2017). Development and genetics in the evolution of land plant body plans. 

Philos Trans R Soc Lond B Biol Sci. 372(1713), 20150490. https://doi.org/10. 

1098/rstb.2015.0490.  

Hata, Y., Ohtsuka, J., Hiwatashi, Y., Naramoto, S., & Kyozuka, J. (2024) Cytokinin and 

ALOG proteins regulate pluripotent stem cell identity in the moss Physcomitrium 

patens. Sci Adv. 10(35):eadq6082. 10.1126/sciadv.adq6082 

Hata, Y., Hetherington, N., Battenberg, K., Hirota, A., Minoda, A., Hayashi, M., Kyozuka, J. 

(2025) snRNA-seq analysis of the moss Physcomitrium patens identifies a conserved 

cytokinin-ESR module promoting pluripotent stem cell identity. Dev. Cell S1534-

5807(25)00068-1. 10.1016/j.devcel.2025.02.006.  

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

https://doi.org/10.1016/j
https://doi.org/10.%201098/rstb.2015.0490
https://doi.org/10.%201098/rstb.2015.0490


 

Healey, A. L., Piatkowski, B., Lovell, J. T., Sreedasyam, A., Carey, S. B., Mamidi, S., Shu, 

S., Plott, C., Jenkins, J., Lawrence, T., Aguero, B., Carrell, A. A., Nieto-Lugilde, M., 

Talag, J., Duffy, A., Jawdy, S., Carter, K. R., Boston, L. B., Jones, T., … Shaw, A. J. 

(2023). Newly identified sex chromosomes in the Sphagnum (peat moss) genome alter 

carbon sequestration and ecosystem dynamics. Nature Plants, 9(2). 

https://doi.org/10.1038/s41477-022-01333-5 

Hirsch, C. N., Hirsch, C. D., Brohammer, A. B., Bowman, M. J., Soifer, I., Barad, O., Shem-

Tov, D., Baruch, K., Lu, F., Hernandez, A. G., Fields, C. J., Wright, C. L., Koehler, K., 

Springer, N. M., Buckler, E., Buell, C. R., de Leon, N., Kaeppler, S. M., Childs, K. L., & 

Mikel, M. A. (2016). Draft assembly of elite inbred line PH207 provides insights into 

genomic and transcriptome diversity in maize. Plant Cell, 28(11). 

https://doi.org/10.1105/tpc.16.00353 

Hoang, D. T., Chernomor, O., Von Haeseler, A., Minh, B. Q., & Vinh, L. S. (2018). UFBoot2: 

Improving the ultrafast bootstrap approximation. Molecular Biology and Evolution, 

35(2). https://doi.org/10.1093/molbev/msx281 

Hoernstein, S. N. W., Mueller, S. J., Fiedler, K., Schuelke, M., Vanselow, J. T., Schuessele, 

C., Lang, D., Nitschke, R., Igloi, G. L., Schlosser, A., & Reski, R. (2016). Identification 

of Targets and Interaction Partners of Arginyl-tRNA Protein Transferase in the Moss 

Physcomitrella patens. Molecular & Cellular Proteomics : MCP, 15(6), 1808–1822. 

https://doi.org/10.1074/mcp.M115.057190 

Hofmann, K., & Bucher, P. (1996). The UBA domain: A sequence motif present in multiple 

enzyme classes of the ubiquitination pathway. Trends in Biochemical Sciences, 21(5). 

https://doi.org/10.1016/S0968-0004(96)30015-7 

Hori, K., Maruyama, F., Fujisawa, T., Togashi, T., Yamamoto, N., Seo, M., Sato, S., 

Yamada, T., Mori, H., Tajima, N., Moriyama, T., Ikeuchi, M., Watanabe, M., Wada, H., 

Kobayashi, K., Saito, M., Masuda, T., Sasaki-Sekimoto, Y., Mashiguchi, K., … Ohta, H. 

(2014). Klebsormidium flaccidum genome reveals primary factors for plant terrestrial 

adaptation. Nature Communications, 5(1), 3978. https://doi.org/10.1038/ncomms4978 

Huang, S., Zhu, S., Kumar, P. & MacMicking, J.D. (2021) A phase-separated nuclear GBPL 

circuit controls immunity in plants. Nature. 594(7863), 424-429. 10.1038/s41586-021-

03572-6. 

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t



 

Jaeger, R., & Moody, L. A. (2021). A fundamental developmental transition in Physcomitrium 

patens is regulated by evolutionarily conserved mechanisms. In Evolution and 

Development (Vol. 23, Issue 3). https://doi.org/10.1111/ede.12376 

Jaillon, O., Aury, J. M., Noel, B., Policriti, A., Clepet, C., Casagrande, A., Choisne, N., 

Aubourg, S., Vitulo, N., Jubin, C., Vezzi, A., Legeai, F., Hugueney, P., Dasilva, C., 

Horner, D., Mica, E., Jublot, D., Poulain, J., Bruyère, C., … Wincker, P. (2007). The 

grapevine genome sequence suggests ancestral hexaploidization in major angiosperm 

phyla. Nature, 449(7161). https://doi.org/10.1038/nature06148 

Jang, G., & Dolan, L. (2011). Auxin promotes the transition from chloronema to caulonema 

in moss protonema by positively regulating PpRSL1and PpRSL2 in Physcomitrella 

patens. New Phytologist, 192(2), 319–327. https://doi.org/10.1111/j.1469-

8137.2011.03805.x 

Harrison, C.J. (2017). Development and genetics in the evolution of land plant body plans. In 

Philosophical Transactions of the Royal Society B: Biological Sciences (Vol. 372, Issue 

1713). https://doi.org/10.1098/rstb.2015.0490 

Johansen, W., Ako, A. E., Demko, V., Perroud, P.-F., Rensing, S. A., Mekhlif, A. K., & Olsen, 

O.-A. (2016). The DEK1 calpain Linker functions in three-dimensional body patterning 

in Physcomitrella patens. Plant Physiology, 172(2), pp.00925.2016. 

https://doi.org/10.1104/pp.16.00925 

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., Von Haeseler, A., & Jermiin, L. S. (2017). 

