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Aims of the study 

Plants communicate via dynamically regulated information systems, which typically comprise 

mobile signaling molecules, plasma membrane (PM)-located receptors, and intracellular target 

proteins. This study aims to contribute to the understanding of signal transduction through 

CLAVATA family (CLVf) receptor pathways in the model organism Arabidopsis thaliana.  

CLVf receptors are crucial for various aspects of plant life like stem cell homeostasis, vascular 

development, and pathogen interactions. To perceive peptide ligands of the CLV3/EMBRYO 

SURROUNDING REGION-related (CLE) family, different CLVf receptors and other proteins, 

e.g. co-receptors or the CLAVATA2 (CLV2) / CORYNE (CRN) heteromer, form complexes 

at the PM. Depending on the cellular context, the same repertoire of CLVf receptors mediates 

distinct signaling outputs. However, it is not clear how CLE peptides signals are integrated after 

receptor activation to confer specificity to each pathway. Furthermore, downstream targets of 

the CLVf receptors are not known, either. Therefore, this study addresses two major open 

questions within CLVf receptor research, i.e. downstream signaling and signaling specificity.  

Chapter I provides a recent literature overview on how receptor pathways in plants gain 

specificity despite a high degree of shared signaling elements. 

Chapter II comprises the identification and characterization of novel CLVf receptor 

interactors. Protein-protein interaction studies and genetic analyses will be applied to test the 

capability of the receptor-like cytoplasmic kinase (RLCK) MAZZA (MAZ) and its homologs 

to act as downstream mediators of CLVf receptor signaling. Furthermore, a new role of CLVf 

receptor pathways in stomatal development will be accessed.  

Chapter III addresses the role of CRN and CLV2 within root meristem differentiation, where 

CRN is mandatory for CLE peptide perception, potentially by guiding PM-localization of CLVf 

receptors. A dissection of the CRN expression domain will reveal the spatial impact of the 

protein within distinct cell files of the root meristem and if CLE peptides act non-cell-

autonomously to trigger differentiation processes.  

Chapter IV resolves a specific CRN function in developing phloem files of the root. Applying 

competitive in vivo interaction analyses will demonstrate how CRN interaction with a CLVf 

receptor and OCTOPUS, a protein with subcellular polarity, defines pathway-specific CLE 

peptide responses.   
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Chapter V displays a screen to enlarge the range of suitable fluorophore combinations to 

perform state of the art Förster resonance energy transfer (FRET)-based fluorescence-lifetime 

imaging microscopy (FLIM). This can improve protein-protein interactions studies and, thus, 

is important to understand complex signaling networks.  

In the following, multifaceted approaches will be described, which aim to decipher mechanisms 

of signal perception, signal specification, and signal integration within CLVf receptor 

pathways. Considering that many elements of CLVf receptor signaling are conserved in crop 

plants, new insights into the underlying molecular principles can contribute to crop breeding 

programs.  
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Emerging mechanisms to fine-tune receptor kinase
signaling specificity
Sergio Galindo-Trigo1,3, Patrick Blümke2,3, Rüdiger Simon2 and
Melinka A Butenko1

Organisms need to constantly inform their cellular machinery

about the biochemical and physical status of their surroundings

to adapt and thrive. While some external signals are also

sensed intracellularly, a considerable share of external

information is registered already at the plasma membrane (PM).

Receptor kinases (RKs) are crucial for plant cells to integrate

such cues from the environment, from microbes, or from other

cells to coordinate their physiological response and their

development. Early studies on RK signaling depicted the path

from external signal to internal response in a linear fashion, but

recent findings show that these cellular information highways

are highly interconnected and pass signals through molecular

intersections. In this review, we first discuss how individual RKs

simultaneously contribute to the transduction and

deconvolution of a multitude of signals by controlled assembly

into diverse RK complexes, exemplified by FERONIA signaling

versatility. We then elaborate on how cells can exert highly

localized control over the assembly, interaction and

composition of such complexes in order to attain essential

cellular output specificity.
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2 Institute for Developmental Genetics and Cluster of Excellence on Plant
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General introduction
Land plants depend on their receptor inventory and

developmental plasticity to cope with the external con-

ditions from which they cannot escape, and RK families

have undergone a remarkable expansion in gene number

since plants started their conquest of land [1–3]. Early

characterization of, for instance, ERECTA (ER), CLA-

VATA1 (CLV1), HAESA (HAE) or FLAGELLIN

SENSING2 (FLS2) as regulators of stomata and meri-

stem development, abscission, or defense to pathogens,

respectively [4–7], depicted linear RK pathways that

involved ligand perception, coreceptor binding, intracel-

lular phosphorylation cascades, regulation of transcription

factors, and modulation of transcription. The utilization

of identical signaling components by different signaling

systems could pose a way to facilitate coordination

between pathways at multiple levels. Here, we discuss

recent studies that illustrate a new understanding of how

signaling specificity is safeguarded in a cellular environ-

ment that is crowded with interacting RKs and peptides.

Lessons learned from FERONIA signaling
versatility
FER is a convergence point for extracellular signals

Ligands interact with the extracellular domain of RKs

with high affinities, but not in an exclusive one-to-one

manner. Instead, there are examples where individual

ligands can be recognized by different receptors, and

individual receptors can be activated by different ligands.

FERONIA (FER), belonging to the Catharanthus roseus
RLK1-like (CrRLK1L) family in Arabidopsis thaliana
(Arabidopsis), was initially described as a regulator of

fertility but partakes in diverse receptor complexes and

acts at the crossroad of signal perception and activation

of multiple signal transduction cascades [8]. The ectodo-

main of FER and other CrRLK1Ls comprises two

malectin-like domains through which small rapid

alkalinization factor (RALF) peptides, cell wall compo-

nents like pectin, and apoplastic proteins like leucine-rich

repeat (LRR) extensins (LRXs) can be sensed [9–13,14�].
Several RALFs trigger responses via FER: RALF1 trig-

gers apoplast alkalinization, stomatal closure and impairs

root growth; RALF23 quenches immune responses by

hindering FER from scaffolding immunity receptor com-

plexes, while RALF17 enhances immunity via FER

(Figure 1a) [9,10,15]. Furthermore, several CrRLK1Ls
can be activated by RALF34, which regulates lateral root

primordia formation via THESEUS1 and binds pollen

tube growth regulators ANXUR1 and 2 (ANX1/2) and

BUDDHA’S PAPER SEAL1 and 2 (BUPS1/2) to pro-

mote pollen tube burst by disrupting autocrine signaling

of the RALF4/19 pair (Figure 1b) [11,12,16]. Addition-

ally, direct interactions between the ectodomain of FER

and LRXs coordinate cell wall status and vacuolar size

Available online at www.sciencedirect.com
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Figure 1
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FER and CrRLK1L signaling.

(a) Different RALF peptides can be recognized by a single CrRLK1L. (b) A single RALF peptide can bind more than one CrRLK1L to trigger diverse

responses. (c) FER dual tethering to cell wall components via direct interaction with pectin and through LRX proteins. LRXs are able to bind RALF

peptides and, as demonstrated during pollen tube growth, they can be essential for the activity of the peptides [12,17]. The relationship between

LRX-RALF complexes and CrRLK1L-LLG perception of RALFs remains unexplored. (d) A model for CrRLK1L signaling through heterodimers of

CrRLK1L-LLG units. (e) Function of FER as a RALF-dependent scaffold of immune complex formation. (f) Diverse direct downstream effectors

connect FER with multiple developmental responses. (g) EBP1 translation-transcription loop to mediate FER-RALF1 transcriptional changes and a

speculative alternative method for gene expression regulation via RIPK1 activation of the MAPK cascade. RALF, rapid alkalinization factor; FER,

FERONIA; LLG, LORELEI-LIKE GLYCOSYLPHOSPHATIDYLINOSITOL ANCHORED PROTEIN; CW, cell wall; LR, lateral root; THE1, THESEUS1;

Current Opinion in Plant Biology 2020, 57:41–51 www.sciencedirect.com



regulation, guarding cell integrity during fast elongation

in roots [14�]. LRX proteins also bind RALF peptides and

are essential for RALF4/19 to exert their function during

pollen tube growth; nevertheless, whether CrRLK1Ls
and LRXs constitute a RALF4/19 sensing complex in

pollen tubes or whether they affect two separate steps of

RALF4/19 signaling remains to be elucidated (Figure 1c)

[12,17].

Ligand-receptor partner plurality is not exclusive to

RALFs and the CrRLK1Ls: the CLAVATA3/ESR-

RELATED9/10 (CLE9/10) peptides regulate asymmet-

ric cell division in the stomatal lineage through an RK

complex of HAESA-LIKE1 (HSL1) and SOMATIC

EMBRYOGENESIS RECEPTOR KINASES (SERKs),

and xylem lineage cell division via BARELY ANY MER-

ISTEM1 (BAM1) [18�]. The RKs controlling Casparian

strip and embryonic cuticle formation, GASSHO1/

SCHENGEN3 (GSO1/SGN3) and GSO2, act with

SERKs and bind not only CASPARIAN STRIP INTEG-

RITY FACTOR1 (CIF1) and 2, but an additional pair of

related peptides named CIF3 and 4, and the sulfated

peptide TWISTED SEED1 (TWS1) [19–21,22�].

Selective partnering at the plasma membrane

PM receptors cluster into complexes that enhance the

ligand-receptor binding affinity and promote downstream

signaling via transphosphorylation of the receptor kinase

domains. The RALF peptide receptor complex has been

structurally determined as a heterodimer between FER

and a LORELEI-LIKE GLYCOSYLPHOSPHATIDY-

LINOSITOL-ANCHORED PROTEIN (LLG) [23��].
LLGs are small membrane-anchored proteins that act as

coreceptors for CrRLK1Ls and assist the delivery of

receptors to the PM [24–27]. To regulate fertilization,

FER associates with the LLG protein LORELEI (LRE)

and the pair of functionally redundant CrRLK1Ls HER-

CULES RECEPTOR KINASE1 (HERK1) and ANJEA

(ANJ), which also associate with LRE [24]. Similarly,

ANX1/2 and BUPS1/2 interact with each other and with

LLG2/3 to maintain pollen tube growth, suggesting that

RALFs may be perceived by multipartite receptor com-

plexes comprising two sets of CrRLK1L-LLG hetero-

dimers (Figure 1d) [25,26].

Effective immunity in Arabidopsis relies on detection of

bacterial-derived epitopes like flagellin22 (flg22) by the

FLS2-BRASSINOSTEROID INSENSITIVE1 (BAK1)/

SERK3 (hereon referred to as SERK3) receptor complex,

which is scaffolded by FER [6,10,28]. While interaction

has been reported between ANX1 and the FLS2–SERK3

complex in response to flg22, the FLS2–SERK3

interaction is impaired when ANX1 is overexpressed, thus

repressing immunity [29]. It remains to be determined if

ANX1 association with FLS2 and SERK3 regulates

FLS2–SERK3 complex formation. Understanding how

the two CrRLK1Ls associate with the same components

in response to the same stimuli to yield opposed

responses requires further investigation, although com-

petition for immune receptor complex members and

recruitment of different downstream signaling compo-

nents could explain the response divergence. Interest-

ingly, LLG1 was independently reported to positively

influence immunity by interacting with FLS2, prompting

us to wonder whether different CrRLK1L–LLG–LRR–

RK complexes could regulate developmental processes

currently linked to CrRLK1L-LLG dimers alone

(Figure 1e) [30].

Diversity downstream of FER

FER has been long established as a regulator of devel-

opment beyond fertility and immunity, including root

hair and trichome development, root and petiole elon-

gation or abiotic stress responses (see Ref. [8] for in-

depth review). Recently, FER has been linked to two

additional processes: flowering time and auxin transport

during root gravitropism [31,32]. In several of these

processes, FER relies on RHO OF PLANTS (ROP)

proteins to activate PM NADPH oxidases for reactive

oxygen species (ROS) production, trigger Ca2+ flux

changes and inhibit H+-ATPases to increase apoplastic

pH [9,33–35]. Besides, FER crosstalks with other plant

hormones by phosphorylating S-ADENOSYL METHI-

ONINE SYNTHASE1 and 2 to negatively regulate

ethylene production, and protein phosphatase ABSCI-

SIC ACID-INSENSITIVE2 to dampen abscisic acid

signaling (Figure 1f) [36,37]. Interestingly, FER kinase

activity is dispensable for the control of pollen tube

reception in ovules and for root growth, revealing con-

text-dependent molecular mechanisms of FER down-

stream signaling [38–40]

Additional direct targets of FER keep emerging. FER

acts as a receptor for Gb-protein1 (AGB1) to induce

RALF1-mediated stomatal closure [15,41]. The ErbB3-

binding protein1 (EBP1) takes part in a RALF1-FER

transcription-translation feedback loop, where FER first

stimulates translation of EBP1 mRNA upon RALF1

treatment. EBP1 is then phosphorylated by FER, and

subsequently transported to the nucleus to repress

RALF1-responsive genes [42�]. These findings shed light

on a so far poorly understood mechanism in plants and

present a communication shortcut between PM signaling

and transcriptional change [43]. Often, RKs utilize a

Emerging mechanisms to fine-tune receptor kinase signaling specificity Galindo-Trigo et al. 43

ANX1/2, ANXUR1 and 2; BUPS1/2, BUDDHA’S PAPER SEAL1 and 2; LRR-EXT, LRR extensin; CrRLK1L, C. roseus receptor-like 1-like; SERK,

SOMATIC EMBRYOGENESIS RECEPTOR KINASE; FLS2, FLAGELLIN SENSING2; flg, flagellin22; ROP, RHO OF PLANTS; ROPGEF, ROP

GUANINE EXCHANGE FACTOR; SAM1/2, S-ADENOSYLMETHIONINE SYNTHASE1 and 2; ABI2, ABA INSENSITIVE2; AGB1, Gb-protein 1; RIPK1,

RPM1-INDUCED PROTEIN KINASE; EBP1, ErbB3-binding protein 1. Circled P represents phosphorylation events.
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module of mitogen activated protein kinases (MAPKs)

that comprises the phosphorylation cascade of MAP

kinase kinase kinases (MAPKKKs), MAP kinase kinases

(MAPKKs) and MAPKs, which ultimately leads to tran-

scriptional adjustments (see Ref. [44] for review). Addi-

tional research is required to elucidate how specificity is

maintained through this phosphorylation cascade since

multiple extracellular inputs can activate the same small

subset of MAPKs to phosphorylate transcription factors

that yield strikingly diverse transcriptional outputs [45].

Recently, members of the receptor-like cytoplasmic

kinase (RLCK)-VII clade were found to relay immu-

nity-related RK signals onto the MAPK cascade by phos-

phorylating and activating MAPKKK3/5, thus creating a

link between immunity-related RKs and MAPK cascade

activation [46]. Interestingly, the clade VII RLCK protein

RPM1-INDUCED PROTEIN KINASE (RIPK) is

directly phosphorylated by FER after RALF1 sensing

during root growth [47], suggesting that, parallel to EBP1

activation, CrRLK1Ls could utilize RIPK or related

RLCKs to activate the canonical MAPK cascade to

induce transcriptional changes (Figure 1g). However,

FER and related CrRLK1Ls ANX1/2 can also signal

via MARIS (MRI), a membrane-localized RLCK

belonging to the subfamily VIII required for pollen tube

and root hair tip growth. Contrasting FER-RIPK physical

interaction and phosphorylation, MRI appears to act

further downstream following CrRLK1L-mediated

ROS production [48].

Some of the FER interactors are integral components of

networks with remarkably high dimensions. For

instance, SERK3 belongs to the LRR(II)-RK group

of coreceptors [49], which interact with RKs containing

larger LRR ectodomains. Receptor ligand complexes

engaging SERKs as coreceptors include FLS2 during

immune responses, BRASSINOSTEROID INSENSI-

TIVE1 (BRI1) perceiving brassinosteroids (BRs), ER

binding EPIDERMAL PATTERNING FACTORS

(EPFs) during stomatal patterning, or HAE and

HAESA-LIKE2 (HSL2) relaying a signal from INFLO-

RESCENCE DEFICIENT IN ABSCISSION (IDA) to

control cell separation [28,50–54]. Recent evidence

demonstrated the participation of SERKs in CIFs rec-

ognition by GSO1/2 and in CLE9/10 sensing by HSL1

[18�,19]. Furthermore, other LRR(II)-RKs, namely

CLAVATA3 INSENSITIVE KINASES (CIKs), are

coreceptors of CLV1, CLV2, RPK2 and BAM1/2

relaying CLE signals in meristem termination, as well

as in cell specification during anther development

[55�,56,57]. It is conceivable that, in some instances,

pathway crosstalk could be facilitated by these core-

ceptors through competition, sequestration, and shar-

ing. Nevertheless, in the context of the antagonism

between FLS2 and BRI1 signaling pathways (both of

which use SERK3 as coreceptor; see Ref. [58] for

review) it has been shown that the amount of SERK3

is not rate limiting and that inhibition of immunity by

BRs is independent of this coreceptor [59,60].

Extensive studies of receptors like FER suggest that

intricate RK signaling scenarios are the rule rather than

the exception. This was recently documented in a high-

throughput assay where the extracellular domains of

200 LRR RKs were tested for interaction, resulting in

the identification of cell-surface interaction networks

[61�]. While tight control over the spatiotemporal expres-

sion of ligands and receptors represents an efficient

strategy to generate specificity at the cellular level, fur-

ther mechanisms are required for the cell to integrate

diverse signals and balance plant development with

defense.

How to gain signaling specificity
Multi-functionality of signaling elements requires dis-

crimination between independent signaling inputs.

There are various mechanisms by which specificity of

signaling can be obtained.

Structural determinants of receptor specificity

How members of the SERK family of coreceptors can

generate a wide range of different cellular responses

resides in part in their structure. The bak1-5 (serk3)
mutant exhibits severe immunity defects but shows nor-

mal BR signaling [62]. The difference in signaling output

resided in a conserved phosphosite within the cyto-

plasmic domain of SERK3, the phosphorylation of which

is mandatory for FLS2-based immune responses, while

dispensable for BRI1 signaling showing that BRI1 and

FLS2 use different phosphorylation sites on SERK3 for

receptor activation [63��]. In addition, other SERK3

interactors like PEP1 RECEPTOR1 (PEPR1), PEPR2,

ER, HAE or HSL2 require the phosphorylation of a

kinase subdomain VIa tyrosine (Tyr-VIa) residue with

analogous positioning at their respective complex

interface with SERK3. Conversely, this tyrosine is not

conserved in BRI1, leading to the classification of SERK-

interacting receptors as Tyr-VIa-dependent or Tyr-VIa-

independent and to a model of phosphocode-based

dichotomy for SERK function [63��].

Structural features can also provide the basis fordifference in

signaling output by changes in interaction affinities. The BR

signaling capability of BRI1 is counteracted by BAK1-

INTERACTING RECEPTOR-LIKE KINASEs (BIRs),

which inhibit the formation of BRI1-SERK heterodimers by

interacting with the ectodomains of SERKs [64]. This nega-

tive regulation by BIR proteins is also found in other SERK-

dependent pathways. For example, BIR2 and BIR3 restrain

SERK3 from complex formation with FLS2 in the resting

stateandonlyreleasethecoreceptorsuponligandperception

[65,66]. In contrast, the short LRR-RK NUCLEAR SHUT-

TLE PROTEIN-INTERACTING KINASE 1 (NIK1)

destabilizes the SERK3/FLS2 complex after flg22 binding.

44 Cell signaling and gene regulation
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However, NIK1 acts conceptually similar to BIRs with

respect to competitive receptor binding, which is fine-tuned

by the NIK1 phosphorylation status and thought to be the

basis for the specificity of antibacterial and antiviral immune

responses [67]. Recently, a mechanistic description of cor-

eceptor competition was obtained for the multifaceted

SERK coreceptors by structural characterization of the

gain-of-function SERK3 elongated (SERK3elg) allele. The

slight structural modification at the LRR binding surface

of SERK3elg indirectly favors SERK-BRI1 interaction by

attenuating the competitive binding of SERKs to BIRs.

Furthermore,theaffinityofSERK3elgtootherLRRreceptors

like HAE is strongly reduced compared to wild-type SERK3

[64]. This illustrates that signaling specificity resides in

structural properties of a protein and that their modification

promotes different signaling routes. In animals, it has been

suggested that the binding of different ligands to the same

RK could stabilize structurally distinct receptor states that

can be differentially interpreted by intracellular receptor

modules thereby providing functionally discrete outcomes

from the same receptor [68]. It remains to be determined

whether such biased agonism applies in plants.

Regulation of signaling events by dynamic protein

trafficking

The spatio-temporal availability of proteins involved in a

particular signaling event can determine specificity

between pathways. Turnover of signaling elements is a

key mechanism to dampen an activated cascade and to

regulate their availability before cascade activation. The

ligand induced internalization of FLS2 in intracellular

vesicles by a clathrin-dependent and sterol-associated

endocytic pathway terminates immune signaling by tar-

geting FLS2 for degradation and also desensitizes cells to

the same stimulus [69�,70–73]. This mechanism is shared

by pattern recognition receptors and appears to be a

general feature of plant immunity [70]. In addition,

endosomal signaling can potentially also contribute to

signaling specificity. Whereas blocking BRI1 endocytosis

in the PM enhances BR signaling output, a decrease in

FLS2 endocytosis affects only the activation of a subset of

the flg22-triggered signaling. This indicates that early

FLS2 signaling events are possibly triggered at the PM

level and, after internalization, intracellular signaling

events continue to control late responses until the recep-

tor is degraded. The sum of early and late responses leads

to a complete immune response [74].

Related peptides can specify signaling output by establish-

ing differential subcellular dynamics of a single receptor.

ERECTA-LIKE1 (ERL1), the major receptor restricting

stomatal differentiation, shows distinct subcellular dynam-

ics in response to different signal inputs. ERL1 is contin-

uously recycled, but undergoes a TOO MANY MOUTHS

(TMM)-dependent rapid internalization upon EPF1 per-

ception, while its antagonist Stomagen/EPFL9 triggers

retention of ERL1 to the endoplasmic reticulum, thereby

inhibiting signaling [75].

In general, internalization limits the availability of RK at the

PM. Receptor endocytosis followed by degradation or

recycling via the endoplasmic trafficking pathway rely on

tightly regulated vesicular transport. For example, BR

signaling depends on members of the BIG subfamily of

ADP-ribosylation  factor (ARF) GTPases that mediate

BRI1 endocytosis [76]. However, the most prominent

trigger of protein turnover is the ubiquitylation of target

proteins via specific E3 ubiquitin ligases, as shown for

various RK signaling pathways [77,78]. The power of

PLANT U-BOX (PUB) ubiquitin ligases to dynamically

fine-tune receptor signaling is reflected, for example, by the

flg22-induced FLS2 degradation via PUB12/13. After

ligand binding SERK3 phosphorylates and activates

PUB12/13 and thereby promotes FLS2 polyubiquitylation

[79]. Downstream of FLS2, again, turnover events are

carefully balanced, as apparent by the antagonizing action

of heterotrimeric G-proteins and the calcium-dependent

protein kinase CPK28 controlling PUB25/26 activity. This

differential PUB25/26 regulation determines the degrada-

tion of the downstream effector BOTRYTIS-INDUCED

KINASE1 (BIK1) [80]. Vice versa, the stabilization of a

signaling module by impairing receptor ubiquitylation

can prolong signaling. Such mode of action is found in

the case of the atypical LRR-RK SCRAMBLED/STRUB-

BELIG (SCM) that regulates cell fate in the root epidermis

[81�]. SCM is thought to support the movement of the

transcription factor CAPRICE through plasmodesmata to

promote the development of root hairs. This system is

modulated by QUIRKY (QKY), a SCM interactor that

prevents its ubiquitylation. QKY therefore reinforces

SCM stability and can be regarded as a negative regulator

of receptor turnover. Similarly, ubiquitin-specific proteases

like UBIQUITIN-SPECIFIC PROTEASE12 and 13 in

the case of ROOT MERISTEM GROWTH FACTOR1

receptor in root meristem homeostasis can enhance signal

specificity [82].

Another example of endocytosis dependent regulation of

RK localization is presented by the oxidative state depen-

dent turnover of the ARABIDOPSIS CRINKLY4 (ACR4)

RK in the root stem cell niche [83]. Here, a ROS gradient

along the root meristem directly affects stem cell mainte-

nance by controlling the amount of ACR4 localized at the

PM which regulates the differentiation state of stem cell

descendants. Since ROS signaling is interconnected with

developmental effects of auxin and cytokinin (reviewed in

Ref. [84]), receptor turnover in response to disturbed redox

balance might also play a general role in hormone depen-

dent root meristem development.

Not only receptor, but also peptide processing and avail-

ability provides a route for spatially restricted signaling.

During seed development, a bilateral communication
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system is established between embryo and endosperm to

control the formation of the cuticle that ultimately ter-

minates communication between embryo and endo-

sperm. The embryo secretes an inactive precursor of

TWS1 which is processed by the ALE1 subtilase in

the endosperm. The processed and active TWS1 diffuses

back to the embryo where it is perceived by the GSO1/2

receptors to promote cuticle formation. Once a sufficient

cuticle is formed, TWS1 can no longer reach the endo-

sperm and signaling is terminated [22�]. The salt-stress

triggered cleavage and activation of RALF22/23 by

SITE-1 PROTEASE (S1P) causes FER internalization

and displays another example of peptide maturation

being critical for signal integration and transmission [85].

Determining the micro-environment and nano-

environment of receptor signaling at the plasma

membrane

Another factor potentially mediating specificity between

common elements of different signaling cascades might
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CELL POLARITY

(a) (b) (c)

(d)

Current Opinion in Plant Biology

Specificity of signaling processes by distinct subcellular receptor localization.

Plant cells evolved several mechanisms to allocate signaling complexes to different subregions of the PM. (a) The direct or indirect interaction with

cell wall components contributes to receptor localization and mobility along the PM, as studies on FER or FLS2 show [13,14�,88��]. (b)

Intracellularly, the cytoskeleton guides proteins to their designated position. BIK1 associated with cortical microtubules preferentially co-localizes

with BRI1, instead of forming BIK1–FLS2 complexes [89�]. (c) Members of the remorin family provide nano-environments with defined protein

composition. Nanodomains contribute to receptor stabilization and separation [89�]. (d) Polarly localized proteins can establish PM subdomains,

defined by the direction of cellular growth or neighboring cells. In developing phloem cells OPS is exclusively present at the shootward orientated

side, where it is thought to interfere with BAM3/CLV2/CRN receptor complexes to dampen CLE45 signaling [97�]. CW, cell wall; FER, FERONIA;

FLS2, FLAGELLIN SENSING2; BRI1, BRASSINOSTEROID INSENSITIVE1; BIK1, BOTRYTIS-INDUCED KINASE1; REM, remorin; BAM3, BARELY

ANY MERISTEM3, CLV2, CLAVATA2; CRN, CORYNE; CLE45, CLAVATA3/EMBRYO SURROUNDING REGION-RELATED 45, OPS, OCTOPUS;

PPSE, root protophloem sieve elements.
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be their local separation and controlled interaction,

although experimental data supporting this notion are

still scarce. Several mechanisms guarantee a precise

membrane subcompartmentalization to avoid a non-

coordinated diffusion of membrane-integral and mem-

brane-associated proteins (recently reviewed in Refs.

[86,87]). Applying high resolution microscopy-based sin-

gle particle tracking of fluorescence-labelled receptors

like FLS2 demonstrated that the cytoskeleton and cell

wall elements regulate mobility and clustering of proteins

at the PM [88��]. Thus, the above-mentioned interactions

of FER with the cell wall may not only help sense

developmental and environmental changes [12,14�,85],
but also influence receptor distribution along the PM

(Figure 2a).

An impact of PM compartmentalization is suggested in a

study on specificity of BRI1 and FLS2 signaling which,

although sharing the same coreceptor SERK3 and down-

stream RLCK BIK1, trigger different outputs potentially

due to local separation of receptor complexes into PM

nanodomains with differential association to cortical micro-

tubules (Figure 2b) [89�]. Control of protein localization at

PM sites can be achieved by posttranslational modifica-

tions, such as attachment of GLYCOSYLPHOSPHATI-

DYLINOSITOL-anchors, myristoylation or S-acylation
(reviewed in Ref. [90]). The reversibility of S-acylation
allows the dynamic control of protein localization. S-acyla-
tion at the juxtamembrane domain of FLS2 and other

immune receptors through the specific activity of Protein

S-acyltransferases has been recently suggested to regulate

RK nanodomain localization and function. The functional

significance of S-acylation is still under discussion, where

one study reported enhanced signaling when the ratio of S-
acylated receptor was lowered, pointing towards an inacti-

vation mechanism within specific membrane nanodomains

[90,91].

While sequestration into nanodomains potentially control the

specificity of receptor signaling, there is also a feedback from

signalingonnanodomaincomposition.Flotillins (FLOT)and

remorins (REM) are two groups of PM-associated scaffolding

proteinsthatcontributetonanodomainformationandserveto

stabilize or isolate receptors (Figure2c; reviewedinRef. [86]).

REM phosphorylation via kinases that are involved in various

signaling cascades potentially influences the properties of

nanodomains [92–94]. This suggests a reciprocal modulation

between signaling cascades and local membrane composition

that is only starting to be understood.

Beyond nanodomains, membranes can be compartmen-

talized at plasmodesmata or by the polarity of a cell

[95,96]. Polar localization of the membrane-associated

OCTOPUS (OPS) protein along developing root proto-

phloem sieve elements (PPSE) affects their differentia-

tion [97�]. OPS competes with the interaction of the

receptor BAM3 and the composite CLV2/CORYNE

receptors, which is required for perception of the secreted

peptide CLE45. The quantitative dampening of receptor

signaling by OPS thus counteracts CLE45 function,

thereby promoting PPSE differentiation (Figure 2d).

The polar orientation of OPS could then enable the

establishment of a signaling gradient along the phloem

cell file.

Conclusions and perspectives
An extraordinary high number of RKs and interconnections

between pathways equip plants with signaling systems of

remarkable complexity. The discussed mechanisms for

signaling specificity are crucial to orchestrate the selective

transduction of information, and direct signal traffic even

through convoluted, multilayered intersections. Not all

mechanisms apply to all RK signaling pathways and it will

be of interest to gain more insight into how a multifunc-

tional receptor like FER can convey specificity in signaling

output. Key discoveries came from studies on thestructures

and interactions of receptors and downstream signaling

components, and on precise cellular localization of receptor

complexes. Dynamic and superresolution imaging tools are

advancing rapidly, and in situ structural studies on receptor

complexes come within reach through breakthrough tech-

nologies in electron tomography. We are still lacking suffi-

ciently precise sensors that report on the activities of

signaling receptors with high sensitivity and good spatial

resolution, but given the rapid development of novel

methods in the field, we can expect exciting insights down

to the single molecule scale within the next years.
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Abstract 

The receptor-like kinases (RLKs) CLAVATA1 (CLV1) and BARELY ANY MERISTEMs 

(BAM1 – 3) form the CLV-family (CLVf), which perceives peptides of the CLV3/EMBRYO 

SURROUNDING REGION (ESR)-related (CLE) family within various developmental and 

physiological signaling pathways of Arabidopsis thaliana. CLE peptide signaling, which is 

required for meristem size control, vascular development, pathogen responses, and long-range 

communication between root and shoot, involves the formation of receptor complexes at the 

plasma membrane (PM). These complexes comprise RLKs and co-receptors in varying 

compositions depending on the signaling context and regulate target gene expression, such as 

WUSCHEL (WUS). How the CLE signal is transmitted into the nucleus after perception at the 

PM is not known.  

We here report on the identification of a direct interactor of CLV1, the membrane-associated 

receptor-like cytoplasmic kinase (RLCK) MAZZA (MAZ), which is widely expressed 

throughout the plant. MAZ and additional members of the Pti1-like protein family interact in 

vivo with CLVf receptors. MAZ localizes to the PM via posttranslational palmitoylation, which 

could enable stimulus-triggered protein re-localization. We identified a role for a CLV1/MAZ 

signaling module during stomatal and root development, and redundancy could potentially 

mask other phenotypes of maz-1 mutants. We propose that RLCKs such as MAZ mediate CLVf 

signaling in a variety of developmental contexts, paving the way towards understanding the 

intracellular processes after CLE peptide perception.  
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Introduction 

Plant communication and sensing of environmental cues rely on the perception of extracellular 

signaling molecules via PM-localized cell surface receptors. The genome of Arabidopsis 

thaliana encodes more than 400 membrane-spanning RLKs with intracellular kinase domains 

(KDs) and versatile types of extracellular domains that perceive e.g. phytohormones, pathogen-

associated compounds, or small peptides (Shiu and Bleecker, 2003).  

Among this heterogenic group of receptors, CLV1 is one of the best-characterized RLKs with 

key functions in stem cell regulation in the shoot apical meristem (SAM), inflorescence 

meristems (IMs), floral meristems (FMs), and the (distal) root meristem (RM) (Stahl and 

Simon, 2012). Together with its close relatives BAM1, BAM2, and BAM3, CLV1 forms the 

core family of CLV (CLVf) receptors, which perceive CLE peptides at the PM through their 

leucine-rich repeat (LRR) receptor domains (Shinohara and Matsubayashi, 2015; Hazak et al., 

2017). Beyond meristem homeostasis, CLVf receptors and their associated CLE ligands 

function in various contexts of plant life, e.g. differentiation of xylem and phloem (Fukuda and 

Hardtke, 2020), response to bacterial infections (Hanemian et al., 2016), cyst nematode 

parasitism (Guo et al., 2017), and intercellular spreading of small RNAs or virus particles 

through plasmodesmata (Rosas-Diaz et al., 2018). Functional diversity of CLE perception via 

CLVf receptors is also reflected by context-specific interaction and cross-regulation with other 

RLKs or receptor-like proteins (RLPs).  

In the shoot meristems the stem cell derived peptide CLV3, founding member of the CLE 

family, binds to CLV1 to downregulate the stem cell fate repressing transcription factor 

WUSCHEL (WUS) as part of a negative feedback loop that dynamically regulates the size of 

the stem cell domain (Mayer et al., 1998; Schoof et al., 2000; Brand et al., 2000). Besides 

CLV1, the receptor network that contributes to CLV3 perception in the shoot meristems 

comprises BAM1 – 3 (DeYoung et al., 2006; Deyoung and Clark, 2008), the heteromeric 

CLV2/CORYNE (CRN) complex (Jeong et al., 1999; Müller et al., 2008; Bleckmann et al., 

2010), and the LRR-RLK RECEPTOR PROTEIN KINASE2 (RPK2) (Kinoshita et al., 2010). 

