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All plants grow from stem cells or a collection of stem cells organized at meristems. The activity and function 

of these meristems determine plant morphology. In shoots, development at the Shoot Apical Meristem (SAM) 

determines the rate and position of lateral organ formation, the transition from vegetative to reproductive 

growth, and the overall branching architecture. SAMs accomplish these functions while maintaining 

themselves and simultaneously producing cells incorporated into lateral organs.  

Decades of research in the model plant Arabidopsis thaliana has revealed numerous mechanisms at play 

regulating meristem function. A negative feedback loop between the indeterminacy promoting transcription 

factor WUSCHEL (WUS), the secreted peptide CLAVATA3 (CLV3), and a series of LEUCINE-RICH 

REPEAT RECEPTOR-LIKE KINASEs (LRR-RLKs) that inhibit WUS comprises the canonical network 

governing SAM maintenance. WUS is induced by the phytohormone cytokinin, which is in turn regulated by 

crosstalk from another phytohormone: auxin. Altogether, a complex regulatory network composed of WUS, 

CLV3, LRR-RLKs, cytokinin, and auxin regulates the function of the SAM. 

Our understanding of SAM function is limited outside of Arabidopsis and a few crops. However, even 

anatomically and evolutionarily disparate SAMs must perform the same functions as those in angiosperms. 

For example, whereas diploid flowering plant SAMs are multicellular structures organized into distinct clonal 

layers and different functional domains, the haploid shoot of  the moss Physcomitrium patens is derived from 

a single tetrahedral apical cell. This apical cell nonetheless produces leaves (phyllids) in a spiral phyllotactic 

pattern while maintaining itself until it establishes the site of reproductive organ formation. In my dissertation 
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work, I sought to elucidate whether the mechanisms regulating the function of this single celled meristem 

parallel those in the flowering plant SAM. 

I took a reverse-genetics approach and assessed the function of moss LRR-RLK genes CLAVATA1a (CLV1a), 

CLV1b, and RECEPTOR-LIKE PROTEIN KINASE2 (RPK2), which are orthologs of LRR-RLKs that inhibit 

WUS in Arabidopsis. I found that these LRR-RLK genes performed the same developmental function in moss 

as in flowering plants, namely the inhibition of stem cell specification. Fascinatingly, published data suggest 

that WUSCHEL-RELATED HOMEOBOX (WOX) genes do not function in regulation of the moss SAM, 

leading me to ask how CLV1 and RPK2 function in moss if not by inhibiting WUS.  

In both moss and flowering plants, cytokinin promotes SAM specification and function while CLV1 and 

RPK2 inhibit them. Given the absence of a WOX gene from moss stem cell regulation I tested whether there is 

crosstalk between cytokinin and CLV1/RPK2. Using a combination of genetics, hormone treatments, and 

mathematical modeling, I provide support for a model where CLV1 acts upstream of cytokinin-mediated 

SAM specification while RPK2 acts in a distinct pathway. Next, by combinatorically increasing and 

decreasing auxin and cytokinin signaling, I show that the ratio of auxin to cytokinin signaling also governs 

moss shoot morphogenesis.  

Overall, this work supports the conclusion that similar mechanisms support SAM function in mosses and 

flowering plants, despite the independent evolution of these shoots over four hundred million years ago. To 

support future evolutionary and developmental work on this topic, my final contribution is a phylogenetic 

analysis and functional summary of stem cell-regulating LRR-RLKs. In total, I hope that this work 

contributes to a general understanding of the developmental mechanisms at play across the land plant tree of 

life.  
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Chapter 1: Cytokinin and CLE signaling are highly intertwined 

developmental regulators across tissues and species. 

Foreword 
This chapter presents the final version of the review article I wrote for Current Opinion in Plant Biology, 

published in October 2019.  

This review stemmed from my interest in crosstalk between CLE and cytokinin signaling, and the knowledge 

I gained by writing it served as the basis for my experiments in Chapter 3.  

The article in its published form can be found at: https://doi.org/10.1016/j.pbi.2019.05.006 

Cammarata, J., Roeder, A.H., and Scanlon, M.J. (2019). Cytokinin and CLE signaling are highly 

intertwined developmental regulators across tissues and species. Curr. Opin. Plant Biol. 51, 96–104. 

This article is reprinted under Elsevier’s permission to the author to reprint the article in a thesis or 

dissertation. 

     

https://doi.org/10.1016/j.pbi.2019.05.006
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Cytokinin and CLE signaling are highly intertwined 

developmental regulators across tissues and species. 
 

Joseph Cammarata1,2, Adrienne H.K. Roeder1,2, Michael J. Scanlon1 

Affiliations  
1. Cornell University School of Integrative Plant Sciences, Section of Plant Biology 

2. Weill Institute for Cell and Molecular Biology 

Highlights 

• CLE peptide ligands and the hormone cytokinin comprise potent, interactive regulators of plant 

development. 

• Comparative analyses support a model for the evolution of conserved, developmental interactions of 

CLE and cytokinin signaling across wide, phylogenetic distance.   

• CLE and cytokinin signaling confer antagonistic developmental functions in shoot development but 

act synergistically during root development.  

Abstract 
The control of cell identity and differentiation is critical for proper development. In plants, cell identity is 

largely determined by a cell’s spatial context, which is communicated in the form of varying abundances of 

hormones. Two classes of hormones: the classical phytohormone cytokinin and the small CLE peptide 

hormones, are potent regulators of cell division and cell differentiation. While a relationship between these 

two classes of hormones is well-established at developing shoot tips, recent evidence suggests that CLE and 

cytokinin signaling converge on the same developmental processes across many different contexts and in 

widely divergent species. Here we review evidence predominately from Arabidopsis thaliana and the moss 

Physcomitrella patens that supports a general model where CLE and cytokinin signaling are highly 

intertwined developmental regulators with antagonistic functions in shoots and synergistic functions in roots.  
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Main Text 
Plants have the ability to maintain indeterminate postembryonic growth, by reserving pools of slowly dividing 

stem cells at key developmental and organogenic regions such as the shoot apical meristem (SAM) at the tip 

of the shoot; the procambium in the primary vasculature; and the root apical meristem (RAM) at the root tip.  

Additionally, development of specialized cell types or organs often involves transient meristematic cells, such 

as the meristemoid during stomatagenesis. Function of these meristems requires a strict balance between stem 

cell identity and cell differentiation.  

Many pathways regulating plant stem cell identity have been discovered across diverse organs and species. 

Recent data suggest that two such pathways, one consisting of CLAVATA3/EMBRYO SURROUNDING 

REGION (CLE) peptide ligands and their membrane bound kinase receptors, and the other comprising the 

signaling pathway of the phytohormone cytokinin, converge on regulating common developmental processes 

across land plants (Figure 1). Specifically, evidence suggests that CLEs and cytokinin act antagonistically in 

shoots and cooperatively in roots. While cytokinin and CLE signaling during plant development have been 

reviewed recently[•1–•4]; this review will focus on recent evidence of functional overlaps between these two 

pathways. 

A brief overview of cytokinin and CLE signaling 
The phytohormone cytokinin signals through a two-component phosphor-relay similar to bacterial signaling 

systems[5]. The Arabidopsis cytokinin receptors are encoded by the ARABIDOPSIS HISTIDINE KINASE 

(AHK) genes, and similar histidine kinases have been shown to perceive and relay cytokinin signaling in other 

species[6–8]. The histidine kinases phosphorylate ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER 
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(AHP) proteins, which relay the phosphate onto the class B ARABIDOPSIS RESPONSE REGULATOR (B-

ARR) transcription factors that activate the downstream genetic response[9–12]. One set of genes activated by 

B-ARRs are the class A ARABIDOPSIS RESPONSE REGULATORs (A-ARRs), which resemble B-ARRs 

except that the encoded proteins lack DNA binding domains[13]. These A-ARRs are inhibitors of B-ARRs; 

thus, cytokinin signaling includes a negative feedback loop. Other inhibitors of cytokinin signaling include 

the pseudo-histidine phosphotransfer protein, AHP6[14]. Crosstalk between cytokinin and other 

developmental regulators such as auxin can influence cytokinin signaling independently of cytokinin 

concentration, e.g. by inhibiting A-ARR expression[15–18]. 

CLEs are small peptide hormones that are produced in many developing and mature contexts[19]. CLEs can 

act non-cell autonomously, and influence cell division and differentiation. The mechanisms of CLE 

perception are poorly understood, but broadly, CLEs signal through transmembrane LEUCINE RICH-

REPEAT RECEPTOR-LIKE KINASEs (LRR/RLKs). Plants contain large LRR/RLK gene families with 

genes from diverse evolutionary clades implicated in CLE signaling, making elucidation of CLE-receptor 

relationships difficult[20]. While downstream CLE signaling is even less well understood, a number of cell 

signaling intermediates including MITOGEN-ACTIVATED PROTEIN KINASEs (MAPKs) and 

Figure 1. CLE and cytokinin signaling are antagonistic in the shoot, but 

cooperative in the root. Schematic outlining convergence of CLE and cytokinin 

signaling in Arabidopsis. Where possible, known transcriptional hubs that these 

signaling pathways center around are included. Red lines indicate inhibition; blue 

arrows induction. 
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heterotrimeric G-proteins have been implicated[21,22]. Overlaps and general trends in CLE signaling 

responses through different receptors have been difficult to identify. Indeed, recent evidence suggests that a 

given CLE receptor can transmit different intracellular signals depending on the CLE ligand[•22]. Adding 

another layer of complexity, many LRR/RLKs such as BARELY ANY MERISTEM (BAM) are implicated 

both in development and immunity[24]. This review does not consider TRACHEARY ELEMENT 

DIFFERENTIATION INHIBITORY FACTOR (TDIF)-like CLEs, which elicit a different set of responses 

from CLV3-like peptides[25,26].  

CLEs antagonize Cytokinin in the SAM to suppress stem cell identity.  
Primary shoot growth occurs at the SAM, a dome-shaped structure that balances the maintenance of an 

undifferentiated pool of stem cells with the patterning and allocation of those cells for lateral organ 

production. Cytokinin promotes SAM formation and identity[27], and the expression of the homeobox 

transcription factor-encoding gene WUSCHEL. WUS is expressed early during SAM formation and is 

necessary for SAM maintenance[28,29]. Cytokinin directly promotes WUS expression in the organizing 

center in the middle of the SAM, and WUS specifies stem cell identity in the cell layers of the central zone 

above the organizing center[30,31]. WUS also stabilizes cytokinin response by inhibiting the expression of A-

ARRs, thus replacing the cytokinin negative feedback loop with a positive feedback loop[18]. Cytokinin 

signaling, WUS expression, and the stem cell population do not expand unchecked however, as WUS 

establishes a new negative feedback loop by inducing the production of the CLE peptide CLV3 in the central 

zone[32,33]. Secreted CLV3 signals via a series of LRR-RLKs including CLAVATA1 (CLV1)[34], 

BAM[35], CLAVATA2 (CLV2)[36], CORYNE (CRN)[37], and RECEPTOR-LIKE PROTEIN KINASE 

2/TOADSTOOL 2 (RPK2/TOAD2)[38,39] to repress WUS[40,41].  Altogether, CLE and cytokinin 

antagonism establish a bi-stable state where above a certain threshold concentration of cytokinin, WUS 

expression and downstream cytokinin signaling are maintained. Below that threshold concentration, CLE 

signaling inhibits WUS and stem cell identity is lost (Figure 2B)[42]. This exquisite regulation of stem cell 

identity to maintain a meristem with a consistent size is conserved in diverse angiosperms[2,43].  
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CLEs inhibit cytokinin-induced stomatagenesis  
During stomatal development, a transient stem cell called the meristemoid forms from the protoderm and 

divides asymmetrically, giving rise to another meristemoid and a stomatal lineage ground cell (SLGC). Entry 

into the stomatal lineage and meristemoid identity is promoted by the bHLH transcription factor 

SPEECHLESS (SPCH)[44,45]. The total number of stomata formed on a leaf is tightly regulated, and 

recently, roles for CLEs and cytokinin were discovered in regulating stomatal number[44••,45••]. As in the 

SAM, CLEs and cytokinin have antagonistic functions, here converging on expression of SPCH (Figure 2C). 

Cytokinin induces the expression of SPCH, thus increasing the number of meristemoids formed[44••]. While 

SPCH is inherited by both daughter cells after asymmetric cell division of the meristemoid, it is usually 

rapidly degraded in the SLGC. To inhibit persistence of SPCH in the SLGC daughter, SPCH in the 

meristemoid daughter promotes the expression of CLE10. CLE10 signals through the LRR/RLK HEASA-

LIKE1 (HSL1) to ensure degradation of SPCH in the SLGC, thus reducing the likelihood that another 

meristemoid will be formed by that SLGC. Inhibition of SPCH by HSL1 requires intact residues on SPCH 

associated with MAPK-dependent phosphorylation and degradation[45••]. Unexpectedly, other mutations 

affecting MAPK regulation of SPCH produce clustered stomata[48], whereas cle9/10 and hsl1 mutants do 

not, suggesting a more nuanced inhibition of SPCH by HSL1 that might include MAPK. Interestingly, time 

appears to be an essential factor in this feedback loop; continued division of the SLGC depends on the speed 

of SPCH turnover. As in the SAM, CLEs function downstream of cytokinin signaling as part of a negative 

feedback loop to repress cytokinin effects during stomatagenesis.  

Pieces of a puzzle: CLE and cytokinin signaling oppose each other during reproductive 

development 
During early carpel development, internal tissues are produced by a meristematic medial domain. While 

cytokinin promotes meristematic activity in the medial domain at least in part by inducing expression of 

SPOROCYTELESS/NOZZLE (SPL/NZL), CLE pathway loss of function mutants including clv1, clv2, and 

rpk2 exhibit enhanced meristematic activity, indicating a role for CLEs inhibiting medial domain growth[49]. 
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This interaction between CLEs, cytokinin, and SPL/NZZ might be indirect and mediated by WUS, which also 

functions in the medial domain[50–53]. 

While both CLE and cytokinin signaling are demonstrated regulators of early carpel development, thus far 

only a role for cytokinin has been identified in the developing ovule (Figure 2D). Exogenous cytokinin 

treatment during ovule development induces ectopic SPL/NZZ expression. This response requires intact 

cytokinin receptors[51]. As in the medial domain during early carpel development, WUSCHEL is also 

expressed in and required for ovule development[50]. Additionally, wus and spl/nzz loss of function mutants 

each produce similar finger-like ovules, making it difficult to disentangle the contributions of these two 

transcription factors.  

While cytokinin promotes SPL/NZZ expression during ovule development with no known role for CLEs 

there, CLE signaling inhibits SPL/NZZ in the anther with no known contribution from cytokinin signaling 

(Figure 2D). Early Arabidopsis anther development requires strict control of cell division and cell identity to 

produce four concentric cell layers[54,55]. First, cells derived from the second cell layer of the floral 

meristem differentiate into archesporial initials. Two more rounds of periclinal divisions produce, from 

outside in, the endothecium, the middle layer, the tapetum, and the sporogenous cells (Figure 2D). The CLE 

receptors RPK2/TOAD2 and (BAM) and their CLAVATA3 INSENSITIVE RECEPTOR KINASEs (CIK) co-

receptors are required for proper anther development[54-58••,59••]. CLE receptor mutants misspecify cell 

identity and fail to undergo the stereotypical periclinal cell divisions that produce the layers of the anther. 

Instead, rpk2, bam, and cik mutant anthers have overly abundant sporogenous cells and swollen tapetum 

cells[54–56]. This misspecification is concurrent with ectopic and higher expression of the transcription factor 

SPL/NZZ (Figure 2D).  
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These data leave us with pieces of a puzzle. Cytokinin promotes whereas CLE signaling inhibits SPL/NZZ in 

the carpel medial domain, but this interaction could be another instance of signaling through WUS. 

Meanwhile, cytokinin induces SPL/NZZ in ovules while CLE signaling represses SPL/NZZ in anthers, but 

roles for CLEs in ovule development and cytokinin in anther development are unknown. It will be interesting 

to see whether these data from the anther and ovule represent pieces of a whole network regulating SPL/NZZ, 

or whether regulation of SPL/NZZ is in fact distinct between anthers and ovules.  

Cytokinin gain of function resembles CLE loss of function in the early embryo  
While direct interactions between CLE and cytokinin signaling have not been found in the Arabidopsis 

embryo, evidence suggests that similarly to the shoot, CLE and cytokinin signaling act antagonistically there. 

Putative CLE receptor RPK2 and its paralog RPK1 have redundant functions in the embryo. In rpk1;rpk2 

Figure 2. CLE and Cytokinin interactions during development in the Arabidopsis shoot. A) In 
each case, CLEs inhibit processes induced by cytokinin in the Arabidopsis shoot. B) In the 
SAM, cytokinin induces WUS, which sustains cytokinin signaling. WUS then promotes the 
expression of CLV3, which inhibits WUS through a series of receptors including CLV1. C) The 
meristemoid is a transient stem cell established during stomatagenesis. SPCH, the master 
regulator of meristemoid identity, is promoted by cytokinin; SPCH then promotes synthesis of 
CLE9/10, which acts through HSL1 to promote SPCH degradation and prevent the formation 
of additional meristemoids. D) CLE signaling inhibits SPL/NZZ expression during anther 
development, while cytokinin promotes SPL/NZZ expression during ovule development. 
However, roles for cytokinin in the anther or CLEs in the ovule are not well established.  
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double loss of function embryos, cells swell and become disorganized, epidermal and ground tissue identity 

are lost, PIN-FORMED (PIN) expression is reduced, cotyledons fail to form, and vascular initial markers 

expand throughout the embryo[60,61].These embryos morphologically resemble Arabidopsis embryos in 

which B-ARRs are overexpressed or A-ARRs are repressed at early developmental stages, thus boosting 

cytokinin signaling[62]. This resemblance includes changes in gene expression: in both rpk1;rpk2 and 

hyperactive cytokinin signaling embryos, expression of ground tissue marker gene SCARECROW (SCR) and 

of RAM marker WUSCHEL RELATED HOMEOBOX 5 (WOX5) is reduced and diffuse[60–62]. However, a 

convincing connection between CLE and cytokinin signaling will require more careful comparisons of gene 

expression changes through embryo development of rpk1; rpk2/+ and high-cytokinin signaling embryos.  

CLE and cytokinin signaling are antagonistic in the moss, Physcomitrella 
In addition to the examples from Arabidopsis thaliana above, CLE and cytokinin signaling have antagonistic 

functions in the distantly related moss Physcomitrella patens (Figure 3A). In Physcomitrella, juvenile 

filamentous tissue called protonema branches to produce additional filaments or an asymmetrically dividing 

bud that establishes a SAM and gives rise to a leafy shoot[63]. Physcomitrella clavata1, rpk2, or amiRNA-

CLE lines all produce greater numbers of buds than wild type plants – indicating a higher propensity to 

initiate asymmetrically dividing SAMs (Figure 3B) – and display ectopic meristems along the lengths of their 

shoots (Figure 3C) – indicating an inability to maintain differentiation[62••]. Cytokinin treatment also 

increases bud number and can induce ectopic SAMs on shoots (Figure 3B, C)[65–67], and cytokinin receptor 

mutants form very few and delayed buds[68], demonstrating that these two pathways antagonistically regulate 

SAM initiation and maintenance of differentiation (Figure 3B).  

In Physcomitrella, an additional link between CLE signaling and cytokinin signaling exists in the control of 

leaf cell proliferation. Physcomitrella grown on CLE peptides have smaller leaves and shoots, and this 

reduction in leaf size is caused by a reduction in cell number (Figure 3D)[62••]. Similarly, cytokinin receptor 

loss of function mutants have small leaves with fewer cells[68], while treatment with low concentrations of 

cytokinin promotes cell division in the leaf and results in larger leaves (Figure 3D)[69]. Collectively, these 
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two lines of evidence suggest that the opposing roles of CLE and cytokinin signaling in regulating meristem 

function and cell division are more generally conserved in the moss Physcomitrella.  

Intriguingly, while the roles of CLEs in regulating the SAM are conserved, the role for WUS in this process is 

not. The WUSCHEL-LIKE HOMEOBOX (WOX) gene family contains three major clades: the WUS-like 

clade, the intermediate clade, and the ancient clade[70]. The Physcomitrella genome contains only members 

of the ancient clade of WOX genes. Loss of WOX gene function results in tip growth defects and arrest of the 

zygote, but had no effect on SAM or shoot development in moss[71]. This implies that CLV receptors were 

an important component of ancestral SAM signaling that pre-dated the addition of WOX genes to this 

network. This points to a fascinatingly open area of research, as WOX-independent functions of CLV1 and its 

cohort of seemingly redundant LRR-RLKs in the SAM are largely unexplored.  

CLEs and Cytokinin act cooperatively in the root 
While in each case from the Arabidopsis and Physcomitrella shoots discussed above CLEs and cytokinin 

antagonistically regulate the same processes, this pattern is reversed in the Arabidopsis root (Figure 4A). Here 

Figure 3. CLE and Cytokinin regulation of cell identity and division are conserved in moss. A) The 

basic body plan of Physcomitrella patens consists of protonema filaments (P) and leafy 

gametophores (G). In each tissue, CLEs appear to inhibit effects elicited by cytokinin. B) Filament 

initials either persist as new filaments or differentiate into 3D-growing buds; bud production is 

promoted by cytokinin and inhibited by CLE signaling. C) Treatment with exogenous cytokinin or 

mutating CLE signaling pathway components induces ectopic apical meristem formation on moss 

shoots. D) Treatment with low levels of cytokinin promotes cell division and results in wider leaves, 

while cytokinin receptor mutants and CLE treatment each result in narrower leaves with fewer cells 
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we describe how CLE and cytokinin signaling both reduce the overall size of the RAM, inhibit stem cell 

identity in the RAM center, and inhibit protoxylem formation.  

CLEs and Cytokinin both promote meristem to transition zone differentiation  
Whereas cytokinin promotes meristem maintenance and expansion in the shoot, in the root it promotes 

differentiation from the meristem zone, where cells divide abundantly, to the transition zone, where cells 

elongate (Figure 4B). Transition zone identity is induced by repression of auxin signaling by cytokinin-

mediated expression of SHORT HYPOCOTYL 2 (SHY2), which encodes an AUX/IAA inhibitor of auxin 

response[72]. Diverse CLEs also shorten the meristem and promote transition zone identity. In one proposed 

mechanism, CLE signaling in the developing protophloem is responsible for shortening the meristematic zone 

(Figure 4B)[71•]. Mutants of the CLE pathway pseudo-kinase CRN are insensitive to CLE-induced meristem 

shortening, but CRN expression solely in the protophloem restores RAM-shortening sensitivity to CLEs[71•]. 

These data suggest that CLE action in developing protophloem is sufficient to shorten the RAM. Because 

cytokinin is transported through the phloem, it is appealing to think that CLEs alter the distribution of 

cytokinin by inhibiting protophloem development, thus indirectly inducing SHY2 and promoting transition 

zone identity[74]. However, directly reducing the cytokinin content of the phloem by inducing cytokinin 

degradation there does not change the RAM size[74]. This suggests that cytokinin abundance in the phloem 

(as opposed to in the cortex) does not directly influence SHY2-mediated differentiation. However, inhibition 

of protophloem development may result in a more drastic redistribution of cytokinin or its downstream 

signaling than could be alleviated by inducing cytokinin degradation in the phloem. It would be interesting to 

investigate how cytokinin response and SHY2 expression are altered upon CLE addition.  

CLEs and cytokinin antagonize the root stem cell niche  
Stem cell differentiation in the RAM is inhibited by the close relative of WUS, WOX5, which acts non-cell 

autonomously to maintain stem cells around the Quiescent Center (QC)[75]. In a network reminiscent of the 

CLV3-WUS feedback loop in the SAM, CLE40 acts through CLV1 and ARABIDOPSIS CRINKLEY 4 

(ACR4) to restrict WOX5 expression and promote cell differentiation (Figure4B)[76]. Treatment with CLE40 

results in a loss of the QC and a shift of WOX5 expression away from the columella, where ACR4 and CLV1 
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are present[76,77]. In contrast to the SAM where CLV1 and WUS are expressed in overlapping domains, 

however, CLV1 and ACR4 are expressed in non-overlapping domains with WOX5, suggesting that CLE40-

mediated regulation of WOX5 is indirect. Similarly, Cytokinin also inhibits WOX5 expression 

(Figure4B)[10,78]. While CLEs exert a stronger effect on the QC than cytokinin, there are likely robust 

mechanisms limiting cytokinin response there, which is consistent with a strong auxin response maximum in 

the QC. QC-specific induction of genes that circumvent such feedback loops or inhibitory effects, such as 

constitutively active B-ARRs or CKI, could reveal whether downstream effects of cytokinin signaling in the 

RAM are similar to those of CLEs. Also, it is not clear whether CLEs and cytokinin inhibit WOX5 

independently, or whether they act through overlapping signaling pathways.  

CLEs support cytokinin function to inhibit xylem and promote procambial identity in the root  
The Arabidopsis root is bisymmetrical, possessing two poles of phloem cells, a line of xylem cells through the 

center, and procambial cells between the xylem and phloem. To produce this bisymmetric pattern, cytokinin 

inhibits auxin transport in the procambium and phloem while focusing auxin transport through the xylem 

Figure 4. CLE and Cytokinin signaling promote overlapping processes in the Arabidopsis root. A) 
Throughout the Arabidopsis root, CLEs either support cytokinin signaling or converge by promoting 
the same downstream targets. B) Both CLE and cytokinin signaling promote transition zone identity 
and inhibit meristem identity. Within the stem cell niche, CLE and cytokinin signaling inhibit WOX5 
expression and QC function; it is currently unclear whether they act together or independently. C) 
CLE signaling directly promotes cytokinin signaling in procambial cells adjacent to the xylem poles 
in the root. Together, these pathways inhibit protoxylem identity and ensure proper vascular 
patterning.  
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poles[79]. High auxin abundance in those xylem poles promotes xylem identity and acts through the bHLH 

transcription factors TARGET OF MONOPTEROS 5 and LONESOME HIGHWAY (TMO5 and LHW) to 

activate LONELY GUY (LOG) genes, which synthesize active cytokinin Auxin also promotes the expression 

of AHP6, a cytokinin response inhibitor[79]. In neighboring cells, active cytokinin prevents xylem cell 

identity and promotes periclinal divisions, while AHP6 inhibits cytokinin response in the xylem 

poles[77,78•,79]. Intriguingly, clv2 mutants display a spread of AHP6 expression and xylem cell identity from 

the xylem poles to adjacent procambial cells, indicating a reduction of cytokinin signaling (Figure 4C)[82]. 

Meanwhile, treatment with CLE10 similarly inhibits protoxylem development. The relationship between CLE 

and cytokinin signaling here is one of the best established. B-ARR double mutants arr10;arr12, which are 

insensitive to cytokinin-mediated inhibition of protoxylem[82], are also insensitive to CLE10-mediated 

protoxylem inhibition, indicating that CLE10 functions through the cytokinin pathway[82]. CLE10 signals 

through CLV2 to repress the inhibitory ARR5 and ARR6, allowing for sustained cytokinin signaling and 

inhibition of protoxylem identity (Figure 4C).  

Conclusion 
Here we have described numerous contexts where CLE and cytokinin signaling seem to converge on the same 

developmental processes. In a few cases, this interaction appears direct, such as CLE-mediated inhibition of 

A-ARRs in root procambium or of cytokinin-induced WUS in the SAM. However, the downstream signaling 

pathways of CLE receptors are still very poorly understood, making it difficult to tell whether the apparent 

convergence of CLE and cytokinin signaling presented here is mechanistically direct or indirect. Additionally, 

both cytokinin and CLE signaling are influenced by crosstalk with numerous other developmental signaling 

pathways, including auxin and brassinosteroids, which play important roles in many of the developmental 

processes discussed in this review[83–86]. It is thus possible that the apparent high degree of overlap between 

CLE and cytokinin signaling owes to our incomplete understanding of this highly interconnected and complex 

system. However, recent evidence of overlap between CLE and cytokinin signaling is abundant and extends 

across tissues and distantly related plant lineages, suggesting that this is a connection worth investigating.  
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Chapter 2: CLAVATA was a genetic novelty for the morphological 

innovation of 3D growth in land plants 
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Summary: 

How genes shape diverse plant and animal body forms is a key question in biology. Unlike animal cells, plant 

cells are confined by rigid cell walls, and cell division plane orientation and growth rather than cell movement 

determine overall body form. The emergence of plants on land coincided with a new capacity to rotate stem 

cell divisions through multiple planes, and this enabled three-dimensional (3D) forms to arise from ancestral 

forms constrained to 2D growth. The genes involved in this evolutionary innovation are largely unknown. The 

evolution of 3D growth is recapitulated during the development of modern mosses when leafy shoots arise from 

a filamentous (2D) precursor tissue. Here we show that a conserved, CLAVATA peptide/receptor-like kinase 

pathway originated with land plants and orients stem cell division planes during the transition from 2D to 3D 

growth in a moss, Physcomitrella. We find that this newly identified role for CLAVATA in regulating cell 

division plane orientation is shared between Physcomitrella and Arabidopsis. We report that roles for 

CLAVATA in regulating cell proliferation and cell fate are also shared, and that CLAVATA-like peptides act 

via conserved receptor components in Physcomitrella. Our results suggest that CLAVATA was a genetic novelty 

enabling the morphological innovation of 3D growth in land plants.  

Introduction: 
The conquest of land was enabled by a series of innovations that allowed plant forms to radiate and occupy new 

volumes of space in the sub-aerial environment [1]. Amongst these, the innovation of shooting systems with 

organs positioned radially around an upright stem stands out as a primer for massively increased plant 

productivity and diversity [1]. Such three-dimensional (3D) growth forms first arose as a consequence of a 

novel stem cell function gained by land plants, namely the capacity to rotate stem cell divisions through multiple 

plane orientations [1-3]. The algal sister lineages of land plants are unable to rotate stem cell divisions through 

multiple planes and are therefore generally constrained to smaller filamentous or mat-like (2D) growth forms 

[1, 3]. The evolutionary transition from 2D to 3D growth is recapitulated during the development of modern 
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mosses when a branching, filamentous (protonemal) precursor tissue (2D) gives rise to 3D gamete-producing 

leafy shoots (gametophores) [4]. Previous studies have shown that gametophores and filament branches initiate 

similarly as hemispherical outgrowths from parent filaments, and that their divergent 2D or 3D fates are 

specified stochastically by APETALA2-type (APB) transcription factor activity [5]. During a single-celled 

stage of outgrowth development, persistent APB activity and cell swelling mark a switch to gametophore fate 

(3D), whereas loss of APB activity marks filament fate (2D) [4, 5]. A strongly oblique cell division is the first 

reliable morphological marker of gametophore development [4, 5]. A second oblique apical cell division 

subsequently occurs and is approximately perpendicular to the first, and then division planes rotate during two 

successive rounds of division to establish a tetrahedral apical stem cell [4]. This tetrahedral apical cell divides 

in spiraling planes to replace itself and produce daughter cells that generate the 3D gametophore axis and leaves 

[4]. The mechanisms regulating such novel and rotating stem cell division plane orientations during 

evolutionary and developmental transitions to 3D growth are unknown. 