ModelFinder: Fast model selection for accurate phylogenetic estimates. Nature 

Methods, 14(6). https://doi.org/10.1038/nmeth.4285 

Katoh, K., & Standley, D. M. (2013). MAFFT multiple sequence alignment software version 

7: Improvements in performance and usability. Molecular Biology and Evolution, 30(4). 

https://doi.org/10.1093/molbev/mst010 

Kenrick, P., & Crane, P. R. (1997). The origin and early evolution of plants on land. Nature, 

389(6646), 33–39. https://doi.org/10.1038/37918 

Kermode, A. (2005). A role of Abscisic Acid in seed dormancy. J. Plant Growth Regul. 24, 

319-344. https://doi.org/10.1007/s00344-005-0110-2 

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t



 

Kosetsu, K., Murata, T., Yamada, M., Nishina, M., Boruc, J., Hasebe, M., Van Damme, D., & 

Goshima, G. (2017). Cytoplasmic MTOCs control spindle orientation for asymmetric cell 

division in plants. Proceedings of the National Academy of Sciences of the United 

States of America, 114(42), E8847–E8854. https://doi.org/10.1073/PNAS.1713925114 

Kozgunova, E., Yoshida, M. W., Reski, R., & Goshima, G. (2022). Spindle motility skews 

division site determination during asymmetric cell division in Physcomitrella. Nature 

Communications 2022 13:1, 13(1), 1–13. https://doi.org/10.1038/s41467-022-30239-1 

Kriegshauser, L., Knosp, S., Grienenberger, E., Tatsumi, K., Gütle, D. D., Sørensen, I., 

Herrgott, L., Zumsteg, J., Rose, J. K. C., Reski, R., Werck-Reichhart, D., & Renault, H. 

(2021). Function of the HYDROXYCINNAMOYL-CoA:SHIKIMATE 

HYDROXYCINNAMOYL TRANSFERASE is evolutionarily conserved in embryophytes. 

The Plant Cell, 33(5), 1472–1491. https://doi.org/10.1093/PLCELL/KOAB044 

Lander, E. S., Linton, L. M., Birren, B., Nusbaum, C., Zody, M. C., Baldwin, J., Devon, K., 

Dewar, K., Doyle, M., Fitzhugh, W., Funke, R., Gage, D., Harris, K., Heaford, A., 

Howland, J., Kann, L., Lehoczky, J., Levine, R., McEwan, P., … Morgan, M. J. (2001). 

Initial sequencing and analysis of the human genome. Nature, 409(6822). 

https://doi.org/10.1038/35057062 

Lang, D., Ullrich, K. K., Murat, F., Fuchs, J., Jenkins, J., Haas, F. B., Piednoel, M., 

Gundlach, H., Van Bel, M., Meyberg, R., Vives, C., Morata, J., Symeonidi, A., Hiss, M., 

Muchero, W., Kamisugi, Y., Saleh, O., Blanc, G., Decker, E. L., … Rensing, S. A. 

(2018). The Physcomitrella patens chromosome-scale assembly reveals moss genome 

structure and evolution. Plant Journal, 93(3). https://doi.org/10.1111/tpj.13801 

Lawrence, M., Huber, W., Pagès, H., Aboyoun, P., & Carlson, M. (2013). Software for 

computing and annotating genomic ranges. PLoS Comput. Biol, 9(8), 1003118. 

https://doi.org/10.1381/journal.pcbi.1003118 

Lee, S. B., Yang, S. U., Pandey, G., Kim, M. S., Hyoung, S., Choi, D., Shin, J. S., & Suh, M. 

C. (2020). Occurrence of land-plant-specific glycerol-3-phosphate acyltransferases is 

essential for cuticle formation and gametophore development in Physcomitrella patens. 

New Phytologist, 225(6), 2468–2483. https://doi.org/10.1111/NPH.16311 

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t



 

Letunic, I., & Bork, P. (2016). Interactive tree of life (iTOL) v3: an online tool for the display 

and annotation of phylogenetic and other trees. Nucleic Acids Research, 44(W1), 

W242–W245. https://doi.org/10.1093/nar/gkw290 

Li, F. W., Brouwer, P., Carretero-Paulet, L., Cheng, S., De Vries, J., Delaux, P. M., Eily, A., 

Koppers, N., Kuo, L. Y., Li, Z., Simenc, M., Small, I., Wafula, E., Angarita, S., Barker, 

M. S., Bräutigam, A., Depamphilis, C., Gould, S., Hosmani, P. S., … Pryer, K. M. 

(2018). Fern genomes elucidate land plant evolution and cyanobacterial symbioses. 

Nature Plants, 4(7). https://doi.org/10.1038/s41477-018-0188-8 

Li, F. W., Nishiyama, T., Waller, M., Frangedakis, E., Keller, J., Li, Z., Fernandez-Pozo, N., 

Barker, M. S., Bennett, T., Blázquez, M. A., Cheng, S., Cuming, A. C., de Vries, J., de 

Vries, S., Delaux, P. M., Diop, I. S., Harrison, C. J., Hauser, D., Hernández-García, J., 

… Szövényi, P. (2020). Anthoceros genomes illuminate the origin of land plants and the 

unique biology of hornworts. Nature Plants, 6(3). https://doi.org/10.1038/s41477-020-

0618-2 

Liachko, I., Youngblood, R. A., Keich, U., & Dunham, M. J. (2013). High-resolution mapping, 

characterization, and optimization of autonomously replicating sequences in yeast. 

Genome Research, 23(4). https://doi.org/10.1101/gr.144659.112 

Liang, Z., Geng, Y., Ji, C., Du, H., Wong, C. E., Zhang, Q., Zhang, Y., Zhang, P., Riaz, A., 

Chachar, S., Ding, Y., Wen, J., Wu, Y., Wang, M., Zheng, H., Wu, Y., Demko, V., Shen, 

L., Han, X., … Yu, H. (2020). Mesostigma viride Genome and Transcriptome Provide 

Insights into the Origin and Evolution of Streptophyta. Advanced Science, 7(1). 

https://doi.org/10.1002/advs.201901850 

Liu, H., Wang, X., Wang, G., Cui, P., Wu, S., Ai, C., Hu, N., Li, A., He, B., Shao, X., Wu, Z., 

Feng, H., Chang, Y., Mu, D., Hou, J., Dai, X., Yin, T., Ruan, J., & Cao, F. (2021). The 

nearly complete genome of Ginkgo biloba illuminates gymnosperm evolution. Nature 

Plants, 7(6). https://doi.org/10.1038/s41477-021-00933-x 

Love, M.I., Huber, W., & Anders, S. (2014). Moderated estimation of fold change and 

dispersion for RNA-seq data with DESeq2. Genome Biology, 15, 550. 

https://doi.org/10.1186/s13059-014-0550-8 

  