BAM1 and BAM2, which were also shown to directly bind CLV3 peptide, can functionally 

replace CLV1 in the SAM and FM. However, in wild type plants their expression is suppressed 

in the stem cell domain in a CLV3/CLV1-dependent fashion (Shinohara and Matsubayashi, 

2015; Nimchuk et al., 2015). The shoot meristem phenotypes of clv1 and clv2/crn mutants are 

additive, suggesting synergistic effects in sensing CLV3 (Kayes and Clark, 1998; Müller et al., 

2008). Although the CLV2/CRN heteromer resembles the structure of a typical LRR-RLK, the 
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heteromer cannot by itself perceive and transmit CLV3 signals (Nimchuk et al., 2011a; 

Shinohara and Matsubayashi, 2015).  

CLVf receptors are also crucial for CLE perception in the RM. Here, CLV1 is restricted to areas 

distal to the stem cell organizing quiescent center (QC), where it interacts with the non-LRR-

RLK ARABIDOPSIS CRINKLY4 (ACR4) to repress columella stem cell (CSC) fate via a 

CLE40-dependent pathway (Stahl et al., 2009, 2013). BAM3 is specifically expressed within 

the proximal RM in the developing phloem cell files. Here, BAM3 functions as the receptor for 

CLE45 to regulate sieve element (SE) differentiation together with other phloem-specific 

factors and the CLV2/CRN heteromer (Anne and Hardtke, 2018; Breda et al., 2019). BAM1 is 

broadly expressed in the RM and perceives CLE9/10 peptides to regulate early cell fate 

decisions during xylem differentiation (Qian et al., 2018).  

Co-receptors additionally contribute to the signaling versatility of many LRR-receptor kinase 

signaling pathways. They are typically characterized by a short extracellular domain with low 

numbers of LRRs to complete the binding pocket of the corresponding main receptor (recent 

overview and classification by (Xi et al., 2019)). Mutant analyses and interaction studies 

revealed that the CLAVATA3 INSENSITIVE RECEPTOR KINASEs1 – 4 (CIK1 – 4) are 

redundant co-receptors of the CLVf receptors as well as of RPK2 (Hu et al., 2018; Cui et al., 

2018; Anne et al., 2018).   

The variability of CLVf receptors to function in diverse informational networks with distinct 

signaling outputs requires mechanisms that add specificity to each pathway. One potential layer 

of specificity can arise from downstream signaling. However, the immediate early events after 

recognition of CLE peptides by CLVf receptors are not clear. Studies in maize and Arabidopsis 

suggest the involvement of heterotrimeric GTP binding protein (G-protein) complexes to 

integrate CLE peptide responses (Bommert et al., 2013; Ishida et al., 2014; Wu et al., 2020). 

Mitogen-activated protein kinase (MAPK) cascades, which display a classical mode of 

intracellular signal transduction in RLK pathways (reviewed in (He et al., 2018)), have been 

proposed to mediate downstream CLE signaling (Betsuyaku et al., 2011; Lee et al., 2019). 

However, no physical interaction between CLVf receptors and MAPK signaling elements have 

yet been shown.  

Many cell surface receptor-based signaling pathways rely on RLCKs as key mediators of 

information transduction, integration, and attenuation (reviewed in (Liang and Zhou, 2018)). 

RLCKs form a heterogenous group of signaling kinases that are characterized by the absence 

of extracellular receptor domains and lack a TMD in most cases, however, they can be PM-
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associated (Bi et al., 2018). The Arabidopsis genome contains 402 potential RLCK-encoding 

genes that cluster into 15 phylogenic sub-groups (Shiu et al., 2004; Fan et al., 2018). These 

comprise proteins like the RLCK class VII member BOTRYTIS-INDUCED KINASE1 (BIK1), 

which acts as an important signaling hub downstream of various LRR-RLKs to control immune 

responses, e.g. via FLAGELLIN SENSING2 (FLS2), but also mediates processes of 

developmental regulation through BRASSINOSTEROID INSENSITIVE1 (BRI1) or the 

ERECTA-family (ERf) (Lu et al., 2010; Lin et al., 2013; Chen et al., 2019). Moreover, non-

LRR-RLKs also depend on RLCKs. For example. FERONIA (FER), ANXUR1 (ANX1), or 

ANX2 from the Catharanthus roseus RLK1-like (CrRLK1L) family regulate cell wall (CW) 

integrity through MARIS (MRI) (Boisson-Dernier et al., 2015). MRI belongs to the RLCK VIII 

subgroup, which contains 11 Arabidopsis genes that share high sequence similarity with Pti1 

from Solanum lycopersicum (tomato), a target of the Pto kinase conferring resistance against 

the bacterial speck disease (Zhou et al., 1995; Sessa et al., 2000). Furthermore, members of the 

Pti1-like proteins in Arabidopsis (Pti1-1, Pti1-2, Pti1-3, Pti1-4) were shown to interact with 

OXIDATIVE STRESS INDUCIBLE1 (OXI1), which mediates the cellular response to stress 

signals like ROS and fungal elicitors. Pti1-4 was also associated with MAPK signaling 

downstream of OXI1 (Anthony et al., 2006; Forzani et al., 2011). Additionally, the Pti1-like 

family members CYTOSOLIC ABA RECEPTOR KINASE1 (CARK1) and CARK6 were 

found to be interactors of the REGULATORY COMPONENTS OF ABA RECEPTORS 

(RCARs) that function in perceiving the phytohormone abscisic acid (ABA), a general trigger 

of abiotic stress responses (Zhang et al., 2018; Wang et al., 2019).  

Although some members from the RLCK VIII family in Arabidopsis have emerged as crucial 

signaling intermediates of several pathways, most Pti1-like homologs are not characterized in 

detail, or not at all. We here report the identification of MAZZA (MAZ, Pti1-3), a member of 

the RLCK subgroup VIII, as an interactor of the CLVf receptors, thereby expanding the 

potential range of the RLCK VIII / Pti1-like family to LRR-RLK pathways. We further expand 

the spectrum of developmental processes regulated by CLV1 and show that MAZ acts with 

CLV1 in stomatal patterning.  
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Results 

MAZ interacts with CLV1 in vivo 

CLVf receptors are critical for meristem homeostasis but also play pivotal roles during other 

developmental and physiological signaling events. This is, for example, reflected in the 

expression of CLV1 in various tissues besides the shoot meristems, like companion cells (CCs) 

of the phloem in aerial organs and the root, and in the distal RM. Furthermore, we found that 

CLV1 is expressed in the epidermis of cotyledons and true leaves, particularly in developing 

cells of the stomata lineage (Fig. 1, Suppl. Fig. 1 A). However, direct downstream targets of 

CLVf receptors are not known in any of those tissues. To identify CLV1 interactors we applied 

an untargeted, non-organ-biased co-immunoprecipitation (CoIP) approach with magnetic anti-

GFP beads (ChromoTek) against CLV1-2xGFP from whole Arabidopsis seedlings expressing 

the receptor-fluorophore fusion under the control of the endogenous CLV1 promotor. This 

transgene is fully functional and was previously shown to complement the known phenotypes 

of clv1 mutants (Nimchuk et al., 2011b). Via subsequent mass spectroscopy analyses of the Co-

IP fractions we detected Pti1-like proteins among the peptide sequences specifically pulled 

down with CLV1 and not found in GFP controls (Suppl. Tab. 1). Most of those hits were unique 

for Pti1-3, while some identified peptide sequences also aligned to other Pti1-like members. 

Among the candidates for CLV1 interaction we identified Pti1-3 as most promising due to its 

predicted PM-localization and kinase function. The Pti1-3 gene (At3g59350) encodes a protein 

with a predicted KD and an undefined N-terminal region. Due to its capability to interact with 

CLV1 in vivo we dubbed the protein MAZZA (MAZ, Italian for “club”, in analogy to the Latin 

“clavata”, and Greek “coryne”).  

MAZ is also found in complex with CLV1 when following a targeted CoIP strategy with leaf 

material from Nicotiana benthamiana plants, transiently expressing the respective interaction 

partners fused either to GFP or mCherry (mCh) to allow subsequent immunodetection (Fig 

2 A). Supplying CLV3 peptide prior to protein extraction did not influence complex formation 

with CLV1, pointing towards a constitutive, ligand independent interaction. To analyze the 

complex at subcellular level, we applied Förster resonance energy transfer (FRET)-based 

fluorescence-lifetime imaging microscopy (FLIM) and demonstrated direct interaction between 

MAZ and CLV1 at the PM (Fig. 2 B). In these FLIM experiments within transiently 

transformed N. benthamiana leaf epidermis cells, the donor-lifetime of CLV1-GFP decreases 

significantly in the presence of MAZ-mCh (mean FRET efficiency of 5.9 %, Supp. Tab. 2), 

while a PM-located negative control tagged to mCh affects donor lifetime only at a mean FRET 
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efficiency of 2.0 %, which we defined as the background level for randomly distributed acceptor 

fluorophores in all following FLIM assays. Infiltration of 5 µM CLV3 peptide into the leaves 

before FLIM measurements did not affect lifetime. This suggests that CLV3 ligand binding to 

CLV1 neither enhances the interaction with MAZ, nor induces a rapid dissociation of the two 

proteins within this experimental setup.  

MAZ and Pti1-like homologs interact with CLVf receptors and related pathway elements  

Next, we extended the FRET-FLIM interaction studies in the N. benthamiana expression 

system to test if MAZ can interact with other proteins that contribute to CLE peptide perception. 

We detected interactions at the PM between MAZ and the CLVf receptors BAM1 and BAM3 

with mean FRET efficiencies of 6.5 % and 4.0 %, respectively (Fig 3 A, B, Suppl. Tab. 2). 

Furthermore, MAZ interacts with the co-receptor CIK2 (5.7 %, Fig 3 A), and with CRN in the 

presence of CLV2 (3.0 %, Fig. 3 B). These data indicate that MAZ could integrate different 

CLE peptide triggered RLK pathways.  

Additionally, lifetime of MAZ-eGFP decreases in the presence of MAZ-mCh with a mean 

FRET efficiency of 5.3 % (Fig.3 A). Thus, MAZ can form dimers or higher ordered homomers, 

which might reflect auto-regulative mechanisms.  

Since all 11 members of the Pti1-like family in Arabidopsis are highly conserved at amino acid 

(aa) sequence level (Appendix), they might be functionally redundant. Indeed, from four Pti1-

like homologs that we tested additionally to MAZ, three, namely CARK1, CARK6, and Pti1-

11 were able to interact with CLV1 at the PM of N. benthamiana leaf epidermis cells with mean 

FRET efficiencies ranging from 4.2 to 5.4 %. Only Pti1-2 showed no interaction with CLV1 

(Fig. 3 C). This observation is not reflected in the phylogeny of the Pti1-like family, because, 

for example, CARK1 is more distantly related to MAZ than Pti1-2 (Fig. 3 D). However, 

differences in the phylogeny do not necessarily concern the sequences that are crucial for 

protein complex formation. Vice versa, detecting no change of donor lifetime in the presence 

of a certain acceptor does not generally exclude physical interaction, e.g. if the fluorophore 

fusion sterically hinders energy transfer.  

Subcellular localization of MAZ at the PM depends on palmitoylation   

MAZ interacts with RLKs and other signaling proteins at the PM. Accordingly, all analyzed 

MAZ fusion proteins with different fluorophores are PM-localized after transgene expression 

in N. benthamiana (Suppl. Fig. 3, 4) as well as in A. thaliana (Fig. 4, 5 Suppl. Fig. 1, 6, 7). 

MAZ co-localization with CLV1 at the PM is not extended to CLV1-GFP vesicles in 

N. benthamiana cells, which indicate receptor sequestration (Suppl. Fig. 3). This suggests that 
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MAZ is not sequestered together with CLV1 but might instead follow distinct signaling routes 

after RLK activation and turnover.  

The MAZ protein sequence does not harbor any TMD, but the N-terminal region possesses 

predicted palmitoylation sites (C48, C49, Suppl. Tab. 3). S-acylation, i.e. covalent binding of 

palmitic acid or other fatty acids to the thiol group of cysteine residues, is reversible and thus 

can represent a mechanism of specific regulation (Hurst and Hemsley, 2015). We found that 

the predicted MAZ palmitoylation sites are responsible for its PM-localization. Exchanging the 

corresponding cysteines in the fusion construct MAZPalMut-eGFP results in high amounts of 

cytoplasmic fluorescence signals instead of PM-localization of the fusion protein after 

expression in N. benthamiana or Arabidopsis (Fig 4, Suppl. Fig. 4). This strongly indicates that 

subcellular PM localization of MAZ relies on post-translational modification via S-acylation.  

MAZ shares expression domains with the CLVf receptors in A. thaliana 

MAZ is expressed in various tissues and organs of Arabidopsis including the distinct expression 

domains of the CLVf receptors. Analyzing several independent fluorescent MAZ reporter lines, 

we observed differences between translational and transcriptional reporters suggesting that the 

MAZ coding sequence may affect protein expression (Suppl. Fig. 5). Thus, in the following 

experiments we used translational lines comprising the MAZ promotor sequence and the MAZ 

coding sequence including introns to study MAZ expression.  

In the shoot, MAZ is expressed in cells of the leaf epidermis, including stomata precursor cells 

and guard cells (GCs), the vasculature, and the hypocotyl epidermis (Fig 5 D, Suppl. 

Fig. 1, 6 C). Furthermore, within the inflorescence we detected MAZ expression in the IM, 

primordia and FMs. Signal intensity is elevated in the outermost cell layer (L1) with expression 

peaks at the boundary regions to emerging primordia. Expression appears to be highest in newly 

formed primordia and slightly attenuates during further development. (Fig. 5 A, Suppl. Fig. 7).  

Within the root, MAZ is expressed in the epidermis, particularly in root hair cells, in the 

vasculature, and in the RM. MAZ is also expressed in emerging lateral roots from early stage 

onwards. In mature lateral roots expression resembles the pattern in the main root (Fig 5 B, C, 

Suppl. Fig. 6). MAZ expression in the RM is characterized by elevated signal intensities in the 

QC and the surrounding stem cells. Expression decreases from the initials gradually towards 

the elongation zone. However, in developing phloem cell files fluorescence signals are not 

attenuated but continue upstream in the vasculature cylinder (Fig. 5 B, Suppl. Fig. 6). Marking 

the position of mature SEs by aniline blue staining revealed that MAZ expression in the 
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differentiated vasculature is concentrated in CCs and procambial tissue, but barely in the SEs 

(Suppl. Fig. 1 B, C).  

We detected MAZ signals in all CLV1 expression domains (compare Fig. 1). Double reporter 

lines show co-localization of CLV1-GFP and MAZ-mCh, for example, at the border region to 

emerging primordia in the IM and in the distal RM (Suppl. Fig. 8). Furthermore, MAZ 

expression comprises previously reported expression domains of BAM1 and BAM3 (Depuydt 

et al., 2013; Shimizu et al., 2015). Thus, local distribution of MAZ allows its participation in 

different CLVf receptor pathways in Arabidopsis.  

MAZ mediates CLE peptide signaling in root development 

We characterized the functional impact of MAZ within CLVf pathways by analyzing mutants 

harboring the T-DNA maz allele GABI-Kat 485F03, hereafter referred to as maz-1. The 

insertion event disrupts the KD of MAZ before the predicted active site and maz-1 plants show 

substantial decrease of full-length MAZ transcripts (~30-fold in comparison to wild type 

samples, Suppl. Fig. 9).  

Elevated organ number typically associated with clv-like phenotypes reflects enhanced stem 

cell activity in meristems, concomitant with an increase in the sizes of shoot and floral 

meristems. While clv3-9, clv1-20, and crn-10 show increased carpel numbers per silique, maz-

1 plants resemble the wild type. The double mutants clv1-20;maz-1 and crn-10;maz-1 resemble 

the single mutants clv1-20 and crn-10, respectively, indicating that a loss of MAZ is insufficient 

to disrupt CLV3 signaling (Fig. 6 A, Suppl. Fig. 10).  

To test MAZ function within CLE40-mediated stem cell differentiation in the distal RM, we 

quantified CSC layers in maz-1 roots. Both, cle40 and clv1 mutants show increased CSC 

number due to reduced CLE40 signaling (Stahl et al., 2009, 2013). While increased CLE40 

peptide in the growth medium reduces CSC layers in the wild type, clv1-20 mutants are 

desensitized and maintain more CSC layers. Maz-1 mutants resemble the wild type on standard 

growth medium but are partially resistant against external CLE40 peptide treatment that causes 

drastic reduction of CSC layers in Col-0 (Fig. 6 B, Suppl. Fig. 11). Notably, we found that the 

double mutant clv1-20;maz-1 is fully sensitive to CLE40 peptide. This could point to an 

additional, parallel CLE40 perception pathway during CSC specification, for example via 

BAM1, which is activated in the absence of both CLV1 and MAZ. 

CLE peptide treatment not only affects CSC fate but also root growth due to premature 

differentiation of the proximal RM. Disruption of CLE perception, for example, in clv2, crn, or 

rpk2 mutants confers resistance against CLE-induced root shortening (Fiers et al., 2005; 
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Shimizu et al., 2015; Müller et al., 2008). Here, we accessed root lengths of plants grown on 

CLV3 peptide, which is not produced in roots but can generally substitute all root-active CLE 

peptides in terms of root shortening, and CLE45 peptide, which is expressed in developing 

phloem files and perceived via BAM3 and CRN/CLV2 (Hazak et al., 2017). Our root growth 

assays revealed that maz-1 single mutants are less sensitive than Col-0 seedlings to 

physiological concentrations of either CLV3 or CLE45 peptide. However, maz-1 plants grown 

in the presence of 100 nM CLE peptides display root reductions comparable to wild type 

samples (Fig. 6 C). We also observed that the maz-1 allele partially antagonizes crn-10 

mediated resistance to CLV3 peptide in crn-10;maz-1 double mutants at 10 nM peptide 

concentration. Similar to the proposed role in CSC fate control, this could again indicate a dual 

function of MAZ to mediate CLE responses and simultaneously repressing parallel acting CLE 

perception pathways.   

Together, our data suggest that MAZ is involved in several CLE signaling pathways, involving 

CLV1 and CLV2/CRN.  

We also accessed morphology and physiological constraints of maz-1 plants regarding 

previously described phenotypes of other pti1-like mutants, i.e. impaired root hair development 

of mri mutants (Boisson-Dernier et al., 2015), and hypersensitivity to drought stress like cark1 

and cark6 mutants (Zhang et al., 2018; Wang et al., 2019). However, in contrast to mri-2 and 

fer-4 mutants, maz-1 seedlings display mean root hair length at wild type-level (Suppl. Fig. 12). 

Furthermore, within two different experimental setups, neither maz-1 mutants nor MAZ 

overexpression lines show altered drought stress responses, which have been associated with 

disturbed ABA signaling of mutants or overexpressors of CARK1 and CARK6, respectively 

(Suppl. Fig. 13, 14).  

A novel role for CLV1 with MAZ in stomatal spacing  

Regular patterning of stomata at the leaf epidermis is the result of finely controlled series of 

cell divisions of the stomata cell lineage. In this process meristemoid mother cells (MMCs) 

divide asymmetrically to form a meristemoid and a larger sister cell. While meristemoids are 

precursors of guard mother cells (GMCs) that differentiate into the two GCs of a stoma, the 

sister cell may become a pavement cell or undergoes a spacing division before generating a new 

meristemoid (reviewed in (Bergmann and Sack, 2007)). Mutants lacking this regular spacing 

between two stomata, for example, due to disruption of the receptor complex that senses 

positional cues in the leaf epidermis, include, among others, er;erl1;erl2 triple mutants of the 

ERf receptor genes and mutants of the LRR-RLP encoding TOO MANY MOUTHS (TMM) gene. 
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These mutants accumulate two or more stomata directly adjacent to each other, i.e. display 

stomatal clustering (reviewed in (Zoulias et al., 2018)).  

We observed that clv1 mutants are also associated with defects in regular patterning in the leaf 

epidermis (Suppl. Fig. 15). Initial data revealed an increased number of stomata in true leaves, 

but not in cotyledons, of clv1-20 plants in comparison to wild type Col-0, uncovering a novel 

role for CLV1 in stomatal patterning. Furthermore, CLE peptide treatment antagonized this 

effect in clv1-20 mutants (Suppl. Fig. 15). We extended these analyses to include maz-1 and 

the double mutant clv1-20;maz-1. Quantification of stomatal clusters in seedlings 14 DAG 

grown on ½ MS agar plates, not only confirmed defects in patterning of clv1-20 true leaves, but 

also showed that the double mutant clv1-20;maz-1 enhances this phenotype (Fig. 7). In 

comparison to the wild type control (Col-0) the mean stomata cluster rate of clv1-20 is elevated 

(~ 2 % stomata in cluster). However, in clv1-20;maz-1 cluster rate is significantly increased to 

~ 10 %, while the single maz-1 mutant displays no clusters. Stomata density was not 

significantly different between genotypes. This points towards a specific function of CLV1 and 

MAZ in spacing divisions, but not stomata specification. Since both, MAZ and CLV1, are 

expressed in cells of the stomatal lineage (Fig. 1 E, 5 D), we propose that the CLV1/MAZ 

signaling module serves to establish stomata spacing.  
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Discussion 

CLVf RLKs participate in various signaling systems, thereby controlling meristem homeostasis 

but also processes like vascular formation or plant immunity. Here, we add stomata 

development to the scope of CLV1 functions. Considering the diversity of CLVf pathways, 

mechanisms to mediate specific downstream responses are required. With the identification of 

MAZ and several of its homologs as novel interactors of CLVf receptors we provide evidence 

that the RLCK VIII family contributes to downstream signaling after CLE perception. 

Furthermore, the expression pattern of MAZ overlaps with the places of action of the CLVf 

receptors in Arabidopsis. Therefore, MAZ might integrate and cross-regulate signaling cues 

from different CLVf receptors.  

Functional redundancy of Pti1-like homologs could mask mutant phenotypes 

We found that maz-1 plants are resistant to exogenous CLE treatment in the context of CSC 

specification (Fig. 6 B). However, in comparison to clv1-20 mutants, the resistance of maz-1 is 

less pronounced. Also, the CLE peptide resistance of maz-1 seedlings regarding proximal RM 

development is less penetrating than in mutants of the involved receptors. At higher CLE 

peptide concentrations root shortening of maz-1 seedlings resembles the level of wild type-

samples (Fig. 6 C). Furthermore, the maz-1 allele confers no clv1-like increased carpel number 

(Fig. 6 A). These observations suggest that other Pti1-like homologs compensate MAZ function 

in maz-1 mutants. In line, several Pti1-like proteins interact with CLV1, reflecting a conserved 

binding capacity of Pti1-like homologs to the CLVf receptors (Fig. 3 C). 

Functional redundancy is a common feature within the Pti1-like family. For example, Pti1-1, 

Pti1-2, and Pti1-3 (=MAZ), respectively, interact with the stress-related kinase OXI1 (shown 

by yeast-two-hybrid and Co-IP). However, only the interaction of OXI1 with Pti1-2 was 

validated by stimulus triggered phosphorylation in vivo (Anthony et al., 2006). This indicates a 

high general potential of functional redundancy but at the same time demonstrates the presence 

of mechanisms that add specificity to the respective Pti1-like homologs within their 

physiological context.  

The N-terminus of Pti1-like proteins could determine functional specification 

The 11 Pti1-like homologs in Arabidopsis are especially conserved within the KDs, while their 

more variable N-termini allow specification (Appendix). As we demonstrated in here, the MAZ 

N-terminus determines its subcellular localization via palmitoylation (Fig. 4). In contrast to 

other mechanisms that mediate PM-localization, the attachment of a palmityl group via S-
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acylation is reversible. As such, palmitoylation can dynamically regulate the subcellular 

localization of proteins (reviewed in (Hurst and Hemsley, 2015)). All Pti1-like family members 

in Arabidopsis, except Pti1-6, harbor conserved cysteines, which are predicted palmitoylation 

sites (Suppl. Tab. 3). In general, S-acylation is often coincidently found with protein 

myristoylation. However, within the Arabidopsis Pti1-like family only CARK1 is additionally 

equipped with a myristoylation site, suggesting it is obligatorily PM-localized. The subcellular 

localization of the other nine Pti1 homologs in Arabidopsis might be dynamically controlled by 

counteracting protein S-acyl transferases (PATs) and acyl protein thioesterases. Although the 

underlying mechanisms in plants are not well understood (reviewed in (Li and Qi, 2017)), 

palmitoylation allows stimulus-triggered subcellular re-localization and display a powerful tool 

for signal transduction. S-acylation of Pti1-like proteins is evolutionary conserved among 

various species, including monocots, as shown e.g. for ZmPti1a from maize and OsPti1a from 

rice (Herrmann et al., 2006; Matsui et al., 2014).  

Notably, the MAZ N-terminus is longer than in most of its Arabidopsis homologs, potentially 

offering additional target sites for specific control, such as differential phosphorylation or 

protein turnover via ubiquitination. It comprises two Phospho-Serines (detected in the 

PhosphAt Database (Heazlewood et al., 2008)) and according to different prediction tools 3 – 

7 lysine residues as potential targets for ubiquitination.  

CLV1/MAZ contributes to spacing divisions in stomata development 

Feedback-regulated signaling systems are crucial to integrate positional information from 

neighboring cells or tissues into developmental processes and to ensure dynamic but controlled 

growth. Such feedback loops determine, for instance, the stem cell domain in the SAM, IMs, 

and FMs (Fletcher et al., 1999; Brand et al., 2000), and cell fate in the leaf epidermis during 

stomatal patterning (reviewed in (Tameshige et al., 2017)). While the CLV pathway is the major 

regulative element in the shoot meristems, the ERf receptors are essential for cell fate decisions 

during leaf epidermis differentiation. However, the ERf also impacts stem cell homeostasis in 

the shoot meristems (Uchida et al., 2013; Mandel et al., 2014; Zhang et al., 2020). In turn, CLV-

related pathways are involved in stomatal development, e.g. by perceiving CLE9/10 peptides 

(Qian et al., 2018). In here we provide first evidences that clv1-20 mutants are defective in 

regular patterning of GCs and that maz-1 enhances this phenotype as a second site mutation 

(Fig. 7). 

In the epidermis of cotyledons and true leaves the CLV1 promotor is predominantly active in 

meristemoids and stomatal lineage ground cells, while CLV1 expression is barely detectable in 
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differentiated epidermis cells, neither in pavement cells nor in GCs (Fig. 1). This hints toward 

a specific function of the CLV1 receptor within the precise signaling events of leaf epidermis 

differentiation. The notion that clv1 mutants, in contrast to, for example, tmm mutants (Geisler 

et al., 2000), show rather mild stomatal patterning defects suggests the presence of redundantly 

acting genes. Recently, the LRR-RLK HAESA-LIKE 1 (HSL1) was shown to regulate GC 

number by sensing CLE9/10 peptides, which are expressed in stomatal lineage cells of the leaf 

epidermis (Qian et al., 2018). Likewise, the close CLV1-homolog BAM1 is capable of binding 

CLE9 (Shinohara et al., 2012). However, hsl1 mutants are resistant to CLE9/10 treatment that 

leads to decreased GC number of wild type cotyledons, while bam1, bam2, bam3, and clv1 

single mutants, as well as all tested double mutant combinations of those four, are sensitive 

toward peptide treatment (Qian et al., 2018). In line with this, stomata density was not affected 

in our experiments with clv1-20 either. This suggests that HSL1 operates at a different stage of 

stomatal development than CLV1 and its homologs. The perception of CLE9/10 by HSL1 in 

the leaf epidermis destabilizes SPEECHLESS (SPCH), one of the central transcription factors 

promoting MMC fate. Negative regulation of SPCH by the CLE9/10-HSL1 module is additive 

to signaling via EPF2-ER, with both pathways reducing the number of cells acquiring MMC 

identity (Qian et al., 2018). Since the total number of stomata in clv1 mutants is comparable to 

the wild type (Fig. 7), CLV1 does not determine MMC fate, but acts later in the stomatal lineage 

to establish the one-cell-spacing rule between two stomata. This stomatal spacing is mainly 

regulated by EPF1 and its primary receptor ERL1, which form a negative feedback loop with 

the SPCH-homolog MUTE (Hara et al., 2007; Lee et al., 2012; Qi et al., 2017). CLV1-based 

signaling could interfere with this feedback regulation or act in parallel to finetune spacing 

divisions.  

Our observation that the double mutant clv1-20;maz-1 displays increased stomata cluster rate 

in comparison to clv1-20 single mutants (Fig. 7) suggests that MAZ is not only involved in 

stomatal pattering as a potential downstream target of CLV1, but also affects spacing divisions 

through CLV1-independent signaling. Therefore, MAZ is possibly a shared downstream target 

of CLV1 and other RLKs, e.g. ERL1. Since maz-1 single mutants are wild type-like regarding 

stomata clusters, redundancy mediated by other Pti1-like homologs can be assumed. However, 

in combination with the clv1-20 mutation this redundancy is partly overcome. This might be 

explained by the quantitative character of CLV1/MAZ signaling during stomatal development 

comprising additional, yet unknown components.    
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Conclusions 

We here report on the identification of MAZ and other RLCKs of the Pti1-like family as 

intermediators of CLVf receptor responses. Within the versatile functional contexts of CLVf 

pathways, MAZ and redundantly acting homologs could contribute to differential signaling 

outputs. After CLE perception by CLVf receptors, signal transduction may involve 

transphosphorylation between the CLVf RLKs and Pti1-like RLCKs and subsequent 

detachment of MAZ or its homologs from the membrane to reach intracellular targets (compare 

Fig. 8). Deciphering how MAZ and the CLVf are functionally connected will be critical for 

further characterization of the Pti1-like family as downstream elements of CLVf receptor 

pathways.  
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 Material and Methods 

Detailed information on chemicals used for the described experiments are available in Suppl. 

Tab. 4.  

Plant material and growth conditions 

All Arabidopsis thaliana (L.) Heynh. plants in this study are ecotype Columbia-0 (Col-0). 

Origin and details on utilized mutants harboring the alleles maz-1, clv1-20, crn-10, clv3-9, 

cark1-2, cark6-1, mri-2, and fer-4, respectively, can be found in Suppl. Tab. 5. The presence of 

the respective alleles was controlled following genotyping strategies as listed in Suppl. Tab. 6. 

Before sowing, A. thaliana seeds were sterilized in ethanol solution (10 min in 80 % v/v ethanol, 

1.3 % w/v sodium hypochlorite, 0.02 % w/v SDS), or in a chloric gas atmosphere (1 h in a 

desiccator after mixing 50 ml of 13 % w/v sodium hypochlorite with 1 ml 37 % HCl,). If not 

indicated differently, plants were cultivated in phytochambers under long day (LD) conditions 

(16 h light / 8 h dark) at 21 °C on soil. Alternatively, seedlings were cultivated for up to 14 days 

on ½ MS agar plates (1 % w/v sucrose, 0.22 % w/v MS salts + B5 vitamins, 0.05 % w/v MES, 

12 g/l plant agar, adjusted to pH 5.7 with KOH) in phytocabinets (continuous light, 60 % 

humidity, and 21 °C).  

N. benthamiana plants were grown 4 – 5 weeks in the greenhouse and subsequently used for 

transient leaf epidermis cell transformation. After infiltration, N. benthamiana plants were kept 

under high humidity in continuous light.  

Cloning 

Information on the entry plasmids, subsequently used for the assembly of plant expression 

vectors can be found in Suppl. Tab. 7. New entry plasmids generated in this study contain DNA 

sequences that were PCR-amplified (with Phusion High-Fidelity PCR polymerase) from 

genomic DNA prepared of Col-0 rosette leaves. PCR fragments were introduced via customized 

oligonucleotide overhangs to either pENTR® (Gateway® system, (Katzen, 2007)) or pGGA000 

and pGGC000 (GreenGate system, (Lampropoulos et al., 2013)). Coding sequences of genes 

of interest (GOIs) were amplified without the STOP codon to allow C-terminal fusions with 

fluorophores. Single positions within gene sequences were modified by site-directed 

mutagenesis applying the QuikChange II kit according to manufacturer’s protocol (Agilent 

Technologies).  

Destination plasmids utilized for transient expression in N. benthamiana and for generation of 

stable A. thaliana lines are listed in Suppl. Tab. 8 and 9, respectively. Inducible vectors were 
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created by a Gateway® LR reaction (according to manufacturer’s instructions, Thermo Fisher 

Scientific), combining an entry vector harboring the GOI with either pABindGFP or 

pABindmCherry (Bleckmann et al., 2010). Transgenes for constitutive N. benthamiana and 

stable Arabidopsis expression were constructed with the GreenGate system, assembling desired 

DNA sequences and the backbone pGGZ001 following a golden gate principle (compare Suppl. 

Tab. 8 and 9).  

To amplify plasmid DNA, competent Escherichia coli DH5α cells were heat-shock transformed 

and cultivated on selective LB medium (1 % w/v tryptone, 0.5 % w/v yeast extract, 0.5 % w/v 

NaCl). After plasmid DNA purification via commercial kits, the plasmids were validated by 

restriction digest and Sanger sequencing.  

Transient gene expression in N. benthamiana  

Agrobacterium-mediated transformation of leaf epidermis cells of N. benthamiana was applied 

to monitor transient expression of transgenes. The Agrobacterium tumefaciens strain GV3101 

pMP90 (rifampicin and gentamycin resistant) was used. Bacteria were transformed with the 

required plasmid vectors via the heat-shock method (aliquots of competent cells mixed with 1 

µl 100 nM plasmid DNA were incubated for 5 min in liquid N2 followed by 5 min at 37 °C and 

subsequent regeneration). All Gateway®-based destination plasmids were introduced to 

GV3101 pMP90 additionally equipped with an expression cassette for the p19 suppressor of 

gene silencing from the tomato bushy stunt virus to enhance efficiency of transgene expression 

(Voinnet et al., 2003). Plasmids constructed via the GreenGate system were introduced to A. 

tumefaciens GV3101 pMP90 pSoup. The helper plasmid pSoup confers resistance against 

tetracycline and contains the RepA gene, which encodes a trans-activating replicase for the pSA 

origin of replication that is mandatory for propagation of GreenGate-based destination plasmids 

in A. tumefaciens (Hellens et al., 2000).  

