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SUMMARY

In flowering plants, transcriptional complexes with a common composition have been found to regulate mul

tiple pathways in the epidermal cell layer, including the production of flavonoid pigments and the differenti

ation of trichomes and root hairs. These complexes are composed of transcription factors from the MYB and 

bHLH families along with a WDR scaffold protein (MBW complexes). The MYB member has been found to be 

the most pathway-specific component of the complex, and modifications to these MYB genes are overrep

resented in studies investigating the genetic basis of differences in pigmentation phenotypes. Here, we 

investigated the origin of this complex and its independent functional diversification in the liverwort lineage. 

We found evidence that homologous transcriptional complexes form in Marchantia polymorpha, indicating 

that they are ancestral to land plants. The single orthologous bHLH gene, MpbHLH12, regulates both path

ways controlled by the two orthologous MYB genes, MpMYB14 and MpMYB02. Moreover, MpbHLH12 inter

acts with two of the TTG1-like WDR proteins in M. polymorpha, although their functional role has yet to be 

determined. We propose that two transcriptional complexes with alternative MYB paralogs in 

M. polymorpha represent an ancestral function, regulation of the flavonoid pathway, and a derived function, 

maturation of liverwort-specific oil bodies. Notably, we find independently in the liverworts, as has been 

observed in angiosperms, that functional diversification is associated with duplication of the MYB member 

and co-option of its interaction partners.

INTRODUCTION

Across taxa, some loci appear to be overrepresented in studies 

investigating the genetic basis of phenotypic differences. For 

instance, a few recurrent loci have been found to be associated 

with the evolution of diverse wing color patterns across divergent 

lineages of butterflies and moths.1 Systematic identification of 

such ‘‘hotspots’’ of evolution may give broader insights into 

how the developmental processes that give rise to phenotypes 

structure evolutionary change.2 In the flowering plants, red, pur

ple, and blue colors are most commonly caused by anthocyanin 

pigments derived from the flavonoid pathway. The evolution of 

pigmentation phenotypes in both natural and cultivated popula

tions has been found to show a higher association with changes 

to the activating R2R3-MYB transcription factors than with any 

other component of this pathway.3–5 One such R2R3-MYB 

gene (COLORED ALEURONE1) encodes the first transcription 

factor identified in a plant and was the site of integration when 

transposable elements were first discovered by Barbara McClin

tock in variegated Zea mays lines.6 These MYB proteins regulate 

the transcription of enzymes in the flavonoid biosynthetic 

pathway as part of higher-order transcriptional complexes 

known as MYB-bHLH-WDR (MBW) complexes. In the model 

flowering plant Arabidopsis thaliana, MBW complexes have 

also been identified that regulate other epidermal phenotypes, 

including the de novo patterning of trichomes on aerial organs,7

the position-dependent spacing of both root hairs8 and hypocot

yl stomata,9 and the differentiation of the seed coat.10 In each 

case, the MYB member of the complex is pathway-specific.11

Overlapping subsets of MYB proteins form complexes with 

each of four basic helix-loop-helix (bHLH) proteins, which thus 

show several functions and partial redundancy.7 Finally, a single 

tryptophan-aspartate repeat (WDR) scaffold protein, TRANS

PARENT TESTA GLABRA1 (TTG1), is required for the functions 

of all of these complexes.12 So far, MBW complexes have 

been studied extensively in the angiosperms (reviewed in Ram

say and Glover11), and one report found that they also regulate 

the flavonoid pathway in a gymnosperm.13 As such, their origin 

can be traced back at least as far as the stem lineage of seed 

plants. The participating gene families are found across eukary

otes,14–16 so it is not clear when the complexes first evolved.

The ca. 20 MYB proteins that participate in MBW complexes in 

A. thaliana share a common motif in the R3 MYB repeat, modifi

cation of which was found to perturb interaction with the bHLH 

partner.17,18 In a phylogenetic analysis of R2R3-MYB genes in 

land plants and their closest relatives, the Zygnematophycean 

algae, Jiang and Rao19 found that this motif is restricted to and 

broadly conserved across the VIII-E clade, which originated by 
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duplication in the stem lineage of land plants. The motif was 

identified in sequences from seed plants, but also in sequences 

from Selaginella moellendorffii (a member of the lycophyte clade, 

which is sister to seed plants and ferns within the vascular plants) 

and Physcomitrium patens (a member of the bryophyte clade, 

which is sister to the vascular plants within land plants). The 

most parsimonious scenario would appear to be an origin of 

the motif at the base of this clade with several shallower second

ary losses. Another bryophyte, the liverwort Marchantia polymor

pha, encodes two clade VIII-E R2R3-MYB genes,19 both of 

which show only partial conservation of the motif. One of these 

genes, MpMYB14, is known to activate the production of flavo

noids, including red auronidin pigments,20,21 in response to 

different environmental challenges, including mineral nutrient 

insufficiency,20 high light,20 and oomycete infection.22 The other, 

MpMYB02, is required for the maturation of oil bodies.23,24 Oil 

bodies are membrane-bound organelles that originated in the 

liverwort lineage.25,26 They accumulate cytotoxic terpenoids 

and phenylpropanoids, including liverwort-specific bis-bibenzyl 

compounds,27 which serve as a defense against herbivory.28

The limited conservation of the interaction motif in the R3 MYB 

repeats of the M. polymorpha orthologs has previously been 

taken to imply that they act independently of an MBW 

complex.29

The bHLH proteins that participate in MBW complexes in seed 

plants all belong to subclass IIIf, whereas a member of subclass 

III(d + e) has been shown not to interact with the MYB partners.17

Recently, we found that these two subclasses both derive from 

early land plant duplications and that they are sisters to one 

another.30 This suggests an origin of MBW participation for 

bHLH proteins coincident with that inferred above for R2R3- 

MYB proteins in the stem lineage of land plants. 

M. polymorpha encodes a single member, MpbHLH12.30,31

For the scaffold protein AtTTG1, highly sequence-conserved 

putative orthologs can be identified across eukaryotes.32 The 

AtTTG1 gene derives from a duplication at the base of seed 

plants,33 which also gave rise to the progenitor of the Brassica

ceae-level paralogs AtLWD1 and 2, which redundantly regulate 

circadian rhythmicity.34 Three homologs have been identified 

in M. polymorpha, two of which (either MpWDR1 or MpWDR2, 

but not MpWDR3) can complement both the defects in flavonoid 

pigmentation and epidermal cell fate and in circadian rhythmicity 

when heterologously expressed in an A. thaliana ttg1 lwd1 lwd2 

triple mutant.33 The A. thaliana paralogs cannot complement one 

another’s functions.33 This suggests that the seed plant duplica

tion was followed by subfunctionalization and that an ancestral 

TTG1-like protein in the land plants was capable of scaffolding 

MBW complexes.33

Given that the genes whose protein products form MBW com

plexes in seed plants were present in the most recent common 

ancestor of land plants, we hypothesized that their capacity to 

form complexes is ancestral. To test this hypothesis, we investi

gated the orthologs in M. polymorpha, which diverged from seed 

plants at the first split within land plants. Indeed, we found evi

dence that homologous complexes form in M. polymorpha, 

although the functional necessity of the WDR proteins could 

not be tested. We propose that one complex in M. polymorpha 

retains the ancestral function, shared with seed plants and 

conserved since stem land plants, whereas another arose within 

the liverwort lineage. Notably, we find that the functional diversi

fication event in the liverwort lineage was associated with a MYB 

duplication, recapitulating what occurred independently in the 

flowering plants.