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t



 

Lovell, J. T., Jenkins, J., Lowry, D. B., Mamidi, S., Sreedasyam, A., Weng, X., Barry, K., 

Bonnette, J., Campitelli, B., Daum, C., Gordon, S. P., Gould, B. A., Khasanova, A., 

Lipzen, A., MacQueen, A., Palacio-Mejía, J. D., Plott, C., Shakirov, E. V., Shu, S., … 

Juenger, T. E. (2018). The genomic landscape of molecular responses to natural 

drought stress in Panicum hallii. Nature Communications, 9(1). 

https://doi.org/10.1038/s41467-018-07669-x 

Marchant, D. B., Chen, G., Cai, S., Chen, F., Schafran, P., Jenkins, J., Shu, S., Plott, C., 

Webber, J., Lovell, J. T., He, G., Sandor, L., Williams, M., Rajasekar, S., Healey, A., 

Barry, K., Zhang, Y., Sessa, E., Dhakal, R. R., … Chen, Z. H. (2021). Dynamic genome 

evolution in a model fern. Nature Plants, 8(9). https://doi.org/10.1038/s41477-022-

01226-7 

McCormick, R. F., Truong, S. K., Sreedasyam, A., Jenkins, J., Shu, S., Sims, D., Kennedy, 

M., Amirebrahimi, M., Weers, B. D., McKinley, B., Mattison, A., Morishige, D. T., 

Grimwood, J., Schmutz, J., & Mullet, J. E. (2018). The Sorghum bicolor reference 

genome: improved assembly, gene annotations, a transcriptome atlas, and signatures 

of genome organization. Plant Journal, 93(2). https://doi.org/10.1111/tpj.13781 

Merchant, S. S., Prochnik, S. E., Vallon, O., Harris, E. H., Karpowicz, S. J., Witman, G. B., 

Terry, A., Salamov, A., Fritz-Laylin, L. K., Maréchal-Drouard, L., Marshall, W. F., Qu, L. 

H., Nelson, D. R., Sanderfoot, A. A., Spalding, M. H., Kapitonov, V. V., Ren, Q., Ferris, 

P., Lindquist, E., … Zhou, K. (2007). The Chlamydomonas genome reveals the 

evolution of key animal and plant functions. Science, 318(5848). 

https://doi.org/10.1126/science.1143609 

Montesinos, J. C., Abuzeineh, A., Kopf, A., Juanes‐Garcia, A., Ötvös, K., Petrášek, J., Sixt, 

M., & Benková, E. (2020). Phytohormone cytokinin guides microtubule dynamics during 

cell progression from proliferative to differentiated stage. The EMBO Journal, 39(17). 

https://doi.org/10.15252/embj.2019104238 

Moody, L. A., Kelly, S., Coudert, Y., Nimchuk, Z. L., Harrison, C. J., & Langdale, J. A. (2018). 

Somatic hybridization provides segregating populations for the identification of 

causative mutations in sterile mutants of the moss Physcomitrella patens. New 

Phytologist, 218(3). https://doi.org/10.1111/nph.15069 

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t



 

Moody, L. A., Kelly, S., Rabbinowitsch, E., & Langdale, J. A. (2018b). Genetic Regulation of 

the 2D to 3D Growth Transition in the Moss Physcomitrella patens. Current Biology : 

CB, 28(3), 473-478.e5. https://doi.org/10.1016/j.cub.2017.12.052 

Moody, L. A. (2020). Three-dimensional growth: a developmental innovation that facilitated 

plant terrestrialization. Journal of Plant Research, 133(3), 283–290. 

https://doi.org/10.1007/s10265-020-01173-4 

Moody, L. A., Kelly, S., Clayton, R., Weeks, Z., Emms, D. M., & Langdale, J. A. (2021). NO 

GAMETOPHORES 2 Is a Novel Regulator of the 2D to 3D Growth Transition in the 

Moss Physcomitrella patens. Current Biology, 31(3), 555-563.e4. 

https://doi.org/10.1016/J.CUB.2020.10.077 

Mosquna, A., Katz, A., Decker, E. L., Rensing, S. A., Reski, R., & Ohad, N. (2009). 

Regulation of stem cell maintenance by the Polycomb protein FIE has been conserved 

during land plant evolution. Development, 136(14), 2433–2444. 

https://doi.org/10.1242/DEV.035048 

Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., & Minh, B. Q. (2015). IQ-TREE: A Fast and 

Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies. 

Molecular Biology and Evolution, 32(1), 268–274. 

https://doi.org/10.1093/molbev/msu300 

Nishiyama, T., Sakayama, H., de Vries, J., Buschmann, H., Saint-Marcoux, D., Ullrich, K. K., 

Haas, F. B., Vanderstraeten, L., Becker, D., Lang, D., Vosolsobě, S., Rombauts, S., 

Wilhelmsson, P. K. I., Janitza, P., Kern, R., Heyl, A., Rümpler, F., Villalobos, L. I. A. C., 

Clay, J. M., … Rensing, S. A. (2018). The Chara Genome: Secondary Complexity and 

Implications for Plant Terrestrialization. Cell, 174(2), 448-464.e24. 

https://doi.org/10.1016/j.cell.2018.06.033 

Okano, Y., Aono, N., Hiwatashi, Y., Murata, T., Nishiyama, T., Ishikawa, T., Kubo, M., & 

Hasebe, M. (2009). A polycomb repressive complex 2 gene regulates apogamy and 

gives evolutionary insights into early land plant evolution. Proceedings of the National 

Academy of Sciences of the United States of America, 106(38), 16321–16326. 

https://doi.org/10.1073/PNAS.0906997106 

  

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t



 

Ouyang, S., Zhu, W., Hamilton, J., Lin, H., Campbell, M., Childs, K., Thibaud-Nissen, F., 

Malek, R. L., Lee, Y., Zheng, L., Orvis, J., Haas, B., Wortman, J., & Buell, R. C. (2007). 

The TIGR Rice Genome Annotation Resource: Improvements and new features. 

Nucleic Acids Research, 35(SUPPL. 1). https://doi.org/10.1093/nar/gkl976 

Palenik, B., Grimwood, J., Aerts, A., Rouzé, P., Salamov, A., Putnam, N., Dupont, C., 

Jorgensen, R., Derelle, E., Rombauts, S., Zhou, K., Otillar, R., Merchant, S. S., Podell, 

S., Gaasterland, T., Napoli, C., Gendler, K., Manuell, A., Tai, V., … Grigoriev, I. V. 