For infiltration of N. benthamiana leaves, agrobacteria containing the respective expression 

cassettes were cultivated overnight with shaking at 28 °C in 5 ml dYT (double Yeast Tryptone, 

1.6 % w/v tryptone, 1 % w/v yeast extract, 0.5 % w/v NaCl) with appropriate antibiotics 

(Gateway® plasmids in GV3101 pMP90 p19 with 50 µg mL-1 rifampicin, 50 µg mL-1 

gentamycin, 50 µg kanamycin, and 100 µg mL-1 spectinomycin; GreenGate plasmids in 

GV3101 pMP90 pSoup with 50 µg mL-1 rifampicin, 50 µg mL-1 gentamycin, 2.5 µg 

tetracycline, and 100 µg mL-1 spectinomycin). Cell cultures were adjusted to an optical density 

(OD600nm) of 0.3 and centrifuged (10 min, 4000 x g, 4 °C). The pellet was resuspended in 

infiltration medium (5 % w/v sucrose, 150 µM acetosyringone, 0.01 % v/v Silwet) and 
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incubated at 4 °C for 2 – 3 h. For co-expression of two or more transgenes, the corresponding 

transformed A. tumefaciens strains were mixed equally (final OD600nm = 0.3 per strain). 

Subsequently, the bacterial resuspensions were infiltrated with a syringe into the abaxial site of 

the N. benthamiana leaves.     

Plants transformed with constructs under the control of an estradiol-inducible promotor system 

(Zuo et al., 2000) were sprayed 2 – 4 days after infiltration and 6 – 16 h prior to sample 

preparation for imaging or CoIP with an estradiol solution (10 µM ß-estradiol, 0.1 % v/v 

Tween-20). Constitutive expressing transgenes (under the control of the UBQ10 promotor) 

were used for analyses 3 days after infiltration.  

Stable transformation of A. thaliana 

To generate stable expression lines, parental A. thaliana plants were transformed 4 – 6 weeks 

after germination via the floral dip method using A. tumefaciens GV3101 pMP90 pSoup 

previously transformed with desired binary vectors (Suppl. Tab. 9, (Clough and Bent, 1998)). 

Agrobacteria were cultivated overnight (28°C, shaking) in selective dYT medium (supplied 

with 50 µg mL-1 rifampicin, 50 µg mL-1 gentamycin, 2.5 µg tetracycline, and 100 µg mL-1 

spectinomycin). 50 ml main cultures of the transgene-harboring Agrobacterium strains were 

inoculated with 1 ml of an overnight preculture and centrifuged the next day (10 min, 4000 x 

g, 4 °C). The pellet was resuspended in transformation medium (5 % w/v sucrose, 10 nM 

MgCl2, 0.01 % Silwet). Plants were prepared by removing already developed siliques and were 

then subjected to floral dip. Whole shoots with special attention to the flowers were immersed 

into the A. tumefaciens resuspension for 30 sec up to 5 min to guarantee the entry of bacteria 

into the floral tissue, more precisely the female gametophyte. Afterwards, the plants were kept 

under high humidity overnight at room temperature. Subsequently, the plants were cultivated 

in standard phytochamber conditions until harvest. The t1 seeds were screened for positive 

transformants by selection either for resistance against DL-phosphinothricin (PPT, alternatively 

used in form of the herbicide BASTA®), or against hygromycin. Seeds of the transformed t0 

plants were screened for positive transformants by selection either for resistance against DL-

phosphinothricin (PPT, alternatively used in form of the herbicide BASTA®), or against 

hygromycin. T1 plants harboring transgenes with the BASTA® resistance cassette were selected 

by spraying seedlings on soil (10 DAG) with a 120 mg/ml solution of BASTA®, or by sowing 

the t1 seeds on ½ MS agar plates supplied with 10 µg/ml PPT. Transgenic plants with 

hygromycin resistance were screened on ½ MS agar plates supplied with 15 µg/ml hygromycin. 
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Positive plants were further amplified for t2 selection and identification of homozygous lines. 

All stable A. thaliana lines used and generated in this work are listed in Suppl. Tab. 10.  

Confocal microscopy and tissue staining  

In vivo fluorescence microscopy was performed at the CLSM systems Zeiss LSM 780 and Zeiss 

LSM 880, respectively, employing C-Apochromat 40x/1.20 water objectives. For whole leaf 

imaging and quantifying stomata (Fig. 7, Suppl. Fig. 16) a Plan-Apochromat 10x/0.45 M27 air 

objective was used.  Samples containing GFP derivates were excited with an argon laser at 488 

nm and emission was detected at 490 – 530 nm by a 32-channel GaAsP detector or the Airyscan 

detector system with a BP 495-550 / BP 570-620 filter set. The argon laser was also used for 

excitation of mVenus at 514 nm, followed by measuring the emission at 520 – 550 nm with a 

GaAsP detector. Diode-pumped solid state (DPSS) lasers were employed to excite mCh at 

561 nm. Emission was detected by photomultiplier tubes (PMTs) in the range of 570 – 650 nm. 

Propidium iodide (PI) was utilized to stain cell walls in roots (25 µM), shoot meristems (5 mM), 

and leaf epidermis (50 µM). To quantify CSC layers, roots were subjected to mPS-PI staining 

according to (Truernit et al., 2008), thereby marking cell walls and starch granules in 

differentiated columella cells.  PI was excited at 561 nm by DPSS lasers and detected by PMTs 

at 590 – 650 nm. Alternatively, cell walls were counterstained with DAPI, which was excited 

at 405 nm with a laser diode and emission was recorded at 410 – 480 nm by PMTs. To visualize 

sieve plates of SEs, roots of Arabidopsis seedlings were incubated for 5 min in 0.01 % w/v 

aniline blue, subsequently rinsed in a washing solution (10 mM KCl, 10 mM CaCl2, 5 mM 

NaCl), and imaged (excitation with a 405 nm diode, emission detected at 470 – 530 nm with 

PMTs).  

FRET-FLIM interaction analysis 

FRET-FLIM experiments were conducted at a Zeiss LSM 780 (C-Apochromat 40x/1.20 water 

objective) equipped with a single-photon counting device (PicoQuant Hydra Harp 400) and a 

linear polarized diode laser (LDH-D-C-485). GFP or mNeonGreen donor fluorophores were 

excited at 485 nm with a pulsed laser at a frequency of 32 MHz. Excitation power was adjusted 

to 1 μW. Emission was detected in perpendicular and parallel polarization by Tau-SPADs 

(PicoQuant) with a band-pass filter (520/35 AHF). Images were acquired with a frame size of 

256 x 256, zoom 8, and a pixel dwell time of 12.6 µs. For each measurement 60 frames were 

taken and the intensity-weighted mean lifetimes τ [ns] were calculated using PicoQuant 

SymPhoTime64 software applying a biexponential fit. The displayed data were obtained from 

at least 3 independent experiments. 
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Protein extraction and CoIP 

Plant material was collected and immediately frozen in liquid N2. All following steps were 

performed at 4 °C. To identify novel CLV1 interactors via CoIP, whole Arabidopsis seedlings 

were used (grown in liquid ½ MS, continuous light, gently shaking). Medium was removed 7 

DAG and plants were grinded in liquid N2 with mortar and pestle to obtain fine powder. Per 

sample 500 mg material was mixed with 750 µl extraction buffer (EB: 50 mM Tris/HCl pH 7.5, 

150 mM NaCl, 1 mM EDTA, 10 % v/v glycerol, 0.1 % v/v Nonident P40 substitute, 5 µM 

dithiothreitol (DTT), 1 tablet of cOmpleteTM proteinase inhibitor cocktail dissolved in 50 ml 

EB). For interaction assays, 6 leaf discs (6 mm diameter, ~ 300 mg fresh weight) from 

transiently transformed N. benthamiana leaves were grinded in a tube with two glass beads 

(3 mm) with a TissueLyser II (Qiagen) and directly after supplied with 600 µl EB. Samples 

dissolved in EB were incubated on a rotator for 1.5 h and subsequently centrifuged (20 min, 17 

x g). The supernatant was collected for immunodetection via sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE, standard protocol of NEXT-GEL® with 10 % 

acrylamide, samples were mixed with loading buffer (5 x: 200 mM Tris/HCl pH 6.8, 8 % w/v 

SDS, 40 % v/v glycerol, 0.05 % w/v bromophenol blue, 50 mM DTT), and boiled 5 min at 

95 °C prior to loading) and Western Blot (WB, wet electroblotting system, 80 min / 100 V) 

analysis or used as input material for CoIP.  

For CoIP experiments 500 µl protein extract was mixed with 25 µl calibrated anti-GFP 

magnetic beads (ChromoTek GFP-Trap®) and incubated on a rotator for 2 h. After, supernatant 

was discarded and beads were washed 4 times with washing buffer (10 mM Tris/HCl pH 7.5, 

150 mM NaCl, 0.5 mM EDTA). Loaded beads were subjected to mass spectrometry or proteins 

were eluted from beads by mixing with double concentrated loading buffer and boiling (95 °C 

/ 5 min) for analysis via SDS-PAGE, WB, and alkaline phosphatase (AP)-based 

immunostaining. To detect GFP-fusion proteins, primary GFP antibodies (IgG, rat monoclonal, 

diluted 1:1500 in blocking solution, incubation overnight at 4°C) and secondary anti-rat-AP 

antibodies (1:5000, 2.5 h, room temperature) were applied. To detect RFP derivates, primary 

RFP antibodies (IgG, mouse monoclonal, 1:1500, overnight, 4 °C) and secondary goat anti-

mouse IgG AP antibodies (1:5000, 2.5 h, room temperature) were used.  

Mass spectrometric analysis 

Mass spectrometry was performed at the Molecular Proteomics Laboratory (MPL, BMFZ, 

HHU Düsseldorf). After immunoprecipitation of samples with anti-GFP beads (free GFP n=5, 

CLV1-2xGFP n=5, CLV1-2xGFP + 5µM CLV3 peptide n=4), precipitated proteins were eluted 
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with 25 µl sample buffer (7.5% v/v glycerine, 3% w/v SDS and 37.5 mM 2-Amino-2-

(hydroxymethyl)-1,3-propanediol in water, pH 7) for 10 minutes at 90°C. Samples were further 

processed by in-gel digestion with trypsin including reduction with dithiothreitol and alkylation 

with iodoacetamide as described (Grube et al., 2018). Resulting peptides were resuspended in 

0.1% trifluoroacetic acid and about half of the sample from each immunoprecipitation analyzed 

by liquid chromatography coupled mass spectrometry as previously described (Ingold et al., 

2018). Briefly, peptides were separated on C18 material on an Ultimate 3000 rapid separation 

liquid chromatography system (Thermo Fisher Scientific) using a one-hour gradient and 

injected into a QExactive plus mass spectrometer (Thermo Fisher Scientific) via a nano 

electrospray source interface. The mass spectrometer was operated in data dependent, positive 

mode. First, survey scans were recorded (resolution 70000, scan range 200 – 2000 m/z) and 

subsequently, up to twenty > 1 charged precursors ions were selected by the build-in 

quadrupole, fragmented by higher-energy collisional dissociation and MS/MS spectra recorded 

at a resolution of 17500.  

Data analysis was carried out with MaxQuant (version 1.6.0.16, Max Planck Institute for 

Biochemistry, Planegg, Germany) with standard parameters if not stated otherwise and using 

the A. thaliana reference proteome sequences (UP000006548, downloaded on 2nd February 

2017 from UniProt) supplemented with two entries for CLV1-2xGFP and free GFP. The “match 

between runs” function and label-free quantification was enabled. Peptides and proteins were 

accepted for identification with a false discovery rate of 1%. Only proteins identified with at 

least two different peptides were considered as identified. Precursor intensity-based 

quantification data was further analyzed using the Perseus framework (version 1.6.0.7, Max 

Planck Institute for Biochemistry, Planegg, Germany). 

Reverse transcriptase quantitative real-time PCR (RT-qPCR) 

To evaluate the amount of residual MAZ transcripts in maz-1 plants, RNA from seedlings 7 

DAG was extracted with the Qiagen RNeasy Plant mini kit and 2 µg RNA per reaction was 

used for first strand cDNA synthesis via SuperScriptTM III reverse transcriptase (according 

manufacture’s protocol with oligo(dT)18). The qPCR reactions were performed with 

SsoAdvancedTM Universal SYBR® Green Supermix in a Stratagene Mx3005P qPCR System 

(Agilent Technologies) with an optimized dilution of cDNA (accessed via dilution series for 

each oligo pair). Applied oligonucleotides are listed in Suppl. Tab. 11. Data were normalized 

to the housekeeping genes AT2G28390, AT4G34270, and At4g26410. Technical triplicates of 

3 biological replicates were considered for each condition. 
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Evaluation of mutant morphology  

Carpel number per silique of different A. thaliana mutants grown on soil under LD and 

continuous light conditions, respectively, were quantified from 10 – 15 plants per genotype and 

15 – 30 siliques per plant. Root length of seedlings 10 DAG was accessed after cultivation of 

the examined genotypes on ½ MS plates supplied with synthetic CLV3 peptide in the indicated 

concentrations. Measurements were done with ImageJ after scanning the plates. For each 

condition at least 67 (and up to 113) single roots were measured and normalized to the mean of 

the Col-0 samples of the same peptide concentration.  

Root hair length and density of seedlings 5 DAG were quantified after cultivation on ½ MS and 

image acquisition with a Nikon SMZ25 stereomicroscope. Per genotype 20 – 25 roots were 

analyzed, in total with 3542 (Col-0), 975 (fer-4), 2433 (mri-2), 4360 (maz-1), and 3555 (maz-

1;cark1-2) single measurements. For each seedling, the length of all root hairs in focus on one 

side of the root were determined.  

Stomata cluster in cotyledons and leaves of seedlings 14 DAG grown on ½ MS were analyzed 

after PI staining and imaging by counting total number of stomata and abundance of directly 

adjacent stomata. For each genotype 5 – 10 cotyledons and 6 – 10 true leaves were examined 

by counting all stomata in 4 distinct regions (400 x 400 µm) of each sample.  

Evaluation of mutant physiologic responses 

Drought stress experiments to access potential involvement of the maz-1 allele in ABA 

responses were performed with plants of different genetic background grown on soil under 

standard conditions. Two weeks after germination seedlings were subjected to water deficiency 

for either 10 days or 20 days and were subsequently re-watered to monitor recovery. Both, the 

10 days and 20 days drought period approaches, included 3 pots of plants for each genotype, 

which were randomly distributed on the tray. 

Water-loss assays were conducted to estimate the degree of evaporation via open stomata after 

dissection of 6 rosette leaves per sample (1 sample = 1 individual plant). For each genotype 8 

samples (per repeat) were weighted at indicated time points. The reduction of weight was taken 

as an approximation for water-loss. The assay was performed in three independent repeats.  

Software 

Statistical analyses and data plotting were realized with GraphPad Prism v 8. For visualization 

and quantification of microscopic data ZEN (Zeiss, Black Version) and ImageJ v 1.51 

(Schneider et al., 2012) was employed. The following prediction tools were used: CSS-Palm 
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4.0 (Ren et al., 2008), PredGPI (Pierleoni et al., 2008), Myristoylator by ExPASy (Bologna et 

al., 2004), UbPred (Radivojac et al., 2010), UbiSite (Huang et al., 2016), BDM-PUB v 1.0. 

Cloning was organized via Vector NTI® software. Protein alignments were done with ClustalΩ 

(Sievers et al., 2011), phylogenetic analyses with MEGA X (Kumar et al., 2018), and tree 

visualization with iTOL v 4 (Letunic and Bork, 2019). 
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Figure 1 Expression patterns of CLV1:CLV1-2xGFP in different tissues of Arabidopsis. 

A, A’ Inflorescence with inflorescence meristem (IM), floral primordia, and floral meristems (FM) of 5 
weeks old CLV1:CLV1-2xGFP//clv1-11 plants depicted as maximum intensity projection of a z-stack 
(A) and XZ section (A’) at indicated position. CLV1 is expressed in the central zone of the meristems 
and in border cells toward newly arising primordia. B Root section within the differentiation zone of a 
seedling 5 DAG shows presence of the fusion protein CLV1-2xGFP in companion cell files (compare 
Suppl. Fig. 1 A). C Within the root meristem CLV1 expression is restricted to columella stem cells and 
epidermis/lateral root cap initials (seedling 5 DAG). D In the epidermis of first true leaves (14 DAG) 
CLV1-2xGFP expression is predominantly found in cells of the stomata lineage. Guard cells (white 
arrows in D) show no expression at the PM (note autofluorescence of chloroplasts). D’ The schematic 
representation of D illustrates outlines of all cells (based on bright field channel). Cells with clear GFP 
fluorescence signals at the PM are colored in pink, with weak signals in light blue. A, A’, C: merge of 
GFP channel (LUT: fire) and PI (grey). B: merge of GFP (fire) with bright field (grey). Scale bares: 50 
µm (A, B, C, D) and 10 µm (A’).   
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Figure 2 In vivo interaction analysis of MAZ and CLV1 via CoIP and FLIM. 

CoIP and FLIM was performed with N. benthamiana leaf epidermis material transiently expressing 
combinations of indicated fluorophore fusions under the control of the XVE<<oLexA-35S estradiol 
inducible system. A MAZ-mCherry (mCh) is co-immunoprecipitated with CLV1-GFP using anti-GFP 
magnetic beads and subsequent immunodetection with antibodies against GFP and RFP, respectively. 
The negative control, myristoylated CRN-KD-mCh, is not pulled down together with CLV1-GFP, while 
the detection of CLV1-mCh reflects the previously reported homomerization of CLV1 (Bleckmann et 
al., 2010). Treatment of CLV3 peptide (5µM, 10 min prior to sample preparation) does not affect the 
interaction in this setup. B The fluorescence lifetime τ [ns] of CLV1-GFP is reduced in the presence of 
MAZ-mCh, while the PM control (CRN-KDmyr-mCh) reduces the τ of CLV1-GFP with low efficiency. 
Infiltration of a 5 µM CLV3 peptide solution into the leaves 5 – 15 min prior to measurements does not 
alter the τ values of donor-only nor FRET samples. Number of repetitions are indicated, p-values were 
calculated by ANOVA and Dunnett´s post hoc test, with * for p ≤ 0.05, and **** for p ≤ 0.0001. Error 
bars display SD. 
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Figure 3 FLIM interactome of CLVf receptors and related signaling elements with the Pti1-like family. 

A – C Fluorescence lifetime τ [ns] was determined in the N. benthamiana system, expressing the 
indicated constructs via the constitutive UBQ10 promoter or under the control of the XVE<<oLexA-35S 
estradiol inducible module. A Donor τ of MAZ-eGFP is reduced in the presence of MAZ-mCh, BAM3-
mCh, and CIK2-mCh, respectively. Note that the enhanced GFP variant (eGFP) was used here, 
explaining the slight differences compared to donor-only τ values in Fig 2 B and 3 B with constructs 
harboring the regular (F64) GFP. B The τ of CRN-GFP is decreased significantly but with a comparable 
low mean FRET efficiency of 3 % in the presence of MAZ-mCh and CLV2, while τ of BAM1-GFP is 
reduced with a FRET efficiency of 6.5 % by MAZ-mCh. C The τ of CLV1-mNeonGreen is significantly 
reduced in the presence of MAZ-mCh, CARK1-mCh, Pti1-11-mCh, CARK6-mCh, but not in 
combination with Pti1-2-mCh (nor by the negative control myristoylated mCh). Number of repetitions 
for FLIM experiments are indicated, p-values were calculated by ANOVA and Dunnett´s post hoc test, 
with **** for p ≤ 0.0001. Error bars display SD. D Phylogram of the Pti1-homologs of A. thaliana and 
the Solanum lycopersicum SlPto as outgroup. The tree was generated after initial multiple sequence 
alignment (ClustalΩ) and subsequently applying a Maximum Likelihood strategy in MEGAX (via the 
JTT-matrix based model and 1000 repetitions). Final tree visualization was realized with iTOL software. 
Branch length is in scale as indicated displaying the calculated substitutions/site rate. E Graphical 
summary of the FLIM interactions identified here, mean FRET efficiency values are indicated for each 
pair (compare Suppl. Tab. 2).  
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Figure 4 Subcellular localization of MAZ at the PM depends on conserved palmitoylation sites.   

Stable expression of different MAZ variants demonstrate the impact of the predicted palmitoylation sites 
C48, C49 (and the adjacent C51) on subcellular localization of MAZ-eGFP. A – B’ The wild typic MAZ 
protein (fused to eGFP) is located at the PM after expression under the native MAZ promotor, as shown 
here in rosette leaves (A, A’) and in the root meristem (RM, B, B’). C – D’ Site directed mutagenesis of 
the palmitoylation sites causes a shift of localization of the mutant MAZPalMut-eGFP fusion protein from 
the PM to the cytoplasm, both, when expressed under the UBQ10 promotor, e.g. in leaf epidermis cells 
(C, C’’), or under the control of the native MAZ promotor, shown here in the RM region. Sale bars: 
50 µm (A, B, B’, C, D, D’), 10 µm (A’, C’, detail views of B, B’, D, D’). All images are displayed in 
the LUT fire, in B’ and D’ the merge with PI (grey) is shown.  
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Figure 5 Expression analysis of MAZ:MAZ-eGFP//Col-0.  

A, A’ Within the inflorescence, MAZ-eGFP is found in all cell layers. Z-stack acquired from a sample 
of a 5 weeks old plant, presented here as maximum intensity projection (MIP, A) and XZ section at 
indicated position (A’). MAZ expression is elevated at boundary regions towards newly formed 
primordia and towards organs in later stages of development. B, B’, B’’ MAZ expression in the root 
(imaged 5 DAG) comprises the vasculature, root hairs (B’), and the root meristem (B’’). C Emerging 
lateral roots show distinct fluorescence signals of the MAZ-eGFP fusion (10 DAG, compare Suppl. Fig. 
6). D In the epidermis of cotyledons (14 DAG), MAZ-eGFP is present in pavement cells, in the stomata 
lineage, and in mature guard cells. Scale bars: 50 µm (A, B’ – D), 10 µm (A’), 100 µm (B). GFP-signals 
visualized by the LUT fire, in A’ – C merge with PI (grey). 
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Figure 6 Maz-1 mutants show no increased carpel number but are partially resistant against CLE peptide 
treatment. 

A Mean carpel number per silique of indicated genotypes monitored in 6 – 8 weeks old plants grown 
under long day conditions. For each genotype 10 – 30 plants were analyzed by counting the carpels of 
15 – 30 siliques per plant. The average carpel numbers for each plant are plotted. P-values calculated by 
ANOVA and Dunnett´s post hoc test with *** for p≤ 0.001, and **** for p ≤ 0.0001. Sample mean and 
SD displayed in red. B CSC layers of indicated mutants quantified after mPS-PI staining of seedlings 
5 DAG grown on ½ MS agar plates with and without 200 nM CLE40 peptide. C Root length of different 
genotypes 10 DAG grown on ½ MS agar plates supplemented with CLV3p or CLE45p at 10 nM and 
100 nM, respectively. Data are normalized to the mean of the corresponding genotype grown without 
peptide. Statistical groups were assigned after calculating p-values by ANOVA and Dunnett´s post hoc 
test (differential grouping from p ≤ 0.05). Sample mean and SD displayed. 

Col-0 crn-10 maz-1; crn-10 maz-1

0.0

0.5

1.0

1.5

2.0

2

3

4

5

6 **** **** **** **** ***

ca
rp
el
s/
si
liq
ue

A

C

B

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

am
ou
nt
 o
f r
oo
ts

2
1
0

nu
m
be
r o
f C
SC
 la
ye
rs

am
ou
nt
s 
of
 ro
ot
s

100 %
90 %
80 %
70 %
60 %
50 %
40 %
30 %
20 %
10 %
0 %

CLE40p      - - - - +      +      +       +

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

am
ou
nt
 o
f r
oo
ts

2
1
0

nu
m
be
r o
f C
SC
 la
ye
rs

CSC layers
210

(200 nM)

C
ar
pe
ls
/S
ili
qu
e

Co
l-0
_L
D

ma
z-1
_L
D

clv
3-9
_L
D

clv
1-2
0_
LD

clv
1-2
0 x
 m
az
-1_
LD

crn
-10
_L
D

crn
-10
 x 
ma
z-1
_L
D

1

2

3

4

5

6

ro
ot
 le
ng
th

 [n
or
m
al
iz
ed
 to
 0
 n
M
 m
ea
n]

Col-0 crn-10 maz-1;crn-10 maz-1
0.0

0.5

1.0

1.5

2.0

ro
ot
 le
ng
th

 [n
or
m
al
iz
ed
 to
 0
 n
M
 m
ea
n]

Col-0 crn-10 maz-1;
crn-10

maz-1
0.0

0.5

1.0

1.5

2.0

Col-0 crn-10maz-1; crn-10maz-1
0.0

0.5

1.0

1.5

2.0
10 nM CLE45p 100 nM CLE45p

0.0

0.5

1.0

1.5

2.0

ro
ot
 le
ng
th

[n
or
m
al
iz
ed
 to
 m
oc
k]

10 nM CLV3p 100 nM CLV3p

0.0

0.5

1.0

1.5

ro
ot
 le
ng
th

[n
or
m
al
iz
ed
 to
 m
oc
k]

2.0 a b c d a b b a

a b b c a b c d

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

am
ou
nt
 o
f r
oo
ts

2
1
0

nu
m
be
r o
f C
SC
 la
ye
rs

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

am
ou
nt
 o
f r
oo
ts

2
1
0

nu
m
be
r o
f C
SC
 la
ye
rs



 

Figure 7 Clv1-20;maz-1 double mutants display significantly increased stomata cluster rates.  

A Stomatal density and B cluster rate were accessed from true leaves of indicated genotypes. Each 
plotted data point represents the mean value of 4 areas within one leaf of individual plants. Seedlings 
were grown on ½ MS agar plates. 14 DAG leaves were stained with PI to image abaxial epidermis cells. 
Significant differences in comparison to the Col-0 sample are indicated with **** for p ≤ 0.0001, 
calculated by ANOVA and Dunnett´s post hoc test. Sample mean and SD displayed with red lines.            
C Representative images of the analyzed leaf epidermis areas counterstained with PI. Arrow heads mark 
stomata and boxes indicate clusters. Scale bars: 50 µm. 

 

 

 

Figure 8 Model of MAZ as a signaling hub downstream of CLVf receptors. 

In the absence of CLE peptides CLVf receptors and MAZ probably build preformed complexes (1). The 
CLE peptide perception by cognate CLVf receptors is aided by CIK co-receptors (2). 
Transphosphorylation between (co-)receptors and MAZ could transmit signal downstream (3). Protein 
thioesterases could catalyze release of activated MAZ from the PM by removing palmitoylation (4). 
Activated MAZ in the cytosol could mediate signal transduction to the nucleus (5).  
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Supplemental Figure 1 Expression domains of CLV1 and MAZ in the vasculature of Arabidopsis 
roots.  

Different reporter lines 3 DAG grown on ½ MS were counterstained with aniline blue to visualize 
callose at the sieve plates (white arrows) and thereby marking the position of sieve elements (SE) 
within the vasculature cylinder. A – A’’ The CLV1-2xGFP fusion under the control of the endogenous 
CLV1 promotor is expressed in companion cells (CC), directly adjacent to the SEs, which show no 
fluorescence signal. B – B’’ The MAZ:MAZ-eGFP reporter also mediates strong expression in the 
CCs. However, the expression domain is extended to other cell files in the vasculature, including the 
procambial tissue. In contrast, signals from the SEs are barely detectable. C – C’’ Expression pattern 
of the transcriptional MAZ:mVenus-NLS reporter in the vasculature cylinder are in line with the 
translational reporter in B – B’’. Scale bars: 25 µm. 
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Supplemental Figure 2 Two independent CoIP repetitions of CLV1-GFP with MAZ-mCherry. 

Following the same protocol as described above and shown in Figure 2 A, transiently transformed 
N. benthamiana leaf material (two independent Agrobacterium cultures, different plants, and separate 
CoIP reactions) harboring the indicated combinations of XVE-driven inducible transgenes was deployed 
to show the capacity of CLV1-GFP to pull down MAZ-mCh. MAZ-mCh alone is not immuno-
precipitated via anti-GFP beads (ChromoTek). The Precision Plus ProteinTM Dual Color Standard (Bio-
Rad) was used for SDS-PAGE (band sizes indicated left).      
 



 

Supplemental Figure 3 Subcellular localization of MAZ in N. benthamiana leaf epidermis cells.    

A – F Co-expression of MAZ-mCherry (mCh) and POLTERGEIST(POL)-GFP results in a high degree 
of local overlap between the two fluorescence signals. POL is known to be localized at the PM (Gagne 
and Clark, 2010). G – F MAZ-mCh does not display notable co-localization with CRNΔKD-GFP (that 
is ER-localized in the absence of CLV2). In D – F, and J – L the cell surface is in focus to visualize 
homogenous distribution of PM-located proteins and network-like structure of ER-associated signals, 
respectively. H – R CLV1-GFP and MAZ-mCh co-localize at the PM, but MAZ is not present in 
CLV1-GFP vesicles, which probably indicate receptor internalization. All constructs were expressed 
under the control of the XVE promotor system for estradiol induced expression. Scale bars: 10 µm. 
 
 



 

Supplemental Figure 4 Predicted palmitoylation sites at the N-terminus of MAZ are mandatory for 
PM-localization.  

Transient expression of different MAZ variants demonstrate the impact of the N-terminus and the 
predicted palmitoylation sites C48, C49 (and the adjacent C51) on subcellular localization of MAZ-
eGFP. Representative images of N. benthamiana leaf epidermis cells expressing the transgenes under 
the control of the UBQ10 promotor (A, B, C), the corresponding maximum intensity projections 
(MIP) of z-stacks through the epidermal layer (A’, B’, C’) and schematic representations of the MAZ 
protein structure in the indicated constructs (A’’, B’’, C’’). A – A’’ The full-length MAZ protein 
(fused to eGFP) is located at the PM. B – B’’ Site directed mutagenesis of the palmitoylation sites 
causes a shift of protein localization from the PM to the cytoplasm. C – C’’ Deletion of the entire N-
terminus (the deletion variant starts directly with the kinase domain) results in protein localization 
within the cytoplasm, around the ER, and in the nucleus. Sale bars: 25 µm. 
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Supplemental Figure 5 Expression pattern of the transcriptional reporter MAZ:mVenus-NLS//Col-0 in 
the root (3 DAG). 

A, B The MAZ promotor mediates expression predominantly in the vasculature and less pronounced 
also in other cell files within the meristematic zone of the root. C Occasionally observed dispersal of 
the per se nucleus-located fluorescence reporter suggests organelle degradation typical for phloem cells. 
D, E Within the differentiation zone most of the signal is found in the dispersed non-nucleic form, 
indicating expression within sieve elements. All shown samples are counterstained with PI, merge of 
mVenus and PI channels in B, C, E. Scalebars: 50 µm. 
 



 

Supplemental Figure 6 MAZ expression by MAZ promotor in different translational reporters.  

A – B’’ MAZ-eGFP expression in the root meristem. The fusion protein is PM-located and found in 
the QC, initials, and the adjacent cells as different projections of a z-stack through the root tip show, 
i.e. maximum intensity projection (MIP, A, A’’) and YZ cross sections (B’, B’’) as indicated in B (5 
DAG). C MIP of a z-stack through the epidermal layer of the hypocotyl of a MAZ-eGFP expressing 
seedling (5 DAG). D, D’ In the transition region between root and hypocotyl MAZ-eGFP is found in 
the vasculature and in root hair cells (5 DAG). E, E’ MAZ-eGFP is present in emerging lateral roots 
(10 DAG). F, F’ MAZ-eGFP in mature lateral roots resembles its expression in the main root meristem 
(10 DAG). G, G’ MAZ expression in the root is not dependent on the fluorophore fusion, since MAZ-
mCh is found, like MAZ-eGFP, in the vasculature, root hair cells, and the RM (3 DAG). Scalebars: 50 
µm (A, D–G), 100 µm (D, D’). Fluorophore signals are visualized with the LUT fire, in D’, E’, F’ 
merge with PI (grey), in G’ merge with DAPI (grey).  
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Supplemental Figure 7 Expression of MAZ:MAZ-eGFP in the SAM of 5 weeks old A. thaliana.  

Various representations of a z-stack through the inflorescence with flower primordia (P) expressing 
MAZ-eGFP driven by the MAZ promotor and counterstained with PI (GFP-channel only visualized by 
LUT fire in A - C; merge with PI in grey displayed in D, E, P1 – P8). A The maximum intensity 
projection (MIP), B the L1 projection, C a transversal (XY) view, and D an orthogonal section 
through the central region (and P4 + P5), respectively, all indicate a broad MAZ expression with areas 
of higher signal intensity. Those include the boundary regions towards newly formed primordia and 
towards organs in later stages of development. In general, L1 expression appears elevated with a 
decreasing intensity gradient towards the L3 layers. E MIP as in A but merged with PI channel and 
cross sections through all primordia (indicated by dotted lines). Scalebars: 50 µm (A, B, C, E), 10 µm 
(D and primordia (P1 – P8) transversals). 



 

Supplemental Figure 8 Co-localization of CLV1-eGFP and MAZ-mCherry in shoot and root.  

A – F Expression pattern of CLV1 and MAZ under the control of the respective endogenous promotors 
in SAM and flower primordia of 5 weeks old plants. Both, the transversal (XY) cut through the meristem 
(A – C) and the orthogonal view (XZ, D – F), display CLV1-eGFP in the central zone and in specific 
areas of the L1, while MAZ-mCh is expressed in the entire L1 and only slightly in the central zone. Note 
the general weak expression of this mCh fusion in the shoot. Nevertheless, the expression pattern is 
comparable with MAZ-eGFP lines (compare Fig. 5). G – I In the distal root meristem CLV1 expression 
is limited to few cells, like the columella stem cells (5 DAG). Here, CLV1 co-localize with MAZ. 
However, in the root meristem the MAZ expression domain is extended to the complete meristematic 
zone. A’ – I’ display the indicated areas in A – I. Scale bars: 50 µm (A – C, G – I), 20 µm (D – F), 
10 µm (A’ – I’). 



 

Supplemental Figure 9 Characterization of the maz-1 allele GABI-Kat 485F03.  