In Arabidopsis, the CLAVATA (CLV) and WUSCHEL (WUS) pathways act in a feedback loop to regulate many 

aspects of stem cell function including cell fate [6, 7], proliferation [7-9] and growth [10]. CLV3 encodes a 

small, secreted peptide that is expressed in the upper cell layers of the central zone and can move throughout 

the meristem [11-13]. CLV1 is expressed in the underlying cell layers of the central zone and encodes a receptor-

like kinase which acts as a receptor for CLV3 [9, 14] in conjunction with CLV2, CORYNE (CRN), 

RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2) and BARELY ANY MERISTEM (BAM) [15, 16]. WUS 

activity promotes meristem cell proliferation [17], and CLV signaling restricts the size of the WUS expression 

domain [11]. WUS acts non-cell autonomously, moving from the organizing center to the uppermost meristem 

cell layers where it promotes CLV3 expression [18], thereby closing the feedback loop that maintains meristem 

size.  
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Results 

The CLAVATA pathway originated in the last common ancestor of land plants 
To determine how the CLV pathway evolved and identify potential roles for CLV in Physcomitrella stem cell 

function, we first queried publicly accessible genome and transcriptome databases from a wide range of green 

algae and land plants for CLV3-like (CLE), CLV1/BAM, RPK2, CLV2 and CRN homologues (Fig. 1B, Tables 

S1-S5). We found no CLV pathway homologues in the chlorophyte or charophyte algae sampled, but found at 

least one CLE homologue and one CLV1/BAM homologue in each early-diverging bryophyte lineage and all 

other land plants, suggesting that the core CLV signaling module comprises at least one CLE peptide and a 

CLV/BAM receptor-like kinase. RPK2 homologues were present in all land plants except the hornwort, 

Anthoceros agrestis. In Physcomitrella, we identified seven genes with a conserved CLE domain encoding a 

Fig. 1: The CLV pathway originated in the last common ancestor of land plants, concomitantly with 

3D growth. See also Figs. S1-S3 and Tables S1-S5. (A) Phylogenetic relationships amongst land plants 

and their freshwater algal sister lineages redrawn from [19, 40] respectively. Whilst chlorophytes and 

charophytes undergo stem cell divisions in a single orientation (2D growth), land plants undergo stem cell 

divisions in multiple orientations to generate elaborate three-dimensional forms (3D growth). (B) The 

number of CLV pathway homologues was determined by BLAST against genome/draft genome (G) and 

transcriptome (T) databases as described in SI Methods. VP indicates vascular plants, L indicates 

liverworts, M indicates mosses, H indicates hornworts, Cha indicates charophytes, and Chl indicates 

chlorophytes. 
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12 amino acid peptide motif similar to CLV3 (Fig. 1, Table S1). Whilst PpCLEs 1, 2 and 3 encode the peptide 

motif RMVPTGPNPLHN, PpCLE4 encodes the motif RMVPSGPNPLHN, PpCLEs 5 and 6 encode the motif 

RLVPTGPNPLHN, and PpCLE7 encodes the motif RVVPTGPNPLHN, but sequences outside the conserved 

CLE domain are divergent. Neighbour joining phylogenetic reconstructions showed that whilst hornworts and 

liverworts have CLEs resembling the Tracheary Element Differentiation Inhibitory Factor (TDIF)-like CLEs 

that regulate vascular development in Arabidopsis, Physcomitrella does not, consistent with an evolutionary 

loss  in mosses (Fig. S1, Supplementary Dataset 1). Instead, the Physcomitrella genome encodes four CLV3-

like peptides. Receptor kinase phylogenies were reconstructed by maximum likelihood analysis using amino 

acids from the conserved kinase domain (Fig. S2, Fig. S3, Supplementary dataset 2, Supplementary dataset 3). 

Clades encompassing CLV1/BAM-like sequences from each land plant lineage, or containing RPK2-like 

sequences from each lineage except hornworts were resolved. Both CLV1/BAM and RPK2 phylogenies were 

broadly congruent with current hypotheses of land plant evolution [19, 20], thereby indicating orthology. Two 

Physcomitrella genes were incorporated in the CLV1/BAM clade, and these were named Physcomitrella 

CLAVATA1a and 1b (PpCLV1a and PpCLV1b). One RPK2 homologue was found and named PpRPK2, but no 

CLV2 or CRN homologues were found. These sequence data indicate that the CLV pathway first arose in the 

last common ancestor of land plants, alongside the evolutionary innovation of 3D growth [21].  

Physcomitrella CLAVATA pathway components are expressed during the 3D growth phase 
To investigate Physcomitrella CLV activity, we first analyzed gene expression patterns in relation to the 

transition between 2D filamentous and 3D gametophore growth (Fig. 2, Fig. 5, Figs. S4, S5). By RT-PCR we 

detected PpCLE1, 2 and 7 peptide-encoding gene expression in gametophores (Fig. S4). We were unable to 

detect expression of PpCLEs 3, 4 and 5, but we found PpCLE6 expression in protonemal filaments. Receptor 

encoding-genes PpRPK2, PpCLV1a and PpCLV1b were co-expressed in gametophores, although PpRPK2 

expression was evident earlier than PpCLV1a and PpCLV1b in day 10 filamentous tissues (Fig. S4). These 

results were broadly consistent with reports from transcriptome data (Fig. S5, [22, 23]). We also constructed 

promoter::NLSGUSGFP (promoter::NGG) fusion lines for PpCLE1, PpCLE2, PpCLE7, PpCLV1a, PpCLV1b 

and PpRPK2 as RT-PCR showed that these 6 genes were up-regulated at around the time of gametophore  
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Fig. 2: CLV pathway components are expressed in Physcomitrella protonemata and gametophores.  

See also Methods Fig. 1 and Figs. S4 and S5. GUS staining of PpCLE1::NGG (A, G, M, S, Y, E’), 

PpCLE2::NGG (B, H, N, T, Z, F’), PpCLE7::NGG (C, I, O, U, A’, G’), PpCLV1a::NGG (D, J, P, V, B’, 

H’), PpCLV1b::NGG (E, K, Q, W, C’, I’) and PpRPK2::NGG (F, L, R, X, D’ J’) lines revealed complex 

expression dynamics. Whilst PpCLE::NGG and PpCLV1a::NGG signal accumulated in protonemal 

tissues close to buds (G-J and M-P; arrows indicate signal in protonemata), PpCLV1b::NGG and 

PpRPK2::NGG signal accumulated mainly in the apical region of buds (Q, R). At later stages of 

gametophore development (S-J’) all promoters were active in gametophores, although the patterns and 

intensity of activity varied between reporters. PpCLE1::NGG lines stained most strongly in leaves (S, Y, 

E’), PpCLE2::NGG lines stained most strongly in leaves and gametophore bases (T, Z, F’), and 

PpCLE7::NGG lines accumulated stain in rhizoid tips (arrow in U), leaf bases (arrow in A’), hairs around 

the apex and the gametophore axis (G’). PpCLV1a::NGG lines did not stain intensely at early stages of 

gametophore development (P, V), but accumulated signal in gametophore axes and leaves at later stages. 

In contrast, PpCLV1b::NGG and PpRPK2::NGG lines accumulated signal in gametophore axes and 

leaves from early stages of development (W, X), and strong signal was detected in branches initiating at 

gametophore bases (arrows in X, C’, and D’). All tissues in A-D’ were stained in a solution containing 

0.5 mM FeCN for times specified in A-F, and gametophores in E’-J’ were stained three times longer in a 

solution containing 2 mM FeCN. Scale bar in A-F = 1 mm, scale bar in M-R = 100 µm, insets in G-L 

indicate position of buds in M-R. Scale bars in S-J’ = 1 mm. 
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initiation (Methods Fig. 1, Fig. 2).  In 3 week-old spot cultures  (Fig. 2A-F), PpCLE1::NGG, PpCLE2::NGG, 

PpCLE7::NGG and PpCLV1a::NGG lines accumulated local signal in various protonemal cell types around 

the buds (Fig.  

2G-J, M-P). PpCLV1b::NGG and PpRPK2::NGG lines accumulated signal in buds, and the signal was strongest 

towards the apex (Fig. 2K, L, Q, R).  Whilst all lines accumulated signal in gametophore axes and leaves (Fig. 

2S-J’), there was variation in the pattern, timing and intensity of signal accumulation between lines. Notably, 

PpCLE1::NGG, PpCLE2::NGG, PpCLE7::NGG and PpCLV1a::NGG signal accumulation in gametophores 

was delayed with respect to PpCLV1b::NGG and PpRPK2::NGG lines (Fig. 2M-X). These GUS accumulation 

patterns suggest highly dynamic foci of expression for PpCLEs 1, 2 and 7 and PpCLV1a, PpCLV1b and 

PpRPK2 in Physcomitrella, and they prompted us to investigate roles for CLV pathway components in 

gametophore initiation and development i.e. during the transition to 3D growth.  

Physcomitrella mutants with defective CLAVATA function have a defective 2D to 3D growth 

transition 
To identify the functions of CLV pathway components, we used AmiRNAs to silence expression of PpCLEs 1, 

2 and 3 and PpCLEs 4, 5, 6 and 7 (Methods Fig. 2). We used a CRISPR-Cas9 approach to disrupt the function 

of PpCLV1 paralogues (Methods Fig. 3), and gene targeting was used to abrogate PpRPK2 function (Methods 

Fig. 4). PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a1b and Pprpk2 lines were able to form dense protonemal tissues 

and thus had a relatively normal 2D growth phase (Fig. 3A-E). However, all four mutant classes had defective 

development during the 3D growth phase, with a reduction in the overall number of mature gametophores and 

defects in gametophore development (Fig. 3A-E and U).  Further examination revealed many more 

gametophore buds with 1 or fewer leaves in PpcleAmiR1-3, PpcleAmiR4-7 and Pprpk2 mutants than in WT 

plants (Fig. 3U), and Ppclv1a1b mutants had many small gametophores arrested at a later stage of development 

(Fig. 3U). These data suggested early defects in gametophore development with potential feedback onto the 

gametophore initiation process. To determine how WT and mutant phenotypes diverged during development, 

we imaged gametophore buds at 2-cell, 4-cell and a later stage of bud development [4] (Fig. 3F-T). Whilst WT 

gametophores initiated normally and showed characteristic oblique cell division plane orientations, the plane  
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of the first division was strongly disrupted in PpcleAmiR1-3 and PpcleAmiR4-7 mutants, and it was set at a 

shallow angle relative to the main growth axis (compare Fig. 3F to Fig. 3G, H). A second round of cell division 

from the apical cell also had misset division planes that were frequently parallel rather than perpendicular to 

the first division plane, and a subset of gametophores therefore formed finger like projections in place of 

gametophores (compare Fig. 3K to Fig. 3L, M). At developmental stages where the tetrahedral shape of the 

apical cell is normally established [4], mutants also had defects indicating problems with growth and cell fate 

specification, appearing to reiterate divisions normally characteristic of the first gametophore initial (compare 

Fig. 3P to Fig. 3Q-R). Ppclv1a1b mutant phenotypes diverged from WT after the 2-cell stage, subsequently 

showing a similar pattern of division to PpcleAmiR1-3 and PpcleAmiR4-7 mutants (Fig. 3K, P-R), and some 

cells reverted to filament identity (Fig. 3S). Pprpk2 mutant defects were less severe than Ppcle and Ppclv1a1b 

defects at the earliest developmental stages, and at later stages swollen cell shapes suggested growth defects as 

well as division plane defects (Fig. 3T). The mutant phenotypes above suggest key roles for the Physcomitrella 

CLV pathway in modulating cell division planes, cell fate, growth and proliferation during the 2D-3D 

developmental transition. The formation of long projections of swollen cells in Ppcle mutants (e.g. Fig. 3L, M) 

Fig. 3. The CLV pathway regulates cell division plane orientations during 3D growth in 

Physcomitrella and Arabidopsis. See also Fig. S6 and Methods Figs. 2-4. (A-E) Whilst WT plants 

developed many normal gametophores, PpcleAmiR1-3, PpcleAmiR4-7, Ppclv1a1b and Pprpk2 

mutants had no obvious gametophores. Scale bars = 0.35 cm. (F-T) PpcleAmiR1-3, PpcleAmiR4-7, 

Ppclv1a1b and Pprpk2 mutants have cell division plane defects at the onset of 3D morphogenesis. 

(F-J) The first division of each bud is indicated by a yellow arrow, and is set at a strongly oblique 

angle in WT plants, but is weakly oblique in (G) PpcleAmiR1-3 and (H) PpcleAmiR4-7 mutants. 

(K-O) Whereas (K) the second division (blue arrow) from the apical cell (asterisk) is normally 

oblique and roughly perpendicular to the first, in (L) PpcleAmiR1-3, (M) PpcleAmiR4-7 and (N) 

Ppclv1a1b mutants it is roughly parallel to the first. (O) Pprpk2 mutant (P) The stereotypical 

divisions that normally generate the tetrahedral shape of the gametophore apical cell at the 6-10 

celled stage of development are mis-set in (Q) PpcleAmiR1-3, (R) PpcleAmiR4-7 and (S) Ppclv1a1b 

and (T) Pprpk2 mutants. Scale bar = 30 µm. (U) Bar chart and box plot showing that gametophore 

initiation was disrupted in PpcleAmiR1-3, PpcleAmiR4-7, PpCLV1a1b and Pprpk2 mutants. The 

number of gametophores with > 1 leaf was counted in 5 WT and mutant plants from a single line 

representing each mutant class. Gametophore buds with < 1 leaf were counted from a 5 mm2 area 

in 3 WT and mutant plants from a single line representing each mutant class. ANOVA, Tukey’s 

HSD p < 0.005. (V, W) Confocal micrographs of WT (Col-0) and clv1/bam1/bam2/bam3 mutant 

root tips showing disordered cell division plane orientations in the meristem and ground tissue 

layers. The box in (W) indicates the meristem and arrowheads indicate the developmental onset of 

abnormal periclinal division plane orientations. Scale bar = 20 µm. 
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suggests that gametophore identity is attained normally, as cell swelling is a characteristic of gametophore 

rather than filament initials. The manifestation of plane orientation defects in the first division suggests that WT 

and mutant gametophore development diverge at the single-celled stage, after cell fate is specified. As roles for 

CLV in cell division plane orientation were previously unreported, we sought to identify conservation of 

function with Arabidopsis. To this end we examined Arabidopsis clv1/bam1/bam2/bam3 quadruple mutant 

meristems in which the function of the entire CLV/BAM gene clade is lost [24]. Whereas division plane 

orientations are normally stereotypic in root meristems, we detected strongly disordered planes in the stem cell 

niche and ground tissue layers of clv1/bam1/bam2/bam3 mutant roots (Fig. 3V, W, Fig. S6). Thus, a newly 

identified role for CLV in cell division plane orientation is conserved between Physcomitrella and Arabidopsis.  

Loss-of-function data suggest that CLAVATA suppresses cell proliferation in Physcomitrella.  
In Arabidopsis and other flowering plants, the CLV pathway is known for its role in maintaining cell 

proliferation at a constant level in the meristematic stem cell pool [25], and increases in the number of stem 

cells lead to highly-enlarged meristems in both clv1 and clv3 (cle) mutants. However, Physcomitrella does not 

fit the Arabidopsis paradigm of meristem function because the shoot apex comprises a single apical stem cell. 

The apical cell cleaves merophyte daughter cells in a spiral pattern, and merophytes subsequently divide to 

generate leaf initials and stem tissues [4]. To investigate whether roles for CLV in regulating stem cell 

Fig. 4. Gametophore phenotypes in PpAmiRcle, Ppclv1 and Pprpk2 mutants.  See also Methods 

Figs. 2-4. (A-G) Light micrographs of the largest gametophore dissected from 1 month-old plants 

showing height differences. Scale bar = 1 mm. (H-N) Light micrographs of gametophore bases showing 

overproliferation in Ppclv1b, Ppclv1a1b and Pprpk2 mutants. Scale bar = 0.5 mm.  
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proliferation are conserved between Physcomitrella and Arabidopsis, we imaged the largest gametophores of 1 

month-old WT and mutant plants using light and confocal microscopy and found that mutant gametophores 

were dwarfed to different degrees (Fig. 4). Whilst PpcleAmiR1-3, PpcleAmiR4-7 and Pprpk2 mutants were 

Fig. 5. Overproliferation phenotypes in PpAmiRcle, Ppclv1 and Pprpk2 mutants. See also Methods 

Figs. 2-4. (A-E) Light micrographs of mutant gametophore morphology showing that gametophores (B) 

arrest, (C and E) develop multiple axes and (C-E) develop swollen bases relative to (A) WT plants. 

Scale bar = 200 µm. (F, G) Confocal microgrpahs showing (F) overall gametophore morphology and 

(G) a branch initiating in a leaf axil. (H) Schematic showing Physcomitrella gametophore apex 

organization with an apical cell (pale yellow) and rotating division plane orientations. (I-T) Confocal 

microgrpahs showing (I-K) PpcleAmiR1-3 mutant gametophore morphologies, with (I) 

overproliferation at the gametophore base and (J, K) disorganized growth with ectopic meristems. (L-N) 

PpcleAmiR4-7 mutant gametophore morphologies with (L) split leaf phenotypes and (M, N) meristem 

overproliferation and termination. (O-Q) Ppclv1a1b mutant gametophore morphology, with multiple 

growth axes and multiple meristems at the gametophore base. (R-T) Pprpk2 mutant gametophore 

morphology with multiple growth axes and multiple meristems at the gametophore base. Yellow 

arrowheads indicate regions of over proliferation or ectopic meristems. Yellow boxes show regions 

magnified in (J, M, P, S).  Scale bars = 50 μm. 
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most severely dwarfed (Fig. 4B, C, G), Ppclv1a and Ppclv1b mutants had milder defects (Fig. 4D, E). In 

contrast, Ppclv1b, Ppclv1a1b and Pprpk2 mutants had strong proliferation and/or cell fate defects, developing 

a callus like mass at the gametophore base (Fig. 4L-N). Closer inspection revealed that these masses arose by 

the activity of many ectopic apical cells at the gametophore base (Fig. 5). These loss-of-function data suggest 

that CLV has roles in regulating stem cell proliferation and fate that are conserved between Physcomitrella and 

Arabidopsis.  

CLE peptides can suppress cell proliferation in Physcomitrella gametophores.  
To further assay conservation in CLV function, we undertook a gain-of-function approach by applying synthetic 

CLE peptides to growing plants (Fig. 6, Fig. S7). After 4 weeks of growth we found that treatment with a 1 μM 

concentration of CLE had no appreciable effect on plant spread or the number of gametophores initiating, 

indicating that protonemal development is normal (Fig. S7). However, whilst solute controls, a randomized 

peptide and CLE41 have no appreciable effect on gametophore development, CLV3 and all of the 

Physcomitrella CLEs cause gametophore dwarfing and a strong reduction in leaf size correlating with a 

reduction in leaf cell number (Fig. 6). Whilst this phenotype superficially resembles the stunted gametophore 

phenotypes of PpcleAmiR1-3 and PpcleAmiR4-7 mutants (Fig. 4B, C), we found no evidence of developmental 

arrest or meristematic over-proliferation following CLE application and no difference in the number of 

gametophores initiating was detected following CLE treatment (data not shown). These data show that CLEs 

act through a conserved signaling module to regulate cell proliferation specifically during the 3D growth phase 

in Physcomitrella. 

CLE peptides can act through receptor components that are conserved between 

Physcomitrella and Arabidopsis 
Previous studies in Arabidopsis have shown that application of CLV3-like but not TDIF-like CLEs to roots can 

arrest meristem function [26]. To assay conservation in peptide function, we germinated Arabidopsis seeds on 

MS plates containing solute or peptides at a 1 µM concentration. Whilst solute controls, a randomized peptide 

and CLE41 (a TDIF CLE) caused no arrest of root development, CLV3 and all of the Physcomitrella CLEs 

caused a significant reduction in root length in Arabidopsis resulting from collapse of the root meristem (Fig.  
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Fig. 6. Physcomitrella CLEs 

suppress cell proliferation. See 

also Fig. S7. (A) Treatment of 

Physcomitrella plants with 1 µM 

CLV3-like CLEs from Arabidopsis 

and Physcomitrella, but not TDIF-

like CLEs, causes gametophore 

and leaf stunting. Scale bar = 100 

µm. (B) Leaf series from 

gametophores treated with CLEs 

expressed during gametophore 

development. Scale bar = 1 mm. 

(C) Cell outlines of half leaves in 

CLE-treated gametophores (leaf 9 

was used). Scale bar = 100 µm. 

(D) Height measured from  25 

gametophores treated with CLEs 

(n  25, ANOVA, Tukey’s HSD p 

< 0.005). (E) Leaf 9 cell numbers 

in CLE treated half leaves (n = 3, 

ANOVA, Tukey’s HSD p<0.05). 
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7A, B, E). Physcomitrella CLEs therefore regulate growth and proliferation in a similar manner to CLV3 in 

Arabidopsis. To confirm that PpCLEs can act through a conserved receptor machinery we used peptide 

treatment assays on Arabidopsis and Physcomitrella rpk2 mutants (Fig. 7). Whilst treatment of WT Arabidopsis 

plants with CLV3-like peptides strongly inhibited root growth, rpk2 mutants showed less growth inhibition 

when treated with Arabidopsis and Physcomitrella peptides (Fig. 7A, B). These data are in line with previously 

published results showing that RPK2 acts amongst other receptors to contribute to CLV signaling in 

Arabidopsis [15], and show that Physcomitrella CLEs can also act via RPK2 in Arabidopsis. To determine 

whether Physcomitrella  

 

CLEs act via PpRPK2, we performed similar experiments in WT, Ppcle and Pprpk2 mutant backgrounds. Ppcle 

mutant gametophores are roughly the same size as Pprpk2 mutant gametophores and we reasoned that if 

PpCLEs act via PpRPK2 we should detect a response in Ppcle mutants but not Pprpk2 mutants. As in previous 

experiments, we found strong inhibition of gametophore development in WT plants (Fig. 7C). Potentially due 

to lack of positional information, treatment of Ppcle mutants with CLE peptides did not rescue developmental 

defects, but nevertheless induced a gametophore dwarfing response, consistent with an intact receptor 

machinery (Fig. 7D, G-J). In contrast, Pprpk2 mutants showed no morphological response to CLE application 

suggesting that PpCLEs act via PpRPK2 in regulating 3D growth (Fig. 7D, G-J).  

Discussion 

How might CLV pattern cell division plane orientation? 
We propose that the CLV pathway regulates the 2D to 3D developmental transition in Physcomitrella by 

orienting gametophore cell division planes and regulating growth and fate. How ligands and receptors act 

together do this is not yet clear. One possibility is that CLE ligands diffuse to create a concentration gradient 

that division planes are patterned against, and a similar mechanism involving CLEs patterns cambial meristems 

in Arabidopsis [27]. CLE41 is synthesized in the phloem and diffuses to bind PXY receptors in neighboring 

procambial cells, thereby imparting spatial information for periclinal division [27]. Constitutive or ectopic 

expression of CLE41 disrupts this positional information, resulting in disordered cambial division planes [27].  
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Fig. 7. Physcomitrella CLE peptides act via a conserved receptor machinery. (A and B) 

Treatment of Arabidopsis seedlings with 1µM CLV3-like CLEs from Arabidopsis and 

Physcomitrella, but not TDIF-like CLEs suppresses root meristem proliferation in WT Arabidopsis 

(n = 30, ANOVA, Tukey’s HSD p<0.0005). Scale bar (A) = 1 cm, scale bars (B) = 100 µm, black 

bars in (B) represent approximate position and extent of root meristem. Inset in (A), and (C), 

Arabidopsis rpk2-4 mutants are resistant to treatment with 1 µM CLE peptides, n  15, ANOVA, 

Tukey’s HSD p < 0.0005. (D) Gametophores in plants treated with 10 µM CLEs are stunted in 

WT, PpcleAmiR1-3 and PpcleAmiR4-7 mutants but not Pprpk2 mutants (n  20, ANOVA, Tukey’s 

HSD p < 0.0005). (E, F) Quantitative data supporting inferences about root length images shown 

in (B). (G-J) Quantitative data supporting inferences about gametophore images shown in (D). 
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In Physcomitrella, similar patterning could be achieved by sub-cellular localization of receptors to create a 

graded CLV response in bud initials, or at later stages of development, patterning could be provided by receptor 

expression in different portions of buds. It is also possible that CLV signaling does not directly modulate cell 

division planes, but that CLV influences cell division planes via hormone signaling, cell geometry, and/or cell 

echanics. Auxin signaling and the activity of microtubule interacting proteins such as CLASPs are known to 

specify cell division planes in Arabidopsis embryos (Yoshida and new 3D MT paper)[28], and auxin signaling 

modulates the activity of previously identified factors necessary for correct division plane orientation in 

Physcomitrella buds including DEK1 and NOG1 [29, 30]. There appears to be a complex interplay between 

auxin cytokinin in Physcomitrella [31-33], and several phenotypes suggest that this interplay is disrupted in 

Ppcle, Ppclv and Pprpk2 mutants. For instance, protonemal spread is perturbed in mutants (Fig. 3), cell fate and 

proliferation at the gametophore base are perturbed (Fig. 4, Fig. 5) and leaf cell proliferation is perturbed in 

plants treated with CLEs (Fig. 6), and these aspects of development are all auxin/cytokinin-regulated [31-33]. 

Linking CLV signaling to the hormone pathways regulating growth and fate will be important in unravelling 

mechanisms of cell division plane specification during 3D growth. 

CLAVATA-regulated stem cell function is an ancestral feature of land plants 
The data we present are important in two evolutionary contexts. First, they show that the CLV pathway 

originated with land plants, and that CLV-regulated stem cell proliferation and function is likely to be an 

ancestral feature of land plants. The acquired capacity of land plants to orient stem cell divisions in multiple 

planes enabled diversification by permitting plants to develop upright axes with organs arranged in multiple 

orientations, a crucial step in shoot evolution [1]. Stem cell division plane defects in Ppcle mutants specifically 

affect the transition to 3D growth and the 3D growth phase, and morphological responses to peptide application 

are also specific to the 3D growth phase. Thus, in an ancient land plant group, CLV regulates a developmental 

transition that mirrors an evolutionary transition. The data suggest that CLV was a genetic novelty for a key 

morphological innovation of land plants.  
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CLAVATA-regulated meristem functions originated prior to WOX- and KNOX-regulated 

meristem functions 
Second, the data are important in the context of evolving gene regulatory networks for land plant meristem 

function. Whilst the first land plant meristems comprised a single gametophytic stem cell, the multicellular 

sporophyte meristems of vascular plants combine stem cell and more generally proliferative capacities [1]. 

Class I KNOX genes regulate meristematic proliferation in vascular plants [34, 35], but these roles are not shared 

between bryophytes and vascular plants. Moss KNOX (MKN) genes are primarily expressed in sporophyte 

tissues [23, 36], and whilst loss-of-function mkn2 mutants have elongation defects in sporophytes, they have 

normal gametophytes [36]. WOX genes are key regulators of stem cell proliferation in Arabidopsis [17]. 

However, this function was acquired by the recently derived WUS gene clade [37, 38] and the downstream 

pathways regulated by CLV in Physcomitrella are likely to be distinct from those in Arabidopsis as Ppwox13L 

mutant gametophores develop normally [39]. Thus, Class I KNOX- and WOX-regulated meristem functions 

were both acquired after the bryophyte-vascular plant divergence. CLV was important in the origin of land plant 

meristem functions in the gametophyte stage of the life cycle, and we speculate that CLV was recruited to 

regulate stem cell function in the sporophyte stage of the life cycle prior to the origin of KNOX- and WOX- 

regulated meristem functions. 
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STAR METHODS 

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and Virus Strains  

E. coli strain DH5α Widely distributed N/A 

E. coli strain DB3.1 Widely distributed N/A 

E. coli strain DH10B Widely distributed N/A 

Chemicals, Peptides, and Recombinant Proteins 

Taq polymerase Widely available N/A 

Phusion High-Fidelity DNA polymerase ThermoFisher Cat#F530S 

Novagen KOD Hot Start polymerase Sigma-Aldrich Cat#71086 

Superscript II reverse transcriptase ThermoFisher Cat#18064022 

Restriction enzymes for cloning New England Biolabs N/A 

DNase Fermentas Cat#EN0525 

MS medium Melford Cat#M0221 

Plant agar Duchefa Cat#P1001 

Driselase (basidiomycetes sp.) Sigma-Aldrich Cat#8037 

Polyethylene glycol (PEG) 6000 Sigma-Aldrich Cat#81255 

G418 disulphate Melford Cat#G0175 

Hygromycin B Melford Cat#H7502 

Blasticidin S Melford Cat#B1220 

α-32P dCTP GE Healthcare Cat#PB10205 

X-GlcA Melford Cat#MB1021  

Propidium iodide Sigma-Aldrich Cat#P4864 

Synthetic CLE peptides (95% purity) Genecust N/A 

Lugol’s stain Fisher Scientific Cat#12801823 

Critical Commercial Assays 

RNeasy RNA extraction kit QIAGEN Cat#74104 

Plasmid Plus Midi kit QIAGEN Cat#12943 

Amersham Rediprime II DNA labelling kit  GE Healthcare Cat#RPN1633 

Dig-High Prime DNA labeling and detection starter kit 

II 

Sigma-Aldrich Cat#11585614910 

Dig Easy Hyb Sigma-Aldrich Cat#11585762001 

Experimental Models: Organisms/Strains 

Physcomitrella patens Gransden Widely available N/A 

PpCLE1::NGG line This study N/A 

PpCLE2::NGG line This study N/A 

PpCLE7::NGG line This study N/A 

PpCLV1a::NGG line This study N/A 

PpCLV1b::NGG line This study N/A 

PpRPK2::NGG line This study N/A 

PpcleamiR1-3 mutant This study N/A 

PpcleamiR4-7 mutant This study N/A 

Ppclv1a mutant This study N/A 

Ppclv1b mutant This study N/A 

Ppclv1ab double mutant This study N/A 
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Pprpk2 mutant This study N/A 

Arabidopsis thaliana Col-0 Widely available N/A 

Arabidopsis thaliana rpk2-4 mutant [15] N/A 

Arabidopsis thaliana clv1,bam1,bam2,bam3 mutant [24] N/A 

Oligonucleotides 

A list of oligonucleotides is given in Table S6 N/A N/A 

Recombinant DNA 

PIG1NGGII construct [41] N/A 
PpCLE1::NGG construct This study N/A 

PpCLE2::NGG construct (NptII) This study GenBank: 310732, 

MH310732 

PpCLE7::NGG construct This study N/A 

PpCLV1a::NGG construct This study N/A 

PpCLV1b::NGG construct This study N/A 

PpRPK2::NGG construct (AphIV) This study GenBank: 

MH310733 
pRS300 [42] N/A 

pGREEN (Hyg) pgreen.ac.uk N/A 

pGREEN (Kan) pgreen.ac.uk N/A 

pBJ36 [43] N/A 

pBRACT211 [44] N/A 

pJH125 This study N/A 

pJH131 This study N/A 

PpcleAmiR1-3 construct This study N/A 

PpcleamiR4-7 construct This study N/A 

U3::Ppclv1a sgRNA5 construct This study N/A 

U3::Ppclv1a sgRNA7 construct This study N/A 

U6::Ppclv1b sgRNA construct This study N/A 

pACT::Cas9 construct [45] N/A 

pNRF [46] N/A 

pBHRF108 [47] N/A 

pDONR2.1® Invitrogen N/A 

pGEMT-EASY® Promega Cat#A1360 

Software and Algorithms 

tBLASTn [48] N/A 

SignalP [49] v4.0 

MEGA  [50] v7.0.26 

Figtree  tree.bio.ed.ac.uk/software/

figtree/ 

v1.4.3 

AmiR design software wmd3.weigelworld.org N/A 

CRISPR design software [51] crispor.tefor.net/ 

ImageJ Imagej.net V1.4.8 

Adobe Photoshop Adobe N/A 

Adobe Illustrator Adobe N/A 
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CONTACT FOR REAGENT AND RESOURCE SHARING 
Further information and requests for resources and reagents should be directed to and will be fulfilled by the 

Lead Contact, Jill Harrison (jill.harrison@bristol.ac.uk). Please note that the transfer of transgenic materials 

will be subject to MTA and any relevant import permits. 

