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Preface
In this dissertation novel aspects of the intricate interplay of the key transcription 

factors (TFs) BRASSINOSTEROID AT VASCULAR AND ORGANIZING CENTRE 

(BRAVO), PLETHORA 3 (PLT3) and WUSCHEL-RELATED HOMEOBOX 5 (WOX5) 

in the regulation of stem cell quiescence and replenishment in the root of 

Arabidopsis thaliana (A. thaliana) are uncovered. The main body of this thesis 

consists of five publications and one submitted manuscript. First, three reviews 

provide a comprehensive introduction about the relevant topics discussed in the 

subsequent research articles, which comprises the second part of this dissertation. 

1. Review: At the root of quiescence: function and regulation of the quiescent 
center
Vivien I. Strotmann and Yvonne Stahl

Higher plants harbour a pool of rarely dividing stem cells, termed the quiescent 

center (QC), within the root apical meristem (RAM), which is located at the root tip. 

The QC maintains the surrounding more frequently dividing initials, that together 

form the stem cell niche (SCN). The initials, following numerous rounds of division 

and differentiation, give rise to nearly all tissues of the root. Hence, QC 

establishment, maintenance, and function are crucial for the development of the 

whole root system, which is fundamental to plant growth and productivity. Although 

the concept of the QC has been known for many years, much of its molecular 

regulations and intricate connections remain elusive. In A. thaliana, many different 

molecular factors such as phytohormones, small signaling peptides and their 

receptors, as well as key TFs, interact in a complex and intertwined regulatory 

network to maintain the QC. The first publication of this dissertation provides an 

overview about molecular factors that contribute to the fine-tuned regulation of QC 

maintenance in the Arabidopsis root.

2. Review: Unlocking nature’s (sub)cellular symphony: Phase separation in 
plant meristems
Ali Eljebbawi, Anika Dolata, Vivien I. Strotmann and Yvonne Stahl
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The balance of stem cell maintenance and differentiation in the root meristem not 

only involves the interplay of many different molecular factors, but also depends on 

dynamic compartmentalization strategies which includes liquid-liquid phase 

separation (LLPS), allowing the formation of membrane-less compartments. In this 

part of the dissertation, significant findings about the emerging research field of 

LLPS in the plant meristems are reviewed. 

3. Review: Visualization of in vivo protein-protein interactions in plants
Vivien I. Strotmann and Yvonne Stahl

Molecular processes, such as the regulation of stem cell balance, often depend on 

the collaborative and dynamic interaction of proteins. This includes the assembly of 

two proteins of interest (POI), whether identical or different, as well as the formation 

of larger protein complexes that can consist of a multitude of different proteins. 

Precise (subcellular-) localization, as well as protein concentration and timing are 

crucial to specifically trigger the correct downstream processes. Understanding 

these complex regulatory mechanisms in vivo requires preservation of the spatio-

temporal information of the POIs. In this publication, methods to detect protein-

protein-interactions (PPIs) in plants are summarized, particularly emphasizing in 

vivo fluorescent microscopy imaging techniques. Here, the unique characteristics of 

these methods are described and benefits and potential pitfalls are discussed. 

4. Research article: One Pattern Analysis (OPA) for the quantitative 
determination of protein interactions in plant cells
Jan E. Maika, Benedikt Krämer, Vivien I. Strotmann, Frank Wellmer, Stefanie 

Weidtkamp-Peters, Yvonne Stahl and Rüdiger Simon

In this publication, a novel fitting routine for quantitative Förster resonance energy 

transfer fluorescence lifetime imaging microscopy (FRET-FLIM) data is established, 

termed 8One Pattern Analysis9 (OPA). While deciphering differences in protein 

affinities and complex dynamics is trivial for monoexponentially decaying donor 

fluorophores, OPA, for the first time, offers this practicability for multi-exponentially-

decaying donors. As a proof of principle, the hetero- and homomerization potential 

of several MADS-domain TFs crucial for flower development in A. thaliana are 

reassessed. 
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5. Research article: PLETHORA-WOX5 interaction and subnuclear 
localization control Arabidopsis root stem cell maintenance
Rebecca C Burkart, Vivien I. Strotmann, Gwendolyn K. Kirschner, Abdullah Akinci, 

Laura Czempik, Anika Dolata, Alexis Maizel, Stefanie Weidtkamp-Peters and Yvonne 

Stahl

In the following publication the joint function of the auxin-regulated TFs PLT3 and 

WOX5 in the regulation of root stem cell maintenance is described. The use of 

fluorescent reporters uncovers their mutual transcriptional regulation, and 

phenotypic analysis of several multiple mutants employing a novel SCN staining 

method reveals their joint control of QC quiescence and columella stem cell (CSC) 

fate decisions. FRET-FLIM measurements disclose an interaction of WOX5 and 

PLT3 predominantly occurring in subnuclear microdomains referred to as nuclear 

bodies (NBs). NB formation is facilitated by prion-like domains (PrDs) found in PLT3. 

These PLT3 NBs are hypothesized to occur via LLPS and control stem cell fate 

determination in CSCs. 

6. Research article: Stem cell homeostasis in the root of Arabidopsis 
involves cell-type specific complex formation of key transcription factors
Vivien I. Strotmann, Monica L. Garcia-Gomez and Yvonne Stahl

In this manuscript, the interplay of the key TFs PLT3 and WOX5 in maintaining stem 

cell homeostasis in the root of Arabidopsis is extended by the TF BRAVO. By 

assessing phenotypical defects in several multiple mutants, their joint function in QC 

maintenance and CSC fate decisions is determined. Additionally, quantitative 

experimental data on protein abundance in the Arabidopsis root, as well as 

heterodimerization and -oligomerization data, are combined in a mathematical 

modelling approach. Here, the integration of experimental and computational 

approaches suggests that distinct cell type specific profiles of protein complexes are 

formed. Furthermore, it is hypothesized that these unique cell type specific profiles 

of complexes and unbound proteins could serve as a read-out for cell fate specificity 

necessary for root stem cell maintenance.
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Abstract

The quiescent center (QC) of roots consists of a rarely dividing pool of stem cells within the root apical meristem 
(RAM). The QC maintains the surrounding more frequently dividing initials, together constituting the stem cell niche 
of the RAM. The initials, after several rounds of division and differentiation, give rise to nearly all tissues necessary for 
root function. Hence, QC establishment, maintenance, and function are key for producing the whole plant root system 
and are therefore at the foundation of plant growth and productivity. Although the concept of the QC has been known 
since the 1950s, much of its molecular regulations and their intricate interconnections, especially in more complex 
root systems such as cereal RAMs, remain elusive. In Arabidopsis, molecular factors such as phytohormones, small 
signaling peptides and their receptors, and key transcription factors play important roles in a complex and inter-
twined regulatory network. In cereals, homologs of these factors are present; however, QC maintenance in the larger 
RAMs of cereals might also require more complex control of QC cell regulation by a combination of asymmetric and 
symmetric divisions. Here, we summarize current knowledge on QC maintenance in Arabidopsis and compare it with 
that of agriculturally relevant cereal crops.

Keywords:  Quiescent center, quiescent center maintenance, root apical meristem, stem cell homeostasis, stem cell niche.

Introduction

As sessile organisms, higher plants must adapt their growth and 
development in response to internal and external cues such as 
light and nutrient availability, and biotic and abiotic stresses. 
Plant roots provide anchorage in the soil and are necessary for 
the uptake of nutrients and water, and the plasticity of plant 
root development in response to such cues is therefore essen-
tial to maintain plant vigor and fertility. Plant development, 
in contrast to animal development, takes place mainly after 
embryogenesis and depends on the maintenance of pools of 

pluripotent stem cells in structures called meristems. In both 
animals and plants, stem cells are de�ned as undi�erentiated 
cells with a self-renewing capacity that produce progenitor cells 
that replenish and regenerate the tissues of multicellular or-
ganisms (Barlow, 1978, 1997; Sánchez Alvarado and Yamanaka, 
2014). The stem cells within the two main meristems at the 
shoot apex [the shoot apical meristem (SAM)] and at the root 
apex [the root apical meristem (RAM)] give rise to all above- 
and below-ground organs of a plant, respectively.
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The concept of a multicellular “cytogenerative center” 
within the RAM, from which most of the root cells derive 
and which functions as a source of regeneration in wounded 
plant root tips, was �rst formulated by F.A.L. Clowes in 1953 
based on his observations on Fagus sylvatica and Vicia faba roots. 
He later renamed it the “quiescent center” (QC) due to its 
proliferative quiescence, which he observed in the RAM of 
Zea mays (Clowes, 1953, 1956; Barlow, 1978, 1997; Dubrovsky 
and Barlow, 2015). In doing so, he presented one of the �rst 
conceptualizations of a population of pluripotent stem cells 
within the RAM serving as long-term progenitors for most 
root cells. This fundamental work provided the foundation of 
many decades of research to understand the regulation of this 
important stem cell pool in plant roots (Clowes, 1953, 1953, 
1956; Barlow, 1978, 1997; Jiang and Feldman, 2005; Dubrovsky 
and Barlow, 2015).

In this review, we summarize the information about mo-
lecular regulators of QC positioning, maintenance, and func-
tion, and hypothesize how stem cell pools can be maintained 
depending on their size in di�erent roots. To date, most of the 
knowledge about QC function and its regulation by molecular 
factors has been acquired by studying the root of the eudicot 
model plant Arabidopsis thaliana.

The root stem cell niche of Arabidopsis

Stem cell niches (SCNs) in multicellular organisms are 
thought to provide the necessary microenvironment to regu-
late the balance of stem cell maintenance and renewal, and 
the production of daughter cells that produce di�erentiated 
tissues (Spradling et al., 2001; Heidstra and Sabatini, 2014). In 
the Arabidopsis RAM, the SCN consists of the, on average, 
four rarely dividing QC cells and the adjacent, shorter-lived, 
proliferating stem cells, which are also called initials. The ini-
tials are produced by asymmetric divisions of the QC cells 
and are maintained by the QC in a non-cell-autonomous 
manner (Dolan et al., 1993; van den Berg et al., 1997; Benfey 
and Scheres, 2000). Future cell fates are de�ned by the �xed 
position of the initials and their descendants during plant de-
velopment. This results in the production of concentrically 
organized clonal cell lineages that form distinct tissue layers 
representing a spatiotemporal developmental gradient along 
a longitudinal axis. Here, the youngest cells are closest to 
the SCN and more di�erentiated cells are displaced by new 
daughter cells originating from the dividing initials. From the 
outside to the inside of the root, the resulting concentric cell 
layers are the epidermis, cortex and endodermis (together also 
referred to as ground tissue), and stele (consisting of the peri-
cycle and vasculature), as well as the columella and lateral root 
cap at the root tip (Fig. 1A).

The root SCN can be divided into two distinct groups of 
stem cells on the basis of their di�erent frequencies of cell 
division. These groups are the slowly dividing QC cells and 

the surrounding, more rapidly dividing initials, which have 
also been named structural and functional initials, respectively 
(Barlow, 1997; Jiang and Feldman, 2005). The appearance of 
two populations of stem cells with di�erent proliferative and 
generative capacities at distinct but neighboring locations is 
a common characteristic of SCN organization not only in 
plants but also in animals (Barlow, 1978, 1997; Scho�eld, 1978; 
Jiang and Feldman, 2005; Li and Clevers, 2010). In Arabidopsis, 
most QC divisions are periclinal and produce, after some days, 
columella stem cell (CSC) initials (Cruz-Ramírez et al., 2013). 
However, other initials are produced, albeit at a slower rate, 
by anticlinal divisions, such as the cortex/endodermis initials 
(CEIs), which subsequently divide periclinally to produce the 
cortex and endodermis cell layers (Cruz-Ramírez et al., 2013).

The QC cells play a pivotal role in the maintenance of the 
root SCN both by maintaining themselves and by producing 
or regenerating the surrounding initials that serve as pro-
genitor cells of all the di�erent cell types of the root (Heyman 
et al., 2014). Because of their low mitotic activity, QC cells are 
thought to be protected from DNA damage, which thereby 
enables them to act as a long-term reservoir or stem cell pool 
for all the di�erent abutting initials with a higher proliferation 
rate (Cruz-Ramírez et al., 2013; Vilarrasa-Blasi et al., 2014).

A complex interplay of molecular factors is involved in 
maintaining the delicate balance between stem cell main-
tenance and the generation of di�erentiating descendants in 
the root SCN, with the QC acting as a “signaling center” re-
pressing the di�erentiation of the surrounding initials (van den 
Berg et al., 1997). Key players are phytohormones such as auxin 
and cytokinins, conserved signaling modules involving small 
secreted peptide ligands and their receptors, as well as certain 
transcription factors (TFs), which are described in the next 
section (Aida et al., 2004; Blilou et al., 2005; Sarkar et al., 2007; 
Stahl et al., 2009, 2013; Zhang et al., 2013; Drisch and Stahl, 
2015; Burkart et al., 2019, Preprint).

Molecular factors regulating the QC in 
Arabidopsis

Molecular factors that regulate Arabidopsis root stem cell 
homeostasis have either a promoting or an inhibiting e�ect 
on QC divisions. One of the best-studied molecular fac-
tors known to inhibit QC divisions while at the same time 
maintaining stem cell fate in the surrounding initials is the 
homeodomain TF WUSCHEL-RELATED HOMEOBOX 
5 (WOX5). WOX5 is the closest homolog of WUSCHEL 
(WUS), which regulates stem cell homeostasis in the SAM 
as part of a negative feedback loop. Here, the dodecapeptide 
CLAVATA3 (CLV3) is expressed by the stem cells at the 
central zone at the tip of the SAM. CLV3 expression is posi-
tively regulated in a non-cell-autonomous manner by WUS, 
which moves from its expression domain in the organizing 
centre upward to the central zone. CLV3 signal perception 
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by the leucine-rich repeat receptor-like kinase (LRR RLK) 
CLV1, or a heterodimer composed of CLV2 and CORYNE 
(CRN), in turn negatively regulates WUS expression. This 
ultimately results in reduced expression of CLV3, creating 
a negative feedback loop (Brand et  al., 2000; Schoof et  al., 
2000; Müller et al., 2008; Guo et al., 2010; Bleckmann et al., 
2010).

In the RAM, analyses of transcriptional and translational 
reporter lines showed that WOX5 expression is con�ned to 
the QC but the WOX5 protein can move to the adjacent CSC 
layer, hereby non-cell-autonomously preserving the undi�er-
entiated status of these distal stem cells (Sarkar et al., 2007; Pi 
et al., 2015). Even though the necessity of the observed WOX5 
mobility for CSC fate is under debate (Berckmans et  al., 
2020), WOX5 is a key regulator in root SCN maintenance. 
The SCN in the RAM is also under the control of negative 
feedback regulation. Here, the CLV3 homolog CLAVATA3/
EMBRYOSURROUNDING REGION 40 (CLE40) is pu-
tatively perceived by a receptor kinase heterodimer formed by 
ARABIDOPSIS CRINKLY 4 (ACR4) and CLV1, repressing 
WOX5 expression and thereby promoting CSC di�erenti-
ation (Fig. 2) (Stahl et al., 2009, 2013). WOX5 itself represses 
the expression of the TF gene CYCLING DOF FACTOR 

4 (CDF4), by recruiting the co-repressor TOPLESS (TPL) 
and HISTONE DEACETYLASE 19 (HDA19) (Krogan et al., 
2012), which promotes terminal di�erentiation of columella 
cells. This leads to lower expression of CDF4 in the CSCs and 
no expression in the QC, as well as higher expression levels 
in the upper di�erentiated columella cells. This generates an 
inverse protein gradient of CDF4 compared to WOX5 pro-
tein levels that is necessary to maintain CSC fate (Pi et  al., 
2015). At the same time, WOX5 also inhibits cell divisions 
in the QC by suppressing the D-type cyclins CYCLIND3;3 
(CYCD3;3) and CYCLIND1;1 (CYCD1;1) (Forzani et  al., 
2014). This could explain why the roots of wox5-1 loss-of-
function mutants, as a consequence of the relieved repression 
of CYCD3;3, CYCD1;1, and CDF4 expression, show in-
creased QC division rates and lack the subjacent CSC layers 
(Pi et  al., 2015; Burkart et  al., 2019, Preprint). The expres-
sion of WOX5 is repressed and restricted to the QC by the 
plant hormone auxin, mediated by AUXIN RESPONSE 
FACTOR 10 (ARF10) and ARF16 (Ding and Friml, 2010) 
and by the PHD domain-containing protein REPRESSOR 
OF WUSCHEL 1 (ROW1) (Zhang et al., 2015). On the other 
hand, the glutamine-rich SEUSS (SEU) protein is physic-
ally recruited to the WOX5 promoter by SCARECROW 

Fig. 1. The RAMs of (A) Arabidopsis, (B) rice, (C) barley, and (D) maize. Schematic representations of longitudinal sections of RAMs. Different root tissues 
are color coded (see legend). Grey dots represent starch granules. The (putative) QC region is marked in red. The (putative) initials are color coded (see 
legend). CEI, cortex/endodermis initial; CSC, columella stem cells; LRC/EI, lateral root cap/epidermis initial; SI, stele initial. Scale bars=100 µm. Modified 
from Kirschner et al. (2017).
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(SCR) and induces WOX5 expression (Zhai et  al., 2020). 
Furthermore, WOX5 activity is necessary to induce another 
key TF family in the QC, the PLETHORAs (PLTs), which are 
highly expressed in the root SCN (Aida et al., 2004; Galinha 
et al., 2007).

The AP2-type TF family of the PLTs consists of six family 
members, which are master regulators of root formation and 
development (Aida et  al., 2004; Galinha et  al., 2007). PLTs 
[PLT1, 2, 3 and 4 (also known as BABYBOOM; BBM)] are 
induced by auxin (Aida et al., 2004) and form instructive pro-
tein gradients balancing stem cell di�erentiation and replen-
ishment within the Arabidopsis RAM (Galinha et  al., 2007; 
Mähönen et  al., 2014). The highest PLT levels can be found 
in the root SCN, maintaining its low mitotic activity; medium 
protein levels in the meristematic zone promote cell prolifer-
ation, while low PLT protein concentrations cause di�eren-
tiation (Mähönen et  al., 2014). Recent �ndings also directly 
link PLT2 and PLT3 to QC maintenance. Here, analysis of plt2 
and plt3 single mutants and plt2, plt3 double mutants revealed 
increased QC division rates, indicating an inhibiting role of 
PLTs on QC divisions. Interestingly, the frequency of QC 
division increases further in the plt2, plt3, wox5 triple mutant. 
This suggests that parallel pathways operate in WOX5- and 

PLT-mediated regulation of QC division, although WOX5 and 
PLTs were shown to interact (Burkart et al., 2019, Preprint). 
Another interesting observation is that PLT3 can form nu-
clear bodies in some of the CSCs and in developing lateral 
root primordia. This distinct subcellular compartmentalization 
seems to depend on the presence of prion-like domains and 
might provide a mechanism to dynamically integrate external 
and internal cues into SCN regulation, possibly by liquid–li-
quid phase separation (Burkart et al., 2019, Preprint).

In addition to the PLT pathway, a network based on 
SCARECROW (SCR) and SHORT-ROOT (SHR), two 
members of the GRAS family of TFs, is essential for the cor-
rect positioning of the QC (Sabatini et al., 2003) and for the 
regulation of the formative asymmetric cell divisions of the 
CEIs (Di Laurenzio et al., 1996; Helariutta et al., 2000). SHR 
is expressed in the stele but the encoded protein moves to the 
outer adjacent cell layer including the QC, endodermis, and 
CEI (Nakajima et al., 2001). Here, SHR activates the expres-
sion of SCR, which in turn prevents further movement of 
SHR toward the outer cell layers, thereby de�ning a single 
layer of endodermis (Cui et al., 2007). Together, SHR and SCR 
regulate the expression of CYCLIND6;1 (CYCD6;1) in order 
to induce the asymmetric periclinal cell divisions that will later 

Fig. 2. A model of the intricate regulatory network of molecular factors involved in QC division control in Arabidopsis. Not all of the molecular factors 
shown in this scheme are expressed in the QC, but nevertheless, they have been shown to inhibit or promote QC divisions (indicated by their position 
below or above the dashed line, respectively). All transcription factors (TFs) (green) below the dashed line inhibit QC divisions per se, whereas all TFs 
above the dotted line positively influence QC divisions per se. These TFs are themselves influenced and regulated by other factors, such as hormones, 
other TFs, signaling molecules, cyclins, and chromatin modifiers. Arrows indicate positive regulations; barred lines indicate negative regulations. Green, 
TFs; grey, chromatin modifiers; yellow, cyclins; blue, transmembrane proteins (e.g. transporters or LRR-RLKs); red, signaling molecules (e.g. peptides or 
hormones).
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give rise to the cortical and endodermal cell layers (Sozzani 
et al., 2010; Koizumi et al., 2012).