A The schematic representation of the genomic region of the MAZ gene At3g59350 displays the exon-
intron structure as found in the TAIR database and verified by sequencing of cDNA clones (data not 
shown). Further, the predicted position of the GABI-Kat T-DNA insertion and the binding sites of the 
two oligo pairs used for quantitative expression analysis are shown. B RT-qPCR results from material 
of Col-0 and maz-1 (whole seedlings 7 DAG) show a massive decrease of transcripts (up to 50-fold) in 
the mutant compared to the WT if the oligos bind downstream of the T-DNA insertion. This indicates 
that the mutant does not express full length MAZ protein anymore. However, there is also a decrease 
of transcript levels in maz-1 compared to Col-0 when using an oligo pair upstream of the T-DNA, 
suggesting instability of the residual mutant MAZ mRNA. C Transition region from the MAZ sequence 
to the T-DNA insertion start in maz-1 verified by Sanger sequencing. The insertion event leads to a 
disruption of the amino acid (aa) sequence of the MAZ protein after 195 aa. The reading frame 
continuous for 19 triplets of the T-DNA until the first in-frame STOP codon.     
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Supplemental Figure 10 Carpel number of maz-1 mutants is wild typic in continuous light (CL). 

Mean carpel number per silique of indicated genotypes monitored in 6–8 weeks old plants grown 
under CL. For each genotype 5–30 plants were analyzed by counting the carpels of 15–30 siliques per 
plant. The average carpel numbers for each plant are plotted. P-values calculated by ANOVA and 
Dunnett´s post hoc test with **** p ≤ 0.0001. Sample mean and SD displayed in red. 

 

 

 

 

Supplemental Figure 11 Maz-1 mutants are partially resistant to CLE40p treatment in terms of 
columella stem cell (CSC) layer specification. 

Representative images of root meristem of mPS-PI stained seedlings (5 DAG) of indicated genotypes, 
grown on ½ MS plates with mock (A – D) or with CLE40p (200 nM, E – H). Arrow heads mark the 
QC cells (blue), CSC layers (yellow), and differentiated columella cells (red) with starch granules. 
Compare Fig. 6 B for quantification.  
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Supplemental Figure 12 The maz-1 mutant does not display defects in root hair development. 

Seedlings of indicated genotypes were grown on ½ MS agar plates and analyzed regarding root hair 
development. Root hair length was measured from 20 – 25 roots per genotype (all root hairs in focus 
on one side of the root) with total n = 3542 (Col-0), 975 (fer-4), 2433 (mri-2), and 4360 (maz-1). 
Plotting all single measurements (A) and the mean values per plant (B) revealed that fer-4 and mri-2 
mutants show reduction of root hair length, while maz-1 root hair length is comparable to Col-0 
samples. P-values in B were calculated by ANOVA and Dunnett´s post hoc test, with ** for p ≤ 0.01, 
and **** for p ≤ 0.0001. C Exemplarily selected stereomicroscopy images of root hairs of the 
analyzed genotypes. Arrow heads show constrictions in the root hairs, probably caused by defective 
tip growth. This morphology was not observed in maz-1 mutants. Scale bars: 100 µm.  
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Supplemental Figure 13 Water loss assay of Arabidopsis leaves to monitor potential differential 
stomata closure as an indication for a role of Pti1-homologs in ABA signaling. 

To estimate water loss through wilting, the reduction of leave fresh weight over time was accessed. 
The weight of 6 rosette leaves per sample/plant was determined directly after clipping off the leaves at 
the petioles and again at the indicated time points. The boxplots indicate the distribution of relative 
weight loss in comparison to the initial measurement for each time point. Alleles of different pti1-like 
mutants, (maz-1, cark6-1, cark1-2, and the double mutant maz-1;cark1-2) were included in the assay, 
as well as a maz-1 complementing line, and a MAZ OE line. For each genotype 24 individual plants 
were analyzed in 3 independent experiments (in the case of maz-1;cark1-2 only 16 plants in 2 
independent experiments). Plants were cultivated for 4 – 5 weeks under standard LD conditions. The 
p-values were calculated by ANOVA and Dunnett´s post hoc test in comparison to the Col-0 WT 
sample for each time point, with * for p ≤ 0.05, ** for p ≤ 0.01, and *** for p ≤ 0.001. 
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Supplemental Figure 14 Drought stress assay revealed no clear differences between the analyzed 
genotypes to cope with water deficiency.  

Plants were cultivated under standard LD conditions for 2 weeks (images in column 1). During the 
following 10 days plants were kept in drought (column 2) und subsequently supplied with water again. 
Recovery was monitored after 10 days (column 3). The control plants were watered regularly (column 
4, 24 days after germination). Representative images from 3 repetitions, all genotypes were randomly 
distributed over the tray to minimize local effects.   



 

Supplemental Figure 15 Impact of the clv1-20 allele and CLE40 peptide treatment on stomata 
development and clustering in Arabidopsis seedlings.  

A, B The stomatal index is constant between Col-0 WT and clv1-20 mutants in cotyledons (A), as well 
as in true leaves (B). Suppling 200 nM CLE40p to the growth medium (½ MS) does not affect the 
stomatal index. C, D The cluster rate of Col-0 and clv1-20 is not altered in cotyledons, but CLE40p 
treatment increases clustering (C). In true leaves clv1-20 mutants display increased clustering of 
stomata, which is counteracted by treatment of CLE40p (D). All plants were analysed 14 DAG.   

 

 

Supplemental Figure 16 Cotyledons of clv1-20, maz-1, and the double mutant clv1-20; maz-1 display 
no significant changes of stomata density and cluster rate.  

A Stomatal density and B cluster rate were accessed from cotyledons of indicated genotypes. Each 
plotted data point represents the mean value of 4 areas within one cotyledon of individual plants. 
Seedlings were grown on ½ MS agar plates. 14 DAG cotyledons were stained with PI to image abaxial 
epidermis cells. No significant differences in comparison to the Col-0 sample were identified by 
ANOVA and Dunnett´s post hoc test. Sample mean and SD displayed with red lines. 
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Supplemental Table 1 Via mass spectroscopy identified proteins in CoIP fraction against 
CLV1-2xGFP, which are not found in GFP-only control samples.  

 

Supplemental Table 2 Mean FRET efficiencies of tested donor-acceptor combinations at the 
PM of transiently transformed N. benthamiana epidermis cells. 

 

Donor Acceptor FRET efficiency [%] ± SD

CLV1-GFP MAZ-linker-mCherry 5.9 ±3.7

CLV1-GFP + 5 µM CLV3 MAZ-linker-mCherry 5.5 ±1.8

CLV1-GFP CRN-KDmyr-mCherry 2.0 ±2.8

BAM1-GFP MAZ-linker-mCherry 6.5 ±2.3

MAZ-eGFP MAZ-linker-mCherry 5.3 ±2.8

MAZ-eGFP BAM3-mCherry 4.0 ±2.0

MAZ-eGFP CIK2-mCherry 5.7 ±1.9

CRN-GFP (+CLV2) MAZ-linker-mCherry 3.0 ±2.3

CLV1-mNeonGreen MAZ-mCherry 3.7 ±1.8

CLV1-mNeonGreen mCherrymyr 0.7 ±1.1

CLV1-mNeonGreen CARK1-mCherry 5.2 ±3.2

CLV1-mNeonGreen Pti1-11-mCherry 5.4 ±2.2

CLV1-mNeonGreen CARK6-mCherry 4.2 ±3.2

CLV1-mNeonGreen Pti1-2-mCherry 0.6 ±2.3

Gene ID Protein name Subcellular localization MS/MS hits 

At1g75820 CLAVATA1 (CLV1) PM 23
At5g38530 Tryptophan synthase beta chain (TSBtpye2) chloroplast, cytosol 20
At3g56650 PsbP domain-containing protein 6 (PPD6) chloroplast 20
At4g24510 Protein ECERIFERUM 2 (CER2) nucleus, ER 19
At3g10060 Peptidyl-prolyl cis-trans isomerase (FKBP16-4) chloroplast 16
At3g01420 Alpha-dioxygenase 1 (DOX1) n/a 16
At1g16080 uncharacterized protein apoplast, ER 16
At4g11290 Peroxidase 39 (PER39) extracellular 15
At3g06350 Bifunctional 3-dehydroquinate dehydratase/shikimate dehydrogenase (EMB3004) chloroplast 15
At2g46520 Exportin-2 (CAS) nucleus 12
At1g72160 Patellin-3 (PATL3) PM, cytoplasm 11
At2g26250 3-ketoacyl-CoA synthase 10 (FDH) ER 11
At5g47840 Adenylate kinase 2 chloroplast stoma 10
At5g55730 Fasciclin-like arabinogalactan protein 1 (FLA1) PM, apoplast 10
At4g28440 uncharacterized protein cytosol 10
At4g12470 pEARLI1-like lipid transfer protein 1 (AZI1) CW, plasmodesmata, ER 10
At5g18660 Divinyl chlorophyllide a 8-vinyl-reductase (DVR) chloroplast 9
At5g05730 Anthranilate synthase alpha subunit 1 (ASA1) chloroplast 9
At3g16520 UDP-glycosyltransferase 88A1 (UGT88A1) cytosol 9
At3g59350 PTI1-like tyrosine-proteine kinase 3 (Pti1-3) PM-associated 8
At1g69530 Expansin-A1 (EXPA1) CW, extracellular, mitochondria 7
At3g14100 Oligouridylate-binding protein 1C (UBP1C) nucleus 6
At2g37760 Aldo-keto reductase family 4 member C8 (AKR4C8) cytosol 5



Supplemental Table 3 Pti1-like family in Arabidopsis thaliana and predicted PM-localization 
mechanisms. 

 

 

Supplemental Table 4 Chemicals.   

 

Name TAIR locus Length [aa] Myristoylation[1] Palmitoylation[2] GPI-anchor[3]

Pti1-1 At1g06700 361 no C6, C7, C9 no

Pti1-2 At2g30740 366 no C6, C7 no

MAZZA At3g59350 408 no C48, C49 no

Pti1-4 At2g47060 365 no C3, C6, C7 no

MARIS At2g41970 365 no C3, C4 no

Pti1-6 At2g30730 338 no no no

CARK6 At2g43230 440 no C79, C80, C82 no

Pti1-8 At1g48220 364 no C3, C7 no

Pti1-9 At3g62220 361 no C3, C6, C7 no

CARK1 At3g17410 364 score = 0.6* C3, C6, C7 no

Pti1-11 At1g48210 363 no C3, C7 no

      [1] predicted by CSS-Palm 4.1
      [2] predicted by Myristoylator (ExPASy)  *  indicating medium confidence
      [3] predicted by PredGPI

Name Producer/Source Product no. CAS no. 
Acetosyringone (3',5'-Dimethoxy-4'-hydroxy-acetophenone) Sigma-Aldrich (Merck) D134406 2478-38-8
Aniline blue (water soluble) Thermo Fisher Scientific B8563 28631-66-5
BASTA® non-selective herbicide Bayer CropScience 84442615 N/A
β-estradiole Sigma-Aldrich (Merck) E8875 50-28-2 
Carbenicillin disodium salt Carl Roth 6344.2 4800-94-6
cOmplete ™ Protease Inhibitor Cocktail Roche 11697498001 N/A
DAPI (4′,6-diamidino-2-phenylindole) N/A N/A 28718-90-3
DL-phosphinothricin (PPT) Duchefa Biochemie bv P0159 77182-82-2
Gentamicin sulfate Sigma-Aldrich (Merck) G1264 1405-41-0 
GFP antibody [3H9] (IgG, rat monoclonal) ChromoTek 3h9-20 N/A
GFP-Trap® magnetic agarose ChromoTek gmt-20 N/A
Goat anti-mouse IgG Alkaline Phosphatase (AP) Sigma-Aldrich (Merck) AP124A N/A
Goat anti-rat IgG Alkaline Phospatase (AP) Sigma-Aldrich (Merck) A8438 N/A
Hygromycin B Duchefa Biochemie bv H0192 31282-04-9
Kanamycin monosulfate Duchefa Biochemie bv K0126.0005 25389-94-0
MES hydrate Sigma-Aldrich (Merck) 10240885 1266615-59-1
Murashige & Skoog Medium (+Gamborg B5 vitamins) Duchefa Biochemie bv M0231.0050 N/A
NEXT GEL ® 10 % acrylamide VWR Life Science M256 N/A
Nonident ™  P40 substitute Sigma-Aldrich (Merck) 100980769 9016-45-9
Phusion High-Fidelity PCR polymerase Thermo Fisher Scientific F530S N/A
Propidium iodide Thermo Fisher Scientific P1304MP 25535-16-4
RFP antibody [6G6] (IgG, mouse monoclonal) ChromoTek 6g6-20 N/A
Rifampicin TCI R0079 13292-46-1
Spectinomycin HCl pentahydrate Duchefa Biochemie bv S0188 22189-32-8
SsoAdvanced Univerasal SYBR® Green Supermix Bio-Rad 1725271 N/A
SuperScript ™ reverse transcriptase Thermo Fisher Scientific 18080-093 N/A
Synthetic CLV3 (RCV[Hyp]SG[Hyp]DPLHHH) Peptides & Elephants costumized N/A
Synthetic CLE40 (RQV[Hyp]TGSDPLHHK) Peptides & Elephants costumized N/A
Synthetic CLE45 (RRVRRGSDPIHN) Peptides & Elephants costumized N/A
Tetracycline Sigma-Aldrich (Merck) 87128 60-54-8 



Supplemental Table 5 Analyzed A. thaliana mutants (Col-0 background). 

 

 

Supplemental Table 6 Genotyping strategies to verify listed mutant alleles. 

 

 

 

 

 

 

 

Allele Type Gene Reference
maz-1 T-DNA At3g59350 GABI-Kat 485F03
clv1-20 T-DNA At1g75820 Durbak and Tax, 2011; SALK 008670
clv3-9 EMS At2g27250 Rüdiger Simon, 2003; W62Stop
crn-10 CRISPR/Cas9 At5g13290 Nimchuk, 2017
cark1-2 T-DNA At3g17410 SALK 094451
cark6-1 T-DNA At2g43230 Wang et al. 2019; SALK 203094 
mri-2 T-DNA At2g41970 Boisson-Dernier et al. 2015; GABI-Kat 820D05
fer-4 T-DNA At3g51550 Haruta et al. 2014; GABI-Kat 106A06

Allele Method Details

maz-1 PCR

Fwd 5'-CAGCTCAGTTTGTTAGGCTGGATA-3'                                                  
Rev (WT) 5'-CAGTATTTTATGGTTAGCGTTTTG-3'                                                            
Rev (T-DNA) 5'-ATAATAACGCTGCGGACATCTACATTTT-3' (GABI o8474)                     
WT amplicon = 1403 bp; mutant amplicon = 750 bp

clv1-20 PCR

Fwd 5'-TTTGAATAGTGTGTGACCAAATTTGA-3'                                             
Rev (WT) 5'-TCCAATGGTAATTCACCGGTG-3'                                             
Rev (T-DNA) 5'-TGGTTCACGTAGTGGGCCATCG-3' (SALK LBa1)                    
WT amplicon = 860 bp; mutant amplicon = 1200 bp

crn-10 dCAPS
Fwd 5'-GTAGAAGCAGCAATGAAGCAAAGAAGAAGGTG-3'                                             
Rev 5'-GTGTAGATGATGTTGAAGTTGTGGATAAGTG-3'                                             
subsequent HphI digestion, WT = 128 + 41 bp, mutant = 169 bp 

cark1-2 PCR

Fwd (WT) 5'-TCAACACACTGCTTCACCTTG-3'                                             
Fwd (T-DNA) 5'-ATTTTGCCGATTTCGGAAC-3' (SALK LBa1.3)                                           
Rev 5'-GAAAAGGTGTTAAAGGGGCAC-3'                                                      
WT amplicon = 1066 bp; mutant amplicon = 700 bp

cark1-6 PCR

Fwd (WT) 5'-TGTTCGATTGGATAAACCGAG-3'                                             
Fwd (T-DNA) 5'-ATTTTGCCGATTTCGGAAC-3' (SALK LBa1.3)                                     
Rev 5'-CCCGGTAAGAAGTTCCAAAAG-3'                                                                                           
WT amplicon = 1169 bp; mutant amplicon = 725 bp

mri-2 PCR

Fwd 5'-GTTCTATTCTTCGACCAAATGG-3'                                                    
Rev (WT) 5'-CTGCATACTGGTTTGCGGG-3'                                                  
Rev (T-DNA) 5'-GGGCTACACTGAATTGGTAGCTC-3' (GABI o8760)                                                     
WT amplicon = 935 bp; mutant amplicon = 880 bp                                         
(see Boisson-Dernier et al. 2016)

fer-4 PCR

Fwd (WT) 5'-GATTACTCTCCAACAGAGAAAATCCT-3'                                                    
Rev (WT) 5'-CGTATTGCTTTTCGATTTCCTA-3'                                                  
Fwd (T-DNA) 5'-ACGGTCTCAACGCTACCAAC-3'                                        
Rev (T-DNA) 5'-TTTCCCGCCTTCGGTTTA-3'                                                     
WT amplicon = 1254 bp; mutant amplicon = 570 bp                                         
(see Haruta et al. 2014)



Supplemental Table 7 Entry plasmids. 

 

 

Supplemental Table 8 Plasmids used for transient gene expression in N. benthamiana. 

 

 

 

 

 

 

Name Description (insert) Gene Backbone Bacterial resistance Oligos for insert amplification, mutagenesis (or reference)

MAZ/pENTR
genomic region of MAZ (START to one 
codon before STOP, including Introns) At3g59350 pENTR/D-TOPO ® Kanamycin 5'-CACCATGTATCCGATGGATTCTGATTAC-3'                                        

5'-GGCTTCCTGGACTGGTACAG-3'

pMAZ/pGGA promotor region of MAZ (1.8 kb) At3g59350 pGGA000 Ampicillin 5'-TTTGGTCTCAACCTCTATAAATTACAGACATTCAAATAC-3'                       
5'-TTTGGTCTCATGTTAGTGAAAGACGGATCG-3'

MAZ/pGGC genomic region of MAZ (START to one 
codon before STOP, including Introns) At3g59350 pGGC000 Ampicillin 5'-TTTGGTCTCAGGCTTAATGTATCCGATGGATTC-3'                                    

5'-TTTGGTCTCACTGAGGCTTCCTGGACTG-3'

MAZ PalMut/pGGC
C48W, C49W, C51W in MAZ  (site-directed 
mutagenesis of MAZ/pGGC) At3g59350 pGGC000 Ampicillin 5'-GATGCGTAGGTGGTTGTGGTGGGCTTGGCACGTTGAAGAAC-3'                  

5'-GTTCTTCAACGTGCCAAGCCCACCACAACCACCTACGCATC-3'

MAZ ∆N-term/pGGC
genomic region of MAZ (from F113,  w/o  
STOP, including Introns) At3g59350 pGGC000 Ampicillin 5'-TTTGGTCTCAGGCTCAATGTTTGGATCAAAGTCATTG-3'                                

5'-TTTGGTCTCACTGAGGCTTCCTGGACTG-3'

Pti1-2/pGGC genomic region of Pti1-2 (START to one 
codon before STOP, including Introns) At2g30740 pGGC000 Ampicillin 5'-TTTGGTCTCAGGCTTAATGCGTAGGTGGATCTGTTGT-3'                        

5'-TTTGGTCTCACTGAGGATTCCGGTACTGGGGCTGG-3'

CARK1/pGGC genomic region of CARK1 (START to one 
codon before STOP, including Introns) At3g17410 pGGC000 Ampicillin 5'-AAACGTCTCAGGCTTGATGGGCTGCTTTGGTT-3'                          5'-

AAACGTCTCACTGAATACGGGTTCCTGTGTGG-3'

CARK6/pGGC genomic region of CARK6 (START to one 
codon before STOP, including Introns) At2g43230 pGGC000 Ampicillin 5'-TTTGGTCTCAGGCTATGGATCGTGATTTTCATCG-3'                               

5'-TTTGGTCTCACTGAAGGTTGAGGTGTTGG-3'

Pti1-6/pGGC genomic region of Pti1-6 (START to one 
codon before STOP, including Introns) At1g48210 pGGC000 Ampicillin 5'-TTTGGTCTCAGGCTTAATGTTTTTTTTTCTTGTCATCACAT-3'          

5'-TTTGGTCTCACTGAGAATTGCGGTATTGAGCCTGT-3'

BAM3/pENTR BAM3 coding region (with introns) At4g20270 pENTR/D-TOPO ® Kanamycin 5'-CACCATGGCAGACAAGATCTTCAC-3'                                                           
5'-GAAAGTATTAGGCTGTTTAGCC-3'

CIK2/pENTR CIK2 coding region At2g23950 pENTR/D-TOPO ® Kanamycin Pauline Anne (Christian Hardtke Lab)

POL/pENTR POLTERGEIST coding region At2g46920 pENTR/D-TOPO ® Kanamycin Frederic Boyer

BAM1/pENTR BAM1 coding region At5g65700 pENTR/D-TOPO ® Kanamycin Marc Somssich

myr-CRN-KD/pENTR KD of CRN with myristoylation motif At5g13290 pENTR/D-TOPO ® Kanamycin Marc Somssich

linker-eGFP/pGGD 11 aa linker fused upstream to eGFP - pGGD000 Ampicillin Grégoire Denay (pGD165)

mVenus/pGGC mVenus w/o STOP codon - pGGC00 Ampicillin Rebecca Burkart (pRD43)

mCherry/pGGD mCherry with STOP codon - pGGD000 Ampicillin Rebecca Burkart (pRD53)

Name Expression cassette Cloning strategy Details Bacterial resistance
BAM1/pAB118 XVE<<LexA-min35S:BAM1-mCherry LR reaction BAM1/pENTR + pAB118 Spectinomycin
BAM3/pAB118 XVE<<LexA-min35S:BAM3-mCherry LR reaction BAM3/pENTR + pAB118 Spectinomycin
CIK2/pAB118 XVE<<LexA-min35S:CIK2-mCherry LR reaction CIK2/pENTR + pAB118 Spectinomycin
CLV1/pAB117 XVE<<LexA-min35S:CLV1-GFP LR reaction Bleckmann et al. 2010 Spectinomycin
CLV1/pAB118 XVE<<LexA-min35S:CLV1-mCherry LR reaction Bleckmann et al. 2010 Spectinomycin
CLV2 (untagged) XVE<<LexA-min35S:CLV2 LR reaction Bleckmann et al. 2010 Spectinomycin
CRN/pAB117 XVE<<LexA-min35S:CRN-GFP LR reaction Bleckmann et al. 2010 Spectinomycin
CRN ΔKD/pAB117 XVE<<LexA-min35S:CRNΔKD-GFP LR reaction Bleckmann et al. 2010 Spectinomycin
MAZ/pAB118 XVE<<LexA-min35S:MAZ-mCherry LR reaction MAZ/pENTR + pAB118 Spectinomycin

myr-CRN-KD/pAB118 XVE<<LexA-min35S:myr-CRN-KD-mCherry LR reaction myr-CRN-KD/pENTR + pAB118 Spectinomycin

POL/pAB117 XVE<<LexA-min35S:POL-GFP LR reaction POL/pENTR + pAB117 Spectinomycin

UBQ10:MAZ-eGFP/pGGZ001 pUBQ10:Ω-MAZ-eGFP:tUBQ10<<HygR GreenGate reaction
pGGA006, pGGB002, MAZ/pGGC, 
linker-eGFP/pGGD, pGGE009, 
pGGF005 + pGGZ001

Spectinomycin

UBQ10:MAZ-mCherry/pGGZ001 pUBQ10:Ω-MAZ-mCherry:tUBQ10<<HygR GreenGate reaction
pGGA006, pGGB002, MAZ/pGGC, 
mCherry/pGGD, pGGE009, pGGF005 
+ pGGZ001

Spectinomycin

UBQ10:Pti1-2-mCherry/pGGZ001 pUBQ10:Ω-Pti1-2-mCherry:tUBQ10 GreenGate reaction
pGGA006, pGGB002, Pti1-2/pGGC, 
mCherry/pGGD, pGGE009, 
dummy/pGGF + pGGZ001

Spectinomycin

UBQ10:CARK1-mCherry/pGGZ001 pUBQ10:Ω-CARK1-mCherry:tUBQ10 GreenGate reaction
pGGA006, pGGB002, CARK1/pGGC, 
mCherry/pGGD, pGGE009, 
dummy/pGGF + pGGZ001

Spectinomycin

UBQ10:CARK6-mCherry/pGGZ001 pUBQ10:Ω-CARK6-eGFP:tUBQ10 GreenGate reaction
pGGA006, pGGB002, CARK6/pGGC, 
mCherry/pGGD, pGGE009, 
dummy/pGGF + pGGZ001

Spectinomycin

UBQ10:Pti1-6-mCherry/pGGZ001 pUBQ10:Ω-Pti1-6-mCherry:tUBQ10 GreenGate reaction
pGGA006, pGGB002, Pti1-6/pGGC, 
mCherry/pGGD, pGGE009, 
dummy/pGGF + pGGZ001

Spectinomycin

UBQ10:CLV1-mNeonGreen/pGGZ001 pUBQ10:Ω-CLV1-mNeonGreen:tUBQ10<<HygR GreenGate reaction Grégoire Denay (pGD354) Spectinomycin

UBQ10:myr-mCherry/pGGZ001 pUBQ10:Ω-myr-mCherry:tUBQ10<<HygR GreenGate reaction Grégoire Denay (pGD321) Spectinomycin



Supplemental Table 9 Plasmids used for stabile transformation of A. thaliana.  

 
 

Supplemental Table 9 Transgenic A. thaliana lines applied and generated in this study.  

 
 

Supplemental Table 11 Oligonucleotides for RT-qPCR. 

 
 

Name Promotor N-tag CDS C-tag Terminator Plant Resistance Backbone
MAZ:MAZ-eGFP+BastaR/pGGZ001 pMAZ/pGGA pGGB002 MAZ/pGGC linker-eGFP/pGGD pGGE009 pGGF008 pGGZ001
MAZ:MAZ-mCherry+HygR/pGGZ001 pMAZ/pGGA pGGB002 MAZ/pGGC mCherry/pGGD pGGE009 pGGF005 pGGZ001
UBQ10:MAZ-eGFP+BastaR/pGGZ001 pGGA006 pGGB002 MAZ/pGGC linker-eGFP/pGGD pGGE009 pGGF008 pGGZ001
MAZ:MAZ PalMut -eGFP+BastaR/pGGZ001 pMAZ/pGGA pGGB002 MAZ PalMut/pGGC linker-eGFP/pGGD pGGE009 pGGF008 pGGZ001

UBQ10:MAZ PalMut -eGFP+BastaR/pGGZ001 pGGA006 pGGB002 MAZ PalMut/pGGC linker-eGFP/pGGD pGGE009 pGGF008 pGGZ001

MAZ:mVenus-NLS+BastaR/pGGZ001 pMAZ/pGGA pGGB002 mVenus/pGGC pGGD007 pGGE009 pGGF008 pGGZ001

Name Transgene description Reference
CLV1:CLV1-2xGFP//clv1-11 pCLV1:CLV1-2xmGFP/pBJ36 (HygR) Nimchuk et al.  2011
MAZ:MAZ-eGFP+BastaR// Col-0 pMAZ:Ω-MAZ-eGFP:tUBQ10<<pNOS:BastaR:tNOS this study
MAZ:MAZ-mCh+HygR// Col-0 pMAZ:Ω-MAZ-mCherry:tUBQ10<<pUBQ10:HygR:tOCS this study
MAZ:MAZ PalMut -eGFP+BastaR//maz-1 pMAZ:Ω-MAZPalMut -eGFP:tUBQ10<<pNOS:BastaR:tNOS this study
MAZ:mVenus-NLS+BastaR// Col-0 pMAZ:Ω-mVenus-NLS:tUBQ10<<pNOS:BastaR:tNOS this study
UBQ10:MAZ-eGFP+BastaR// Col-0 pUBQ10:Ω-MAZ-eGFP:tUBQ10<<pNOS:BastaR:tNOS this study
UBQ10:MAZ-eGFP+BastaR//maz-1 pUBQ10:Ω-MAZ-eGFP:tUBQ10<<pNOS:BastaR:tNOS this study
UBQ10:MAZ PalMut -eGFP+BastaR// Col-0 pUBQ10:Ω-MAZPalMut -eGFP:tUBQ10<<pNOS:BastaR:tNOS this study

Gene Forward Revers
MAZ  (upstream) CACAATGATTTTGGGGCATCAC GCGACAGCCTTTCCATCTTTC
MAZ  (downstream) TGGTAGGAAACCCGTCGAT TGGATCAACACATTGCTTCAC
AT2G28390 GGATTTTCAGCTACTCTTCAAGCTA TCCTGCCTTGACTAAGTTGACA
AT4G34270 GCTCATGGTTCCTCCTCTTG TCTTCGCCAAACCTATAATGC
AT4G26410 CGTCCACAAAGCTGAATGTG CGAAGTCATGGAAGCCACTT



Appendix Sequence alignment with ClustalΩ of Arabidopsis Pti1-like family and SlPti1. 
 
 
AtPti1-6           1 ------------------------------------------------------------ 
AtPti1-1           1 ------------------------------------------------------------ 
AtPti1-2           1 ------------------------------------------------------------ 
AtMAZZA            1 MYPMDSDYHRRGL----------------------------------VANDRSPAQFVRL 
AtCARK6            1 ---MDRDFHRRGQVVNQDQRATNSNVFTKFENTYLQITAHLCVLVKTQANDRTQSNFVRL 
AtMARIS            1 ------------------------------------------------------------ 
AtPti1-4           1 ------------------------------------------------------------ 
AtPti1-9    1 ------------------------------------------------------------ 
AtPti1-8           1 ------------------------------------------------------------ 
SlPti1             1 ------------------------------------------------------------ 
AtCARK1            1 ------------------------------------------------------------ 
AtPti1-11          1 ------------------------------------------------------------ 
 
 
AtPti1-6           1 -------------------------------------------MFFFL-VITYVANQKNQ 
AtPti1-1           1 ----------------MRKWICCTCQIED---SNE------EQQLKSS-QQQSDANHKNS 
AtPti1-2           1 ----------------MRRWICCGDKKGDSDLSNE------EVHLKSP-WQNSEANQKNQ 
AtMAZZA           27 DKPRAVDDLYIGKREKMRRWLCCACHVEEPYHSSE------NEHLRS-PKHHNDFGHHTR 
AtCARK6           58 DKPRAVDDLDIGKRGKMRRWLCCSCRVQESYPSAE------NNRLKTPPTRHYDYGRNNK 
AtMARIS            1 -------------------MFCCGGADEEPAGPPANQYAAPPNKAGNPNFGGGNRG-EP- 
AtPti1-4           1 ----------------MSCFGCCGEDDDMH---KTADYGGRHNQAKHFPPGNDARH-HQ- 
AtPti1-9           1 ----------------MSCFGCCREDD-LP---GANDYGGHNMTK---QSGGNDGR-RN- 
AtPti1-8           1 ----------------MSCFGWCG-SEDVR---NPADTGPSQAH----NSIGYNGR-HH- 
SlPti1             1 ----------------MSCFSCCD-DDDMH---RATDNGPFMAH----NSAGNNGG-QR- 
AtCARK1            1 ----------------MGCFGCCGGGEDFR---RVSETGPKPVH----NTGGYNGG-HH- 
AtPti1-11          1 ----------------MSCFGWCG-SEDFR---NATDTGPRPAH----NPAGYNGG-HY- 
 
 
AtPti1-6       17 KPQDLAKP---KEILPIIVPSLSVDEVNEQTDNFGPNSLIGEGSYGRVYYATLNDGKAVA 
AtPti1-1          35 KPAPVAKHEVKKEALPIEVPPLSLDEVKEKTENFGSKALIGEGSYGRVYYATLNDGVAVA 
AtPti1-2          38 KPQAVVKPEAQKEALPIEVPPLSVDEVKEKTDNFGSKSLIGEGSYGRVYYATLNDGKAVA 
AtMAZZA           80 KPQAAVKPDALKEPPSIDVPALSLDELKEKTDNFGSKSLIGEGSYGRAYYATLKDGKAVA 
AtCARK6          112 KTPAPVKPPVLKEPPPIDVPAMSLVELKEKTQNFGSKALIGEGSYGRVYYANFNDGKAVA 
AtMARIS           40 RNPNAPRSGAPAKVLPIEIPSVALDELNRMAGNFGNKALIGEGSYGRVFCGKFKG-EAVA 
AtPti1-4          40 ASETAQKGPPVVKLQPIEVPIIPFSELKEATDDFGSNSLIGEGSYGRVYYGVLNNDLPSA 
AtPti1-9  36 GSETAQKGAQSVKVQPIEVAAILADELIEATNDFGTNSLIGEGSYARVYHGVLKNGQRAA 
AtPti1-8  35 QRADPPMNQPVVNMQPIAVPAIPVDELEDITENFSSEVLVGKGSYGRVFYGVLKSGKEAA 
SlPti1            35 ATESAQRETQTVNIQPIAVPSIAVDELKDITDNFGSKALIGEGSYGRVYHGVLKSGRAAA 
AtCARK1           36 QRADPPKNLPVIQMQPISVAAIPADELRDITDNYGSKSLIGEGSYGRVFYGILKSGKAAA 
AtPti1-11  35 QRADPPMNQPVIPMQPISVPAIPVDELRDITDNYGSKTLIGEGSYGRVFYGVLKSGGAAA 
 
 
AtPti1-6          74 LKKLDLAPEDETNTEFLSQVSMVSRLKHENLIQLVGYCVDENLRVLAYEFATMGSLHDIL 
AtPti1-1          95 LKKLDVAPEAETDTEFLSQVSMVSRLKHENLIQLLGFCVDGNLRVLAYEFATMGSLHDIL 
AtPti1-2          98 LKKLDVAPEAETNTEFLNQVSMVSRLKHENLIQLVGYCVDENLRVLAYEFATMGSLHDIL 
AtMAZZA          140 VKKLDNAAEPESNVEFLTQVSRVSKLKHDNFVELFGYCVEGNFRILAYEFATMGSLHDIL 
AtCARK6          172 VKKLDNASEPETNVEFLTQVSKVSRLKSDNFVQLLGYCVEGNLRVLAYEFATMRSLHDIL 
AtMARIS           99 IKKLDASSSEEPDSDFTSQLSVVSRLKHDHFVELLGYCLEANNRILIYQFATKGSLHDVL 
AtPti1-4         100 IKKLD--SNKQPDNEFLAQVSMVSRLKHDNFVQLLGYCVDGNSRILSYEFANNGSLHDIL 
AtPti1-9       96 IKKLD--SNKQPNEEFLAQVSMVSRLKHVNFVELLGYSVDGNSRILVFEFAQNGSLHDIL 
AtPti1-8          95 IKKLY--PTKQPDQEFLSQVSMVSRLHHENVVALMAYCVDGPLRVLAYEFATYGTLHDVL 
SlPti1            95 IKKLD--SSKQPDREFLAQVSMVSRLKDENVVELLGYCVDGGFRVLAYEYAPNGSLHDIL 
AtCARK1           96 IKKLD--SSKQPDQEFLAQVSMVSRLRQENVVALLGYCVDGPLRVLAYEYAPNGSLHDIL 
AtPti1-11         95 IKKLD--SSKQPDQEFLSQISMVSRLRHDNVTALMGYCVDGPLRVLAYEFAPKGSLHDTL 
 