RESULTS

Structural analysis predicts that the M. polymorpha 

orthologs of the MBW components form complexes

A motif in the R3 MYB repeat is conserved across those of the 

A. thaliana clade VIII-E R2R3-MYB proteins (e.g., AtWER, GL1, 

PAP1, and TT2; Figure 1A), which form MBW complexes. This 

motif is not conserved in members of the closest paralogous 

clade, VIII-D (e.g., AtMIXTA and MpSBG9, Figure 1A). The two 

clade VIII-E R2R3-MYB proteins encoded by M. polymorpha 

show partial conservation of the motif, lacking conservation of 

the D/E at the first position of the motif and the R/K at the fifth po

sition (Figure 1A). Neither of these two positions was found to be 

among those with a strong effect on interaction strength when 

mutated in the study of Zimmermann et al.17 As a first step in 

investigating whether these motifs mediate protein-protein inter

action in M. polymorpha, we performed in silico structural predic

tions with Alphafold3. First, for reference, we examined regions of 

low predicted aligned error (PAE), representing predicted interac

tion interfaces, in a structural prediction of the MBW complex 

formed by AtWER, AtEGL3, and AtTTG1. This prediction recapit

ulated experimental findings that the N-terminal region of AtEGL3 

Figure 1. The interaction interfaces of the MBW complex are predicted to be structurally conserved in the Marchantia polymorpha orthologs, 

despite partial sequence conservation 

(A) Amino acid sequence alignment of a region of the R3 MYB repeat of representative R2R3-MYB proteins from M. polymorpha and Arabidopsis thaliana. 

Conserved residues of the motif shown to mediate interaction ofclade VIII-E R2R3-MYB proteins with subclass IIIf bHLH proteins in A. thaliana are highlighted.17

(B) Predicted aligned error plots for trimer predictions for the A. thaliana MBW complex WER-EGL3-TTG1, where WER is replaced by the paralogous MIXTA, or 

where all components are replaced by orthologous proteins from M. polymorpha. The predicted error in position of the scored residue (x axis) relative to the 

aligned residue (y axis) is shown with a color scale ranging from 0 to 30 Å (dark to light). Each protein is aligned to itself and to each of the other proteins in the 

prediction. 

(C) The solved crystal structure of the interaction interface between AtWER and AtEGL336 (PDB: 7FDL) includes the N-terminal region of AtEGL3 (aa 9–204) and 

the R3 MYB repeat of AtWER (aa 73–117). Alphafold3 predictions were carried out for the homologous regions of the two hypothesized M. polymorpha dimers 

(MpbHLH12 aa 15–207, MpMYB14 aa 73–117, and MpMYB02 aa 69–112) and of the A. thaliana dimer for comparison of the interface predicted template 

modeling (iPTM) scores for predictions of the known and hypothesized dimers. The predicted structures of the M. polymorpha dimers were also superimposed on 

the AtEGL3-AtWER crystal structure for comparison. 

(D) Homologous regions were predicted by Alphafold3 to form interaction interfaces exhibiting low predicted aligned error between TTG1-like WDR proteins and 

IIIf bHLH proteins from M. polymorpha (MpbHLH12 aa 386–439 and MpWDR1 aa 14–342 highlighted) as in A. thaliana (AtEGL3 aa 342–394 and AtTTG1 aa 14–336 

highlighted). The iPTM values are given for dimer predictions using the full protein sequences.
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Figure 2. The single subclass IIIf bHLH protein of Marchantia polymorpha can form protein complexes with the two clade VIII-E R2R3-MYB 

proteins and with two of the three TTG1-like WDR proteins 

(A) Yeast two-hybrid tests for interaction between the single M. polymorpha subclass IIIf bHLH protein and all clade VIII-E R2R3-MYB and TTG1-like WDR 

proteins from M. polymorpha. In each case, the two autoactivation controls and the interaction test are shown for one biological replicate out of four; the rest are 

given in Figure S1. For each replicate, two serial dilutions of the eluted cells were performed, as indicated. Growth on medium without leucine and tryptophan 

(− LW) confirms that the yeast clones carry both plasmids with the genes of interest in translational fusion with either the binding domain (BD) or activation domain 

(AD) of the yeast transcription factor GAL4 (indicated in the table on the right). Interaction between the proteins of interest allows a reconstituted GAL4 to drive 

expression of reporter genes from the GAL4 upstream activation sequence. This reporter gene activity can complement two independent auxotrophic mutations 

in histidine and adenine biosynthesis genes in the background genotype, allowing the yeast to grow in the absence of these amino acids (− HA). Further tests for 

interaction strength using 3-amino-1,2,4-triazole, a competitive inhibitor of the gene product of the histidine biosynthesis reporter, are shown in Figure S1. 

(B) Bimolecular fluorescence complementation tests were performed for the single M. polymorpha subclass IIIf bHLH protein and all clade VIII-E R2R3-MYB and 

TTG1-like WDR proteins from M. polymorpha by stable transgenic expression of combinations of proteins of interest fused to the N-terminal region or the 

C-terminal region of YFP. Protein-protein interaction between the proteins of interest results in fluorescence of reconstituted YFP, which was visualized by 

(legend continued on next page) 
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mediates its interaction with both AtTTG1 and AtGL1 (shown to be 

functionally interchangeable with AtWER35).7 Within AtEGL3, the 

predicted interaction interface with AtTTG1 was found to be C-ter

minal to that with AtWER, just N-terminal to the bHLH domain 

(Figure 1B). We compared this with trimer predictions for the or

thologous proteins from M. polymorpha and found that interaction 

interfaces were predicted to form between homologous regions 

(Figure 1B). This was found with both MpMYB14 and MpMYB02 

(Figure 1B). In contrast, if a clade VIII-D R2R3-MYB protein, e.g., 

AtMIXTA, was instead included in the prediction, the PAE of the 

homologous residues rose markedly (Figure 1B).

We then investigated more closely the structures of these puta

tive conserved interaction interfaces. The crystal structure of the 

AtWER-AtEGL3 interaction interface has been solved.36 Alpha

fold3 dimer predictions for the regions of AtEGL3 and AtWER 

included in the solved structure and for the homologous regions 

of the M. polymorpha orthologs showed similar overall interface 

predicted template modeling (iPTM) scores (Figure 1C), and the 

predicted M. polymorpha dimer structures aligned closely to the 

AtEGL3-AtWER crystal structure (Figure 1C). No crystal structure 

has been reported for the bHLH-WDR interaction interface. How

ever, the iPTM scores in dimer predictions for the full protein se

quences were similarly high for AtTTG1-AtEGL3 (0.89) and 

MpbHLH12 with each of MpWDR1 (0.86), MpWDR2 (0.79), or 

MpWDR3 (0.85). The predicted interaction interfaces in the 

AtTTG1-AtEGL3 and MpWDR1-MpbHLH12 dimer predictions 

are highlighted in Figure 1D. Taken together, structural analysis 

predicts that the interaction interfaces within the MBW complex 

are conserved in M. polymorpha.