EXPERIMENTAL MODELS AND SUBJECT DETAILS 

Arabidopsis plant growth 
Columbia (Col-0), rpk2-4 (cli) or clv1/bam1/bam2/bam3 mutants [15, 24] were used for Arabidopsis 

experiments. Homozygous rpk2-4 mutants were confirmed using a BamHI dCAPs screen with a PCR fragment 

amplified using primers AtRPK2-BamHIF and AtRPK2-BamHIR (see primer list). Seeds were surface 

sterilised in 5 % (v/v) sodium hypochlorite for 10 minutes and washed three times with sterile de-ionised water. 

They were then stratified at 4 °C in darkness for 48 hours and sown on 0.5 X MS plates containing 0.8 % agar 

[52]. Plants were grown vertically for 7 days at 25 °C in a 16 hour light/ 8 hour dark cycle prior to observation 

(rpk2 experiments) or at 22 °C under continuous light (clv1/bam1/bam2/bam3 experiments).  

Physcomitrella plant growth 
The Gransden strain of Physcomitrella patens [53] was used for all experiments. Plants were grown in sterile 

culture on BCDAT plates at 23 °C in continuous light at 30-50 µmols-1 in Sanyo MLR-351 growth cabinets. 

BCDAT medium comprises 250mg/L MgSO4.7H2O, 250mg/L KH2PO4 (pH6.5), 1010mg/L KNO3, 12.5mg/L, 

FeSO4.7H2O, 0.001% Trace Element Solution (0.614mg/L H3BO3, 0.055mg/L AlK(SO4)2.12H2O, 0.055mg/L 

CuSO4.5H2O, 0.028mg/L KBr, 0.028mg/L LiCl, 0.389mg/L MnCl2.4H2O, 0.055mg/L CoCl2.6H2O, 0.055mg/L 

ZnSO4.7H2O, 0.028mg/L KI and 0.028mg/L SnCl2.2H2O), 0.92g/L C4H12N2O6 and 8g/L agar with CaCl2 added 

to a 1mM concentration after autoclaving. Protonemal cultures for transformation were grown on BCDAT 

plates overlaid with autoclaved cellophane disks and molecular and phenotypic analyses were undertaken using 

1 mm spot cultures unless otherwise stated.  

METHOD DETAILS 

Sequence retrieval 
CLE genes 

mailto:jill.harrison@bristol.ac.uk
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Previously described Arabidopsis thaliana and Oryza sativa CLE sequences were respectively retrieved from 

TAIR and RAP-DB [54]. Selaginella moelendorffii [55], Glycine max [56, 57] and Picea abies [58] CLEs were 

retrieved from NCBI. To extend taxon sampling within land plants and identify previously unknown CLEs, the 

CLE domains of Arabidopsis thaliana CLV3 and CLE41 were used as tBLASTn queries with an e-value cutoff 

of e-100 to screen transcriptome or draft genome assemblies of a basal angiosperm (Amborella trichopoda), a 

fern (Diplazium wichurae), a hornwort (Anthoceros agrestis), a moss (Physcomitrella patens v1.6 [59]) and a 

liverwort (Marchantia polymorpha). Positive hits were used in reciprocal BLASTs until no new sequences were 

retrieved. All sequences retrieved were checked for the presence of a signal peptide [60] using SignalP [49, 61]. 

Newly identified CLE sequences were named with a two-letter prefix denoting the genus and species and 

numbered (Table S1). A recent cluster analysis [62] succeeded our analyses with slight variation in CLE 

numbers between species for reasons explained in Goad et al. (2017). An updated version of the Physcomitrella 

genome (v 3.1 [63]) also succeeded our analyses, and this includes two further PpCLEs that encode the same 

CLE motif as PpCLEs 1, 2 and 3. Whilst these were not included in this study, V3 gene IDs including PpCLE8 

and PpCLE9 are listed in Table S5. Transcriptomes and draft or complete genomes of charophyte (Coleochaete 

nitellarum, Spirogyra sp., Chara braunii) and chlorophyte algae (Ulva linza, Chlamydomonas reinhardtii, 

Volvox carteri, Ostreoscoccus tauri and Chlorella vulgaris) were also searched but no CLEs were found. A 

previously annotated Chlamydomonas reinhardtii CLE [64] was re-analysed and discarded due to lack of 

similarity to other CLEs and a premature in-frame stop codon. A full list of taxa and databases searched is given 

in Table S4.  

CLV1/RPK2 genes 

Arabidopsis CLV1 and RPK2 sequences were used to query the databases listed above using tBLASTn searches 

with an e-value cut-off of e-1000. As the LRR-Receptor kinase family is large, only sequences that retrieved 

CLV1 or RPK2 as a top hit in reciprocal BLASTs to Arabidopsis were used in further analyses. Newly identified 

CLV1-like and RPK2-like genes were named with a two-letter prefix denoting the genus and species and given 

an alphabetical epithet (Table S2 and Table S3 respectively). A list of taxa searched is given in Table S4.  
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Phylogenetic reconstruction 
To infer CLE relationships, the conserved 12 amino acid CLE motif from 193 CLEs was used in neighbour 

joining reconstructions compiled with the JTT model in MEGA7.0.26 [50] (Fig. S1, Supplementary dataset 1). 

This approach was taken because there is little conservation in CLE structure outside the CLE motif, and so 

few characters can only yield limited phylogenetic signal (see [62]). To infer CLV/BAM relationships, 525 

conserved amino acid residues from 36 genes were used in maximum likelihood reconstructions with the JTT 

model in MEGA7.0.26 [50] (Fig. S2, Supplementary dataset 2). To infer RPK2 relationships, 782 conserved 

amino acid residues from 18 genes were used in maximum likelihood reconstructions with the JTT model in 

MEGA7.0.26 [50] (Fig. S3, Supplementary dataset 3). For all analyses 100 bootstrap replicates were performed 

and support values over 50 % (CLE tree) or 70 % (CLV1/BAM and RPK2 trees) are represented above the 

branches. 

Molecular biology 
RT-PCR 

Total RNA was isolated from 4 day-old protonemal cultures and 10, 21 or 28 day old spot cultures using the 

QIAGEN RNeasy™ method. RNA was DNase treated prior to reverse transcription with SuperScript II 

following manufacturer’s guidelines. Semi-quantitative RT-PCR was undertaken using UBIQUITIN 

(Pp1s56_52V6.1) as a loading control. Where possible, primers were designed to span introns to detect genomic 

contamination, and sequences are listed in Table S6. 

Genomic DNA extraction 

Genomic DNA was extracted from protonemal cultures using a CTAB (Hexadecyltrimethylammonium 

bromide) protocol. Snap-frozen tissue was ground in liquid nitrogen and transferred to tubes containing 

prewarmed extraction buffer (2 % CTAB, 1.4 M NaCl, 100 mM Tris pH8.0, 20 mM EDTA pH8.0, 2 % PVP), 

with no more than 100 mg of tissue per mL of buffer. Samples were incubated for 10 minutes at 65 ˚C and an 

equal volume of 24:1 chloroform:isoamyl alcohol was added and mixed with each sample to form an emulsion. 

The tubes were centrifuged at high speed (>10,000 rpm) for 10 minutes, and the aqueous phase was transferred 

to a fresh tube prior to DNA precipitation with an equal volume of isopropanol and repeated centrifugation. 



61 
 

DNA was washed with 70 % ethanol and dissolved in water, 10 mM Tris pH 8.0 or 10 mM Tris pH 8.0 with 1 

mM Na2EDTA. 

Generation of promoter::NGG constructs  

Promoter sequences from PpCLE1 (2.1 kbp), PpCLE2 (2.1 kbp), PpCLE7 (2 kbp), PpCLV1a (2 kbp), PpCLV1b 

(2.8 kbp) and PpRPK2 (1.4 kbp) were PCR amplified using a proof-reading Taq polymerase and primers listed 

elsewhere and cloned directly or via pGEMT® Easy into the SmaI site of PIG1NGGII [41] or derivatives with 

alternative selection cassettes and sequenced prior to linearization and transformation as illustrated in Methods 

Fig. 1. 

Generation of AmiR constructs  

To generate PplcleAmiR1-3 and PplcleAmiR4-7 constructs, resistance cassettes from pGREEN [44] were first 

inserted into a blunt-ended HindII site of pBJ36 [43]. A soybean UBIQUITIN promoter from pBRACT211 [44] 

was inserted into the SmaI site to drive AmiRNA expression and the resultant plasmids were named pJH125 

(KanR) and pJH131 (HygR). AmiRNAs were designed according to [42], generated by degenerate PCR using 

a proof-reading Taq polymerase and the pRS300 plasmid as a template, cloned into pGEMT-EASY and 

transferred as XmaI/BamHI fragments into pJH125 or pJH131. Silencing constructs were checked by 

sequencing and digested with SacI for transformation as illustrated in Methods Fig. 2. 

Generation of CRISPR constructs 

Small cassettes containing two BsaI restriction sites and sgRNAs [65] driven by the moss U3 or U6 promoter 

and flanked by attB sites were synthesized and cloned into pDONR™201. sgRNA sequences were selected and 

screened for off target hits in the Physcomitrella V3 genome using crispor.tefor.net/. To clone guide RNAs into 

expression cassettes, two primers consisting of guide sequences with overhangs for U3 and U6 promoters were 

annealed and ligated into U3 or U6 expression vectors pre-digested with BsaI. Constructs were checked by 

sequencing and co-transformed with pACT::Cas9 [45] to engineer mutants as  illustrated in Methods Fig. 3.  

Generation of RPK2 KO construct 

5’ and 3’ flanking regions were PCR amplified with a proof-reading Taq polymerase and cloned sequentially 

into pGEMT-EASY using primers listed in Table S6. The resultant plasmid was digested with PmeI and AscI, 
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and the AphIV cassette from pBHRF-108 [47] was ligated between PpRPK2 flanking regions. This plasmid 

was checked by sequencing and linearized for transformation as illustrated in Methods Fig. 4.  

Transgenic line generation and phenotype analyses 
Moss transformation and line authentication 

For gene targeting and AmiR approaches, 10-20 μg of plasmid DNA was isolated using the QIAGEN Plasmid 

Plus Midi™ system and linearized as illustrated in Methods Figs. 1, 2 and 4. For CRISPR approaches, 5-7 μg 

of Cas9 and pNRF, and 2-3 μg of each gRNA-expressing construct were purified and pooled for transformation 

[45] at a concentration of at least 1 µg per µL. All solutions for the transformation procedure were prepared 

prior to commencing transformation [66]. First, a polyethylene glycol (PEG) solution was prepared by adding 

10 mL of mannitol/CaNO3 solution (8 % mannitol, 0.1 M Ca(NO3), 10 mM Tris pH7.2) to 2 g of molten PEG 

6000, and the tube containing the solution was left in a water bath at 45 ̊ C. To isolate protoplasts, homogoenous 

protonemal cultures were grown for 5 days to a week post passage. A 1 % driselase solution was prepared in 

25 mL 8 % mannitol, and the supernatant was removed and filter sterilized into to a clean 50 mL falcon tube 

following centrifugation. Tissue from 4-6 plates was transferred into the driselase solution and the tissue 

suspension was left for 30-40 minutes with intermittent mixing to allow cell wall digestion. The mixture was 

then transferred into a fresh tube through a 50 µm filter to remove cell and cell wall debris. Protoplasts were 

sedimented by centrifugation for 3 minutes at 120 g, resuspended and washed three times in 10 mL of 8.0 % 

mannitol prior to counting with a haematocytometer. Protoplasts were then sedimented and resuspended to a 

density of 1.2 x 106   per mL in MMM solution (0.5 M mannitol, 0.15 M MgCl2 and 0.1 % MES pH5.6). 300 

µL aliquots of protoplasts were dispensed into falcon tubes prior to addition of DNA and 300 µL PEG solution, 

and cells were then heat shocked for 5 minutes at 45 ˚C. Transformation mixtures were progressively diluted 

with 1 mL of 8 % mannitol solution and washed. Protoplasts were then sedimented by centrifugation as above 

and washed four more times. After the final wash and spin, protoplasts were resuspended in 5 mL liquid BCD 

medium (constituents as specified above but without ammonium tartrate or agar) with 8 % mannitol, 10 mM 

CaCl2 and 0.5 % glucose, wrapped in aluminium foil and left at 23 ˚C overnight. The next day, the protoplast 

suspension was plated onto BCDAT plates overlain with cellophane and containing 8 % mannitol and 5 g/L 
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glucose, using c.1 mL per plate. Plants were grown under standard conditions until regenerants comprised 10-

20 cells. Cellophane discs were then transferred onto BCDAT plates containing antibiotics for selection (25 

µg/ml Hyg, 50 µg/ml G418, 100µg/ml BSD). Plants were grown for 2 weeks on selection plates prior to transfer 

onto BCDAT plates lacking antibiotic for 2 weeks and then back on to selection plates for a further 2 weeks. 

All lines were screened by PCR, RT-PCR, Southern analysis or sequencing as illustrated in Methods Figs. 1-4. 

PCR conditions were standard and primer sequences are listed in Table S6. 

Southern hybridization 

For PpcleAmiR Southerns, 10-15 µg genomic DNA was digested with EcoRV and fractionated in 0.8 % agarose 

by gel electrophoresis. DNA in each gel was depurinated with 0.2 M HCl for 20 minutes and denatured with 

0.4 M NaOH for 20 minutes prior to neutralisation for 20 minutes in a solution containing 3 M NaCl and 1 M 

Tris pH 7.5. Gels were inverted onto a Whatman paper wick inserted into a bath of 20 X SSC solution, and 

DNA was transferred onto a nitrocellulose membrane by overnight Southern blotting. DNA was UV crosslinked 

to the membrane and the membrane was rinsed in water prior to immersion in pre-hybridisation solution (3 X 

SSC, 1 % SDS, 0.1 % sodium pyrophosphate, 5 X Denhardt’s and 200 µg per mL sheared salmon sperm DNA). 

The probe template was excised with EcoRV and BamHI from the PpcleAmiR1-3 construct and the probe was 

synthesized using an Amersham Rediprime II DNA labelling kit as per manufacturer’s instructions. 

Hybridization was undertaken in a 3 X SSC buffer at 58 ˚C and this was followed by two 20 minute washes at 

58 ˚C in 3 X SSC and 2 X SSC buffers respectively. Membranes were wrapped in Saran Wrap and used to 

expose X-ray film, and film was then developed using a film processor. For promoter::NGG and Pprpk2 

Southerns, 2.5-3 µg genomic DNA was digested as illustrated in Methods Fig. 1 and Methods Fig. 4. Probe 

templates comprising PIG1 flanking sequence, PpRPK2 coding sequence or a hygromycin resistance cassette 

were PCR amplified and labeled using the Roche DIG High Prime™ system. Hybridization was undertaken 

overnight at 42 ˚C using the Roche DIG Easy Hyb™ system. Washing and detection were performed using the 

manufacturer’s protocol from the Roche DIG High Prime DNA labeling and Detection Starter kit II™. 
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Physcomitrella plant imaging 
To assess whole plant and gametophore phenotypes, 4 to 5 week-old spot cultures were imaged using a Keyence 

VHX-1000E digital microscope with a 20-50 X or 50-200 X objective. To analyse leaf phenotypes, leaves were 

removed form gametophores, arranged in heteroblastic series, cleared in 1% chloral hydrate overnight, washed 

in deionised water and treated with 2M NaOH for two hours. They were then washed with water and stained 

with 0.05% toluidine blue for two minutes before destaining for 10 minutes in water. The stained leaves were 

then mounted on a slide under a coverslip and imaged to visualise cell outlines. Adobe Illustratorwas used to 

trace leaf outlines to produce silhouettes for illustration purposes (Fig. 6). Quantitative analyses of leaf size 

were performed using ImageJ, and cell numbers were evaluated using the ‘analyze particles’ option [67]. Leaf 

size comparisons were undertaken using leaves from the same point in the heteroblastic leaf series [68] as 

stipulated in figure legends.  

Arabidopsis plant imaging 

Root length was scored from scanned images of plants grown on ½ X MS plates using ImageJ [67]. To visualise 

rpk2 meristems, roots were stained with Lugol’s stain, cleared, and imaged using a 20 X objective on a Leica 

DMRXA microscope with DIC [69]. clv1/bam1/bam2/bam3 roots were stained with 15 mM propidium iodide 

and imaged using a C-Apochromat 40 X/1.20 W Korr objective on a Zeiss LSM710 microscope. Excitation and 

emission windows for propidium iodide were 560 nm and 566-719 nm respectively. Confocal images were 

analyzed and processed using ImageJ and Adobe Photoshop.  

GUS staining and imaging 
Moss plants grown on BCDAT were cut out of plates with agar and incubated at 37 ⁰C in a 100 mM phosphate 

buffer with 10 mM Tris pH8.0, 1 mM EDTA pH8.0, 0.05 % Triton X100, 1 mg/mL X-GlcA (5-Bromo-4-

chloro-3-indolyl-ß-D-glucuronic acid) and potassium ferri/ferrocyanide using concentrations and times 

indicated in Fig. 2 and legend. Plants were bleached in 70% ethanol and dissected and mounted in 0.3 % low 

melting point agarose prior to imaging with a Keyence VHX-1000 digital microscope with a 0-50 X or 50-200 

X objective.  
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CLE peptide application 
Synthetic CLE peptides (Genecust, >95% purity) were dissolved in phosphate buffer (50 µm, pH6.8) to stock 

concentrations of 1 mM and 10 mM. Plants were grown on BCDAT plates containing peptides diluted to 

concentrations specified in the main text.  

QUANTIFICATION AND STATISTICAL ANALYSIS 
Quantification and statistical analyses were undertaken as stipulated in main text and SI figures and figure 

legends.  

DATA AND SOFTWARE AVAILABILITY 
Genome and transcriptome data were searched as described in Method details and details of data repositories 

are listed in Table S4. 
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Methods Figures 
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Methods Fig. 1 related to Fig. 2: Strategy for generation of promoter::NLSGUSGFP reporter lines. (A) 

Promoter fragments of PpCLE1, PpCLE2, PpCLE7, PpRPK2, PpCLV1a and PpCLV1b of varying lengths were 

PCR amplified and cloned into the SmaI site of the PIG1NGGII [41] vector with or without replacement of the 

BSD casette with an NptII casette or an AphIV cassette, and transgenes were delivered into plants as PmeI or 

SbfI fragments. Lines were screened first by PCR using PIGF2 and gene specific SCREEN primers, and PIGR2 

and G6TERMF primers. (B) Subsequent screening was undertaken by Southern analysis with a 5’ PIG locus-

specific probe following BglII, HindIII, SwaI or EcoRI digestion. Targeted single insertant lines were used in 

expression analyses. 
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Methods Fig. 2 related to Fig. 3: Strategy for generating PpcleAmiR lines. (A) Plasmids were constructed 

as described in STAR Methods and linearized with SacI prior to transformation. (B) PCR analysis identified 

three positive lines for each AmiR construct. (C) RT-PCR showed that PpCLE expression was strongly reduced 

in transgenic lines. (D) Southern analysis showed that one PpcleAmiR1-3 and two PpcleAmiR4-7 lines were 

stable insertants. (E and F) Multiple PpcleAmiR1-3 (E) and PpcleAmiR4-7 (F) lines had similar mutant 

phenotypes. Scale bars = 1 cm. 



69 
 

Methods Fig. 3 related to Fig. 3: CRISPR/Cas9 strategy for generating Ppclv1 mutants. (A) Generation of 

Ppclv1a single mutants, Ppclv1ab double mutants, and Ppclv1b mutants. Guide RNAs were designed to target 

PpCLV1a or PpCLV1b as indicated by purple triangles, and plants were co-transformed as described in STAR 

Methods. Locus-specific PCR amplification used primers illustrated by red arrows with sequences listed in 

STAR Methods, and Sanger sequencing was used to identify the nature of mutation in three independent 



70 
 

disruptant lines. Sequences are colour coded to illustrate gRNA targets (yellow), protospacer adjacent motifs 

(PAM: purple), a deletion (green) and insertions (red). In gene models, UTRs are indicated in red and coding 

sequence is indicated in yellow. Exons are represented as boxes, and introns are represented as lines. (B) In 

Ppclv1a1b-8 mutants, the region between two gRNAs targeting PpCLV1a translocated into the site cut by a 

gRNA targeting PpCLV1b. (C) Summary of mutations at each locus in nine PpCLV1 mutant lines described in 

(A). + denotes wild type sequence or phenotype. (D-M) Multiple Ppclv1a, Ppclv1b and Ppclv1a1b mutant lines 

had similar mutant phenotypes. Whereas WT and single mutant plants had well-developed gametophores, 

double mutant plants comprising mainly protonemata, and few gametophores were visible. Scale bar = 1 mm. 
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Methods Fig. 4 related to Fig 3: Strategy for generating Pprpk2 KO lines. (A) To generate Pprpk2 

targeted deletion vectors, 5’ and 3’ PpRPK2 flanking regions were PCR amplified and ligated into pGEM-

TEASY™. The 5’ flanking sequence was excised with SacI and PmeI and inserted in tandem with the 3’ 

flanking sequence prior to insertion of a Hygromycin resistance casette from pBHRF108 [47] to generate the 

targeting vector. This was linearised with AflII for plant transformation. Stable insertants were screened by 

PCR with three primer pairs 1, 2 and 3. The RPK2 locus is in a repeat rich genomic region, and we were 

unable to amplify fragments to screen for integration at the 5’ end as Southern hybridization with several 

probes outside the insertion cassette gave smears. (B) PCR screening identified three candidate targeted 

deletion lines. (C) RT-PCR confirmed loss of PpRPK2 expression in mutants. (D) Targeted deletion was 

confirmed by Southern analysis using sequential hybridization with PpRPK2 and HygR probes at 42 ˚C. (E) 

Multiple knockout lines had similar mutant phenotypes. Scale bar = 1 cm.  
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SUPPLEMENTAL FIGURES 

Fig. S1 related to Fig. 1: NJ tree showing relationships between land plant CLEs. 193 CLE motifs 

were aligned and a neighbour-joining analysis was undertaken as described in SI Methods. A 

Marchantia polymorpha CLE was used to root the tree, Physcomitrella patens was selected to 

represent mosses, Anthoceros agrestis was selected to represent hornworts, Selaginella moellendorfii 

was selected to represent lycophytes, Diplazium wichurae was selected to represent monilophytes, 

and seed plant sequences were retreived from Picea abies, Amborella trichopoda, Glycine max, Oryza 

sativa and Arabidopsis thaliana. 100 bootstrap replicates were performed, but bootstrap support was 

very low as there are few characters, and support values of > 50 are shown. 
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Fig. S2. Related to Fig. 1: ML tree showing relationships between land plant BAM/CLV1-like proteins.  

36  BAM/CLV1-like receptor-like kinase sequences were aligned, and data were analysed using the maximum 

likelihood method with the JTT matrix-based model as described in SI Methods. All positions containing gaps 

and missing data were removed prior to analysis, leaving a total of 525 in the final dataset. The tree with the 

highest log likelihood is shown. Marchantia polymorpha was sampled to represent liverworts, Physcomitrella 

patens was sampled to represent mosses, Anthoceros agrestis was selected to represent hornworts, Selaginella 

moellendorfii was selected to represent lycophytes, Diplazium wichurae was selected to represent 

monilophytes, and seed plant sequences were retreived from Picea abies, Amborella trichopoda, Glycine max, 

Oryza sativa and Arabidopsis thaliana. The tree was rooted on MpCLV1 in line with current estimates of land 

plant phylogeny, and bootstrap values of > 70 from 100 replicates are shown next to branches. Branch lengths 

represent the number of substitutions per site. 
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Fig. S3 related to Fig 1:  ML tree showing relationships between land plant RPK2-like proteins. 18 RPK2-

like receptor-like kinase sequences were aligned and the phylogenetic tree was reconstructed using the 

maximum likelihood method with the JTT matrix-based model as described in SI Methods. All positions 

containing gaps and missing data were removed prior to analysis, leaving a total of 782 in the final dataset. The 

tree with the highest log likelihood is shown. Marchantia polymorpha was sampled to represent liverworts, 

Physcomitrella patens was sampled to represent mosses, Anthoceros agrestis was selected to represent 

hornworts, Selaginella moellendorfii was selected to represent lycophytes, Diplazium wichurae was selected to 

represent monilophytes, and seed plant sequences were retreived from Picea abies, Amborella trichopoda, 

Glycine max, Oryza sativa and Arabidopsis thaliana. The tree was rooted on MpRPK2 in line with current 

estimates of land plant phylogeny, and bootstrap values of > 70 from 100 replicates are shown next to branches. 

Branch lengths represent the number of substitutions per site.  
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Fig. S4 related to Fig. 2: Expression of CLV signaling components in gametophytic Physcomitrella tissues 

as evaluated by RT-PCR. PpCLEs 1, 2 and 7 were expressed in gametophores. PpCLV1a, PpCLV1b and 

PpRPK2 were also expressed in gametophores and PpRPK2 expression was also detected in 10-day old 

protonemal tissues, which is when gametophores first start to initiate under our growth conditions.  
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Fig. S5 related to Fig. 2: Expression of CLV signaling components in Physcomitrella tissues evaluated by 

eFP Browser data [1]. (A) Expression patterns of PpCLEs 1-7. (B) Expression patterns of receptor 

components. (C) Quantitative comparison of PpCLE1-7 expression levels. (D) Quantitative comparison of 

PpCLV1a, PpCLV1b and PpRPK2 expression levels.  
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 Fig. S6 related to Fig. 3: Quantification of cell division plane orientation defects in ground tissue layers 

in Arabidopsis clv1/bam1/bam2/bam3 roots. (A) Diagram showing the nature of cell division plane orientation 

defects in wild-type versus clv1/bam1/bam2/bam3 plants. (B) Equivalence of developmental stages used in 

comparisons between wild-type and mutant plants. (C) Quantitative data showing differences in the number of 

periclinal cell divisions (PCDs) in wild-type versus mutant plants. 
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Fig. S7 related to Fig. 6: Treatment with CLE peptides had no appreciable effect on protonemal 

morphology. (A) Light micrographs of plants treated with a synthetic random peptide, CLE41, CLV3 or 

Physcomitrella CLEs showing morphology. Scale Bar = 1 cm. (B and C) The area of plants treated with 1 µM 

or 10 µM CLEs was no different from controls (n ≥ 20). (D and E) CLE treatment did not effect gametophore 

initiation. For D, gametophores from 5 plants were counted for each treatment, and for E, a 5 mm square from 

the edge of 5 plants was counted for each treatment. 
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Table S1 related to Fig. 1: List of newly identified CLE genes, gene IDs and species of origin. 

 

 

 

 

 

 

 

 

 

 

 

Table S2 related to Fig. 1: List of newly identified CLV1/BAM genes, gene IDs and species of origin. 
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Table S3 related to Fig. 1: List of newly identified RPK2 genes, gene IDs and species of origin. 

 

Table S4 related to Fig. 1: List of taxa, publications and databases searched for sequence data. 

 

Table S5 related to Fig. 1: List of Physcomitrella CLAVATA pathway V3 genome gene IDs. 
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Table S6 related to Figs. 2-4 and STAR methods: List of primers used in this study. 
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Chapter 3: Cytokinin-CLAVATA crosstalk regulates the function of a 

single-celled shoot apical meristem 
 

Foreword 
 

This chapter presents unpublished work probing the regulatory link between CLAVATA and cytokinin 

signaling proposed in chapters one and two.  