 
AtPti1-6         134 HGRKGVQDALPGPTLDWITRVKIAVEAARGLEYLHEKVQPQVIHRDIRSSNILLFDDYQA 
AtPti1-1         155 HGRKGVQGAQPGPTLDWITRVKIAVEAARGLEYLHEKSQPPVIHRDIRSSNVLLFEDYKA 
AtPti1-2         158 HGRKGVQGAQPGPTLDWLTRVKIAVEAARGLEYLHEKVQPPVIHRDIRSSNVLLFEDYQA 
AtMAZZA          200 HGRKGVQGAQPGPTLDWIQRVRIAVDAARGLEYLHEKVQPAVIHRDIRSSNVLLFEDFKA 
AtCARK6          232 HGRKGVQGAQPGPTLEWMQRVRVAVDAAKGLEYLHEKVQPAVIHRDIRSSNVLIFEDFKA 
AtMARIS          159 HGRKGVQGAEPGPVLNWNQRVKIAYGAAKGLEFLHEKVQPPIVHRDVRSSNVLLFDDFVA 



AtPti1-4         158 HGRKGVKGAQPGPVLSWYQRVKIAVGAARGLEYLHEKANPHIIHRDIKSSNVLLFEDDVA 
AtPti1-9         154 HGRKGVKGAKPGPLLSWHQRVKIAVGAARGLEYLHEKANPHVIHRDIKSSNVLIFDNDVA 
AtPti1-8         153 HGQTGVIGALQGPVMTWQRRVKIALGAARGLEYLHKKVNPQVIHRDIKASNILLFDDDIA 
SlPti1           153 HGRKGVKGAQPGPVLSWAQRVKIAVGAAKGLEYLHEKAQPHIIHRDIKSSNILLFDDDVA 
AtCARK1          154 HGRKGVKGAQPGPVLSWHQRVKIAVGAARGLEYLHEKANPHVIHRDIKSSNVLLFDDDVA 
AtPti1-11        153 HGKKGAKGALRGPVMTWQQRVKIAVGAARGLEYLHEKVSPQVIHRDIKSSNVLLFDDDVA 
 
 
AtPti1-6         194 KIADFNLSNQSPDNAARLQSTRV-LGSFGYYSPEYAMTGELTHKSDVYGFGVVLLELLTG 
AtPti1-1         215 KIADFNLSNQAPDNAARLHSTRV-LGTFGYHAPEYAMTGQLTQKSDVYSFGVVLLELLTG 
AtPti1-2         218 KVADFNLSNQAPDNAARLHSTRV-LGTFGYHAPEYAMTGQLTQKSDVYSFGVVLLELLTG 
AtMAZZA          260 KIADFNLSNQSPDMAARLHSTRV-LGTFGYHAPEYAMTGQLTQKSDVYSFGVVLLELLTG 
AtCARK6          292 KIADFNLSNQAPDMAARLHSTRV-LGTFGYHAPEYAMTGQLTQKSDVYSFGVVLLELLTG 
AtMARIS          219 KMADFNLTNASSDTAARLHSTRV-LGTFGYHAPEYAMTGQITQKSDVYSFGVVLLELLTG 
AtPti1-4         218 KIADFDLSNQAPDMAARLHSTRV-LGTFGYHAPEYAMTGQLNAKSDVYSFGVVLLELLTG 
AtPti1-9         214 KIADFDLSNQAPDMAARLHSTRV-LGTFGYHAPEYAMTGQLSAKSDVYSFGVVLLELLTG 
AtPti1-8         213 KIGDFDLYDQAPNMAGRLHSCRMALGASRSHCPEHAMTGILTTKSDVYSFGVVLLELLTG 
SlPti1           213 KIADFDLSNQAPDMAARLHSTRV-LGTFGYHAPEYAMTGQLSSKSDVYSFGVVLLELLTG 
AtCARK1          214 KIADFDLSNQAPDMAARLHSTRV-LGTFGYHAPEYAMTGTLSTKSDVYSFGVVLLELLTG 
AtPti1-11        213 KIGDFDLSDQAPDMAARLHSTRV-LGTFGYHAPEYAMTGTLSSKSDVYSFGVVLLELLTG 
 
 
AtPti1-6         253 RKPVDHTMPRGQQSLVTWATPKLSEDTVEECVDPKLKGEYSPKSVAK------------- 
AtPti1-1         274 RKPVDHTMPRGQQSLVTWATPRLSEDKVKQCIDPKLKADYPPKAVAK------------- 
AtPti1-2         277 RKPVDHTMPRGQQSLVTWATPRLSEDKVKQCVDPKLKGEYPPKSVAK------------- 
AtMAZZA          319 RKPVDHTMPRGQQSLVTWATPRLSEDKVKQCVDPKLKGEYPPKAVAK------------- 
AtCARK6          351 RKPVDHTMPRGQQSLVTWATPRLSEDKVKQCVDPKLKGEYPPKAVAK------------- 
AtMARIS          278 RKPVDHTMPKGQQSLVTWATPRLSEDKVKQCIDPKLNNDFPPKAVAK------------- 
AtPti1-4         277 RKPVDHRLPRGQQSLVTWATPKLSEDKVKQCVDARLGGDYPPKAVAKVRNQTFHNLRLCL 
AtPti1-9         273 RKPVDHTLPRGQQSLVTWATPKLSEDKVKQCVDSRLGGDYPPKAVAK------------- 
AtPti1-8         273 RKPVDRTLPRGQQNLVTWATPKLSKDKVKQCVDARLLGEYPPKAVAK------------- 
SlPti1           272 RKPVDHTLPRGQQSLVTWATPRLSEDKVKQCVDARLNTDYPPKAIAK------------- 
AtCARK1          273 RKPVDHTLPRGQQSVVTWATPKLSEDKVKQCVDARLNGEYPPKAVAK------------- 
AtPti1-11        272 RKPVDHTLPRGQQSLVTWATPKLSEDKVKQCVDARLLGEYPPKAVGK------------- 
 
 
AtPti1-6         300 -------------------LAAVAALCVQYESNCRPKMSTVVKALQQLLIATGSIPQF-- 
AtPti1-1         321 -------------------LAAVAALCVQYEAEFRPNMSIVVKALQPLLKPPAAAPAPES 
AtPti1-2         324 -------------------LAAVAALCVQYESEFRPNMSIVVKALQPLLKPPAPAPAPVP 
AtMAZZA          366 -------------------LAAVAALCVQYESEFRPNMSIVVKALQPLLRSSTAAAVPVQ 
AtCARK6          398 -------------------LAAVAALCVQYEAEFRPNMSIVVKALQPLLRSATAAAPPTP 
AtMARIS          325 -------------------LAAVAALCVQYEADFRPNMTIVVKALQPLLNSKPAGPESTS 
AtPti1-4         337 RFRLHSLFLTSSYGDDDSQLAAVAALCVQYEADFRPNMSIVVKALQPLLNARAVAPGEGV 
AtPti1-9         320 -------------------LAAVAALCVQYEADFRPNMSIVVKALQPLLNARTGPAGEGA 
AtPti1-8         320 -------------------LAAVSARCVHYDPDFRPDMSIVVKALQPLLNSSRSSPQTPH 
SlPti1           319 -------------------MAAVAALCVQYEADFRPNMSIVVKALQPLLPRPVPS----- 
AtCARK1          320 -------------------LAAVAALCVQYEADFRPNMSIVVKALQPLLNPPRSAPQTPH 
AtPti1-11        319 -------------------LAAVAALCVQYEANFRPNMSIVVKALQPLLNPPRSAPQTPH 
 
 
AtPti1-6             ---- 
AtPti1-1         362 ---- 
AtPti1-2         365 ES-- 
AtMAZZA          407 EA-- 
AtCARK6          439 QP-- 
AtMARIS          366 ---- 
AtPti1-4         397 H--- 
AtPti1-9         361 P--- 
AtPti1-8         361 WNPY 
SlPti1               ---- 
AtCARK1          361 RNPY 
AtPti1-11        360 RNPY 
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Abstract 

Root development is governed by small stem cell populations, which give rise to an organized 

system of cell files with distinct functions. Within the meristematic zone at the root tip stem 

cell descendants divide frequently and eventually differentiate. The transition from proliferation 

to differentiation is influenced by small secreted peptides of the CLAVATA3 (CLV3)/ 

EMBRYO SURROUNDING REGION (ESR)-related (CLE) family. Increased CLE 

concentrations cause premature root meristem (RM) differentiation, which leads to drastic 

reduction of root length. CLE peptides are perceived by leucine-rich repeat (LRR) receptor-like 

kinases (RLKs), e.g. by CLAVATA1 (CLV1) and the related BARELY ANY MERISTEM1 

– 3 (BAM1 – 3) receptors. CLE perception in the root additionally relies on a heteromeric 

complex of CLAVATA2 (CLV2) and CORYNE (CRN). Previously, CRN was reported to act 

in the developing phloem to mediate systemic CLE responses by controlling BAM3 availability 

at the PM. However, the expression domain of CRN in the RM includes not only the phloem 

but is extended to various cell files of the RM. Here, we found that CRN expression in tissues 

beyond the context of phloem development is also sufficient for CLE-triggered RM 

differentiation. Furthermore, our data suggest that CRN-dependent CLE signaling pathways 

can non-cell-autonomously control RM differentiation in the transition zone. Our results hint 

to a complex situation of CLE signaling in the RM, where CRN together with CLV2 could act 

as a global regulator of CLE peptide perception.  
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Introduction  

Postembryonic development in plants depends on meristems, which provide undifferentiated 

stem cells for the generation of new tissues and organs. Meristem homeostasis, i.e. the balance 

between proliferation to enlarge the pool of stem cells and differentiation to exit from the stem 

cell domain, is crucial to guarantee coordinated growth. Therefore, mechanisms evolved to 

dynamically define stem cell domains. In the dome-shaped shoot apical meristem (SAM) of 

Arabidopsis thaliana, which gives rise to most aerial parts of the plant, stem cell fate is 

regulated via a negative feedback loop between stem cells of the central zone (CZ) and 

quiescent cells in a region underneath, called the organizing center (OC) (Stahl and Simon, 

2005). WUSCHEL (WUS), a mobile, stem cell promoting homeodomain transcription factor, 

moves through plasmodesmata (PD) from the OC to the CZ to establish the stem cell niche 

(Laux et al., 1996; Mayer et al., 1998; Yadav et al., 2011; Daum et al., 2014). Stem cells express 

CLAVATA 3 (CLV3), a member of the CLE gene family (Fletcher et al., 1999; Cock and 

McCormick, 2001). The CLV3 precursor protein is cleaved, post-translationally modified, and 

secreted to the apoplast (Rojo et al., 2002; Ohyama et al., 2009; Shinohara and Matsubayashi, 

2013). CLV3 peptide (CLV3p) diffuses towards the OC and binds to the extracellular LRR 

domain of the cell surface located RLK CLV1 to stimulate an intracellular signaling cascade 

that causes the repression of WUS expression. Hence, the stem cell derived CLV3p transmits a 

stem cell fate repressive signal, establishing a feedback regulated non-cell autonomous 

communication system (Fletcher et al., 1999; Schoof et al., 2000; Brand et al., 2000).  

At receptor level, several proteins besides CLV1 participate in stem cell maintenance in the 

shoot, like the close CLV1 homologs BAM1 – 3, the LRR-RLK RECEPTOR-LIKE PROTEIN 

KINASE2 (RPK2), and the receptor-like protein (RLP) CLV2 together with CRN (Somssich et 

al., 2016b). Genetical and physical interactions of those proteins contribute to the formation of 

intertwined CLE perception complexes at the plasma membrane (PM) (Nimchuk et al., 2015; 

Somssich et al., 2015). Yet, the spatio-temporal dynamics underlying are not fully understood, 

partially owing to the morphological complexity of the SAM.  

The meristematic zone at the root tip orchestrates subterrestrial development. Its stem cell niche 

comprises few organizing cells of the quiescent center (QC) surrounded by stem cells, also 

called initials. While the stem cells distal to the QC contribute to the reservoir of columella 

cells, lateral and proximal initials give rise to distinct files of epidermis, cortex, endodermis, 

pericycle, and the vascular tissues phloem, xylem, and procambium in the stele. Along the root 

axis initial daughter cells proliferate within the meristematic zone, substantially increase their 

cell length in the elongation zone, and finally enter the differentiation zone (Petricka et al., 
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2012). The RM structurally differs from the SAM, yet many signaling elements that regulate 

the stem cell domains are conserved or functionally related (Sarkar et al., 2007). For instance, 

QC cells express WUSCHEL RELATED HOMEOBOX5 (WOX5) encoding a close WUS 

homolog that moves through PD towards neighboring cells and promotes columella stem cell 

(CSC) fate. Furthermore, WOX5 counteracts differentiation in the proximal stem cell domain, 

but depends there on other transcription factors like the SCARECROW (SCR) / SHORTROOT 

(SHR) module or the PLETHORA proteins (Sarkar et al., 2007). However, a recent study 

revealed that mobility of WOX5 is not mandatory for CSC maintenance, thus, WOX5 could 

mediate stem cell fate only indirectly (Berckmans et al., 2020).  

CLV3 expression is restricted to shoot meristems, but several other CLE peptides are involved 

in stem cell regulation in the root. Among 26 CLE peptides in Arabidopsis, which are encoded 

by 32 CLE genes, at least 19 trigger severe root length reduction when supplied to the growth 

media (Ito et al., 2006; Kondo et al., 2011; Goad et al., 2017). However, this list of root-active 

CLE peptides reflects high functional redundancy within the CLE family rather than specific 

action of all single CLE genes in RM control, because it includes non-root expressed CLEs like 

CLV3, CLE8, or CLE21 (Hobe et al., 2003; Jun et al., 2010). Overexpression of CLE genes or 

exogenous CLE peptide application promote premature differentiation of proximal stem cell 

daughters in the RM due to reduced cell division rates, which gradually leads to the 

consumption of the meristematic zone. Yet, the identity of the QC and initials are not primarily 

affected by these processes (Casamitjana-Martı́nez et al., 2003; Fiers et al., 2004, 2005; Meng 

and Feldman, 2010). CLE peptide signaling in the context of RM differentiation depends on 

CRN and CLV2, since crn and clv2 mutants are resistant to CLE-induced root shortening (Fiers 

et al., 2005; Müller et al., 2008; Miwa et al., 2008). How CRN and CLV2 contribute to CLE 

perception is not clear. The two proteins form heteromers, which is obligatory for their proper 

PM-localization, and together they resemble the structure of an LRR-RLK. However, it is 

unlikely that CRN/CLV2 alone can perceive and transmit CLE signals, since CLV2 failed to 

bind CLE peptides in vitro and CRN lacks kinase activity under standard conditions 

(Bleckmann et al., 2010; Nimchuk et al., 2011; Shinohara and Matsubayashi, 2015).  

Among the few CLE genes with known functions in RM development, the peptide product of 

CLE40 has the highest sequence similarity to CLV3p. CLE40 is expressed in columella cells 

and in the stele starting from the late meristematic zone (Hobe et al., 2003; Stahl et al., 2009). 

Thus, unlike CLV3, CLE40 is expressed in differentiated cells and not stem cells. When 

expressed from the CLV3 promotor, CLE40 can rescue the shoot defects of clv3 mutants, 

indicating that both peptides can likely interact with the same repertoire of receptors (Hobe et 
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al., 2003). In the distal RM CLE40 promotes differentiation of CSCs via CLV1 and the non-

LRR-RLK ARABIDOPSIS CRINKLY4 (ACR4), as excess of CLE40p causes loss of the CSC 

layer, while disturbed CLE40 signaling results in additional layers of CSCs (Stahl et al., 2009, 

2013). Notably, cle40 mutants are characterized by reduced root length, thus, display a similar 

phenotype as CLE40p-treated plants (Hobe et al., 2003). This observation indicates that a 

CLE40-specific signaling pathway represses differentiation, in parallel to a CLE dependent 

pathway, activated by a range of different CLE peptides, that promotes differentiation (Pallakies 

and Simon, 2014). 

Apart from CLE40, CLE genes that are assigned to specific functions in the RM include 

CLE9/10 and CLE45, which both control vascular differentiation. The two genes CLE9 and 

CLE10 encode the identical mature CLE peptide and negatively regulate periclinal cell 

divisions in xylem precursor cell files (Kondo et al., 2011; Qian et al., 2018). CLE9/10p bind 

the extracellular receptor domain of BAM1 and this perception is critical for proper xylem 

development, since CLE9/10p treatment does not cause severe reduction of the xylem file 

number in bam1 mutants but in wild type samples. However, bam1 mutants are not resistant to 

exogenous application of CLE9/10p regarding premature differentiation of the proximal RM 

(Shinohara et al., 2012; Shimizu et al., 2015; Qian et al., 2018).  

CLE45 has a key role in early phloem development. CLE45 is expressed in the sieve element 

(SE) precursor cells and their descendants in the protophloem SE (PPSE) file, where CLE45p 

mediates signaling that inhibits PPSE differentiation (Depuydt et al., 2013; Rodriguez-Villalon 

et al., 2014). Genetic and biochemical data place BAM3 as the main CLE45p receptor (Hazak 

et al., 2017). Proper localization of BAM3 at the PM of developing PPSEs depends on the 

presence of CRN/CLV2, which interact with BAM3. The PM-associated protein OCTOPUS 

(OPS) displays subcellular polarity within the PPSE files and disturbs interaction between 

BAM3 and CRN, thereby counteracting CLE45-BAM3 signaling and adding an additional level 

of phloem-specific CLE45 signaling (Depuydt et al., 2013; Rodriguez-Villalon et al., 2014; 

Breda et al., 2017, 2019). A recent study found that also RPK2 specifically contributes to the 

precise cell fate decisions within phloem differentiation by perceiving CLE45p in the PPSE-

surrounding cell files to repress PPSE identity there (Gujas et al., 2020). 

Impaired phloem differentiation systemically affects RM development by restricting access of 

nutrients as well as signaling molecules. Thus, premature RM differentiation of CLE peptide 

treated plants could be an indirect consequence of CLE responses in developing PPSEs via 

BAM3 and CRN/CLV2. In line, re-introducing CRN solely in the developing PPSEs, is 

sufficient to fully restore the sensitivity of crn mutants for CLE-induced premature RM 
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differentiation (Hazak et al., 2017). This suggests that, within RM homeostasis, CRN mainly 

functions to regulate CLE45 signaling by controlling the amount of available BAM3 at the PM 

of developing PPSEs. However, crn mutants are resistant to a range of CLE peptides concerning 

premature RM differentiation, which are not known to bind to the receptor domain of BAM3, 

while bam3 mutants are specifically resistant to CLE45p (Depuydt et al., 2013). Furthermore, 

native expression of both, CRN and CLV2, within the RM is not restricted to the BAM3 

expression domain (Somssich et al., 2016a).  

To extend the understanding of CLE peptide signaling in the context of RM differentiation, we 

analyzed the impact of CRN/CLV2 on CLE perception in other tissues than developing PPSEs. 

Our data reveal that CRN functions in different cell types of the RM, and even CRN activity in 

few cells of the QC is apparently sufficient to induce the typical CLE signaling outcomes.  
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Results 

CLE signaling impacts root development by dynamically controlling differentiation of RM 

cells. Root shortening of Arabidopsis wild type plants caused by premature RM differentiation 

at elevated CLE peptide concentrations in the growth media is macroscopically observable (Fig. 

1 A). Thus, it can serve as an easily to monitor indicator for functional CLE signaling. The null 

allele crn-10 confers resistance to the application of exogenous CLE peptides regarding root 

shortening (Fig. 1 B), and CRN expression in the BAM3 domain is sufficient to rescue crn-10 

mutants (Hazak et al., 2017). However, native CRN expression in the RM is not limited to the 

BAM3 domain, i.e. developing PPSEs, but comprises in the entire RM including the QC and 

the stem cell niche (Fig. 2, (Müller et al., 2008; Somssich et al., 2016a)).  

To decipher CRN function within different subdomains of its endogenous expression domain 

we constructed several promotor lines mediating the tissue specific expression of a CRN-

mVenus fusion in the crn-10 background. The obtained stable Arabidopsis lines were subjected 

to peptide assays to elucidate their capability for CLE signaling. Peptide effects on plant 

development were accessed over time by monitoring root length from 5 days after germination 

(DAG) until 14 DAG. In general, growth defects of CLE-sensitive plants accumulated during 

this period, i.e. consequences of constitutive high CLE signaling became most obvious the 

longer the seedlings were cultivated. In contrast, resistance of crn-10 mutants was not 

dampened even after 2 weeks of CLE treatment (Fig. 1 B). To evaluate potential differential 

perception of distinct CLEs peptides, our assays included CLV3p, CLE40p, and CLE45p, 

which all cause root shortening of Col-0 seedlings when externally applied (Fig. 1 A) and, thus, 

can be considered as root-active.  

CRN expression in the BAM3 domain restores CLE sensitivity  

First, we aimed to confirm the developing PPSEs as one of the mayor sites of CRN function in 

CLE sensing. Therefore, independent transgenics expressing CRN-mVenus under the control of 

the BAM3 promotor in crn-10 mutants were generated. In line with Hazak et al. 2017, our 

reporter fully rescued crn-10 in terms of premature RM differentiation after CLE peptide 

treatment. The reduction of root length of BAM3:CRN-mVenus//crn-10 lines was as strong as 

in Col-0 plants and comparable to lines with the endogenous CRN promotor (CRN:CRN-

mVenus//crn-10, Fig. 2 A – B’’, Suppl. Fig. 1 A, B). Furthermore, crn-10 mutants expressing 

the CRN-mVenus fusion under the control of the BAM3 promotor are sensitive against all three 

tested CLE peptides, which is in line with the previous report of Hazak et al. 2017. The 

subcellular localization of CRN-mVenus within the BAM3 expression domain is not restricted 
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to the PM, but fluorescence signals are detectable in the entire cell besides of the nucleus (Fig 

3 B). Since the BAM3 promotor mediates higher expression than the native CRN promotor, the 

ratio of CRN and CLV2, which is mandatory for CRN transport to the PM, might be 

unbalanced. Notably, the PM distribution of CRN-mVenus within the developing SEs shows 

polarity with higher signal intensity at the apical and basal ends of each cell, potentially 

reflecting CRN interaction with the phloem file-specific, polar-localized protein OPS (Breda et 

al., 2019).  

CRN expression in the SCR expression domain restores CLE sensitivity  

Crn-10 mutants harboring the expression cassette SCR:CRN-mVenus are also sensitive against 

CLE peptide treatment (Fig 2 C – C’’, Suppl. Fig 1 C). CRN presence in the SCR domain, i.e. 

the endodermis and QC, is sufficient to re-establish active CLE peptide perception in the RM. 

This observation reveals that CRN can mediate CLE-induced premature RM differentiation 

independent of BAM3, which is not present in the SCR domain. Root shortening of SCR:CRN-

mVenus lines is at a comparable level after treatment with CLV3p, CLE40p, and CLE45p, 

respectively. Thus, CLE45p can be perceived by other receptors than BAM3. One candidate 

for alternative CLE45p perception is RPK2 that was already reported to participate in phloem-

specific CLE45 signaling and that is also expressed within the SCR domain (Racolta et al., 

2018; Gujas et al., 2020).  

Root shortening of SCR:CRN-mVenus//crn-10 lines is substantially, but appears to be slightly 

delayed in comparison to Col-0 with less pronounced root length reduction between 5 and 7 

DAG. This could suggest different timing of CRN signaling in endodermis and the QC in 

comparison to developing SEs, with faster CLE responses in the phloem tissue. Alternatively, 

the effect might be due to the experimental setup. Since peptides are supplied externally, the 

CLEs may be transported within the vascular bundles and therefore, concentrations could rise 

faster in those tissues. The subcellular localization of CRN in the SCR domain is only partially 

at the PM, while fluorescence signals derived from intracellular structures, like vesicles or the 

ER, are predominantly present (Fig. 3 C). This can be explained with insufficient amounts of 

CLV2 partner proteins for efficient CRN transport to the PM. However, the amount of CRN at 

the PM in the SCR:CRN-mVenus lines allows functional CLE perception.    

CRN expression in the WOX5 domain restores CLE sensitivity  

To further narrow down the place of action of CRN we constructed transgenic lines expressing 

CRN-mVenus under the control of the WOX5 promotor that mediates expression predominantly 

in the QC, but also in the initials of the proximal RM (Fig. 2 D, 3 D). Although covering only 
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a comparably small part of the native CRN expression domain, WOX5:CRN-mVenus lines can 

restore CLE peptide sensitivity. However, the effect is only observable from 10 DAG and the 

three tested CLE peptides cause different signaling outputs (Fig. 2 D’ – D’’). While CLE40p 

treatment triggers root length reduction already at concentrations of 10 nM, CLV3p affects root 

length at concentrations of 100 nM or higher. Notably, application of CLE45p does not induce 

root shortening of the tested WOX5:CRN-mVenus lines at all, suggesting that the WOX5 

expression domain lacks a signaling component, which is mandatory for CLE45p perception, 

but not for sensing of other CLE peptides like CLV3p or CLE40p.  Furthermore, we noticed 

that a second independent WOX5:CRN-mVenus line was less sensitive to CLE peptide treatment 

in general, indicating that CRN-dependent CLE responses in the WOX5 domain could rely on 

precise CRN expression levels (Suppl. Fig. 1 D).  

The observation that CRN-dependent CLE signaling in the QC and first proximal initials can 

affect processes in other tissues, i.e. RM differentiation in the transition zone, suggest a non-

cell-autonomous regulation, potentially by controlling the distribution or production of a 

phytohormone.  
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Discussion  

CLE signaling pathways affect overall root development. Yet, it is an open question whether 

the massive reduction of proximal meristem size and root length after non-specifically 

increasing CLE concentrations is due to local, tissue-specific developmental changes, or caused 

by a general mechanism that alters the ratio of division and differentiation in all cell files of the 

meristematic zone.   

CRN-dependent CLE signaling limited to developing PPSEs is sufficient to restore CLE 

sensitivity of crn-10 mutants regarding premature RM differentiation (Hazak et al., 2017). This 

observation could reflect that responses of exogenous CLE treatment are primarily integrated 

in the BAM3 domain, causing disruptions in phloem development, which then determine overall 

RM differentiation. Indeed, by suppling photoassimilates and transporting signaling molecules 

like the phytohormone cytokinin or small RNAs to the RM, the phloem has an important impact 

on root architecture (Lucas et al., 2001; Bishopp et al., 2011). Furthermore, cells of the phloem 

strand differentiate earlier than all surrounding cells (Blob et al., 2018). The CLE45-BAM3 

module, which depends on the presence of CRN/CLV2, might even function cell-

autonomously, which is a rather untypical mode of action for CLE peptides (Breda et al., 2019).  

However, our data now provide evidence that CLE signaling pathways that trigger premature 

RM differentiation and root shortening, not necessarily depend on phloem-specific CLE 

perception. Instead, CRN expression, for example, in the SCR domain is also sufficient to re-

establish CRN-dependent CLE responses in crn-10 mutants. Still, the SCR expression domain 

includes all developmental stages along the root axis, i.e. organizer (QC), stem cells 

(cortex/endodermis initials), endodermis precursor cells in the meristematic zone, cells in the 

transition to differentiation, and differentiated endodermis cells. To further dissect these areas, 

we used the WOX5 promotor for the crn-10 rescue experiments. Interestingly, CRN expression 

in the small WOX5 domain restores CLE responses in the crn-10 mutant background, at least 

partially.  Since the WOX5 promotor additionally drives expression at low levels in the proximal 

initials, we cannot exclude that the observed partial rescue is mediated there rather than in the 

QC. Furthermore, CLE40p treatment leads to an expansion of the WOX5 expression domain 

towards the vasculature initials. Because this upregulation was strongly reduced in a clv2 

mutant background, it is assumable that the control of WOX5 expression is dependent on CLV2, 

and most likely on CRN (Stahl et al., 2009; Berckmans et al., 2020). Expressing CRN under the 

WOX5 promotor could therefore establish a positive feedforward regulation. Continuous CLE 

treatment may increase the area of CRN expressing cells, making those susceptible for CLE-
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mediated WOX5 upregulation. These processes could explain the delayed response of 

WOX5:CRN-mVenus//crn-10 seedlings to CLE treatment, which show significant root length 

reduction only 10 DAG (Fig 2 D’’). However, even if the WOX5 expression domain is extended 

at elevated CLE concentrations, it is spatially separated from the transition zone. Thus, the 

CRN-dependent CLE perception in the WOX5 expression domain non-cell-autonomously 

triggers premature RM differentiation in the transition zone. 

Gradual RM consumption after enhanced CLE signaling is a consequence of premature 

transition from division to differentiation. The transition zone is positioned by an auxin 

minimum that correlates with a cytokinin maximum (dello Ioio et al., 2007; di Mambro et al., 

2017). Thus, it is likely that phytohormone signaling and CLE pathways are interconnected to 

determine the developmental status within the RM. In the SAM cytokinin promotes WUS 

expression and WUS represses negative regulators of cytokinin responsive gene expression 

(Leibfried et al., 2005; Gordon et al., 2009). In contrast, in the root cytokinin represses WOX5 

expression (Pernisova et al., 2018). Another indication for a role of cytokinin within CLE 

signaling in the root is that double mutants of class-B ARABIDOPSIS RESPONSE 

REGULATOR 10 (ARR10) and ARR12, encoding cytokinin inducible transcription factors, are 

resistant to CLE-mediated repression of protoxylem differentiation (Kondo et al., 2011). 

However, arr10 arr12 plants are not resistant to CLE-induced root shortening, suggesting that 

the premature differentiation of the proximal RM and cell division in the protoxylem are 

differentially regulated.  

Thus, it remains unresolved, how a putative integration of CLE signaling into auxin/cytokinin 

interactions is realized. CLE responses may interfere with key mediators of the auxin/cytokinin 

antagonism, like SHORT HYPOCOTYL 2 (SHY2) (dello Ioio et al., 2008). Furthermore, CLE 

signaling could impact polar auxin transport (PAT), e.g. by regulating expression of PIN-

FORMED (PIN) genes, that encode polar auxin efflux carriers (Blilou et al., 2005).  

Crosstalk with phytohormone pathways in general could explain how independent loci of CRN 

mediated CLE perception, like PPSEs and the endodermis, can systemically influence RM 

maintenance. Still, a major open question is, if different CRN expression domains share the 

same mode of CLE perception, e.g. CLV2/CRN via broadly expressed receptors like BAM1 or 

RPK2. Alternatively, cell file specific CLE perception could activate distinct signaling cascades 

that individually rely on CRN/CLV2 presence, and which cause the same output, i.e. root 

shortening, when overcharged. Additionally, cell-file specific CLE pathways, e.g. via CLE45 

or CLE9/10, which not necessarily need to be involved in the signaling cascades that cause 
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premature differentiation of the proximal RM, contribute to the complexity of CLE signaling 

in the RM.  

Therefore, deciphering the molecular mode of action of the CLV2/CRN module will be of high 

interest. Since the heteromer is probably not capable to perceive and transmit CLE signals 

intrinsically, its function is likely characterized by regulating other receptors. For instance, 

CRN/CLV2 could stabilize receptor complexes at the PM (Somssich et al., 2015). Possibly, 

CRN may function in mediating the transport of RLKs to the PM, which is indicated by the 

observation that the subcellular localization of BAM3 at the PM is less pronounced in crn-10 

mutant background than in the wild type (Hazak et al., 2017). Future work needs to clarify these 

mechanisms, as well as the involved receptors. 

Our study underlines that the CRN/CLV2 module has a major, but multifaceted role in CLE 

signaling and RM development.  
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Material and Methods 

Information on chemicals used in the described experiments are accessible in Suppl. Tab. 1.  

Plant material and growth conditions 

The Arabidopsis thaliana (L.) Heynh. ecotype Columbia-0 (Col-0) is the genetic background 

of all deployed plants in this study. The crn-10 mutant was described earlier (Nimchuk, 2017). 

To verify the presence of the allele a dCAPS strategy was applied with the oligomers 5’-GTAG 

AAGCAGCAATGAAGCAAAGAAGAAGGTG-3’ and 5’-GTGTAGATGATGTTGAAGTT 

GTGGATAAGTG-3’ and subsequent HphI digestion. Arabidopsis seeds were sterilized in a 

chloric gas atmosphere (1 h in a desiccator after mixing 50 ml of 13 % w/v sodium hypochlorite 

with 1 ml 37 % HCl) and sowed on ½ MS agar plates (1 % w/v sucrose, 0.22 % w/v MS salts 

+ B5 vitamins, 0.05 % w/v MES, 12 g/l plant agar, adjusted to pH 5.7 with KOH) in 

phytocabinets (continuous light, 60 % humidity, and 21 °C). For cultivation on soil seeds were 

sterilized in ethanol solution (10 min in 80 % v/v ethanol, 1.3 % w/v sodium hypochlorite, 

0.02 % w/v SDS) and kept in phytochambers under long day (LD) conditions (16 h light / 8 h 

dark) at 21 °C. 

Cloning 

The expression cassettes combining different promotors with the CRN-mVenus sequence were 

assembled following the GreenGate strategy (Lampropoulos et al., 2013). The CRN coding 

sequence, the CRN promotor (1.7 kb), the BAM3 promotor (2 kb), the SCR promotor (2.5 kb), 

and the WOX5 (4.6 kb) promotor were PCR-amplified (with Phusion High-Fidelity PCR 

polymerase) from genomic DNA prepared of Col-0 rosette leaves with oligos listed in Suppl. 

Tab. 2 and introduced to entry vectors. To eliminate internal BsaI recognition sites, site-directed 

mutagenesis with the QuikChange II kit according to manufacturer’s protocol (Agilent 

Technologies) was applied. Final binary expression plasmids were combined of the desired 

promotor entry plasmid, pGGB002, CRN/pGGC, mVenus/pGGD, pGGE009, pGGF008, and 

pGGZ001 (Lampropoulos et al., 2013). 