The M. polymorpha orthologs of the MBW components 

form complexes in vivo

To test the predictions in vivo, we expressed our proteins of in

terest in Saccharomyces cerevisiae AH109 in translational fusion 

with domains of the S. cerevisiae transcription factor GAL4 to 

perform yeast two-hybrid assays (Figure 2A). Consistent with 

the predictions, we found that protein-protein interaction be

tween MpbHLH12 and each of MpMYB14, MpMYB02, and 

MpWDR1 (all four biological replicates) and between 

MpbHLH12 and MpWDR2 (three of four biological replicates) 

drove sufficient GAL4 reporter activity to complement the 

strain’s auxotrophy for both histidine and adenine (Figure 2A). 

The strength of these interactions was sufficient to overcome 

the addition of at least 1 mM of 3-amino-1,2,4-triazole, a 

competitive inhibitor of the histidine biosynthesis reporter gene 

(Figure S1). No protein-protein interaction was detected be

tween MpbHLH12 and the third TTG1-like WDR protein, 

MpWDR3. These data demonstrate that stable protein-protein 

interactions can form between MpbHLH12 and each 

of MpMYB14, MpMYB02, MpWDR1, and MpWDR2 in 

S. cerevisiae.

To test whether these protein-protein interactions can also 

take place in M. polymorpha, we performed bimolecular fluores

cence complementation using stable transgenic lines. We used 

MpCYCD;1-nYFP and MpCDKA-cYFP as positive controls for 

interaction37 and to test proteins of interest for non-specific 

interaction. Lines expressing MpbHLH12-nYFP in combination 

with MpWDR1-cYFP or MpWDR2-cYFP, but not with 

MpWDR3-cYFP, showed fluorescence of reconstituted YFP in 

the dorsal thallus surface (Figure 2B). Ubiquitous expression of 

MpMYB14 and MpMYB02 for this assay resulted in background 

fluorescence, associated with the production of flavonoids, as 

reported before.23 Because of this, samples had to be fixed 

and cleared prior to imaging. After this treatment, lines express

ing MpbHLH12-nYFP and MpMYB14-cYFP showed strong fluo

rescence in assimilatory filaments (Figure 2B), which was not 

seen when MpbHLH12-nYFP was swapped for MpCYCD;1- 

nYFP. No such signal could be clearly distinguished from the 

background in the lines expressing MpbHLH12-nYFP and 

MpMYB02-cYFP. In summary, using this method, we could vali

date in planta all interactions found in yeast except for the 

MpbHLH12-MpMYB02 interaction.

To test whether the M. polymorpha proteins that form pairwise 

bHLH-MYB and bHLH-WDR dimers also form tripartite MBW 

complexes, we modified our yeast assay to allow us to interro

gate the effect of inducible expression of a third protein on the 

strength of interaction between two others. Noisy growth under 

the highly restrictive conditions in this assay prevented reliable 

interpretation for some combinations of proteins tested, but we 

identified a signal indicating that the presence of either 

MpWDR1 or MpWDR2 enhances the MpbHLH12-MpMYB14 

interaction (Figure 2C). This was consistent across all four bio

logical replicates for MpWDR2 but varied between replicates 

for MpWDR1 (Figure S1).

The tissue expression domains of M. polymorpha 

orthologs of all three MBW components overlap

Having found that complexes could form when the proteins were 

experimentally co-expressed, we sought to determine whether 

they are expressed in the same tissue context. For this purpose, 

we generated M. polymorpha lines carrying transcriptional re

porters for MpbHLH12, MpMYB02, MpMYB14, MpWDR1, and 

MpWDR2. Plants growing from gemmae were imaged by 

confocal microscopy (Figure 3). The signal from the MpMYB14 

reporter was widely distributed around the notch regions 

(Figure 3A). The MpMYB02 reporter showed specific expression 

in oil body cells (Figure 3B), as has been reported indepen

dently.24 Notably, we did not observe signal from the MpMYB14 

confocal microscopy of the dorsal thallus surface. Scale bars, 100 μm. The M. polymorpha cyclin MpCYCD1 and its interaction partner MpCDKA were used as 

controls for the method,37 as they were expected to interact with one another but not with any of the proteins of interest. Due to background fluorescence 

associated with flavonoid production in the lines expressing the R2R3-MYB proteins ubiquitously, these lines were fixed and cleared before imaging, as indi

cated. 

(C) Conditional expression assay to test the effect of the presence of a third protein on the interaction strength of a dimer. One biological replicate out of four is 

shown in each instance; the rest are given in Figure S1. In the presence of methionine (++M), the Met17 promoter is inactive, and growth on -LWH of the yeast 

carrying AD-MpMYB14 and BD-MpbHLH12 could be abolished with the addition of 5 mM of 3-AT. In the absence of methionine (− M), the MET17 promoter is 

active and drives the expression of a TTG1-like WDR gene. For MpWDR1 and MpWDR2, this allowed growth at ≥5 mM 3-AT (although variation was observed 

between biological replicates for MpWDR1; see Figure S1), whereas the absence of methionine had no effect on the growth of the yeast carrying AD-MpMYB14 

and BD-MpbHLH12 without the MET17 cassette.
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reporter in the oil body cells (Figure 3A), indicating that the 

expression patterns of these two R2R3-MYB paralogs may be 

mutually exclusive.

RNA-sequencing has found MpbHLH12 to be highly expressed 

in thallus tissue.38 Using both a transcriptional (Figure 3C) and a 

translational reporter (Figure S2), we found that it has a broad 

domain of expression inclusive of both of the more specific 

R2R3-MYB expression domains, encompassing both the notch 

regions and oil body cells. Based on these observations, it is 

possible that MpbHLH12 could dimerize with both MpMYB14 

and MpMYB02 in each of their distinct expression domains in 

M. polymorpha.

The MpWDR1 reporter was strongly and ubiquitously active, 

including in the notch regions and in oil body cells (Figure 3D). 

MpWDR2 reporter activity was much weaker and could not be 

clearly discerned in oil body cells (Figure 3E). These observations 

are consistent with RNA-sequencing data, which additionally 

found the third homolog, MpWDR3, to be expressed at very 

low levels in thallus.38 The MpWDR1 expression pattern indi

cates that MBW trimers could form in M. polymorpha.

The single IIIf bHLH gene in M. polymorpha regulates 

both pathways regulated by each of the two VIII-E MYB 

genes

As noted, previous studies have demonstrated the requirement 

for MpMYB14 and MpMYB02 for auronidin pigment production 

and oil body maturation, respectively. To test our hypothesis 

that each of the R2R3-MYB proteins they encode forms a tran

scriptional complex with MpbHLH12 to carry out each of these 

functions, we generated gene knockout lines using CRISPR- 

Cas9 (Figure S3) and scored these phenotypes.