(2007). The tiny eukaryote Ostreococcus provides genomic insights into the paradox of 

plankton speciation. Proceedings of the National Academy of Sciences of the United 

States of America, 104(18). https://doi.org/10.1073/pnas.0611046104 

Paterson, A. H., Wendel, J. F., Gundlach, H., Guo, H., Jenkins, J., Jin, D., Llewellyn, D., 

Showmaker, K. C., Shu, S., Udall, J., Yoo, M. J., Byers, R., Chen, W., Doron-

Faigenboim, A., Duke, M. V., Gong, L., Grimwood, J., Grover, C., Grupp, K., … 

Schmutz, J. (2012). Repeated polyploidization of Gossypium genomes and the 

evolution of spinnable cotton fibres. Nature, 492(7429). https://doi.org/10. 

1038/nature11798 

Patro, R., Duggal, G., Love, M.I., Irizarry, R.A., & Kingsford, C. (2017) Salmon provides fast 

and bias-aware quantification of transcript expression. Nature Methods, 14(4), 417-419. 

https://doi.org/10.1038/NMETH.4197 

Perroud, P.-F., Demko, V., Johansen, W., Wilson, R. C., Olsen, O.-A., & Quatrano, R. S. 

(2014). Defective Kernel 1 (DEK1) is required for three-dimensional growth in 

Physcomitrella patens. New Phytologist, 203(3), 794–804. https://doi.org/10. 

1111/nph.12844 

Perroud, P. F., Meyberg, R., & Rensing, S. A. (2019). Physcomitrella patens Reute mCherry 

as a tool for efficient crossing within and between ecotypes. Plant Biology, 21. 

https://doi.org/10.1111/plb.12840 

Perroud, P., Meyberg, R., Demko, V., Quatrano, R. S., Olsen, O., & Rensing, S. A. (2020). 

DEK1 displays a strong subcellular polarity during Physcomitrella patens 3D growth. 

New Phytologist, 226(4), 1029–1041. https://doi.org/10.1111/nph.16417 

  

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

https://doi.org/10
https://doi.org/10


 

Petricka, J. J., Van Norman, J. M., & Benfey, P. N. (2009). Symmetry breaking in plants: 

molecular mechanisms regulating asymmetric cell divisions in Arabidopsis. In Cold 

Spring Harbor perspectives in biology (Vol. 1, Issue 5). https://doi.org/10. 

1101/cshperspect.a000497 

Polle, J. E. W., Barry, K., Cushman, J., Schmutz, J., Tran, D., Hathwaik, L. T., Yim, W. C., 

Jenkins, J., McKie-Krisberg, Z., Prochnik, S., Lindquist, E., Dockter, R. B., Adam, C., 

Molina, H., Bunkenborg, J., Jin, E. S., Buchheim, M., & Magnuson, J. (2017). Draft 

nuclear genome sequence of the halophilic and beta-carotene-accumulating green alga 

Dunaliella salina strain CCAP19/18. In Genome Announcements (Vol. 5, Issue 43). 

https://doi.org/10.1128/genomeA.01105-17 

Prochnik, S. E., Umen, J., Nedelcu, A. M., Hallmann, A., Miller, S. M., Nishii, I., Ferris, P., 

Kuo, A., Mitros, T., Fritz-Laylin, L. K., Hellsten, U., Chapman, J., Simakov, O., Rensing, 

S. A., Terry, A., Pangilinan, J., Kapitonov, V., Jurka, J., Salamov, A., … Rokhsar, D. S. 

(2010). Genomic analysis of organismal complexity in the multicellular green alga 

volvox carteri. Science, 329(5988). https://doi.org/10.1126/science.1188800 

Raquid, R. J., Jaeger, R., & Moody, L.A. (2023). CURLY LEAF is required for the auxin-

dependent regulation of 3-dimensional growth specification in Physcomitrium patens. 

micropublication. 10.17912/micropub.biology.000797 

Renault, H., Alber, A., Horst, N. A., Basilio Lopes, A., Fich, E. A., Kriegshauser, L., 

Wiedemann, G., Ullmann, P., Herrgott, L., Erhardt, M., Pineau, E., Ehlting, J., Schmitt, 

M., Rose, J. K. C., Reski, R., & Werck-Reichhart, D. (2017). A phenol-enriched cuticle 

is ancestral to lignin evolution in land plants. Nature Communications 2017 8:1, 8(1), 1–

8. https://doi.org/10.1038/ncomms14713 

Reski, R., & Abel, W. O. (1985). Induction of budding on chloronemata and caulonemata of 

the moss, Physcomitrella patens, using isopentenyladenine. Planta, 165(3), 354–358. 

https://doi.org/10.1007/BF00392232 

Schuessele, C., Hoernstein, S. N. W., Mueller, S. J., Rodriguez-Franco, M., Lorenz, T., 

Lang, D., Igloi, G. L., & Reski, R. (2016). Spatio-temporal patterning of arginyl-tRNA 

protein transferase (ATE) contributes to gametophytic development in a moss. New 

Phytologist, 209(3), 1014–1027. https://doi.org/10.1111/nph.13656 

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

https://doi.org/10


 

Schulz, P., Reski, R., Maldiney, R., Laloue, M., & Schwartzenberg, K. v. (2000). Kinetics of 

Cytokinin Production and Bud Formation in Physcomitrella: Analysis of Wild Type, a 

Developmental Mutant and Two of Its ipt Transgenics. Journal of Plant Physiology, 

156(5–6), 768–774. https://doi.org/10.1016/S0176-1617(00)80246-1 

Schulz, P. A., Hofmann, A. H., Russo, V. E. A., Hartmann, E., Laloue, M., & 

Schwartzenberg, V. K. (2001). Cytokinin overproducing ove mutants of physcomitrella 

patens show increased riboside to base conversion. Plant Physiology, 126(3). 

https://doi.org/10.1104/pp.126.3.1224 

Shalev, T. J., El-Dien, O. G., Yuen, M. M. S., Shengqiang, S., Jackman, S. D., Warren, R. L., 

Coombe, L., van der Merwe, L., Stewart, A., Boston, L. B., Plott, C., Jenkins, J., He, G., 

Yan, J., Yan, M., Guo, J., Breinholt, J. W., Neves, L. G., Grimwood, J., … Bohlmann, J. 