To amplify plasmid DNA, competent Escherichia coli DH5α cells were heat-shock transformed 

and cultivated on selective LB medium (1 % w/v tryptone, 0.5 % w/v yeast extract, 0.5 % w/v 

NaCl). After plasmid DNA purification via commercial kits, the plasmids were validated by 

restriction digest and Sanger sequencing.  
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Stable transformation of A. thaliana 

All transgenic A. thaliana lines in this study are in the crn-10 mutant background. Parental crn-

10 plants were transformed 4 – 6 weeks after germination via the floral dip method using A. 

tumefaciens GV3101 pMP90 pSoup previously transformed with desired binary vectors 

(Clough and Bent, 1998). Subsequently, plants were kept under high humidity overnight at 

room temperature and cultivated in long day phytochamber conditions until harvest. The t1 

generation was screened for positive transformants by spraying 120 mg/ml BASTA® solution, 

containing DL-phosphinothricin (PPT). T2 plants were selected by sowing seeds of resistant t1 

plants on ½ MS agar plates supplied with 10 µg/ml PPT. Positive plants were further amplified 

for identification of homozygous lines. The transgenic lines generated in this study are listed in 

Suppl. Tab. 3.  

Confocal microscopy and tissue staining  

In vivo fluorescence microscopy was performed at the Zeiss LSM 780 equipped with a C-

Apochromat 40x/1.20 water objective. To image mVenus fluorescence samples were excited 

with an argon laser at 514 nm and emission was detected at 520 – 550 nm by with a GaAsP 

detector. Cell walls of the analyzed root samples with PI at a final concentration of 25 µM was 

visualized by excited the samples with a Diode-pumped solid state (DPSS) laser at 561 nm and 

detecting emission via a photomultiplier tube (PMT) at 590 – 650 nm. Images were acquired 

with ZEN (Zeiss, Black Version) and processed with ImageJ v 1.51 (Schneider et al., 2012).  

Root length assays 

The effects of CLE peptide treatment on root growth were analyzed by cultivating seedlings on 

½ MS agar plates (squared) supplied with CLV3p, CLE40p, or CLE45p at indicated 

concentrations. The respective transgenic lines were co-cultivated with wild type (Col-0), and 

crn-10 mutants on the same plate. The plates were kept upright in continuous light, 21°C, and 

60 % humidity (phytocabinet). Root growth was accessed 5, 7, 10, and 14 DAG by scanning 

the plates and using ImageJ to measure the root lengths. For each condition 11 – 42 single roots 

were measured. The plotted data are normalized to the mean of the analyzed genotype under 

mock conditions at the respective timepoint. Graphs and statistical analyses were done with 

Prism v.8.     
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Figure 1 CLE peptides impact root development via CRN-dependent signaling. 

Effect of different CLE peptides at increasing concentrations on root growth of wild type plants 
(A, Col-0) and crn-10 mutants (B). Root length was measured 5, 7, 10, and 14 DAG and data 
were normalized to the corresponding sample grown on ½ MS agar plates without peptide 
supplementation. Means (±  SEM) are plotted, p-values testing differences to the corresponding 
mock samples were calculated by ANOVA and Dunnett´s post hoc test, with * for p ≤ 0.05, ** 
for p ≤ 0.01, *** for p ≤ 0.001, and **** for p ≤ 0.0001. 
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Figure 2 Tissue specific expression of CRN-mVenus restores CLE peptide sensitivity of crn-
10 mutants.  

Transgenic lines were constructed identically, besides of the utilized promotor sequences, 
which are the native CRN promotor (A – A’’), the BAM3 promotor (B – B’’),  the SCR promotor 
(C – C’’), and the WOX5 promotor (D – D’’), respectively. Expression patterns observed via 
CLSM match the previously described promotor activities. A, B, C, D show mVenus signals 
only and A’, B’, C’, D’ display merges of mVenus and PI channels (seedlings 5 DAG, grown 
on ½ MS). Scale bars: 50 µm. In A’’, B’’, C’’, D’’ means (± SEM) of normalized root length 
of the corresponding reporter lines are plotted at indicated peptide concentrations and time 
points (DAG). P-values testing differences to the corresponding mock samples were calculated 
by ANOVA and Dunnett´s post hoc test, with * for p ≤ 0.05, ** for p ≤ 0.01, *** for p ≤ 0.001, 
and **** for p ≤ 0.0001. 
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Figure 3 Subcellular localization of CRN-mVenus fusions in crn-10 mutants after expression 
under different promotors.   

A, A’ The native CRN promotor mediates expression in the proximal RM including the QC. 
The fluorescent protein product is predominantly found at the PM. B, B’ Expressed under the 
BAM3 promotor, CRN-mVenus is present in the developing phloem files and located at the PM 
with higher signal intensity at the basal and apical sides of each cell. Additionally, fluorescence 
is detectable in the entire cell besides the nucleus. C, C’ The SCR promotor restricts expression 
to the endodermis file including the QC. CRN-mVenus is detectable at the PM, but mainly 
within intracellular structures. D, D’ Expression under the control of the WOX5 promotor is 
found in the QC. Faint signals are detectable in the proximal initials. Fluorescence signals can 
be detected at the PM, but mainly intracellularly. A’, B’, C’ display merges of mVenus signals 
with propidium iodide (PI) cell wall staining. Asterisks mark the position of the QC. Scalebars: 
25 µm (A – B’), 10 µm (C – D’). 
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Supplemental material  

 

 

 

Supplemental Figure 1 Tissue specific expression of CRN-mVenus restores CLE peptide 
sensitivity of crn-10 mutants.  

Normalized root length data as shown and described in Fig. 2 for a second independent 
transgenic line of each analyzed promotor construct. For details see Fig. 2.  
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Supplemental Figure 2 Shoot phenotype of crn-10 mutants harboring different tissue specific 
CRN-mVenus expression constructs.    

Mean carpel number per silique was determined from 6 – 8-weeks-old plants grown in long day 
conditions to evaluate the capability of the generated promotor constructs to rescue the typical 
increased organ phenotype of crn-10 mutants. While the native CRN promotor fully rescues 
the crn-10 carpel number phenotype, all other promotor lines displayed higher mean carpel 
numbers per silique than the Col-0 wild type. P-values testing differences to the Col-0 sample 
were calculated by ANOVA and Dunnett´s post hoc test, with ** for p ≤ 0.01, and **** for p 
≤ 0.0001. 
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Supplemental Table 1 Chemicals utilized for the described experiments.  

 
 
 
 
Supplemental Table 2 Oligonucleotides for amplification of insert sequences for entry plasmid 
construction. 
 

 
 

 

Supplemental Table 3 Stable transgenic A. thaliana lines generated in this study.  

 

 

 

Name Producer/Source Product no. CAS no. 
BASTA® non-selective herbicide Bayer CropScience 84442615 N/A
Carbenicillin disodium salt Carl Roth 6344.2 4800-94-6
DL-phosphinothricin (PPT) Duchefa Biochemie bv P0159  77182-82-2
Gentamicin sulfate Sigma-Aldrich (Merck) G1264 1405-41-0 
MES hydrate Sigma-Aldrich (Merck) 10240885 1266615-59-1
Murashige & Skoog Medium (+Gamborg B5 vitamins) Duchefa Biochemie bv M0231.0050 N/A
Phusion High-Fidelity PCR polymerase Thermo Fisher Scientific F530S N/A
Propidium iodide (PI) Thermo Fisher Scientific P1304MP 25535-16-4
Rifampicin TCI R0079 13292-46-1
Spectinomycin HCl pentahydrate Duchefa Biochemie bv S0188 22189-32-8
Synthetic CLV3 (RCV[Hyp]SG[Hyp]DPLHHH) Peptides & Elephants costumized N/A
Synthetic CLE40 (RQV[Hyp]TGSDPLHHK) Peptides & Elephants costumized N/A
Synthetic CLE45 (RRVRRGSDPIHN) Peptides & Elephants costumized N/A
Tetracycline Sigma-Aldrich (Merck) 87128 60-54-8 

Sequence Forward Revers
CRN coding sequence 
(w/ introns, w/o STOP) 

AAAGGTCTCAGGCTTAATGAAGCAAAGAAGAAG TTTGGTCTCACTGAAAAAGCTGTGCAGTT

CRN  promotor (1.7 kb) AAAGGTCTCAACCTTAAAGATGCATAGGCT TTTGGTCTCATGTTCATTGCTGCTTCTAC

BAM3  promotor (2 kb) AAAGGTCTCAACCTGATCACATACCACATTGATCTGC AAAGGTCTCATGTTGGCTCACTATGTTCTGGAGTTG

SCR  promotor (2.5 kb) AAAGGTCTCAACCTCCACCACCGTCAAC AAAGGTCTCATGTTGGAGATTGAAGGGTTGTTGG

WOX5  promotor (4.7 kb) AAAGGTCTCAACCTAAAGACTTTTATCTACCAACTTC ATAGGTCTCATGTTCGTTCAGATGTAAAGTCC

Name Transgene description Plant resistance
CRN:CRN-mVenus//crn-10 pCRN:Ω-CRN-mVenus:tUBQ10<<pNOS:BastaR:pNOS Phosphinothricin/BASTA®
BAM3:CRN-mVenus//crn-10 pBAM3:Ω-CRN-mVenus:tUBQ10<<pNOS:BastaR:pNOS Phosphinothricin/BASTA®
SCR:CRN-mVenus//crn-10 pSCR:Ω-CRN-mVenus:tUBQ10<<pNOS:BastaR:pNOS Phosphinothricin/BASTA®
WOX5:CRN-mVenus//crn-10 pWOX5:Ω-CRN-mVenus:tUBQ10<<pNOS:BastaR:pNOS Phosphinothricin/BASTA®
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SUMMARY

Plants continuously elaborate their bodies through
post-embryonic, reiterative organ formation by api-
cal meristems [1]. Meristems harbor stem cells,
which produce daughter cells that divide repeatedly
before they differentiate. How transitions between
stemness, proliferation, and differentiation are pre-
cisely coordinated is not well understood, but it is
known that phytohormones as well as peptide
signals play important roles [2–7]. For example, in
Arabidopsis thaliana root meristems, developing
protophloem sieve elements (PPSEs) express
the secreted CLAVATA3/EMBRYO SURROUNDING
REGION-RELATED 45 (CLE45) peptide and its
cognate receptor, the leucine-rich repeat receptor
kinase (LRR-RK) BARELY ANY MERISTEM 3
(BAM3). Exogenous CLE45 application or transgeni-
cally increased CLE45 dosage impairs protophloem
formation, suggesting autocrine inhibition of PPSE
differentiation by CLE45 signaling. Since CLE45 and
BAM3 are expressed throughout PPSE develop-
ment, it remains unclear how this inhibition is eventu-
ally overcome. TheOCTOPUS (OPS) gene is required
for proper PPSE differentiation and therefore the for-
mation of continuous protophloem strands. OPS
dosage increase can mend the phenotype of other
mutants that display protophloem development de-
fects in association with CLE45-BAM3 hyperactivity
[8, 9]. Here, we provide evidence that OPS protein
promotes differentiation of developing PPSEs by
dampening CLE45 perception. This markedly quanti-
tative antagonism is likely mediated through direct
physical interference of OPS with CLE45 signaling
component interactions. Moreover, hyperactive
OPS confers resistance to other CLE peptides, and
ectopic OPS overexpression triggers premature dif-
ferentiation throughout the root. Our results thus
reveal a novel mechanism in PPSE transition toward
differentiation, wherein OPS acts as an ‘‘insulator’’ to
antagonize CLE45 signaling.

RESULTS AND DISCUSSION

A. thaliana root meristems display a stereotypical morphology

[10, 11]. Stem cells at the root tip produce daughter cells that

divide repeatedly to generate cell files, which acquire distinct

tissue identities depending on their position. The balance be-

tween cell production and timing of differentiation determines

root meristem size and growth rate and is coordinated by inter-

secting hormone and peptide signals [3, 6, 12–17]. Exogenous

application of many CLE peptides suppresses root growth

[13, 18–20]. Sensing of these so-called root-active CLE pep-

tides requires the receptor-like protein CLAVATA2 (CLV2) and

the CORYNE (CRN) pseudokinase in the protophloem [21].

CLV2 and CRN function as a heteromer (CLV2jCRN) and are

interdependent for their efficient plasma membrane recruitment

[22, 23].

Protophloem is critical for meristem maintenance [8, 24, 25].

Differentiating protophloem sieve elements (PPSEs) undergo

major cellular rearrangements, such as cell-wall buildup

and nucleus degradation [8, 26]. In brevis radix (brx) and ops

mutants, PPSEs frequently fail to differentiate. Such cells

appear as ‘‘gaps’’ that interrupt protophloem strand continuity

and thereby obstruct efficient phloem sap delivery to the

meristem [8, 9]. brx or ops defects can be rescued by bam3

second site mutations [8, 18, 21]. Conversely, CLE45 peptide

application or dosage increase suppresses PPSE differentia-

tion, suggesting a role for autocrine peptide signaling in

protophloem formation [8, 18, 27, 28]. Moreover, CLE45

signaling through BAM3 is quantitatively limited by the

CLV2jCRN heteromer [21], which is why crn mutants are resis-

tant to CLE45.

BRX and OPS are plant-specific plasma membrane-associ-

ated, polar proteins [8, 9]. BRX localizes rootward, where it mod-

ulates auxin flux [29], whereas OPS localizes shootward. The

molecular mode of OPS action remains largely obscure. Ectopic

overexpression of OPS triggers severe developmental pheno-

types [30, 31], which could be explained by OPS interference

with brassinosteroid signaling in the case of hypocotyl elonga-

tion [30]. However, a pertinent OPS deletion variant can still com-

plement the ops root protophloem phenotype [31, 32]. The most

remarkable feature of OPS is its strongly quantitative action [31].

For example, OPS gain-of-function mutations as well as

increased OPS dosage can rescue brx protophloem (and thus

root growth) defects [8, 28, 31].
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Quantitative Antagonism between CLE45 Signaling and
OPS Determines Protophloem Differentiation
BAM3 transcription is elevated in brx root tips [18], which we

confirmed by qPCR and also observed in ops loss-of-function

mutants (Figure 1A). Interestingly, however, GUS reporter

expression under control of the BAM3 promoter (BAM3::GUS)

varied in ops mutants and correlated with the stochastic range

of phenotypic severity (Figures 1B and 1C). Similar variation

was observed in brx ops doublemutants, although they generally

expressed BAM3::GUS at higher level (Figure 1D). These obser-

vations were confirmed with BAM3-CITRINE fusion protein

(BAM3::BAM3-CITRINE) (Figures 1E–1I). Thus, BAM3 expres-

sion varied across mutant individuals and higher levels corre-

lated with a stronger phenotype. Moreover, expression was

overall higher in brx ops double mutants, consistent with re-

ported additive effects of brx and ops loss of function [31].

A semi-dominant ops second site mutation, opsE319K, renders

OPS hyperactive and can partially rescue brx mutants [8, 31].

Even more intriguing, brx mutants are frequently fully

rescued by introduction of an OPS::OPS-GFP transgene

(brxOPS::OPS-GFP) [8]. Since opsE319K roots also display resistance

to CLE45 application [8], we explored whether brx rescue by

OPS gain of function or dosage increase could reflect a role of

OPS in antagonizing CLE45 perception. Indeed, brx opsE319K

double mutants were slightly CLE45-resistant, although less so

than opsE319K single mutants (Figure 2A), with the caveat that

these genotypes are difficult to compare because protophloem

defects are only partially restored in brx opsE319K double mu-

tants. In contrast, both protophloem development and root

growth were normal in most brxOPS::OPS-GFP seedlings. Yet while

roots of the transgenic Col-0OPS::OPS-GFP wild type were strongly

CLE45-resistant, this was barely the case for brxOPS::OPS-GFP

seedlings (Figure 2B). Moreover, CITRINE fusions of differentially

active OPS variants [31] conferred varying degrees of CLE45

resistance in Col-0 as well as ops backgrounds, but less so, if

at all, in brx ops double mutants (Figure 2C). Thus, overall the

extent of CLE45 resistance was a function of the overlay

between OPS gene dosage and/or protein activity and the

A B C’ C’’

D’ D’’ D’’’

E’ F’ G’ H’ I’

I’’H’’G’’F’’E’’

Figure 1. BAM3 Expression in ops Loss-of-Function Mutants

(A) Expression level of BAM3 mRNA in primary root tips of Arabidopsis brx or ops loss-of-function mutants, determined by quantitative real-time PCR as

compared to Col-0 wild type (3 technical replicates each for 3 biological replicates; bar, mean).

(B–D) Detection of beta-glucuronidase (GUS) reporter activity expressed under control of BAM3 promoter in root tips of indicated genotypes. Representative

roots for Col-0 (B) and mutant individuals of different phenotypic severity (C and D) are shown.

(E–I) Detection of BAM3-CITRINE fusion protein expressed under control ofBAM3 promoter in root tips of indicated genotypes. Representative roots for Col-0 (E)

and mutant individuals of different phenotypic severity (F–I) are shown. Top panels: cell outlines revealed by propidium iodide (PI) cell-wall staining, red

fluorescence. Bottom panels: the BAM3-CITRINE fluorescence signal (yellow) merged with the PI signal in 7-day-old seedlings.
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presence or absence of BRX. Our observations therefore sug-

gest that antagonism between CLE45 signaling and OPS action

is sensitive to quantitative variation and plays an important role in

PPSE differentiation.

C-Terminal Fusions Impact OPS Activity
We previously observed that fluorescent tags impact OPS ac-

tivity [31]. To determine whether tags also affect the ability of

OPS to antagonize CLE45 signaling, we tested Col-0OPS::OPS

and Col-0OPS::OPS-GFP lines. Indeed, compared to the GFP-

tagged version, untagged OPS conferred less CLE45

resistance (Figure 2D). Yet again, untagged OPSE319K conferred

stronger resistance than untagged OPS (Figure 2E). Moreover,

although both untagged transgenes complemented ops mu-

tants, they conferred hardly any resistance in this background

(Figures 2D and 2E), reiterating the importance of total OPS

dosage in antagonizing CLE45 signaling. Interestingly, the

impact of the fluorescent tags was not related to their size,

since HA- or FLAG-epitope-tagged OPS versions were also

relatively stronger agents than untagged OPS (Figure S1B).

Thus, in general, C-terminal extensions amplified OPS activity.

In summary, we can conclude that a combination of expression

A

C

B

D E F

Figure 2. Quantitative, Background-Dependent CLE45 Resistance Conferred by OPS Gain of Function

(A) Root length of indicated genotypes on media supplemented with CLE45 peptide. Note that ops-2 is a loss-of-function allele, while opsE319K is a gain-of-

function allele. The statistically significant difference compared to mock is indicated.

(B) CLE45 response of seedlings that carry an OPS::OPS-GFP transgene in Col-0 or brx background (three independent lines per transgene, comparable

expression levels). The statistically significant difference compared to background is indicated.

(C) CLE45 response of transgenic seedlings that express indicated OPS variants in different backgrounds (representative lines). The statistically significant

difference compared to mock is indicated.

(D) CLE45 response of transgenic seedlings that express indicated transgenes in ops background (three independent lines per transgene). The statistically

significant difference compared to Col-0 is indicated.

(E) CLE45 response of seedlings that carry indicated transgenes in Col-0 or ops loss-of-function background (representative lines). The statistically significant

difference compared to mock is indicated.

(F) Quantification of fluorescence in roots upon 1 h mock or 50 mM cycloheximide treatment, for OPS-GFP fusion proteins and BRX-CITRINE fusion protein

(averages of 11–22 roots, 10–20 cells per root).

Seven-day-old seedlings. Plots display individual values (dots) and the mean (bar). *p < 0.05; ***p < 0.001; ****p < 0.0001; see also Figures S1 and S2 and Data S1

for statistical test details.
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level and protein activity determines overall OPS capacity to

antagonize CLE45 signaling, reiterating the highly quantitative

action of OPS [31].

Previous analyses suggested that OPS protein is turned over

rapidly [31]. In cycloheximide-treatedOPS::OPS-GFP seedlings,

the OPS-GFP signal disappeared indeed swiftly (Figure 2F). This

could neither be counteracted by protease inhibitor nor by pro-

teasome inhibitor treatment (Figure S1C). Although it remains

unclear whether our assays reflect realistic turnover because

of the influence of the GFP tag, we could confirm the notion

that OPS is rather unstable [31]. The mutated site in OPSE319K

apparently influences the phosphorylation state of a neighboring

phosphoserine (S318) [31]. S318 seems to play a role in OPS

turnover, because an OPSS318A variant is much less abundant

than wild-type OPS [31]. However, corroborating that gain-of-

function alleles in this phosphosite do not notably affect OPS

protein levels [31], no significant difference in relative turnover

was observed for OPSE319K (Figure 2F). Thus, OPSE319K is appar-

ently not hyperactive because of increased protein stability.

Alleviation of CLE45 Signaling Partially Rescues ops

Phenotypes
Consistent with the observed antagonism between OPS and

CLE45-BAM3, the ops phenotype can be fully rescued by

bam3 second site mutation [8, 18]. However, BAM3::NLS-

3XVENUS transgene expression was not altered in opsE319K

roots (Figure S2A), suggesting that opsE319K mutants are not

CLE45-resistant due to reduced BAM3 levels. Therefore,

increased OPS activity might confer CLE45 resistance through

post-transcriptional mechanisms. Because the CLV2jCRN het-

eromer is necessary for full CLE45 sensing in the protophloem

[21], second-site crn mutation partially rescues brx root meri-

stem size and growth [21]. We observed the same for crn ops

double mutants (Figures S2B and S2C). However, although brx

crn and crn ops phenotypes were on average less severe and

meristems without defects in tendency more frequent, in aggre-

gate protophloem gap frequencies were not significantly

reduced (Figures S2D and S2E). In part, this could be explained

by the larger meristems of the double mutants, which renders

gaps more easily recognizable. Yet in summary, reduction of

CLE45 signaling through CRN knockout could not compensate

for reduced OPS activity to the same extent as BAM3 mutation,

suggesting quantitatively different roles of CRN and BAM3 in

CLE45 response.

OPS Can Interact with CLE45 Signaling Components
To explore whether OPS might directly interfere with CLE45

perception, we sought to determine whether OPS can interact

with CLE45 signaling components. Because our proteins of in-

terest are either mainly plasma membrane-integral or -associ-

ated, we chose in vivo FRET-FLIM to investigate this question.

Efficient CRN plasma membrane localization requires its hetero-

merization with CLV2 [22, 23]; thus, we first tested whether the

presence of OPS changes the interaction dynamics between

CRN and CLV2. To this end, Nicotiana benthamiana leaves

were transiently transformed with fluorescent fusion proteins ex-

pressed under a constitutive promoter. In these assays, CRN-

CFP fluorescence lifetime in presence of CLV2-CITRINE was

further reduced by OPS-CITRINE co-expression (Figure S3A),

indicating that OPS could interact with the CLV2jCRN complex.

To confirm this notion, we switched to an inducible system that

permits controlled expression timing and levels. In presence of

untagged CLV2, we observed reduced fluorescence lifetime of

CRN-GFP upon OPS-mCHERRY co-expression (Figure 3A),

again indicative of interaction. Moreover, CRN-GFP fluores-

cence lifetime was significantly reduced upon BAM3-mCHERRY

co-expression, but not upon co-expression of another plasma

membrane-integral LRR-RK fusion, FLAGELLIN-SENSITIVE 2

(FLS2)-mCHERRY (Figure 3A). These results were confirmed in

a reverse setup that monitored BAM3-GFP fluorescence lifetime

(Figure S3B). Further, interaction of CRN with BAM3 and OPS

was also observed in yeast split ubiquitin assays (Figure S3C).

In summary, our results suggest that known CLE45 signaling

components can interact with each other as well as with OPS

in vivo.

OPS Can Interfere with CLE45 Signaling Component
Interactions
Engineering increasingly positive charge into the OPS phospho-

site creates progressively more active OPS variants [31], as

exemplified by opsE319K. To check whether this could alter inter-

action strength with CLV2jCRN, we included the strongest OPS

variant, S318K E319K (OPSSKEK), in our N. benthamiana FRET-

FLIM assays. Compared to wild-type OPS, interaction between

CRN and OPSSKEK appeared to be more robust and somewhat

stronger, but not in all replicate experiments, and not at statisti-

cally significant levels (Figure 3A). Thus, OPSSKEK hyperactivity

can likely not be explained by an increased propensity to interact

with CLV2jCRN. We also determined whether the presence of

CLE45 changes the quality or strength of any of the observed in-

teractions, which was, however, not the case (Figure 3B).

Finally, we sought to monitor the dynamics of all four proteins

upon simultaneous expression. Fluorescence lifetime reduction

of constitutively expressed CRN-GFP in presence of untagged

CLV2 and constitutively expressed BAM3-mCHERRY confirmed

the proposed interaction between CRN and BAM3 (Figure 3C).

However, this reduction was prevented by simultaneously

induced co-expression of an OPS-CERULEAN fusion protein.

These observations were confirmed in an alternative setup,

where fluorescence lifetime of constitutively expressed CRN-

GFP (in presence of untagged CLV2) could be reduced by

induced BAM3-mCHERRY co-expression, but the effect could

be reversed by simultaneous OPS-CERULEAN induction (Fig-

ures 3C and S3D). In summary, these results suggest that OPS

can interfere with interactions between CLE45 signaling compo-

nents. Because of the comparable abundance of the different

proteins in the protophloem (Figures S3E–S3H), such interfer-

ence likely affects CLE45 perception. To further characterize

the interference, we conducted additional assays with a BAM3

deletion variant that lacked the intracellular kinase domain (but

not the entire intracellular domain). This BAM3DKD-mCHERRY

fusion protein still interacted with CRN-GFP, as well as with a

CRN deletion variant that lacked the intracellular pseudokinase

domain (CRNDPKD-GFP) (Figure 3D). Therefore, interaction be-

tween BAM3 and CLV2jCRN appears to be mediated by the

extracellular and/or transmembrane domains. The BAM3DKD-

mCHERRY interaction with CRN-GFP could still be disturbed

by simultaneous OPS-CERULEAN expression. However, this
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was no longer the case when CRN-GFP was replaced by

CRNDPKD-GFP (Figure 3D). These results suggest that OPS

interferes with the interaction between BAM3 and CRN through

binding to their intracellular domains, thereby quantitatively

dampening CLE45 perception in a likely non-linear manner.

OPS Gain of Function Confers Resistance to Various
Root-Active CLE Peptides
The results from the interaction assays were in line with the ge-

netic hierarchy and suggest that OPS limits CLV2jCRN activity,

which in turn quantitatively promotes BAM3 activity. Moreover,

while BAM3 is specific for CLE45 in the root [18, 33],

CLV2jCRN is required to sense various root-active CLE peptides

[14, 21, 34, 35]. Therefore, if OPS can interfere with receptor in-

teractions of CLV2jCRN, our results predicted that OPS gain of

function might to some degree also interfere with sensing of

other root-active CLE peptides. Indeed, opsE319K mutants

exhibited some resistance to application of a range of CLE pep-

tides (Figures 4A and 4B). The extent of resistance was, how-

ever, variable and, unlike resistance of crn mutants monitored

in parallel, not observed for all CLE peptides tested (8 out

of 13). Moreover, CLE resistance of opsE319K mutants was al-

ways weaker than CLE resistance of crn mutants (Figures 4A

and 4B). These data are consistent with the idea that OPS can

quantitatively interfere with CLV2jCRN activity and thereby

modulate signaling strength of various CLE pathways.

Ectopic OPS Overexpression Promotes Early
Differentiation
OPS is specifically expressed in the root protophloem [8, 9].How-

ever, redundant, conserved OPS homologs exist [9, 31, 36], and

in pertinent loss-of-function double mutants the ops phenotype

is aggravated [36]. Consistent with suppression of protophloem

differentiation by CLE peptides [21, 27, 28] and a role for OPS in

antagonizing CLE signaling, these double mutants display sub-

stantial delays and frequent failures in protophloem differentia-

tion [36]. Although the strong systemic impact of discontinuous

protophloem strands on overall root meristem activity [24, 28]

renders interpretation of these phenotypes difficult, the

observed differentiation delays could be viewed as reduced ca-

pacity of developing PPSEs to escape the meristematic stage.

Whether conversely a strong increase in OPS activity can

render plants even more resistant to CLE peptides remains un-

clear, because ectopic overexpression of OPS has severe con-

sequences on root as well as shoot development [30, 31]. For

instance, plants that express OPS-CITRINE fusions proteins un-

der control ofUBIQUITIN 10 (UBQ10) promoter exhibit a variable

growth phenotype, in extremis resulting in severely dwarfed

plants that cannot complete their life cycle. Reemphasizing the

highly quantitative nature of OPS action, phenotypic severity is

also a function of transgene overexpression level [31]. This could

be observed in the progeny of hemizygous UBQ10::OPS-

CITRINE plants with moderate expression level, which segre-

gated various root meristem phenotypes, ranging from nearly

wild type to severely impaired growth (Figures 4C–4F), whereby

phenotypic severity correlated with increased OPS-CITRINE

level (Figures S4A and S4B). Yet, phenotypic severity was a priori

not associated with apparent patterning defects. Rather,

increased OPS-CITRINE correlated with earlier, sometimes

nearly immediate PPSE elongation and differentiation (Fig-

ure 4G). Moreover, reduction of the meristematic state was

essentially observed across all cell layers. For instance, cortex

A B

C D

Figure 3. Protein-Protein Interactions be-

tween CLE45 Signaling Components

and OPS

(A) FRET-FLIM measurements of CRN-GFP in

combination with indicated fusion proteins ex-

pressed in transiently transformedN. benthamiana

cells, under inducible promoter. The statistically

significant difference compared to CRN-GFP +

untagged CLV2 control is indicated.

(B) N. benthamiana FRET-FLIM measurements as

in (A) after mock or CLE45 infiltration (no signifi-

cant differences between treatments).

(C) N. benthamiana FRET-FLIM measurements of

constitutively expressed CRN-GFP in presence of

untagged CLV2, in combination with constitutive

or induced BAM3-mCHERRY, and induced

OPS-CERULEAN expression. The statistically

significant difference compared to CRN-GFP +

untagged CLV2 control is indicated.

(D) N. benthamiana FRET-FLIM measurements of

induced CRN-GFP or a deletion variant that lacks

the intracellular pseudokinase domain (CRNDPKD-

GFP) in presence of untagged CLV2, in combina-

tion with induced BAM3-mCHERRY in presence

or absence of induced OPS-CERULEAN expres-

sion. The statistically significant difference

compared to CRN-GFP or CRNDPKD-GFP + un-

tagged CLV2 controls is indicated.

Plots display individual values (dots) and the mean

(bar). **p < 0.01; ****p < 0.0001; see also Figure S3

and Data S1 for statistical test details.
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cells entered differentiation-elongation markedly earlier than in

wild type (Figures 4H–4J), in extreme cases as early as one or

two divisions after the initial stem cell division. One tangible

interpretation of our results is that OPS ectopic overexpression

accelerates the transition from proliferation to differentiation in

protophloem as well as other root tissues.

Conclusion
Collectively, our findings support a scenario where OPS an-

tagonizes CLE45 perception by direct interference with

A

B

C’ D’ E’ F’

C’’ D’’ E’’ F’’

C’’’ D’’’ E’’’ F’’’

H I J

G

Figure 4. Developmental Consequences of

OPS Hyperactivity

(A and B) Response of Col-0, opsE319K and crn

seedlings to efficient concentrations (15 nM in A;

50 nM in B) of various root active CLE peptides.

The statistically significant difference compared to

Col-0 is indicated.

(C–F) Phenotypic variation in the progeny of a

hemizygous transgenic line as a function of the

constitutive expression level of OPS-CITRINE

fusion protein. Col-0 wild type is shown in (C). (D),

(E) and (F) show different seedlings segregating

from a hemizygousUBQ10::OPS-CITRINEmother

plant. Note that confocal settings in (C0 0)–(F0 0 ) were

not the same, due to the very strong CITRINE

signals in (E0 0 ) and (F0 0).
(G) Accelerated protophloem differentiation from

stem cell (arrowhead) to mature PPSE (asterisk)

upon OPS-CITRINE overexpression.

(H) Number of cells in the first 150 mmof cortex cell

files, starting from the stem cell daughter. UOC,

UBQ10::OPS-CITRINE transgenic plants.

(I and J) Cumulative cell length in individual cortex

cell files of Col-0 (I) or UBQ10::OPS-CITRINE (J)

plants. Note frequently early cell elongation in

UBQ10::OPS-CITRINE transgenic plants.

Seven-day-old seedlings. Plots display individual

values (dots) and the mean (bar). ***p < 0.001;

****p < 0.0001; see also Figure S4 and Data S1 for

statistical test details.

CLE45 signaling. This process is highly

sensitive to quantitative perturbations

on both sides. How this antagonism

plays out along the protophloem to

guide developing PPSEs from prolifera-

tion to differentiation remains unclear at

this point. All the components identified

in this network so far are expressed

from the beginning to the end of PPSE

development; thus, post-translational

modifications might play an important

role. For instance, OPS activity could

be modulated by differential phosphor-

ylation during PPSE ontogeny. Novel

biochemical and cell biological tools

will be necessary to comprehensively

address this question in future studies.

Yet from the genetic and cell biological

data at hand, we can conclude that

OPS is a key antagonist of BAM3 and

CLV2jCRN, thereby acting as a ‘‘cellular insulator’’ against

CLE45 signaling.
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STAR+METHODS

KEY RESOURCES TABLE

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Christian

S. Hardtke (christian.hardtke@unil.ch). There are no restrictions to the availability of reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant materials and growth conditions
Arabidopsis thaliana Columbia-0 (Col-0) was used as the wild-type for phenotypic analyses and is the background of all mutants

investigated: ops-2 [9]; brx-2 [37]; bam3-2 [18]; opsE319K [8]; the clv2 allele rlp10-1 and crn-10 [21]. Transgenic constructs used in

this study have been described before [8, 18, 21, 28, 31], exceptBAM3::NLS-3XVENUS, whichwas a gift fromDr. P. Cattaneo. Seeds

were surface sterilized, germinated and grown vertically under continuous light at 22�C on 0.5X Murashige and Skoog media sup-

plemented with 0.8% or 1% agar, and 0.3% or 1.0% sucrose (media was homogeneous within a given experiment).