Consistent with reports from other accessions,20,22 we could 

induce strong auronidin pigmentation in plants derived from a 

cross between the Cam-1 and Cam-2 accessions by transferring 

four-week-old plants to minimal medium, and we found that this 

response was abolished in several independent Mpmyb14 

mutant lines. Figure 4A shows images of these pigmentation 

phenotypes, measurements carried out of auronidin content in 

thallus pieces cultured on minimal medium are given in 

Figure 4B, and images of additional independent lines are given 

in Figure S4. Pigmentation was not affected in mutants for the 

Figure 3. MpbHLH12 and MpWDR1 are expressed in both of the distinct tissue domains of the two VIII-E MYB genes 

Confocal micrographs of transcriptional reporter lines for MpMYB14 (A), MpMYB02 (B), MpbHLH12 (C), MpWDR1 (D), and MpWDR2 (E) at three days after 

gemma plating. Scale bars, 100 μm. Insets show oil body cells. Gemmae were imaged of lines derived from Cam-1 × Cam-2 spores with two independent 

transgenes integrated, an mScarlet plasma membrane marker (shown in magenta) and the 5′ cis-regulatory region of each of the genes of interest driving the 

expression of nuclear-localized mVenus (shown in yellow). Chlorophyll autofluorescence was also captured (shown in blue). Maximum-intensity projections of z 

stacks were prepared for all three channels and merged. Images are also shown for only the mVenus channel. A translational reporter line was also generated for 

MpbHLH12 (see Figure S2).
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paralogous Mpmyb02 (Figures 4A, 4B, and S2). However, 

auronidin induction was abolished in four independent Mpbhlh12 

mutant lines (Figures 4A, 4B, and S2). Furthermore, auronidin 

induction could be rescued by the introduction of the 

proMpbHLH12:MpbHLH12-mVenus transgene to an Mpbhlh12 

mutant line (Figures S2 and 4B). In conclusion, MpbHLH12 is 

required for auronidin pigmentation, as is MpMYB14, whereas 

MpMYB02 does not regulate this pathway.

To assess the maturation of oil bodies in these lines, we stained 

dormant gemmae with the fluorescent lipid stain BODIPY and 

imaged them using confocal microscopy. No BODIPY-staining 

oil bodies were found in our Mpmyb02 mutant lines (Figures 4C 

and 4D), consistent with the reported lack of mature oil bodies 

in Mpmyb02 loss-of-function mutants.24 Oil body counts in mu

tants for the paralogous MpMYB14 did not differ from the control 

(Figures 4C and 4D). Mpbhlh12 mutant gemmae exhibited a 

reduction in the number of mature oil bodies, in some cases 

lacking them entirely. The severity of this defect varied between 

mutant lines (Figures 4C and 4D). Introduction of the 

proMpbHLH12:MpbHLH12-mVenus transgene rescued the num

ber of BODIPY-positive oil bodies in an Mpbhlh12 mutant line 

(Figures 4D and S2). In conclusion, MpbHLH12 promotes the 

MpMYB02-dependent maturation of oil bodies. Additionally, we 

conclude that the two VIII-E R2R3-MYB paralogs regulate 

distinct pathways. Overall, this is consistent with the hypothesis 

that MpbHLH12 forms transcriptional complexes with each of 

MpMYB14 and MpMYB02 to promote their activities.

To test whether TTG1-like WDR scaffold proteins are also 

required for these activities, we set out to generate loss-of-func

tion mutants by targeting the three M. polymorpha homologs with 

CRISPR-Cas9 (Figure S3). Given the data presented here and 

those of Airoldi et al.,33 we reasoned that MpWDR1 and MpWDR2 

may redundantly scaffold MBW complexes, whereas the third 

homolog, MpWDR3, is likely divergent in function. Based on 

this, we devised strategies to target the MpWDR1 and 2 loci 

simultaneously, all three loci simultaneously, and only MpWDR3 

(see STAR Methods and Figure S3). We recovered predicted 

loss-of-function single mutants for MpWDR2 and MpWDR3, 

but not for MpWDR1. Among 80 primary transformants geno

typed at the MpWDR1 locus, two edited alleles were identified. 

One harbored a 3-bp deletion, likely to be functionally neutral. 

Another exhibited a 1 bp deletion causing an early frameshift 

(Figure S3). This lone putative loss-of-function allele was identi

fied in a line in which a predicted loss-of-function mutation was 

also detected at MpWDR2 and which showed severe growth de

fects (Figure S4). This Mpwdr1,2 double mutant line was also the 

only higher-order mutant line recovered. Since only a single such 

line was recovered, we could not investigate the effects of wdr1 

mutation independent of genetic background.

The single mutant lines recovered, Mpwdr2 and Mpwdr3, ex

hibited no marked impairment in auronidin pigmentation nor oil 

body maturation (Figures 4A, 4C, and 4D). A small, statistically 

significant reduction in the number of mature oil bodies in 

gemmae was observed in only one of the two independent 

wdr3 mutant lines (Figure 4D). These pathways also putatively 

appeared to be functional in the lone Mpwdr1,2 line recovered, 

which exhibited visible auronidin pigmentation (Figure S4) and 

BODIPY-staining structures, although these could not be clearly 

identified in the misshapen putative gemmae sampled from the 

dorsal surface (Figure S4). In conclusion, we found that neither 

MpWDR2 nor MpWDR3 was singly required for the activities of 

MpMYB14 or MpMYB02. For the final homolog, MpWDR1, no 

predicted loss-of-function single mutants were recovered 

despite extensive screening. No triple mutants for all homologs 

and only a lone unreplicated line for one double-mutant combi

nation were recovered. For this reason, we could not evaluate 

the individual effect of mutation of MpWDR1 nor address 

whether there are functional interactions between the homologs.

DISCUSSION

A heteromeric transcriptional complex is ancestral to 

land plants

MBW transcriptional complexes regulate a diverse set of path

ways in the elaboration of the epidermis of seed plants.11,13 The 

R2R3-MYB member of the complex has been highlighted as a 

‘‘hotspot’’ locus underlying the evolution of pigmentation pheno

types across flowering plants.3–5 Here, we investigated the origin 

of the complex and its functional diversification in an independent 

lineage. It has been known for some time that orthologous genes 

are encoded by bryophytes, which diverged from seed plants at 

the first bifurcation within land plants, but incomplete conserva

tion of the canonical interaction motif in the R3 MYB repeat17,18

had been taken to imply that these do not form MBW 

Figure 4. Gene knockout of the single IIIf bHLH gene causes both the lack of auronidin pigment and the impaired oil body maturation seen in 

mutants for each of the two VIII-E MYB genes 

Phenotypes of CRISPR-Cas9 knockout lines are shown. Details about the edits introduced are given in Figure S3. A Cam-1 × Cam-2-derived line bearing an 

MpTOC1:LUC reporter was used as a non-edited transgenic control line, except for (B), where Cam-1 was used. Additionally, lines designated as ‘‘comp’’ carry 

the proMpbHLH12:MpbHLH12-mVenus transgene with a guide-resistant version of MpbHLH12. Images of the phenotypes of these complemented lines are given 

in Figure S2. Data points are colored according to genotype, with lines carrying wild-type alleles in dark blue, bHLH and WDR mutants in medium blue, and MYB 

mutants in light blue. 

(A) Auronidin pigmentation was scored in lines grown under nutrient deprivation (see STAR Methods). Scale bars are 2 mm. The same scoring for additional 

independent lines is shown in Figure S4. 