(2022). The western redcedar genome reveals low genetic diversity in a self-compatible 

conifer. Genome Research, 32(10). https://doi.org/10.1101/gr.276358.121 

Shao, W., & Dong, J. (2016). Polarity in plant asymmetric cell division: Division orientation 

and cell fate differentiation. In Developmental Biology (Vol. 419, Issue 1). 

https://doi.org/10.1016/j.ydbio.2016.07.020 

Soneson, C., Love, M.I., & Robinson, M.D. (2015). Differential analyses for RNA-seq: 

transcript-level estimates improve gene-leven inferences. F1000Research, 4, 1521. 

https://doi.org/10.12688/F1000RESEARCH.7563.1 

Su, V., & Lau, A. F. (2009). Ubiquitin-like and ubiquitin-associated domain proteins: 

Significance in proteasomal degradation. In Cellular and Molecular Life Sciences (Vol. 

66, Issue 17). https://doi.org/10.1007/s00018-009-0048-9 

Tang, H., Krishnakumar, V., Bidwell, S., Rosen, B., Chan, A., Zhou, S., Gentzbittel, L., 

Childs, K. L., Yandell, M., Gundlach, H., Mayer, K. F. X., Schwartz, D. C., & Town, C. 

D. (2014). An improved genome release (version Mt4.0) for the model legume 

Medicago truncatula. BMC Genomics, 15(1). https://doi.org/10.1186/1471-2164-15-312 

Tang, H., Duijts, K., Bezanilla, M., Scheres, B., Vermeer, J. E. M., & Willemsen, V. (2020). 

Geometric cues forecast the switch from two- to three-dimensional growth in 

Physcomitrella patens. New Phytologist, 225(5), 1945–1955. https://doi.org/10. 

1111/NPH.16276 

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

https://doi.org/10


 

Thelander, M., Landberg, K., & Sundberg, E. (2019) Minimal auxin sensing levels in 

vegetative moss stem cells revealed by a ratiometric reporter. New Phytol. 224(2)775-

788. 10.1111/nph.16068 

Tomato Genome Consortium. (2012) The tomato genome sequence provides insights into 

fleshy fruit evolution. Nature. 485(7400), 635-41. 10.1038/nature11119.  

Tuskan, G. A., DiFazio, S., Jansson, S., Bohlmann, J., Grigoriev, I., Hellsten, U., Putnam, 

M., Ralph, S., Rombauts, S., Salamov, A., Schein, J., Sterck, L., Aerts, A., Bhalerao, R. 

R., Bhalerao, R. P., Blaudez, D., Boerjan, W., Brun, A., Brunner, A., … Rokhsar, D. 

(2014). The coffee genome provides insight into the convergent evolution of caffeine 

biosynthesis. Science, 345(6201). 

Vogel, J. P., Garvin, D. F., Mockler, T. C., Schmutz, J., Rokhsar, D., Bevan, M. W., Barry, K., 

Lucas, S., Harmon-Smith, M., Lail, K., Tice, H., Grimwood, J., McKenzie, N., Huo, N., 

Gu, Y. Q., Lazo, G. R., Anderson, O. D., You, F. M., Luo, M. C., … Baxter, I. (2010). 

Genome sequencing and analysis of the model grass Brachypodium distachyon. 

Nature, 463(7282). https://doi.org/10.1038/nature08747 

von Schwartzenberg, K., Nunez, M. F., Blaschke, H., Dobrev, P. I., Novak, O., Motyka, V., & 

Strnad, M. (2007). Cytokinins in the Bryophyte Physcomitrella patens: Analyses of 

Activity, Distribution, and Cytokinin Oxidase/Dehydrogenase Overexpression Reveal 

the Role of Extracellular Cytokinins. PLANT PHYSIOLOGY, 145(3), 786–800. 

https://doi.org/10.1104/pp.107.103176 

von Schwartzenberg, K., Lindner, A.-C., Gruhn, N., Šimura, J., Novák, O., Strnad, M., 

Gonneau, M., Nogué, F., & Heyl, A. (2016). CHASE domain-containing receptors play 

an essential role in the cytokinin response of the moss Physcomitrella patens. Journal 

of Experimental Botany, 67(3), 667–679. https://doi.org/10.1093/jxb/erv479 

Wang, W., Kuang, T. & He, Y. (2010) Conservation between higher plants and the moss 

Physcomitrella patens in response to the phytohormone abscisic acid: a proteomics 

analysis. BMC Plant Biol. 10, 192. https://doi.org/10.1186/1471-2229-10-192 

  

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

https://doi.org/10.1111/nph.16068


 

Wang, W., Haberer, G., Gundlach, H., Gläßer, C., Nussbaumer, T., Luo, M. C., Lomsadze, 

A., Borodovsky, M., Kerstetter, R. A., Shanklin, J., Byrant, D. W., Mockler, T. C., 

Appenroth, K. J., Grimwood, J., Jenkins, J., Chow, J., Choi, C., Adam, C., Cao, X. H., 

… Messing, J. (2014). The Spirodela polyrhiza genome reveals insights into its 

neotenous reduction fast growth and aquatic lifestyle. Nature Communications, 5. 

https://doi.org/10.1038/ncomms4311 

Wang, S., Li, L., Li, H., Sahu, S. K., Wang, H., Xu, Y., Xian, W., Song, B., Liang, H., Cheng, 

S., Chang, Y., Song, Y., Çebi, Z., Wittek, S., Reder, T., Peterson, M., Yang, H., Wang, 

J., Melkonian, B., … Liu, X. (2020). Genomes of early-diverging streptophyte algae 

shed light on plant terrestrialization. Nature Plants, 6(2). https://doi.org/10.1038/s41477-

019-0560-3 

Whitewoods, C. D., Cammarata, J., Nemec, Z., Roeder, A. H. K., Scanlon, M. J., Jill, C., 

Correspondence, H., Nemec Venza, Z., Sang, S., Crook, A. D., Aoyama, T., Wang, X. 

Y., Waller, M., Kamisugi, Y., Cuming, A. C., Eter Szö, P., Nimchuk, Z. L., & Harrison, C. 

J. (2018). CLAVATA Was a Genetic Novelty for the Morphological Innovation of 3D 

Growth in Land Plants. Current Biology, 28, 2365-2376.e5. https://doi.org/10. 