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Agrobacterium tumefaciens GV3101 pMP90 widely distributed N/A

Chemicals, Peptides, and Recombinant Proteins

CLE45 peptide, custom synthesized Genscript N/A

CLE40 peptide, custom synthesized Genscript N/A

CLE26 peptide, custom synthesized Genscript N/A

CLE25 peptide, custom synthesized Genscript N/A

CLE21 peptide, custom synthesized Genscript N/A

CLE20 peptide, custom synthesized Genscript N/A

CLE18 peptide, custom synthesized Genscript N/A

CLE16 peptide, custom synthesized Genscript N/A

CLE14 peptide, custom synthesized Genscript N/A

CLE13 peptide, custom synthesized Genscript N/A

CLE11 peptide, custom synthesized Genscript N/A

CLE9/10 peptide, custom synthesized Genscript N/A

CLV3 peptide, custom synthesized Genscript N/A

Experimental Models: Organisms/Strains

Arabidopsis thaliana Col-0 wild-type background widely distributed N/A

Nicotiana benthamiana widely distributed N/A

Saccharomyces cerevisiae NMY51 Dual System Biotech N/A

Arabidopsis thaliana BAM3::NLS-3XVENUS transgenic line this study N/A

Oligonucleotides

PP2A-A3 qPCR forward GCA ATC TCT CAT TCC GAT AGT C Microsynth N/A

PP2A-A3 qPCR reverse ATA CCG AAC ATC AAC ATC TGG Microsynth N/A

actin qPCR forward CCC TCG TAG ATT GGC ACA GT Microsynth N/A

actin qPCR reverse GCC ATC CAA GCT GTT CTC TC Microsynth N/A

BAM3 qPCR forward CGT CGT TTT AGC TGT GGT CA Microsynth N/A

BAM3 qPCR reverse TGC AAC TTC TTC TCC GTT TG Microsynth N/A

Software and Algorithms

GraphPad Prism version 7.0e GraphPad software N/A
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METHOD DETAILS

Quantitative real-time PCR
To determineBAM3 expression levels, 5mm root tipswere collected from 7-day-old seedlings for total RNA extraction (QIAGEN), and

cDNAs were produced by reverse transcriptase (Invitrogen). Quantitative real-time PCR was performed in triplicate on three biolog-

ical replicates (Data S1) using MESA Blue qPCR MasterMix Plus for SYBR assay Low Rox (Eurogentec). PP2A-A3 and ACTIN were

used as reference genes (primers 50-GCA ATC TCT CAT TCC GAT AGT C-30 + 50-ATA CCG AAC ATC AAC ATC TGG-30 and 50-CCC
TCG TAG ATT GGC ACA GT-30 + 50-GCC ATC CAA GCT GTT CTC TC-30, respectively). BAM3 transcripts were quantified using

primers 50-CGT CGT TTT AGC TGT GGT CA-30 and 50-TGC AAC TTC TTC TCC GTT TG-30.

Physiological assays
All assays were performed in tissue culture under the growth conditions specified above. CLE peptides were obtained from a com-

mercial supplier (Genscript), synthesized at > 80%purity, diluted in water and used at final concentration as indicated. For root length

measurements, plates were scanned at 600 dpi resolution, and seedling root length was determined using Fiji software. To investi-

gate OPS protein stability, 5-day-old seedlings were transferred to media containing 50 mM of the protein synthesis inhibitor cyclo-

heximide. At the end of the treatment, the seedlings were transferred to fixation solution (4% paraformaldehyde in 1X PBS) for one

hour, washedwith 1X PBS and clearedwith ClearSee solution [38]. One hour before imaging, sampleswere incubatedwith Calcofluor

white solution (0.2% in ClearSee solution) to stain the cell walls. Fluorescence intensity of OPS-GFP or OPSE319K-GFPwasmeasured

at the plasmamembrane of protophloem cells using the segmented line tool of the Fiji software. The rawmeasurements of the assays

are available in Data S1.

Reporter detection and microscopy
GUS reporter staining was performed as described previously [18, 28]. Fluorescent protein signals were acquired by confocal micro-

scopy using Zeiss LSM 700, 710 or 880 inverted confocal scanning microscopes following standard procedures [21, 31]. Pictures

were taken with 20 3 or 40 3 water/oil immersion objectives. For comparisons, samples were grown in parallel and analyzed on

the same day, with identical microscopy settings, unless indicated otherwise.

FRET/FLIM interaction studies
For the initial FRET-FLIM studies, leaves of 4-week-oldNicotiana benthamiana plants were co-infiltrated with A. tumefaciens cultures

carrying T-DNA constructs of CRN-CFP together with either CLV2-CITRINE, OPS-CITRINE, or CLV2-CITRINE and OPS-CITRINE, all

expressed under the 35S promoter. The fluorescence lifetime of CRN-CFP was measured in these leaves after 2 and 3 days at the

plasma membrane of transformed epidermis cells, using a Leica SP8 with the PicoHarp 300 TCSPC Module and a pulsed 440 nm

laser at 10 kHz. At last 1000 counts/pixel were acquired for 25 images for every co-infiltration. The recorded decay plots were fitted

against a erythrosine B decay plot using an exponential reconvolution model (n = 2) [39] for lifetime calculations.

The subsequent lifetime analyses were performed in a transientNicotiana benthamiana expression system, using plants cultivated

4 weeks under standard greenhouse conditions before infiltration of leaves with Agrobacterium tumefaciens strain GV3101 pMP90

harboring the silencing suppressor p19 [40] and the expression plasmids for the fluorophore-tagged proteins of interest. The

Gateway compatible vectors pABindGFP and pABindmCh [22] provide an estradiol-inducible transgene activation mechanism

and were completed via LR-reaction with the coding regions of CRN (At5G13290), CLV2 (AT1G65380), BAM3 (At4g20270), OPS

(AT3G09070), and FLS2 (AT5G46330) as a plasma membrane-localized negative control. For constitutive expression under the

UBQ10 or the 35S promoter, additional transgenes were constructed using GreenGate cloning [41]. The BAM3 deletion construct

encompassed amino acids 1 to 691. The CRN deletion construct encompassed amino acids 1 to 93. A. tumefaciens strains were

cultivated overnight and adjusted to an OD600nm of 0.3 each in 5% (w/v) sucrose, 450mM acetosyringone, and 0.01% (v/v) silwet,

and incubated for 2h at 4�C prior to infiltration. After 2-3 days plants were induced by spraying 20mM estradiol + 0.1% Tween-20

and analyzed within 6 to 20 h. For CLE45 treatments, transformed plants were infiltrated with mock (5% sucrose, 0.02% Silwet)

or CLE45 solution (5% sucrose, 0.02%Silwet, 10mMCLE45), and FRET/FLIMmeasurements were performed 5-30 min. immediately

after. For FRET/FLIM measurements, a Zeiss confocal laser scanning microscope LSM 780 (40x water immersion objective, Zeiss

C-PlanApo, NA 1.2) equipped with a single-photon counting device (PicoQuant Hydra Harp 400) was used. The GFP donor was

excited at 485 nm by a linearly polarized diode laser (LDH-D-C-485) working at a frequency of 32 MHz. Excitation power was

adjusted to 1 mW. Emission was detected in perpendicular and parallel polarization by Tau-SPADs (PicoQuant) with a band-pass filter

(520/35 AHF). Image acquisition was done at zoom 8with a frame size of 2563 256 and a pixel dwell time of 12.6 ms, taking 60 frames

for each measurement. To calculate the average lifetime of each measurement, further analysis was performed using PicoQuant

SymphoTime software applying a biexponential fit. The displayed values are intensity-weighted mean lifetimes t in ns. Data were

obtained from at least 3 independent experiments. The raw measurements of the assays are available in Data S1.

Yeast split ubiquitin assays
Split ubiquitin assays were performed using the DUAL Membrane system (Dual System Biotech). The full coding sequence of OPS

was inserted into the pPR3-N vector by SfiI restriction. Truncated versions of BAM3 and CRN were cloned into the pPR3-SUC and

pBT3-SUC vectors by SfiI restriction, respectively, such that their target peptide sequence was replaced by the yeast target peptide.

e2 Current Biology 29, 2501–2508.e1–e3, August 5, 2019



The yeast NMY51 strain was then co-transformed with 250ng of prey and 250ng of bait vectors by thermic shock and selected on

SD -LW media. Colonies were transferred onto SD – LWH (+/�3AT) to monitor interactions. Plasma membrane-localized Fur4-NubI

was used as a positive control, Fur4-NubG as a negative control.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in Graphpad Prism software, version 7.0e. Details for each pertinent figure panel are available in

Data S1.

DATA AND CODE AVAILABILITY

The published article includes all datasets generated or analyzed during this study.
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Figure S3. Protein interactions between CLE45 signaling components and OPS, related to Figure 3. (A) FRET-FLIM 
measurements of indicated fusion proteins expressed in transiently transformed N. benthamiana cells, under constitutive 
promoter. (B) N. benthamiana FRET-FLIM measurements of BAM3-GFP in combination with indicated fusion proteins, 
under inducible promoter. Statistically significant difference compared to BAM3-GFP control is indicated. (C) Yeast split 
ubiquitin protein interaction assays with CRN as bait and indicated proteins as prey. (D) Expression of FRET-FLIM fusion 
proteins in N. benthamiana, representative confocal microscopy images. Different fluorescence channels (left to right) are 
shown for different protein combinations (top to bottom). All proteins were expressed constitutively except OPS-
CERULEAN, which was induced. Size bars are 25μm. (E-H) Confocal microscopy images demonstrating fusion protein 
expression levels in the wild type situation, representative lines. For comparison of approximate abundance, all samples 
were imaged in parallel with the same settings, except CLV2-CITRINE for which gain had to be increased to detect the 
protein. Plots display individual values (dots) and mean (bar). **** = p<0.0001; See Data S1 for statistical test details.
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Figure S4. Correlation between OPS-CITRINE signal intensity and root meristem phenotype, 
related to Figure 4. (A) Mean OPS-CITRINE fluorescence intensity in UBQ10::OPS-CITRINE plants, 
measured across the center of cortex cell files, for 100μm starting from the first cortex cell, plotted 
against the number of cells encompassed by the trace. (B) As in A), for corresponding propidium 
iodide traces. Note that correlations reflect a lower and upper bound, respectively, because of the 
plasma membrane-association of OPS-CITRINE and the apoplastic propidium iodide staining, 
combined with the fact that a stronger phenotype is reflected in fewer cells.
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Abstract
Receptor-like kinases (RLK) and receptor-like proteins (RLP) often interact in a com-
binatorial manner depending on tissue identity, membrane domains, or endo- and 
exogenous cues, and the same RLKs or RLPs can generate different signaling out-
puts depending on the composition of the receptor complexes they are involved 
in. Investigation of their interaction partners in a spatial and dynamic way is there-
fore of prime interest to understand their functions. This is, however, limited by the 
technical complexity of assessing it in endogenous conditions. A solution to close 
this gap is to determine protein interaction directly in the relevant tissues at endog-
enous expression levels using Förster resonance energy transfer (FRET). The ideal 
fluorophore pair for FRET must, however, fulfil specific requirements: (a) The emis-
sion and excitation spectra of the donor and acceptor, respectively, must overlap; (b) 
they should not interfere with proper folding, activity, or localization of the fusion 
proteins; (c) they should be sufficiently photostable in plant cells. Furthermore, the 
donor must yield sufficient photon counts at near-endogenous protein expression 
levels. Although many fluorescent proteins were reported to be suitable for FRET 
experiments, only a handful were already described for applications in plants. Herein, 
we compare a range of fluorophores, assess their usability to study RLK interactions 
by FRET-based fluorescence lifetime imaging (FLIM) and explore their differences 
in FRET efficiency. Our analysis will help to select the optimal fluorophore pair for 
diverse FRET applications.

K E Y W O R D S

fluorescence imaging, förster resonance energy transfer, membrane proteins, protein–protein 
interactions, receptor-like kinase

1  | INTRODUC TION

Receptor-like kinases (RLK) are essential components of the plant 
signaling machinery. They serve to coordinate developmental 

processes, pathogen recognition, symbiotic interaction with ben-
eficial microorganisms, or other aspects of environmental sensing 
(Osakabe, Yamaguchi-Shinozaki, Shinozaki, & Tran, 2013). RLKs 
usually act in complexes consisting of a receptor and a co-receptor, 
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and can form higher-order complexes that rearrange dynamically 
upon ligand perception (Wan, Fröhlich, Pruitt, Nürnberger, & Zhang, 
2019). The same receptors can interact with different partners and 
be a part of different complexes with different signaling specificity 
(Bücherl et al., 2017; Liebrand, Burg, & Joosten, 2014; Wan et al., 
2019). Most studies of RLK interaction initially relied on in vitro ex-
periments and could not provide insights into the spatial localization 
and complexity of interactions. However, advances in imaging tech-
niques now allow to study colocalization and interactions of RLKs 
in living plant cells (Bücherl et al., 2017; Somssich et al., 2015). In 
particular, Förster Resonance Energy Transfer (FRET) is an attrac-
tive technique as it allows to resolve protein–protein interactions in 
live plants in a cell-specific and dynamic manner (Lampugnani, Wink, 
Persson, & Somssich, 2018; Long et al., 2017; Somssich et al., 2015; 
Weidtkamp-Peters & Stahl, 2017).

Determination of protein interaction by FRET relies on the en-
ergy transfer from a fluorescent donor to an acceptor fluorophore. 
This phenomenon leads to fluorescence quenching of the donor 
and radiation-free energy transfer to the acceptor, which becomes 
in an excited state. Energy can be relaxed by fluorescence emission 
(Förster, 1946). FRET requires that several conditions are met: (a) 
The emission spectrum of the donor must overlap with the exci-
tation spectrum of the acceptor; (b) both molecules must be in close 
proximity (typically < 10 nm); and (c) the dipole moments of both 
fluorophores must be aligned (Bajar, Wang, Zhang, Lin, & Chu, 2016; 
Clegg, 2006; Förster, 1946). FRET can be measured in several dif-
ferent ways including intensity-based methods, spectral recording, 
photobleaching, anisotropy, or fluorescence lifetime (Bajar, Wang, 
Zhang, et al., 2016; Pietraszewska-Bogiel & Gadella, 2011). Each mo-
lecular complex exhibits a specific FRET efficiency, which depends 
in part on relative fluorophore distance and orientation. However, as 
FRET is measured through diffraction-limited microscopy, only the 
apparent FRET efficiency, which represents a mean FRET efficiency 
in the observation volume, is experimentally accessible (Bajar, Wang, 
Zhang, et al., 2016). We will refer to the apparent FRET efficiency in 
the following as “FRET efficiency,” by extension.

Fluorophore pairs for FRET experiments should have a con-
siderable overlap between their emission and excitation spectra, 
yield a sufficient brightness to fit the fluorescence decay and limit 
background fluorescence, allow proper folding of the fused protein, 
do not affect localization, and do not trigger artefactual interac-
tions. There is now a large choice of available fluorescent proteins 
(Lambert, 2019); however, most of these fluorophores were char-
acterized solely in vitro or in mammalian cell systems (Bajar, Wang, 
Zhang, et al., 2016; van der Krogt, Ogink, Ponsioen, & Jalink, 2008). 
The plant community focused mostly on the use of the GFP-RFP 
pair (and their derivatives eGFP and mCherry) for FRET experi-
ments (Lampugnani et al., 2018). Additionally, CFP-YFP and other 
pairs based on improvements upon CFP or YFP were used in plant 
systems, notably for the Cameleon calcium sensors (Kanchiswamy, 
Malnoy, Occhipinti, & Maffei, 2014). Only one study assessed the 
quality of different FRET pairs in plants and focused on using SYFP2 
either as an acceptor for SCFP3A or mTurquoise, or as a donor for 

mStrawberry, mCherry, or mRFP (Long et al., 2018). In this study, 
the root expressed transcription factors that were analyzed are rela-
tively tolerant to fusions with additional protein domains. However, 
many membrane proteins consisting of domains with very different 
properties appear to be more sensitive.

In order to test the suitability of a set of genetically encoded 
fluorophores for FRET-FLIM applications with membrane-local-
ized proteins in plants, we chose the CORYNEΔkinase (CRNΔKi)—a 
kinase-deleted version of CRN—and CLAVATA2 (CLV2), a recep-
tor-like protein with extracellular leucine-rich-repeats (LRRs) from 
Arabidopsis thaliana as a test system. Both are membrane localized 
due to their transmembrane domains, and their interaction in vivo 
has been reported in a number of previous studies (Bleckmann, 
Weidtkamp-Peters, Seidel, & Simon, 2010; Breda et al., 2019; 
Kinoshita et al., 2010; Zhu et al., 2010). CRN and CLV2 are obligate 
heteromers, and their interaction is necessary for export form the en-
doplasmic reticulum (ER) to the plasma membrane (PM) (Bleckmann 
et al., 2010; Somssich, Bleckmann, & Simon, 2016). Fusions of fluo-
rophores such as eGFP and mCherry to the cytoplasmic domains of 
CRNΔKi and CLV2, respectively, showed a very high FRET efficiency 
(Bleckmann et al., 2010; Somssich & Simon, 2017). For these rea-
sons, CLV2/CRN form an attractive test system to compare the per-
formances of different FRET pairs to study plant membrane proteins 
interaction: High FRET efficiency can yield a more sensitive readout 
for comparison, and inactive fusion proteins unable to interact with 
their RLK partner will remain localized in the ER. To objectively com-
pare different fluorophore pairs for plant FRET assays of RLK, we 
observed parameters such as localization, photo-stability, and FRET 
efficiency for several different FRET pairs, including several so far 
untested combinations in plant systems.

2  | MATERIAL AND METHODS

2.1 | Generation of GreenGate entry plasmids

Unless otherwise stated, template, destination, and additional entry 
plasmids used in this work were previously described and are avail-
able from the GreenGate cloning kit (Lampropoulos et al., 2013).

The XVE coding sequence was amplified from pABindGFP 
(Bleckmann et al., 2010) with primers GG_XVE_F and GG_XVE_R 
(Table S1), internal BsaI site was removed with PW_XVE_3084_AT_R 
and PW_XVE_3084_TA_F, and the product was cloned in pGGC000 
to create pRD71. The LexA-mini35S promoter was amplified from 
pABindGFP (Bleckmann et al., 2010) with primers GG_EST_F and 
GG_EST_R and cloned in pGGA000 to create pBLAA001. The cod-
ing sequences from CLV2 and CRNΔKi were amplified from pAB125 
and pAB128 (Bleckmann et al., 2010) with PS-GG-CDS-Clv2-F and 
PS-GG-CDS-Clv2-R, and oGD335 and oGD336, respectively, and 
cloned in pGGC000 to create pGD292 and pGD293. The myristoyla-
tion sequence (myr) was created by annealing oGD339 and oGD340 
before cloning the resulting double-stranded oligonucleotide in 
pGGC000 to create pGD318. The resistance dummy cassette 
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contains the very short SV40 origin of replication which was am-
plified from pmCherry-N1 (Clontech) with PW_GG_SV40ori_F and 
PW_GG_SV40ori_R and cloned in pGGF000 to create pPW53.

eGFP coding sequence was amplified from pGGD001 with 
oGD261 and oGD262 and cloned in pGGD000 to create pGD165. 
Clover coding sequence was amplified from Clover-mRuby2-
FRET-10 (M. Davidson, Addgene) with oGD317 and oGD318 and 
cloned in pGGD000 with a linker made up by annealing oGD315 and 
oGD316 (D-TGCA linker) to create pGD250. mCerulean3 coding se-
quence was amplified from pmCer3-N1 (Markwardt et al., 2011) with 
oGD317 and oGD318 and cloned in pGGD000 with the D-TGCA 
linker to create pGD251. T-Sapphire coding sequence was amplified 
from PstI-digested p35S∷T-Sapphire-mOrange-nos plasmid (Bayle, 
Nussaume, & Bhat, 2008) with oGD317 and oGD318 and cloned in 
pGGD000 with the D-TGCA linker to create pGD252. mTurquoise2 
was amplified from mTurquoise2-N1 (Goedhart et al., 2012) and 
cloned in pGGD000 with the D-TGCA linker to create pGD425. 
mRuby2 coding sequence was amplified from Clover-mRuby2-
FRET-10 with oGD325 and oGD326 and cloned in pGGD000 to 
create pGD253. mRuby3 was amplified from pNCS-mRuby3 (Bajar, 
Wang, Lam, et al., 2016) with oGD325 and oGD318 and cloned 
into pGGD000 to create pGD341. mOrange coding sequence was 
amplified from p35S∷T-Sapphire-mOrange-nos with oGD318 and 
oGD331, followed by a second PCR with oGD327 and oGD318 and 
cloned in pGGD000 to create pGD254. Venus coding sequence was 
amplified from pABindVenus (Bleckmann et al., 2010) with oGD317 
and oGD318 and cloned in pGGD000 with the D-TGCA linker to 
create pGD255. mNeonGreen coding sequence was amplified from 
pNCS-mNeonGreen (Allele Biotechenology) with oGD343 and 
oGD344 and cloned in pGGD000 with the D-TGCA linker to create 
pGD352. mCherry coding sequence was amplified from pGGC015 
with RD_GG_mCherry_C-tag_F and RD_GG_mCherry_C-tag_R 
cloned in pGGD000 to create pRD53. mScarlet coding sequence was 
amplified from pmScarlet-C1 (Bindels et al., 2017) with RD_GG_mS-
carlet_C-tag_R and RD_GG_mScarlet_C-tag_F cloned in pGGD000 
to create pRD134. mKate2 coding sequence was amplified from pm-
Kate2-C1 (Shcherbo et al., 2009) with RD_mKate2_GG_C-tag_R and 
RD_mKate2_GG_C-tag_F cloned in pGGD000 to create pRD141.

2.2 | Generation of transient expression plasmids

The plasmid backbone containing the XVE expression cassette 
under the control of the 35S promoter and RBCS terminator, and 
the A and G GreenGate cloning sites (pGD283) was generated by 
combining the inserts from pGGA004 (p35S), pGGB002 (Omega 
element), pRD71 (XVE), pGGD002 (N-dummy), pGGE001 (tRBCS), 
pGGG001 (F-H adapter), and a double-stranded methylated linker 
containing H and G GreenGate sites (Table S1) into pGGZ001 in a 
single step GreenGate reaction (Lampropoulos et al., 2013).

Individual expression cassettes were prepared as intermediate plas-
mids. Donor constructs were prepared by combining pBLAA001 (pLexA-
mini35S), pGGB002, pGD293 (CRNΔKi), fluorophore entry plasmid, 

pGGE009 (tUBQ10), and pGGG001 (F-H adapter) into pGGM000 in a 
single step GreenGate reaction. For the acceptor constructs, pGD293 
was replaced by pGD292 (CLV2) or pGD318 (myr) and pGGG001 by 
pGGG002 (H-A adapter), pPW53 was added and pGGN000 was used 
as a destination plasmid. For the donor and acceptor only constructs, 
untagged CRNΔKi and CLV2 expression cassettes were generated 
using pGGD002 in place of a fluorophore entry plasmid.

Transient expression plasmids containing both donor and accep-
tor fusion proteins were generated by combining the donor and the 
acceptor intermediate plasmids in the pGD283 backbone. For the 
expression of a single fusion protein, either the donor or acceptor 
intermediate plasmids were replaced with linkers with A-H or H-G 
overhangs (Table S1), respectively.

2.3 | Transient expression in Nicotiana

Nicotiana benthamiana infiltration was carried out using standard 
protocol (Li, 2011). Briefly, agrobacterium strain C58:pmp90:pSOUP 
carrying the expression plasmid were cultivated overnight in dYt me-
dium. Cells were then pelleted and resuspended in infiltration medium 
(MgCl2 10 mM; MES-K 10 mM pH5.6; 150 µM acetosyringone) to an 
OD600 of 0.4 and incubated for 2 hr at room temperature. Bacteria so-
lutions were then mixed in equal quantities with Agrobacterium strain 
GV3101:p19 expressing the p19 silencing inhibitor. For the co-infiltra-
tion of CRNΔKi-eGFP and CLV2-mCherry or CLV2 untagged, bacte-
ria were resuspended in infiltration medium to an OD600 of 0.6 and 
mixed in 1:3 ratio with GV3101:p19 cells. Bacteria mixes were then 
infiltrated to the abaxial side of 3- to 4-week-old Nicotiana benthami-
ana. After 2–4 days under continuous light, protein expression was in-
duced overnight by spraying the abaxial side of infiltrated leaves with 
an estradiol solution (Estradiol 20 µM; Tween-20 0.1%).

2.4 | Fluorescence imaging

Fluorescence imaging was performed with a Zeiss LSM 780 confo-
cal microscope (40× Water immersion objective, Zeiss C-PlanApo, 
NA 1.2). T-Sapphire was excited at 405 nm; mCerulean3 and mTur-
quoise2 at 458 nm; Clover, mNeonGreen, and eGFP at 488 nm; 
Venus at 514 nm; and mCherry, mRuby2, mRuby3, mScarlet, mKate2, 
and mOrange at 561 nm. Signal for each fluorophore was recorded 
within the maximum emission peak while avoiding auto-fluorescence 
above 650 nm. The fluorescent properties of the fluorophores used 
here are available as “protein collection” on the website fpbase.org 
(https ://www.fpbase.org/colle ction/ 332/).

2.5 | Time-correlated single photon counting

Fluorescence lifetime was acquired with a Zeiss LSM 780 confocal 
microscope (40× Water immersion objective, Zeiss C-PlanApo, NA 
1.2). Time-correlated single photon counting was performed with 



4  |     DENAY Et Al.

picosecond resolution (PicoQuant Hydra Harp 400). Fluorophores 
were excited with either a 440 nm (LDH-D-C-440, 32 MHz) or 
485 nm (LDH-D-C-485, 32 MHz) pulsed polarized diode laser with 
a power of 1 µW at the objective lens. Emitted light was separated 
by a polarizing beam splitter and parallel and perpendicular photons 
were selected with a fluorophore-specific band-pass filter (Table 
S2) and detected with Tau-SPADs (PicoQuant) simultaneously 
for the acceptor and donor channels. Image acquisition was done 
at zoom 8 with a resolution of 256x256 pixel with a pixel size of 
0.1 µm a dwell time of 12.6 µs, and photons were collected over 
60 frames. Special care was taken during imaging to avoid chloro-
plasts-containing regions and cells with very high donor expression 
to avoid pile-up effect.

2.6 | Fluorescence decay analysis

Fluorescence decay was analyzed in Symphotime 64 (version 2.4; 
PicoQuant) using the Lifetime FRET Image analysis tool. Only data 
from the donor parallel channel were kept for the analysis. TCSPC 
channels were binned by eight, count threshold was set so that the 
background was removed, and chloroplasts were manually removed. 
Additionally, in case some pixels were above the pile-up limit (10% of 
the laser repetition rate, that is 2,421 counts), they were manually re-
moved; counts values were in most cases below 5% of the laser repe-
tition rate. Internal response function was determined by measuring 
the fluorescence decay of saturated erythrosine, or Atto425 dye 
for blue donors, quenched in saturated KI using the same hardware 
settings as for the FRET pair of interest. Fluorescence decay was 
fitted using a multi-exponential decay, and the amplitude-weighted 
lifetime was considered as the sample's apparent lifetime. FRET ef-
ficiency was calculated as the lifetime of the FRET sample over the 
arithmetic mean of the lifetimes of the donor-only samples meas-
ured in the same experiment: FRETef f=1−

(

�FRET

�donor

)

. All measurements 
were done in at least two independent experiments.

2.7 | Fluorescence intensity measurement

To calculate the A/D ratio, donor and acceptor were excited with a 
485 nm pulsed laser (LDH-D-C-485, 32 MHz, 1 µW) and intensities 
were recorded with Tau-SPADs (PicoQuant) in the setup described 
above. Fluorescence intensity was extracted using FIJI (Rueden et al., 
2017; Schindelin et al., 2012). Membrane regions were selected by 
thresholding the donor channel and the same ROI was applied on the 
acceptor channel and the signal's integrated density was measured in 
the ROI.

Background fluorescence was similarly measured by imaging 
mock-infiltrated plants and extracting the signal intensity over the 
whole image in the donor channel. Likewise, bleed-through measure-
ments were performed on plants co-expressing CRNΔKi-untagged 
and CLV2-donor constructs. Donor intensities were calculated in the 
same way using donor-only samples.

For photobleaching, plants co-expressing either CRNΔKi-donor 
and CLV2-untagged or CRNΔKi-untagged and CLV2-donor were ex-
cited with the donor excitation laser and fluorescence was recorded 
as for a lifetime measurement. A ROI was set over the membrane, 
and fluorescence intensity was recorded in every frame.

3  | RESULTS

3.1 | Optimization of fusion protein co-expression 
in Nicotiana

A quick, easy, and reliable way to test protein–protein interaction 
by FRET in plants is to use transient expression systems in Nicotiana 
benthamiana (thereafter Nicotiana). For this, both fluorescently tagged 
proteins must be co-expressed in the same cells. A classical way of 
co-expressing proteins in Nicotiana is to infiltrate leaves with different 
plasmids, each carrying the expression cassette for a single protein 
(Norkunas, Harding, Dale, & Dugdale, 2018). This system, however, 
presents several problems: Co-expression is highly variable, ranging 
from only a few cells to almost all cells co-expressing both constructs 
(Hecker et al., 2015); in addition, the relative expression levels of both 
constructs are very variable from cell to cell (Figure 1d). Since FRET 
is measured with pixel-wise resolution and not at the single molecule 
level, apparent FRET will differ according to the relative concentra-
tion of donor and acceptor (Fábián, Rente, Szöllosi, Mátyus, & Jenei, 
2010) (Figure 1a). It is also important to control expression levels as 
expression under strong promoters can trigger ER stress, protein ag-
gregation, and artefactual interactions (Bleckmann et al., 2010; Zuo, 
Niu, Frugis, & Chua, 2002). To solve the latter problem, we used an 
estradiol-inducible expression system that was previously shown to 
allow controlled expression of CRN and CLV2 (Bleckmann et al., 2010).

With the aim of reducing variability in the ratio of acceptor 
to donor, we designed an expression vector allowing simultane-
ous expression of two distinct fusion proteins under the control 
of the estradiol-inducible system from a single T-DNA. We mea-
sured both Acceptor/Donor (A/D) fluorescence ratio and FRET ef-
ficiency of cells co-expressing CRNΔKi-eGFP and CLV2-mCherry 
from a single T-DNA and compared them to cells co-expressing 
from individual T-DNAs (Figure 1b and c). While co-expression 
from a single T-DNA did not significantly change the measured flu-
orescence intensity of GFP, it resulted in a strong reduction in the 
variance of the A/D ratio (F test, p < .01; Figure 1b). Surprisingly, 
the average A/D ratio was higher than when the fusion proteins 
were co-expressed from independent T-DNAs, although we can-
not explain this effect. This resulted in the FRET efficiency being 
higher as more acceptor was available to quench the donor fluoro-
phore (Figure 1c). Consistent with expectations, nearly all express-
ing cells co-expressed both constructs when carried on a single 
T-DNA (Figure 1d). In conclusion, co-expression of both fusion 
proteins from a single T-DNA proved to be a more suitable system 
for FRET analysis than the classical way of co-expressing proteins 
from distinct T-DNAs, for the following reasons: (a) It reduced the 
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variability in co-expression levels, thereby reducing the potential 
influence of relative protein concentration on apparent FRET and 
increasing measurement reproducibility; (b) it increased the ap-
parent FRET due to lower mCherry expression in our hands; (c) it 
greatly improved the co-expression rate, reducing the amount of 
time spent finding suitable cells. We therefore used the co-expres-
sion system for the rest of this study.

3.2 | Selection and expression of fluorophore pairs 
for FRET measurements

Several fluorophore pairs were previously described to yield efficient 
FRET in plant or mammalian models (Table 1). We used the above de-
scribed system allowing inducible transient co-expression of tagged 
CRNΔKi-donor and CLV2-acceptor fusion proteins from a single T-DNA 
to assess the quality of these different FRET pairs in Nicotiana cells.

FRET requires sufficient rotational freedom of the fluorophores, 
so that dipole moments can align and permit resonance energy trans-
fer. The conformational state of the fusion proteins is, however, 
mostly unpredictable. Addition of linker sequences between the fu-
sion protein and the fluorophore can increase the likelihood of FRET 
(Lissandron et al., 2005; Osad'ko, 2015; Stryer & Haugland, 1967), if 
the linker increases free rotation of the fluorophore while being short 
enough to keep the fluorophores in close proximity in case of complex 
formation. Whether a linker sequence improves FRET efficiency can 
be experimentally tested for individual protein combinations.

3.3 | Fluorophore effect on protein localization

CLV2 and CRN are exported from the ER to the PM only if they in-
teract with each other via their transmembrane domains (Bleckmann 
et al., 2010; Somssich et al., 2016), and they therefore constitute a 

F I G U R E  1   Comparison of the co-expression of fusion proteins from a single or two T-DNAs effect on FRET efficiency. (a) FRET efficiency 
depends on the expression ratio of acceptor to donor. A/D intensity ratio was calculated as a proxy for the relative level of each fusion 
protein and plotted against the FRET efficiency of the sample. Both variables are linearly correlated (R2 = .71; dotted line). White: expression 
of CRNΔKi-eGFP only; dark gray: expression of both CRNΔKi-eGFP and CLV2-mCherry from a single T-DNA; light gray: expression of 
CRNΔKi-eGFP and CLV2-mCherry from distinct T-DNAs. (b) A/D ratio (Log2 scale) was significantly higher in samples co-expressing the two 
fusion proteins from a single T-DNA in comparison with those expressing from two T-DNAs (Tukey, p < .0001, N ≥ 28). The variance (σ2) of 
the two samples was also significantly different (F test p < .01). (c) FRET efficiency was significantly higher in samples co-expressing the two 
fusion proteins from a single T-DNA in comparison with those expressing from two T-DNAs (Tukey, p < .0001, N ≥ 29). (d) Co-expression 
of CRNΔKi-eGFP (Green) and CLV2-mCherry (Red) from the single T-DNA (bottom row) results in a higher co-expression rate than when 
expressed from 2T-DNAs (top row). Yellow indicates colocalization of both eGFP and mCherry. Scale bar: 25 µm
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convenient system to investigate the correct folding and interaction 
of fusion proteins.

High levels of protein expression can result in overloading of the 
vesicular transport system and lead to protein retention in the ER 
and formation of organized smooth endoplasmic reticulum (OSER) 
through weak protein–protein interactions (Ferrero et al., 2015; 
Snapp et al., 2003). For these reasons we used the abovementioned 
estradiol-inducible system, allowing controlled expression of the 
transgene, so that the optimal timing for measurement can be tested 
for each fusion proteins. It was previously shown that a short in-
duction time of 4h led to predominantly PM localization of CLV2 
and CRN, while longer induction time of more than 12h led to the 
formation of protein aggregates and predominant ER localization 
(Bleckmann et al., 2010). However, in our hands, overnight expres-
sion of CRNΔKi-eGFP and CLV2-mCherry resulted in predominantly 
PM localization occasionally associated with ER localization, while 
aggregation was observed in only a few cells (Figure 1d). As FLIM 
experiments typically require extended amount of time, we used 
overnight induction and acquired fluorescence lifetime over the 
course of a full day. Expression of all gene constructs resulted in a 
minor amount of ER localization of the fusion proteins, in addition to 
their expected PM localization, but aggregation was rarely observed 
(Figure 2), indicating that none of the fluorophores significantly in-
terfered with CLV2-CRN interaction.