Whereas the 2018 Current Biology publication was a culmination of work by many people, the work in 

Chapter 3 is mainly my own. Mike Scanlon and Adrienne Roeder were indispensable for helping me design 

and interpret the experiments presented here. Under my mentorship, Christopher Morales Farfan, a BTI 

summer intern, also provided a substantial contribution with his long days on the confocal, collecting 

hundreds of image stacks of moss shoots that were used for stem cell quantifications.  
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Cytokinin-CLAVATA crosstalk regulates the 

function of a single-celled shoot apical meristem 
Abstract 
Plant shoots grow from stem cells organized at the Shoot Apical Meristems (SAMs), which produce lateral 

organs while maintaining a pool of stem cells. In Arabidopsis shoots, signaling pathways downstream of 

CLAVATA3 (CLV3)-like peptides and the hormone cytokinin antagonistically control plant stem cell 

abundance by regulating the homeobox gene WUSCHEL (WUS). The moss Physcomitrium patens makes 

shoots that are derived from a single-celled SAM that performs the same functions as flowering plant SAMs 

but lacks a role for a WUS-like gene. Here we use Physcomitrium patens as a model to assess whether CLV3-

cytokinin crosstalk is a feature of a stem cell regulatory pathway that lacks WUS. In moss shoots, new stem 

cells are specified on the epidermis, where they will form branches. We previously showed that moss mutants 

of the CLV3-like peptide receptor genes CLAVATA1 (CLV1) and RECEPTOR-LIKE PROTEIN KINASE2 

(RPK2) produce ectopic stem cells, a phenotype associated with increased cytokinin response in both 

Arabidopsis and moss. We use genetics and cytokinin treatments to elucidate the crosstalk in the signaling 

network between CLV1, RPK2 and cytokinin in control of stem cell formation. clv1 and rpk2 double mutant 

stem cell phenotypes are additive, indicating they act through distinct mechanisms, and both mutants have 

weakened responses to cytokinin. Surprisingly, cytokinin receptor mutants have increased numbers of stem 

cells compared to wild type. Using mathematical modeling, we find that two simple networks can recapitulate 

the phenotypes of seven mutant genotypes and two dosage levels of exogenous cytokinin, including this novel 

and counter-intuitive effects of eliminating cytokinin signaling. In both models, CLV1 and RPK2 act through 

separate pathways where CLV1 represses cytokinin-mediated stem cell initiation and RPK2 inhibits stem cell 

initiation through a cytokinin-independent pathway. Our work elucidates WUS-independent crosstalk between 

CLV/RPK2 and cytokinin signaling in moss shoots and suggests that crosstalk between CLV and cytokinin 

signaling is an ancient feature of shoot stem cells. 
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Introduction 
Plant shoot morphology is determined by groups of stem cells called Shoot Apical Meristems (SAMs) reserved 

at growing shoot tips. SAMs must perform two essential functions: first the patterning of lateral organ initiation, 

and second the rejuvenation of the stem cell population to replace cells recruited to form those lateral organs. 

Decades of study in the model flowering plant Arabidopsis thaliana have revealed a key role for a negative 

feedback loop in maintaining the SAM1. Stem cells at the apex of the meristem secrete the 

CLAVATA3/EMBRYO SURROUNDING REGION (CLE) peptide CLV32,3. CLV3 acts through a suite of 

leucine-rich repeat receptor-like kinases (LRR-RLKs) including CLAVATA1 (CLV1) and RECEPTOR-LIKE 

PROTEIN KINASE2 (RPK2), to limit the expression of the stem cell organizing gene WUSCHEL (WUS) to 

several cell layers below the apex and delimit the size of the stem cell pool4–8. WUS protein moves apically to 

promote stem cell identity and activates expression of its repressor CLV3, completing the negative feedback 

loop9,10. In Arabidopsis, wus mutants fail to maintain a SAM11,12.  In contrast, clv3, clv1, or rpk2 loss-of-function 

mutants fail to downregulate WUS expression and produce too many stem cells, leading to increased organ 

numbers and eventual fasciation1,4.  

Stem cell homeostasis is important for determining shoot morphology. For example, changes to CLAVATA 

signaling can alter phyllotaxy, organ number, and organ size13. Despite its importance, we have a poor 

understanding of signaling pathways regulating stem cell homeostasis. This is in part because there is a large 

suite of LRR-RLKs and related proteins with complex interactions14. LRR-RLKs in the meristem often have 

multiple paralogs that can compensate for loss of function mutations15. Receptors from different gene families 

share the same set of co-receptors, and each respond to the same ligand (CLV3) through independent, unknown 

signaling pathways16. Meanwhile, receptors are not beholden to a single ligand; a single receptor complex was 

shown to produce different downstream signals elicited by two different CLE ligands17. Such a high degree of 

genetic complexity highlights the need for a simpler genetic system with which to dissect how CLE signaling 

regulates stem cell identity.   
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Physcomitrium patens (previously Physcomitrella patens) is a prominent bryophyte model system that is used 

to study the evolution of developmental mechanisms18. Physcomitrium produces haploid upright shoots 

(gametophores) that pattern leaves (phyllids) in a spiral phyllotactic pattern from a SAM. The Physcomitrium 

SAM comprises a single tetrahedral apical stem cell rather than a multicellular dome20. Despite this anatomical 

difference, the moss apical cell must accomplish the same two functions as the angiosperm SAM: self-renewal 

and lateral organ patterning. The transcriptome of the moss SAM shares a high degree of overlap with flowering 

plant SAMs, suggesting possible deep homology underlying control of the SAM in non-homologous shoots21. 

With only three known putative CLE receptors in its genome, Physcomitrium is an appealing model for 

understanding CLE signaling19.  

We previously characterized the role of CLV1 and RPK2 orthologs in Physcomitrium and found that these genes 

performed similar functions in moss and flowering plants22. We also discovered a novel role for CLV1 as a 

regulator of cell division plane orientation during shoot formation in moss and during root development in 

Arabidopsis. We also found that moss clv1 and rpk2 mutants produce ectopic stem cells along their shoots, 

establishing that the canonical function of CLV1 and RPK2 is conserved from Arabidopsis to Physcomitrium. 

Interestingly, whereas the Arabidopsis clv1 and rpk2 stem cell phenotypes are attributed to overaccumulation 

of WUS, Physcomitrium patens lacks closely related orthologs of WUS23. The Physcomitrium genome contains 

three WUSCHEL-RELATED HOMEOBOX (WOX) encoding genes, all of which are part of the ancient WOX 

clade that lack domains critical for the stem cell modulatory function of WUS23–25. Moss wox mutants are 

compromised in their ability to initiate tip growth in regenerating filamentous tissues; however, their shoot 

development is normal. Together, these data suggest an absence of WOX genes from the shoot stem cell 

regulatory network26. This raises the question: in the absence of WOX-mediated stem cell maintenance, how 

do CLV1 and RPK2 function as stem cell inhibitors in moss?  

The hormone cytokinin plays an important role in promoting SAM formation in Arabidopsis27,28. Likewise in 

moss, cytokinin promotes the formation of SAMs from filamentous juvenile tissue and on existing shoots29,30. 

Several lines of evidence suggest an antagonistic relationship between CLE and cytokinin signaling in both 
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Arabidopsis and moss22,31. In moss shoots, cytokinin promotes the formation of new SAMs that initiate 

branches30, while loss of CLE signaling causes ectopic stem cell formation22. Intriguingly, one of the best 

understood mechanisms by which cytokinin promotes SAM formation in Arabidopsis is by its induction of 

WUS28,32. This again begs the question of how a regulator of SAM function – in this case cytokinin – can 

perform the same function in moss and Arabidopsis despite the absence of a key WOX genes from the moss 

network. Given the antagonistic functions of CLV and cytokinin signaling, we ask whether there is ancient 

WOX-independent crosstalk between CLE and cytokinin signaling.  

Here we continue our use of Physcomitrium as a model to understand stem cell signaling.  We first investigated 

whether CLV1 and RPK2 act in common or separate pathways, which is also an open question in Arabidopsis. 

We found that CLV1 and RPK2 regulate cell differentiation via distinct pathways, with greater support for 

CLV1 acting upstream of cytokinin-induced stem cell formation. Surprisingly, we found that loss of cytokinin 

signaling increases the initiation of stem cells and associated branches.  Our computational models provide 

several viable explanations for this unexpected phenotype, including a possible regulatory interaction where 

cytokinin promotes CLE signaling. Overall, our data support a network in which CLE signaling and cytokinin 

intersect in the regulation of moss SAM maintenance. This network is distinct from the canonical angiosperm 

network in that it lacks a role for a WOX gene as the hub where cytokinin and CLE signaling intersect.  

RESULTS 

CLV1 and RPK2 function through distinct pathways  
Our previous research revealed a conserved role for the moss LRR-RLKs CLV1 and RPK2 in inhibiting stem 

cell specification in moss shoots22. Loss of function of the two CLV1 paralogs (CLV1a and CLV1b) or of RPK2 

resulted in shoots with ectopic apical cells along the lengths of swollen stems22. In order to determine whether 

CLV1 and RPK2 function in the same pathway to regulate stem cell formation in moss, we used CRISPR-Cas9 

mediated mutagenesis to target RPK2 in a clv1a;clv1b mutant background and generated multiple, independent, 

triple mutant lines with similar phenotypes (Supplemental Figure 1). We examined wild type, clv1a;clv1b  
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Figure 1: clv1 and rpk2 phenotypes are additive. Shoot development at approximately one week 

(A, D, G, J), two weeks (B, E, H, K) and at three to four weeks (C, F, I, L) in wild type (A-C), 

clv1a;clv1b (D-F), rpk2 (G-I), and clv1a;clv1b;rpk2 triple mutants (J-L).  Ectopic stem cells and 

branches per square micron of visible stem tissue from 30-40 shoots of each genotype (M). An 

interaction plot showing the effects of clv1 (left to right, arrow) and rpk2 (top to bottom) on 

ectopic stem cell per square micron (N). The similar slopes of the two lines demonstrate that the 

effect of the clv1 mutation is the same in the wild type or rpk2 background.  



91 
 

double mutants, rpk2 single mutants, and clv1a;clv1b;rpk2 triple mutant shoots across developmental stages 

ranging from less than one week old to approximately four weeks old (Figure 1).  

 Wild type shoots were covered with leaves, leaving little exposed stem tissue (Figure 1 A, B, C). Where stem 

tissue was visible, we occasionally saw branches forming from newly specified apical cells (Figure 1 B). In 

contrast, clv1a;clv1b, rp2k, and triple mutant stems were swollen from the earliest stages of development 

(Figure 1D, G, K). Ectopic triangular apical cells were present on the rounded stems of these mutants at all 

stages of development. At later stages, clv1, rpk2 and triple mutant shoots produced numerous ectopic branches, 

indicating that the ectopic apical cells observed at earlier stages were functional but dormant SAMs (Figure 1F, 

I).   

Starting at approximately leaf four, wild type leaves developed midribs with long, densely staining cells (Figure 

1B, C). Meanwhile, mutant leaves at often formed broad swaths of clear, midrib-like cells that sometimes 

spanned the width of the leaf-base (Figure 1 E, F, I, K, L). This novel phenotype was especially common in 

clv1a;clv1b and clv1a;clv1b;rpk2 triple mutants, although it was sometimes observed in rpk2 single mutants. 

Thus, CLV1 and RPK2 appear to have overlapping but non-identical roles regulating midrib development. 

Finally, clv1 and rpk2 mutant shoots stopped elongating much earlier than wild type, often terminating in a 

swollen apex with abundant apical cells (Figure 2). After terminating longitudinal growth, clv1a;clv1b, rpk2, 

and triple mutant shoots continued to swell and initiate new growth axes from ectopic stem cells along the 

length of the stem (Figure 1 F, I, L, Figure 2 B). Stem swelling was especially prominent in rpk2 and 

clv1a;clv1b;rpk2 triple mutants, again highlighting different contributions of CLV1 and RPK2 to shoot 

development. Shoot termination in clv1 and rpk2 mutant stems was reminiscent of stem cell over-proliferation 

and disorganization of the SAM seen in Arabidopsis mutants with perturbed stem cell homeostasis, again 

highlighting the suitability of moss for studying stem cell specification22.  

The clv1a;clv1b;rpk2 triple mutants appeared to combine aspects of the clv1 and rpk2 shoot phenotypes. Triple 

mutant shoots produced thick midribs like clv1 mutants but terminated early and swelled like rpk2 mutants. 
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However, it was not clear how CLV1 and RPK2 signaling interact to inhibit ectopic stem cell formation. In 

order to gain a deeper understanding of how CLV1 and RPK2 regulate  stem cell specification, we quantified 

the number of ectopic stem cells visible by confocal microscopy on 30-40 shoots of each genotype. We 

normalized the number of ectopic stem cells to the size of the stem to control for any increase in stem cell count 

due to the swelling or variation in shoot developmental stage (Figure 1 M). If CLV1 and RPK2 act in a linear 

Figure 2: clv1 and rpk2 shoots terminate in a mass of stem cells. Approximately 

three-week-old wild type (A), clv1a;clv1b (B), rpk2 (C), and clv1a;clv1b;rpk2 triple 

mutant (D) shoots. Bare shoot apices replete with stem cells are visible in clv1 and 

rpk2 mutants, while the single apical cell at the apex of wild type shoots is well-

covered by leaves. Leaves are pseudo colored blue, apices are pseudo colored 

magenta, and apical stem cells are pseudo colored yellow. Scalebars: 100 nm 
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genetic pathway, then one mutant should be epistatic to the other. If CLV1 and RPK2 have redundant functions 

but act in distinct complexes, we expected to see a synergistic increase in stem cell initiation in the 

clv1a;clv1b;rpk2 triple mutant. Finally, if CLV1 and RPK2 act non-redundantly, i.e. in distinct signaling 

pathways, then we expected the mutations to have an additive effect on stem cell initiation.  

While most wild type shoots produced no branch stem cells, we saw ectopic branch stem cells on almost all 

clv1a;clv1b and rpk2 mutants. Every triple mutant gametophore we observed possessed at least one ectopic 

stem cell (Figure 1 M). Pairwise comparisons revealed no significant difference in ectopic stem cell formation 

between clv1 and rpk2 mutants, but each produced significantly fewer ectopic stem cells per square micron than 

the triple mutant. An interaction plot displaying the effects of mutating clv1 (left to right) and rpk2 (top to 

bottom) showed that the effect of mutating clv1 (the slope of the arrow-headed line) was similar in both wild 

type and rpk2 backgrounds, i.e. the effects were additive (Figure 1 N). Altogether, the data suggest that CLV1 

and RPK2 do not function in the same linear pathway to regulate stem cell abundance in the moss shoot.  

CLV1 and RPK2 signaling interacts with Cytokinin signaling 
In moss, cytokinin induces stem swelling and the formation of new SAMs along the axis of the shoot30, similar 

to the phenotypes seen in clv1 and rpk2 mutants (Figure 3A-C and Figure 1). We hypothesized two possible 

pathways to explain these data. First, CLV1 and/or RPK2 could function by inhibiting cytokinin-mediated stem 

cell specification, i.e. CLV1/RPK2 function is upstream of cytokinin response. Alternatively, cytokinin 

signaling might be upstream and inhibit CLV1/RPK2 such that cytokinin de-represses stem cell formation. To 

better understand how CLV1 or RPK2 signaling interact with cytokinin signaling, we characterized the response 

of clv1a;clv1b, rpk2, and clv1a;clv1b;rpk2 mutants to 10nM and 100nM exogenous BAP, a synthetic cytokinin. 

If the first hypothetical pathway were true, we predicted that cytokinin treatment would induce stem cell 

formation in clv1 and rpk2 mutants. In the second scenario, clv1 and rpk2 loss of function would be epistatic to 

cytokinin and exogenous cytokinin would have no effect in clv1 and rpk2 mutants. 

We quantified the number of ectopic stem cells and branches in each genotype grown on 10nM and 100nM 

cytokinin, and measured stem area as described above. Wild type shoots grown on a 10 nM BAP displayed 
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slight swelling, with more cells visible beneath where the first leaves attached than were visible on shoots grown 

without BAP (Figure 3A-B). These shoots also developed ectopic tetrahedral apical cells reminiscent of those 

seen in clv1 and rpk2 mutants. On a higher concentration of cytokinin, wild type stems were swollen and formed 

numerous ectopic branches (Figure 3C). 10 nM BAP only had a mild impact on stem swelling and ectopic 

apical cell formation in clv1a;clv1b and rpk2 mutant shoots (Figure 3 E, H, M). However, clv1 and rpk2 shoots 

grown on 100 nM cytokinin displayed numerous ectopic branches and apical cells and a high degree of stem 

swelling (Figure 3F, I). Interestingly, growing clv1a;clv1b;rpk2 triple mutants on 10 nM or 100 nM BAP 

resulted in a similar amount of stem cells per area (Figure 3 K, L, M). Overall, stem cell formation increased in 

clv1a;clv1b, rpk2, and clv1a;clv1b;rpk2 triple mutants in response to cytokinin. These data support rejecting 

our second proposed pathway where cytokinin is an upstream inhibitor of CLV1/RPK2 and instead support a 

role for CLV1/RPK2 upstream of cytokinin response. Interestingly however, while cytokinin induced stem cell 

formation in all genotypes, this effect was weaker clv1 and rpk2 mutants (Figure3 M).   

Given the possible reduced sensitivity of clv1 and rpk2 mutants to cytokinin, we wanted to statistically assess 

how CLV1, RPK2, and cytokinin interact to control stem cell specification. To do so, we analyzed our full 

dataset including each mutant off cytokinin and on 10 and 100 nM BAP using a Poisson regression suited for 

count data, including stem size as an offset in the model to account for any correlation between the size of the 

shoot and ectopic stem cell number. There was a significant increase in stem cells caused by loss of CLV1 or 

RPK2, as well as by cytokinin treatment  (p value and Poisson coefficient for clv1: p = 0.0001, coefficient = 

0.64; rpk2: p < 0.0001, coefficient = 0.96; cytokinin treatment: p < 0.0001, coefficient = 0.0133, see materials 

and methods for details). There was no significant statistical interaction between the effects of clv1 and rpk2 

loss of function, (p = 0.240) indicating that these mutant phenotypes were additive. Interestingly, each mutant 

showed a statistically significant, slight reduction in response to exogenous cytokinin (Figure 2I; clv1:cytokinin 

p = 0.033, coefficient = -0.003; rpk2:cytokinin p  < .0001; coefficient = -0.009;).  

In summary, the phenotypes of clv1a;b and rpk2 were additive across a range of exogenous cytokinin 

concentration, suggesting that CLV1 and RPK2 act via distinct pathways regulating stem cell specification.  



95 
 

  

Figure 3: Cytokinin induces phenotypes similar to clv1/rpk2 and increases apical cell formation in 

clv1/rpk2 mutants. Two- to three-week-old shoots grown on media supplemented with low (10 nM, A, C, 

E, G) and high (100 nM, B, D, F, H) BAP. Quantification of ectopic stem cells per area of exposed stem (I). 

Note that (I) includes data from Figure 1M for clarity. 
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Stem cell initiation increased in clv1 and rpk2 mutants, supporting a role for CLV1/RPK2 upstream or 

independent of cytokinin signaling. However, loss of CLV1 or RPK2 also slightly diminished the effect of 

exogenous cytokinin on stem cell production. These data suggest that cytokinin response could already be high 

in clv1 and rpk2 mutants such that exogenous cytokinin treatments represented a smaller relative increase in 

cytokinin signaling in the mutants than in wild type. Such a scenario would occur if CLV1 and/or RPK2 

functioned by inhibiting cytokinin-mediated stem cell specification.  

Mathematical modeling supports action by CLV1 and RPK2 through distinct pathways 
To elucidate the regulatory network that integrates CLV1, RPK2, and cytokinin signaling to control stem cell 

identity in the moss shoot, we evaluated five hypothetical network models. Given that the data supported CLV1 

and RPK2 signaling through separate pathways, we coded two variables, ‘x’ and ‘y’, to represent these 

pathways. It is important to note that x and y do not represent any specific genes, but rather are simplified 

representations of unknown but postulated signaling outputs. As cytokinin induces stem cell formation, we 

specified that x is induced by cytokinin, while y is synthesized according to a cytokinin-independent basal 

synthesis parameter; both x and y then induce stem cell formation.  

In the first model, RPK2 and CLV1 are both capable of inhibiting stem cell initiation through both cytokinin-

dependent and independent pathways, i.e. through both x and y (Figure 4 A). This model has the greatest 

flexibility and represents a scenario where CLV1 and RPK2 are partly redundant and partly independent. The 

second and third models simulate the cases where CLV1 and RPK2 act completely independently (Figure 4 B 

and C). In model two CLV1 inhibits cytokinin responsive stem cell induction (x) and RPK2 inhibits cytokinin-

independent stem cell induction (y), while the roles for CLV1 and RPK2 are reversed in model three. Models 

four and five simulate completely redundant CLV1 and RPK2 activity: in model four both CLV1 and PPK2 

inhibit x (Figure 4 D), while in model five both inhibit y (Figure 4 E).  

The behavior and output of a model depends on the parameters selected.  To find the optimal parameters for 

each model that allowed it to best fit the data, we used a random optimizer function. Given a set of parameters 

for the strength of interactions between variables (e.g. how potently cytokinin induces x), we used the model to  
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Figure 4: Dynamical model simulations of stem cell production by clv1 and rpk2 mutants over a range of 

cytokinin concentrations. Basic network depictions and simulation results of mathematical models formalizing 

five different hypotheses: CLV1 and RPK2 are partially redundant (A); CLV1 and RPK2 are independent with 

CLV1 upstream of cytokinin response (B); CLV1 and RPK2 are independent with RPK2 upstream of cytokinin 

response (C); CLV1 and RPK2 are redundant and upstream of cytokinin response (D); CLV1 and RPK2 are 

redundant and upstream of a cytokinin-independent pathway (E). On plots, Solid lines represent simulated 

data over a range of cytokinin concentrations. Dots with error bars represent the mean empirical stem cells per 

square micron data and standard errors. From left to right, dots represent values from moss grown on BCD, 10 

nM BAP, and 1 nM BAP. The model on the right side of panel A has had the thickness of interactions changed 

proportional to the corresponding optimized parameters. 
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simulate each relevant genotype (wild type, clv1a;b, rpk2, clv1a;b;rpk2) at each level of cytokinin treatment 

(no BAP, 10nM BAP, 100nM BAP). For each model we thus simulated twelve scenarios that we compared 

with the corresponding mean values from the empirical data. We generated a single fit score that was 

proportional to the difference between the model and the empirical data, with larger differences penalized more 

heavily than smaller ones (See Model Methods). Once a score was generated, each model coefficient was 

randomly mutated (adjusted up or down) and a new fit score was calculated and compared to the previous one.  

If the new fit score were better (lower), the new parameters for that run were adopted as the starting point for 

the next round of optimization.  If the fit score proved worse, the previous parameters were kept as the starting 

point for the next round of optimization. We ran the optimizer for 300 iterations, allowing the fit score to plateau 

at an optimum value for each model (Supplemental model information).   

Using this iterative optimizer, we tested our five competing hypotheses of how CLV1, RPK2, and cytokinin 

regulate stem cell identity. For model one, the optimizer selected parameters that separated the roles for CLV1 

and RPK2, i.e. the optimizer minimized their redundant activity and emphasized their independent activity 

(Figure 4 A). Specifically, the optimizer strengthened the regulatory connection between RPK2 and cytokinin-

dependent signaling while weakening the interaction between RPK2 and cytokinin-independent induction; the 

opposite was done for CLV1 (Figure 4 A). Thus, the optimized Model 1 was similar to Model 3 (Figure 4 C). 

Optimized Model 1 reasonably replicated the empirical data with a fit score of 0.3, but notably overestimated 

the number of ectopic stem cells in the clv1a;b;rpk2 triple mutant grown in the absence of exogenous cytokinin 

(Figure 3 A). Models 2 and 3 produced nearly equivalent fits to Model 1 after optimization with fit scores of 

0.27 and 0.23, respectively (Figure 5 B, C). Notably, Model 2 and Model 3 successfully simulated the level of 

stem cell initiation clv1a;clv1b;rpk2 without exogenous cytokinin.  These two models differed from one another 

predominately in the cytokinin response curves of clv1 and rpk2 mutants (Figure 3 B and C), but neither 

simulation was far from the empirical data. Finally, Model 4 (fit score = 2.45) and 5 (fit score = 2.63 ) produced 

very poor fits to the data  (Figure 2 D and E). Altogether, the five models support CLV1 and RPK2 acting 
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through separate pathways. However, the models do not distinguish whether CLV1 or RPK2 functions upstream 

of the cytokinin response as either scenario could reproduce the empirical data.   

We next used our models to predict how stem cell initiation would be affected by the absence of cytokinin 

signaling (Supplemental figure 2). Each model predicted that at zero cytokinin, every simulated genotype would 

produce even fewer apical cells than any other condition. This is consistent with data showing reduced branch 

stem cell initiation after increasing cytokinin degradation30. Informatively, the model predicted that at zero 

cytokinin perception, ectopic stem cell formation caused by the loss of whichever receptor (RPK2 or CLV1) 

that functioned upstream of cytokinin dependent stem cell initiation would be suppressed.  

Loss of cytokinin signaling reveals a complex network controlling stem cell specification 
The three CYTOKININ HISTIDINE KINASE (CHK) genes in Physcomitrella encode the cytokinin receptors, 

and chk1;2;3 triple mutants lack the ability to perceive cytokinin33,34. Using CRISPR-Cas9 to mutate CLV1a, 

CLV1b, and RPK2 in the chk1;2;3 background, we generated multiple independent lines of 

clv1a;clv1b;chk1;2;3 quintuple mutants, rpk2;chk1;2;3 quadruple mutants, and clv1a;clv1b;rpk2;chk1;2;3 

sextuple mutants (Supplemental Figure 3). Our models predicted that if ectopic stem cell formation in clv1 

mutants resulted from increased cytokinin-mediated stem cell initiation, ectopic stem cell formation would be 

suppressed in the higher order clv1;chk mutants. Alternatively, if RPK2 signaling were upstream of the 

cytokinin response (x), the rpk2 ectopic stem cell phenotype would be suppressed in rpk2;chk1;2;3 mutants. 

To test our predictions of how loss of cytokinin signaling impact stem cell specification, we examined shoots 

from multiple independent lines of chke1;2;3 and higher order mutants at cellular resolution. 

Cytokinin induces the formation of branches on shoots30 and promotes cell proliferation in leaves35. Consistent 

with these functions, the chk1;2;3 mutants only form shoots after two weeks delay relative to wild type plants34. 

Once formed, chk1;2;3 shoots produce long, slender leaves with highly elongated cells and fewer cell files. 

Surprisingly, confocal imaging of chk1;2;3 shoots revealed the formation of supernumerary branches, 

indicating increased rather than decreased stem cell production. Higher order clv1a;b;chk1;2;3, rpk2;chk1;2;3, 

and clv1a;clv1b;rpk2;chk1;2;3 and CLE-receptor mutants had variable phenotypes (Supplemental Figure 4), 
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but often produced swollen stems with ectopic apical cells (Figure 5). Thus, contrary to our predictions, loss of 

cytokinin signaling did not suppress stem cell initiation in general or the ectopic stem cell phenotypes of clv1 

or rpk2 mutants. These data suggest that neither CLV1 nor RPK2 are upstream of cytokinin mediated stem cell 

specification in a simple pathway.  

Figure 5: chk1;2;3 mutants produce ectopic stem cells and have complex interactions with clv1 

and rpk2 mutants. Shoots from five week old colonies (chk mutants are severely delayed in shoot 

production) of chk1;2;3 (A), clv1a;clv1b;chk1;2;3 quintuple mutants (B), rpk2;chk1;2;3 quadruple 

mutants (C), and clv1a;clv1b;rpk2;chk1;2;3 sextuple mutants (D). Quantification of ectopic stem 

cells per square micron of visible stem (E), including data from Figure 2 I to highlight trends in the 

data. Earlier models of stem cell regulation are unable to fit chk mutant data (F). For plots in panel 

F, solid lines represent optimized, simulated values while points with error bares represent 

empirical data. From left to right, dots reflect data from plants with mutated CHK, then moss 

grown on BCD, 10 nM BAP, and 100 nM BAP. 
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We tested whether the networks represented by our previous models could be optimized to fit the new chk 

mutant data. We quantified ectopic stem cell number and stem area in chk and in the quadruple, quintuple, and 

sextuple mutants. Using our random optimizer, we attempted to fit models two and three to the new, full data 

set that included the chk and higher order chk-CLE receptor mutants. Each model failed to recapitulate the data; 

specifically, the models failed to reproduce the increase in stem cell formation seen in the chk mutants (Figure 

5 F). Altogether, our data falsified the hypotheses represented by our dynamical models and made clear that we 

are missing important features of the stem cell specification pathway.  

Modulation of cytokinin-mediated stem cell specification and CLE signaling recapitulates chk 

mutant phenotypes  
The production of ectopic branches in the chk1;2;3 mutant could arise if cytokinin represses a pathway that 

induces branching, or if cytokinin promotes a pathway that represses branching. To test the plausibility of these 

hypotheses, we formalized each as a dynamical model (Model 6 and 7, respectively). For each model, we 

introduced a factor called z. In Model 6, z induced stem cell initiation and was inhibited by cytokinin (Figure 5 

A), while in Model 7 z inhibited stem cell initiation and was itself induced by cytokinin (Figure 5 B). Several 

lines of evidence thus far suggested that CLV1, RPK2, or CLE signaling in general interact with cytokinin 

signaling: both clv1 and rpk2 mutants responded less strongly to exogenous cytokinin (Figure 3 M), and 

clv1a;clv1b;rpk2 loss of function suppressed the chk-dependent increase in stem cell specification (Figure 5 E). 

Additionally, a growing body of evidence in Arabidopsis suggests that cytokinin upregulates CLV336,37. Thus, 

we proposed Model 8, which represented a more specific case of model seven where instead of promoting an 

unknown inhibitor of stem cell specification (z), cytokinin promoted CLE expression (Figure 5 C). In Model 8 

the CLEs formed complexes with CLV1 or RPK2, which were responsible for downstream signaling.  

We attempted to fit each model to the full dataset and looked to see how well the models captured key trends 

in the empirical data. Because we were previously unable to determine whether CLV1 or RPK2 acted upstream 

of cytokinin signaling (x), we simulated both scenarios for each model. Model 6 simulated the data with high 

accuracy without any regulatory interaction between cytokinin and CLV1 or RPK2 (Figure 5 D). Interestingly, 

this model fit notably better if CLV1 were upstream of the cytokinin response (fit score = 0.53) than if RPK2  
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Figure 6: Additional input from 

cytokinin greatly improves 

simulations of stem cell initiation 

across. Model six posits that 

cytokinin inhibits an inducer of 

stem cell identity (A). In model 

seven, cytokinin promotes an 

inhibitor of stem cell specification 

(B). Model eight represents a 

specific case of model seven: 

instead of an unknown inhibitor of 

stem cell identity, we model that 

cytokinin promotes CLE signaling 

(C). Dots in (C) denote complex 

formation. Results for 

corresponding models on the left 

(D, E, F). Solid lines represent 

simulated data while dots 

represent mean stem cells per area 

from the empirical data. Error bars 

show the standard error. The x axis 

shows a log transformation of the 

cytokinin value input to the model. 

chk mutant data was aligned with 

the model simulating ‘0’ cytokinin, 

while plants grown on BCD were 

aligned with cytokinin equal to 

0.75. 
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were upstream of the cytokinin-dependent response (fit score = 0.73). Model 7 - in which cytokinin induced a 

stem-cell inhibitor – fit the data poorly in all cases (fit scores 1.86, 1.82) (Figure 5 E). While this model could 

replicate the chk1;2;3 and wild type cytokinin treatment data, it was unable to recapitulate the effects of chk 

loss of function in clv and rpk2 mutant backgrounds and simulated clv1a;clv1b;rpk2;chk1;2;3 sextuple mutants 

especially poorly. Finally, Model 8 (with CLE expression downstream of cytokinin) successfully fit the data  

(Figure 5 F); like with Model 6, this model worked best when CLV1 was upstream of cytokinin response (fit 

score 0.51, as opposed to 0.79 with RPK2 upstream).  Thus, while either Model 6 or Model 8 could explain the 

data, both supported a role for CLV1 as an inhibitor of cytokinin-mediated stem cell specification.  