(B) Auronidin content was estimated in thallus pieces grown under nutrient deprivation (see STAR Methods). Each line was compared with the control line using 

the Mann-Whitney U test, and those with lower values at p ≤ 0.05 are marked with an asterisk. All data points are shown and the mean values are indicated with 

horizontal lines. The raw data are given in Data S2. 

(C) Oil bodies were counted in dormant gemmae stained with the fluorescent lipid stain BODIPY and imaged with a confocal microscope. One example gemma is 

shown for each genotype. Scale bars are 100 μm. 

(D) The number of BODIPY-staining oil bodies was counted in four gemmae for each line. For each gemma, the count was normalized by the perimeter length to 

account for differences in gemma size. Each line was compared with the control line using the Mann-Whitney U test, and those with lower values at p ≤ 0.05 are 

marked with an asterisk. All data points are shown and the mean values are indicated with horizontal lines. The raw counts and measurements of gemma pe

rimeters and areas are given in Data S3.
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complexes.29 Contrary to this, structural analysis predicted that 

MpMYB14 and MpMYB02, the orthologous R2R3-MYB proteins 

in the bryophyte M. polymorpha, form a conserved interaction 

interface with the single orthologous bHLH protein, 

MpbHLH12. Whereas the predicted MpbHLH12-MpMYB02 

dimer was only validated by heterologous expression in yeast, 

the MpbHLH12-MpMYB14 dimer could also be detected in 

M. polymorpha. Additionally, we validated both in yeast assays 

and in M. polymorpha that MpbHLH12 forms a conserved inter

action interface with the TTG1-like WDR proteins MpWDR1 and 

MpWDR2, but not with the third homolog, MpWDR3. Conditional 

expression of MpWDR1 or 2increased the interaction strength 

between MpbHLH12 and MpMYB14 in a yeast assay, indicating 

that these proteins may engage in cooperative tripartite com

plexes, as shown for the AtTT2-AtTT8-AtTTG1 MBW complex.10

Airoldi et al.33 found that the same homologs, MpWDR1 and 2, 

but not 3, could complement ttg1 mutant phenotypes when het

erologously expressed in A. thaliana, suggesting that they can 

also participate in MBW complexes in this context. Taking our 

new data from M. polymorpha into account, we can trace back 

the origin of the MBW interaction interfaces all the way to the 

origin of the clade VIII-E R2R3-MYB genes and the subclass IIIf 

bHLH genes in the stem lineage of land plants.19,30

Using CRISPR-Cas9 gene knockout, we found that MpbHLH12 

was fully required for activation of the auronidin pigmentation 

pathway, which requires MpMYB14,20,21 and partially required 

for oil body maturation, which requires MpMYB02.24 This is consis

tent with the hypothesis that two alternative transcriptional com

plexes form in each R2R3-MYB expression domain, an 

MpbHLH12-MpMYB14 complex, which regulates the flavonoid 

pathway, and an MpbHLH12-MpMYB02 complex, which regu

lates the maturation of oil bodies. A single subclass IIIf bHLH 

gene associated both with the production of flavonoids and bis-bi

benzyls, the latter of which accumulate in oil bodies, has been 

identified in another member of the order Marchantiales, Plagio

chasma appendiculatum.39 This indicates that the two proposed 

transcriptional complexes may be conserved in this lineage. 

MpMYB14 overexpression causes strong accumulation of auroni

din pigments,22,23 but the same is not seen in MpbHLH12 overex

pression lines.31 However, the expression of MpMYB14 in thallus 

grown under standard conditions is very low,38 whereas 

MpbHLH12 is abundant.38 This is consistent with the hypothesis 

that MpMYB14 and MpbHLH12 are reciprocally dependent, but 

that MpMYB14 is the rate-limiting factor under standard condi

tions. In further support of this, MpMYB14 overexpression does 

not lead to accumulation of auronidin pigments in a bhlh12 mutant 

background (Figure S2).

In A. thaliana, TTG1 is required for the activities of the MBW 

complexes.12 We found that both MpWDR2 and 3 are individu

ally dispensable for auronidin pigmentation and oil body matura

tion. MpWDR1 was the most strongly expressed in the thallus 

and the only TTG1-like WDR gene for which we could confirm 

overlap in tissue expression domain with the bHLH and R2R3- 

MYB genes. Only a single line with a mutation predicted to 

disrupt MpWDR1 function was recovered, which exhibited a se

vere growth defect and an additional mutation at MpWDR2. 

Given that no other wdr1 allele was identified, we could not 

test its effect independent of genetic background, including 

whether mutations at other loci affected the phenotypes 

analyzed. The triple mutant in A. thaliana (ttg1 lwd1 lwd2), in 

addition to a loss of pigments and mispatterning of epidermal 

cell types, shows complete arrhythmicity of the circadian clock, 

late flowering, and an aberrant leaf morphology, and MpWDR1 

and 2 could complement these defects.33 It seems likely that 

pleiotropic effects of mutating these genes could cause reduced 

viability in M. polymorpha, hindering the recovery of mutants. In 

summary, although conservation of the bHLH-WDR interaction 

interfaces across almost half a billion years of evolution suggests 

that they have functional importance, their functional role in 

M. polymorpha has yet to be determined.

Other instances of transcriptional complexes conserved since 

the most recent common ancestor of land plants have been 

found, including bHLH heterodimers regulating the establish

ment of the germline40 and the development of stomata.41,42

Even more ancient is the reported conserved KNOX-BELL 

TALE homeodomain heterodimer involved in development in 

the diploid generation across the Viridiplantae.43 Binding of the 

GRAS transcription factor DELLA to members of the same tran

scription factor families across land plant lineages has also been 

demonstrated, including interaction of MpDELLA with both 

MpMYB1444 and MpMYB02.45 However, to our knowledge, 

this study is the first example of ortholog-scale analysis that 

has identified a conserved transcriptional complex incorporating 

members of multiple different protein families, highlighting that 

transcriptional complexes between very distantly related pro

teins may also be conserved over long evolutionary timescales.

A homologous transcriptional complex regulates 

convergent flavonoid pigments

Our work demonstrates that homologous MYB-bHLH transcrip

tional complexes regulate the flavonoid pathway in M. polymorpha 

and in the seed plants. Red pigments are produced from the 

flavonoid pathway in all major lineages of land plants, with the 

exception of hornworts.46 We could not detect any instances 

of an LX6LX6LX3R R3 MYB motif in the genome of the hornwort 

Anthoceros agrestis,47 and A. agrestis also lacks the IIIf subclass 

of bHLH proteins.30 Together, the data are consistent with a single 

ancestral origin of transcriptional regulation of the flavonoid 

pathway by a MYB-bHLH complex in land plants, which has 

been conserved in both seed plants and liverworts, and the 

correlated loss of these regulators and red pigmentation in the 

hornwort lineage. However, the red flavonoid pigments produced 

across lineages are not homologous. While the early steps of the 

flavonoid biosynthetic pathways are shared, distinct later steps 

lead to the production of 3-hydroxyanthocyanins in seed plants, 

3-deoxyanthocyanins in ferns and mosses, and auronidins in liver

worts.46 As such, the ancestral condition is not yet clear, but, as 

has been posited elsewhere,48 it appears likely that a red pigment 

was produced from the flavonoid pathway in stem land plants. 