Fusion proteins with Venus and Clover typically showed 
higher ER retention than other fluorophores. This may be due to 
the presence of an Alanine in position 206 of both proteins which 
is responsible for weak dimerization and the accumulation of 

membrane-localized fusion proteins in ER structures (Snapp et al., 
2003; Zacharias, Violin, Newton, & Tsien, 2002). For this reason, the 
monomeric variants mClover3 and mVenus should be preferred for 
membrane proteins fusions. Expression of CRNΔKi-T-Sapphire and 
CLV2-mOrange was typically weak and showed extensive accumu-
lation in cytoplasmic regions in zones of high membrane curvature. 
Like Venus and Clover, T-Sapphire contains an Alanine in position 
206, enabling it to dimerize. Additionally, T-Sapphire is a fast folding 
mutant of GFP (Zapata-Hommer & Griesbeck, 2003). Fast folding of 
the fluorophore might lead to the misfolding of the RLK moiety and 
accumulation of aggregated, misfolded fusion proteins in specific 
membrane or cytoplasmic regions.

mCherry, mScarlet, mRuby2, mRuby3, mTurquoise2, and mCe-
rulean3 fusions typically showed a weak fluorescence in the vacu-
ole of expressing cells. This could be a sign of protein recycling or 
storage in the vacuole and is likely a general property of all fluoro-
phores. As these fluorescent proteins have a low pKa (≤5.3), they 
are still fluorescent at the slightly acidic vacuolar pH (5.5–6), at 
which eGFP fluorescence at 488nm is largely quenched (Haupts, 
Maiti, Schwille, & Webb, 1998; Martinière et al., 2013). These less 
pH-sensitive fluorophores may be useful to study proteins targeted 
to acidic compartments such as the lytic vacuole or apoplasm.

3.4 | Fluorophore sensitivity to photobleaching

Energy transfer from the donor fluorophore to the acceptor is 
impaired by bleaching of the latter. While this is the leveraged 

TA B L E  1   Overview of the FRET pairs used in this study

Donor Acceptor R0 [Å] Organism Refs

Green-Red

eGFP mCherry 52.88 Human cell cultures
N. benthamiana

(Albertazzi, Arosio, Marchetti, Ricci, & Beltram, 2009)
(Bleckmann et al., 2010)

eGFP mScarlet 56.75 Human cell cultures (Bindels et al., 2017)

Clover mRuby2 63.28 Human cell cultures (Lam et al., 2012)

mNeonGreen mRuby2 63.41 Human cell cultures (Shaner et al., 2013)

mNeonGreen mRuby3 64.17 Human cell cultures (Bajar, Wang, Lam, et al., 2016)

Yellow-Red

Venus mKate2 54.55 N. benthamiana Stahl Y. and Burkart R. (personal communication)

Venus mRuby3 62.77 – –

Cyan-Green

mCerulean3 mNeonGreen 55.06 N. benthamiana Somssich M. (personal communication)

mTurquoise2 mNeonGreen 61.55 Human cell cultures (Mastop et al., 2017)

Cyan-Yellow

mCerulean3 Venus 61.55 Mammalian cell cultures (Markwardt et al., 2011)

mTurquoise2 Venus 57.62 Human cell cultures (Mastop et al., 2017)

Green-Orange long-stoke shift

T-Sapphire mOrange 55.88 N. benthamiana (Bayle et al., 2008)

Note: References for previously published FRET experiments and study organisms used are indicated.
Abbreviation: R0, Förster radius of the FRET pair.
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mechanism for FRET measurement in acceptor-photobleaching 
experiments, this can be a disadvantage in FLIM experiments as 
the measured lifetime will increase in correlation with acceptor 
bleaching. We therefore quantified acceptor photobleaching dur-
ing a typical FLIM experiments (Figure 3a): In order to do this, we 
expressed only the acceptor fusion protein and recorded its fluo-
rescence emission in a specific channel during excitation with the 
corresponding acceptor-excitation laser. We found mCherry to be 
the most stable of all red acceptors, with minimal fluorescence in-
tensity loss by the end of the measurement. mScarlet, mRuby3, 
and mKate2 showed bleaching of about 20% of the initial signal, 

while mRuby2 and Venus were the most sensitive acceptors with 
about 25% of signal loss during the course of the acquisition. 
Surprisingly, mNeonGreen and mOrange appeared to be photo-
activated by the 440 nm laser used for donor excitation, and their 
signal intensities increased by over 20% during the measurement. 
However, while this increase was steady for mNeonGreen, mO-
range went through a first bleaching phase before its fluorescence 
sharply increased.

Donor photobleaching during lifetime acquisition decreases the 
signal-to-noise ratio over time, impacting the quality of the data. 
Additionally, as bleaching can occur before the relaxation of the 

F I G U R E  2   Subcellular localization of the RLK-fluorophore fusion proteins. Confocal microscopy of Benthamiana cells co-expressing 
CRNΔKi-donor (CΔ) and CLV2-acceptor (C2) fusion proteins. Both donor (left row) and acceptor (middle row) are shown as gray scale and in 
false colors in the merged images (right row; green: donor; magenta: acceptor). Scale bar: 25 µm. mNG: mNeonGreen; mCer3: mCerulean3; 
mT2: mTurquoise2

AcceptorDonor Merge AcceptorDonor Merge
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fluorophore and therefore before the emission of a photon, this can 
artificially decrease the apparent lifetime. We therefore examined 
donor bleaching over time during lifetime acquisition (Figure 3b). 
Among the blue-spectral range donors, mTurquoise 2 was very sta-
ble (<5% bleaching), while mCerulean3 showed continuous bleach-
ing over the course of acquisition. For the green and yellow donors, 
T-Sapphire was the most stable with barely any bleaching over the 
course of the acquisition. eGFP was relatively stable with less than 
10% bleaching, mNeonGreen, and Venus showed mild bleaching of 
about 15% of the initial fluorescence, while Clover bleached rapidly 
down to about 40% of the initial fluorescence. Because of their insta-
bility, mCerulean3 and Clover should therefore be avoided as donors 
for FLIM experiments.

3.5 | Auto-fluorescence background

Plant cells contain numerous compounds such as chlorophyll and 
phenols that give strong auto-fluorescence in the red and blue range, 
respectively. As these compounds’ fluorescence lifetime is typically 
very short, these can lower the apparent lifetime of the sample when 
their signal is too strong in the donor channels.

We therefore measured fluorescence background of mock-infil-
trated Nicotiana for all the different laser and filter combinations that 
we used (Figure 4). The setups used for the acquisition of green-red and 
yellow-red pairs yielded the least background fluorescence, typically 
one order of magnitude lower than a typical fluorophore measurement. 
Setups used for the acquisition of the blue-range donors yielded more 
variable fluorescence, which was in some rare cases in the order of 
magnitude of a typical fluorophore measurement. Auto-fluorescence 
originated from the cell wall in these cases and was therefore spatially 
confounded with the fluorophore signal. Similarly, the setup used for 
the acquisition of T-Sapphire yielded a relatively high background in 
comparison with a typical fluorophore measurement, representing 
around one third of the signal. Nevertheless, auto-fluorescence giv-
ing rise to very short lifetime can be filtered out using post-acquisition 
data filtering (Antonik, Felekyan, Gaiduk, & Seidel, 2006).

3.6 | Acceptor bleed-through effect

As the signal collected in the donor channels does not discriminate 
between donor- and acceptor-emitted photons, it is crucial to deter-
mine whether the acceptor-emitted light is able to reach the donor's 
channel detectors, albeit the presence of a wavelength-specific band-
pass filter. We therefore expressed untagged CRNΔKi together with 
acceptor-tagged CLV2 and measured the number of photons collected 
in the corresponding donor channels (Figure 4). In almost all cases, the 
photon counts were similar to that of the background (mock-infiltrated 
Nicotiana). However, mOrange yielded a large photon count in the 
T-Sapphire channels when excited with the 440nm pulsed laser. As 
we used a 520/35 band-pass filter before the single photon detectors 
of the donor channels, mOrange signal should have been intercepted. 
Although a green-range fluorescence state was never described for 
mOrange, it is possible that when excited with indigo light, mOrange 
fluoresces in a green state as described for DsRed, from which mO-
range derives (Baird, Zacharias, & Tsien, 2000).

3.7 | Comparison of fluorophore pairs for 
FRET efficiency

We next compared the FRET efficiency of the different fluoro-
phore pairs. Therefore, fluorescence decay of the donor was quan-
tified in Nicotiana epidermis cells transiently expressing either 
CRNΔKi-donor and CLV2-acceptor or CRNΔKi-donor and untagged 
CLV2 (donor only) with picosecond resolution. We then eliminated 
background and ER signals by setting a photon minimum count 
threshold and manually excluding ER and chloroplast-containing re-
gions in order to enrich our samples in PM-localized fluorescence. 
Fluorescence decays can be well-described by multi-exponential 
models which allow to extract fluorescence lifetime (τ) as a model's 
parameter (Berezin & Achilefu, 2010). As multi-exponential mod-
els yield several lifetime components, these need to be weighted 
and averaged to extract a single τ per sample. For this, each decay 

F I G U R E  3   Photobleaching effect during lifetime acquisition. 
Acceptor (a) and donor (b) photobleaching during lifetime 
measurement in the absence of their FRET partner. Running 
average fluorescence intensity of 10 samples was calculated over 
5 frames (plain lines). Running standard error of the means is 
represented as colored areas between dotted lines. Fluorophores 
are indicated on the right, connected to their final value by a dotted 
line. Intensity was normalized to that of the first frame
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component's τ is weighted by its contribution to the decay's ampli-
tude. Most donor-only samples could be fitted with a single expo-
nential model to the exception of mCerulean3 and T-Sapphire, which 
required a bi- and tri-exponential model, respectively. Apart from 
the T-Sapphire-mOrange FRET pair, which required a tri-exponential 
model, all FRET pair decays could be fitted with a bi-exponential 
model. FRET efficiency can then be determined as a measure of the 
reduction in the donor's lifetime in the presence of an acceptor in 
comparison with donor-only samples. FRET efficiency is typically 
expressed in percent, with 0% representing the absence of lifetime 
reduction and 100% representing total quenching of the donor's 
fluorescence.

In order to ensure that lifetime reduction was due to interaction 
between CRNΔKi and CLV2 and not a consequence of the pres-
ence of a large concentration of acceptor surrounding the donor 
fluorophore at the plasmamembrane, we co-expressed CRNΔKi-
eGFP, CLV2-untagged, and a myristoylated version of mCherry 
(myr-mCherry) anchored in the PM (Turnbull & Hemsley, 2017). 
CRNΔKi-eGFP and myr-mCherry largely co-localized (Figure S2). 

Although the ratio of eGFP to mCherry signal was in the same order 
of magnitude for the myr-mCherry construct as for the previously 
described CLV2-mCherry constructs (Figure S1 and Figure 1), eGFP 
fluorescence lifetime was not significantly reduced (Figure 5b), indi-
cating that the mere presence of the acceptor at the membrane is 
not sufficient to quench the donor. Lifetime reduction is therefore a 
consequence of protein–protein interaction.

We therefore proceeded to determine the FRET efficiency of 
our candidate FRET pairs (Figure 5). Surprisingly, we failed to de-
tect any significant FRET between Clover and mRuby2, although 
this was described as an efficient pair in mammalian cells (Lam et al., 
2012). For mCerulean3, we encountered difficulties to consistently 
fit lifetime (Figure S2; RSD of 14%), and the average lifetime value 
we determined (2.9 ns) is inconsistent with the theoretical value of 
(4.1 ns). Because of the considerable bleed-through of mOrange in 
the donor channel of T-Sapphire, the inconsistent localization of 
both fluorophores, and the high variation of T-Sapphire lifetime be-
tween experiments (Figure S2; RSD of 22%), we decided to leave 
the T-Sapphire-mOrange FRET pair out of our lifetime analysis. They 

F I G U R E  4   Background and bleed-through controls for the different FRET pairs tested. For each different microscope settings (Laser 
wavelength and band-pass filter indicated on top of each section), we measured the intensity of the fluorescent background of mock-
infiltrated plants (white) and the emission of the CLV2-acceptor constructs in the acceptor channels (light gray). Data are represented in 
comparison with the fluorescence intensity of representative CRNΔKi-donor only constructs (dark gray). Total amount of photons collected 
are displayed as a log scale
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were, however, described as a well-performing FRET pair to measure 
interaction between a transmembrane and a cytosolic protein in an-
other report (Bayle et al., 2008). However, in this report, T-Sapphire 
was fused to a soluble protein, and it is possible that fusion of 
T-Sapphire to transmembrane proteins results in misfolding or mis-
localization. Importantly, the previously described eGFP-mCherry 
combination was one of the best performing pairs, confirming 
its status of reference FRET pair for plant experiments. However, 
combination of Venus with either mKate2 or mRuby3 and using 
mCerulean3 or mTurquoise2 as donors for either mNeonGreen or 
Venus yielded comparable FRET efficiencies. The recently described 
mNeonGreen-mRuby2 and eGFP-mScarlet pair (Bindels et al., 2017; 
Shaner et al., 2013) yielded measurable FRET, although lower than 
the eGFP-mCherry pair. mNeonGreen performed significantly bet-
ter as a donor for mRuby3.

4  | DISCUSSION

4.1 | Improved FRET measurement from T-DNA 
stacking

FRET measurements require the presence of both donor and accep-
tor in the same cell, and efficiency is partially dependent on accep-
tor-to-donor ratios. As both these factors are highly variable when 
co-infiltrating donor and acceptor constructs in Nicotiana, we used 

the GreenGate system (Lampropoulos et al., 2013) to conveniently 
create a large number of constructs allowing inducible co-expression 
of donors and acceptors from single T-DNAs, respectively. As previ-
ously reported for a similar Gateway-based system (Hecker et al., 
2015), this resulted in a drastic increase in co-expression rate and a 
decrease in donor-to-acceptor ratio variability. Additionally, the use 
of the GreenGate system allows to easily change expression driver 
(inducible or constitutive, weak or strong), fluorescent tag, and fu-
sion orientation, providing a flexibility unmatched by Gateway-
based systems. The ability to freely vary these parameters can be 
leveraged to increase measurements robustness and sensitivity, and 
time-efficiency of FRET-FLIM experiments. It should be noted how-
ever, that for proteins with highly different maturation times, turno-
ver, and/or stability, inducing protein expression at different times 
might be favorable over this simultaneous co-expression system.

4.2 | Comparison of fluorophore suitability in fusion 
to RLKs

The optimal fluorophore combination to measure FRET is dependent 
on the fusion proteins, and therefore, several combinations could 
be tried using the present study as a starting point. Fusion protein 
folding, stability, and activity may be improved by adding amino acid 
linker sequences of various lengths and composition between the 
protein of interest and the fluorophore moiety. It is necessary prior 

F I G U R E  5   FRET efficiencies of 
the different FRET pairs tested. FRET 
efficiencies of the donor-only samples 
(white) and FRET pairs (gray) for CLV2 and 
CRNΔKi fusion proteins (a) or CRNΔKi-
eGFP and plama membrane-localized myr-
mCherry control (b). FRET efficiencies 
were calculated as a normalized measure 
of the donor's lifetime reduction. 
mNeonG: mNeonGreen; mCer3: 
mCerulean3; mTurq2: mTurquoise2; myr: 
myristoylation. Asterisks in A indicate that 
the sample mean is significantly different 
to the donor only mean (*; Holm-Sidak 
corrected p < .01; N ≥ 20). Absence of 
difference between the two populations 
in B was determined by Student's t test 
(p > .1; N = 20)
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for a FRET experiment to verify that the fusion proteins localize 
properly and are functional.

In addition to the specific protein fusion behaviors, individual 
fluorophores exhibit different properties, which should be carefully 
considered before selecting a protein fusion. One point of particular 
importance for membrane proteins transiting through the ER is to 
avoid the use of fluorescent proteins that can self-interact, forming 
oligomers. As membrane proteins are stacked in a single plane, they 
can reach high local concentration in over-expression situations. In 
conjunction with weakly self-interacting fluorophores, this can lead 
to the formation of oligomers that convert the ER tubular network 
into organized smooth ER (Costantini, Fossati, Francolini, & Snapp, 
2012; Snapp et al., 2003). For this reason, monomeric variants such 
as mEGFP, mVenus, or mClover3 should be preferred. It is also im-
portant to confirm that the fusion protein correctly localizes, since 
some fluorophore fusions can prevent proper folding of their cargo 
and lead to non-functional and/or mislocalized proteins. For this 
reason, we decided to exclude the T-Sapphire-mOrange pair from 
our lifetime analysis, although they were shown to perform well for 
soluble proteins (Bayle et al., 2008). Another aspect to be evaluated 
for individual fluorophores is their signal-to-noise ratio in the cellu-
lar context. Imaging of blue-range donors typically yields high cell-
wall fluorescence and very bright fluorophores have to be employed 
to minimize interference from auto-fluorescence. mCerulean3 and 
mTurquoise2 typically yielded a very bright signal, which counter-
balanced the background. It is to note that mTurquoise2 was signifi-
cantly brighter than mCerulean3 and can therefore be considered 
a more suitable donor fluorophore for plasmamembrane-localized 
proteins (Goedhart et al., 2012). Similarly, fluorophores emitting in 
the far-red spectral range should not be selected for experiments in 
photosynthetic tissues.

Lifetime determination from the fluorescence decay requires a 
high photon budget; however, as photons are accumulated over sev-
eral frames weak fluorescence signal can be balanced out by longer 
acquisition provided that: (a) Fluorophores are photostable; (b) back-
ground fluorescence is an order of magnitude lower than the signal, or 
can be filtered out during downstream analysis (Antonik et al., 2006); 
(c) the proteins of interest are slow diffusing; and (d) the tissues of in-
terest do not present significant growth during the measurement.

4.3 | Comparison of FRET pairs quality

In this work we compared the FRET performances of 12 different 
FRET pairs (Table 2). T-Sapphire and mOrange resulted in mislo-
calization of the fusion proteins. Additionally, mOrange emission 
can affect the detection of T-Sapphire emission, leading to a bias in 
T-Sapphire lifetime determination and should therefore be avoided. 
Clover and mCerulean3 photobleached significantly during lifetime 
acquisition; furthermore, we failed to detect FRET between Clover 
and mRuby2. Therefore, using mCerulean3 and Clover should also 
be avoided. On the other side, we measured FRET between several 
other pairs. mScarlet did not perform and mCherry as an acceptor 

for eGFP. The eGFP-mCherry pair is preferable when using eGFP 
as a donor, especially since there is now a considerable amount of 
literature using this FRET pair. Several good alternatives to this pair 
exist: (a) Venus can serve as an excellent donor for both mKate2 and 
mRuby3, where mRuby3 yields a higher FRET efficiency; (b) mTur-
quoise2 can be employed as an efficient donor for both mNeon-
Green and Venus. mNeonGreen is less sensitive to photobleaching 
than Venus and will therefore be preferred, although this effect is 
marginal on FRET efficiency. mNeonGreen gave a reliable FRET as 
a donor for mRuby3, although yields a lower efficiency than the 
abovementioned pairs.

There are several newer and more performant versions of some of 
the fluorophores we tested here that could further increase FRET per-
formances in plant systems. For example, SYFP2 was described to be a 
brighter variant of Venus which was successfully applied for FLIM mea-
surement of plant transcription factors (Kremers, Goedhart, Munster, 
& Gadella, 2006; Long et al., 2018). Likewise, mClover3 is a more stable 
variant of Clover that may display better characteristics than its ances-
tor in plant FRET experiments (Bajar, Wang, Lam, et al., 2016).

While most FRET applications look at interactions between two 
partners, a few recent publications pushed this boundary to inves-
tigate interactions between three or even four partners within RLK 
complexes (Breda et al., 2019; Gloeckner et al., 2019). These studies 
rely on the measurement of competitive interactions or the direct 
measurement of three-fluorophore FRET-FLIM, both using combi-
nations of three different fluorophores forming overlapping FRET 
pairs. In the present study, we identify two such combinations—
namely mTurquoise2-mNeonGreen-mRuby3 and mTurquoise2-Ve-
nus-mRuby3—that could further improve these new applications.
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Supplementary figure 1. Myristoylated-mCherry co-localizes with CRNΔKi-eGFP. 
Confocal microscopy images of Benthamiana epidermis cells co-expressing CRNΔKi-
eGFP (left), CLV2-untagged, and myr-mCherry (middle) constructs. False color merged 
image (right) shows co-localization of both eGFP and mCherry at the plasma-membrane 
(green: eGFP; red: mCherry) in whole cells (A) and in close-up of a membrane section (B). 
Scale bar: 25µm (top), 5µm (bottom) (C) Acceptor/Donor intensity ratios in the cells used 
for fluorescence lifetime measurement.  
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Supplementary figure 2. Lifetime stability for each donor. 
Distance of the donor only samples from the population means. 
Each point represents an individual sample. Bars represent the 
mean distances. 
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Supplementary table 1. Oligonucleotides used in this study. [mC] indicates the presence of a 5-
methyl-dCytosine. 

Name Target Sequence 

GG_XVE_F XVE AAAGGTCTCAGGCTATGAAAGCG 

G_XVE_R XVE AAACACTGAGACTGTGGCAGGG 

PW_XVE_3084_AT_R XVE GGAGCGCCAGACGAGTCCAATCATCAGGAT 

PW_XVE_3084_TA_F XVE ATCCTGATGATTGGACTCGTCTGGCGCTCC 

GG_EST_F LexA-mini35S AACAGGTCTCAACCTTGCATGCCAGCTTGGGCTGCAGGTCGAGGCT 

GG_EST_R LexA-mini35S AACAGGTCTCTTGTTCTTCAGCGTGTCCTCTCCAAATGAAATGAA 

PS-GG-CDS-Clv2-F  CLV2 AAAGGTCTCAGGCTTAATGATAAAGATTGCAG 

PS-GG-CDS-Clv2-R CLV2 TTTGGTCTCACTGAGAAAGCTGGGTAAG 

oGD335 CRNΔKi AAAGGTCTCAGGCTTAATGAAGCAAAGAAGAAGAAG 

oGD336 CRNΔKi AAAGGTCTCACTGATAACACCAAAGCTGAAACC 

oGD339 myr GGCTCTATGGGAAGAAGAAAAAGAAAACCTAAA 

oGD340 myr CTGATTTAGGTTTTCTTTTTCTTCTTCCCATAG 

PW_GG_SV40ori_F SV40ori AAAGGTCTCAACTAGGTGTGGAAAGTCCCC 

PW_GG_SV40ori_R SV40ori AAAGGTCTCAATACGGCCTCCAAAAAAGCC 

oGD261 eGFP AAAGGTCTCATCAGGCAGCGGCTCTGGATCG 

oGD262 eGFP ATAGGGCGAGAATTCGGTCTCAGC 

oGD317 

Clover,  
mCerulean3,  
Venus,  
T-Sapphire, 
mTurquoise2 

AAAGGTCTCATGCAATGGTGAGCAAGGGCG 

oGD318 

Clover,  
mCerulean3,  
Venus,  
mOrange,  
T-Sapphire,  
mTurquoise2,  
mRuby3 

AAAGGTCTCAGCAGTTACTTGTACAGCTCGTCCATGC 

oGD315 D-TGCA linker TCAGGCAGCGGCTCTGGATCGGCGGCCGC 

oGD316 D-TGCA linker TGCAGCGGCCGCCGATCCAGAGCCGCTGCC 

oGD325 
mRuby2, 
mRuby3 

AAAGGTCTCATCAGGAATGGTGTCTAAGGGCGAAGAG 

oGD326 mRuby2 AAAGGTCTCAGCAGTTACTTGTACAGCTCGTCCATCCC 

oGD331 mOrange TTGTACAAAGTGGTTGATGGG 

oGD327 mOrange AAAGGTCTCATCAGGAATGGTGAGCAAGGGCGAG 

oGD343 mNeonGreen AAAGGTCTCATGCAATGGTGAGCAAGGGAGAG 

oGD344 mNeonGreen AAAGGTCTCAGCAGTTACTTGTAAAGCTCGTCCATTC 
RD_GG_mCherry_C-
tag_F 

mCherry AAAGGTCTCATCAGCAATGGTGAGCAAGG 

RD_GG_mCherry_C-
tag_R 

mCherry AAAGGTCTCAGCAGTTACTTGTACAGCTCGTC 

RD_GG_mScarlet_C-
tag_R 

mScarlet AAAGGTCTCAGCAGTTACTTGTACAGCTC 

RD_GG_mScarlet_C-
tag_F 

mScarlet AAAGGTCTCATCAGTTATGGTGAGCAAG 

RD_mKate2_GG_C-
tag_R 

mKate2 AAAGGTCTCAGCAGTTAGCGGTGAC 

RD_mKate2_GG_C-
tag_F 

mKate2 AAAGGTCTCATCAGTTATGGTGTCGG 

linker_AH_met_F 
A-H methylated 
linker 

ACCTACCTTGAGAC[mC]GAAAAGGTGGTCT[mC]A 

linker_AH_met_R 
A-H methylated 
linker 

CCTATGAGAC[mC]ACCTTTTCGGTCT[mC]AAGGT 

linker_HG_met_F 
HG methylated 
linker 

TAGGACCTTGAGAC[mC]GAAAAGGTGGTCT[mC]A 

linker_HG_met_R 
HG methylated 
linker 

ATACTGAGAC[mC]ACCTTTTCGGTCT[mC]AAGGT 

  



Supplementary table 2. Microscope configuration for each FRET pairs. 

Donor Acceptor 
Donor 
Ex/Em 
peaks 

Acceptor 
Ex/Em 
peaks 

Excitation 
laser [nm] 

Donor 
band-
pass filter 

Acceptor 
band-
pass filter 

Beamsplitter 

eGFP mCherry 488/507 587/610 485 520/35 607/70 LP560 

eGFP mScarlet 488/507 569/594 485 520/35 607/70 LP560 

Clover mRuby2 505/515 559/600 485 520/35 607/70 LP560 

mNeonGreen mRuby2 506/517 559/600 485 520/35 607/70 LP560 

T-Sapphire mOrange 399/511 548/562 440 520/35 607/70 LP560 

Venus mKate2 515/527 588/633 485 534/30 607/70 LP560 

mCerulean3 Venus 433/475 515/527 440 482/35 534/30 LP510 

mCerulean3 mNeonGreen 433/475 506/517 440 482/35 520/35 LP510 

mTurquoise2 Venus 434/474 515/527 440 482/35 534/30 LP510 

mTurquoise2 mNeonGreen 434/474 506/517 440 482/35 520/35 LP510 

mNeonGreen mRuby3 506/517 558/592 485 520/35 607/70 LP560 

Venus mRuby3 515/527 558/592 485 520/35 607/70 LP560 

 

 

 

Supplementary table 3. Plasmids available from Addgene. All plasmids are suitable for use 
with the GreenGate kit (Lampropoulos et al., 2013).  

Content Reference Backbone 

Destination plasmid 

35S:XVE:tRBCS pGD283 pGGZ001 

Entry plasmids 

pLexA-mini35S pBLAA001 pGGA000 
myr pGD318 pGGC000 
eGFP pGD165 pGGD000 
Clover pGD250 pGGD000 
mCerulean3 pGD251 pGGD000 
T-Sapphire pGD252 pGGD000 
mRuby2 pGD253 pGGD000 
mOrange pGD254 pGGD000 
Venus pGD255 pGGD000 
mCherry pRD53 pGGD000 
mScarlet pRD134 pGGD000 
mKate2 pRD141 pGGD000 
mNeonGreen pGD352 pGGD000 
mTurquoise2 pGD425 pGGD000 
mRuby3 pGD431 pGGD000 
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Summary 

CLAVATA family (CLVf) receptors are plasma membrane (PM)-located receptor-like kinases 

(RLKs) with key functions in various signaling pathways of Arabidopsis thaliana. CLVf 

receptors sense extracellular CLV3/EMBRYO SURROUNDING REGION-related (CLE) 

peptides by forming complexes with co-receptors and proteins like CLAVATA2 (CLV2) and 

CORYNE (CRN) at the PM. This study contributes to understand how CLE peptide signals are 

transmitted intracellularly after receptor activation at the PM. Furthermore, the study reveals 

mechanisms of pathway specificity explaining how the same set of CLVf receptors can mediate 

distinct signaling outputs in different cellular contexts.  

Many RLK-based signaling pathways in plants are highly intertwined and cross-regulated. The 

review in the first chapter of this thesis presents recently reported principles that guarantee 

specific signaling within complex informational networks. Thereby, spatio-temporal receptor 

availability at the PM was identified as one of the main drivers for pathway specificity.     

A major advance of this study is the identification of the receptor-like cytoplasmic kinase 

MAZZA (MAZ) and its homologs as novel interactors of CLVf receptors. MAZ is reversibly 

PM-associated and shares expression domains with the CLVf genes. Genetic analyses revealed 

that MAZ functions during root meristem development and stomatal patterning. The latter 

displays a novel place of action of the CLVf receptor pathways.  

The study sheds light on the role of the CRN/CLV2 heteromer within root development. 

Previous reports demonstrated that CLE-triggered root meristem differentiation depends on 

CRN, which defines PM-localization of CLVf receptors. Tissue-specific CRN expression 

rescue assays in this study revealed that CRN can mediate the same developmental programs 

from distinct subdomains of the root meristem indicating non-cell-autonomous regulation.  

Furthermore, the study comprises new insights how precisely balanced subcellular protein 

compositions affect CLVf receptor signaling. OCTOPUS (OPS) displays polar localization in 

developing phloem cells in the root, where it competitively interferes the interaction between 

CRN/CLV2 and the CLVf receptor BARELY ANY MERISTEM3 (BAM3). Thereby, OPS 

dampens the pathway dosage-dependently and locally defined, displaying a novel regulatory 

mechanism for specificity in CLVf receptor signaling.  

To improve protein-protein interaction studies in future experiments, this thesis includes a guide 

for FRET pair selection with high performance at the PM of plant cells.   

Together, the thesis comprises several novel concepts on CLVf receptor pathways regulation, 

signal fine-tuning, and signal transmission. This contributes to the overall understanding of 

RLK-based informational networks in plants.   
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Zusammenfassung 

Rezeptoren der CLAVATA-Familie (CLVf) haben als Plasmamembran (PM)-lokalisierte 

Rezeptorkinasen Schlüsselrollen in verschiedenen Signalwegen von Arabidopsis thaliana. 

Durch die Bildung von Signalkomplexen an der PM nehmen CLVf-Rezeptoren zusammen mit 

Ko-Rezeptoren und weiteren Proteinen, wie CLAVATA2 (CLV2) und CORYNE (CRN), 

extrazelluläre Peptide der CLV3/EMBRYO SURROUNDING REGION-related (CLE)-

Familie wahr. Wie die Signalübertragung nach Rezeptoraktivierung an der PM intrazellulär 

stattfindet, ist Gegenstand der vorliegenden Arbeit. Außerdem tragen die Studienergebnisse 

zum Verständnis der Spezifizität von CLVf-Signalwegen in verschiedenen funktionellen 

Zusammenhängen bei. 

Ein aktueller Literaturüberblick verdeutlicht, dass einzelne Elemente pflanzlicher Signalwege 

teils in unterschiedlichen Signalkaskaden verschiedene Rollen übernehmen. Ein wichtiges 

Prinzip, um dennoch spezifische Signalantworten zu generieren, ist die dynamische räumliche 

und zeitliche Kontrolle der Verfügbarkeit von Rezeptoren an der PM.  

Um Signalspezifizität im Zusammenhang von CLVf-Rezeptoren zu verstehen, ist die Kenntnis 

der beteiligten Proteine von zentraler Bedeutung. Im Rahmen der Arbeit wurden deshalb gezielt 

direkte Interaktionspartner der CLVf-Rezeptoren gesucht. Mit der Identifizierung und 

Charakterisierung der rezeptor-ähnlichen zytoplasmatischen Kinase MAZZA (MAZ) wurde ein 

wichtiger Beitrag zur Aufklärung der Signaltransduktion von CLVf-Rezeptoren geleistet. In 

diesem Zusammenhang konnte auch eine neue Rolle der CLVf-Rezeptoren im Bereich der 

Entwicklung von Stomata aufgezeigt werden.  

Im Wurzelmeristem ist die Perzeption von CLE-Peptid abhängig von einem Heteromer aus 

CLV2 und CRN, welches vermutlich die PM-Lokalisation bestimmter CLVf-Rezeptoren 

reguliert. Über Rettungsexperimente von crn-Mutanten konnte in dieser Studie gezeigt werden, 

dass das Protein innerhalb verschiedener Subdomänen seiner nativen Expression zur Induktion 

der gleichen Signalantwort, nämlich meristematische Zelldifferenzierung, beitragen kann und 

dabei möglicherweise unterschiedliche CLVf-Rezeptoren beeinflusst.  

Wie Signalspezifizität auch auf subzellulärer Ebene vermittelt werden kann, lässt sich innerhalb 

des sich entwickelnden Phloem-Gewebes beobachten. In der vorliegenden Studie konnte 

gezeigt werden, dass die Interaktion von CRN mit dem CLVf-Rezeptor BARELY ANY 

MERISTEM3 (BAM3) in Siebelementen im Übergang zur Differenzierung kompetitiv von 
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dem polar lokalisiertem Protein OCTOPUS (OPS) gestört wird. Dies stellt einen neuen 

Mechanismus einer lokalen negativen Regulierung von CLVf-Rezeptoren dar. 

Außerdem wurden im Rahmen dieser Arbeit verschiedene Fluorophore bezüglich ihrer Eignung 

als FRET-Partner im Kontext von PM-lokalisierten Proteinen in planta getestet. Dies kann 

zukünftige Protein-Protein-Interaktionsstudien erleichtern und somit beispielsweise komplexe 

Signalwege der CLVf-Rezeptoren aufklären.  

Insgesamt werden in der vorliegenden Arbeit wichtige neue Konzepte zur Signaltransduktion 

von CLVf-Rezeptoren vorgestellt. Die Arbeit trägt daher zum allgemeinen Verständnis von 

rezeptor-basierter Informationsweiterleitung in Pflanzen bei.   
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