Furthermore, SCR, together with RETINOBLASTOMA-
RELATED (RBR) protein, down-regulates the asymmetric 
QC divisions that give rise to all initial cell types, also referred 
to as short-term stem cells (Wildwater et  al., 2005; Cruz-
Ramírez et  al., 2013). Recently, it was shown that PLTs and 
SCR genetically and physically interact with plant-speci�c 
teosinte-branched cycloidea PCNA (TCP) TFs to maintain 
QC cells post-embryonically (Shimotohno et al., 2018).

SHR and SCR are known to form distinct protein com-
plexes with JACKDAW (JKD) in di�erent initials and the QC 
in the Arabidopsis SCN (Moreno-Risueno et al., 2015; Long 
et al., 2017; Clark et al., 2020). This variation in complex com-
position is suggested to provide speci�city in SHR-regulated 
genes, thereby regulating cell-fate separation within the RAM 
(Long et  al., 2015, 2017). Furthermore, it was reported that, 
depending on its stoichiometry, the SHR–SCR complex pro-
motes the more frequently occurring CEI divisions and at the 
same time inhibits the less frequent QC divisions (Clark et al., 
2020).

Phytohormonal regulation of the 
Arabidopsis QC

Auxin is the key phytohormone necessary for QC establish-
ment and, as mentioned above, regulates other important mo-
lecular factors involved in QC maintenance. Di�erentially 
localized e�ux carriers of the PIN-FORMED family, such as 
PIN1, mediate unidirectional auxin transport from the shoot 
to the root, resulting in a de�ned auxin peak at the root tip 
that speci�es QC identity (Gälweiler et al., 1998; Grieneisen 
et al., 2007). As described above, some of the most important 
molecular factors regulating the root SCN, such as WOX5 and 
PLTs, are directly regulated by auxin and act as a read-out of 
auxin distribution, which is important for QC speci�cation 
and the regulation of cell proliferation rates within the RAM 
(Blilou et al., 2005; Ding and Friml, 2010). However, the regu-
latory e�ect of auxin on WOX5 is quite contradictory: on the 
one hand, WOX5 is positively regulated by MONOPTEROS/
AUXIN RESPONSE FACTOR 5 (MP/ARF5) but on the 
other hand, it is repressed by ARF10/16 (Sarkar et al., 2007; 
Ding and Friml, 2010). These ambivalent e�ects of auxin and 
other hormones on TFs might in part be due to their spa-
tial or temporal distribution within the root; for example, 
MP is expressed in the QC, but ARF10 and ARF16 are not 
(Rademacher et al., 2011). In addition, a dose-dependent ef-
fect of auxin on cell proliferation is suggested by the low mi-
totic activity and high auxin levels in the QC but higher cell 
division rates and lower auxin levels in the surrounding tissue 
(Ding and Friml, 2010). To fully understand the regulatory im-
pact of auxin on stem cell homeostasis, further investigations 
are necessary. So far, all information about auxin distribution is 

based on visualizing irreversible auxin responses, by using auxin 
reporters such as DR5::ER-GFP (Friml et al., 2003), or auxin-
dependent degradation, by using DII:VENUS or the R2D2 
reporter (Brunoud et  al., 2012; Liao et  al., 2015). A  recently 
designed Förster resonance energy transfer (FRET)-based bio-
sensor is able to directly visualize changes in auxin distribution 
in a reversible manner (Herud-Sikimić et al., 2021). This tool 
will allow a deeper understanding of the regulatory mechan-
isms of auxin and of how spatial and temporal distribution 
might a�ect auxin response regulators.

In the past decade, the brassinosteroid (BR) signaling 
pathway was also found to play a role in stem cell main-
tenance in the Arabidopsis RAM (González-García et  al., 
2011). Regarding QC divisions, BRs act via the R2R3-
MYB TF BRASSINOSTEROIDS AT VASCULAR AND 
ORGANIZING CENTER (BRAVO) (Fig. 2) (Vilarrasa-
Blasi et al., 2014). BRAVO expression in the RAM is restricted 
to the vasculature initials and the QC. Loss of BRAVO func-
tion, as in the bravo-1 and bravo-2 mutants, leads to an increased 
frequency of QC division, a phenomenon also observed in 
wox5-1 mutants (Sarkar et al., 2007; Stahl et al., 2009; Pi et al., 
2015; Burkart et al., 2019, Preprint; Betegón-Putze et al., 2021). 
By analyzing bravo-2, wox5-1 double mutants, recent studies 
revealed that, regarding the regulation of QC quiescence, 
WOX5 and BRAVO act in the same pathway and interact 
with each other (Betegón-Putze et  al., 2021). Additionally, 
both WOX5 and BRAVO are known to control the expression 
of CYCD3;3, supporting their joint role in the regulation of 
mitotic activity in the QC (Forzani et al., 2014; Vilarrasa-Blasi 
et al., 2014). Nevertheless, wox5-1 mutants are insensitive to the 
enhanced QC proliferation e�ect that accompanies BR appli-
cation, suggesting that WOX5 acts upstream of BR-regulated 
QC activity (González-García et al., 2011).

Conversely, in the presence of BR, the transcriptional 
regulator BRI1-EMS-SUPPRESSOR1 (BES1/BZR2) is 
dephosphorylated, enabling its translocation to the nucleus 
(Yin et  al., 2002), where it represses BRAVO at the tran-
scriptional and protein levels (Vilarrasa-Blasi et al., 2014). The 
repression of BRAVO by BES1 involves the activity of the 
co-repressor TOPLESSS (TPL) (Espinosa-Ruiz et  al., 2017). 
TPL and its homologs, TOPLESS-RELATED proteins (TRP), 
are part of the Groucho/TUP1 transcriptional co-repressor 
family and are known to be involved in the regulation of many 
di�erent developmental processes in Arabidopsis (Long et al., 
2006; Causier et al., 2012). Transcriptional regulation is medi-
ated by the interaction of the TPL N-terminal LisH domain 
with the ERF-associated amphiphilic repression (EAR) motif 
of di�erent TFs, such as WUS, NINJA, BES1, and WOX5 
(Kie�er et al., 2006; Kagale and Rozwadowski, 2011; Causier 
et  al., 2012; Vilarrasa-Blasi et  al., 2014; Espinosa-Ruiz et  al., 
2017; Betegón-Putze et al., 2021).

BRs are also able to promote QC divisions by inducing 
the expression of ETHYLENE RESPONSE FACTOR 
115 (ERF115), which encodes a member of the ethylene 
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response factor TF family (Heyman et  al., 2013). ERF115 
in turn regulates the expression of the peptide hormone 
PHYTOSULFOKINES 5 (PSK5), which is known to elevate 
QC division rates (Fig. 2) (Heyman et  al., 2013). Taken to-
gether, BRs promote QC divisions via the ERF115 pathway 
and by suppressing the inhibitory e�ect of BRAVO via activa-
tion of the repressor complex BES1/TPL.

In contrast, abscisic acid (ABA) has been reported to con-
tribute to QC maintenance, presumably by regulating known 
RAM regulators (Zhang et al., 2010). Analyses of ABA-de�cient 
and ABA-insensitive mutants revealed an elevated rate of QC 
division and increased di�erentiation of CSCs. Roots treated 
with exogenous ABA exhibited a lower frequency of QC div-
ision and reduced CSC di�erentiation, which correlates with 
the up-regulated expression of PLT2, MP, and WOX5 (Zhang 
et al., 2010).

A mechanism by which all plant hormones mentioned so far 
in�uence SCN regulation is the modulation of WOX5 expres-
sion, both directly and indirectly (Sarkar et al., 2007; Ding and 
Friml, 2010; Zhang et  al., 2010; Betegón-Putze et  al., 2021). 
This further demonstrates the central role of WOX5 in QC 
and SCN maintenance.

Besides auxin, ABA, and BRs, cytokinins and ethylene are 
also part of the network involved in stem cell homeostasis in 
the root of Arabidopsis (Ortega-Martínez et al., 2007; Zhang 
et al., 2013). The regulation of mitotic activity in the QC by 
cytokinin is mediated by the redistribution of auxin (Zhang 
et al., 2013). In contrast, the contribution of ethylene to the 
frequency of QC division appears to be independent of auxin, 
even though ethylene and auxin are known to interact in 
several other developmental processes (Rahman et al., 2002; 
Stepanova et  al., 2005; Chilley et  al., 2006). Therefore, the 
exact molecular mechanism by which ethylene a�ects QC 
division remains to be elucidated (Ortega-Martínez et  al., 
2007).

Plant hormones such as the above-discussed BR, ABA, 
auxin, and cytokinin are not only essential for normal 
plant growth and development but, like jasmonate (JA) and 
ethylene, also serve as stress hormones involved in the re-
action to certain environmental in�uences. Adaptation to 
environmental changes, such as reduced access to water or 
nutrients, is known to a�ect meristem activity and thereby 
QC size (Jiang and Feldman, 2005). For example, the potas-
sium transporter KUP9 located in the endoplasmic reticulum 
was found to regulate root meristem activity in Arabidopsis 
in response to reduced K+ availability (Zhang et al., 2020). By 
maintaining K+ and auxin homeostasis in QC cells, KUP9 
maintains local auxin levels and thereby maintains QC ac-
tivity (Fig. 2). A  similar function has been reported for the 
endoplasmic reticulum-localized PIN8, even though PIN8 is 
not expressed in the root of Arabidopsis (Ding et al., 2012). 
Nevertheless, PIN8 can partially take over the function of 
KUP9 in the QC when driven by the KUP9 promoter 
(Zhang et al., 2020).

In addition to adapting to nutrient de�ciency, plants 
also need to develop response and defense mechanisms to 
wounding, resection, or parasites. JA is a well-studied plant 
stress hormone involved in several stress-response processes 
(Pieterse et al., 2012). ERF115, which is known to be regu-
lated by BRs (Ohme-Takagi and Shinshi, 1995; Heyman et al., 
2013; Kong et al., 2018), was also recently linked to a complex 
molecular stress-response network induced by JA (Zhou et al., 
2019). Within this network, JA induces ERF115 expression. 
Subsequently, ERF115 acts together with the SCR–RBR 
complex to promote QC quiescence. Interestingly, the ef-
fect of ERF115 and RBR on the frequency of QC division 
is larger than the e�ect of SCR alone, indicating that RBR 
and ERF115 can form complexes independently of SCR and 
thereby act via an SCR-independent regulatory mechanism 
(Zhou et al., 2019).

The role of ROS in Arabidopsis QC 
regulation

In addition to plant hormones, reactive oxygen species (ROS) 
are also involved in the maintenance of the Arabidopsis RAM. 
In the past, ROS had been regarded simply as by-products of 
aerobic metabolism. However, ROS are now known to act as 
important signaling molecules that are involved in both normal 
root growth (Tsukagoshi et al., 2010) and responses to stresses 
such as heat (Zhao et al., 2018) and drought (Lee et al., 2012).

Recently, it was shown that ERF115 is not only a down-
stream factor of BR signaling but is also regulated by ROS 
via the spatial restriction of PROHIBITIN 3 (PHB3) expres-
sion (Kong et al., 2018). PHB3 has previously been linked to 
cell division control in the root tip (van Aken et al., 2007) but 
the underlying molecular mechanisms remained unclear. It has 
now been shown that PHB3 functions via ERF109, ERF114, 
and ERF115 to maintain root SCN identity in Arabidopsis 
(Fig. 2) (Kong et  al., 2018). Interestingly, PHB3 also down-
regulates PLT1 and PLT2 expression in the root SCN inde-
pendently of ERFs. Taken together, these �ndings indicate that 
PHB3 suppresses ERFs and maintains the activity of PLT1 and 
PLT2 via ROS to control root SCN identity.

Further investigations have provided further evidence that 
the e�ect of PLTs and WOX5 on QC quiescence is linked to 
ROS (Wang et al., 2021). Here, an overaccumulation of sali-
cylic acid (SA) causes ROS production by the activation of 
respiratory burst oxidase homologs (RBOHs), which leads to 
supernumerary QC divisions as a result of the repression of 
PLT1, PLT2, and WOX5.

Recently, it was discovered that SHR is also able to ele-
vate ROS levels either by the activation of the SA pathway 
or by the activation of RBOHD, RBOHE, and RBOHF 
(Li et al., 2020). The regulation of ROS levels directly in�u-
ences the ability of SHR to induce the periclinal divisions 
necessary for the formation of the cortex and endodermis. 
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Therefore, by maintaining ROS levels in the RAM, SHR 
is thought to create a microenvironment to mediate asym-
metric periclinal cell divisions. Intriguingly, the activation of 
RBOHD and RBOHF has also been linked to SA-mediated 
down-regulation of PLTs and WOX5 in order to induce cell 
divisions in the QC (Wang et al., 2021). The fact that SHR 
was shown to be su�cient to activate RBOHD and RBOHF 
expression could hypothetically interconnect SHR and PLT/
WOX5 in terms of ROS-mediated SCN regulation. Hence, 
more investigations are needed to elucidate whether the two 
pathways, which are known to act in parallel, are also linked 
regarding ROS-regulated QC quiescence. The great number 
of the above-described molecular factors and their intricate 
cross-regulations involved in QC positioning, division, and 
function demonstrate the complexity of the mechanisms re-
quired to control this stem cell pool in the RAM (see Fig. 2).

The QC within RAMs of larger roots

As mentioned earlier, the processes controlling QC activity and 
thereby RAM maintenance in the Arabidopsis root have been 
studied for several decades. However, to date, little is known 
about how the QC of plants with more complex and larger 
root systems, such as monocots, is controlled. The root system 
architecture of monocots di�ers considerably from the simple, 
well-described tap root system of Arabidopsis. The Arabidopsis 
root consists of one embryo-derived primary (or main) root 
and post-embryonically formed lateral roots. The monocot 
root systems of members of the agriculturally relevant Poaceae 
family, for example, Hordeum vulgare (barley), Zea mays (maize), 
and Oryza sativa (rice), show a more complex �brous root 
system. Here, in addition to the main and lateral roots, embryo-
derived seminal roots and even shoot-borne crown roots can 
also be found (Hochholdinger and Zimmermann, 2008; Smith 
and de Smet, 2012; Kirschner et al., 2017).

Apart from the architectural di�erences of these root sys-
tems, the cereal root in general is considerably thicker than 
the root of the dicot model plant Arabidopsis. Recently, a cor-
relation has been observed between the thickness (diameter) 
of the main root and the length of the RAM; in thicker roots 
(dicot and monocot roots alike), the length of the RAM is al-
most double the size of its diameter (Bystrova et al., 2018). An 
increase of root diameter also usually correlates with a larger 
number of cortical and stele cell layers compared with the 
single cell layers observed in Arabidopsis (see Fig. 1). Therefore, 
it can be concluded that the thickness of the root depends on 
the number of meristematic cells present in the RAM and thus 
on the number of stem cells as their progenitors. Consequently, 
these roots would be expected to contain more QC cells as a 
basis for the larger number of meristematic cells and cell layers 
contributing to the greater root diameter.

For some cereal roots, such as barley roots (with on average 
30 QC cells) and maize roots (with ~800–1200 QC cells), 

this has indeed been reported (Fig. 1C, D) (Jiang et al., 2003; 
Jiang and Feldman, 2005; Kirschner et al., 2017). However, in 
rice roots, which are also thicker than Arabidopsis roots, on 
average only three or four QC cells were de�ned based on the 
observed expression of the WOX5 ortholog QUIESCENT-
CENTER-SPECIFIC HOMEOBOX (QHB) (Fig. 1B) 
(Kamiya et al., 2003). It is not clear why in rice roots, despite 
their greater number of cortical and stele cell layers in com-
parison to Arabidopsis roots, so few QC cells are present, in 
stark contrast to roots of other Poaceae family members. One 
explanation might be that QHB expression is not the only 
hallmark of QC identity in these thicker roots. In maize roots, 
for example, ZmWOX5 expression is found in only a fraction 
of the QC cells that were determined by classical [3H]thymi-
dine and BrdU assays to determine cell division rates (Clowes, 
1956; Jiang et  al., 2003). Indeed, more than four mitotically 
inactive cells were found in BrdU assays on rice RAMs and, in 
addition, a larger QHB expression domain has been reported, 
but whether the cells in these larger areas possess QC identity 
is still unclear (Chu et al., 2013; Ni et al., 2014). Therefore, the 
size of the QC in rice roots might in fact be underestimated, 
and the exact number of QC cells remains to be determined. 
This could indicate that in these larger roots further subdivi-
sions of the SCN, based on other morphological or (novel) 
functional markers, might be necessary. Nevertheless, based on 
the observed greater number of QC cells in thicker roots such 
as those of barley and maize, one could argue that there is a 
correlation between root size and SCN size. Here especially, a 
higher QC cell number serving as a larger stem cell pool might 
indeed be necessary to maintain the larger RAMs. This in turn 
raises the question of how the required QC divisions are regu-
lated to provide and maintain these larger stem cell pools.

Maintenance of larger QC stem cell pools

From fundamental work on Arabidopsis, it is known that the 
stem cell pool of the root needs to be maintained and con-
tinually replenished by coordinated divisions of the QC cells, 
as stem cells are continually lost to di�erentiation in response 
to various intrinsic or external cues. It is postulated that the 
underlying mechanisms are the mainly asymmetric divisions 
of QC cells to maintain the QC and produce initial cell fate 
as a �rst step toward the future di�erentiation of these cell 
lineages. As summarized above, a multitude of factors such as 
phytohormones, receptors and small secreted peptides, ROS, 
and transcriptional regulators are known to play important 
roles during this process in Arabidopsis (Drisch and Stahl, 2015; 
García-Gómez et al., 2020, 2021). However, most of the mo-
lecular players necessary for SCN regulation and maintenance 
within the RAM of thicker roots, especially in the agricultur-
ally relevant monocot cereals, are still unknown.

Considering the more complex and thicker monocot roots, 
such as those of the cereals rice, barley, and maize, it is possible 
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that a more intricate SCN regulation is necessary to main-
tain their elaborate RAMs harboring larger stem cell pools 
(including more QC cells) compared with the less com-
plex RAM in Arabidopsis. The observed increase of QC cell 
number could be due to more symmetric divisions of the QC 
cells in these bigger SCNs. This could support the model of 
a systemic mechanism for uncoupled stem cell division and 
di�erentiation (Fig. 3) (García-Gómez et al., 2020). According 
to this model, the on average four QC cells in the Arabidopsis 
root would always divide asymmetrically, leading to one rarely 
dividing QC cell and one faster dividing cell (in this case an 
initial cell) that is already dedicated to a speci�c cell fate and 
therefore is already in a very early phase of di�erentiation (see 
Fig. 3A). In the meristems of thicker roots, such as cereal roots, 
a larger population of QC cells needs to be maintained, which 
might be achieved by the occurrence of more symmetric di-
visions of the QC cells and an uncoupling of these divisions 
from the di�erentiation of their descendants. In this case, a QC 
cell could divide and produce either two QC cells, one QC 
cell and one di�erentiating cell, or even two di�erentiating 
cells, which would allow the dynamic maintenance of a larger 
group of QC cells as a stem cell pool (exempli�ed in Fig. 3B 
for the barley SCN).

Still, temporal changes of the rather low QC proliferation 
rate within the SCN, which is around three to six times lower 
for QC cells in the Arabidopsis root than for the surrounding 
initials, also have to be considered (Fujie et al., 1993; Timilsina 
et al., 2019). It is known that under stress conditions such as 
temperature or genotoxic stresses the rate of QC division is 
enhanced (Cruz-Ramírez et  al., 2013). Recently, it has been 
observed that aging Arabidopsis roots show more QC prolifer-
ation, correlating with a decrease in the tolerance to genotoxic 

stress (Timilsina et al., 2019). However, which underlying in-
ternal and external cues are necessary for this temporal transi-
tion of the QC division rate and how they are integrated into 
the complex regulations of the stem cell pool in roots remain 
largely elusive.

Nevertheless, there is accumulating evidence that homologs 
of some of the key molecular factors regulating Arabidopsis 
stem cell maintenance are also present in the thicker monocot 
RAMs, although there is only limited functional data avail-
able for QC maintenance and regulation. In rice, a CLE–WOX 
module regulating RAM maintenance has been postulated 
(Chu et al., 2013). Regarding the expression of, for example, 
WOX5 homologs in rice, barley, and maize, both similarities 
and di�erences between these species and Arabidopsis be-
come apparent. For instance, the expression domain of WOX5 
homologs found in maize (ZmWOX5B) and rice QHB are ex-
pressed not just in the QC region of the RAM but also in the 
metaxylem (Nardmann et al., 2007; Chu et al., 2013; Ni et al., 
2014). This could indicate that for the regulation of the stem 
cell pools of these more complex roots either other factors are 
involved or di�erent mechanisms are necessary, which could 
be a consequence of the potentially distinct regulation of stem 
cell pool maintenance.