Regardless of the ancestral red pigmentation pathway, if any, all 

the steps of the flavonoid pathway required for the production of 

UV-screening flavones have been inferred to have been present 

in the last common ancestor of land plants.46

Lineage-specific repurposing has occurred by an 

independently repeated mechanism

In addition to the flavonoid pathway, MBW complexes that regu

late lineage-specific traits have been identified in multiple taxa. 
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For instance, in the rosid lineage of angiosperms, MBW com

plexes regulate the patterning of unicellular trichomes on aerial 

organs.49 Here, we find evidence that orthologs in liverworts 

are involved in the maturation of oil bodies, an innovation in the 

liverwort lineage. In both cases, the gain of a new function is 

associated with a lineage-specific duplication of the R2R3- 

MYB member and co-option of its bHLH interaction partner. 

In angiosperms, a duplication gave rise to clade VIII-E R2R3- 

MYB subgroups 6 and 15,19 and the bHLH protein AtEGL3 

regulates both anthocyanin biosynthesis and trichome develop

ment by interacting with R2R3-MYB proteins from either sub

group (Zhang et al.7). The duplication that gave rise to MpMYB14 

and MpMYB02 appears to be liverwort-specific,19 and we found 

that MpbHLH12 regulates both of their functions. As a result of 

this pattern, the R2R3-MYB genes remain pathway-specific, 

whereas their partners act across multiple pathways. This pleiot

ropy may constrain their evolution and explain the observed 

bias toward changes to the R2R3-MYB member within the 

complex.3–5

Other examples have been reported of MBW orthologs that 

may have lineage-specific functions in a number of angio

sperms. For example, specific expression of clade VIII-E 

R2R3-MYB genes has been identified in idioblasts of bright 

eyes (Catharanthus roseus)50 and Citrus oil glands.51 Interest

ingly, trichomes, oil glands, and oil bodies play analogous roles 

as secretory structures that allow the accumulation of toxic com

pounds to defend against herbivory, but they have evolved inde

pendently in each lineage.26 Further, clade VIII-E R2R3-MYB 

genes with conservation of the interaction motif within the R3 

MYB repeat are found across land plants, notably in the moss 

Physcomitrium patens and in the lycophyte Selaginella moellen

dorffii.19 These species also encode subclass IIIf bHLH genes30

and TTG1-like WDR genes.33 As such, there is ample opportunity 

across phylogenetic contexts to test whether the observed pat

terns in the evolution of these transcriptional complexes are 

independently repeated.
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Escherichia coli DH5α N/A N/A

Agrobacterium tumefaciens 
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Chemicals, peptides, and recombinant proteins
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Phusion High-Fidelity DNA 
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KOD Xtreme Hot Start 

Polymerase
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Q5 High-Fidelity DNA 

polymerase
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Critical commercial assays

PureLink Quick Gel 

Extraction Kit

Invitrogen Cat# K210012

Gateway BP Clonase II 

Enzyme Mix

Invitrogen Cat# 11789020
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HiFi DNA Assembly Master 

Mix
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GeneJet PCR purification kit Thermo Scientific Cat# K0701

Monarch PCR & DNA 

Cleanup Kit
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Experimental models: Organisms/strains
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Y2HGold
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Recombinant DNA
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Marchantia polymorpha plants deriving from crosses of the accessions, Cam-1 (male) and Cam-2 (female) were maintained on Gam

borg plates (2 g/L Gamborg B5 including vitamins, pH 5.8, 5 g/L Phytoagar) in a growth room in long-day conditions at 22-23◦C, 

except where otherwise stated.

METHOD DETAILS

Analysis of protein sequences and structures

R2R3-MYB protein sequences were aligned with MAFFT57 and visualised with Jalview.58 Structural predictions of protein complexes 

were generated with Alphafold 359 and predicted aligned error plots were generated with PAE viewer.60 Homologous regions were 

identified by alignment with EMBOSS NEEDLE.61,64 Structural alignments were performed with the RCSB PDB Pairwise Structure 

Alignment tool62 with default settings.

Cloning genes from M. polymorpha

MpbHLH12 (MarpolBase: Mp2g05070), MpMYB14 (Mp5g19050), MpMYB02 (Mp3g07510), MpWDR1 (Mp5g03900), MpWDR2 

(Mp5g01830) and MpWDR3 (Mp5g06230) were amplified from cDNA by Phusion HF two-step PCR (primers AC11-14, 39-40, 72- 

75, 191, 192), and attB sites were added by another round of Phusion HF two-step PCR (primers AC87, 88). Amplicons were gel pu

rified and integrated into the Gateway entry vector pDonr201. Presence of the desired insert was confirmed by Sanger sequencing 

(primers attL1 and attL2).

Plasmid construction for expression in S. cerevisiae

The genes of interested cloned in pDonr201 were recombined into Gateway-modified versions of the destination vectors pAS2 and 

pACT2. To allow inducible expression of a third protein, pAS2-MpbHLH12 was modified as follows. MpWDR1, 2 and 3 were amplified 

from the pDonr201 entry clones by Phusion HF two-step PCR (primers TK9-14), and the methionine-repressible MET17 promoter65

and the CYC1 terminator from p406 (primers TK15-18). pAS2-MpbHLH12 was digested with AflII and MluI-HF and gel purified. The 

parts were integrated into the digested vector by Gibson assembly with the HiFi Assembly Master Mix. The final assemblies were 

verified by restriction enzyme digestion and by Sanger sequencing (primers TK50 and M13F).

Genetic transformation of S. cerevisiae

Yeast media were prepared according to the Yeast Protocols Handbook (2009, Clontech Laboratories Inc.), except as stated. 

Saccharomyces cerevisiae strain AH109 was co-transformed with two plasmids, a pAS2 destination clone and a pACT2 destination 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pICSL50003 Addgene #245577

pICSL50002 Addgene #245576

pBy_12 Tse et al.54 N/A

pBy_20 Tse et al.54 N/A

pBy_01 Romani et al.55 N/A

pBy_10 Tse et al.54 N/A

Csy4-P2A �Cermák et al.56 N/A

pMODB2112 �Cermák et al.56 #91064

Software and algorithms

MAFFT v7 Katoh and Standley57 N/A

Jalview v2.11.2.7 Waterhouse et al.58 N/A

Alphafold 3 Abramson et al.59 N/A

PAE viewer Elfman and Stülke60 N/A

EMBOSS NEEDLE Rice et al.61 N/A

RCSB PDB Pairwise 

Structure Alignment

Bittrich et al.62 N/A

Fiji for ImageJ 2.9.0 Schindelin et al.63 N/A

Other

384-well plate, 

polypropylene

Greiner Cat# 781209
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clone, by small-scale LiAC yeast transformation (as in Yeast Protocols Handbook (2009, Clontech Laboratories Inc.), except YPDA 

with higher adenine content (40 mg/L) was used for the overnight cultures, and in step 8 pellets were resuspended directly in TE/ 

LiAC). Transformants were selected by growth on -LW dropout medium at 30◦C for 5-6 days.

S. cerevisiae spot testing

When yeast colonies had grown to a size of ∼1-2 cm on the selective plates, spot tests were performed as follows. Each colony 

picked was inoculated in 200 μL sterile 1X TE in wells of a sterile microtitre plate. 10 μL was transferred from the inoculated wells 

to clean wells of 200 μL sterile TE and mixed, and 10 μL was transferred from each of these wells to clean wells of 200 μL sterile 

TE, to obtain two serially diluted replicates for each colony. 3 μL was plated from each well onto the amino acid dropout media plates. 