Discussion 
There is evidence for crosstalk between CLV1, RPK2, and cytokinin signaling controlling cell differentiation 

throughout Arabidopsis development31. However, the complexities of CLE signaling and our poor 

understanding of it complicates these interpretations. Our previous work raised the possibility of an ancestral 

WOX-independent interaction between CLE and cytokinin signaling. Here we used a combination of 

genetics, hormone treatments, and mathematical modeling to demonstrate an ancient stem cell regulatory 

network with conserved roles for cytokinin and CLE signaling but without a role for a WOX gene. These data 

lead us to question the general centrality of WOX genes for meristem function, and instead indicate that 

WOX genes were later incorporated into stem cell regulatory networks.  

CLV1 and RPK2 signal through distinct pathways 
In Arabidopsis, it is unclear whether CLV1 and its paralogs function in the same pathway as RPK2. There is 

evidence of a signaling module of BARELY ANY MERISTEM1 (BAM1, a CLV1 paralog) and RPK2 

regulating root meristem size38, and bam and rpk2 mutants have similar, non-identical anther phenotypes39,40. 

However, rpk2 and clv1 mutants additively increase expansion of the stem cell population in the Arabidopsis 

SAM, suggesting function through distinct pathways4. Thus, data from Arabidopsis is conflicting as to whether 

CLV1 and RPK2 function in the same or distinct pathways. 
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The suite of CLE receptors is much reduced in moss compared to Arabidopsis, making it a powerful system for 

studying the genetic interactions of these receptors22. We previously showed that clv1a;clv1b and rpk2 have 

distinct filament phenotypes in moss, where rpk2 colonies spread  faster than wild type or clv1 colonies22. This 

phenotypic distinction could arise from differences in expression patterns, rather than distinct molecular 

functions. However, CLV1 and RPK2 are co-expressed in buds, where they render distinct mutant phenotypes 

22. Here we showed that while clv1 and rpk2 mutants both produce ectopic stem cells, the higher order 

clv1a;clv1b;rpk2 mutants displayed an additive increase in ectopic stem cells, suggesting that CLV1 and RPK2 

act through distinct pathways to regulate stem cell specification. Altogether, phenotypic evidence from 

filaments, buds, and shoots all support distinct mechanisms of action for CLV1 and RPK2 in moss. 

Crosstalk of CLV signaling with cytokinin is complex  
In Arabidopsis, CLV1, RPK2, and cytokinin regulate stem cell identity as part of a network centered around 

the master regulator gene WUSCHEL. In moss, WOX genes are important for initiating tip growth and the 

regeneration of filaments, but do not otherwise regulate in shoot apical meristem function26. Both increased 

cytokinin and decreased CLV1/RPK2 cause similar phenotypes including stem swelling and ectopic stem cell 

formation, signaling led us to ask whether there is a WOX-independent CLV/RPK2-cytokinin network at play 

in moss. clv1a;clv1b, rpk2, and clv1a;clv1b;rpk2 triple mutants produced fewer ectopic stem cells in response 

to cytokinin than wild type, indicating reduced sensitivity to cytokinin or that cytokinin response approached 

saturation in clv1 and rpk2 mutants. We used mathematical modeling to determine which of eight different 

hypothetical networks describing CLV1, RPK2, and cytokinin function could best recapitulate empirical stem 

cell specification data. Our data and modeling suggest that either CLV1 or RPK2 acts upstream of cytokinin-

mediated stem cell induction, with greater support for CLV1 performing this role. Interestingly, this cytokinin-

dependent pathway (x in the model, Figure 4, Figure 6) occupies the same position as WUS in models describing 

stem cell specification in the Arabidopsis SAM1,41. This suggests that in the absence of WUS, stem cell number 

in moss is regulated by similar mechanism as described in Arabidopsis but that the function of WUS is replaced 

by an unknown mechanism. 
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Cytokinin signaling both induces and inhibits SAM formation 
Our analysis of chk1;2;3 and higher order clv;chk and rpk2;chk mutants revealed several unexpected 

phenotypes. First, we observed that chk1;2;3 mutants make ectopic branches, contrasting with our current 

understanding of cytokinin as a key factor promoting branch formation. We proposed several models to explain 

the counterintuitive chk1;2;3 phenotype, and the higher order clv1;chk and rpk2;chk phenotypes. A model 

where cytokinin signaling inhibits an unknown factor (z) that promotes stem cell identity successfully replicated 

the trends seen in the empirical data, over a wide range of mutant genotypes and hormone treatments that perturb 

stem cell specification. Very little is known about genes promoting SAM formation in moss; the best understood 

pathways are downstream of auxin, not cytokinin42,43. It is possible that auxin signaling is de-regulated in chk 

mutants, leading to ectopic branch formation. However, while auxin promotes SAM formation on juvenile 

filamentous tissue, it inhibits branch formation on shoots30,43. Thus, it is unlikely that auxin signaling comprises 

‘z’ in Model 6 . While still attractive, it is difficult to test this model without a better understanding of cytokinin-

mediated stem cell induction.  

Our statistical analyses revealed that CLV1 and RPK2 function through distinct downstream pathways. 

However, mutants of both genes were less sensitive to exogenous cytokinin, suggesting crosstalk from both 

receptors with cytokinin (Figure 3). Additionally, a growing body of work suggests that cytokinin promotes 

CLV3 signaling in the SAM and during shoot regeneration from callus, although these interactions are 

complex36,37. To assess whether such a regulatory interaction could explain the chk1;2;3 and higher order 

clv;rpk2;chk mutant phenotypes, we generated a model where cytokinin induced CLE expression. This model 

(Model 8, Figure 6 successfully recapitulated empirical data, suggesting a cytokinin-CLE regulatory interaction 

could be an ancient feature of plant stem cell homeostasis.  

It is important to note that although cytokinin signaling could be upstream of CLV signaling in the context of 

stem cell specification, this regulatory interaction does not apply to all developmental contexts. Aside from 

producing ectopic branches, the chk1;2;3, clv1, and rpk2 phenotypes share little else in common. Other chk 

mutant phenotypes include increased cell length, fewer cell files, and loss of midribs from leaves. In contrast, 
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clv1 and rpk2 mutant leaves have shorter cells and sometimes produce wide midribs that stretch the width of 

the leaf base. Higher order clv1;chk1;2;3 and rpk2;chk1;2;3 shoots also make thin leaves lacking midribs, 

phenotypes suggest that chk1;2;3 mutant phenotypes are epistatic to clv1. Thus, with the exception of ectopic 

stem cell formation in chk1;2;3, most phenotypes suggest that CLE signaling functions upstream of cytokinin.   

Common molecular mechanisms can underlie disparate developmental functions across plant 

evolution. 
Similarities and differences in stem cell regulation between moss and Arabidopsis raise important questions 

about the evolution of this signaling network, especially in light of recent data from the liverwort Marchantia 

polymorpha. Current phylogenies support a monophyletic clade containing mosses and liverworts, such that 

mosses and liverworts are equally related to flowering plants. However unlike in moss and Arabidopsis, CLV 

function in Marchantia enhances stem cell specification44.  

Three hypotheses can explain the phenotypic differences between clv1 mutants in Physcomitrium, flowering 

plants, and Marchantia. First, it is possible that Marchantia CLV1 possesses the ancestral function, while moss 

and Arabidopsis CLV1 have derived functions that are convergent. Second, the apparent reversal of CLV1 

function in Marchantia could be derived. Finally, fundamental differences in the signaling networks controlling 

stem cell specification raise the possibility that CLV1 performs the same regulatory function in each species, 

but with a different developmental consequence. For example, in mosses auxin suppresses stem cell 

specification and activity while cytokinin promotes it. This pattern is reversed in Marchantia, where auxin 

promotes stem cell formation and branching while cytokinin reduces branching. According to this hypothesis, 

CLV1 could have the same network function in Marchantia as in Physcomitrium, for example inhibiting some 

subset of cytokinin signaling, and clv mutants in each species would produce the reported, seemingly opposite 

phenotypes. Notably, the Marchantia stem cells in question produce a thallus, whereas Moss and Arabidopsis 

SAMs make upright shoots with multiple, successively iterated leaves in a phyllotactic pattern. This 

fundamental difference in shoot architecture may be correlated with differences in CLV function between 

Marchantia, Physcomitrium, and Arabidopsis. 
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Elucidation of the intervening, stem cell specification pathways may enable tests of these hypotheses. 

Interestingly, CLE-mediated control of the meristem in Marchantia is also independent of WOX genes, 

supporting the later recruitment of WOX genes to regulation of the SAM44. However, several critical questions 

remain. First, the function of RPK2 is unknown in Marchantia and poorly understood in Arabidopsis. Second, 

little is known about the molecular pathway through which cytokinin promotes SAM formation at any stage of 

moss development. Third, if SAM specification occurs in a WOX-independent pathway in bryophytes, is there 

also a WOX independent pathway in angiosperms? Interestingly, several studies now in maize have failed to 

detect a WUS paralog in the vegetative SAM45. Finally, it is curious how the moss SAM transcriptome is highly 

enriched for orthologs of genes that function in angiosperm SAMs, but lacks a role for KNOX and WOX genes, 

two central and necessary gene families for SAM function in Arabidopsis26,46,47. Intriguingly, Physcomitrium 

encodes a single gene of the HAIRY MERISTEM (HAM) clade of GRAS transcription factors. In the 

Arabidopsis SAM, HAM genes are critical for many functions of WUS 48. It is appealing to ask whether of 

WOX, KNOX, and HAM genes, it is the HAMs that lie central to stem cell regulation in moss. 
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Supplemental Figures 

  

Supplemental Figure 1: Sequence of three clv1a;clv1b;rpk2 triple mutant lines. We 

transformed clv1a;clv1b-8 double mutants (Whitewoods, Cammarata et al.) with 

plasmids expressing an RPK2-targeting gRNA, Cas9, and a selectable marker. We 

generated seven independent lines with rpk2-like colony phenotypes (not shown), and 

selected three for in-depth phenotyping of shoot morphogenesis, shown here. A) 

Portion of RPK2 exon 1 with gRNA target sequence and PAM highlighted. Below, 

aligned sequences of the rpk2 mutant loci from three clv1a;clv1b;rpk2 lines. B) All 

clv1a;clv1b;rpk2 mutants display the short stature, ectopic stem cell phenotypes, and 

ectopic midrib specification representative of a combination of clv1 and rpk2 

phenotypes.  
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Supplemental Figure 2: Predictions of stem cell initiation at zero cytokinin. The best 

performing models of stem cell initiation in wild type, clv1, rpk2, and clv1;rpk2 higher 

order mutants with and without exogenous cytokinin were used to predict stem cell 

initiation levels if cytokinin levels were reduced (highlighted blue). Each model predicted 

a reduction in stem cell initiation. More informatively, mutants of whichever gene that 

acts upstream of x would see their stem cell initiation phenotypes fully suppressed upon 

reduced cytokinin (RPK2 above, CLV1 below). Data points and error bars represent 

empirical  stem cell per area values normalized to wild type grown on BCD. From left to 

right: BCD, 10nM BAP, 100nM BAP. Solid lines represent model simulations after 

optimization of parameters to the data.  
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Supplemental Figure 3: genotyping higher order chk1;2;3 and clv1/rpk2 mutants. chk1;2;3-1 

plants were transformed with gRNAs targeting CLV1a and CLV1b, RPK2, or all three.  Three 

independent lines for clv1a;clv1b;chk1;2;3 sextuple mutants (upper panel) and rpk2;chk1;2;3 

quadruple mutants  were obtained (middle panel). clv1b;rpk2;chk1;2;3 quintuple mutants were 

recovered and re-transformed with CLV1a-specific gRNAs to generate two sextuple mutant lines 

(lower panel). On the right, examples of shoot phenotypes for each of these lines show a 

combination of clv1, rpk2, and chk1;2;3 phenotypes.  
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Supplemental Figure 4: higher order lrr-rlk;chk1;2;3 phenotypes are variable. Examples 

of weak, moderate, and strong phenotypes observed for chk1;2;3 mutants and each 

higher order lrr-rlk;chk mutant. rpk2;chk1;2;3 mutant phenotypes were particularly 

variable. However, when quantified these lines still presented an increased initiation of 

stem cells per area (Figure 5 E).  
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Methods 

Moss Culture 
The Gransden 04 strain of Physcometrium patens (formerly Physcomitrella patens) was used for all 

experiments1. Fresh, actively growing protonema tissue was propagated on BCDAT (minimal media 

supplemented with Ammonium Tartrate) plates overlain with autoclaved cellophane under continuous light at 

25 degrees Celsius. For BCD and BCDAT media components, see Media section.  To propagate moss, tissue 

was blended in 5-7 ml sterile Water using a Dremel with a custom-made propeller blade attachment, and 1-2 

ml of blended moss was pipetted to inoculate fresh plates. For phenotyping gametophores, small samples of 

freshly blended protonema were placed onto BCD media supplemented with the specified amount of filter 

sterilized BAP. These tufts of tissue grew for the specified time before gametophores were dissected for 

imaging.  

Moss Transformation 
The moss transformation protocol was adapted for smaller amounts of DNA and tissue. Protonema grown for 

5-7 days on BCDAT plates overlain with cellophane was collected and placed into 15 ml 8% Mannitol 

solution in a petri dish. 5 ml of 2% Drisilase solution (see solutions table) was then added, and the dish was 

placed on a shaker set to 80 RPM for one hour. After this time, the solution was gently pipetted through a 70 

µm mesh into a 50 ml conical tube. Filtered protoplasts were spun at 250 g for five minutes with low brake. 

The liquid was then poured off and replaced with 20 ml 8% mannitol, and this wash step was repeated two 

more times. Upon being resuspended in mannitol solution a third time, a sample of protoplasts were was 

measured using a hemocytometer. Cells were then pelleted one final time and resuspended in a volume of 3M 

solution to yield 2*106 protoplasts/ml. 16. 300 ul of the protoplast/3M solution was transferred to a 2 ml tube 

with a maximum of 10 ug DNA (with equimolar ratios of each plasmid, including each gRNA-encoding 

plasmid, the Cas9 expression plasmid, and selectable marker), stir gently. The DNA, 3M, and protoplast 

mixture was then transferred to a 15 ml conical tube 300 ul PEG solution already inside it; these were mixed 

gently by pipetting. The DNA and protoplast solution was heat shocked at 45 degrees Celsius for three 

minutes and then left to cool in a bath of room temperature water for 10 minutes. The solution was slowly 
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diluted to a final volume of 5 ml with 8% mannitol, and then spun down to pellet the protoplasts. During the 

previous step, PRMT was melted, supplanted with CaCl2 to a final concentration of 10 mM and left to keep 

warm in a 45 degree water bath. PRMB plates were overlain with sterile cellophane, pelleted protoplasts were 

resuspended in PRMT, and then 1 ml of the PRMT and protoplast mixture was plated onto each PRMB plate.  

Moss Selection 
Seven days after transformation, the cellophane on which the protoplasts were growing was transferred off the 

PRMB plates and onto BCDAT plates supplemented with 20 mg/L G418. After one week to ten days on 

selection, regenerating colonies were transferred to new BCDAT plates and left to grow until individual 

colonies were visible by eye (two-to-three weeks). Individual colonies were transferred to BCDAT plates 

without cellophane, and left to grow for three more weeks. After this time, these colonies were split and 

samples were taken for DNA extractions and genotyping by PCR and Sanger sequencing.   

Plasmid Construction 
For routine cloning of gRNAs into a transient expression vector suitable for use in P. patens, we ordered 

synthesized DNA (gblock from IDT) containing the moss U3 or U6 promoter, a cloning site containing two 

BSAI cut sites, and the gRNA scaffold all flanked by ATTL gateway sites. We cloned these DNA fragments 

into pDONR using LR clonase reactions to generate pENT U3 sgRNA and pENT U6 sgRNA. to generate 

pENT:U3::sgRNA and pENT:U6::sgRNA plasmids. P. U6 and U3 promoter sequences were adapted from 

Lopez-Obando et al2.  

To clone gRNA expression vectors, oligonucleotides with overhangs complementary to the BSAI cut sites  

(GGC and CAT for U3 and U6 promoters, and aaac to ligate on the 3’ end with and were annealed. pENT U3 

sgRNA or pENT U6 sgRNA were then digested with BSAI, and linear plasmid was purified by gel extraction. 

Annealed oligonucleotides were then ligated into the linearized gRNA vectors using T4 DNA ligase. Ligated 

DNA constructs were transformed into DH5-alpha competent cells grown in the presence of 50 µg/ml 

kanamycin. Clones were screened by colony PCR using the forward oriented gRNA oligonucleotide and 

pJCm208 (in the gRNA scaffold) as primers followed by Sanger sequencing using the pJCm208 primer. 
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gRNA sequences were selected using the CRISPOR online service3. we minimized off target effects and 

where possible chose gRNAs that cleaved in the first exon. We tried four gRNAs for the CLV1a gene before 

finding one that cleaved effectively (not shown); otherwise the first gRNAs designed for each gene 

successfully induced mutations.  

Genotyping 
For few moss samples, tissue was ground by hand, while for large numbers of samples we purified DNA in 

96 well plates. For small DNA preps and some 96 well-plate preps, tissue was ground in water, to which an 

equal volume of 2x Shorty Extraction buffer (0.4 M Tris, pH 9.0; 0.8 M LiCl; 50 mM EDTA; 2% SDS) was 

added. The debris were then pelleted, and the supernatant removed to a new tube to which an equal volume of 

isopropanol was added. The solution was then mixed by inversion and placed on ice or at -20 degrees Celsius 

for 15-30 minutes and then spun at maximum speed to pellet the DNA (10 minutes in a microcentrifuge, 40 

minutes in a swinging-bucket centrifuge). The pellet was then rinsed with 70% ethanol and then left to air dry 

before being resuspended in 200 ul nuclease-free water. For higher throughput 96-well plate DNA 

extractions, we extracted DNA from three to four week old colonies using a filter-plate prep as described in 

Strable et al4.  

For genotyping PCRs, 1-2 ul of genomic DNA was used to PCR a small (200-300 bp) region flanking the 

gRNA target site. A subset of PCR products were checked on a gel, and PCR products were purified using 

ExoSap-IT (https://www.thermofisher.com/order/catalog/product/78205.10.ML#/78205.10.ML) PCR cleanup 

reagent before being sent for Sangar sequencing. Large sets of Sangar sequencing results were converted into 

FASTA format and aligned with the wild type sequence using MUSCLE5. 

Staining and Imaging 
Slides were prepared by extruding a ring of vacuum grease through a syringe to onto glass slides. These rings 

would retain a pool of staining solution and prevent gametophores from being crushed by the coverslip. The 

area within the vacuum grease was filled with 5 µg/ml Propidium Iodide (PI). Tufts of moss grown on BCD 

were flooded with water and vigorously tapped to remove as many air bubbles as possible. Gametophores 

https://www.thermofisher.com/order/catalog/product/78205.10.ML#/78205.10.ML
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were then dissected from the periphery of tufts and placed into the PI solution on the slides. Moss was 

allowed to stain for at least 15 minutes in the PI solution before imaging. Imaging was conducted using a 

Zeiss 710 laser scanning confocal microscope. We used a 514 nm laser for excitation and collected an 

emission spectrum from 566 to 650 nM. Images were captured using either a 20x 1.0 NA water immersion or 

10x objective.  

Ectopic Apical Cell Quantification 
Areas of stem visible on maximum intensity projections (not including leaves) were manually measured  

using FIJI6. Ectopic apical cells were identified by eye as tetrahedral cells sometimes surrounded by short, 

curled hair cells. Apical cells were distinguished from illusory tetrahedral cells seen in maximum intensity 

projections by manually looking through z-stacks. Ectopic branches were defined as an ectopic feature that 

was producing visible leaves. Counting was done primarily on maximum intensity projections, but for 

features where the shape was unclear, the Z-stack was referred to.  

Statistical analysis  
Statistical analysis was performed using the R statistical programming language. Genotypes were coded as 

two loci (CLV1 and RPK2) for the purposes of our analysis, since clv1a and clv1b single mutants were not 

analyzed separately. The effects of mutating CLV1 and RPK2 and of growth on 10nM and 100nM BAP as 

well as the interactions between these three factors (the two loci and the media) were modeled using a Poisson 

general linear model that included stem area as an offset (model: glm(total_ectopic ~ clv1L +              rpk2L + 

exock + clv1L:rpk2L + clv1L:exock + rpk2L:exock + (log(area)), family = 'poisson'). BAP concentrations 

were treated as a continuous variable with levels of zero, ten, and one hundred.   

Poisson coefficients are akin to Beta values reported by linear regressions, in that they are proportional to the 

expected change in the dependent variable given the change in independent variable associated with the 

coefficient. In the case of a Poisson coefficient, the exponentiation of the coefficient tells you the predicted 

effect due to the change in factor level. For instance, with a Poisson coefficient of 0.64, the estimated change 

in apical cell number due to the clv1 mutation is ~1.9 ( = e^0.64). It is important to note that our models make 



120 
 

use of both categorical and continuous variables, which makes the coefficients appear deceptively different in 

magnitude. For example, the coefficient associated with exogenous cytokinin is small because cytokinin is 

coded as a continuous variable. The coefficient is 0.013 and it’s exponent is 1.013, which appears much lower 

than the expected change due to clv1 of 1.9. However, the cytokinin coefficient of 1.013 shows the predicted change per 

unit cytokinin. The predicted change for 10nM BAP is the exponentiation of 10*the coefficient, so e^(10*.013) = 1.14. 

Going on to predict the change for 100nM bap is e^(1.3) = 3.67. Finally, these numbers represent the fold change from the 

‘intercept’ value also reported by the model.  
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Primers and gRNA sequences 

Name Sequence Function 

oJCm278 GAGTTAGGGGAGATGACGCG rpk2_gRNA target locus genotyping 

oJCm279 CTTGGAGGACTCACCAACCC rpk2_gRNA target locus genotyping 

oJCm379 cacctaaacggctcaattcc PpClv1aE4 gRNA target site genotyping 

oJCm380 tgatgatctccgatggtatgg PpClv1aE4 gRNA target site genotyping 

oJCm181 tggagagacgcaacttccat CLV1b gRNA target site genotyping 

oJCm182 ttaagacgccccaaatcagc CLL1b gRNA target site genotyping 

oJCm175 gcttcGAGCTCGAATTCAGA PpU3_promoter_fwd 

oJCm176 ggtcGACGAGCTCAAAAAAAG sgRNA_scaffold_reverse 

oJCm208 GAGCTCGAATTCGTCCATTGA U6 promoter fwd pcr primer 

 

sgRNA 

Oligo  
Sequence Target In Vector 

sgJTC5 GGCAgacagtgcccgaggctctct CLL1a_exon4_cds 
U3_BSAI-

sgRNA 

sgJTC6 AAACagagagcctcgggcactgtc CLL1a_exon4_cds* 
U3_BSAI-

sgRNA 

sgJTC9 GGCagaagtgcgagaccctcttc CLL1b_exon1_cds_sgRNA1 
U3_BSAI-

sgRNA 

sgJTC10 AAACgaagagggtctcgcacttc CLL1b_exon1_cds_sgRNA1* 
U3_BSAI-

sgRNA 

sgJTC105 catGGGTTTGAGCGACGATGGCC PpRPK2cds U6_sgRNA 

sgJTC106 aaacGGCCATCGTCGCTCAAACCC PpRPK2cds U6_sgRNA 
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Genes referenced in this study 

Full Gene Name Alias Version 1.6  Version 3 

CLAVATA1a CLV1a Pp1s14_447V6 Pp3c6_21940 

CLAVATA1b CLV1B Pp1s5_68V6 Pp3c13_13360 

RECEPTOR-LIKE PROTEIN 

KINASE 2 
RPK2 Pp1s311_57V6 Pp3c7_5570 

CYTOKININ HISTIDINE KINASE 

1 
CHK1 Pp1s50_141V6 Pp3c25_8540 

CYTOKININ HISTIDINE KINASE 

2 
CHK2 Pp1s194_72V6 Pp3c16_7610 

CYTOKININ HISTIDINE KINASE 

3 
CHK3 Pp1s252_49V6 Pp3c6_7030 
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Dynamical Model Methods 
Each model was solved using the LSODA solver for Ordinary Differential Equations (ODEs) and the R 

statistical programming language Version 4.0.27,8. Models were confirmed to converge to steady state values 

before and after each run of the optimizer, as determined by each variable reaching a plateau by the end of the 

modeled time period. All plotting used the ggplot2 package9. 

Model Variables 
The set of differential equations that constitutes a model describes the change in a set of interrelated variables 

through time. The variables used in this work are summarized here: 

Variable Describes 

x Cytokinin-dependent pathway that induces stem cell formation 

y Cytokinin-independent pathway inducing stem cell formation 

init Level of stem cell initiation 

clv Abundance of CLV1. In Models 1-7, this is a static, non-dynamical parameter set to 2; 

Dynamical in model 8 only 

rpk2 Abundance of CLV1. In Models 1-7, this is a static, non-dynamical parameter set to 2; 

Dynamical in model 8 only 

cle Abundance of CLE signal. Used in model 8 only 

clvsig Signaling strength through CLV1 used for model 8. Variable increases to reflect binding of 

CLV1 to CLE signal 

rpk2sig Signaling strength through RPK2 used for model 8. Variable increases to reflect binding of 

RPK2 to CLE signal 

 

Model parameters 
Each equation in the model describes how one of the above variables accumulates over time. The change over 

time is proportional to the current value of the parameters and other variables in the model. Each of the other 

variables in an equation is associated with a proportionality constant that describes how that variable affects 

the accumulation rate described by that equation. Additionally, a differential equation might include a term to 

describe accumulation independent of the other variables as well as degradation rates.  These constants were 

assigned to the following categories: 
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- p = production; describes basal accumulation rates 

- d = degradation; describes degradation rates, or in the case of CLE-CLV or CLE-RPK2 complexes, the rate of 

complex dissolution into its components 

- k = interaction coefficient/proportionality constant 

Each model also used a set of initial conditions, which we named ‘base’ values, and a time vector that we 

named times0. Models were run for 3000 time points distributed over 300 ‘seconds’. Finally, cytokinin was 

coded as a static parameter and altered in the following ways to simulate different conditions from our 

experimental datasets: 

Cytokinin value Simulates the condition 

0 chk1;2;3 mutant 

1* growth on minimal media (BCD) with wild type CHK genes 

10 10 nM BAP 

100 100 nM BAP 

* As ‘1’ here is somewhat arbitrary, we also tried values of 0.5 and 0.75 in its stead, to no significant change 

to the model outputs (not shown).   

Running a model 
Each system of differential equations was solved using the LSODA solver for Ordinary Differential Equations 

(ODEs) in the R statistical programming language (REF, REF). Models were confirmed to converge to steady 

state values before and after each run of the optimizer, as determined by each variable reaching a plateau by 

the end of the modeled time period. Models were run for 3000 time points distributed over 300 ‘seconds’, as 

depicted by the sample model run below:  
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lsoda(func = MODEL8, y = base0, times = times0, parms = cytokinin) 

Variables change through time and converge at steady state values (above figure). The final values, at time 

300 (the 3,000th time point used for integration) were taken and stored as the output of the model.  

Criteria for selection in the optimizer 
Comparing the simulated data to the empirical data required that the two datasets be normalized to a unified 

scale. To achieve this, each data set was normalized to the ectopic stem cell per area value of wild type moss 

grown on minimal media. This allowed us to compare the trends in the data, for instance if clv1a;b mutants 

on minimal media made four times as many stem cells per area as wild type on minimal media, we assigned a 

value of four to this condition in the dataset. The model would then attempt to generate a value for clv1a;b at 

the minimal media cytokinin input parameter that was four times higher than wild type at the same cytokinin 

level.  

Each simulated value was compared to its corresponding empirical data value to generate a score. These 

scores were used to penalize a model with a given set of parameters; higher scores were worse than lower 

scores. The score was intended to accomplish the following: 

1) Equally penalize simulated values that overshot or undershot the data 
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2) Weigh all datapoints equally. To do this, the score had to minimize fold changes in the data. Otherwise, a 

change from 1->2 would be penalized less than a change from 10 to 14, despite constituting a much larger 

relative change. 

3) Penalize larger deviations from the data more severely than smaller ones. Otherwise, a model might be 

‘optimized’ to have good fits to some data points but terrible fits to others. Since the intention of the model is to 

capture the trends in the data across all conditions, such a scenario was unacceptable. 

We used the log of the fold change between the simulated and empirical data to accomplish the above aims 

one and two, and then squared to accomplish aim 3. The sum of these penalty scores at each data point then 

yielded the total fit score F 

𝑃𝑖 = ln (
𝑚𝑖

𝑑𝑖
) 

𝐹 =  ∑𝑃𝑖
2 

Mutating parameter values 
Each model was run initially with semi-arbitrary parameters that allowed the model to converge within the 

given time frame. When comparing models, each model used similar starting parameters before optimization.  

Model parameters k, p, d, and base were randomly mutated and then the model was run again. The Fit Score 

F for the new model was compared with the previous F. If the new F proved lower than the previous, then the 

new model parameters were saved and mutated again for the next run. If instead the new F was not lower than 

the previous, the original parameter set was randomly mutated again. 

To mutate the parameters, a vector of values following a normal distribution and centered on 1 was generated. 

The vector was the same length as the number of parameters to be mutated.  

This vector was multiplied by the parameters to generate the new parameter set.  

mutator = rnorm(mean = 1, n = number_parameters, sd = 0.1) 
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Simulating mutant genotypes 
To simulate mutant genotypes in models 1-7 where CLV1 and RPK2 were non-dynamical, we simply set 

CLV1 or RPK2 to 0 instead of 2. In model 8, CLV1 and RPK2 initial (base) values, synthesis parameters, and 

interaction terms were set to 0 to simulate mutants. 

Summary of workflow 
1) Run the model and confirm that it converges to a steady-state value within the allotted time. 

2) Simulate each mutant genotype at each cytokinin level of interest with the initial parameters to generate a 

starting fit score. 

3) Begin the optimizer: randomly mutate parameters, compare fit score, repeat 

4) After 300 runs of the optimizer, extract parameters from optimal run and plot simulations vs. empirical data 

Model functions 
Each of the models described here simulated the accumulation of gene products through time, simultaneously 

modeling transcription and translation. The equations are modified from Gordon et al. 2009, where the 

authors use similar systems of differential equations to test predictions about CLV43, CLV1, WUS, and 

cytokinin interactions10. 