Conclusion and future perspectives

In an ever-changing world facing imminent challenges such 
as climate change and a growing human population, funda-
mental research is needed on how the plasticity of plant de-
velopment is regulated on a molecular level in response to 
external cues. Plant roots provide anchorage in the soil and 
facilitate the uptake of nutrients and water essential for the 
development, growth, and sustainment of the whole plant. 
The regulation and maintenance of the QC at the centre 
of the SCN at the root tip is of utmost importance for root 
development and function. A  deeper understanding of the 
underlying molecular mechanisms is crucial to decipher 
the intricate networks required for stem cell control in the 
root. Especially in agriculturally relevant plant species such 
as cereal crops, e�orts to understand the maintenance of the 
QC as a stem cell pool will provide access to information 
needed to fortify plants in the expected more extreme cli-
mate conditions, to increase plant yield and improve agri-
cultural land use to increase food security for an expanding 
human population.
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Abstract

Plant development is based on the balance of stem cell

maintenance and differentiation in the shoot and root meri-

stems. The necessary cell fate decisions are regulated by

intricate networks of proteins and biomolecules within plant

cells and require robust and dynamic compartmentalization

strategies, including liquid-liquid phase separation (LLPS),

which allows the formation of membrane-less compartments.

This review summarizes the current knowledge about the

emerging field of LLPS in plant development, with a particular

focus on the shoot and root meristems. LLPS regulates not

only floral transition and flowering time while integrating envi-

ronmental signals in the shoots but also influences auxin

signalling and is putatively involved in maintaining the stem cell

niche (SCN) in the roots. Therefore, LLPS has the potential to

play a crucial role in the plasticity of plant development,

necessitating further research for a comprehensive

understanding.
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Introduction
During their development, plants maintain niches of
stem cells within their shoot apex (shoot apical meri-
stem, SAM) and root apex (root apical meristem, RAM)

to ensure postembryonic growth and de novo formation of
organs throughout their lifecycle [1]. Within the meri-
stems, stem cells are renewed as they divide, giving rise
to daughter cells, which eventually differentiate into the
various tissues and organs [2]. The homeostasis be-
tween SCN maintenance and differentiation is tightly
controlled by proteins and other biomolecules in an
intricate regulatory network. Consequently, plant cells,
which are the fundamental building blocks of all tissues
and organs, must undergo various structural [3],
biochemical [4], and transcriptional changes [5] during
cell fate decisions rendering their inner environment
highly dynamic [6]. At this juncture, cellular compart-
mentalization, such as into membrane-bound organelles,
allows the coexistence and independent management of
the diverse functions within isolated compartments
inside the cells [7]. Moreover, cells evolved transient
compartmentalization strategies, such as into non-
membrane-bound compartments through liquid-liquid
phase separation (LLPS), addressing their require-
ment for more spatiotemporally -precise and -dynamic
regulating mechanisms.

LLPS is a mechanism during which membrane-less
bodies of biomolecules, such as proteins and RNA,
spontaneously and dynamically form as they segregate
into distinct non-mixing liquid phases (Figure 1). LLPS
can thus allow a dynamic compartmentalization of sub-
cellular components into functional domains [8e10].
The different studies on LLPS refer to these subcellular
domains as biomolecular “bodies”, “condensates”,
“puncta”, “foci”, “speckles”, or “aggregates”. Over the
past decade, LLPS research has experienced significant
growth, particularly in the study of animals and yeast,
where biomolecular condensates have emerged as key
players in important processes including environmental
sensing, intracellular storage, subcellular localization,
and morphological shaping [11e13]. In recent years,
there has been a growing focus on studying LLPS in
plants, revealing its significant influence on various as-
pects of plant biology, including plant development,
flowering, photomorphogenesis, autophagy [14] and
stress tolerance [15]. [8,16].

Additionally, LLPS may be evoked by diverse abiotic and
biotic factors such as temperature, salt concentration,
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or the presence of intrinsically disordered proteins [17].
To illustrate, several proteins are characterized by
intrinsically disordered regions (IDRs) within their se-
quences, such as low-complexity domains (LCDs) and
prion-like-domains (PrDs). These IDRs which are
enriched in eukaryotic transcription factors (TFs),
including plants, promote LLPS due to their lack of a
defined 3D-structure, their flexibility, and their confor-
mation switching attribute, thus also allowing multi-
valency of interactions [18].

Lately, LLPS has become a relevant topic in plant
biology as it is involved in regulating developmental and
physiological processes [10,19,20]. In this review article,
we highlight the latest findings about subcellular
compartmentalization via LLPS in the context of plant
development, with particular focus on the hormonal and
transcriptional control within the above- and below-
ground meristematic tissues.

LLPS and phase separation in plant
development
LLPS in the aboveground tissues

In the SAM, developmental and environmental signals
are integrated into the balance between stem cell
maintenance in its center and the production of new
organs at its periphery. In its vegetative state, the SAM
produces new leaves, but after entering the reproduc-
tive state it produces flowers. This transition is crucial
for reproductive success and therefore requires fine-
tuned regulation [21].

Floral transition relies on phase separation

FLOWERING LOCUS C (FLC) is a well-described
temperature-regulated repressor of floral transition
in Arabidopsis thaliana. Cold-induced changes in the
FLC chromatin structure are important for stable
silencing and require VERNALIZATION 1 (VRN1)
[22]. A combination of in vivo and in vitro studies
revealed that upon binding of VRN1 to non-specific
DNA fragments, phase separation is induced, lead-
ing to the formation of liquid-like droplets [23].
Droplet formation not only requires the IDR of
VRN1, but also the flanking B3 DNA-binding motifs,
emphasizing the DNA dependency of this mechanism
(Table 1). In addition, the composition of the IDR is
important as its acidic and basic patches are necessary
for proper droplet size. So far, the exact molecular
trigger and mechanism remain unclear, but it is very
likely involving temperature.

An already described example for temperature response
as a reaction to environmental changes is the recruit-
ment of histone modifiers to the FLC promoter by
FRIGIDA (FRI) under warm conditions (Figure 2 a)
[24]. At low temperatures, FRI forms stable conden-
sates that sequester FRI away from the FLC locus
leading to a shutdown of its expression. The formation
of FRI condensates at low temperatures is supported by
COOLAIR which thereby indirectly regulates FLC
expression (Figure 2 a0) [25]. The alternative 3’
processing of COOLAIR is regulated by FLOWERING
CONTROL LOCUS A (FCA). Recent studies have

Figure 1

Driving forces of liquid and solid condensate formation. Variations in temperature, pH, salt levels, ROS (Reactive Oxygen Species), or protein

concentrations can initiate the assembly of liquid condensates, which are predominantly reversible. Under certain conditions, gel-like condensates may

potentially emerge. This figure was created using BioRender.com.
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Table 1

Body-forming developmental regulators in the shoot and root meristems. IDR: intrinsically disordered region; PrD: prion-like domain;

B3: B3 DNA-binding domain; ?: uncertain/unknown.

Name Function Phase separation

mediating domain

Reference

Floral transition/Flowering time

VRN1 Induction of structural changes of the FLC chromatin to ensure stable gene

silencing

IDR, B3 Zhou et al., 2019 [16]

FRI Sequestration away from the FLC-locus for expression shutdown PrDs Zhu et al., 2021 [17]

FCA Regulation of COOLAIR, an antisense transcript of FLC PrDs Fang et al., 2019 [18]

FLL2 Promotion of FCA phase separation and NB formation ? Fang et al., 2019 [18]

TFAM Carnalization mechanism to increase robustness of flower development

together with TMF in tomato

IDRs Huang et al., 2022 [20]

TMF Repression of AN to regulate flower transition in tomato cysteines in IDRs Huang et al., 2021 [19]

ELF3 Response to temperature changes PrDs Jung et al., 2020 [21]

Root development

PLT3 Determination of distal stem cell fate PrDs Burkart et al., 2022b [32]

ARF19 Attenuation of auxin responsiveness and modulating downstream

transcriptional responses

PrD Powers et al., 2019 [28]

SFH8 Maintenance of polarized transport of PINs at the plasma membrane IDR Liu et al., 2022 [30]

Figure 2

Body formation of developmental regulators in the shoot and root apical meristem. (a-a0) Vernalization in Arabidopsis is regulated by several

transcriptional regulators that can form bodies: VRN1, FRI and FCA. (a00) Flower transition in tomato is controlled by the formation of ROS-dependent

bodies by TMF that regulate AN expression. (b, b0) In the Arabidopsis root, ARFs form cell type specific cytosolic bodies to spatially control auxin

response. (b00) PLT3 recruits WOX5 into nuclear bodies to specify stem cell fate in the Arabidopsis RAM. SAM: shoot apical meristem; RAM: root apical

meristem; QC: quiescent center; CSC: columella stem cell. This figure was created with BioRender.com.
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shown that PrDs can act as a driver for phase separation
of RNA-binding proteins. FCA contains two PrDs that
mediate localization to nuclear bodies with liquid-like
properties, indicating LLPS. The highly disordered
protein FLL2 is required for FCA function and co-
localizes to nuclear bodies (NBs) with FCA. It has
been shown that FLL2 promotes phase-separation of
FCA to form NBs (Table 1) [25].

In tomato, the timing of flower transition was recently
linked to the ALOG (Arabidopsis LSH1 and Oryza G1)
family gene TERMINATING FLOWER (TMF) in a
reactive oxygen species (ROS)-dependent mechanism
[26]. In vitro and in vivo localization studies revealed that
TMF forms ROS-dependent liquid-like condensates.
The underlying LLPS leading to condensate formation
is triggered by cysteine residues located in the IDRs. In
an oxidative microenvironment, these cysteines form
intermolecular disulfide bonds, promoting the homo-
merization of TMF which act as transcriptional re-
pressors of ANANTHA (AN) to regulate flowering
transition (Figure 2 b).

Furthermore, TMF-dependent regulation of AN was
found to be part of a novel genetic canalization mecha-
nism that provides developmental robustness in flower
transition [27]. The genetic redundancy of TMF and
TMF FAMILY MEMBERs (TFAMs) shows high varia-
tion, resulting in gradually enhanced precocious flow-
ering and defective floral organs. TFAMs, like TMF,
undergo phase separation mediated by prion-like IDRs.
Modifications of these IDRs, caused by gene duplica-
tion, result in divergent phase separation capabilities
accompanied by varying transcriptional abundance.
Together, TMF and TFAMs form heterotypic conden-
sates that repress AN to prevent precocious flowering in
tomato (Table 1).

Flowering time is regulated by temperature-dependent

phase separation

NB formation mediated by PrDs was also shown for
EARLY FLOWERING 3 (ELF3) as a response to tem-
perature [28]. The expression of ELF3 shows formation
of speckles at high temperatures which depends on the
presence of PrDs. Binding of ELF3 to its target genes
decreases with increasing temperatures. However, lack
of PrDs leads to a loss of this effect indicating an
important function of these domains in the thermores-
ponsiveness of ELF3 binding target genes. ELF3 was
found to exist in two conformations, an active soluble
form and a multimeric form that is visible as speckles at
high temperatures. The PrDs of ELF3 act as a tunable
thermosensor allowing dynamic responses to tempera-
ture changes via LLPS. For instance, elf3mutants, which
show rapid floral transition at ambient temperatures, are
irresponsive to the thermal induction of flower-
ing (Table 1).

A recent publication provided more insight on the
nature of the previously described ELF3 speckles [29].
Here it was shown that the observed puncta of ELF3
consist of a mixture of mobile and immobile species,
indicating LLPS. Temperature and pH have effects on
the formation of puncta, increasing their number at
higher temperatures. The impact of temperature on
LLPS is largely reversible as shifts to cold temperatures
lead to a loss of puncta. This further indicates the highly
dynamic capabilities of regulating development
by LLPS.

LLPS in the underground tissues

The root system of higher plants provides access to
nutrients and water as well as anchorage to the soil. To
ensure optimal growth and development, the quiescent
center (QC) and the abutting initials located in the
middle of the RAM, produce new cells for the different
tissues during the entire lifespan of the plant. This
process is highly regulated by a multitude of molecules,
including peptides and their receptors, hormones, and
transcription factors [30].

SFH8, a Nodulin Sec14-like protein, form cytoplasmic

puncta in the distal meristem

Another study highlighted that PIN2 localization is
controlled by the establishment of plasma membrane
(PM) polar domains via the interaction between SEC
FOURTEEN-HOMOLOG8 (SFH8) and kinesin-
separase complex (KISC) [31]. KISC compromises
EXTRA SPINDLE POLES (ESP) and three Kinesin 7
(KIN7) homologs (KIN7.1, KIN7.3, and KIN7.5) which
all lack lipid binding motifs. However, KISC associates
with the PM and modulates its polar domains, as ESP or
KIN7.3 mutations reduce PIN delivery to the PM [32].

KISC colocalizes with SFH8, a SEC14-like lipid transfer
protein, which acts as a KISC tether to the PM, and in
turn, KISC promotes SFH8 polarization in the meri-
stematic/transition zone (distal meristem), but not in
the “core” or proximal meristem. SFH8 was shown to
form mobile LLPS clusters inaccessible to KISC at the
PM in the “core” meristem. However, it is cleaved by
ESP at its R84 residue in the distal meristem, producing
N-terminus cytoplasmic puncta and C-terminus fila-
ments to which KISC associates. Indeed, the N-termi-
nus of the SFH8 protein comprises an IDR which
promotes LLPS-mediated cluster formation, thus, when
it is cleaved by KISC, SFH8 undergoes cluster-to-
filament transition (Table 1). The produced filaments
are more stable and associate with KISC at the PM.

Consequently, subsets of polar domains are established
by LLPS, allowing the delivery and association of pro-
teins like PIN2 with the PM. These LLPS-driven reg-
ulations of auxin distributors can change the plant
developmental robustness [31].
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Nuclear bodies formed by PLETHORA 3 in the root SCN

The interaction of PLETHORA 3 (PLT3) and
WUSCHEL-RELATED HOMEOBOX 5 (WOX5), two
key transcriptional regulators of root stem cell mainte-
nancewhich have been shown to act downstreamof auxin,
has been recently reported [33]. PLT3 contains PrDs,
which facilitate the formation of nuclear bodies (NBs) and
are necessary for the interaction with and translocation of
WOX5 to NBs to maintain columella stem cell fate
(Table 1). The PLT3 NBs also colocalize with RNA and
are hypothesized to result from LLPS. Further in-
vestigations are required to verify whether LLPS is
involved in the underlying mechanism (Figure 2c).

ARF7 and ARF19 assemble into cytoplasmic bodies in

the upper root

Auxin acts ubiquitously as master regulator in plant
development, where its polar distribution regulates
many developmental processes, including growth
patterning and meristematic positioning [34,35]. Lately,
various actors in the auxin network were shown to un-
dergo phase separation. AUXIN RESPONSE FAC-
TORS (ARFs) modulate gene expression by targeting
the auxin response elements (AREs) in gene promoters
via their N-terminal B3-type DNA-binding domains
[36]. Additionally, ARFs have a variable middle region
(MR) and a C-terminal type I/II Phox and Bem1p (PB1)
domain important for its interactions [37].

A recent study showed that the ARF7 and ARF19 form
micron-sized cytoplasmic condensates in mature cells in
the upper root via a cell-type dependent mechanism
[38]. Here, ARF19 multimerizes and forms cytoplasmic
assemblies, depending on its PB1 domain electrostatic
asymmetries and its PrD-containing MR (Table 1). The
PB1 domain associations form semi-stable filaments,
providing the MR bristles a multivalence for lateral as-
sociations, and thus an extended scaffold for higher-
order organizations with other ARFs. Consequently,
ARFs may be sequestered into biomolecular conden-
sates altering their nuclear-cytoplasmic partitioning,
hence attenuating auxin signalling and modulating
downstream transcriptional responses. This mechanism
represents another link between development and
phase separation (Figure 2 d-d’) [38,39].

Conclusion
In conclusion, the emerging field of LLPS offers novel
and exciting insights into the intricate regulation of
plant development. In shoots, LLPS is involved in the
regulation of floral transition and flowering time by
temperature, DNA binding motifs, and oxidative mi-
croenvironments. In roots, LLPS putatively contributes
to the maintenance of stem cells and auxin signalling.
Nuclear bodies and cytoplasmic condensates formed by
transcription factors and regulatory proteins modulate
gene expression, protein localization and interactions.

Indeed, further research is needed to fully understand
the mechanisms and functional implications of LLPS in
plants. For instance, numerous undiscovered plant-
specific proteins and RNAs may play roles in LLPS,
necessitating exploration of their contributions to
cellular processes and functional outcomes. Addition-
ally, the development of advanced techniques and tools
can enhance our understanding of LLPS dynamics in
plant cells. Further investigation is also required to
determine whether LLPS exhibits conservation across
plant species and to explore potential applications in
agriculture, including the enhancement of crop traits
and stress tolerance.
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Abstract 

Molecular processes depend on the concerted and dynamic interactions of proteins, either by one-on-one interac-

tions of the same or different proteins or by the assembly of larger protein complexes consisting of many different 

proteins. Here, not only the protein–protein interaction (PPI) itself, but also the localization and activity of the protein 

of interest (POI) within the cell is essential. Therefore, in all cell biological experiments, preserving the spatio-temporal 

state of one POI relative to another is key to understanding the underlying complex and dynamic regulatory mecha-

nisms in vivo. In this review, we examine some of the applicable techniques to measure PPIs in planta as well as re-

cent combinatorial advances of PPI methods to measure the formation of higher order complexes with an emphasis 

on in vivo imaging techniques. We compare the different methods and discuss their benefits and potential pitfalls to 

facilitate the selection of appropriate techniques by providing a comprehensive overview of how to measure in vivo 

PPIs in plants.

Keywords:  BiFC, FRET, FRET-APB, FRET-FLIM, in planta, in vivo, protein–protein interaction (PPI), splitLuc.

Introduction

In vivo protein–protein interaction (PPI) measurements are 
needed to understand the dynamic and complex interactions 
of proteins underlying a plethora of biological processes in all 
living organisms. The observed PPI can also help to decipher 
the function of the involved proteins of interest (POIs), bring-
ing them into a wider biological context. In this review, we 
focus on several di�erent techniques that are available for PPI 
measurements in planta, either in heterologous systems or in 
stably transformed plants.

Independent of the technique used to measure PPIs, several 
important prerequisites must be met for PPIs of two or more 
POIs to occur. Here, the most important prerequisite of PPI 
is the spatio-temporal co-localization of POIs at a subcellular 
level, for example at the plasma membrane in a certain tissue 

at a speci�c time during plant development. Depending on the 
plant species under investigation, information about a speci�c 
POI, for example gene expression, protein localization, and 
putative interaction domains, might already be available and 
can be utilized to design subsequent PPI experiments.

To determine whether two or more proteins are co-
localized, the proteins can be visualized using di�erent tech-
niques such as immunolocalization with speci�c, �uorescent 
dye-labelled antibodies against the POI in �xed samples, or 
in living cells using genetically encoded �uorescent proteins 
(FPs) fused to the POI. Subsequently, (co-)localization can 
be assessed via �uorescence microscopy. For example, the 
most commonly used FP, enhanced green �uorescent protein 
(eGFP), is a 28 kDa protein that forms a cylinder-like structure 
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4.2 nm long and 2.4 nm wide (Hink et al., 2000). Therefore, 
even when using state-of-the-art �uorescence microscopes, a 
mere co-localization of two POIs is no proof that they in-
teract physically, as the lateral di�raction limit of light means 
the maximum resolution attainable by light microscopy is only 
~250  nm. Even when super-resolution microscopy methods 
are applied with resolutions in the range of ~30 nm, there is 
still uncertainty as to whether a PPI takes place between the 
POIs (Won, 2009). Therefore, a number of di�erent techniques 
to test for direct PPI in vitro and in vivo have been developed 
(Struk et al., 2019). In this review, we will focus on some of the 
traditional and newly emerging PPI techniques, with a focus 
on in vivo imaging techniques in planta.

Traditionally, techniques such as co-immunoprecipitation 
(co-IP) or yeast two-hybrid (Y2H) experiments were used to 
measure PPI. These techniques allow for the identi�cation of 
numerous potential interaction candidates in a short time and 
are thus regarded as relatively high throughput. Although the 
use of these methods results in the loss of spatial and tem-
poral information about the POIs and their interaction part-
ners, they can still serve as a starting point to identify potential 
interacting POIs, which can then be veri�ed by subsequent in 
vivo PPI measurements.