1016/j.cub.2018.05.068 

Wickett, N. J., Mirarab, S., Nguyen, N., Warnow, T., Carpenter, E., Matasci, N., 

Ayyampalayam, S., Barker, M. S., Burleigh, J. G., Gitzendanner, M. A., Ruhfel, B. R., 

Wafula, E., Der, J. P., Graham, S. W., Mathews, S., Melkonian, M., Soltis, D. E., Soltis, 

P. S., Miles, N. W., … Leebens-Mack, J. (2014). Phylotranscriptomic analysis of the 

origin and early diversification of land plants. Proceedings of the National Academy of 

Sciences, 111(45), E4859–E4868. https://doi.org/10.1073/pnas.1323926111 

Worden, A. Z., Lee, J. H., Mock, T., Rouzé, P., Simmons, M. P., Aerts, A. L., Allen, A. E., 

Cuvelier, M. L., Derelle, E., Everett, M. V., Foulon, E., Grimwood, J., Gundlach, H., 

Henrissat, B., Napoli, C., McDonald, S. M., Parker, M. S., Rombauts, S., Salamov, A., 

… Grigoriev, I. V. (2009). Green evolution and dynamic adaptations revealed by 

genomes of the marine picoeukaryotes micromonas. Science, 324(5924). 

https://doi.org/10.1126/science.1167222 

  

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

https://doi.org/10


 

Wu, T., Hu, E., Xu, S., Chen, M., Guo, P., Dai, Z., Feng, T., Zhou, L., Tang, W., Zhan, L., 

Gu, X., Liu, S., Bo, X., & Yu, G. (2021). clusterProfiler 4.0: A universal enrichment tool 

for interpreting omics data. Innovation, 2(3), 100141. https://doi.org/10.1016/ 

J.XINN.2021.100141/ATTACHMENT/19F0A0E0-397E-4A0C-8995-

02608B6642C2/MMC2.PDF 

Zhang, L., Sasaki-Sekimoto, Y., Kosetsu, K., Aoyama, T., Murata, T., Kabeya, Y., Sato, Y., 

Koshimizu, S., Shimojima, M., Ohta, H., Hasebe, M. & Ishikawa, M. (2024) An ABCB 

transporter regulates anisotropic cell expansion via cuticle deposition in the moss 

Physcomitrium patens. New Phytol. 241(2), 665-675. 10.1111/nph.19337.  

Zhao, S., & Fernald, R.D. (2005). Comprehensive Algorithm for Quantitative Real-Time 

Polymerase Chain Reaction. JOURNAL OF COMPUTATIONAL BIOLOGY, 12(8). 

www.lievertpub.com 

  

D
e

v
e

lo
p

m
e

n
t 

� 
A

c
c

e
p

te
d

 m
a

n
u

sc
ri

p
t

https://doi.org/10.1016/


 

Figures 

 

 

 

Fig. 1. The snog1a mutant exhibits a partial restoration of 3D growth. A) 

Representative images of 6-week-old Villersexel wild type (WT), Ppnog1dis and 

snog1a plants showing the presence (WT and snog1a) and absence (Ppnog1dis) of 

gametophores. B) Mean number of gametophores per culture (n=5) ± SEM (t test 

***p < 0.05). C) Representative images of a gametophore from wild type (top) and 

stunted gametophore from the snog1a mutant (bottom). D) Mean height of 

gametophores from wild type (n=100) and snog1a (n=80) ± SEM (t test ***p < 0.001). 

Scale bars, 1 cm (A and C).  
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Fig. 2. The snog1a mutant is cytokinin responsive. A) Representative images of 

wild type (WT), Ppnog1dis and snog1a plants cultured in the presence or absence of 

the cytokinin analogue 6-benzylaminopurine (BAP). B) Mean number of buds formed 

per 15 caulonemal cells in wild type, Ppnog1dis and snog1a in the presence or 

absence of BAP (n=10) ± SEM (t test ***p < 0.001).   
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Fig. 3. The snog1a mutant can establish and maintain a tetrahedral apical cell. 

Propidium-iodide-stained buds of wild type at the 2-cell (A), 3-cell (B) and 4-cell (C) 

and late stage (D); the Ppnog1dis mutant at the 2-cell (E,F), 4-cell (G), late stage (H) 

and during bifurcation (I); and the snog1a mutant at the 2-cell (J,K), 4-cell (L) and 

late stage (M). (N) Detection of gametophore initial cells near side branches with 

filament fate that fail to divide (denoted by white arrow). Red arrows denote the most 

recent division in each developing bud, and blue asterisks highlight misoriented 

division planes in Ppnog1dis or snog1a mutants. Red hashed line denotes the 

conspicuous tetrahedral-shaped gametophore apical cell formed in snog1a in (M). 

Scale bars, 20 µm. 
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Fig. 4. Identification of the causative mutation in the snog1a mutant. A) 

Phenotypic analysis of spore progeny derived from a cross between snog1a and the 

Reute::mCherry wild-type strain. The percentage represents the proportion of 

individuals that cannot initiate 3D growth and thus have the same phenotype as 

Ppnog1dis. B) Gene candidates identified following interrogation of the genomic 

locus on chromosome 8. C) Gene structure diagram of Pp3c8_19720 highlighting the 

presence of two termination codons in the third exon (exons – blocks, introns – 

horizontal lines). D) The wild-type Pp3c8_19720 protein (top) and the truncated 

Pp3c8_19720 protein in snog1a (bottom). 
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Fig. 5. Confirmation of the causative mutation in the snog1a mutant. (A,B) 

Representative images of 10-week-old snog1a (A) and snog1a complemented with 

the wild-type version of the PpFLOE2L-1 transcript (B). (C,D) Representative images 

of 10-week-old Ppnog1dis (C) and the Ppnog1dis/floe2l-1 #4 double disruptant (D). 

Scale bars, 1 cm. (E) Mean number of gametophores formed per colony in wild type 

(n=3), Ppnog1dis (n=5), snog1a (n=5), snog1a complemented with wild-type 
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PpFLOE2L-1 (n=5) and the Ppnog1dis/floe2L-1#4 double disruptant mutant (n=5). 