Model 1-5 

Models 1-5 consist of the following equations. Edges in the network (such as RPK2 inhibition of y) were 

changed by setting corresponding k values (in this case, k[5], to 0).  

nofb = function(t = times0, s = base0, parms = parmsb){ 

   Cyt = parms[1]; clv = parms[2]; rpk2 = parms[3] 

#Assign initial conditions 

  x = s[1]; y = s[2]; init = s[3] 

#Begin system of equations 

  dx = (p[1] + Cyt*k[1])/(1+p[1]+Cyt*k[1]+k[2]*clv + k[3]*rpk2) - d[1]*x 

  dy = (p[2])/(1+p[2]+k[4]*clv + k[5]*rpk2) - d[2]*y 

  dinit = (p[3]+k[6]*x + k[7] * y)/(1+p[3]+k[6]*x + k[7] * y) - d[3]*init 

  #return outputs  

  dR = c(x = dx, y = dy, init = dinit) 

  return(list(dR)) 

} 
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Model 6 

 

Model 7 

 

Model 8 

endfb3 = function(t = times0, s = base0, parms = parmsb){ 

    Cyt = parms[1]; clv = parms[2]; rpk2 = parms[3] 

  x = s[1]; y = s[2];init = s[3]; z = s[4] 

  #differentials 

   dx = (pb[1] + Cyt*kb[1])/(1+pb[1]+Cyt*kb[1]+kb[2]*clv + kb[3]*rpk2 + kb[9] * z)- db[1]*x 

   dz = (pb[4] + kb[8]*Cyt)/(1 + pb[4] + kb[8]*Cyt) - db[4]*z 

   dy = (pb[2])/(1+pb[2]+kb[4]*clv + kb[5]*rpk2) - db[2]*y 

   dinit = (pb[3]+kb[6]*x + kb[7] * y)/(1+pb[3]+kb[6]*x + kb[7] * y + kb[9]*z) - db[3]*init 

dR = c(x = dx, y = dy, init = dinit, z = dz) 

return(list(dR)) 

} 

endfb4 = function(t = times0, s = base0, parms = parmsb){ 

    Cyt = parms[1]; clv = parms[2]; rpk2 = parms[3] 

  x = s[1]; y = s[2];init = s[3]; z = s[4] 

  #differentials 

dx = (pb[1] + Cyt*kb[1])/(1+pb[1]+Cyt*kb[1]+kb[2]*clv + kb[3]*rpk2 + kb[9] * z)- db[1]*x 

dz = (pb[4])/(1 + pb[4] + kb[8]*Cyt) - db[4]*z 

dy = (pb[2])/(1+pb[2]+kb[4]*clv + kb[5]*rpk2) - db[2]*y 

dinit = (pb[3]+kb[6]*x + kb[7] * y + kb[9]*z)/(1+pb[3]+kb[6]*x + kb[7] * y + kb[9]*z) - 

db[3]*init 

dR = c(x = dx, y = dy, init = dinit, z = dz) 

  return(list(dR)) 

} 
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feedbacks6 = function(t = times0, s = base0, parms = parmsb){#no auxing 

  Cyt = parms[1];  

  x = s[1]; y = s[2]; init = s[3]; clv = s[4]; rpk2 = s[5]; cle = s[6]; clvsig = s[7]; rpk2sig = s[8] 

  #differentials 

dx = (pb[1] + Cyt*kb[1])/(1+pb[1]+Cyt*kb[1]+clvsig*kb[2]+rpk2sig*kb[3])- db[1]*x 

     dy = pb[2]/(1+pb[2] + rpk2sig*kb[4] + clvsig *kb[5]) - db[2]*y 

     dinit = (pb[3] + x * kb[6] + y * kb[7]) / (1 + pb[3] + x * kb[6] + y * kb[7]) -  db[3]*init 

     dclv = (pb[4] + kb[8] * Cyt)/(1 + pb[4] + kb[8] * Cyt)- db[4] * clv - kb[9]*clv*cle + db[5]*clvsig 

    drpk2 = (pb[5]+kb[10]*Cyt)/(1 + pb[5]+kb[10]*Cyt) - db[6]*rpk2 - kb[11]*rpk2*cle + 

db[7]*rpk2sig 

     dcle = (pb[6] + Cyt*kb[12])/(1 + pb[6]+ Cyt*kb[12]) - db[8]*cle - clv*cle*kb[9] - rpk2*cle*kb[11] 

+db[7]*rpk2sig+db[5]*clvsig 

     dclvsig = clv*cle*kb[9] - db[5]*clvsig - db[9]*clvsig 

   drpk2sig = rpk2*cle*kb[11] - db[7]*rpk2sig - db[10] * rpk2sig 

  

  dR = c(x = dx, y = dy, init = dinit, clv = dclv, rpk2 = drpk2, cle = dcle, clvsig = dclvsig, rpk2sig = 

drpk2sig) 

  return(list(dR)) 

} 
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List of parameters, starting values, and finishing values 
Model 1 (Figure 4 A) 

Parameter Description Starting Value Finishing Value 

k1 cytokinin ↑ x 1 1.500644 

k2 clv ↓ x 1 0.525365 

k3 rpk2 ↓ x 1 20.8025 

k4 clv ↓ y 1 4.652118 

k5 rpk2 ↓ y 1 0.190285 

k6 x ↑ init 0.1 0.019766 

k7 y ↑ init 0.1 0.319337 

p1 basal x synthesis .01 0.00365 

p2 basal y synthesis 0.01 0.02994 

p3 basal init synthesis 0.01 0.008979 

d1 x degradation 0.05 0.035265 

d2 y degradation 0.05 0.035136 

d3 init degradation 0.05 0.02294 

base1 initial x 1 1.165125 

base2 initial y 1 0.84229 

base3 initial init 1 0.402657 

 

Model 2 (Figure 4 B) 

Parameter Description Starting Value Finishing Value 

k1 cytokinin ↑ x 1 0.304867 

k2 clv ↓ x 1 5.506337 

k3 rpk2 ↓ x 0 0 

k4 clv ↓ y 0 0 

k5 rpk2 ↓ y 1 3.955426 

k6 x ↑ init 0.1 0.048441 

k7 y ↑ init 0.1 0.209578 

p1 basal x synthesis 0.1 0.025085 

p2 basal y synthesis 0.1 0.0416 

p3 basal init synthesis .01 0.003168 

d1 x degradation 0.01 0.047735 
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d2 y degradation 0.01 0.017703 

d3 init degradation 0.05 0.041424 

base1 initial x 0.05 0.452641 

base2 initial y 0.05 0.333642 

base3 initial init 1 0.351427 

 

Model 3 (Figure 4 C) 

Parameter Description Starting Value Finishing Value 

k1 cytokinin ↑ x 1 0.655062 

k2 clv ↓ x 0 0 

k3 rpk2 ↓ x 1 7.480788 

k4 clv ↓ y 1 2.17663 

k5 rpk2 ↓ y 0 0 

k6 x ↑ init 0.1 0.055229 

k7 y ↑ init 0.1 0.27232 

p1 basal x synthesis 0.1 0.014258 

p2 basal y synthesis 0.1 0.015025 

p3 basal init synthesis .01 0.002324 

d1 x degradation 0.01 0.159216 

d2 y degradation 0.01 0.03027 

d3 init degradation 0.05 0.04435 

base1 initial x 0.05 1.239331 

base2 initial y 0.05 0.899113 

base3 initial init 1 0.540307 

 

Model 4 (Figure 4 D) 

Parameter Description Starting Value Finishing Value 

k1 cytokinin ↑ x 1 0.841983 

k2 clv ↓ x 1 2.50779 
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k3 rpk2 ↓ x 1 9.162987 

k4 clv ↓ y 0 0 

k5 rpk2 ↓ y 0 0 

k6 x ↑ init 0.1 0.218686 

k7 y ↑ init 0.1 0.070918 

p1 basal x synthesis 0.1 0.009767 

p2 basal y synthesis 0.1 0.004626 

p3 basal init synthesis .01 0.003158 

d1 x degradation 0.01 0.057663 

d2 y degradation 0.01 0.106677 

d3 init degradation 0.05 0.019892 

base1 initial x 0.05 0.072355 

base2 initial y 0.05 0.866898 

base3 initial init 1 0.740589 
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Model 5 (Figure 4 E) 

Parameter Description Starting Value Finishing Value 

k1 cytokinin ↑ x 1 0.035789 

k2 clv ↓ x 0 0 

k3 rpk2 ↓ x 0 0 

k4 clv ↓ y 1 0.296071 

k5 rpk2 ↓ y 1 6.576975 

k6 x ↑ init 0.1 0.027982 

k7 y ↑ init 0.1 0.359106 

p1 basal x synthesis 0.1 0.004176 

p2 basal y synthesis 0.1 0.03289 

p3 basal init synthesis .01 0.000394 

d1 x degradation 0.01 0.045523 

d2 y degradation 0.01 0.030657 

d3 init degradation 0.05 0.045014 

base1 initial x 0.05 0.551109 

base2 initial y 0.05 0.300094 

base3 initial init 1 0.702136 

 

Models 6 and 7 
Models 6 and 7 are similar in topology with the inclusion of the variable z downstream of cytokinin. In Model 

6, z is inhibited by cytokinin, and induces init. In model 7, z is induced by cytokinin, and inhibits init. Two 

versions of each model were run: one with CLV1 inhibiting x and RPK2 inhibiting y, and one RPK2 inhibits x 

and CLV1 inhibits y.  

Model 6 (Figure 6 A, upper panel) 

Parameter Description Starting Value Finishing Value 

k1 cytokinin ↑ x 1 0.435963 

k2 clv ↓ x 1 5.048187 

k3 rpk2 ↓ x 0 0 



134 
 

k4 clv ↓ y 0 0 

k5 rpk2 ↓ y 1 8.082593 

k6 x ↑ init 0.1 0.017249 

k7 y ↑ init 0.1 0.169828 

k8 cytokinin ↓ z 0.5 8.181178 

k9 z ↑ init 0.5 0.768938 

p1 basal x synthesis 0.01 0.004266 

p2 basal y synthesis 0.03 0.023539 

p3 basal init synthesis .01 0.004809 

p4 basal z synthesis  0.01 0.008215 

d1 x degradation 0.05 0.04629 

d2 y degradation 0.05 0.027294 

d3 init degradation 0.05 0.032801 

d4 z degradation 0.05 0.063203 

base1 initial x 1 1.927968 

base2 initial y 1 0.232216 

base3 initial init 1 0.379397 

base4 initial z 1 0.656615 

 

Model 6 (Figure 6 A, lower panel) 

Parameter Description Starting Value Finishing Value 

k1 cytokinin ↑ x 1 0.380677 

k2 clv ↓ x 0 0 

k3 rpk2 ↓ x 1 6.363934 

k4 clv ↓ y 1 2.772667 

k5 rpk2 ↓ y 0 0 

k6 x ↑ init 0.1 0.053368 

k7 y ↑ init 0.1 0.205299 

k8 cytokinin ↓ z 0.5 12.45164 



135 
 

k9 z ↑ init 0.5 0.854566 

p1 basal x synthesis 0.01 0.059793 

p2 basal y synthesis 0.03 0.032342 

p3 basal init synthesis .01 0.002267 

p4 basal z synthesis  0.01 0.008643 

d1 x degradation 0.05 0.097205 

d2 y degradation 0.05 0.048109 

d3 init degradation 0.05 0.052553 

d4 z degradation 0.05 0.074966 

base1 initial x 1 0.933395 

base2 initial y 1 1.584061 

base3 initial init 1 0.876901 

base4 initial z 1 0.579399 

 

Model 7 (Figure 6 B, upper panel) 

Parameter Description Starting Value Finishing Value 

k1 cytokinin ↑ x 1 0.863826 

k2 clv ↓ x 1 19.77114 

k3 rpk2 ↓ x 0 0 

k4 clv ↓ y 0 0 

k5 rpk2 ↓ y 1 1.999533 

k6 x ↑ init 0.1 0.040456 

k7 y ↑ init 0.1 0.173769 

k8 cytokinin ↑ z 0.5 1.685863 

k9 z ↓ init 0.5 0.311607 

p1 basal x synthesis 0.01 0.028438 

p2 basal y synthesis 0.03 0.056778 

p3 basal init synthesis .01 0.004693 

p4 basal z synthesis  0.01 0.005662 
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d1 x degradation 0.05 0.014775 

d2 y degradation 0.05 0.018722 

d3 init degradation 0.05 0.038537 

d4 z degradation 0.05 0.118948 

base1 initial x 1 0.654166 

base2 initial y 1 0.251628 

base3 initial init 1 2.202736 

base4 initial z 1 0.992124 

 

Model 7 (Figure 6 B, lower panel) 

Parameter Description Starting Value Finishing Value 

k1 cytokinin ↑ x 1 1.463869 

k2 clv ↓ x 0 0 

k3 rpk2 ↓ x 1 19.17415 

k4 clv ↓ y 1 1.013134 

k5 rpk2 ↓ y 0 0 

k6 x ↑ init 0.1 0.027886 

k7 y ↑ init 0.1 0.087528 

k8 cytokinin ↑ z 0.5 2.157959 

k9 z ↓ init 0.5 0.190479 

p1 basal x synthesis 0.01 0.039586 

p2 basal y synthesis 0.03 0.061077 

p3 basal init synthesis .01 0.00435 

p4 basal z synthesis  0.01 0.012878 

d1 x degradation 0.05 0.012762 

d2 y degradation 0.05 0.024692 

d3 init degradation 0.05 0.055329 

d4 z degradation 0.05 0.042331 

base1 initial x 1 0.432841 
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base2 initial y 1 1.570673 

base3 initial init 1 0.574236 

base4 initial z 1 0.270798 

 

Model 8  
Model 8 introduces a new mechanism, including complex formation and dissolution. Binding coefficients and 

dissolution rates are incorporated into new k and d parameters. ‘CLVsig’ and ‘RPK2sig’ represent actively 

signaling CLE-CLV1 and CLE-RPK2 complexes, respectively. This model included coefficients for 

cytokinin-mediated induction of CLV1 and RPK2. However, these interactions were left out of the final 

version of the model by setting these parameter values to 0. Including them did not change the outcome of the 

model (not shown).  

Model 8 (Figure 6 C, upper panel) 

Parameter Description Starting Value Finishing Value 

k1 cytokinin ↑ x 1 0.434556 

k2 clv ↓ x 1 3.634155 

k3 rpk2 ↓ x 0 0 

k4 clv ↓ y 0 0 

k5 rpk2 ↓ y 1 2.258783 

k6 x ↑ init 0.1 0.049658 

k7 y ↑ init 1 0.660561 

k8 cytokinin ↑ CLV1 0 0 

k9 CLE:CLV1 binding 0.1 0.106173 

k10 cytokinin ↑ RPK2 0 0 

k11 CLE:RPK2 binding 0.1 0.275352 

k12 cytokinin ↑ CLE 1 2.731367 

p1 basal x synthesis 0.01 0.054615 

p2 basal y synthesis 0.02 0.019844 

p3 basal init synthesis 0 0 
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p4 basal CLV1 

synthesis 
0.1 0.199788 

p5 basal RPK2 

synthesis 
0.1 0.111586 

p6 basal CLE 

synthesis 
0.1 0.036183 

d1 x degradation 0.05 0.061757 

d2 y degradation 0.05 0.03428 

d3 init degradation 0.05 0.230952 

d4 CLV1 degradation 0.05 0.067365 

d5 CLE:CLV complex 

dissolution 
0.1 0.071258 

d6 RPK2 degradation 0.05 0.113099 

d7 CLE:RPK2 

complex 

dissolution 

0.1 0.048117 

d8 CLE degradation 0.05 0.140781 

d9 CLE:CLV complex 

degradation 
0.05 0.019153 

d10 CLE:RPK2 

complex 

degradation 

0.05 0.016996 

base1 initial x 5 1.137288 

base2 initial y 5 11.37192 

base3 initial init 5 7.199671 

base4 initial CLV1 5 2.289835 

base5 initial RPK2 5 8.035224 

base6 initial CLE 5 7.77699 

base7 initial CLE:CLV1 

complex 
0 0 

base8 initial CLE:RPK2 

complex 
0 0 
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Model 8 (Figure 6, lower panel) 

Parameter Description Starting Value Finishing Value 

k1 cytokinin ↑ x 1 0.7673 

k2 clv ↓ x 0 0 

k3 rpk2 ↓ x 1 2.766442 

k4 clv ↓ y 1 1.359283 

k5 rpk2 ↓ y 0 0 

k6 x ↑ init 0.1 0.025157 

k7 y ↑ init 1 1.885248 

k8 cytokinin ↑ CLV1 0 0 

k9 CLE:CLV1 binding 0.1 0.066278 

k10 cytokinin ↑ RPK2 0 0 

k11 CLE:RPK2 binding 0.1 0.064306 

k12 cytokinin ↑ CLE 1 1.37944 

p1 basal x synthesis 0.01 0.019233 

p2 basal y synthesis 0.02 0.005913 

p3 basal init synthesis 0 0 

p4 basal CLV1 

synthesis 
0.1 0.327789 

p5 basal RPK2 

synthesis 
0.1 0.18695 

p6 basal CLE 

synthesis 
0.1 0.008464 

d1 x degradation 0.05 0.072154 

d2 y degradation 0.05 0.066177 

d3 init degradation 0.05 0.032721 

d4 CLV1 degradation 0.05 0.031734 

d5 CLE:CLV complex 

dissolution 
0.1 0.157496 

d6 RPK2 degradation 0.05 0.032288 
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d7 CLE:RPK2 

complex 

dissolution 

0.1 0.054447 

d8 CLE degradation 0.05 0.014541 

d9 CLE:CLV complex 

degradation 
0.05 0.044547 

d10 CLE:RPK2 

complex 

degradation 

0.05 0.01662 

base1 initial x 5 1.360174 

base2 initial y 5 1.365039 

base3 initial init 5 3.108931 

base4 initial CLV1 5 11.19204 

base5 initial RPK2 5 2.068501 

base6 initial CLE 5 6.102137 

base7 initial CLE:CLV1 

complex 
0 0 

base8 initial CLE:RPK2 

complex 
0 0 
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Chapter 4: Auxin-Cytokinin interactions regulate shoot development 

in moss 

 
Foreword 
 

Regulation of the shoot apical meristem is complicated, and I could not stop myself from investigating the 

role of the ever-present hormone auxin in moss stem cell signaling. This chapter presents a collection of 

unpublished work on auxin-cytokinin interactions. The work has been assembled into a manuscript format for 

publication. 

The work presented here was conducted by me, with many crucial intellectual contributions from Mike 

Scanlon and Adrienne Roeder.  
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Auxin-Cytokinin interactions regulate shoot 

development in moss 
Abstract 
Crosstalk between auxin and cytokinin contributes to widespread developmental processes, including root and 

shoot meristem maintenance, phyllotaxy, and vascular patterning. However, while auxin and cytokinin are 

potent regulators of plant development across land plants, our understanding of crosstalk between these 

hormones is relatively limited to few model systems. The moss Physcomitrium patens is a powerful model 

system for studying plant hormone function. Auxin and cytokinin play similar roles in regulating moss shoot 

architecture as they do in flowering plants. However, auxin-cytokinin crosstalk has yet to be investigated in 

moss shoots. Here we find that the ratio of auxin to cytokinin is an important determinant of shoot 

development in moss, especially for leaves. Our data suggests a role for cytokinin in modulating auxin 

transport and possibly auxin signaling. Auxin is necessary for the prevention of ectopic stem cell initiation, 

and likely does so by inhibiting signals downstream of cytokinin. However, our data supports that the 

counter-intuitive ectopic stem cell initiation due to loss of cytokinin signaling is auxin-independent and 

occurs through an unknown pathway. Overall, our work demonstrates that complex and tissue-specific 

crosstalk between auxin and cytokinin plays an important role in determining moss shoot architecture.  

Introduction 
The hormones auxin and cytokinin are potent regulators of plant development.  Their ability to specify root 

and shoot identity has long been utilized to regenerate plants in culture1, and in recent decades auxin and 

cytokinin have been repeatedly found to play critical roles in widespread developmental processes2,3. Each 

hormone elicits manifold responses that depend on cell type and developmental stage. For example, auxin can 

induce cell elongation, cell differentiation (shoots), or the maintenance of an undifferentiated state (roots), 

while cytokinin promotes cell division, stem cell maintenance (shoots), or cell differentiation (roots). 

Understanding how these phytohormones perform such diverse, context-dependent functions is one of the 

most substantial challenges of plant developmental biology. 
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The functional diversity of hormone responses relies on crosstalk between hormone signaling pathways. In 

particular, crosstalk between auxin and cytokinin is widespread, and is critical for varied developmental 

processes such as root meristem maintenance4, root branching architecture5, and shoot stem cell maintenance6. 

Crosstalk can comprise many phenomena; one hormone can modulate the transport7–9, synthesis10,11, and 

signaling pathway of the other8. Several of these mechanisms can be at play simultaneously; for example, 

during root vascular patterning, auxin promotes cytokinin biosynthesis as well as inducing a cytokinin 

signaling inhibitor, thereby increasing cytokinin signaling in neighboring cells but not in cells with high auxin 

response11. In most instances we are just beginning to understand how auxin and cytokinin interact to regulate 

development, and our understanding is fairly limited to the angiosperm model plant Arabidopsis thaliana.  

The moss Physcomitrium patens is a powerful model system for studying plant evolution and development12. 

Although the gametophytic moss shoot (gametophore) and sporophytic angiosperm shoot evolved 

independently, mounting evidence indicates that many developmental functions are accomplished by similar 

sets of genes in each group of plants13. For example, both mosses and angiosperms rely on signaling through 

CLAVATA3-like peptides to regulate the abundance of stem cells in the shoot, and ROOT HAIR 

DEFECTIVE genes direct the development of filamentous cells with rooting function (rhizoids and root 

hairs)14.  

Physcomitrium has also proven a useful model in the study of plant hormones due to reduced gene family 

sizes of hormone receptors and downstream signaling components15. As in Arabidopsis, auxin and cytokinin 

are important regulators of cell fate and of various developmental transitions16, and it is clear that auxin-

cytokinin crosstalk is a critical factor in development in both species. Physcomitrium begins development as a 

spore, from which grows a network of  branched, photosynthetic filaments called chloronemata. After about 

one week in culture, a second type of filament forms called caulonema, which is faster growing, has oblique 

crosswalls, and lower chloroplast density. A small proportion of side branches from these caulonema form 

buds that establish a tetrahedral apical stem cell, from which will develop an entire, three-dimensional, leafy 

shoot called a gametophore.  
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In our best understood instance of auxin-cytokinin crosstalk from moss, auxin and cytokinin synergistically 

promote bud formation. Auxin induces the expression of the AINTEGUMENTA, PLETHORA and BABY 

BOOM (APB) orthologous genes17. Cytokinin and APBs together promote the formation of buds through 

unknown downstream mechanisms. Exogenous auxin or over expression of APB genes alone causes a 

moderate increase in bud production, and while cytokinin has a stronger effect on budding, apb quadruple 

mutants make no buds in response to cytokinin17. 

Once the shoot is formed, auxin and cytokinin perform antagonistic functions. With regard to branch 

formation, auxin and cytokinin function in moss shoots is analogous to angiosperms: auxin inhibits branch 

outgrowth, while cytokinin promotes branching18. Each hormone also substantially impacts leaf development: 

cytokinin increases leaf width via promoting cell division, whereas auxin promotes cell elongation and 

inhibits cell division, leading to the formation of long, narrow leaves19. Despite the importance of auxin and 

cytokinin in moss shoots, the mechanisms by which they control branching and leaf development are poorly 

understood and crosstalk has not been investigated.  

Here we examine the contributions of auxin, cytokinin, and their interaction to moss shoot development. 

Overall, auxin and cytokinin antagonistically regulate leaf cell differentiation and branch outgrowth, and the 

ratio between these two hormones is critical during shoot development. Auxin prevents branch initiation and 

outgrowth, and reduced auxin synthesis phenocopies increased cytokinin signaling. Meanwhile, mutants 

unable to perceive cytokinin have increased auxin sensitivity, possibly altered auxin transport, and several 

phenotypes indicative of altered auxin response. Our data suggest that auxin inhibits cytokinin-mediated 

branch formation, whereas loss of cytokinin signaling activates branching via a separate pathway. Overall, our 

work reaffirms the importance of the ratio of auxin to cytokinin signaling during shoot development and 

provides a foundation for exploring auxin and cytokinin function and crosstalk during moss morphogenesis.  
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Results:  

Cytokinin and auxin antagonistically regulate leaf outgrowth and development 
To test how auxin and cytokinin interact to regulate shoot morphogenesis, we grew wild type moss on a range 

of concentrations of auxin and cytokinin and observed the morphology of three-week-old shoots. We wanted 

to subject moss to low and high concentrations of exogenous auxin, and so we chose 100 nM and 2.5 µM. On 

the other hand, moss shoots are sensitive to low concentrations of cytokinin, which can induce mild increases 

in stem cell specification at 10nM and severe stem cell and swelling phenotypes at 100 nM20. In order to elicit 

moderate and strong cytokinin phenotypes, we grew moss on concentrations of 25 nM and 250 nM of the 

synthetic cytokinin 6-Benzylaminopurine (BAP). Moss was also grown on each combination of high and/or 

low auxin and cytokinin concentrations described above, to assess how changes in auxin/cytokinin ratios 

contribute to moss shoot morphology.  

Low doses of auxin (100 nM NAA) mildly impacted shoot development, causing the formation of slightly 

narrow, elongated stems and leaves (Figure 1 B). Meanwhile, increased auxin concentration (2.5 µM NAA) 

had severe effects on development, inhibiting leaf outgrowth and stem elongation while promoting rhizoid 

formation (Figure 1 C)16,21. In contrast, growth on low doses of cytokinin (25 nM BAP) generated wider 

leaves (Figure 1 D, Supplemental Figure 1) and ectopic branch formation on the stem (Figure 1 D, E). 

Intriguingly, shoots grown on 25 nM BAP produced ectopic buds on rhizoids, whereas cytokinin has 

previously been reported to induce shoot formation on caulonema and chloronema (Supplemental Figure 1). 

Shoots grown on high doses of cytokinin (250 nM BAP) produced wide leaves with many small cells and 

ectopic stem cells that produced actively growing branches, consistent with a previously-described role for 

cytokinin in promoting cell proliferation and apical meristem identity19,22.  

Combined applications of exogenous auxin and cytokinin indicated that the ratio of these two hormones is a 

critical determinant of shoot development in moss. Auxin and cytokinin antagonistically regulate branch 

outgrowth, however a low dose of auxin (100 nM NAA) was not sufficient to inhibit branch outgrowth 

stimulated by the combined presence of either 25 nM or 250 nM BAP  (Figure 1 E, I). Increasing the   
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Figure 1: Effects of auxin and cytokinin on moss shoot morphology. Wild type moss grown on a 

range of concentrations of the auxin NAA and cytokinin BAP. From left to right: 0, 100, and 2500 

nM NAA. From top to bottom: 0, 25, and 250 nM BAP. Leaves are highlighted blue and visible or 

ectopic stem cells or nascent ectopic branches are highlighted yellow. Scalebars: 100 nm 
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concentration of auxin to 2.5 µM NAA in combination with low doses of cytokinin (25 nM BAP) 

phenocopied shoots grown on 2.5 µM NAA alone; 25 nM BAP was insufficient to rescue the leaf outgrowth, 

stem elongation, or rhizoid overproduction phenotypes caused by 2.5 µM NAA (Figure 1F).  

In contrast, high concentrations of cytokinin were sufficient to partly restore leaf outgrowth overcoming the 

inhibition of leaf outgrowth by high concentrations of auxin.  Shoots grown on high doses of both cytokinin 

and auxin (250 nM BAP and 2.5 µM NAA) displayed increased cell proliferation and partially suppressed 

inhibition of leaf outgrowth compared to high auxin alone (Figure 1 J, Supplemental Figure 2). Leaf 

outgrowth was rescued on half of the imaged shoots (6/12), although most leaves were small and triangular, 

resembling juvenile leaves23. We observed one leaf comprising two files of elongated cells, representing a 

case where auxin-mediated repression was barely escaped (Supplemental Figure 2). Therefore, rescue of 

auxin-mediated leaf outgrowth by cytokinin was partial and analogue. Overall, these data demonstrate that a 

high concentration of exogenous cytokinin can rescue phenotypes caused by high concentrations auxin, 

suggesting the two pathways antagonistically control shoot development and that the ratio of auxin to 

cytokinin signaling is critical. 

Reducing auxin synthesis phenocopies cytokinin treatment 
If the ratio of auxin/cytokinin, rather than their absolute concentrations, is the determinant factor in moss 

shoot development, we hypothesize that reduced auxin concentrations should produce plants resembling those 

treated with cytokinin. To assess the impact of reduced auxin abundance on apical stem cell development, we 

grew wild type moss on media supplemented with the auxin synthesis inhibitor L-Kynurinine (L-Kyn).   

Wild type moss grown on 10uM L-Kyn produced dense, bushy colonies with smaller shoots than plants 

grown on minimal media, similar to moss grown on low concentrations of BAP (Figure 2 A, B). Young L-

Kyn-grown shoots had broad leaves with reduced cell elongation, reminiscent of cytokinin-treated shoots 

(Figure 2C, Figure 1). At later stages of development, L-Kyn-grown leaf cells were less abnormally short, 

suggesting that older plants either overcame L-Kyn-mediated auxin inhibition, or that cell elongation at later 

stages occurs by an auxin-independent mechanism (Figure 2 D).   
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L-Kyn also caused stem swelling, and in some cases, shoots developed ectopic stem cells or branches, 

phenocopying the effects of cytokinin (Figure 2 C, D, Figure 1 D, E). It was previously shown that reductions 

in auxin abundance increase branch number on mature  gametophores18. However, it was unclear whether 

reduced auxin caused the initiation of more axillary meristems, or in contrast, existing meristems were de-

repressed. The formation of ectopic branches at early developmental stages, i.e. before branch initials 

normally form, suggests that auxin is required to inhibit axillary meristem initiation. Both the production of 

wide leaves with short cells and the formation of ectopic SAMs are phenotypes also caused by exogenous 

cytokinin (Figure 1 D, H). Thus, plants with reduced auxin abundance phenocopy shoots grown in high 

cytokinin concentration, further demonstrating the developmental importance of these hormone ratios.  

Loss of cytokinin perception partially phenocopies increased auxin signaling  
While the effects of exogenous cytokinin on moss shoot development have been tested, shoot development of 

mutants with impaired cytokinin perception is poorly understood. Loss of function mutants of the three 

CYTOKININ HISTIDINE KINASE (CHK) genes are completely insensitive to exogenous cytokinin and 

produce small shoots after a two week-long delay, consistent with a role for cytokinin in promoting cell 

division and bud initiation16,18,24. In order to determine whether plants lacking cytokinin perception resembled 

Figure 2: Inhibition of auxin synthesis phenocopies cytokinin treatment. Three-week-old wild type 

moss colonies grown in the absence of the auxin synthesis inhibitor L-Kyn (A) or on 10 µM L-Kyn (B). 