Traditional methods

Co-immunoprecipitation

The in vitro method co-IP is still one of the most commonly 
used techniques to identify PPIs (Ren et al., 2003; Phee et al., 
2006). During co-IP, an immobilized antibody against the POI 
isolates the POI from a cell lysate, along with other proteins 
that directly or indirectly interact with the POI (Ransone, 
1995; Ren et al., 2003; Phee et al., 2006). These potential in-
teraction partners can then be identi�ed by mass-spectroscopy 
(MS) (as reviewed in Monti et al., 2005). Furthermore, the pre-
cipitated complex can be tested for a speci�c target protein 
that has been identi�ed by other experiments. Additionally, the 
putative interaction partner can be subsequently con�rmed 
and visualized by a western blot using an antibody against the 
identi�ed complex partner.

However, this is also one of the major limitations of this 
technique, as protein-speci�c antibodies are, at least in plant 
biology, often not available. Therefore, it is necessary to label 
the POI with one of the common protein tags available (e.g. 
His, FLAG, HA, or FPs), which can then be detected. Another 
concern is that co-IP is not well suited to detect weak or 
transient interactions as the experimental procedure includes 
several washing steps, often with detergents, to eliminate non-
speci�c binding. Also, detection of proteins via western blot 
requires su�cient protein expression, which can be problem-
atic if endogenous promoters are used, which are often only 
weakly or transiently expressed, or only expressed in a few 
cells (as reviewed in Tang and Takahashi, 2018). Another major 

drawback of this technique is that spatial information of the 
POI is lost through lysis of the cells. Here, proteins that are not 
present in the same cellular compartments are released into 
the lysate and PPIs may take place, even if they would not 
normally come into contact with each other in an intact cell. 
Additionally, when using co-IP, it remains unclear whether 
the discovered interaction is direct or indirect (as reviewed in 
Masters, 2004). Therefore, false-positive results must be con-
sidered, and PPI must be con�rmed using other techniques 
that conserve spatial information. Furthermore, false-negative 
results are also possible due to the need for the POI to be sol-
uble, which, for example in the case of membrane proteins, is 
not always the case. Nevertheless, co-IP with subsequent MS 
o�ers the possibility to identify a multitude of novel inter-
action partners which can subsequently be con�rmed using 
other techniques as described below.

Yeast two-hybrid

A widely used high-throughput in vivo technique is the Y2H 
system, which was originally designed to identify PPIs using 
the yeast GAL4 transcriptional activator. GAL4 consists of 
two functional domains, a DNA-binding domain and an acti-
vator domain (Fields and Song, 1989). In the Y2H system, the 
binding of GAL4 to the upstream activation sequence trig-
gers the transcription of an enzymatic reporter gene, for ex-
ample lacZ coding for β-galactosidase. Separation of these two 
domains and fusion to two di�erent POIs allows testing of their 
interaction with an easy read-out, such as a colour reaction trig-
gered by the addition of a suitable substrate for β-galactosidase. 
In recent decades, several other variations of this technique have 
been developed, for example in Arabidopsis thaliana protoplasts, 
named protoplast two-hybrid (Ehlert et al., 2006).

A Y2H screen can give an indication of whether a PPI 
could take place between two POIs, and it is easy to carry out 
without the need for any sophisticated equipment. In addi-
tion, Y2H o�ers the opportunity for large-scale high-through-
put approaches and allows screening of thousands of proteins 
for potential PPIs, which has led to the availability of Y2H 
interactome databases (e.g. Arabidopsis Interactome Mapping 
Consortium, 2011 for A. thaliana). The analysis of such large 
networks of interacting proteins o�ers the opportunity to clas-
sify POIs into larger biological contexts and enables the dis-
covery of novel hypothetical links and putative functions of 
POIs. Even though these databases, if available, are a very good 
starting point, one major limitation of the underlying Y2H 
technique is the high rate of false-positive, but also false-nega-
tive results. Here, estimates suggest 70% false-positive identi�-
cations, which are caused by the overexpression of the POI and 
the expression in a heterologous system (as reviewed in Deane 
et al., 2002; Auerbach and Stagljar, 2005). Nevertheless, high-
throughput Y2H screens are very useful to identify many puta-
tive POIs that could interact, even though other promising in 
vivo high-throughput methods have been developed recently.
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Biotin-based proximity labelling

Within the last few years, an enzyme-catalysed proximity label-
ling technique was developed in which biomolecules, usually 
proteins or RNA, are labelled if they are in close proximity to 
the POI (Roux et al., 2012). Here, a POI is fused to a ligase that 
covalently labels adjacent proteins or RNA with biotin. The 
biotinylated proteins can then be isolated using streptavidin 
which has a strong a�nity for biotin. The putatively interact-
ing proteins pulled-down in this way can then be identi�ed by 
MS. The bifunctional BirA isolated from Escherichia coli is one 
of the best studied biotin ligases (Chakravartty and Cronan, 
2012). Due to its high sequence speci�city, BirA was not only 
used for protein isolation employing streptavidin, but also to 
analyse binary interactions. Fusing two POIs with BirA or 
BAP, a short biotin acceptor peptide, respectively, leads to bio-
tinylation in the case of interaction of the POIs (as reviewed 
in Kim and Roux, 2016). Since the discovery of this useful 
mechanism, many improvements of biotin ligases have been 
developed. BioID is a mutated biotin ligase derived from BirA 
and works independently of BAP, leading to unspeci�c label-
ling of all nearby biomolecules. Recently another modi�cation 
of BirA led to the development of the biotin ligase TurboID 
(Branon et al., 2018). It combines advantages of other com-
monly used proximity labelling enzymes, such as APEX2 and 
BioID, by enabling non-toxic, fast labelling and an increased 
catalytic e�ciency.

To date, one of the major limitations of proximity label-
ling in plants has been that experiments had to be carried out 
at 37 °C due to the temperature requirements of the label-
ling enzyme, which could cause heat stress in plants. However, 
TurboID can be successfully used at room temperature in tran-
siently and stably transformed Nicotiana benthamiana and stably 
transformed Arabidopsis, thereby avoiding unnecessary abiotic 
stress in the plants (Mair et al., 2019; Zhang et al., 2019). In con-
trast to co-IP approaches, proximity labelling is also suitable to 
detect low-a�nity or transient interactions, due to the prom-
iscuity of the biotin ligases and the strong biotin–streptavidin 
a�nity (as reviewed in Kim and Roux, 2016). Additionally, the 
labelling of the putative interaction/complex partner occurs 
under native spatio-temporal conditions in vivo; only the sub-
sequent identi�cation takes place ex vivo. Nevertheless, some 
caveats must be considered even when TurboID or the smaller 
version, called miniTurbo, are used; for example, biotin might 
not be accessible to some organelles such as peroxisomes and 
vacuoles because of their acidic environments (Mair et al., 
2019). Furthermore, unspeci�c background labelling can re-
sult in false-positive potential complex/interaction partners, 
and therefore appropriate negative controls must be included. 
In addition, as when using co-IP to monitor PPIs, isolated in-
teraction partners must be identi�ed by MS. Lastly, it must be 
taken into account that the labelling process requires a nega-
tively charged amino acid on the surface of the protein, which 
could lead to false-negative results if negatively charged amino 

acid are not available in some POIs (as reviewed in Yang et al., 
2021).

All of the three above-mentioned techniques can iden-
tify a multitude of di�erent putatively interacting proteins. 
Nevertheless, these interactions must be veri�ed individually 
by other PPI methods, and we will focus on these PPI methods 
in the following sections.

Shedding light on in vivo PPI 

measurements

In vivo visualization and quanti�cation of PPIs has greatly 
pro�ted during the past decades from the use of lumines-
cent proteins and, notably, FPs that emit photons in a spe-
ci�c spectral range. The high spatio-temporal resolution at 
which FP-tagged POIs can be detected in vivo without the 
need for further substrates or cofactors has led to the ap-
plication of a multitude of di�erent quantitative methods 
involving FPs in planta (Grossmann et al., 2018). We will 
describe techniques that allow for in vivo PPI detection 
using �uorescence or bioluminescence and discuss potential 
bene�ts and pitfalls of the di�erent applications. Next, we 
introduce two techniques to measure PPI by protein frag-
ment complementation using either �uorescence or lumi-
nescence as a read-out.

Bimolecular fluorescence complementation (BiFC)

The in vivo BiFC assay is based on the complementation of an 
FP (Hu et al., 2002; Bracha-Drori et al., 2004). Here, the two 
POIs are fused to the N- or C-terminal part of the FP, respec-
tively. If the two POIs are in close proximity to each other, the 
FP is reconstituted and its �uorescence restored, thus indicat-
ing interaction of the POIs (see Fig. 1B, Bʹ). This technique 
was �rst described using yellow �uorescent protein (YFP), but 
since then other split FPs have become available (Hu et al., 
2002; Fan et al., 2008). This opens up the possibility to simul-
taneously visualize several PPIs within the same cell, known as 
multicolour BiFC (Hu and Kerppola, 2003; Waadt et al., 2008). 
The relatively simple principle of detecting interactions makes 
BiFC a widely used technique, since it does not require any 
specialized equipment other than a �uorescence microscope 
and appropriate �lters for excitation and emission. Additionally, 
PPIs can be directly visualized in di�erent cell compartments 
and, because of the cellular resolution of modern �uorescence 
microscopes or laser scanning microscopes, BiFC can provide 
information about the spatial characteristics of the investigated 
interaction. Because of its simplicity, many PPIs could be veri-
�ed by BiFC in vivo (Table 2), for example in transient experi-
ments in N. benthamiana and Arabidopsis leaf epidermal cells 
(Bracha-Drori et al., 2004), mustard seedlings, and also in pro-
toplasts of Arabidopsis (Olejnik et al., 2011) and rice (Chen et 
al., 2006).
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Nevertheless, one major limitation of BiFC is the high fre-
quency of false-positive PPIs caused by the intrinsic a�nity 
of the two parts of the FP for each other (see Table 1) (as 
reviewed in Horstman et al., 2014; Romei and Boxer, 2019). 
This is especially problematic when the expression is driven by 
a constitutive promoter in a heterologous system and thus the 
concentration of the proteins no longer re�ects the endoge-
nous expression level. In addition, expression in a heterologous 
system could also lead to false (co)-localization of proteins 
that, under native conditions, are localized in distinct compart-
ments; for example, a protein expressed in the cytoplasm which 
is highly expressed in epidermal leaf cells of N. benthamiana 
could partially co-localize with a plasma membrane protein. 
Additionally, several attempts to diminish self-assembly, such 
as by changing the split position, have been made, but none of 
these approaches was generally applicable in plants (as reviewed 
in Horstman et al., 2014).

Therefore, appropriate negative controls are absolutely nec-
essary to minimize false-positive results (Horstman et al., 2014). 
In addition, BiFC does not give any information about the 
temporal dynamics of PPI since the FP is highly unlikely to 
dissociate after reconstitution, as FPs have a half-life >24 h (Hu 
et al., 2002). On the other hand, this phenomenon can also be 
advantageous in detecting weak and/or transient PPIs (Morell 

et al., 2007). Recently, a split �uorescence reporter has been 
developed that also allows monitoring of assembly and disas-
sembly of PPIs in living cells (Tebo and Gautier, 2019). To date, 
this reporter has only been applied in mammalian cell culture. 
Another in vivo protein fragment complementation assay based 
on a split-luciferase (splitLuc) can detect dynamic changes of 
PPI, and has been applied in plants; this is described next.

Split-luciferase 

The in vivo splitLuc assay is based on the complementation of 
two fragments of a luciferase enzyme fused to two POIs that, 
in the case of interaction of the POIs, leads to enzyme recon-
stitution and subsequent substrate conversion. The turnover of 
the substrate, and therefore the interaction of the POIs, can be 
monitored by the emission of bioluminescence (Fig. 2A, Aʹ). 
In planta, two luciferases are most frequently used for split-
Luc assays: one is obtained from the North American �re�y 
(Photinus pyralis), referred to as �re�y luciferase, and one from 
the sea pansy (Renilla reniformis), referred to as Renilla luciferase. 
The �re�y luciferase uses d-luciferin as a substrate which is 
converted in a two-step ATP- and oxygen-dependent reac-
tion to oxyluciferin, AMP, carbon dioxide, and light (de Wet 
et al., 1987). Interestingly, the emission spectrum of the �re�y 

Fig. 1. Split systems for measuring PPI in vivo. (A) In the bimolecular fluorescence complementation (BiFC) system, two POIs (X, dark blue; Y, light blue) 
are fused to the N- or C-terminal part of an FP (here, 3D structures of YFP in yellow), respectively. (Aʹ) If the two POIs interact, the two YFP parts are 
reconstituted and, after excitation (teal arrow), can emit light (yellow arrow). (B) In the split-luciferase (splitLuc) system, two POIs (X, dark blue; Y, light blue) 
are fused to the N- or C-terminal part of a luciferase (here, 3D protein structure of firefly luciferase in green). (Bʹ) If the two POIs interact, the luciferase 
fragments are reconstituted and can produce light (green arrow) in the presence of the substrate D-luciferin, in an ATP- and oxygen-dependent reaction. 
Figure created with BioRender.com.
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luciferase peaks at 560  nm (green light), but can undergo a 
red shift in an acidic environment or at higher temperatures 
(reviewed in Fraga, 2008). The Renilla luciferase converts its 
substrate coelenterazine in an oxygen-dependent reaction to 
coelenteramide, carbon dioxide, and blue light, with an emis-
sion maximum at 480 nm, and is ATP independent (Matthews 
et al., 1977). Compared with the �re�y luciferase with an ap-
proximate mol. wt of 62  kDa, the Renilla luciferase is rela-
tively small, measuring 37 kDa (Matthews et al., 1977; de Wet 
et al., 1987). The distinguishable emission spectra of these two 
di�erent enzymes combined with a high substrate speci�city 
allows for the simultaneous detection of the activity of both 
luciferases (McNabb et al., 2005).

For both luciferases, a split variant is available for the detec-
tion of PPI (Ozawa et al., 2001; Paulmurugan and Gambhir, 
2003; Fujikawa and Kato, 2007; Chen et al., 2008). These have 
been successfully utilized in di�erent experimental approaches 
in plants, such as in transient expression in N. benthamiana (Liu 
et al., 2021) or in Arabidopsis protoplasts (Li et al., 2011) (see 
Table 2). Which luciferase is more suitable for the detection 
of PPI in vivo strongly depends on the characteristics of the 
putative interaction partners. For example, the enzymatic re-
action catalysed by Renilla luciferase does not require ATP, 
which might be limiting in some cellular compartments. On 
the other hand, the substrate coelenterazine is unstable and can 
undergo spontaneous oxidation (Zhao et al., 2004), whereas 
d-luciferin is more stable.

Compared with other protein fragment complementation 
assays, luciferase fragments do not spontaneously reconstitute, 
thus avoiding false-positive interactions often encountered in 
BiFC. Furthermore, splitLuc assays enable the investigation of 
dynamic changes of PPIs since the reconstitution of the �re�y 
luciferase is reversible, as shown in large-scale approaches in 
Arabidopsis mesophyll protoplasts (Table 1) (Li et al., 2011). 
The high turnover rate of reconstituted luciferase and its short 
half-life time allow the visualization of formation and dissocia-
tion of protein complexes (Luker et al., 2004; Xing et al., 2016). 
Although the splitLuc assays require the addition of a substrate, 
it can be easily applied exogenously, either by incubation or by 
watering (Chen et al., 2008), or even through in�ltration of the 
diluted substrate (Schatlowski et al., 2010).

Despite its advantages, splitLuc assays are less commonly 
used than other protein fragment complementation assays. For 
one thing, luciferase activity can only be measured in the dark. 
Therefore, light-dependent processes are not suitable for this 
technique. Furthermore, for splitLuc assays in green tissue, for 
example tobacco leaves or Arabidopsis leaf protoplasts, a spe-
cial �lter is needed that excludes the phosphorescence of Chl 
a and b (reviewed in Krasnovsky and Kovalev, 2014) as this 
could interfere with the detection of the emitted light from the 
luciferase. Although splitLuc experiments can be used in quan-
titative high-throughput assays, such as on �oating leaf discs or 
on protoplasts using plate readers (Chen et al., 2006; Gehl et al., 
2011), these experiments do not provide information on the 

Table 1. Evaluation of PPI techniques in planta involving imaging

Method Cellular  

resolution 

Dynamics False  

positives 

False  

negatives 

Applicability Special features and characteristics 

BiFC ● ○ ●  ● ○ ● ●  ● Suitable for weak/transient PPIs

Split-Luc ○ ● ● ● ●  a Dynamic assembly and disassembly of PPIs can be studied

FRET-APB ● ● ○ ● ● ●  ●  b Fast data acquisition and analysis

FRET-FLIM ●  ● ● ○ ● ● ○ ●  c.d High quality of acquired data

BiFC and FRET ●  ● ○ ● ●  ● ●  ● ○ ●  d,e Analysis of trimeric complexes

Triple FRET ●  ● ○ ● ○ ● ●  ● ○ ●  c,d,e Analysis of trimeric complexes

Homo-FRET ●  ● ●  ● ○ ● ●  ● ○ ●  d Analysis of higher order complexes

Can be combined with FRET-FLIM

FCCS ○ ● ●  ● ○ ○ ● ○d Low concentration of POI needed

Simultaneous detection of PPI and dynamics

RICS and N&B ○ ● ●  ● ○ ● ● ●  c Simultaneous detection of PPI and dynamics

KSP ○ ● ○ ● ○ ● ○ ● ○ ●  f Analysis of higher order complexes.

Inducible visualization of PPI.

Can be added to other methods as intrinsic positive control

‘○’ = ‘no or low’, ‘○ ●’ = ‘medium’, ‘●’ = ‘high’, ‘●  ●’ = ‘very high’.
a Phosphorescence of chlorophyll can mask the signal of luciferase.
b Not suitable for moving proteins.
c Data acquisition and analysis can be time consuming.
d Special technical equipment might be needed,
e Appropriate controls needed.
f Rapamycin-induced effects must be considered.
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subcellular localization of the PPI and are not suitable for low-
a�nity interactions (reviewed in Xing et al., 2016). Another 
concern is that compared with commonly used �uorescent 
proteins, such as GFP or mCherry, the �re�y luciferase is par-
ticularly large, which could cause problems when monitor-
ing interactions of small proteins as this could sterically hinder 
PPIs (Matthews et al., 1977; de Wet et al., 1987; Cormack et al., 
1996; Shaner et al., 2004). Recently, a smaller so-called Nano 
luciferase (Nluc) with a total molecular mass of 19.1 kDa was 
established to address this concern (Wang et al., 2020).

Nonetheless, neither BiFC nor splitLuc assays can provide 
information on whether the interaction of the proteins is di-
rect or indirect or whether an interaction could be considered 
strong or weak, thereby making the quanti�cation of PPI of 

di�erent interaction partners impossible. Additionally, either 
spatial or temporal resolution of PPI is lost in splitLuc or BiFC 
experiments, respectively. Therefore, other quantitative tech-
niques to measure in vivo PPI that preserve the spatio-temporal 
resolution are additionally required and will be discussed in the 
next sections.

Measurement of PPI by energy transfer

Förster resonance energy transfer (FRET)

FRET, �rst described by Theodor Förster (Förster, 1948), is 
a physical phenomenon in which the energy of an excited 
donor �uorophore is transferred by a radiation-free process 

Fig. 2. FRET prerequisites and possible scenarios when measuring PPI in vivo. (A) Prerequisites for FRET to take place between the two fluorophores or 
FPs of the chosen FRET pair, in this case the FPs mVenus (yellow) and mCherry (red), are: ① spectral overlap of donor emission and acceptor excitation 
[J(λ)]; ② distance between the donor and acceptor is <10 nm (RDA); ③ dipole orientation of the donor and acceptor are parallel (κ2). (B) PPI of two POIs 
can be measured by FRET in vivo if the donor FP (mVenus 3D structure in yellow) and the acceptor FP (mCherry 3D structure in red) are fused to POI X 
(dark blue) or Y (light blue), respectively. In the case that all three FRET prerequisites are met (①–③ green), FRET takes place by the energy migration 
after exciting (teal arrow) the donor FP to the acceptor FP (grey arrow) which is excited and can emit light (red arrow). (C) No FRET can be measured if 
the distance between donor and acceptor FPs (RDA) is >10 nm (red number ②). (D) No FRET can be measured if the dipole orientation (κ2) of donor and 
acceptor are not parallel (red number ③). Figure created with BioRender.com.



In vivo protein–protein interactions in plants | Page 7 of 15 

T
a

b
le

 2
. 