The media used were -LW, -LWH, - LWHA, and -LWH and where applies were supplemented with 3-amino-1,2,4-triazole (3-AT) for 

the desired concentration. Spot test plates were grown at 30◦C for 4-5 days and imaged with a Canon EOS 500D. As our lab-main

tained AH109 strain was found to require methionine for growth, a fresh stock of Takara Matchmaker Y2HGold was maintained on 

modified -M medium (with 40 mg/L adenine and 100 mg/L aspartic acid and pH adjusted to 5.8), for use with the methionine-repress

ible expression system. For this, co-transformation was carried out as above, with the following exceptions. In preparation for trans

formation, the strain was grown on the modified -M medium for ∼7 days. ∼10-18 colonies (each ∼1-2 mm in diameter) were inoc

ulated in liquid modified -M medium and grown at 30◦C and 180 rpm for ∼24 hours. Transformants were selected on -LWM (with 

40 mg/L adenine and 100 mg/L aspartic acid and pH adjusted to 5.8). Four colonies were picked from these plates, streaked out 

individually on the same selective medium and grown for six days before spot tests. The media used for spot tests in this case 

were -LWHM (with 40 mg/L adenine and 100 mg/L aspartic acid), and -LWH++M (with 40 mg/L adenine and 300 mg/L methionine). 

These spot test plates were grown at 30◦C for 6 days before imaging with a Canon EOS 500D.

Genetic transformation of M. polymorpha

Transformation of M. polymorpha sporelings, deriving from silica-dried archegoniophores carrying Cam-1 x Cam-2 spores, was car

ried out according to Annese et al.66 Sporelings were selected on Gamborg plates supplemented with 100 μg/mL cefotaxime and 

0.5 μM chlorsulfuron and/or 20 μg/mL hygromycin. Primary transformants were transferred to new selective medium with 0.5% su

crose to encourage gemma cup production. Isogenic lines were established by culture of gemmae on selective medium. DNA ex

tractions for genotyping were performed according to Frangedakis et al.67 Samples were stored at 4◦C and 5 μL was used as the 

template for PCR amplification with KOD Xtreme Hot Start polymerase (primers TK80-81, 83-85, 90-94, 98, 99, 102, 103, 134- 

136). For gel assessment only, a positive plasmid template control and a negative water template control were included. For 

sequencing, the remaining PCR product was purified with the GeneJet PCR purification kit, eluted in 20 μL DI water and sent for 

Sanger sequencing.

Plasmid construction for bimolecular fluorescence complementation in M. polymorpha

MpWDR1, 2 and 3 were amplified from the pDonr201 entry clones. For compatibility with LOOP assembly,68 CDS12 overhangs were 

added by PCR using the Q5 High-Fidelity DNA polymerase and the Monarch PCR & DNA Cleanup Kit. MpMYB02 and MpMYB14 

were synthesised as CDS12 parts directly and cloned in pUAP1 by Genewiz. Parts were cloned into the pBy_12 backbone as in 

Tse et al.54 with cYFP (pICSL50003) or in the pBy_20 backbone with OP-49 (PROM5_35S), OP-53 (3TERM_Nos), and nYFP 

(pICSL50002). MpCYCD;1 and MpCDKA CDS12 parts were used as positive and negative controls.37

Bimolecular fluorescence complementation in M. polymorpha

M. polymorpha sporelings were transformed with two A. tumefaciens strains harbouring each plasmid and transformants were 

selected by growth on plates containing hygromycin and chlorsulfuron after two weeks. >12 independent primary transformants 

were screened for fluorescence of reconstituted YFP. Representative images were taken using a Leica SP8 confocal microscope 

with excitation at 515 nm and emission 522-540 nm for YFP and 687-739 nm for chlorophyll fluorescence. For lines expressing 

MpMYB02 or MpMYB14, autofluorescence caused by pigment production overlaps with the YFP signal, creating strong back

ground. For this reason, these samples were fixed and pigments cleared using iTOMEi-D.69,70

Generation and imaging of M. polymorpha reporter lines

pMpMYB14, pMpMYB02, pMpbHLH12 and 5UTR_MpbHLH12 were cloned in the pBy_01 binary vector as described in Romani 

et al.55 For pMpWDR1 and pMpWDR2, 3 kb of sequence 5′ to the ATG, domesticated to remove internal BsaI and SapI sites, was 

synthesised by Genewiz and cloned in a pUAP1 backbone, then subcloned in the pBy_01 binary vector using BsaI as described in 

Romani et al.55 For genetic complementation and to generate a translational reporter, a gRNA-resistant and domesticated version 

of the MpbHLH12 CDS was synthesised by Genewiz and cloned in a pUAP1 backbone, then subcloned into a pBy_10 backbone using 

BsaI54 together with pMpbHLH12, 5UTR_MpbHLH12, OP-044 (CTAG_mVenus) and OP-053 (3TERM_Nos). The final assemblies were 

confirmed by restriction enzyme digestion and Sanger sequencing. All constructs were introduced into Cam-1 x Cam-2 sporelings, 

and proMpbHLH12:MpbHLH12-mVenus, as well as p35S:MpMYB14-mVenus (pBy_10) 71, also to the Mpbhlh12-8 line by thallus trans

formation (Kubota et al., 2013), and lines were screened for mVenus fluorescence. Lines were imaged with a Leica SP5 confocal 
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microscope, and the following three channels were acquired, mVenus (excitation 514 nm, emission 527-552 nm), mScarlet (561 nm, 

595-620 nm) and chlorophyll (633 nm, 687-739 nm). Maximum intensity projections were prepared and merged for the Z-planes 

collected from the channels using Fiji.

Plasmid construction for genome editing in M. polymorpha

Parts from the OpenPlant kit and the assembly protocols reported in Sauret-Güeto et al.53 were used, with modifications as noted. 

CRISPR-Cas9 constructs singly expressing two gRNAs from separate MpU6 promoters were generated for each of MpbHLH12, 

MpMYB14, MpMYB02 and MpWDR3 to target the locus with two gRNAs, and for MpWDR1 and 2 to target them simultaneously 

with one gRNA for each locus. For these constructs, gRNA DNA oligos were annealed and integrated in L1_lacZgRNA-Ck2 or 

L1_lacZgRNA-Ck3. Additionally, we used the Csy4 CRISPR-associated ribonuclease system for polycistronic expression of four 

gRNAs (two for MpWDR1 and two for MpWDR2) or six gRNAs (two for each of MpWDR1, 2 and 3). The Csy4 coding sequence 

was amplified by Phusion HF two-step PCR from pAC_06_L0_Csy4P2A with TK23 and 24, cloned in pUAP4 and assembled in an 

L1 construct (L1_Csy4-Ck3) with the MpUBE2 promoter (OP-047) and the Nos-35S terminator (OP-054), and confirmed by restriction 

enzyme digestion and Sanger sequencing (primer TK71). Additionally, a version of the 5UTR_MpUBE2 part was prepared with a 3′