A young shoot from a moss colony grown in the presence of L-Kyn, with leaves from an ectopic 

branch highlighted in yellow (C). An older shoot from moss grown with L-Kyn, with inset highlighting 

the presence of ectopic apical stem cells (highlighted yellow) (D). Scalebars: 100 nm.  
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plants with increased auxin signaling, we re-examined chk1;2;3 triple knockout shoots. Buds from chk1;2;3  

colonies had normal division planes, but smaller cells compared to wild type buds (Figure 3 A, D). chk1;2;3  

shoots produced narrow leaves with few cell files and long cells (Figure 3 E, F). The production of leaves 

with long, narrow cells and fewer cell files is associated with increased auxin signaling19,21 (Figure 1B). As 

reported previously, we noticed a counter-intuitive increase in branch production, contrary to expectations 

based on cytokinin’s role in promoting branching20. We previously proposed that ectopic branch formation in 

Figure 3: Loss of cytokinin signaling resembles altered auxin signaling, suggesting 

complex crosstalk. Wild type shoot initial (A), one-week old shoot (B), and 

approximately four week old shoot (C). chk1;2;3 mutant bud (D). chk1;2;3 mutant 

shoots have narrow leaves and often form adjacent one another (E). chk1;2;3 shoots 

make ectopic branches, making them very bushy at later stages (F). Approximately 

four-week-old wild type (G) and chk1;2;3 (H) shoots with rhizoids, showing ectopic 

bud formation on chk1;2;3 rhizoids. Scalebars in A, B, D, E are 50 nm. Scalebars in C, 

F, G, and H are 100 nm.  
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chk1;2;3 might occur if cytokinin signaling inhibited stem cell formation through an unknown pathway20. 

Auxin represses branch outgrowth, and the increased branch formation in chk1;2;3 triple mutants 

phenocopies plants with increased auxin degradation18. Thus, chk1;2;3 phenotypes suggest increased auxin 

signaling in the mutant leaves and decreased auxin signaling in stems.  Surprisingly, we observed a novel 

moss phenotype: whereas wild type rhizoids rarely initiate branches (Figure 3 G), chk1;2;3 mutant rhizoids 

initiated numerous branches, almost all of which differentiated into shoots (Figure 3 H). Ectopic bud 

formation on rhizoids has not been described in any plant where auxin synthesis, transport, or signaling are 

perturbed, suggesting this phenotype arises from the misregulation of an auxin-independent pathway20. 

However, auxin does promote bud formation16,17, such that ectopic bud formation in chk1;2;3 may also arise 

from loss of interaction between auxin and cytokinin signaling. Overall, while the leaf phenotype of chk1;2;3 

mutants supports the importance of the auxin-cytokinin ratio in moss  shoot development, ectopic branching, 

and bud formation in chk1;2;3 points to a more complex interaction between auxin and cytokinin in stems 

and rhizoids. 

PIN1 polarity is altered in chk1;2;3 mutant leaves  
Because aspects of the chk1;2;3 phenotype suggested non-uniform changes to auxin signaling, we asked 

whether auxin transport is altered in chk1;2;3 mutants. To test this, we conducted whole-mount 

immunofluorescence staining of the auxin efflux carrier PINFORMED (PIN) transporters using an 

Arabidopsis PIN1 antibody on shoots from five-to-six-week-old wild type and chk1;2;3 colonies (Figure 4).  

Immunofluorescence staining revealed polarized localization of PIN within young leaf cells. Staining was 

often diffuse in larger leaves, possibly demonstrating poor penetrance into mature leaf cells (not shown). 

However, polarity crescents were more tightly localized in younger leaves (Figure 4 A), and fluorescence was 

completely absent from negative controls lacking the PIN1 antibody (Figure 4 C). Cells with PIN polarity 

crescents oriented both apically and basally were observed in wild type (Figure 4 A) and chk1;2;3 mutant 

(Figure 4 B) leaves, as had been previously reported for PIN1-GFP localization in moss25. We could not 

discern the localization of PIN in stems. 
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There were no readily observable differences in PIN localization between wild type and chk shoots. To test 

whether more subtle, differences in PIN1 localization could underly the chk1;2;3 phenotype, we quantified 

the orientation of PIN1 polarity crescents relative to the apical-basal axis of the leaf (Figure 4 D). We 

categorized crescents as being either acropetally oriented or basipetally oriented and tested for a change in the 

proportion of crescents that fell into each category. We found that PIN crescents were more often oriented 

acropetally in chk1;23 (105 acropetal, 63 basipetal); than in wild type (170 acropetal, 170 basipetal; Fisher’s 

exact test, p = 0.008). Thus, there is increased transport away from stems and toward leaf tips in chk1;2;3, 

consistent with more branching and leaf cell elongation in the mutants. However, drastically altered 

development in chk1;2;3 prohibits the comparison of equivalent ‘stages’ with wild type shoots. We thus 

cannot rule out that differences in PIN localization are indirectly caused by developmental differences and are 

not causative of them.  

chk1;2;3 mutants are hypersensitive to auxin 
Our results thus far demonstrated that reducing auxin signaling mimicked the phenotypic effects of increasing 

cytokinin, while reducing cytokinin mimicked the effect of increasing auxin. To test whether loss of cytokinin 

Figure 4: Auxin transport is 

altered in chk1;2;3 leaves. Whole 

mount immunolocalization using 

the maize PIN1A antibody. Leaf 

from a five week-old wild type (A) 

and chk1;2;3 mutant shoots (B). 

Control lacking primary antibody 

(C). Radial histograms showing 

altered distribution of PIN polarity 

crescents in wild type vs. chk1;2;3 

leaves. Polarity crescent angles 

(Blue arrows in A, B) were 

measured relative to the angles of 

the leaves on which they were 

found (yellow lines in A, B). On 

histograms in D, 0 degrees 

represents perfect alignment with 

the leaf. Scalebars: 100 nm 
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signaling in the chk1,2,3 mutant affects responsiveness to auxin, we grew wild type and chk1;2;3 mutants on 

moderate (500 nM) and high (5 µM) concentrations of NAA. Wild type shoots on 500 nM NAA had slightly 

enlarged stems with rounded cells (Figure 5 A). Later staged shoots produced a greater number of rhizoids, 

elongated stem and leaf cells, and narrow leaves (Figure 5 C). While 500 nM NAA was insufficient to 

suppress leaf outgrowth in wild type shoots, 500 nM NAA robustly suppressed leaf outgrowth in chk1,2,3 and 

resulted in the formation of small shoots with a bare apical meristem and supernumerary rhizoids (Figure 5 

E). These auxin treated chk1,2,3 shoots resembled wild type shoots grown on much higher concentrations of 

auxin (5 µM NAA; Figure 5 B, D). Moreover, increasing the concentration of NAA to 5 µM only slightly 

increased the severity of the defects in shoot development compared to chk1;2;3 grown on 500 nM NAA. 

Specifically, we sometimes observed small cellular projections that suggested leaf initial identity was 

attained, but subsequent development was rapidly terminated on 500 nM NAA. These small leaf initials were 

absent on 5 µM NAA (Supplemental Figure 3, Figure 5 F). Therefore, chk1;2;3 mutants are hypersensitive to 

NAA with regard to leaf development. These findings are consistent with the ratiometric model of auxin-

cytokinin interaction: in chk1;2;3 bereft of cytokinin signaling, a lower concentration of auxin is required to 

tip the scales to inhibit leaf outgrowth than in wild type shoots.  

Whereas the ratio of auxin to cytokinin signaling appeared critical for leaf development, the regulation of 

branching by auxin and cytokinin appeared more complex. We often observed multiple SAMs on chk1;2;3 

mutants grown on auxin, suggesting that 500nM NAA is sufficient to inhibit leaf outgrowth but not the 

formation of ectopic stem cells in chk1;2;3. However, chk1;2;3 mutant shoots still formed multiple SAMs on 

5 µM NAA (Figure 5 F). Thus, even a very high auxin concentration was insufficient to prevent ectopic SAM 

formation in chk1;2;3. These data suggest that the mechanism(s) whereby auxin inhibits stem cell formation 

is impaired in chk mutants and that the control of branch development did not hinge on the ratio of auxin to 

cytokinin signaling as was the case for leaf development. 
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Figure 5: chk1;2;3 mutants are hypersensitive to auxin. Early (A, B) and late (C, D) stage 

wild type (A, C) and chk1;2;3 (B, D) plants grown on 500 nM NAA.  Whereas 500nM NAA 

causes cell expansion and the formation of elongated stems and leaves in wild type moss, 

chk1;2;3 mutants on 500nM NAA resemble wild type moss grown on 5 µM NAA. Wild type 

(E) and chk1;2;3 (F) shoots grown on 5 µM NAA have bare apices with no leaf emergence 

and increased rhizoid production. Scalebars: 100 nm. 
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Discussion 

Antagonistic control of leaf development 
High concentrations of exogenous auxin can inhibit leaf outgrowth, and the dose of auxin at which leaf 

outgrowth is robustly inhibited has previously been used as a gauge of auxin sensitivity21. We found that leaf 

outgrowth in chk1;2;3 mutants was hypersensitive to auxin. A moderate concentration of NAA (500 nM) 

suppressed leaf outgrowth in chk mutant shoots but not wild type shoots. Inversely, supplementing plants with 

a high concentration of cytokinin rescued auxin-mediated leaf outgrowth inhibition. Therefore, auxin and 

cytokinin act antagonistically to regulate leaf development.  

We propose two, non-exclusive mechanisms to explain the antagonistic regulation of leaf outgrowth. Both 

explanations are consistent with the ratio of auxin to cytokinin signaling being critical for directing leaf 

development. First, auxin and cytokinin might independently regulate the potential of the leaf initial cell to 

divide. After the asymmetric division that forms it, the leaf initial undergoes repeated, self-renewing cell 

divisions that produce cells for early leaf development23. In chk mutants, leaves are composed of fewer files 

of longer cells, indicating a reduced capacity to divide (Figure 1)31. Similar phenotypes have been shown for 

plants treated with auxin16,19,21. Thus, the inhibition of leaves on chk shoots grown on auxin could represent 

the cumulation of two independent effects reducing cell division competency. Likewise, rescued leaf 

outgrowth observed by the combination of 250 nM BAP with 2.5 µM NAA would result from cytokinin 

promoting division of the leaf initial for long enough to generate a few files of leaf cells before division 

terminates. In support of this idea, not all shoots on 250 nM BAP and 2.5 µM NAA escape leaf suppression, 

and some that do still form small leaves with as few as two cell files (Supplemental Figure 1).  

A second possibility is that cytokinin might alter auxin signaling and response at the cellular level, and vice 

versa. A similar interaction between cytokinin and auxin regulates the size of the root meristem, where 

cytokinin induces the expression of AUX/IAA genes, which encode transcriptional repressors of auxin 

signaling4. In moss filaments, cytokinin similarly promotes AUX/IAA expression32. However, the 

transcriptional response of moss shoots to cytokinin has yet to be assessed. Our data demonstrating the 
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antagonistic effects of auxin and cytokinin on leaf outgrowth and development is consistent with cytokinin 

reducing the sensitivity of a cells to auxin. In this scenario, chk mutant cells would be hypersensitive to auxin, 

explaining the high-auxin phenotype when grown on minimal media and the full repression of leaf outgrowth 

at 500 nM NAA. Exogenous BAP would then be expected to reduce sensitivity of cells to auxin, explaining 

the re-emergence of leaves on shoots grown on both high cytokinin and high auxin.  

Auxin modulates stem cell formation in a cytokinin-dependent manner 
Auxin and cytokinin antagonistically regulate branch formation in moss. However, it was previously 

unknown whether auxin is necessary for repressing the initiation and/or outgrowth of axillary meristems. 

Growth of moss on the auxin synthesis inhibitor L-Kyn resulted in shoots with ectopic branches and 

meristems even at early developmental stages, demonstrating the importance of auxin during inhibition of 

axillary SAM initiation and outgrowth.  

Meanwhile, although cytokinin promotes axillary branch formation, chk1;2;3 mutants that are devoid of 

cytokinin perception counter-intuitively form more branches.  We have previously shown that a network 

where cytokinin promotes stem cell formation via one pathway but inhibits it via another can explain stem 

cell specification rates in wild type and stem cell specification mutants moss grown on a range of cytokinin 

concentrations20. However, the role of auxin in this proposed pathway is unclear. Reducing auxin synthesis 

with L-Kyn led to the formation of ectopic stem cells, swollen stems, and broad leaves, phenocopying plants 

treated with cytokinin. These data suggest that auxin and cytokinin interact antagonistically to regulate 

axillary meristem specification in moss. Because reduced auxin signaling and exogenous cytokinin elicit 

similar effects, it appears that the ratio and not the absolute amount of signaling through each pathway is 

important. 

Because chk1;2;3 mutants make long, narrow leaves in addition to ectopic branching, we proposed that 

altered auxin signaling due to reduced auxin flux from leaves to stems may account for some of the chk1;2;3 

phenotypes. Our findings that PIN transporters were more often acropetally oriented in chk1;2;3 mutants 

supported this idea. However, very high concentrations of auxin were unable to suppress ectopic branch 
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formation in chk1;2;3 mutants, suggesting that redistributed auxin alone does not explain ectopic branch 

formation in chk1;2;3. We interpret these findings altogether to suggest that auxin inhibits cytokinin-mediated 

branch initiation, and that a different, auxin-independent mechanism is at play during ectopic stem cell 

production in chk1;2;3. 

chk mutants resemble plants with loss of polycomb group function 
We found a novel phenotype where chk1;2;3 rhizoids produce a high number of buds, such that buds are 

formed from almost every rhizoid cell. This phenotype has not been described for any other mutant or 

treatment perturbing cytokinin or auxin synthesis, transport, or signaling, suggesting that, like ectopic branch 

formation in chk, ectopic bud formation results from the disruption of a distinct mechanism.  

Interestingly, several lines of evidence link cytokinin signaling to the function of POLYCOMB 

REPRESSIVE COMPLEX 2 (PRC2) in moss. PRC2 functions in the stabilizing of cell identity by adding and 

maintaining the repressive H3K27me3 chromatin modification26. The expression domains of CYTOKININ 

OXIDASE (CKX) genes, which are strong markers of cytokinin signaling27, tightly overlaps at the bud and 

shoot apical meristem with the expression of FERTILIZATION-INDEPENDENT ENDOSPERM (FIE)28, an 

essential PRC2 component. fie knockout mutants make supernumerary buds, and once initiated, these nascent 

shoots reiteratively produce more and more stem cells. Intriguingly, complementing the fie mutant with the 

Arabidopsis FIE partly rescues this severe fie phenotype, resulting in shoots with short internodes, narrow 

leaves, and ectopic branches. These partly rescued shoots that strikingly resemble chk1;2;3, suggesting that 

aspects of the chk1;2;3 phenotype could result from the inability to maintain cell identity.  

Likewise, the moss CURLY LEAF gene that encodes another PRC2 component, is also co-expressed with CKX 

and FIE at apical and axillary meristems. Moss clf mutants initiate ectopic three-dimensional shoots from 

filaments to the same degree as chk1;2;3 rhizoids. Although these ectopic clf shoots form juvenile sporophyte-

like bodies rather than normal gametophytic moss shoots, Okano et al. elegantly used heat shock induction of 

CLF to rescue the clf phenotype at different points in development29. In doing so, the authors demonstrated that 

CLF is both necessary to prevent the conversion of gametophytic shoots into indeterminate sporophytic ones, 
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and to prevent the formation of any shoots in place of filament initials at side branches29. Finally, moss 

knockouts of the LIKE HETEROCHROMATIN PROTEIN1/TERMINAL FLOWER2 (LHP1/TFL2), components 

of the PRC1 complex that supports transcriptional repression established by PRC2, also have increased 

branching, reduced caulonema, and increased bud formation30. Overall, based on these expression patterns and 

mutant phenotypes, we speculate that chk mutants are partially impaired in polycomb complex function.  

Final overview 
We examined the contributions of auxin, cytokinin, and their interaction to moss shoot development. In 

general, auxin and cytokinin antagonistically regulate leaf cell proliferation, shoot length, and branch 

formation. Reducing auxin synthesis phenocopies cytokinin treatment, while cytokinin receptor mutants 

partly phenocopy auxin treatment. Thus, the ratio of auxin to cytokinin signaling is critical for directing shoot 

development. However, high concentrations of auxin were not sufficient to inhibit ectopic meristem initiation 

in chk mutants, which are defective in cytokinin signaling. These data suggest that auxin modulates stem cell 

formation in a cytokinin-dependent manner and supports our previous hypothesis that cytokinin is upstream 

of a separate pathway regulating SAM initiation. Overall, we provide a foundation for the study of the 

interaction of auxin and cytokinin in moss shoots.   
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Supplemental Figure 1: Treatment with 25 nM BAP causes leaf widening and ectopic 

bud formation on rhizoids. A) Z-projection of a shoot grown on 25 nM BAP. B) projection 

of a smaller area and fewer Z-slices of the image in panel A to better show rhizoids and 

ectopic buds. Scale bars: 100 nm 

Supplemental Figure 2: High concentrations of cytokinin variably rescue leaf-

suppression caused by high concentrations of auxin. Each image depicts shoots grown 

on 250 nM BAP and 2.5 µM NAA. Suppression of leaves can be complete (A), partial (B), 

or abrogated (C). Leaves pseudo colored blue and visible apical stem cells pseudo 

colored yellow.  
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Supplemental Figure 3: chk1;2;3 mutants are hypersensitive to exogenous NAA. Two 

shoots grown on 500 nM NAA, a concentration insufficient to inhibit shoot elongation or 

leaf emergence in wild type. Leaf formation is completely inhibited in chk1;2;3 shoots 

grown on 500 nM NAA (A). Sometimes, small projections resembling one or two leaf 

cells can be seen (B).  
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Materials and methods 

Moss culture and hormone treatment 
Routine moss culture was conducted on minimal media supplemented with ammonium tartrate (BCDAT, see 

Media section) and overlain with cellophane. To propagate moss, tissue was blended in 5-7 ml sterile Water 

using a Dremel with a custom-made propeller blade attachment. 1-2 ml of blended moss was pipetted to 

inoculate fresh plates. All experiments and lines were of the Gransden strain of Physcomitrium patens 

(previously Physcomitrella patens)1. For phenotyping, small tufts of moss filaments growing on BCDAT 

were placed on agar BCD plates and grown for three to five weeks. All moss was grown under continuous 

light at 25 degrees Celsius 

Confocal Microscopy 
Moss shoots for imaging were dissected from three-to-five week old colonies grown on minimal media 

(BCD). Colonies were flooded with water prior to dissection and tapped vigorously to liberate air bubbles. 

Dissected shoots were placed on a slide with a well made of vacuum grease and filled with 5 µg/ml propidium 

iodide (PI). Slides were then sealed with a coverslip and incubated for at least fifteen minutes before imaging. 

All confocal imaging was conducted using a Zeiss LSM-710 laser scanning microscope. PI-stained tissues 

were imaged using a 514 nm laser for excitation. Emission wavelengths between 566 and 650 nm were 

collected. For PIN immunolocalization, slides were imaged using a 488 nm laser for excitation, and emission 

wavelengths from 493 to 630 nm were collected. 

Immunofluorescence 
The whole-mount immunofluorescence followed the protocol in Pasternak et al. that used methanol fixation2. 

We made slight modifications to this protocol: namely the placement of tissue under vacuum while shaking 

for the fixation steps. Subsequent washes and steps, with the exception of the antibody incubation, were 

performed while shaking at 37 degrees Celsius. Tissue was mounted in Fluoromount G and cover slips were 

sealed around the edges with clear nail polish. Secondary antibodies were conjugated to Alexa Fluor 488. 
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Analysis of PIN polarity  
Diffuse crescents or crescents without clearly discernable polarity were excluded from the analysis. To 

determine the angle relative to the leaf, using the FIJI image processing software3 we drew a line from the 

base to the tip of the leaf. We then drew lines from the approximate center of each cell to that cell’s polarity 

crescent. We exported a csv file for each leaf that contained the angle of each line (leaf and crescent) relative 

to default coordinates of the image (vertical lines in FIJI have an angle of 90 degrees). Using a custom R-

script, we read each csv and determined whether each polarity crescent was apically or basally oriented by 

taking the absolute value of the difference between the angle of the polarity crescent and the angle of the leaf 

reference line. If the absolute value was greater than 90 degrees, we assigned the tip to the basally oriented 

class; if less than 90 degrees we assigned the apical class. Radial histograms were generated using the ggplot2 

package4. For statistical analysis, generated a contingency table and then conducted a Fisher’s exact test on 

the data in the table.  

Media 

BCDAT  

- 250mg/L MgSO4.7H2O  

- 250mg/L KH2PO4 (pH6.5) 

- 1010mg/L KNO3, 12.5mg/L 

- FeSO4.7H2O 

- 0.001% Trace Element Solution*  

- 0.92 g/L C4H12N2O6 (ammonium tartrate) 

- 8g/L agar  

- CaCl2 added to a 1mM concentration after autoclaving. 

Minimal Media (BCD) is BCDAT without the ammonium tartrate 

*Trace Element Solution 

- 0.614mg/L H3BO3 

- 0.055mg/L AlK(SO4)2.12H2O 

- 0.055mg/L CuSO4.5H2O 

- 0.028mg/L KBr 

- 0.028mg/L LiCl 

- 0.389mg/L MnCl2.4H2O 
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- 0.055mg/L CoCl2.6H2O 

- 0.055mg/L ZnSO4.7H2O 

- 0.028mg/L KI  

- 0.028mg/L SnCl2.2H2O 

 

References for Materials and Methods 
1. Ashton, N.W., and Cove, D.J. (1977). The isolation and preliminary characterisation of auxotrophic 

and analogue resistant mutants of the moss, Physcomitrella patens. MGG Mol. Gen. Genet. 

2. Pasternak, T., Tietz, O., Rapp, K., Begheldo, M., Nitschke, R., Ruperti, B., and Palme, K. (2015). 

Protocol: An improved and universal procedure for whole-mount immunolocalization in plants. Plant 

Methods 11, 50. 

3. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S., 

Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: An open-source platform for biological-image 

analysis. Nat. Methods. 

4. Hadley, W., Winston, C., Lionel, H., Thomas, Lin, P., Kohske, T., Claus, W., Kara, W., Hiroaki, Y., 

and Dewey, D. (2016). ggplot2 - Elegant Graphics for Data Analysis (Springer-Verlag New York). 
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Chapter 5: A functionally informed evolutionary framework for the 

study of LRR-RLKs during stem cell maintenance 

 
Foreword 
In my first year as a graduate student, I learned how to construct phylogenetic trees from Kevin Nixon in a 

core lab class. I was immediately hooked. I loved learning to handle large amounts of data, how to run various 

scripts and processes, and most of all how to glean evolutionary insights from trees. It has always felt like, 

upon learning something from a tree I constructed, I discovered a secret piece of information that only I knew 

and had to share with the world.  

I am however no expert in these methodologies. In this chapter is my attempt to leverage my enthusiasm 

about the evolution of gene families to gain meaningful insights about stem cell regulation. The work here 

was published in a special issue of Journal of Plant Research in April 2020. 

 

Adapted by permission from the Licensor: Springer Nature, Journal of Plant Research,  Cammarata, 

J., Scanlon, M.J. A functionally informed evolutionary framework for the study of LRR-RLKs during stem 

cell maintenance. J Plant Res 133, 331–342 (2020). https://doi.org/10.1007/s10265-020-01197-w  

  



167 
 

A Functionally Informed Evolutionary Framework 

for the Study of LRR-RLKs during Stem Cell 

Maintenance 
Joseph Cammarata1,2, Michael J. Scanlon*1 

1. School of Integrative Plant Sciences, Plant Biology Section, Cornell University 

2. Weill Institute for Cell and Molecular Biology, Cornell University 

Introduction 
New plant tissues develop from reserves of stem cells called meristems that are found at the tips of roots and 

shoots and at the sites of vasculature formation. Maintenance of stable stem cell populations poses a challenge 

during development: if the stem cell population grows too large then development becomes disorganized, 

whereas under-proliferation of the stem cell pool can lead to meristem consumption and the termination of 

development. Signaling pathways dedicated to meristem maintenance are thus critical for maintaining 

indeterminate growth, a hallmark of plant development and a strategic source of morphological diversity.  

Decades of research have revealed widespread functions for a suite of LEUCINE-RICH RECEPTOR-LIKE 

KINASES (LRR-RLK), RECEPTOR-LIKE PROTEINS (LRR-RLP), and pseudokinases in the regulation of 

plant meristem maintenance. These include the LRR-RLKs CLAVATA1 (CLV1) (Clark et al. 1997), 

PHLOEM INTERCALATED WITH XYLEM (PXY) (Fisher and Turner 2007), and RECEPTOR-LIKE 

PROTEIN KINASE 2/TOADSTOOL 2 (RPK2)(Kinoshita et al. 2010), the LRR-RLPs CLAVATA2 (CLV2) 

(Kayes and Clark 1998) and FASCIATED EAR 3 (FEA3) (Wu et al. 2016), the pseudokinase CORYNE 

(CRN) (Miwa et al. 2008), and the CLAVATA INSENSITIVE KINASE (CIK) co-receptors (Hu et al. 2018). 

Each of these cell-surface proteins are thought to act in signal perception and transduction that is elicited by 

mobile CLAVATA3/EMBRYO SURROUNDING REGION (CLE) peptide ligands.  

LRR RLKs and related proteins have been studied predominately in the model plant Arabidopsis thaliana. 

While much progress has been made, we are still far from understanding the downstream signaling pathways 
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or how these signaling components are employed in different developmental contexts. More recently, research 

on crop and bryophyte species has revealed that many of these signaling components have conserved 

functions, and that these pathways can be altered for agronomic benefit (Bommert et al. 2013; Je et al., 2016; 

Rodríguez-Leal et al. 2017; Whitewoods et al. 2018). These results demonstrate the insights gleaned from and 

the benefits of studying stem cell maintenance in diverse model species. 

This work promotes a strategy of using a framework of combined phylogenetic and functional data to 

facilitate future analyses of meristem regulatory LRR RLKs from diverse species. We assess how stem cell 

regulating LRR-RLKs and related proteins have evolved across several plant model organisms, namely 

Arabidopsis, Tomato, Maize, Rice, the moss Physcomitrella patens, and the liverwort Marchantia 

polymorpha. We extend our analysis to include the lycophyte Selaginella moellendorfii and the moss 

Sphagnum fallax in order to shed light on gene duplications associated with the evolution of vasculature, and 

to gain a broader understanding of bryophyte stem cell signaling. We also propose a cogent, functionally and 

phylogenetically based nomenclature for heretofore unannotated orthologs of these meristem signaling 

components (supplemental table 1). Finally, we use our phylogenetic analysis to highlight trends and propose 

testable hypotheses about the evolution of stem cell signaling in land plants.  

Materials and Methods: 
Starting with Arabidopsis thaliana gene of interest (i.e. CLV1), except in the case of FEA3 where the maize 

ortholog was used, we performed pBLAST in Phytozome 11 against: Arabidopsis thaliana TAIR10, Solanum 

lycopersicum iTAG2.4, Zea mays Ensembl-18, Oryza sativa v7_JGI, Selaginella moellendorfii v1.0, 

Physcomitrella Patens v3.3, Marchantia polymorpha v3.1, and Sphagnum fallax v 0.5 proteomes. Peptide 

sequences for the top 250 blast hits were selected and then filtered so that only peptides encoded by primary 

transcripts remained.  

We used the CIPRES portal to run mafft set to the slowest but most accurate mode (linsi) (Katoh 2005). We 

then trimmed multiple sequence alignments of positions high in gaps using trimal (Capella-Gutiérrez et al. 

2009), removing any position comprised of over 50% gaps. Using these trimmed multiple sequence 
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alignments, we then constructed phylogenetic trees using RaXML (Stamatakis 2014) set to the 

PROTCATDAYHOFF model with 1,000 rapid bootstrap via the CIPRES server (Miller et al. 2010). We 

viewed trees with the highest likelihood score with bootstrap values represented on bipartitions using 

MEGAX. From these larger trees, we found the most basal bipartition with a support value over 90% that 

contained our gene family of interest and selected that subtree for representation here.  

Trees were visualized and annotated in MEGAX or using ete3 (Huerta-Cepas et al. 2016). Alignments 

juxtaposed to trees were alignments only of the sequences referenced on that tree (not the whole set of 200) 

aligned using Muscle (Edgar 2004) visualized in Aliview.  

Results 

CLV1 and BAM: dynamic gene gain and loss 
CLV1 encodes an LRR/RLK that regulates stem cell identity in the SAM by acting in a negative feedback 

loop wherein the homeobox transcription factor WUSCHEL (WUS), expressed in the middle of the shoot 

apical meristem (SAM), diffuses to overlying cells to activate the expression of the CLE peptide-encoding 

gene CLAVATA3 (CLV3) (Schoof et al. 2000). CLV3 is secreted and diffuses back down to the middle of the 

meristem, where it acts through the CLV1 receptor to repress WUS expression, completing the negative 

feedback loop. Angiosperm genomes contain a suite of paralogs of CLV1 called BARELY ANY MERISTEM  

(BAM). Our analysis of the CLV1/BAM clade of LRR-RLK genes suggests that Arabidopsis BAM1 and BAM2 

were generated following a recent gene duplication (Figure 1). We also detected a clade of BAM genes absent 

from the Arabidopsis genome that includes the recently characterized tomato gene SlBAM4 (Rodriguez-Leal 

et al. 2019). Meanwhile, maize lacks a member of the BAM3 clade, but contains two copies of BAM4. 

Overall, there is evidence for frequent gain and loss of BAM genes, while CLV1 was maintained as a single 

copy in each angiosperm sampled.  

Our analysis also shows that CLV1 and BAM genes diverged after the separation of the lycophyte and 

flowering plant lineages (Figure 1). Thus, lycophyte and bryophyte genes presented here are co-orthologous 
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to the CLV1 and BAM clades. Recent work demonstrated a conserved role for the moss genes PpCLV1a and  

PpCLV1b in inhibiting meristem identity and uncovered a previously undescribed function in the regulation 

Figure 1. Maximum Likelihood tree of CLV1/BAM LRR-RLKs based on full length peptide 
sequences. Subtree shown here is taken from a larger maximum likelihood tree; bootstrap 
support at the base of this tree was 100%. CLAVATA1 and BAM genes are paralogs that evolved 
after the split between lycophytes and angiosperms, while Selaginella and bryophyte orthologs 
underwent lineage-specific duplications.  
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of cell division plane orientation (Whitewoods et al. 2018). Intriguingly, a role for CLV1/BAM in the control 

of cell division plane orientation was also found to be conserved in Arabidopsis, wherein clv1, bam1, bam2, 

bam3 quadruple mutations resulted in cell division plane defects in the root (Whitewoods et al. 2018). It is 

likely that historical challenges in generating higher order mutants had obscured the role of CLV1/BAM 

during cell division plane orientation in Arabidopsis. Moreover, these reverse genetic challenges had 

previously rendered cross-species comparisons of ‘loss of clade’ rather than ‘loss of gene’ function untenable. 