E
xa

m
p

le
s 

o
f 
P

P
I m

e
a
su

re
d

 in
 p

la
n
ta

T
e

c
h

n
iq

u
e

 
R

e
c

e
n

t 
e

x
a

m
p

le
 a

n
d

 b
io

lo
g

ic
a

l 
c

o
n

te
x
t 

O
rg

a
n

is
m

 
R

e
fe

re
n

c
e

s
 

B
iF

C
 a

n
d

 F
R

E
T-

F
L
IM

P
II 

lo
c
a
liz

e
s 

to
 f
o
c
i w

ith
in

 c
h
lo

ro
p

la
st

s 
w

h
e
re

 it
 in

te
ra

c
ts

 w
ith

 N
A

G
K

 a
n
d

 

B
C

C
P

 a
n
d

 t
h
e
re

b
y 

re
g

u
la

te
s 

p
ro

te
in

 d
e
g

ra
d

a
tio

n
.

Tr
a
n
si

e
n
t 

e
xp

re
ss

io
n
 in

 N
. 

b
e
n
th

a
m

ia
n
a

K
rie

g
e
r 

e
t 

a
l. 

(2
0
2
1
)

S
p

lit
L
u
c
 (
fir

e
fly

)
M

K
K

2
 a

n
d

 M
P

K
2
, 

b
o
th

 k
n
o

w
n
 t

o
 b

e
 in

vo
lv

e
d

 in
 p

la
n
t 

im
m

u
n
ity

, 
in

te
ra

c
t 

w
ith

 A
C

O
2
 a

n
d

 w
ith

 A
C

O
2

, 
C

H
H

, 
a
n
d

 P
B

P
1

, 
re

sp
e
c
tiv

e
ly
.

Tr
a
n
si

e
n
t 

e
xp

re
ss

io
n
 in

 N
. 

b
e
n
th

a
m

ia
n
a

L
e
is

si
n
g
 e

t 
a
l. 

(2
0
2
1
)

S
p

lit
L
u
c
 (
fir

e
fly

),
 B

iF
C

, 
Y

2
H

O
sU

E
V

1
B

 in
te

ra
c
tio

n
 w

ith
 O

sV
D

A
C

1
 is

 s
u
g

g
e
st

e
d

 t
o

 b
e
 r

e
q

u
ire

d
 f
o

r 

p
h
o
sp

h
a
te

 h
o
m

e
o
st

a
si

s 
in

 r
ic

e

Tr
a
n
si

e
n
t 

e
xp

re
ss

io
n
 in

 N
. 

b
e
n
th

a
m

ia
n
a
 a

n
d

  

A
ra

b
id

o
p

si
s 

p
ro

to
p

la
st

s

L
iu

 e
t 

a
l. 

(2
0
2
1
)

F
R

E
T-

A
P

B
C

R
N

 a
n
d

 C
LV

2
 in

te
ra

c
t 

a
t 

th
e
 p

la
sm

a
 m

e
m

b
ra

n
e
, 
w

h
e
re

 t
h
e
y 

p
e
rc

e
iv

e
 

C
LV

3
 p

e
p

tid
e
 a

n
d

 r
e
g

u
la

te
 s

te
m

 c
e
ll 

n
u
m

b
e
r 

in
 t

h
e
 s

h
o

o
t 

a
p

ic
a
l m

e
ri-

st
e
m

 o
f 
A

. 
th

a
lia

n
a
.

Tr
a
n
si

e
n
t 

e
xp

re
ss

io
n
 in

 N
. 

b
e
n
th

a
m

ia
n
a

B
le

c
km

a
n
n
 e

t 
a
l. 

(2
0
1
0
)

F
R

E
T-

F
L
IM

C
e
ll 

ty
p

e
-s

p
e
c
ifi

c
 in

te
ra

c
tio

n
 o

f 
th

e
 t

ra
n
sc

rip
tio

n
 f
a
c
to

r 
n
e
tw

o
rk

 S
H

R
– 

S
C

R
–J

K
D

 r
e
g
u
la

te
s 

g
e
n
e
 e

xp
re

ss
io

n
 a

n
d

 t
h
e
re

b
y 

sp
e
c
ifi

e
s 

c
e
ll 

fa
te

 in
 

th
e
 A

. 
th

a
lia

n
a
 r

o
o
t.

S
ta

b
le

 e
xp

re
ss

io
n
 in

 A
. 

th
a
lia

n
a

L
o
n
g
 e

t 
a
l. 

(2
0
1
7
)

F
R

E
T-

F
L
IM

, 
Y

2
H

O
sF

D
7
 in

vo
lv

e
d

 in
 fl

o
ra

l t
ra

n
si

tio
n
 a

n
d

 p
a
n
ic

le
 d

e
ve

lo
p

m
e
n
t 

in
 r

ic
e
, 
w

a
s 

fo
u
n
d

 t
o
 in

te
ra

c
t 

w
ith

 O
sF

T
L
1

, 
H

d
3

a
, 
a
n
d

 R
F
T

1
.

Tr
a
n
si

e
n
t 

e
xp

re
ss

io
n
 in

 o
n
io

n
 p

e
e
l c

e
lls

K
a
u
r 

e
t 

a
l. 

(2
0
2
1
)

B
R

A
V

O
 a

n
d

 W
O

X
5
 in

te
ra

c
tio

n
 is

 in
vo

lv
e
d

 in
 q

u
ie

sc
e
n
t 

c
e
n
tr

e
 q

u
i-

e
sc

e
n
c
e
. 

B
o
th

 t
ra

n
sc

rip
tio

n
 f
a
c
to

rs
 c

a
n
 in

te
ra

c
t 

w
ith

 t
h
e
 B

E
S

1
–T

P
L
 

re
p

re
ss

o
r 

c
o
m

p
le

x.

Tr
a
n
si

e
n
t 

e
xp

re
ss

io
n
 in

 N
. 

b
e
n
th

a
m

ia
n
a

B
e
te

g
ó
n
-P

u
tz

e
 e

t 
a
l. 

(2
0
2
1
)

Tr
ip

le
 F

R
E

T
B

R
I1

 a
n
d

 B
A

K
1
 c

a
n
 f
o

rm
 a

 t
rim

e
ric

 c
o

m
p

le
x 

w
ith

 R
L
P

4
4

 w
h
ic

h
 is

 

th
o
u
g
h
t 

to
 s

e
n
se

 c
e
ll 

w
a
ll 

in
te

g
rit

y 
in

 r
e
sp

o
n
se

 t
o

 B
R

 s
ig

n
a
lli
n
g

.

Tr
a
n
si

e
n
t 

e
xp

re
ss

io
n
 in

 N
. 

b
e
n
th

a
m

ia
n
a

G
lö

c
kn

e
r 

e
t 

a
l. 

(2
0
2
0
)

F
R

E
T-

F
L
IM

 a
n
d

 h
o
m

o
-F

R
E

T
C

LV
1
 a

n
d

 A
C

R
4
 f
o
rm

 h
o

m
o

- 
a
n
d

 h
e
te

ro
m

e
ric

 c
o

m
p

le
xe

s 
d

e
p

e
n
d

in
g

 

o
n
 t

h
e
ir 

su
b

c
e
llu

la
r 

lo
c
a
liz

a
tio

n
 a

n
d

 t
h
e
re

b
y 

c
o

n
tr

o
l d

is
ta

l r
o

o
t 

m
e
ris

te
m

 

m
a
in

te
n
a
n
c
e
 in

 A
. 

th
a
lia

n
a
.

Tr
a
n
si

e
n
t 

e
xp

re
ss

io
n
 in

 N
. 

b
e
n
th

a
m

ia
n
a

S
ta

h
l e

t 
a
l. 

(2
0
1
3
)

C
lu

st
e
r 

fo
rm

a
tio

n
 o

f 
C

R
N

, 
C

LV
2

, 
a
n
d

 C
LV

1
 a

t 
th

e
 p

la
sm

a
 m

e
m

b
ra

n
e
 in

 

p
re

se
n
c
e
 o

f 
C

LV
3
 r

e
g

u
la

te
s 

sh
o

o
t 

m
e
ris

te
m

 m
a
in

te
n
a
n
c
e
 in

 A
. 
th

a
lia

n
a
.

Tr
a
n
si

e
n
t 

e
xp

re
ss

io
n
 in

 N
. 

b
e
n
th

a
m

ia
n
a

S
o
m

ss
ic

h
 e

t 
a
l. 

(2
0
1
5
)

F
C

C
S

E
xo

g
e
n
o
u
s 

B
R

 a
p

p
lic

a
tio

n
 le

a
d

s 
to

 a
n
 in

c
re

a
se

d
 c

o
-l
o

c
a
liz

a
tio

n
 o

f 
B

R
I1

 

a
n
d

 A
tF

lo
t1

 a
n
d

 s
tim

u
la

tio
n
 o

f 
th

e
 m

e
m

b
ra

n
e
 m

ic
ro

d
o

m
a
in

-a
ss

o
c
ia

te
d

 

p
a
th

w
a
y 

o
f 
B

R
I1

 in
te

rn
a
liz

a
tio

n
. 
C

o
-d

iff
u
si

o
n
 o

f 
B

R
I1

 a
n
d

 C
L
C

 d
e
m

o
n
-

st
ra

te
s 

th
a
t 

B
R

I1
 in

te
rn

a
liz

a
tio

n
 is

 c
la

th
rin

 d
e
p

e
n
d

e
n
t.

S
ta

b
le

 e
xp

re
ss

io
n
 in

 A
. 

th
a
lia

n
a

W
a
n
g
 e

t 
a
l. 

(2
0
1
5
)

R
IC

S
 a

n
d

 N
&

B
S

H
R

 w
a
s 

fo
u
n
d

 t
o
 e

xi
st

 in
 a

 m
o

n
o

m
e
ric

 a
n
d

 d
im

e
ric

 s
ta

te
 in

 t
h
e
 e

n
d

o
-

d
e
rm

is
 a

n
d

 b
o
th

 f
o
rm

s 
c
a
n
 in

te
ra

c
t 

w
ith

 S
C

R
, 
in

d
ic

a
tin

g
 a

 s
to

ic
h
io

m
e
tr

ic
 

c
o
m

p
le

x 
c
o
m

p
o
si

tio
n
 o

f 
1

:1
 o

r 
2

:1
.

S
ta

b
le

 e
xp

re
ss

io
n
 in

 A
. 

th
a
lia

n
a

C
la

rk
 e

t 
a
l. 

(2
0
1
6
)

K
S

P
P

ro
o
f 
o
f 
c
o
n
c
e
p

t 
a
s 

sh
o

w
n
 f
o

r 
th

e
 t

ra
n
sc

rip
tio

n
 f
a
c
to

rs
: 
S

A
C

L
 a

n
d

 L
H

W
; 

B
E

S
1
 a

n
d

 B
IN

2
 a

n
d

 t
h
e
 e

n
d

o
c
yt

o
si

s 
p

ro
te

in
 c

o
m

p
le

x:
 T

P
L
A

T
E

 a
n
d

 T
M

L

Tr
a
n
si

e
n
t 

e
xp

re
ss

io
n
 in

 N
. 

b
e
n
th

a
m

ia
n
a

W
in

kl
e
r 

e
t 

a
l. 

(2
0
2
1
)



Page 8 of 15 |  Strotmann and Stahl

to an acceptor chromophore, for example chlorophyll in the 
light-harvesting complexes necessary for plant photosynthesis. 
This process of energy transfer is strongly dependent on the 
distance between donor and acceptor �uorophores (RDA) (see 
Fig. 2A, C), the overlap integral of donor emission and ac-
ceptor absorption spectra [J(λ)] (see Fig. 2A), as well as the 
parallel orientation of the donor and acceptor dipoles (κ2) (see 
Fig. 2A, D). FRET e�ciency (EFRET) is directly dependent on 
the distance between the donor and acceptor �uorophores, as 
it is inversely proportional to the sixth power of the distance 
between donor and acceptor, and can be described by the fol-
lowing equation:

EFRET =
R

6
0

R
6
0 + R

6
DA

Here, RDA represents the actual distance between the two �uo-
rophores, and R0 the so-called Förster distance between the 
two �uorophores, a characteristic distance between a pair of 
�uorophores at which the FRET e�ciency (EFRET) is 50%, 
which is usually well below 10  nm. For PPI measurements, 
two POIs are fused to suitable donor or acceptor �uorophores 
or FPs, also called FRET pairs. Widely used FP FRET pairs 
are: eCFP–eYFP, eGFP–mRFP, eGFP–mCherry, or mVenus–
mCherry. The Förster radius (R0) of the FRET pair eCFP–
eYFP is 4.9  nm (Bajar et al., 2016). Because of its strong 
distance dependency, FRET can be utilized to quantitatively 
determine PPI in vivo. To �gure out which FRET pair is most 
suitable to detect PPI in a speci�c in planta experiment can 
be quite challenging, as it depends on several aspects, such as 
spectral properties, photostability, folding, localization, and ac-
tivity of the labelled POI within the respective cellular context 
(Denay et al., 2019). The development of new FPs or new vari-
ants of already established FPs starts with analysing important 
characteristics in vitro, such as photostability, pH stability, and 
maturation time (reviewed in Day and Davidson, 2009). For 
some FPs, these attributes have been at least partially charac-
terized in vivo, albeit mostly in bacteria (Megerle et al., 2008; 
Hebisch et al., 2013; Balleza et al., 2018) and also in yeast or 
mammalian cell culture (Zhong et al., 2019; Lee et al., 2020). 
Therefore, when starting with a recently developed FP, its ap-
plicability in plants �rst needs to be tested, as its properties can 
vary quite signi�cantly in comparison with published results 
from other organisms (Denay et al., 2019).

Furthermore, when choosing a suitable FRET pair for PPI 
experiments, the maturation time of the individual �uoro-
phores should also be considered. The speci�c maturation time 
of an FP can vary between di�erent species or even within dif-
ferent strains of the same species, as shown for E. coli (Hebisch 
et al., 2013). As higher amounts of acceptor increase the possi-
bility for FRET to occur, an equal or shorter maturation time 
for the acceptor �uorophore compared with the donor �uoro-
phore is preferred (Bajar et al., 2016; Denay et al., 2019).

One important property of FRET is that it also a�ects the 
mean �uorescence intensity and lifetime of the donor �uoro-
phore, as the fraction of excited donor �uorophores is depopu-
lated faster in the presence of a suitable acceptor �uorophore 
in close proximity (Bücherl et al., 2014; Weidtkamp-Peters and 
Stahl, 2017). The resulting decrease of donor �uorescence in-
tensity and lifetime, also called quenching, and the consequent 
increase of acceptor �uorescence can be measured by di�erent 
approaches.

Donor and acceptor �uorescence intensities can be simul-
taneously measured by either acquiring a complete spectrum 
covering the donor and acceptor emission or by using appro-
priate �lter sets for acceptor and donor �uorescence, known as 
sensitized emission. These techniques are often applied in ge-
netically encoded FRET-based biosensors, detecting changes 
of intramolecular FRET in response to speci�c biological 
stimuli, such as calcium, reactive oxygen species, pH, phyto-
hormones, and nutrients (Walia et al., 2018).

The two techniques most widely used for quantitative 
measurements of PPI by FRET are acceptor photobleaching 
(APB) and �uorescence lifetime imaging microscopy (FLIM), 
which we describe in more detail below.

Acceptor photobleaching (APB)

One of the most accessible FRET-based techniques to mon-
itor PPI in vivo is acceptor APB. APB makes use of the di�er-
ences in �uorescence intensity of the donor molecule in the 
presence or absence of the acceptor. Here, if FRET takes place, 
the energy transfer from the donor to the acceptor �uoro-
phore is inhibited by bleaching the acceptor with a strong laser 
pulse (Bastiaens and Jovin, 1996; Bastiaens et al., 1996; Wouters 
et al., 1998; Kenworthy and Edidin, 1999; Kenworthy, 2001; 
Karpova et al., 2003; Albertazzi et al., 2009). Therefore, if the 
two POIs interact, bleaching of the acceptor leads to an in-
crease of the donor �uorescence intensity because the energy 
is no longer transferred to the acceptor. This technique has 
successfully been applied in planta, for example in transiently 
expressing N. benthamiana leaf epidermal cells expressing dif-
ferent receptor proteins (Bleckmann et al., 2010). An apparent 
FRET e�ciency (EFRET, as a percentage) can be calculated if 
the intensity of the donor �uorescence (ID) is recorded be-
fore (ID before) and after (ID after) bleaching of the acceptor and is 
described by the following equation:

EFRET = 1−
ID after − ID before

ID after

× 100

This method does not require expensive or complicated 
equipment, and does not need time-consuming training or ex-
tensive experience (see Table 1). Additionally, data acquisition 
is relatively fast compared with other FRET-based methods. 
Drawbacks of FRET-APB are the need for high laser powers 
during bleaching of the acceptor �uorophore, potentially 
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leading to phototoxic e�ects, as well as low spatial resolution 
due to the necessary high acquisition speed and the analysis of 
only a small region of interest. Furthermore, �lter sets and/or 
bandwidths should be carefully chosen to avoid possible cross-
talk of donor and acceptor emission.

Another point to consider is that FRET-APB utilizes the 
intensity of the donor molecule �uorescence to calculate 
FRET e�ciency and therefore is strongly a�ected by pro-
tein concentration. As a rule, a low donor/acceptor ratio will 
lead to increased FRET e�ciencies whereas a high donor/
acceptor ratio decreases FRET e�ciency as the acceptor 
may be limiting. On the other hand, high expression levels 
of both proteins increase the possibility of the donor and ac-
ceptor �uorophore meeting by chance and could thereby arti-
�cially increase FRET e�ciency. This phenomenon is known 
as bystander-FRET and should be taken into consideration for 
all FRET-based techniques. To avoid strongly di�ering POI 
concentrations in transient expression systems, both POIs can 
be expressed from a single T-DNA so that the preferable 1:1 
ratio of donor and acceptor is achieved (Mehlhorn et al., 2018; 
Denay et al., 2019). Another point is, that depending on the 
cellular compartment and the mobility of the protein, the �uo-
rescence of the acceptor could recover after the bleaching, even 
before an increase of the donor intensity can be detected. This 
e�ect might be enhanced by the inevitable delay between pre-
bleach and post-bleach image acquisition. Therefore, highly 
mobile POIs and/or transient PPIs would be di�cult to 
measure using APB. Another quantitative method to measure 
FRET overcoming some of the shortcomings of FRET-APB 
is FLIM, which is described next.

Fluorescence lifetime imaging microscopy (FLIM)

Fluorescence lifetime (τ) is de�ned as the average time, usually 
in the nanosecond range, that a �uorophore remains in the ex-
cited state after excitation before returning to the ground state 
by emitting a photon. If two proteins interact, the �uorescence 
lifetime of the donor is decreased, and its �uorescence inten-
sity is quenched. The �uorescence lifetime is an intrinsic char-
acteristic for each �uorophore and therefore strongly di�ers 
between di�erent �uorophores. FRET-FLIM is a non-inten-
sity-based imaging method in contrast to the above-described 
FRET-APB, largely independent of protein concentration, 
making it particularly suitable for the quantitative analysis of 
PPIs in living cells, where �uorescence intensity can vary sig-
ni�cantly. In order to measure the �uorescence lifetime of an 
FP in the so-called time domain, a pulsed laser source and 
special equipment for time-correlated single photon counting 
(TCSPC) is required: single photon-sensitive detectors and 
photon counting electronics (Becker et al., 2004). The time be-
tween the laser pulse and emission of a single photon is meas-
ured for every individual photon and plotted as a histogram, 
which shows an exponential decay. From �tting this decay, the 

average �uorescence lifetime can be deduced (Biskup et al., 
2007; Weidtkamp-Peters and Stahl, 2017). The resulting FRET 
e�ciency can be determined by recording the �uorescence 
lifetime τ of the POI labelled with the donor �uorophore 
in the absence (donor only sample) or presence of the puta-
tive interactor labelled with the acceptor �uorophore (FRET 
sample). The following equation describes the resulting FRET 
e�ciency (EFRET, as a percentage) depending on the donor 
�uorescence lifetime in the presence (τDA) or absence (τD) of 
the acceptor:

EFRET = 1−
τDA

τD

× 100

One major advantage of FRET-FLIM is the quality of the ac-
quired data. In contrast to other methods to investigate PPIs, 
FLIM data can also be used to determine quantitative data that 
can potentially show di�erences in the interaction strength 
or binding of di�erent POIs at a high spatial resolution (see 
Table 1) (Weidtkamp-Peters and Stahl, 2017). Nevertheless, 
this requires some expert knowledge and advanced data analy-
ses, as well as careful control experiments. Additionally, FLIM 
is largely independent of protein concentration. Therefore, 
FRET-FLIM measurements are widely considered as more re-
liable than the detection of FRET by APB and spectral im-
aging, and have been successfully applied in planta (Stahl et al., 
2013; Bücherl et al., 2014; Somssich et al., 2015; Long et al., 
2017; Weidtkamp-Peters and Stahl, 2017; Betegón-Putze et al., 
2021; Kaur et al., 2021).

