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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.
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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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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.
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
2502 Current Biology 29, 2501–2508, August 5, 2019
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
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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.
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
Current Biology 29, 2501–2508, August 5, 2019 2503



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),
2504 Current Biology 29, 2501–2508, August 5, 2019
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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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.
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
Current Biology 29, 2501–2508, August 5, 2019 2505



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.
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
2506 Current Biology 29, 2501–2508, August 5, 2019
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
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
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).
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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.
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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.
Current Biology 29, 2501–2508.e1–e3, August 5, 2019 e3


	A Cellular Insulator against CLE45 Peptide Signaling
	Results and Discussion
	Quantitative Antagonism between CLE45 Signaling and OPS Determines Protophloem Differentiation
	C-Terminal Fusions Impact OPS Activity
	Alleviation of CLE45 Signaling Partially Rescues ops Phenotypes
	OPS Can Interact with CLE45 Signaling Components
	OPS Can Interfere with CLE45 Signaling Component Interactions
	OPS Gain of Function Confers Resistance to Various Root-Active CLE Peptides
	Ectopic OPS Overexpression Promotes Early Differentiation
	Conclusion

	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Lead Contact and Materials Availability
	Experimental Model and Subject Details
	Plant materials and growth conditions

	Method Details
	Quantitative real-time PCR
	Physiological assays
	Reporter detection and microscopy
	FRET/FLIM interaction studies
	Yeast split ubiquitin assays

	Quantification and Statistical Analysis
	Data and Code Availability