(F) Mean height of gametophores (mm) from wild type (n=135), snog1a (n=55) and 

Ppnog1dis/floe2L-1 #4 (n=53). The red letters in (E) and (F) indicate the result of 

Tukey’s HSD post-hoc test (p adj <0.05). (G) Representative images of 

gametophores from wild type, snog1a and Ppnog1dis/floe2L-1 #. Scale, 10 mm. 
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Fig. 6. Transcriptome comparisons of wild type, Ppnog1dis and the snog1a 

mutant. A) Venn diagram showing the overlap of differentially expressed genes in 

Ppnog1dis and snog1a compared to wild type. B) Venn diagram showing the overlap 

of differentially expressed genes in response to cytokinin in wild type, Ppnog1dis and 

the snog1a mutant. C) Heat maps showing the normalized counts for each sample, 

log2 transformed and scaled by row. This visualizes the relative expression levels of 

selected genes involved in 3D growth (top), ABA signaling (middle) and cuticle 

biosynthesis (bottom) in P. patens. D) Normalized read counts for PpAPB1, 

PpAPB2, PpAPB3 and PpAPB4 from RNA-seq data showing relative expression 

levels in wild type, Ppnog1dis and the snog1a mutant (t-test *p<0.05, **p<0.01, 

***p<0.001).  
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Fig. 7. Speculative model for 3D growth regulation in P. patens. Two alternative 

speculative models highlighting the possible relationships between PpNOG1, 

PpFLOE2L-1 and the PpAPB transcription factors.  
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Fig. S1. Generation of the Ppnog1dis mutant. A) Schematic of the construct designed to 

disrupt the endogenous PpNOG1 gene. Primer pairs used to confirm the absence of 

PpNOG1 expression have been indicated with arrows. B) RT-PCR showing the absence of 

the PpNOG1 transcript in the Ppnog1dis mutant. C) Representative images of 6-week-old 

Villersexel wild type, Ppnog1-R and Ppnog1dis plants showing the presence (wild type) and 

absence (Ppnog1-R and Ppnog1dis) of gametophores. Scale bars, 1 cm.
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Fig. S2. Bulk segregant analysis and the identification of the causative mutation in 

the snog1a mutant. A) An outcrossing event between snog1a and the Reute::mCherry line 

yields a diploid sporophyte that undergoes meiosis to produce phenotypically segregating 

progeny (phenotypic outcomes highlighted). (B,C) Expected snog1a mutant, SNOG1A WT, 

Ppnog1 mutant and PpNOG1 WT allele frequencies in the mutant (B) and control (C) pools 

respectively. D,E) Plots of the SNP index for the mutant pool (D) and control pool (E) across 

chromosomes 1 and 8. A SNP index of 0 indicates 100% Ppnog1dis parental contribution 

and a SNP index of 1 indicates 100% Reute::mCherry parental contribution.
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Fig. S3. Alignment of Pp3c8_19720 genomic DNA sequences. An alignment was 

performed with Pp3c8_19720 genomic DNA sequences from Phytozome (theoretical), and 

those cloned and sequenced from nog1dis, snog1a and Reute::mCherry (WT). The SNPs 

identified in snog1a are indicated in red bold type and highlighted in yellow.

Development: doi:10.1242/dev.204508: Supplementary information
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Fig. S4. Phylogenetic analysis of FLOE-related homologues in the green lineage. 

Bootstrap values have been indicated on each branch. Both FLOE1L and FLOE2L clades 

have also been indicated. The highlighted regions denote different groups as follows: 

chlorophyte algae (pink), charophyte algae (green), mosses (blue), liverworts (red), 

lycophytes (purple), gymnosperms (orange) and angiosperms (yellow). PpFLOE2L-1 has 

been indicated in red text, as well as Arabidopsis FLOE1, FLOE2 and FLOE3. 

Development: doi:10.1242/dev.204508: Supplementary information
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Fig. S5. Alignment of AtFLOE1, AtFLOE2, AtFLOE3 and PpFLOE2L-1. Conserved domains 
have been highlighted as indicated.

Development: doi:10.1242/dev.204508: Supplementary information
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Fig. S6. Generation of the snog1a complementation line. A) Schematic of the construct used to 

complement the snog1a mutant phenotype, and the resulting targeted locus. B) Genotyping of the 

complementation line using SNOG1AGFP_F3 and SNOG1AGFP_R3 primers denoted by purple 

and green arrows in (A) respectively. The construct is only detected in the complemented line and 

not in wild type (tubulin – control).
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Fig. S7. Generation of the Ppnog1/floe2l-1 double disruptant line. (A) Schematic of the 

construct used to disrupt the PpFLOE2L-1 locus in the Ppnog1dis mutant, and the resulting 

targeted locus. B) Genotyping of the complementation line using snog1a_del_genotyping_F 

and snog1a_del_genotyping_R primers denoted by blue and red arrows in (A) respectively 

(tubulin – control). C) Relative transcript levels of PpFLOE2L-1 in Ppnog1dis and the 

Ppnog1dis/floe2l-1 double disruptant mutant (t test *p<0.05). 
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snog1a +pAct:PpFLOE2L-1 #2 

D
Ppnog1dis/floe2l-1 #4 

E

Fig. S8. The snog1a mutant can form a fully functional cuticle. (A-E) Toluidine blue 

staining of 2-month-old wild type (A), snog1a (B), Ppnog1dis (C), snog1a complemented 

with wild-type PpFLOE2L-1 (D) and the Ppnog1dis/floe2l-1_4 double disruptant (E). Scale 

bars, 1 mm. 
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Fig. S9. Transcriptome comparisons of wild type, Ppnog1dis and the snog1a mutant. 

A) Normalized read counts aligned to the PpNOG1 gene from the RNA-seq experiment. No 

reads aligned to PpNOG1 in Ppnog1dis or the snog1a mutant. B) Normalized read counts 

for PpFLOE2-LIKE genes from the RNA-seq experiment – Pp3c8_19720 (PpFLOE2L-1), 

Pp3c24_13440 (PpFLOE2L-2), Pp3c11_23810 (PpFLOE2L-3) and Pp3c7_1641 

(PpFLOE2L-4) (t test *p<0.05, **p<0.01, ***p<0.001). C) RT-PCR showing presence of the 

PpFLOE2L-4 transcript in wild type. 

Development: doi:10.1242/dev.204508: Supplementary information
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Comparison upregulated downregulated total no. DEGs % total genes

Ppnog1dis vs wild type 752 1110 1862 5.80

snog1a vs wild type 1350 1365 2715 8.46

snog1a vs Ppnog1dis 704 437 1141 3.56

A

Ppnog1dis vs WT snog1a vs WT

snog1a vs Ppnog1dis

B C

D

Development: doi:10.1242/dev.204508: Supplementary information
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Fig. S10. Differential gene expression analysis for RNA-seq data. A) Table showing 

results of differential gene expression analysis for RNA-seq data. The number of genes that 

were significantly differentially expressed (adjusted p value <0.05) in each comparison. B-D) 

Gene Set Enrichment Analysis (GSEA) with Gene Ontology (GO) biological process terms 

for Ppnog1dis vs wild type (B), snog1a vs wild type (C) and snog1a vs the Ppnog1dis mutant 

(D). For each comparison, there are up to ten of the most significant activated and 

suppressed biological processes. The colour indicates the adjusted p-value for the test for 

enrichment. Count indicated the number of input genes. Gene ratio is the ratio of input 

genes to the total number of genes in the gene set. Note that because P. patens genes were 

BLASTed again Arabidopsis for this analysis, there were cases where P. patens had 

multiple genes mapping to the same Arabidopsis gene, resulting in some gene ratios 

exceeding 1.