On the other hand, time domain FLIM data acquisition 
and processing are time-consuming and require a signi�cant 
amount of training and experience. Furthermore, the nec-
essary equipment, such as pulsed laser sources, TCSPC elec-
tronics, etc. are a quite expensive additions to a wide�eld or 
confocal microscope setup. An alternative that does not require 
cost-intensive TCSPC electronics and �tting of the data is the 
so-called frequency domain FLIM. Here, a continuous, modu-
lated light source and a synchronized modulated detector are 
required to determine the phase-shifted �uorescent lifetimes 
of the donor �uorophore. Frequency domain FLIM measure-
ments can be carried out at high speed, which is advantageous 
for monitoring dynamic processes. Nevertheless, time domain 
FLIM measurements show a higher precision even at low 
signal to noise ratios and can be used for more complex donors 
(Datta et al., 2020).

A more general limitation of FRET-based methods, as in 
FRET-APB and FRET-FLIM, is the number of false-negative 
results resulting from inadequate photoselection of �uoro-
phores (Bajar et al., 2016). As mentioned, the dipole orientation 
(κ2) of the two �uorophores used for FRET should be (close 
to) parallel (Fig. 2). The more precisely the dipole orientations 
of the �uorophores are aligned in parallel, the more e�cient 
the energy transfer from donor to acceptor and therefore the 
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higher the FRET e�ciency (reviewed in Weidtkamp-Peters et 
al., 2022).

Another potentially problematic factor, apart from choos-
ing the best possible FRET pair for the PPI experiment, is 
the position of the FP or enzyme at the N- or C-terminus of 
the POI. The protein class, the (subcellular) localization, and 
known functional domains can help to choose the optimal po-
sition of the reporter protein (Long et al., 2018, 2020). In ad-
dition, a linker between the POI and the �uorophore could be 

used to improve FRET e�ciency if this leads to an increased 
rotation of the �uorophore without increasing the distance 
between the two �uorophores, which could diminish FRET 
(Denay et al., 2019).

Nevertheless, FRET-FLIM measurements are highly suited 
to validate PPIs in a quantitative way preserving spatio-tempo-
ral information of the POI. In addition, FRET-FLIM can also 
be used if PPI measurements of more than two POIs is neces-
sary, as described below.

Fig. 3. Techniques to measure PPI of more than two POIs. (A) In a combined BiFC–FRET experiment, two POIs (X, dark blue; Y, light blue) are fused to 
the N- or C-terminal part of a split FP (here, split 3D YFP structures in yellow), and a third POI (Z, purple) is fused to an acceptor FP (here, 3D mCherry 
structure in red). (Aʹ) In the case of interaction of all three POIs, the YFP parts are reconstituted and, after excitation (teal arrow), can transfer energy by 
FRET (grey arrow) to the acceptor FP (mCherry) which can emit light (red arrow). (B) In a triple FRET experiment, three POIs (X, dark blue; Y, light blue; Z, 
purple) are fused to three different FPs (here, 3D structures of CFP, cyan; YFP, yellow; and mCherry, red). (Bʹ) In the case of interaction of all three POIs, 
the three FPs come close enough to allow, upon excitation of CFP by blue light (blue arrow), energy transfer (grey arrow) by FRET to YFP as acceptor 
which then serves also as a donor and transfers energy via FRET (grey arrow) to mCherry which can then emit light (red arrow). (C) In a homo-FRET 
experiment, two or more of the same POI (X, dark blue) are labelled with an FP (here, 3D structure of YFP in yellow). (Cʹ) If the POI can form higher order 
complexes, energy can be transferred from one excited (teal arrow) FP to another, thereby depolarizing the emission of the FP (yellow arrow). Figure 
created with BioRender.com.
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PPI measurements of higher order 

complexes

Combined BiFC and FRET

To identify and analyse putative homo- or heteromeric com-
plex formation of more than two proteins, combinations of es-
tablished methods to study PPIs are used. The combination of 
BiFC and FRET-FLIM o�ers the possibility to simultaneously 
test the interaction of three POIs while preserving high spatial 
resolution (Kwaaitaal et al., 2010). Here, two POIs are fused 
to the N- or C-terminal part of the donor �uorophore, re-
spectively. The third POI is fused to the acceptor �uorophore. 
Only in the case of complex formation of all three POIs can 
a reduction of the donor �uorescence lifetime or intensity be 
observed, for example by FRET-FLIM or FRET-APB mea-
surements, respectively (Fig. 3B, Bʹ). An alternative approach 
without BiFC is described next.

Triple FRET

Triple FRET, also referred to as three-colour FRET or two-
step FRET, is another FRET-based method to simultaneously 
study interactions of more than two proteins, for example in 
higher order complexes consisting of di�erent proteins. Here, 
the excited donor �uorophore (D) transfers energy to the 
�rst acceptor (A1), which at the same time serves as a donor 
for a second acceptor �uorophore (A2) (Horsey et al., 2000). 
Thereby, energy can be transferred sequentially from D via A1 
to A2, but also directly from D to A1 and from D to A2 (Fig. 
3C, Cʹ). For the required energy transfer, the same prerequi-
sites must be met that were described for conventional FRET 
above, but in this case for three FPs. Most importantly, the 
emission spectrum of D must overlap with the excitation spec-
trum of A1, and the emission spectrum of A1 must overlap 
with the excitation spectrum of A2. Before triple FRET-FLIM 
measurements can be carried out, a series of control experi-
ments must be performed to ensure the measured FRET e�ect 
is caused by interaction and not by an artefact, for example 
quanti�cation of �uorescence emission intensity of A1 and A2 
with the excitation wavelength of D, to estimate spectral bleed 
through and crosstalk (Table 1).

One of the �rst attempts of triple FRET was used in vitro 
to investigate structural changes in DNA using sensitized 
emission as well as donor �uorescence and lifetime quench-
ing as a read-out for FRET (Watrob et al., 2003). The �rst 
experiments using triple FRET in planta in Arabidopsis 
mesophyll protoplasts also analysed sensitized acceptor emis-
sion and showed that 2-Cys peroxiredoxin forms decamers 
(Seidel et al., 2010). Recently, the �rst attempts to estab-
lish three-colour FRET-FLIM in planta were performed (see 
Table 2) (Glöckner et al., 2020, Preprint). Another technique 
to measure PPI of higher order complexes of the same POI 
is described next.

Homo-FRET detection by fluorescence anisotropy 
measurements

FRET can also take place between members of the same kind 
of �uorophores because they also ful�l the requirements of 
FRET. This phenomenon of energy migration between iden-
tical �uorophores is called homo-FRET (Vogel et al., 2009). 
The detection of homo-FRET can also be utilized to measure 
PPI between the same POIs, for example when they form 
dimeric or multimeric homomeric complexes. While homo-
FRET does not impact �uorescence intensity or lifetime, it 
does a�ect the direction of the �uorescence emission of the 
examined �uorophores. This e�ect can be measured as �uores-
cence anisotropy r of a �uorophore (reviewed in Weidtkamp-
Peters et al., 2022). Here, a microscopic setup with a polarized 
light source (e.g. a laser) excites the �uorophores with a par-
allel dipole orientation, a process called photoselection. The 
steady-state �uorescence anisotropy r of the excited �uoro-
phores can be measured by two detectors detecting the same 
emission bandwidth of the excited �uorophores but divided 
by a polarized beam splitter for detecting the intensity of the 
emitted light parallel (I||) and perpendicular (I⊥) to the polar-
ized excitation light. Steady-state �uorescence anisotropy r can 
be described by the following equation:

r =
I‖ − I⊥

I‖ + 2I⊥

The �uorescence anisotropy r decreases in the case of PPI 
because of energy transfer to a �uorophore with the same 
properties in the vicinity of the next POI with a slightly dif-
ferent dipole orientation, thereby depolarizing the emitted 
�uorescence (Fig. 3C, Cʹ) (Weidtkamp-Peters et al., 2022). 
Fluorescence anisotropy measurements can be combined with 
FRET-FLIM measurements to detect dynamic hetero- and 
homomeric complexes and their spatial distribution within a 
cell at the same time, which was shown in planta (Table 2) 
(Stahl et al., 2013; Somssich et al., 2015). Other spectroscopic 
methods described below can be used to detect PPI by cor-
relating the �uctuations of the �uorescence of POIs as they 
move together.

Fluorescence fluctuation microscopy to study PPI

Fluorescence correlation spectroscopy (FCS) is an advanced 
�uorescence technique that measures �uctuations in �uores-
cence of single molecules over time to quantify the concen-
tration and di�usion coe�cients of these molecules in a very 
small de�ned volume, such as in a confocal volume (Laursen 
et al., 2016). This is achieved by focusing excitation light on to 
a sample (e.g. in a confocal or two-photon microscope), and 
the resulting �uctuation of �uorescence due to the move-
ment or Brownian motion of the �uorescent molecules is 
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statistically analysed. For FCS measurements, the number of 
�uorescent molecules must be relatively low (in the pico- to 
micromolar range) (Eigen and Rigler, 1994; Schwille et al., 
1999). Two POIs, if labelled with two spectrally distinct FPs, 
can be observed in two separate channels by �uorescence 
cross-correlation spectroscopy (FCCS). If the two proteins 
indeed interact, they will move together, as demonstrated 
with interacting receptor kinases in Arabidopsis roots (Table 
2) (Wang et al., 2015). For FCS measurements, the same 
specialized microscopic equipment is needed as described 
above for FRET-FLIM measurements, because here too a 
very high temporal resolution of single photons is needed. 
These single molecule measurements are highly dependent 
on a very good signal to noise ratio which can be achieved 
by eliminating out-of-focus �uorescence as much as possible, 
such as by internal re�ection microscopy, in particular var-
iable angle total internal re�ection microscopy (VA-TIRF) 
(Wang et al., 2015).

By using another FCS-based method called raster image 
correlation spectroscopy (RICS) which extracts �uores-
cence correlation from confocal image stacks combined with 
number and brightness analyses (N&B), two POIs labelled 
with spectrally di�erent FPs can be analysed for their mobility, 
oligomeric state, and stoichiometry (including PPI) preserving 
spatio-temporal information, which has recently been success-
fully applied in Arabidopsis roots employing a conventional 
confocal microscopic setup (Table 2) (Clark et al., 2016). The 
advantage of using RICS instead of FCCS is that no speci�c 
setup other than a conventional confocal microscope is needed 
(Table 1). Even though the analyses of the FCCS and RICS 
data is not as easy as, for example, in FRET-APB experiments, 
these techniques provide very valuable information on the 
mobility at the same time as on PPI.

Knocksideways in plants (KSP)

Recently, an exciting new technique to measure and visualize 
PPI in transiently expressing N. benthamiana leaf epidermis was 
described which can be compared with an intracellular co-IP 
(Winkler et al., 2021). This technique combines the—in the 
animal �eld—well-established conditional ability of rapamycin 
to alter the localization of a bait protein and its interactors via 
the heterodimerization of FKBP and FRB domains. In KSP, 
this conditional heterodimerization is combined with rerout-
ing interacting proteins to mitochondria upon rapamycin 
induction. The PPI of more than two POIs can thereby be 
directly visualized and quanti�ed by FP-tagged POIs in con-
ventional �uorescence microscopy (Table 2) (Winkler et al., 
2021). So far, KSP has been used to improve the quality of in-
teraction data acquired with split-ubiquitin, BiFC, and FRET 
approaches, as the addition of FKBP and FRB domains to 
these well-established methods can serve as an intrinsic posi-
tive control (Andersen et al., 2016). It will be very interesting 

to see how applicable this new technique is in stable transgenic 
lines in the future, as KSP also o�ers, aside from PPI detec-
tion, a conditional compartmentalization and thereby a protein 
knockout tool.

One general consideration concerning all of the above-
described PPI techniques that involve imaging is that the POI 
must be tagged or expressed in fusion with an FP or other 
protein (domain), and therefore the function of the POI might 
be impaired. Therefore, control experiments, such as rescue 
experiments using stable transformants in the respective loss-
of-function mutants, should be carried out to test if the la-
belled POI is still functioning.

Nevertheless, the outstanding bene�t of all described imag-
ing-based PPI techniques is the preservation of spatio-tempo-
ral information of the involved POI and even quantitative data 
on the observed PPI (Table 1).

Conclusions

In summary, many di�erent techniques, most of them relying 
on the use of FPs, have been successfully applied in living 
plant cells, either in stably transformed plants or transiently 
in heterologous plant expression systems. Here, dynamic PPIs 
and complex formations can be investigated in a minimally 
invasive manner, whilst in most cases preserving the spatio-
temporal characteristics of the POI. While we have summa-
rized numerous pros and cons for each of the techniques to 
study PPI in this review, there is no one technique that �ts 
all requirements. Which technique is best for a given research 
question depends on, for example, the expression system, 
POI abundance, and PPI strength and dynamics (Table 1). In 
the future, emerging techniques in the in vivo or correlative 
super-resolution microscopy �eld and/or in novel advances 
of data analyses could add more depth to the detection and/
or quanti�cation of PPIs. Here, novel, high-throughput tech-
niques for improved visualization of PPI and the determi-
nation of dynamic in vivo binding a�nities would help to 
decipher complex regulatory networks in plants. Additionally, 
the more insights into structural information on plant pro-
teins become available, the more in silico predictions of PPI 
and even of PPI sites, such as in PlaPPISite, will become 
available (Ding and Kihara, 2019; Yang et al., 2020), which can 
guide in vivo and in planta experiments. Due to the numbers 
of PPIs already predicted and/or veri�ed in di�erent plant 
species, computational networks of PPIs will become even 
more necessary to understand the complex and dynamic PPIs 
in a wider biological context.
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Aims of the study
In higher plants, the root plays a pivotal role in plant fitness as it provides access to 

nutrients and water, as well as anchorage in the soil. In the model plant Arabidopsis 

thaliana, the main root is formed by a small group of pluripotent stem cells, called 

the quiescent center (QC), located in the center of the root meristem at the tip of the 

root. By undergoing rarely-occurring, asymmetric cell divisions, the QC produces 

the surrounding cell type specific stem cells and preserves their undifferentiated 

status non-cell-autonomously. Hence, QC maintenance and function is crucial to 

sustain high developmental plasticity e.g., in response to internal and external cues. 

The delicate balance of stem cell maintenance and replenishment is regulated by a 

complex regulatory network. Although the concept of root stem cells has existed for 

decades, many aspects of the underlying intertwined pathways remain elusive.

On the one hand, this study aims to uncover the role of the transcription factors 

(TFs) WUSCHEL-RELATED HOMEOBOX 5 (WOX5) and PLETHORA 3 (PLT3) in 

stem cell homeostasis in the Arabidopsis root using genetic approaches as well as 

advanced microscopy techniques. Furthermore, the role of the subcellular 

compartments termed nuclear bodies (NBs) that are mediated by prion-like domains 

(PrDs) found in PLT3 in columella stem cell (CSC) fate regulation should be 

investigated.

Furthermore, in this dissertation it is proposed that the brassinosteroid-dependent 

TF BRASSINOSTEROID AT VASCULAR AND ORGANIZING CENTRE (BRAVO) 

genetically and physically interact with WOX5 and PLT3, forming a regulatory 

triangle that controls QC divisions and CSC fate determination. Here, a novel 

analysis method provides insights into protein binding affinities of heterodimers and 

higher-order complexes formed by BRAVO, WOX5 and PLT3. Finally, the 

combination of experimental data and computational modelling suggests the 

formation of cell type specific TFs complexes that could serve as read-out for cell 

type specificity.

In summary, this study aims to highlight the importance of fully understanding the 

fine-tuned molecular regulation of root stem cell homeostasis in Arabidopsis, as well 

as the use of combinatory approaches, which offer great potential for future studies 

in all fields of research. 
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One pattern analysis (OPA) for the quantitative 
determination of protein interactions in plant cells 
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Abstract 

Background A commonly used approach to study the interaction of two proteins of interest (POIs) in vivo is measur-
ing Förster Resonance Energy Transfer (FRET). This requires the expression of the two POIs fused to two fluorescent 
proteins that function as a FRET pair. A precise way to record FRET is Fluorescence Lifetime IMaging (FLIM) which gen-
erates quantitative data that, in principle, can be used to resolve both complex structure and protein affinities. How-
ever, this potential resolution is often lost in many experimental approaches. Here we introduce a novel tool for FLIM 
data analysis of multiexponential decaying donor fluorophores, one pattern analysis (OPA), which allows to obtain 
information about protein affinity and complex arrangement by extracting the relative amplitude of the FRET compo-
nent and the FRET transfer efficiency from other FRET parameters.

Results As a proof of concept for OPA, we used FLIM-FRET, or FLIM-FRET in combination with BiFC to reassess 
the dimerization and tetramerization properties of known interacting MADS-domain transcription factors in Nico-

tiana benthamiana leaf cells and Arabidopsis thaliana flowers. Using the OPA tool and by extracting protein BINDING 
efficiencies from FRET parameters to dissect MADS-domain protein interactions in vivo in transient N. benthamiana 
experiments, we could show that MADS-domain proteins display similar proximities within dimeric or tetrameric com-
plexes but bind with variable affinities. By combining FLIM with BiFC, we were able to identify SEPALLATA3 as a media-
tor for tetramerization between the other MADS-domain factors. OPA also revealed that in vivo expression from native 
promoters at low levels in Arabidopsis flower meristems, makes in situ complex formation of MADS-domain proteins 
barely detectable.

Conclusions We conclude that MADS-domain protein interactions are transient in situ and may involve additional, 
so far unknown interaction mediators. We conclude that OPA can be used to separate protein binding from informa-
tion about proximity and orientation of the interacting proteins in their complexes. Visualization of individual protein 
interactions within the underlying interaction networks in the native environment is still restrained if expression levels 
are low and will require continuous improvements in fluorophore labelling, instrumentation set-ups and analysis 
tools.
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Introduction
Protein interactions and the formation of higher-order 
protein complexes play a crucial role in a plethora of cel-
lular and developmental processes, but the precise iden-
tification and monitoring of protein–protein interactions 
(PPIs) in cells remains challenging. Two common tech-
niques to visualize and quantify protein–protein interac-
tions in vivo are BiFC and FRET (Fig. 1A and B).

BiFC is based on the complementation of two frag-
ments of a fluorescence protein (FP; Fig.  1B). Fluoro-
phore functionality is regained when the fragments, 
fused to interacting POIs, are brought in close proximity 
to each other [15]. FRET describes the process of non-
radiative energy transfer from an excited “donor” fluoro-
phore to an “acceptor” molecule [9]. Occurrence of FRET 
depends on three specific conditions: (i) �e emission 
spectrum of the donor and the excitation spectrum of 

the acceptor must sufficiently overlap. (ii) �e orientation 
of donor and acceptor dipoles must not be oriented per-
pendicular to each other. (iii) Donor and acceptor mol-
ecules must be in close proximity to each other (< 10 nm 
or 100 Å distance). FRET is considered the more accurate 
method and less susceptible to false positive interactions 
when compared to BiFC [2, 13, 41]. Commonly, FRET is 
measured either by fluorescence intensity-based tech-
niques such as FRET-Acceptor Photo Bleaching (APB) 
and recording of sensitized emission, or by the analysis 
of the fluorescence lifetime of donor fluorescence using 
FLIM. Intensity-based FRET usually requires strict con-
trols and correction for spectral bleed-through, whereas 
lifetime acquisition by FLIM is more robust [2, 11, 31, 39, 
41]. Additionally, FLIM-FRET is independent from local 
Donor and Acceptor concentrations and requires only 
relatively low irradiation of cells, and is thus considered 

Fig. 1 FRET and BiFC can be used to investigate protein–protein interactions. A FRET describes the process of non-radiative energy transfer 
from an excited “donor” fluorophore to a non-excited “acceptor” molecule. Occurrence of FRET depends on three specific conditions: (i) the emission 
spectrum of the donor and the excitation spectrum of the acceptor must sufficiently overlap. (ii) The orientation of donor and acceptor dipoles 
must not be oriented perpendicular to each other. (iii) Donor and acceptor molecules must be in close proximity towards each other (< 1 nm 
or 100 Å distance). B BiFC is based on the complementation of two fragments of a fluorescence protein (FP). Fluorophore functionality is regained 
when the fragments, fused to interacting proteins, are brought in proximity to each other. C Combination of BiFC with FRET allows to investigate 
larger protein complexes. Thereby, the complemented FP can serve as a donor or acceptor
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to be superior compared to intensity-based techniques 
[7, 10, 26, 27, 35, 40]. In time-domain FLIM experi-
ments, arrival times of single photons after excitation 
with a pulsed laser are recorded and binned into a histo-
gram, resulting in a characteristic fluorescence decay for 
a specific fluorophore. �e fluorescence lifetime τ is the 
average time such fluorophore stays in its excited state, 
whereas during this time, its intensity decreases by ~ 64% 
[5]. Decaying intensity at time t is given by the summed 
decay functions across all components i, where τ is the 
lifetime and α the pre-exponential factor (amplitude) of 
the exponential decay function (Fig. 2A).