Csy4 recognition sequence by Phusion HF two-step PCR (primer TK19-22) and cloned in pUAP4. Parts for the polycistronic gRNA 

arrays were amplified from this part and from pMODB2112 by Phusion HF two-step PCR (primers TK28-29,34-37,52-59) and assem

bled directly into pUAP4 using a custom SapI syntax and verified by Sanger sequencing. These were incorporated into L1 constructs 

(L1_polycistronic_gRNA_array-Ck2) as above, with the MpUBE2 promoter (OP-047) and the Nos-35S terminator (OP-054). L2 as

semblies were generated always with L1_CsR-Ck1 (OP-062) and L1_Cas9-Ck4 (OP-073) and with either L1_gRNA1-Ck2 and 

L1_gRNA2-Ck3 or L1_polycistronic_gRNA_array-Ck2 and L1_Csy4-Ck3. L3 assemblies were carried out to add a ubiquitous mTur

quoise for initial screening for transformation success, by combining L2_UBE2:mT-N7-CsA, the CRISPR-Cas9 L2 plasmids gener

ated (all in CsC) and spacers in pCsB and E (OP-014, OP-016). The final assemblies were confirmed by restriction enzyme digestion 

and Sanger sequencing (with p_CF, p_CR, AC188, TK41, TK45, TK49).

Phenotypic analysis of M. polymorpha

Induction of auronidin pigmentation was carried out according to Albert et al.20 Four-week old plants were transferred to minimal 

medium, with the exception of the complemented lines (Figure S2), which were transferred at two weeks of age. 14–15 days after 

transfer to minimal medium, pigmentation status was scored visually and plants were imaged with a Keyence VHX Digital Micro

scope. Auronidin content was quantified in thallus pieces cultured on minimal medium for 11 days, as follows. Approximately 

100 mg of fresh thallus tissue was disrupted with a plastic pestle in 1 mL 80:19:1 methanol:water:formic acid,20 vortexed for 10 sec

onds and centrifuged for 2 minutes at 13,300 rpm. To perform absorbance measurements with a BMG ClariostarPlus plate reader, 

50 μL of the supernatant was transferred to a 384-well polypropylene microplate. Excitation at 490–15 nm and emission 570-8 nm 

(gain: 1512) were used, values were collected as 1 mm orbital average with the fluorescence intensity end-point mode, adjusted by 

subtracting the value of the blank and normalised by fresh weight. Oil bodies were analysed in gemmae stained with 500 nM BODIPY 

493/503. Gemmae were stained for 10 minutes, rinsed twice in water with 0.1% Triton-X100 and imaged with a Leica SP5 Confocal 

Microscope (excitation 496 nm, emission 503-533nm). Maximum intensity projections were prepared and merged for the Z-planes 

collected from the two channels and stained oil bodies were counted in Fiji. In addition to oil bodies, staining was observed in rhizoid 

initials and slime papillae, and these structures were excluded from the count. The length of the perimeters of the gemmae were 

measured by Fiji on masks generated using thresholding (15-255) on maximum intensity projections of the Z-planes collected 

from the chlorophyll channel.

QUANTIFICATION AND STATISTICAL ANALYSIS

To evaluate the structural predictions of protein complexes, we used conventional confidence scores, the predicted aligned error 

(PAE) for each position relative to each other position in the prediction and the interface predicted template modelling score 

(iPTM) for the overall prediction. We used a one-tailed Mann-Whitney U test to test, for each of several independent lines for each 

genotype, whether they showed a significant reduction relative to the control line in auronidin content and normalised oil body counts 

respectively. Plotting and statistical analyses were carried out with the Python libraries pandas, matplotlib, scipy and seaborn using 

the Jupyter Notebook platform.72–74
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Figure S1. Additional replicates of yeast two-hybrid tests, related to Figure 2 

On each plate, each row corresponds to a different combination of plasmids, indicated in the tables, used for co-transformation. The columns 

going left to right represent one replicate, followed by two 20-times serial dilutions, followed by the next replicate, and so on. Four biological 

replicates were performed for each combination, one of which is given in Figure 2. Autoactivation tests are highlighted in yellow and interaction 

tests between proteins of interest are highlighted in green. Growth on medium without leucine and tryptophan (-LW) confirms that the colonies 

carry both plasmids with the gene indicated in the table in translational fusion with either the Binding Domain (BD) or Activation Domain (AD) of 

the yeast transcription factor GAL4. Protein-protein interaction allows a reconstituted GAL4 to drive expression of reporter genes from the GAL4 

Upstream Activation Sequence (UAS). Reporter gene expression complements auxotrophic mutations in histidine and adenine biosynthesis 

genes in the background genotype, allowing the yeast to grow in the absence of these amino acids (-HA). 3-amino-1,2,4-triazole (3-AT) is a 

competitive inhibitor of the gene product of the histidine reporter. In one experiment, a MET17 cassette integrated on the BD plasmid drives 

methionine-repressible (-M condition vs ++M condition) expression of a third gene.



 

 

Figure S2. Additional transgenic lines, related to Figures 3 and 4 and the Discussion 

A. Maximum intensity projection of the mVenus and chlorophyll channels acquired by confocal 

microscopy of a dormant gemma from a translational reporter line for MpbHLH12. MpbHLH12 

protein accumulated around the periphery, including at notch regions, and in oil body cells 

(see arrow and inset). B. The gRNA-resistant version of the MpbHLH12 CDS encoded by the 

translational reporter could genetically complement the defects in pigmentation and oil body 

maturation in a bhlh12 knockout line. See quantification of the phenotypes in Figure 4. Here, 



 

the images show pigmentation in lines transferred to minimal medium at two weeks of age 

and grown for a further two weeks. C. Overexpression of MpMYB14-mVenus in the wild type 

(Cam-1/2) and the Mpbhlh12-8 mutant background. Representative bright field images are 

shown alongside maximum intensity projections of the mVenus channel acquired by confocal 

microscopy of equivalent lines. In the wild-type background, auronidins accumulated and 

generated autofluorescence in the mVenus channel. In the mutant background, this 

accumulation was not observed, and the nuclear localised MpMYB14-mVenus could be clearly 

distinguished. 
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Figure S3. Overview of CRISPR/Cas9 mutants, related to Figure 4 

The positions of CRISPR/Cas9 guide target sequences on the gene models (not to scale) are 

shown, and the edits introduced are given for each line analysed. 
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Figure S4. Phenotypic scoring for additional independent transgenic lines, related to 

Figure 4 

Pigmentation under nutrient deprivation is shown for an additional independent CRISPR/Cas9 

knockout line to that in the main figure for each of MpMYB14, MpMYB02, MpWDR2 and 

MpWDR3. The scale bar is 2 mm. For MpbHLH12, three additional lines are shown. Only one 

wdr1,2 double mutant line was identified, shown here, and no other wdr1 mutant alleles were 



 

recovered. Visual scoring indicated that this line showed pigmentation under nutrient 

deprivation, and structures recovered from the dorsal surface of the thallus, which may 

represent anatomically aberrant gemmae, showed BODIPY staining in unidentified areas. The 

brightfield and merged fluorescence channels are shown for an example of such a structure, 

here the scale bar is 100 μm. Note that the phenotypes here associated with a wdr1,2 

genotype could not be validated by examination of another independent line.  
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