However, with the advent of facile genome editing technologies and a wealth of genomic information, we 

can, informed by phylogenies, test and gain a general understanding of gene family function.  

Many developmental functions for BAM1 and BAM2 have been demonstrated, including CLE perception and 

regulation of cell fate and periclinal divisions in root vasculature and in anther development, and buffering of 

CLE signaling in the SAM (Hord et al. 2006; DeYoung and Clark 2008; Shimizu et al. 2015a; Cui et al. 2018; 

Qian et al. 2018). Despite these distinct roles for CLV1 and BAM1/BAM2, BAM1 also compensates for clv1 

loss of function in shoot meristems (Nimchuk et al. 2015). These data suggest that BAM1/BAM2 can perform 

the same biochemical function as CLV1, and that differences in mutant phenotypes between these related 

LRR-RLKs are due to differences in gene expression.  

PXY: an ancient LRR-RLK recruited to vascular development 
Within the broader LRR-RLK phylogeny, the clade containing PHLOEM INTERCELATED WITH XYLEM 

(PXY) is sister to the CLV1 and BAM clade of receptor kinases (Liu et al. 2017). Like CLV1, PXY encodes a 

CLE receptor and regulates the activity of a WUSCHEL-like HOMEOBOX (WOX) gene, here WOX4 in the 

stem cell niche comprising the vascular procambium (Hirakawa et al. 2010; Etchells et al. 2013). The PXY 

ligand is TDIF/CLE41, a different class of CLE from CLV3 (Goad et al. 2017). Whereas PXY is conserved 

across flowering plants and Selaginella, the moss genomes sampled here lack both PXY (Figure 2) and TDIF 

orthologs (Whitewoods et al. 2018). However, the genome of the liverwort Marchantia polymorpha harbors a 

PXY ortholog, as well as TDIF peptide encoding gene, which together reduce cell proliferation near the apical 
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notch of the thallus (Hirakawa et al. 2019). This topology and the functional characterization of TDIF  

signaling in Marchantia suggests that PXY function predates the evolution of vasculature, and that a function 

during vascular formation was co-opted later in land plant evolution. 

CLAVATA2 and CORYNE: pieces of a whole 
Conclusive evidence for protein-protein interactions among LRR-RLKs is scarce, owing to the inherent 

difficulties in studying low-abundance membrane-associated proteins. However, data supporting the 

Figure 2. Maximum Likelihood tree of PXY LRR-RLKs based on full length peptide sequences. 

Subtree shown here is taken from a larger maximum likelihood tree that also included the 

CLV1/BAM clade; bootstrap support at the base of this subtree was 100%. PXY is typically 

associated with vascular development, but the non-vascular liverwort Marchantia polymorpha 

possesses one PXY ortholog. 
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formation of a CLV2:CRN complex is compelling (Bleckmann et al. 2010; Guo et al. 2011; Somssich et al. 

2015). CLV2 possesses an LRR-ectodomain while CRN possesses a cytoplasmic domain but no ectodomain; 

it is attractive to think that together these two proteins constitute a complete LRR-RLK. However, the CRN 

cytoplasmic domain possesses a pseudokinase that is important for its function, although the mechanism is 

unclear. Like other LRR-RLK complexes that maintain stem cell populations in the SAM, CLV2 and CRN 

have roles in diverse developmental processes including phloem development (Hazak et al. 2017). The 

function of CLV2 and CRN appear to be conserved in grasses, as mutants of the maize CLV2 ortholog 

FASCIATED EAR 2 (FEA2) also develop enlarged and fasciated inflorescence meristems (Taguchi-Shiobara 

et al. 2001). In both models, the effects of clv1 and clv2/crn loss of function are additive, suggesting that 

CLV1 and CV2/CRN comprise distinct CLE signaling pathways (Müller et al. 2008).  

In our phylogenetic analysis, we find that CLV2 exists as a single-copy gene in the four angiosperm genomes 

sampled, and we did not detect CLV2 orthologs in Selaginella moellendorffii or bryophytes (Supplemental 

Figure 1). Further analysis, however, is limited by very low support values for relationships along the 

backbone of the phylogenetic tree, hindering our ability to draw further conclusions about the evolution of 

CLV2 within land plants.  

Figure 3. Maximum Likelihood tree of the CRN pseudokinase and the related LRR-RLK SOBIR1 

based on full length peptide sequences. Appended to the right is a realignment of the full-length 

peptide sequences from the genes represented in the tree. Subtree shown here is taken from a 

larger maximum likelihood tree; bootstrap support at the base of this subtree was 100%. CRN and 

SOBIR1 family members have distinct functions, but repeated domain loss has led to the convergent 

evolution of similar protein structures between the clades with truncated ectodomains. 
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Similar to CLV2, each angiosperm genome assayed here possesses one ortholog of CRN (Figure3). In the case 

of CRN however, we were able to identify a well-supported sister clade containing the Arabidopsis receptor 

kinase gene SUPPRESSOR OF BIR1 (SOBIR1). Unlike CRN, SOBIR1 possesses an extracellular domain 

with LRRs and has been described to function in immunity-induced and developmentally programmed cell 

death (Gao et al. 2009; Leslie et al. 2010). We identified orthologs of SOBIR1 in Marchantia, Physcomitrella, 

and Selaginella; the Marchantia and Physcomitrella genes are predicted to encode proteins containing the 

longest extracellular domains of any in the clade (Figure 3).  Interestingly, the maize and rice orthologs of 

SOBIR1 have short extracellular domains, similar to CRN. These disparities raise questions as to whether 

these grass SOBIR1 orthologs functionally resemble SOBIR1 or CRN, or whether they possess separate 

functions entirely. These phylogenetic data support a model wherein CRN is evolutionarily derived from a 

full-length LRR-RLK, raising the appealing hypothesis that CLV2 is similarly derived from a gene encoding a 

full length LRR-RLK but lost its cytoplasmic domain. However, whereas conservation of the kinase domain 

enables phylogenetic analyses of CRN, discerning the evolution of CLV2 will prove much more difficult 

given that the sequence is largely composed of repeat domains.  

RPK1/RPK2: Structural changes and possible neofunctionalization 
RPK2 acts downstream of CLE signaling in multiple developmental contexts. In the SAM, RPK2 performs a 

similar function as CLV1 and CLV2, but via a separate pathway (Kinoshita et al. 2010). During anther 

development, RPK2 acts with BAM1 and BAM2 to coordinate cell division plane orientation and cell identity 

(Mizuno et al. 2007; Cui et al. 2018). As a final example of overlapping function with CLV1/BAM type 

LRR-RLKs, RPK2 and BAM1 interact to inhibit cell proliferation in the root  (Shimizu et al. 2015b). 

Interestingly, and despite the repeated discovery of overlap between RPK2 and CLV1/BAM genes, the 

Arabidopsis RPK2 paralog RPK1 appears to function in a completely distinct pathway. RPK1 is required for 

ABA response (Osakabe et al. 2005) and is essential for shoot regeneration (Motte et al. 2014). However, 

there is an exception to this separation of RPK2 and RPK1 pathways, as these genes appear to have redundant 

functions in the embryo where they are implicated in organizing auxin efflux carriers during embryonic 

patterning (Nodine et al. 2007). While this impact on auxin efflux is the most mechanistic description of  



175 
 

RPK1 or RPK2 function, whether such changes in auxin transport could account for other rpk1 or rpk2 

mutant phenotypes has not been explored.  

As RPK1 and RPK2 have distinct functions in most developmental contexts, we used our phylogenetic 

analyses to determine whether RPK2 or RPK1 is more likely to carry out the ancestral RPK1/RPK2 function, 

and whether one gene’s activity is likely the result of neofunctionalization. Given that Selaginella, 

Physcomitrella, and Marchantia each have a single RPK1/RPK2 homolog, tree topology alone provides little 

useful information toward answering this question (Figure 4). Comparing the structures of the bryophyte and 

angiosperm RPK1/RPK2 homologs (Figure 4) reveals that RPK1 and several angiosperm orthologs are 

truncated, with shorter extracellular domains, whereas RPK2 resembles the ancestral, full-length form. 

Together with recent functional data from Physcomitrella showing that PpRPK2 is a regulator of stem cell 

number and cell division plane similar to RPK2 (Whitewoods et al. 2018), this evidence suggests that RPK1’s 

role in ABA signaling might represent neofunctionalization of the ancestral RPK1/RPK2 gene, concurrent 

with a loss of LRR domains.  

Like RPK1, several other genes in this clade encode proteins that are truncated or appear to be missing 

internal LRR domains (Figure 4). While one of these short-ectodomain variants includes the tomato gene 

Figure 4. Maximum Likelihood tree of the RPK1 and RPK2 LRR-RLKs based on full length peptide 

sequences. Subtree shown here is taken from a larger maximum likelihood tree; bootstrap support at 

the base of this subtree was 100%. Adjacent to the phylogeny are the realigned, full-length peptide 

sequences encoded by the genes depicted on this subtree. AtRPK2 more closely resembles the 

bryophyte ortholog of RPK1/RPK2. Truncations of genes in this clade appear to be common derived 

features. 
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most closely related to RPK1, in several cases the number of LRR domains is unrelated to the position of the 

gene on the tree. This suggests, as others have shown (Liu et al. 2017), that LRR domain number is highly 

dynamic. In the case of RPK1/RPK2, it would be interesting to see whether, as appears to be the case for moss 

and Arabidopsis RPK2, functional conservation can be predicted based on conserved LRR domain structure 

more than by relatedness as depicted by the gene tree (determined by sequence). In accordance with this 

hypothesis, we named short-ectodomain homologs of RPK1/RPK2 as RPK1 LIKE and long-ectodomain 

homologs RPK2 LIKE (Supplemental Table 1).  

FEA3 and TMM: close relatives with distinctive ligands 
The RLP-encoding gene FEA3 was discovered in maize as a single copy gene regulating meristem size, akin 

to CLV1 (Wu et al. 2016). FEA3 is hypothesized to binds to and transduce signals from the CLE peptide 

FON2-LIKE CLE PROTEIN 1 (FCP1). The discovery of FEA3 led to the hypothesis that different LRR-

RLKs contribute to the regulation of meristem size by controlling the expression of WUS in different 

meristematic domains. In this model, FEA3 represses ZmWUS1 in the center of the SAM toward the stem in 

response to FCP1, whereas in Arabidopsis CLV1 responds to CLV3 to repress WUS nearer the apex of the 

shoot meristem. While FEA3 was originally hypothesized to regulate SAM size based on leaf-derived FCP1 

(Wu et al. 2016), more recent data conflicts with the originally reported expression domains for FCP1, 

indicating that the model of FCP1-FEA3 activity should be revisited (Knauer et al. 2019).  

Unexpectedly, our phylogenetic analysis revealed that the clade sister to FEA3 contains the Arabidopsis gene 

AT4G28560, which is annotated as ROP-INTERACTIVE CRIB MOTIF-CONTAINING PROTEIN 7 (RIC7) 

that contains a CRIB (Cdc42/Rac-interactive binding) domain (Figure5). This annotation led us to question 

the close position of AT4G28560 to FEA3 in our maximum likelihood analysis. After subjecting AT4G28560 

to a conserved protein domain search, we found that this gene encodes a protein predicted to contain 9 LRR 

domains and no CRIB domain (Supplemental Figure 2). Additionally, the highest scoring pBLAST hits 

against the Arabidopsis thaliana genome are the Arabidopsis orthologs of FEA3, but not other RIC gene 

family members (pBLAST data not shown). Finally, another gene model, AT4G28556, is annotated as RIC7  
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Figure 5. Maximum Likelihood tree of the FEA3 and TMM LRR-RLPs based on full length peptide 

sequences. Subtree shown here is taken from a larger maximum likelihood tree; bootstrap support 

at the base of this subtree was 94%. Whereas FEA3 is a putative CLE receptor, TMM binds a distinct 

class of ligands. Support for placement of bryophyte orthologs of FEA3 is low. 
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in the paper where RIC7 function was originally characterized (Jeon et al. 2008).Altogether, these results 

suggest that AT4G28560 is currently misannotated as RIC7. Furthermore, the clade containing AT4G28560 

also contains one rice and one tomato gene, but no maize genes, suggesting that the maize ortholog may have 

been lost and that the current closest maize ortholog is FEA3.  

We next tried to determine whether FEA3 is conserved in bryophytes and Selaginella. Although the tree 

topology with the highest likelihood places a set of Selaginella and bryophyte genes sister to the clade 

containing FEA3, bootstrap support for these relationships are low (Figure 5). It is thus difficult to tell 

conclusively whether the lycophyte and bryophyte clades are more closely related to FEA3, or to the gene 

family sister to FEA3 containing the ERECTA (ER) co-receptor TOO MANY MOUTHS (TMM) (Lee et al. 

2012). Given that TMM has a well-supported moss ortholog (Pp3c3 3780V3.1) separate from the putative 

bryophyte FEA3 orthologs, we propose that the bryophyte clade sister to the FEA3 clade likely comprises true 

orthologs of FEA3. Interestingly, while Physcomitrella patens contains a high-confidence ortholog of TMM 

with a demonstrated conserved function (Caine et al. 2016), the peat moss Sphagnum fallax and the liverwort 

Marchantia polymorpha do not. Thus, as neither Sphagnum nor Marchantia possess stomata and 

Physcomitrella does, the presence/absence of TMM tracks well with the evolution of stomata. These analyses 

suggest that TMM functions specifically in stomatagenesis as far back as the earliest land plants.  

Unlike the CRN and RPK1/RPK2 gene families, the RLPs comprising the FEA3 and TMM clades vary little 

in their protein length and overall domain structure, at least in the taxa sampled (Supplemental Figure 3). 

These data suggest that while dynamic LRR-domain gain and loss is common in many LRR-RLK gene 

families, it is not the case universally.  

CIK: co-receptors at the crossroads of immune and stem cell signaling 
CLAVATA insensitive kinases (CIKs) are recently discovered LRR-RLKs that act as co-receptors within 

diverse developmental contexts.  CIKs form co-receptor complexes with many of the signaling proteins 

discussed above, including CLV1, BAM1/2, RPK2, CLV2, and CRN (Anne et al. 2018; Hu et al. 2018; Cui et 

al. 2018). CIK receptors are closely related to the NSP-INTERACTING KINASE (NIK) LRR-RLKs that 



179 
 

function in plant immunity (Fontes et al. 2004; Zorzatto et al. 2015). Expansion and diversification of CIK 

and NIK receptors occurred following the speciation events that separated bryophytes and lycophytes from 

vascular plants (Figure 6). We thus resolve a well-supported clade of bryophyte genes co-orthologous to all 

angiosperm CIK and NIK LRR-RLKs. 

The CIK/NIK clade thus presents us with a family of receptors that function in both immunity and 

development. Expression of NIK genes in Arabidopsis under CIK promoters can complement cik mutant 

phenotype (Anne et al. 2018), indicating that while the function of these genes has diverged, the biochemical 

operations they can conduct have not. Immune and developmental pathways consistently exhibit substantial 

crosstalk, and how similar signaling pathways are parsed differently during development and immune 

response is an open question in plant biology. Given that CIK1/2 and NIK1/2 are such similar proteins with 

quite distinct functions, we propose that comparison of all CIK/NIK genes to their bryophyte orthologs will 

prove a fertile ground for experiments seeking to understand how subfunctionalization of LRR-RLKs occurs, 

how different receptor protein complexes evolve, and the crosstalk between immune and developmental 

signaling.  

Discussion 
Many of the LRR-RLKs discussed herein are have distinct functions across many tissues but are unified in 

their regulation of stem cell specification. Within a clade, the ability of various homologs to complement one 

another is widespread, despite differences in mutant phenotypes among these homologs. Often times these 

differences in loss-of-function phenotype are ascribed to variations in expression domain. However, given 

that a protein accumulates within a new domain, two distinct outcomes are possible.  First, the protein can 

perform the same biochemical operation it did in its original domain (i.e. subfunctionalization); which can 

lead to unexpected mutant phenotypes for the subfunctionalized paralog. For example, a mutation that reduces 

proliferation in leaf initial cells will have quite distinct developmental consequences from a mutation of a 

paralogous gene functioning in SAM stem cell proliferation even though both regulate the same process, i.e. 

proliferation.  Second, the protein may evolve new biochemical functions in its new domain (i.e.  
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Figure 6: Maximum Likelihood tree of CLAVATA insensitive kinases (CIKs) based on full length 

peptide sequences. Moss contains a clade of genes co-orthologous to the CIK coreceptors of stem 

cell maintenance LRR-RLKs/RLPs and the NIK immunity-related coreceptors.  
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neofunctionalization), which might involve new binding new partners, phosphorylating novel downstream 

targets, or binding to different ligands. Such neofunctionalization may stem from structural changes to the 

protein itself that arise after gene duplication or might be entirely dependent on novel interactions in the new 

context. Uncovering which of the above scenarios are operating during the diversification of the LRR-RLKs 

and related proteins will lead to a better understanding of stem cell maintenance pathways in land plants. 

Working within a functionally informed phylogenetic framework like the one provided here will expedite 

such studies. 

Given the degree of redundancy, apparent promiscuity in complex formation, and diversity of downstream 

responses possible even from the same receptors (Je et al. 2018), understanding LRR-RLK function will 

require experiments with high spatial and temporal resolution. This pursuit will be aided by the advent of 

single-cell technologies; high-throughput experiments providing a set of plausible protein-protein interactions 

(Smakowska-Luzan et al. 2018) can be combined with single-cell RNAseq data to generate hypotheses about 

which receptors might be forming a complex in a given cell type during development.  

Here we presented an evolutionary framework for analyses of signaling genes involved in stem cell 

maintenance. We identified orthologs of these signaling components in diverse plant model systems and 

propose a nomenclature for unannotated genes based on functional and phylogenetic (Supplemental Table 1). 

We see, as has been previously reported (Liu et al. 2017), that LRR domain number is highly dynamic within 

some (RPK1/RPK2) but not all (FEA3) gene families. We identify bryophyte orthologs for most LRR-RLK-

like genes examined, reaffirming that LRR-RLK gene families diversified early in land plant evolution. 

Interestingly, even in clades with frequent truncations in extracellular protein domains such as CRN/SOBIR1 

or RPK1/RPK2, bryophyte extracellular domains were always the longest and exhibited no evidence of 

domain loss. It will be interesting to see whether this is a general trend that extends beyond the taxa and gene 

families sampled here, and will require the assembly of a greater number of bryophyte genomes.  

Within clades, we find evidence that the pseudokinase CRN evolved from a full-length LRR-RLK that is the 

likely ancestor of CRN and SOBIR1. In the case of CRN and SOBIR1 as well for CIK and NIK genes, we find 
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that many of these regulators of stem cell signaling are closely related to genes that function in plant 

immunity. Intriguingly, cik mutations can be complemented by NIK genes, which suggests that the context 

within which a protein functions is determined not only by cell type, but also by that the biotic and abiotic 

stimuli perceived by that cell.  Moreover, a gene closely related to FEA3 was identified to be mis-annotated, 

and we found that FEA3 is closely related to the ER co-receptor encoding gene TMM. This relationship is 

interesting, as the TMM/ER complex binds a distinct class of ligands from FEA3, adding another level of 

promiscuity to these LRR-RLK gene families that will need to be untangled.  

In this work we sought to provide a useful reference to facilitate research on stem cell signaling pathways in 

diverse model and crop species. As plant transformation and genome editing technologies improve, the 

number of systems available for functional genetic studies will expand, and analyses like the one conducted 

here will need to be replicated. Altogether, increasing the number of model systems and performing clade to 

clade rather than gene to gene comparisons will provide us with a deeper and more general understanding of 

plant stem cell signaling.  
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Fig. S1. Maximum likelihood tree of constructed using aligned peptide sequencs from best pBLAST 

hits of CLV2. Many clades have strong support and date as far back as bryophytes, but branch 

support (percent of bootstrap runs with 1000 runs) is very low along the backbone. Relationships 

between clades are thus difficult to resolve. 
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Fig. S2. Protein domain search using cd-search within the peptide sequence of AT4G28560. This 

gene model encodes an LRR-RLP and is mis-annotated as RIC7. 

 

 

 

 

Fig. S3. Maximum likelihood tree and protein alignment for LRR-RLP encoding FEA3 and TMM 

gene families. Unlike some other LRR gene families (e.g. RPK2/RPK1), the length of TMM and 

FEA3 peptides has remained consistent throughout land plant evolution.  
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Supplemental table with suggested LRR-RLK nomenclature 

 

Table notes 

FEA3: A clade containing AT4G28560, Solyc09g072630, and Os06g42220 is closely related to FEA3. 

AT4G28560 is possibly misannotated as RIC7.   

FEA3: Orthology supported by maximum likelihood topology, but with poor bootstrap support   

RPK1/RPK2: Organization in table based on tree topology, but naming takes structure into account. 

RPK1-LIKE (RPK1L) have short ectodomains, while RPK2-like have long ectodomains.    

  

NIK: Clade of NSP-INTERACTING KINASE (NIK) Immune co-receptors is nested within CIK genes. 

NIK proteins are implicated in immune signaling, but NIK genes can complement cik2 loss of function 

when expressed under the CIK2 promoter. 

  

Receptor Family
Gene ID Annotation Gene ID Annotation Orthologous to Gene ID Annotation orthologous to Gene ID Annotation Orthologous to Gene ID Annotation Orthologous to 

CLV1 AT1G75820 CLV1 Solyc04g081590 SlCLV1 CLV1 GRMZM2G300133 TD1 CLV1 Os06g50340 FON1 CLV1

AT5G65700 BAM1 GRMZM2G072569 ZmBAM1a BAM1, BAM2 Os03g56270 OsBAM1a BAM1, BAM2

GRMZM2G141517 ZmBAM1b BAM1, BAM2 Os07g04190 OsBAM1b BAM1, BAM2

AT3G49670 BAM2 GRMZM2G043584 ZmBAM1c BAM1, BAM2 Os03g12730 OsBAM1c BAM1, BAM2

AT4G20270 BAM3 Solyc01g080770 SlBAM3 BAM3 X X X Os05g51740 OsBAM3 BAM3

GRMZM2G068398 ZmBAM4a BAM4

GRMZM2G169681 ZmBAM4b BAM4

CLV2 AT1G65380 CLV2 Solyc04g056640 SlCLV2 CLV2 GRMZM2G104925 FEA2 CLV2 Os02g39100 OsCLV2 CLV2 X X X X X X

CRN AT5G13290 CRN Solyc05g023760 SlCRN CRN GRMZM2G032132 ZmCRN CRN Os01g70260 OsCRN CRN X X s X X X

AT3G25670 FEA3 Solyc06g069290 SlFEA3 FEA3, FEA3L1, FEA3L2 Pp3c23 19100** PpFEA3a FEA3

AT1G13230 FEA3L1 Pp3c24 6450** PpFEA3b FEA3

AT1G68780 FEA3L2* Pp3c8 14320** PpFEA3c FEA3

AT1G69270 RPK1 Solyc04g005390 SlRPK1 RPK1 GRMZM5G852776 ZmRPK1La RPK1, RPK2 Os03g54900 OsRPK2La RPK1, RPK2

GRMZM2G017409 ZmRPK2L RPK1, RPK2 Os07g41140 OsRPK2Lb RPK1, RPK2

GRMZM2G072658 ZmRPK1Lb RPK1, RPK2

Solyc04g039730 SlCIK1a CIK1 GRMZM2G010693 ZmCIK1a CIK1 Os01g07630 OsCIK1a CIK1

GRMZM2G067675 ZmCIK1b CIK1

GRMZM2G103164 ZmCIK1c CIK1

AT5G16000 NIK1 Solyc02g089550 SlNIK1 NIK1 GRMZM2G145720 ZmNIK1 NIK1

Solyc04g005910 SlNIK2a NIK2

Solyc05g010400 SlNIK2b NIK2

AT2G23950 CIK2

AT4G30520 CIK3

GRMZM2G136161 ZmCIK4a CIK4

GRMZM2G146794 ZmCIK4b CIK4

Solyc03g093330 SlPXY1 PXY

Solyc05g051640 SlPXY2 PXY

Solyc07g005010 SlPXY3 PXY

AT1G08590 PXL1 Solyc04g050170 SlPXL1a PXL1 GRMZM2G168603 ZmPXL1 PXL1/PXL2 Os02g02140 OsPXL1 PXL1/PXL2

Solyc09g064520 SlPXL1b PXL1 GRMZM2G009818 ZmPXL2 PXL1/PXL2 Os03g05140 OsPXL2 PXL1/PXL2

AT4G28650 PXL2 X X X GRMZM2G438840 ZmPXL3 PXL1/PXL2

MpCIK

CIK1, CIK2, 

NIK1, NIK2, 

CIK3, CIK4

CIK1, CIK2, CIK3, 

CIK4 NIK1, NIK2

CIK1, CIK2, CIK3, 

CIK4 NIK1, NIK2

AT3G25560
NIK1,NIK2

NIK2ZmNIK2GRMZM2G349665NIK2

CIK1

CIK4

CIK1OsCIK1bOs05g07850

PXY/PXL1/PXL

2
MpTDR

Os02g14120

CIK2, CIK3

CIK4OsCIK4

GRMZM2G039934 ZmPXY PXY

ZmCIK2 OsCIK2Os08g34380

Os08g05290 OsPXY PXY

XXX Mapoly0096s0005

PpCIKb

PpCIKcPp3c26 3790

Pp3c4 23140

Os06g16330

Solyc07g006110 SlCIK2 CIK2, CIK3 GRMZM2G151955 CIK2, CIK3

OsNIK

RPK1, RPK2MpRPK2Mapoly0151s0044

FEA3
SlFEA3L1

CIK4SlCIK4

Pp3c7 5570 PpRPK2 RPK1, RPK2

CIK1, CIK2, CIK3, 

CIK4 NIK1, NIK2
PpCIKaPp3c3 14110

Mapoly0009s0106

Mapoly0066s0046*

*
MpFEA3FEA3, FEA3L1, FEA3L2OsFEA3Os01g02060FEA3, FEA3L1, FEA3L2FEA3GRMZM2G166524 

BAM4 BAM4

Arabidopsis

PpCLV1a

PpCLV1b

XX OsBAM4Os11g12620

Tomato

MpCLV1

SlBAM4Solyc01g103530

Pp3c13 13360

Marchantia

Mapoly0002s0106

SlBAM1

Maize Oryza Sativa Physcomitrella 

Pp3c6 21940

CLV1, 

BAM1,BAM2,BAM3

, BAM4

CLV1, 

BAM1,BAM2,BAM3

, BAM4 CLV1, 

BAM1,BAM2,

BAM3, BAM4

PXY

RPK2SlRPK2Solyc03g059490RPK2AT3G02130 

AT1G60800 

Solyc02g091840 BAM1, BAM2

PXYAT5G61480

AT5G45780 Solyc02g072310

FEA3*

RPK1/RPK2*

CIK*

BAM

Solyc05g009990 FEA3, FEA3L1, FEA3L2

Solyc05g005140 SlCIK1b CIK1
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Concluding Remarks 
 

Shoot Apical Meristems (SAMs) produce the entire shoot of every plant we see. Every SAM must 

accomplish the basic functions of self-maintenance and the production of lateral organs. Morphological 

diversity across plants heralds largely from the modulation of these two functions, with tremendous 

consequences for evolution and agriculture. 

The SAM is a complex structure. After decades of research, scientists are still driven to understand how 

the SAM functions. As a field, we have discovered complex crosstalk between hormones and receptor 

kinase pathways. This network exists in a state of exquisite tension. Layers of control of hormone and 

signal sensitivity result in the establishment of molecular thresholds controlling gene expression, which in 

turn establish tightly bounded populations of cells with distinct developmental functions. Disrupt this 

tense network, and the boundaries between cells with different identities snap, causing disorganization of 

the SAM and potentially shoot termination or fasciation.  

Apical meristems underwent a dramatic change during the evolution of upright plant shoots the earliest 

land plants. It was at this moment that the SAM gained the function of patterning lateral organs in a 

phyllotactic pattern. Previously, filamentous or thalloid bodies were derived from SAMs that had only to 

self-replicate, and even this task was made simpler by cell geometry. These early SAMs evolved in the 

haploid gametophytic phase of the plant lifecycle, in contrast to the diploid sporophytic SAMs prevalent 

in vascular plants. Thus, not evolving from a shared ancestral structure, the SAMs of bryophytes and of 

vascular plants are non-homologous. 

Convergent structures can however, repeatedly arise by coopting the same underlying components. This 

phenomenon, called deep homology, is the foundation for much of my thesis work. Throughout this 

dissertation I asked, with the help of others, whether the single celled SAM of the moss Physcomitrium 

patens was regulated by the same mechanisms as multicellular flowering plants.  
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By and large, I found that the answer seems to be yes. Mutants of the CLV1 and RPK2 genes generate an 

overabundance of stem cells in both moss and flowering plants. The networks too appear to be similar: 

cytokinin promotes stem cell formation through a pathway inhibited by CLV1 in both plant groups. 

Meanwhile, the formation of new SAMs through this pathway is inhibited by auxin. Thus, this complex 

network with crosstalk between CLV signaling, cytokinin, and auxin appears to be intact in moss.  

There are also interesting differences. That the loss of cytokinin signaling somewhat phenocopies 

cytokinin treatment is a puzzling phenomenon that does not occur in Arabidopsis. Also notable is the 

apparent absence of a WUSCHEL-RELATED HOMEOBOX (WOX) gene from the stem cell signaling 

network in moss, whereas WOX genes are central to SAM function in flowering plants. It is not clear 

whether something else performs the function of WOX genes in moss, or whether the SAM signaling 

network can simply do without that function in a single-celled SAM.    

Overall, there are more similarities between the regulation of stem cell function in moss and flowering 

plants than there are differences. It is possible that the sporophyte coopted developmental mechanisms 

from the gametophytic phase, such that shoot morphogenesis evolved in the gametophyte and was 

transferred to the sporophyte. Alternatively, these genetic components served another function in a 

thalloid ancestor of bryophytes and vascular plants, and shoots evolved concurrently in different phases of 

the life cycle using a common set of building blocks. These and many other interesting evolutionary and 

developmental questions spawn from this work.  

 