Occurrence of FRET leads to quenching of donor 
intensity and a decrease of its lifetime. �us, in the overall 
decay of a bi-exponential donor fluorophore, a third com-
ponent describes the effect of FRET. In this case, each of 
the three decay components have their own lifetime and 
amplitude. �ereby, the lifetimes τi of the individual com-
ponents describe the decay rate, and the amplitudes αi 
describe the contribution of each component to the over-
all decay (Fig.  2A’). Commonly, the average amplitude 
weighted lifetime τm of a mixture of differentially decay-
ing components is calculated by the sum of each compo-
nent’s lifetime ( τi ), weighted by its respective amplitude 
( αi ). In case of FRET, τm decreases and can be used as a 
measure for PPI (Fig. 2B).

Importantly, reduction of τm can be due to either (i) 
high affinity between the proteins but low proximity, 
resulting in low energy transfer efficiency between fluo-
rophores, or (ii) low protein affinity but high proximity, 
resulting in high energy transfer efficiency. �us, the 
same value of τm can either be a result of a high number 
of interacting proteins but with low proximity or a lower 
number of interacting proteins but with high proxim-
ity and thus more effective transfer of energy between 
fluorophores. �is crucial information about binding 
affinities and spatial information within the complex is 
in principle available within the acquired FLIM data and 
can be accessed by analysing amplitudes and lifetimes 

separately. Consequently, the relative amplitude of the 
FRET fraction, here termed BINDING, and the FRET 
efficiency, based on the reduction of the FRET compo-
nent lifetime compared to the donor component lifetime 
can be determined. �ereby, BINDING is indicative for 
the relative number of molecules undergoing FRET in 
a sample, whereas FRET efficiency describes the effi-
ciency of the energy transfer between the fluorophores. 
As energy transfer efficiency is dependent on the distance 
between fluorophores and the orientation of their dipoles 
[9], FRET efficiency can be used as a measure for prox-
imity and orientation within the complex [4] and BIND-
ING as an indicator for the affinity between the proteins 
(Fig. 2C). While calculation of BINDING (relative ampli-
tude of the FRET fraction) is trivial for monoexponen-
tially decaying donors and was described before [30, 50], 
determination of BINDING parameter from decays of 
multiexponential decaying donors is more difficult. As 
the fluorescent protein mVenus can display a biexpo-
nentially decaying behaviour [36], we here apply a newly 
developed analysis method, “One Pattern Analysis (OPA)” 
(PicoQuant, Berlin, Parts of this method is covered by 
a German patent application DE10 2021 107 759.1), in 
which the donor only decay components (Donor only 
lifetime components and their respective amplitudes) 
are pre-defined as a “pattern”, allowing the calculation of 
BINDING from multiexponential donor decays. By dis-
criminating between the affinity of interacting proteins 
and their proximity or orientation within the forming 
protein complex, we reassessed dimer and tetramer for-
mation of MADS-domain transcription factors involved 
in the specification of floral organs in planta. �e activi-
ties of these floral regulators is summarized in the Floral 
Quartet Model (FQM) [44], which posits that tetrameric 
complexes of MADS-domain proteins bind to proximal 
CArG-box sequences (CArG: C-A-rich-G; consensus: 
5ʹ-CC(A/T)6GG-3ʹ) to regulate their target genes.

�us, for the specific development of each floral 
organ, different tetrameric complexes of MADS-domain 

(See figure on next page.)
Fig. 2 BINDING and FRET efficiency in FLIM experiments. A Schematic of a multiexponential fluorescence decay when FRET occurs. Fluorescence 
lifetime τ is defined as the average time a fluorophore stays in its excited state. During this time, the intensity I(t) decreases by 63.8%. The 
decaying intensity at time t is given by the summed decay functions across all components i, where τ is the lifetime and α the pre-exponential 
factor (amplitude) of the exponential decay function. A’ Schematic of the different components in the overall decay. The sum of the individual 
components would result in the overall decay curve. B The mean amplitude weighted lifetime τm of a mixture of differentially decaying 
components is given by the sum of each component’s lifetime ( τi ) weighted by its respective amplitude ( αi ). In case of FRET, τm decreases and can 
be used as a measure for protein–protein interaction. However, reduction of τm ccould be due to high affinity between the proteins and low energy 
transfer efficiency between fluorophores or vice versa. Therefore, using τm , one loses information which are usually included in FLIM data. C Using 
the amplitudes and the lifetimes of the exponential decay, BINDING and FRET efficiency can be calculated. BINDING is indicative of how many 
molecules undergo FRET in a sample, whereas FRET efficiency describes the efficiency of the energy transfer between the fluorophores. As 
energy transfer efficiency is dependent on the distance between fluorophores and the orientation of their dipoles, FRET efficiency can be used 
as a measure for proximity and orientation within the complex and BINDING as an indicator for the affinity between the proteins. Increase 
of BINDING correlates with more protein–protein interactions. Increase in FRET efficiency indicates higher transfer efficiency due to higher proximity 
of the fluorophores and similar orientation of their dipoles
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Fig. 2 (See legend on previous page.)
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proteins are responsible [12, 43, 44]. However, while 
tetramerization seems to be characteristic for MADS-
domain proteins, chromatin immunoprecipitation 
experiments followed by next generation sequencing also 
highlighted the relevance of dimers and it is assumed that 
both, tetramers and dimers, can occur in dynamic equi-
libria [21, 22, 22, 23, 23].

Over the past three decades, complex formation of 
plant MADS-domain proteins has been well character-
ised and numerous complex combinations have been 
reported [8, 12, 14, 16–18, 20, 28, 34, 38, 47, 49]. (A sum-
mary of Arabidopsis MADS-domain protein interactions 
can be found in Table 1)�us, the FQM is well supported, 
but yet little is known about the stoichiometry or the 
presence of distinct complexes in planta. Although previ-
ously reported FRET assays in N. benthamiana leaf cells 
and Arabidopsis protoplasts support the idea of in  vivo 
complex formation [14, 17, 18, 28], they come with the 
limitation that they do not resolve binding dynamics or 
PPI strength. Additionally, because standard two-colour 
FRET and BiFC are limited to investigate dimeric inter-
actions, evidence for tetramer formation in planta is still 
sparse. Initial in  situ interactions have been illustrated 
with BiFC experiments in developing flowers [38], but 
equilibria between dimers and tetramers in a cellular, 
tissue-specific or developmental/temporal context are 
still not understood. Furthermore, BiFC itself affects the 
nature of protein interactions so that even very transient 
or by-chance encounters of overexpressed proteins are 
stabilised, creating a background of protein interactions 
that are unlikely to represent the in vivo situation.

To overcome these limitations, we established a pipe-
line using FRET-FLIM alone or in combination with 

BiFC (Fig. 1C) as well as discrimination between BIND-
ING and FRET efficiency to elucidate dimer and tetramer 
formation between MADS-domain transcription factors 
more precisely. We observed strong interactions between 
the MADS-domain proteins APETALA1 (AP1), SEP3, 
PISTILLATA (PI) and APETALA3 (AP3), and the forma-
tion of tetrameric complexes in  vivo using an inducible 
heterologous expression system (N. benthamiana). We 
were able to dissect preferences for homo- or heteromer 
formation between the individual complex components 
and found that the interaction of AP1 with AP3 and PI 
in the tetrameric assembly depends on SEP3. �e OPA 
approach allowed us to overcome biexponential donor-
only decays, which poses a general difficulty in FLIM data 
fitting procedures and often results in data over interpre-
tation or erroneous determination of FRET. We noted 
that currently available FLIM setups do not allow to reli-
ably detect the aforementioned tetrameric complexes in 
young Arabidopsis flowers, where the presence of other 
native interaction partners, variable donor or acceptor 
concentrations and low photon numbers lead to a diluted 
FRET component. Nevertheless, the development of new 
labelling technologies and advancement of brighter fluo-
rophores will allow the successful determination of mul-
timeric protein interaction networks in vivo in the future.

Results
Observation of AP1 and SEP3 homo- and heteromeric 

complexes in vivo

To characterize the interaction properties of MADS-
domain transcription factors in vivo, we expressed C-ter-
minal fusions between AP1, SEP3, AP3 or PI and the 
fluorescent proteins (FP), mVenus (mV) and mCherry 

Table 1 Overview of observed interactions between the MADS-domain proteins AP1, SEP3, PI and AP3. (Yeast 2 Hybrid 
(Y2H), Electrophoretic Mobility Shift Assay (EMSA), Immunoprecipitation (IP), Liquid chromatography–mass spectrometry (LC–MS)).

Y2H EMSA or IP BiFC LC–MS FRET Crystal 
structure

Literature

AP3-PI-SEP3-AG ● ● [12, 16]

AP3-PI-SEP3-AP1 ● This study

AP3-PI-AP1 ● ● ● [12], This study

AP3-PI-SEP3 ● ● ● [12, 18], This study

PI-PI ● ● [34], This study

AP3-PI ● ● ● ● [34, 38, 47], This study

AP3-AP3 ● ● [34], This study

SEP3-AP3 ● ● ● [18, 38],  This study

SEP3-PI ● ● ● [18, 38],  This study

SEP3-SEP3 ● ● ● [16, 18, 33], This study

AP1-AP3 ● ● ● [34, 38],  This study

AP1-PI ● ● ● [34, 38],  This study

AP1-SEP3 ● ● ● ● [12, 18, 38], This study

AP1-AP1 ● ● [34], This study
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(mCh), respectively, in epidermal leaf cells of transiently 
expressing N. benthamiana. When expressed individu-
ally, all fusion proteins localized to the nucleoplasm and 
were excluded from the nucleolus (Fig. 3A–D).

Signal of AP3-mV and PI-mV was also detected in the 
cytoplasm (Fig. 3C, D), as dimerization of AP3 with PI is 
necessary for complete nuclear localisation [17, 29]. We 
then measured FRET to analyse distinct complexes at a 
subcellular level. To this end, we acquired FLIM images 
of nuclei from cells expressing different combinations of 
the four aforementioned fusion proteins. In most cases, 
the measured mVenus (donor only) data displayed a bi-
exponential decay consisting of a longer lifetime of ~ 3 ns 
and a shorter lifetime of ~ 1–2  ns. �is bi-exponential 
decay behavior was previously described for mVenus, but 

also for other fluorescence proteins like YFP or GFP [1, 
36, 42].Even though the amplitude of the shorter lifetime 
fraction is much lower compared to the amplitude of the 
longer lifetime fraction, we considered this as a real con-
tribution to the decay and accordingly applied a newly 
developed fitting routine for multi-exponential decays 
to avoid artificially increased BINDING or FRET effi-
ciencies. We applied the same fitting procedure, used for 
FRET samples containing both mV and mCh, to all donor 
only samples expressing only mVenus fused to one of 
the MADS-box proteins to characterize the background 
BINDING levels we could expect from our fitting model.

In most of the cells of the donor only sample AP1-mV 
we acquired apparent BINDING values between −  10 
and 10% (1.2% ± 4.5; Additional file 1: Fig. S1; Fig. 4).

Fig. 3 Localisation of MADS-domain proteins in N. benthamiana leaf cells. MADS-domain proteins fused to fluorescent proteins were transiently 
expressed via the UBQ10 promoter in epidermis cells of N. benthamiana leaves. A Localization of AP1-mV. B Localisation of SEP3-mV. AP1 and SEP3 
are localised to the nucleus. C Localisation of AP3-mV. D Localisation of PI-mV. Signal from AP3 and PI was selected in both nucleus and cytoplasm. 
All proteins were absent from the nucleolus (Scale bars: 10 µm)
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When donor only samples AP1-mV were fitted using 
a model, which assumes a mono exponentially decay-
ing donor, BINDING appeared significantly increased 
and in one fourth of the images BINDING was above 
10% (7.6% ± 9.0; Additional file  1: Fig. S2). Donor only 
decays must therefore be carefully examined to avoid 
that a second, more rapidly decaying donor component 
is considered as FRET. �e corresponding apparent 
FRET efficiencies displayed high variance (Additional 
file 1: Table S1), usually values close to the minimum or 
maximum limits of our fitting model (Additional file  1: 
Fig. S1; Fig. 4). As in donor only samples no photons are 
detected originating from the FRET process, their con-
tribution to the overall decay cannot be fitted correctly 
due to low photon statistic. �erefore, we acknowledged 
that we cannot sufficiently calculate reliable apparent 
FRET efficiencies for nuclei with BINDING below 10%. 
Consequently, we defined a cut-off for BINDING below 
10% as “limit for FRET efficiency calculation”. As in this 
range, FRET efficiencies cannot be calculated adequately, 
we subsequently did not display FRET efficiencies for 
nuclei with lower BINDING (Fig.  5B). In nuclei dis-
playing BINDING above the “limit for FRET efficiency 
calculation” of 10%, we could more reliably fit FRET 
efficiency and therefore subsequently display FRET effi-
ciencies determined from these samples (Figs.  4, 5B). 
Indeed, when AP1-mCh was co-expressed as accep-
tor for AP1-mV, we measured significantly increased 

BINDING (29.9% ± 16.4; Fig. 5B), showing the formation 
of AP1 homomeric complexes (with a FRET efficiency of 
39.0% ± 16.9).

Subsequent bleaching of the acceptor molecules led to 
a significantly decreased BINDING in the same nuclei 
(from 19.2% ± 4.7 to 1.17% ± 1.2; Additional file 1: Fig. S3), 
confirming FRET between AP1-mV and AP1-mCh. As 
expected, BINDING weakly correlated with the accep-
tor concentration (Additional file  1: Fig. S4). FRET can 
also occur between non-interacting proteins. �is phe-
nomenon is known as bystander FRET and is due to high 
protein concentrations in the analysed environment [3, 
24]. To analyse a possible effect of bystander FRET in 
our set-up we co-expressed AP1-mV with mCh tagged 
to a nuclear localisation sequence (NLS). We observed a 
small, but not significant increase in BINDING compared 
to the donor only sample (from 1.2% ± 4.5 to 3.1% ± 6.8). 
As BINDING was not significantly elevated and in most 
AP1-mV NLS-mCh images below 10%, we assumed that 
bystander FRET could be neglected in our experimental 
set-up (Additional file 1: Fig. S2).

According to the FQM, a quaternary complex, consist-
ing of a dimer formed by AP1 and SEP3 that interacts 
with a dimer formed by AP3 and PI is responsible for the 
specification of petals during floral development [12, 44]. 
Before analysing tetramer formation between AP1, AP3, 
PI and SEP3 we wanted to test the stability of the indi-
vidual proposed dimeric interactions. To this end, we 

Fig. 4 BINDING versus FRET efficiencies in FRET and no-FRET samples. BINDING and FRET efficiencies for donor only (AP1-mV), negative 
control (AP1-mV NLS-mCh) and FRET (AP1-mV AP1-mCh) samples. In samples where molecules don’t undergo FRET, acquired BINDING usually 
was between − 10 and 10%. We therefore defined this range below 10% as “limit for FRET efficiency calculation”. When BINDING was below 10%, 
FRET efficiencies were highly variable and accumulated at the limits (10% and 80% FRET efficiency) which defined in the fitting model. Therefore, 
we excluded FRET efficiencies when BINDING was below 10% and only include them when molecules in a sample undergo FRET (BINDING 
above 10%)
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first assessed AP1/SEP3 heteromers. Subcellular localisa-
tion of AP1 and SEP3 did not change upon co-expression 
(Fig. 6A–A’’).

BINDING values of AP/SEP3 (36.1% ± 10.0; Fig.  6B) 
showed high affinity between the two proteins, sug-
gesting stable dimer or even tetramer formation. Mean 
FRET efficiency of AP1/SEP3 (42.6% ± 6.3) was compa-
rable to the mean FRET efficiency measured for AP1/
AP1 (39.0% ± 16.9), but less variable (Additional file  1: 
Table  S1). We also tested for SEP3 homomerization 
(Fig.  6B). As shown before, SEP3 can form homomeric 

complexes [33], although average BINDING (28.2% ± 9.7) 
was lower than detected for AP1/SEP3, but similar to 
AP1/AP1 (Additional file 1: Table S1). Hence, heteromer 
formation of AP1 with SEP3 appears to be preferential 
over the formation of individual homomeric complexes.

AP3/PI heteromerization is dominant over AP3 or PI 

homomerization

Formation of AP3/PI heterodimers was previously 
characterised in planta by FRET-FLIM, BiFC and 
immunoprecipitation (IP) [18, 38]. We also detected 

Fig. 5 FLIM analysis of AP1-mV NLS-mCh and AP1-mV Ap1-mCh in N. benthamiana leaf cells. FLIM experiments were performed in N. benthamiana 
leaf epidermis cells. Fusion proteins were expressed from the UBQ10 promoter and imaged 3–4 days after infiltration. A Average lifetime image 
of individual nuclei expressing AP1-mV, AP1-mV NLS-mCh and Ap1-mV AP1-mCh (A’–A’’ respectively). Nucleoli were excluded from FLIM analysis. 
(Scale bars: A–A’’: 6 µm) B BINDING [%] (grey) and FRET efficiencies [%] (white) for AP1-mV, AP1-mV NLS-mCh and AP1-mV AP1-mCh. For each 
analysed nucleus average BINDING and a corresponding average lifetime were fitted. Mean BINDING of the donor only sample AP1-mV was 1.23% 
and most values were below 10%. Therefore, nuclei with BINDING below 10% were excluded from FRET efficiency calculation. Co-expression 
of NLS-mCh with AP1-mV did not lead to significant higher BINDING (3.06%) compared to the donor only sample, while AP1-mV AP1-mCh showed 
increased BINDING (29.89%) with an average FRET efficiency of 39.98%. Statistical groups were assigned after multiple comparison with Kruskal–
Wallis and a Post hoc test using the criterium Fisher’s least significant difference (alpha parameter is 0.05). (Dashed blue line marks the BINDING 
cut-off of 10%; Number of repetitions are indicated below BINDING values and number of images with BINDING above 10% are indicated 
below the FRET efficiency values in the bottom of the plot)
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localization to the nucleolus upon co-expression of the 
two proteins (Fig. 7A–C) as described [18, 29].

For this dimer, we determined high BINDING values 
(Fig. 7D, 35.3% ± 11.7 for AP3/PI and 36.0% ± 9.0 for PI/
AP3), independent of the direction of the tested inter-
action. Heterodimerization of AP3 and PI is thought to 
be the evolutionary ancestral state and is necessary for 
DNA binding [47]. However, also homomeric interac-
tions between AP3 or PI proteins have been reported 
in previous FRET-FLIM experiments [18]. In agree-
ment with this, we could detect the formation of AP3/
AP3 and PI/PI homomers, however with much lower 
affinities compared to AP3/PI heteromers (Fig.  8; 
23.6% ± 17.2 and 10.2% ± 8.6 BINDING, respectively).

�e addition of competitive PI to AP3/AP3 or AP3 
to PI/PI samples, respectively, led to reduced, but 

statistically not significant average BINDING between 
AP3/AP3 or PI/PI when compared to samples with-
out competitor (Fig.  8; 15.7% ± 12.04 and 7.0% ± 4.1 
respectively).

SEP3 is necessary for stable tetramer formation

To date, interactions of AP1 with AP3 or PI could not be 
measured in planta. We therefore co-expressed AP3-mV 
and PI-mV with AP1-mCh transiently in the epidermis of 
N. benthamiana leaves (Fig. 9A–F).