Development: doi:10.1242/dev.204508: Supplementary information
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Comparison upregulated downregulated total no. DEGs % total genes

wild type + BAP vs wild type 3417 2723 6140 19.14

Ppnog1dis + BAP vs Ppnog1dis 274 83 357 1.11

snog1a + BAP vs snog1a 435 51 486 1.52

A

WT+BAP vs WT Ppnog1dis+BAP vs Ppnog1dis

snog1a+BAP vs snog1a

B C

D

Development: doi:10.1242/dev.204508: Supplementary information
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Fig. S11. Differential gene expression analysis (cytokinin response). A) Table showing 

results of differential gene expression analysis for RNA-seq data – cytokinin treated 

compared to control samples. B-D) Gene Set Enrichment Analysis (GSEA) with Gene 

Ontology (GO) biological process terms for wild type (B), Ppnog1dis (C) and the snog1a 

mutant (D) treated in the presence or absence of cytokinin (BAP). For each comparison, there 

are up to ten of the most significant activated and suppressed biological processes. The 

colour indicates the adjusted p-value for the test for enrichment. Count indicated the number 

of input genes. Gene ratio is the ratio of input genes to the total number of genes in the gene 

set. Note that because P. patens genes were BLASTed again Arabidopsis for this analysis, 

there were cases where P. patens had multiple genes mapping to the same Arabidopsis gene, 

resulting in some gene ratios exceeding 1.

Development: doi:10.1242/dev.204508: Supplementary information
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Generation of the Ppnog1dis mutant

NOG1.5FKpnI AAAGGTACCCCATCCATGCACACAACCAA
Amplification of 5' region upstream of the PpNOG1 sequence with KpnI 

restriction site at the 5' end - forward primer

NOG1.5RXhoI AAACTCGAGCCTCCGCTCCAAACTCCCAC
Amplification of 5' region upstream of the PpNOG1 sequence with XhoI 

restriction site at the 5' end - reverse primer

NOG1.3FNotI AAGCGGCCGCTAATCTGTGTATGAGTTCAG
Amplification of 3' region downstream of the PpNOG1 sequence with NotI 

restriction site at the 5' end - forward primer

NOG1.3RnotI AAGCGGCCGCGAGTTATCTAGTTTTGTGGA
Amplification of 3' region downstream of the PpNOG1 sequence with NotI 

restriction site at the 5' end - reverse primer

Primers for RT-PCR

PptubF TGTGCTGTTGGACAATGAG Amplification of a tubulin transcript - forward primer

PptubR ACATCAGATCGAACTTGTG Amplification of a tubulin transcript - reverse primer

NOG1_GSP.F GTTGTAGGTTTGGAGTGGCG Amplification of the PpNOG1 transcript - forward primer

NOG1_GSP.R GCAAGTTGAAAAGCCCACCT Amplification of the PpNOG1 transcript - reverse primer

NOG1_exon3F CCCGGAGCTTATTTCAGTTCG Amplification of partial PpNOG1 transcript - forward primer

NOG1_exon5R TGATATTGCTTGCTCCTCATCA Amplification of partial PpNOG1 transcript - reverse primer

Pp3c7_1641_qPCR_F TGCAACGATACCAGGTCCAT Amplification of Pp3c7_1641 (PpFLOE2L-4) gene for RT-PCR - forward primer

Pp3c7_1641_qPCR_R ATAAGCGAGAACTCCAGGGC Amplification of Pp3c7_1641 (PpFLOE2L-4) gene for RT-PCR - reverse primer

snog1a mutation verification

Pp3c8_19720_int_F CAAGGCCTACCGTCTCATCC
Amplification of a region within the Pp3c8_19720 genomic sequence 

containing the UV-induced mutations - forward primer

Pp3c8_19720_int_R GTGGAGGAGGGACCTCTTGA
Amplification of a region within the Pp3c8_19720 genomic sequence 

containing the UV-induced mutations - reverse primer

Generation of snog1a complementation lines

Pp3c8_19720.FSalI aaagtcgacATGGATCATGTGGGATCC
Amplification of full-length cDNA transcript (no stop codon) with SalI 

restriction site at 5' end - forward primer

Pp3c8_19720.R_NOSTOP_HindIII aaaaagcttCCGGCCATACCAGC
Amplification of full-length cDNA transcript (no stop codon) with HindIII 

restriction site at 5' end - reverse primer

Verification of snog1a complementation lines

SNOG1AGFP_F3 GCAAGCATGGGGTTTGGAAG
Amplification of portion of the Pp3c8_19720-GFP sequence from genomic DNA 

- forward primer (in Pp3c8_19720 CDS sequence)

SNOG1AGFP_R3 GCTGAACTTGTGGCCGTTTA
Amplification of portion of the Pp3c8_19720-GFP sequence from genomic DNA 

- reverse primer (in GFP CDS)

Verification of PpFLOE2L-1 disruption lines

snog1a_del_genotyping_F GTCCACCAAGACCACGAAAC Confirmation of 5' integration at the PpFLOE2L-1 locus - forward primer

snog1a_del_genotyping_R CATCAGAGCAGCCGATTGTC Confirmation of 5' integration at the PpFLOE2L-1 locus - reverse primer

Primers for qPCR

Pp3c8_19720_qPCR_F2 CAGCAGCAATCACAGGTTCA Amplification of Pp3c8_19720 transcript for qPCR - forward primer 

Pp3c8_19720_qPCR_R2 TTCTGTCCTTGCGGTTGTTG Amplification of Pp3c8_19720 transcript for qPCR - reverse primer 

E2_qPCR_F4 TACGGACCCTAATCCAGATGAC Amplification of a E2 transcript for qPCR - forward primer

E2_qPCR_R4 CAACCCATTGCATACTTCTGAG Amplification of a E2 transcript for qPCR - reverse primer

Table S1. List of primers used in this study

Development: doi:10.1242/dev.204508: Supplementary information
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