In this experiment, the cellular localization of the 
fusion proteins was identical when compared to those 
expressing the proteins individually but in contrast to 
the AP3/PI heteromer, there was no accumulation in the 
nucleolus of either AP1, AP3 or PI. Using FRET-FLIM, 
we determined BINDING value of ~ 16% for both AP1/

Fig. 6 Interaction between AP1 and SEP3 proteins in N. benthamiana leaf cells. A–A’’ Co-localisation of SEP3-mV an AP1-mCh in N. benthamiana 
leaf cells (A SEP3-mV signal. A’ AP1-mV signal. A’’ Merged signal). Co-expression did not lead to a change of localisation. (Scalebars: A–A’’: 10 µm) 
B BINDING [%] (grey) and FRET efficiencies [%] (white) for AP1-mV, AP1-mV SEP3-mCh, SEP3-mV and SEP3-mV SEP3-mCh. Analysis was done 
as described in Fig. 5. Mean BINDING (28.15% ± 9.7) and FRET Efficiency (38.53% ± 10.53) measured for SEP3 homomers were comparable 
to the values obtained for AP1 homomers (compare to Fig. 5). Mean BINDING of the AP1/SEP3 heteromer (36.06% ± 10.01) was slightly increased 
compared to both individual homomers. Mean FRET Efficiency of the heteromers (42.64% ± 6.26) was not significantly different compared 
to the SEP3 homomers. Statistical groups were assigned after multiple comparison with Kruskal–Wallis and a Post hoc test using the criterium 
Fisher’s least significant difference (alpha parameter is 0.05) (Dashed blue line marks the BINDING cut-off of 10%; Number of repetitions are 
indicated below BINDING values and number of images with BINDING above 10% are indicated below the FRET efficiency values in the bottom 
of the plot)
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Fig. 7 AP3 and PI homomerization in N. benthamiana leaf cells. AP3 and PI fused to the indicated FPs were expressed via the UBQ10 promoter 
and imaged three days after infiltration. A–C Co-localisation of PI-mV and AP3-mCh in N. benthamiana leaf cells (A PI-mV signal. B AP3-mV signal. 
C Merged signal). Co-expression of AP3 with PI lead to an accumulation of both AP3 and PI in the nucleolus (for individual expressed AP3 and PI 
compare Fig. 3; Scalebars: A–C 10 µm). D BINDING [%] (grey) and FRET efficiencies [%] (white) for AP3-mV, AP3-mV PI-mCh, PI-mV and PI-mV 
AP3-mCh. Analysis was done as described in Fig. 5. Average BINDING between AP3 and PI was high in both measured directions (35.25% ± 11.65 
for AP3/PI and 35.97% ± 8.99 for PI/AP3) with mean FRET Efficiencies of ~ 38%. Statistical groups were assigned after multiple comparison 
with Kruskal–Wallis and a Post hoc test using the criterium Fisher’s least significant difference (alpha parameter is 0.05) (Dashed blue line marks 
the BINDING cut-off of 10%; Number of repetitions are indicated below BINDING values and number of images with BINDING above 10% are 
indicated below the FRET efficiency values in the bottom of the plot)

Fig. 8 AP3 and PI protein homomerization in N. benthamiana leaf cells. BINDING (grey) and FRET efficiencies (white) for AP3-mV, AP3-mV + PI-mT2, 
AP3-mV AP3-mCh, AP3-mV AP3-mV-mCh + PI-mT2, PI-mV, PI-mV + AP3-mT2, PI-mV PI-mCh, PI-mV PI-mV-mCh + AP3-mT2. For each analysed nucleus 
average BINDING and a corresponding average lifetime of mV were fitted. Nucleoli were excluded from FLIM analysis. mT2 did not have an influence 
on mV lifetime as FRET can only occur from mT2 towards mV but not vice versa. Nuclei with average BINDING below 10% were excluded from FRET 
efficiency calculation. Statistical groups were assigned after multiple comparison with Kruskal–Wallis and a Post hoc test using the criterium Fisher’s 
least significant difference (alpha parameter is 0.05) (Dashed blue line marks the BINDING Cut-Off of 10%)
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AP3 and AP1/PI heteromers (Fig.  9G; 16.5% ± 11.2 and 
16.1% ± 7.8 respectively), which, however, was lower than 
BINDING acquired for the AP3/PI or AP1/SEP3 heter-
odimers (Additional file 1: Table S1). Heteromeric com-
plexes of AP1 and AP3 or PI therefore appear to be less 
stable perhaps the presence of an AP3/PI heterodimer or 
ability of tetramerization induced by other factors pre-
sent are necessary to increase affinity. For example, the 
interaction of the AP3/PI heterodimer was enhanced by 
the addition of SEP3 in protoplast FRET-FLIM experi-
ments [18]. Generic, two-fluorophore FRET-FLIM 
measurements only address the interaction between two 
partners. Hence, we combined FRET-FLIM with BiFC 
to analyse ternary or quaternary complex formation 
between the AP3/PI dimer and AP1 and SEP3 protein. 
One of the major downsides of BiFC is the high affinity of 
the two FP fragments for each other. As a result, the frag-
ments may form stable fluorophores, although there may 
be no or only very weak interactions between the fused 

proteins of interest. As a proof of principle, AP3 and PI 
were tagged with the two FP fragments. Heteromeriza-
tion of those two POIs is well characterized and appears 
to be essential for their stability, making them ideal part-
ners for BiFC. mVenus was separated at amino acid resi-
due 154. �e N-terminal part (mVn) was tagged to AP3 
and the C-terminal part (mVc) to PI. Fluorescence signal 
was detected in the nucleus of co-expressing epidermal 
cells and, as observed before, accumulated in the nucleo-
lus, indicating no negative influence of the split mVenus 
on localization and complex formation (Fig. 10A).

Because altered localization for the AP3/PI heteromer 
in the presence of SEP3 was previously reported [18], the 
individual expression of AP3-mVn/PI-mVc, AP1-mCh 
and SEP3-mCh was monitored before co-expression. 
NLS-mCh served as a non-interacting control for both 
comparisons of localization and later as negative control 
for the FRET-FLIM experiments. AP1-mCh, SEP3-mCh 
and NLS-mCh were mainly found in the nucleus but were 

Fig. 9 Interaction analysis between AP1 and AP3 or PI proteins in N. benthamiana leaf cells. A-C: Co-localisation of PI-mV an AP1-mCh in N. 

benthamiana leaf cells (A PI-mV signal. B AP1-mV signal. C Merged signal). D–F Co-localisation of AP3-mV an AP1-mCh in N. benthamiana leaf cells 
(D AP3-mV signal. E AP1-mV signal. F Merged signal). MADS-domain proteins fused to the respective FP were expressed in N. benthamiana leaf 
cells via theUBQ10 promoter (AP3 and PI) or the XVE <  < oLexA-35S estradiol inducible system (AP1). Nuclei were imaged 5–6 days after infiltration 
and expression of AP1 was induced one day prior to image acquisition. Co-expression of AP1 with AP3 or PI did not lead to a change of protein 
localisation. (Scalebars: A–F 10 µm) G BINDING [%] (grey) and FRET efficiencies [%] (white) for AP3-mV, AP3-mV AP1-mCh, PI-mV and PI-mV 
AP1-mCh. Analysis was done as described in Fig. 5. Both the AP1/AP3 and the AP1/PI heteromers displayed low average BINDING (16.46% ± 11.17 
and 16.08% ± 7.77 respectively) and comparable FRET efficiencies of 43.61% ± 14.18 (AP1/AP3) and 41.54% ± 18.36. Statistical groups were assigned 
after multiple comparison with Kruskal–Wallis and a Post hoc test using the criterium Fisher’s least significant difference (alpha parameter 
is 0.05) (Dashed blue line marks the BINDING cut-off of 10%; Number of repetitions are indicated below BINDING values and number of images 
with BINDING above 10% are indicated below the FRET efficiency values in the bottom of the plot).

(See figure on next page.)
Fig. 10 Localisation of co-expressed MADS-box proteins in N. benthamiana leaf cells. A Localisation of the AP3/PI heteromer visualized by BiFC. 
BiFC did not interfere with AP3/PI translocation to the nucleus or nucleolus. B–D Localisation of SEP3-mCh, NLS-mCh and AP1-mCh respectively. 
E–E’’: Co-expression of AP3/PI and SEP3 (E Signal from AP3/PI, E’: Signal from SEP3, E’’ Merged signal). SEP3 accumulated at the nucleolus 
and fully co-localized with AP3/PI. F–F’’ Co-expression of AP3/PI and AP1 (F Signal from AP3/PI, F’ Signal from AP1, F’’ Merged signal). AP1 weakly 
accumulated at in the presence of AP3/PI. G–G’’ Co-expression of AP3/PI and NLS-mCh (G Signal from AP3/PI, G’ Signal from NLS-mCh, G’’ Merged 
signal). NLS-mCh localisation did not change in the presence of AP3/PI. H–H’’’ Co-expression of AP3/PI with SEP3 and AP1 (E Signal from AP3/PI, E’ 
Signal from SEP3, E’’ Signal from AP1 E’’’ Merged signal). Expression of SEP3 with AP3/P and AP1 lead to strong re-localisation of AP1 to the nucleolus 
and full co-localisation of all four MADS-domain proteins. (Scale bars: 10 µm)
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Fig. 10 (See legend on previous page.)
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absent from the nucleolus (Fig. 10B–D). Co-expression of 
SEP3 with AP3/PI had no effect on AP3/PI localization, 
contrary to the confocal laser scanning microscopy data 
from Arabidopsis protoplasts previously published [18]. 
Interestingly, we found the opposite effect: AP3/PI seems 
to promote accumulation of the other MADS-domain 
factors in the nucleolus. �e previously only weakly 
nucleolus-associated SEP3 fully co-localized with AP3/PI 
and showed strong nucleolar accumulation (Fig. 10E–E’’). 
Although to a much weaker extend, this phenomenon 
could also be observed for AP1 (Fig. 10F–F’’). NLS-mCh 
had no influence on AP3/PI localisation and vice versa 
(Fig.  10G–G’’). Direct interactions between AP3-mVn/
PI-mVc and AP1-mCh or SEP3-mCh were then ana-
lysed with FRET-FLIM. For the SEP3/AP3/PI combina-
tion, we measured increased BINDING values (Fig.  11; 
23.2% ± 7.6), indicating ternary complexes or possible 
interaction between AP3/PI and SEP3/SEP3 dimers. In 
contrast, the combination of AP1/AP3/PI did not show 
high average BINDING values (Fig. 11; 8.4% ± 5.7), which 
were even lower compared to what we acquired before 
from the AP1/AP3 or AP1/PI combinations. We then 

tested whether co-expression of SEP3 could increase the 
affinity between AP1 and AP3/PI.

Indeed, additional SEP3 led to a stronger accumula-
tion of AP1 in the nucleolus (Fig. 10H–H’’’) and strongly 
increased BINDING between AP1 and AP3/PI (Fig.  11; 
28.8% ± 12.4).

To demonstrate the advantages OPA brings by sepa-
rating BINDING from FRET efficiency, we included 
traditionally used average lifetimes, derived from bi-
exponential fitting models, for the BiFC FRET-FLIM 
data (Additional file 1: Fig. S5). By using average lifetime 
analysis to evaluate the occurrence of FRET, we detected 
a significant influence of NLS-mCh on the AP3-mVn/
PI-mVc donor lifetime, while we could not detect a sig-
nificant difference between the NLS-mCh and AP1-mCh 
sample (Additional file  1: Fig. S5). In this case, aver-
age tau analysis suggests the occurrence of FRET in the 
negative control sample, while it could not detect FRET 
between AP3-mVn/PI-mVc and AP1-mCh. In contrast, 
OPA helps to better distinguish between interacting and 
non-interacting samples, as it shows no elevated BIND-
ING between donor only and NLS-mCh, but significantly 

Fig. 11 Larger complex formation between AP1, AP3, PI and SEP3 proteins in N. benthamiana. Higher order complex formation of MADS-box 
proteins was analysed by a combination of BiFC with FRET-FLIM. Complemented mV by the n-terminal and c-terminal part of mV tagged to AP3 
and PI respectively served as the donor in FRET-FLIM experiments. All MADS-domain protein fused to FP were expressed via the UBQ10 promoter. 
Untagged SEP3 was expressed from the same T-DNA as AP1-mCh using the XVE <  < oLexA-35S estradiol inducible system. Images were acquired 
three days after infiltration and SEP3 was induced one day before imaging. BINDING [%] (grey) and FRET efficiencies [%] (white) for AP3-mVn PI-mVc, 
AP3-mVn PI-mVc NLS-mCh, AP3-mVn PI-mVc SEP3-mCh, AP3-mVn PI-mVc AP1-mCh and AP3-mVn PI-mVc AP1-mCh + SEP3. Analysis was done 
as described in Fig. 5. SEP3 together with AP3/PI displayed increased BINDING (23.21% ± 7.56) with a FRET efficiency of 38.57% ± 9.50. Affinity 
of AP1 for AP3/PI was low (8.40% ± 5.66 BINDING), but strongly increased in presence of SEP3 (28.80% ± 12.36 BINDING). Statistical groups were 
assigned after multiple comparison with Kruskal–Wallis and a Post hoc test using the criterium Fisher’s least significant difference (alpha parameter 
is 0.05) (Dashed blue line marks the BINDING cut-off of 10%; number of repetitions are indicated below BINDING values and number of images 
with BINDING above 10% are indicated below the FRET efficiency values in the bottom of the plot)
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increased BINDING between AP3-mVn/PI-mVc and 
AP1-mCh.

�us, by using OPA we were able to show that the pre-
dicted complex for petal specification in the FQM can 
form in planta. Furthermore, assembly of AP1 with AP3/
PI proteins in higher order complexes is dependent on 
SEP3. �us, we argue that the equilibria between dimer 
and tetramerization of AP1, AP3 and PI could indeed be 
controlled by the concentration of SEP proteins.

FRET-FLIM could not detect MADS-domain protein 

interactions in young �oral buds

Different MADS-domain protein di- and tetramers are 
thought to form in a whorl- specific manner in the devel-
oping tissue, however, ex-situ experiments reach their 
limits in the spatial and temporal resolution of complex 
formation. �erefore, it is of special interest to study 
such complexes predicted directly in developing flo-
ral meristems (FM). In 2012, Smaczniak and colleagues 
isolated MADS-domain protein complexes by immuno-
precipitation and characterised them using LC–MS/MS 
[38]. While their data suggest that the proposed MADS-
domain protein complexes form in developing flowers, 
these experiments lacked tissue-specific and cellular 
resolution. Additionally, in the same report, BiFC experi-
ments were used to detect interaction between AG/SEP3, 
AP1/SEP3 and AP3/PI. Compared to BiFC, FRET assays 
have the advantage of having higher spatial resolution 
and, more importantly, are more specific, as comple-
menting FP fragments show a tendency for self-assembly 
resulting in false positive interactions [13, 37]. FLIM in 
contrast to intensity- or spectral-based FRET methods, 
is more gentle on cells and tissues due to lower required 
laser intensity and is generally considered the more accu-
rate method to detect FRET [10, 26, 27, 35, 40, 41].

�erefore, we here investigated interactions of AP1, 
SEP3, PI and AP3 in early-stage flowers using FRET-
FLIM. Previously, GFP reporter of these MADS-
domain proteins were generated and characterised 
[6, 48] and we aimed to use these as donor lines in 
FRET-FLIM experiments. To ensure high saturation of 
donor proteins with acceptor, we chose AP1 as accep-
tor, because it displayed the highest fluorescence signal 
among the MADS-box proteins we aimed to analyse. 
A ~ 3  kb promoter region upstream of the AP1 start 

codon was used to drive expression of AP1-mT2, AP1-
mV or AP1-mCh fusion proteins. Constructs were 
transformed in ap1-1 mutant plants using the floral dip 
method [51]. To analyse interactions between AP3 and 
PI we also generated a PI-mCh reporter with ~ 2 kb gPI 
fragment as promoter. �e proPI::PI-mCh construct 
was transformed into wild-type plants and then crossed 
into the pi-1 mutant background for complementation 
assays. All FP fusion constructs were able to rescue the 
respective stamen and/or petal deficiency of the pi-1 or 
ap1-1 mutant (Additional file 1: Fig. S9). �e expression 
pattern of the GFP reporter as well as the here estab-
lished AP1-FP and PI-mCh lines, analysis by confocal 
laser scanning microscopy, were in agreement with the 
expression pattern previously described [6, 32, 46, 48] 
for AP1, SEP3, AP3 and PI (Additional file  1: Fig. S7, 
S9). For co-localisation analysis of AP1 with SEP3, AP3 
or PI we crossed an AP1-mT2 reporter with the SEP3, 
AP3 or PI GFP reporter and imaged the F1 progeny. We 
observed overlapping expression of SEP3 and AP1 in 
few cells of stage 2 floral buds and in the FM of stage 3, 
4 and 5 flowers (Fig. 12A–A’).

AP3 and PI co-localised in stage 3, 4 and 5 flow-
ers (Fig.  12B–B’, C–C’). In stage 3 and 4 buds, overlap 
between AP1 and AP3/PI proteins was detected in the 
ring formed expression pattern, characteristic for AP3 
and PI, while in stage 5 flowers overlap was restricted 
to petal initiation sites (Fig.  12B’ and C’; green arrows). 
For FRET-FLIM experiments, SEP3, AP3 and PI GFP 
reporter were crossed with a AP1-mCh or PI-mCh 
reporter line and lifetime images were acquired in the F1 
progeny. Because of low signal from SEP3-, AP3- and PI-
GFP we slightly increased the laser power of the 485 nm 
laser (from 1 to 1.4 µW at the objective). In deeper tis-
sues of stage 5 flowers and petal initiation sites signal 
intensity was strongly reduced and we could not acquire 
suitable amounts of photons. We therefore restricted 
FRET-FLIM experiments to stage 3 and 4 flowers. To 
avoid autofluorescence, ROIs were used to select several 
nuclei per image and plastids with low lifetimes were 
excluded. Surprisingly, we could not detect any increase 
in BINDING above background in AP1/AP3, AP1/SEP3 
PI/SEP3 or AP3/PI expressing plants (Fig. 13; Additional 
file 1: Table S2).

(See figure on next page.)
Fig. 12 Co-expression of AP1-mT2 with GFP reporeter of SEP3, AP3 and PI. A–C Z-stacks of AP1-mT2 (red) SEP3-GFP (green), AP1-mT2 (red) 
APP3-GFP (green) and AP1-mT2 (red) PI-GFP (green). A’–C’ signal overlap was calculated in FIJI [19]  using the Image calculator tool and were 
displayed with the “fire” color scale (low signal: purple; high signal: yellow). AP1 and SEP3 expression overlaps in few cells of late stage 2 floral buds 
and most cells of the dome shaped floral meristem in stage 3, stage 4 and stage 5 flowers. Overlaped expression of AP1 with AP3 or PI is first visibale 
in stage 3 floral buds. In stage 4 flowers AP1 and AP3 or PI proteins show an overlapping expression in a ringformed pattern while in stage 5 flowers, 
overlapping expression was restricted to petal initiation sites. Numbers indicate floral stage as previously defined (Smyth, Bowman, and Meyerowitz 
1990). Scale bars: 50 µm
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Fig. 12 (See legend on previous page.)
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BINDING values of nuclei containing both donor 
and acceptor molecules did no increase and were com-
parable to donor only nuclei in our analysis.

AP1 forms homomers in young �oral organs

Since photon counts in the Arabidopsis experiments 
were lower compared to experiments in N. benthami-

ana (Additional file 1: Fig. S8), we wondered whether 
photon counts in Arabidopsis were just too low to 
detect FRET with our fitting model. Because AP1 
expression is stronger compared to AP3, PI and SEP3 
we tried AP1-mV as the donor, crossed it with our 
AP1-mCh or PI-mCh reporter line (Additional file  1: 
Fig. S9) and acquired lifetime images in the F1 prog-
eny. Nuclei expressing PI-mCh as acceptor did no dis-
play decreased average donor lifetime and we could 
not detect significantly increased BINDING values 
(Additional file  1: Table  S2; Fig.  14C–C’; D), compa-
rable to the data we measured for PI-GFP AP1-mCh. 
In AP1-mV AP1-mCh expressing plants we detected 
nuclei with significantly increased BINDING slightly 
above 10% (Fig.  14; Additional file  1: Table  S2), indi-
cating homomer formation in these cells. Interestingly, 
we observed these interactions only in few cells with 
high protein concentration in young sepals (Fig. 14A–
A’; B–B’).

Discussion
FRET is a commonly used tool to investigate PPI in vivo. 
A frequently used technique to measure FRET is time 
domain FLIM. FLIM generates quantitative data provid-
ing information on protein affinities and spatial arrange-
ment of the protein complexes under investigation. 
However, in the field of plant science, commonly lifetime 
or average amplitude weighted lifetime has been used 
to evaluate interactions, leading to the loss of valuable 
information [7, 10, 17, 18, 45].

Additionally, when evaluating our negative control and 
donor only samples, we found that for most samples, we 
could reliably fit an additional lifetime, but with a low rel-
ative amplitude. Lifetimes without context of their rela-
tive amplitudes should therefore be avoided to evaluate 
FRET. Instead, the possibility of resolving for BINDING 
and FRET efficiency from a complex decay behaviour as 
demonstrated here not only provides more information 
about complex formation, but also acts as a better meas-
ure of the presence of FRET and as an intrinsic control 
for FRET efficiencies.

Based on the results outlined above, we propose 
to use BINDING, which is derived from the ampli-
tudes of the decay fractions and FRET efficiency, as a 
measure for protein affinity and proximity within the 
forming complexes respectively. �is differentiation 
between BINDING and FRET efficiency to describe 

Fig. 13 No detectable interaction between MADS-domain proteins with FRET-FLIM in Arabidopsis GFP/mCh reporter. FLIM experiments were 
performed in stable A. thaliana lines. MADS-box proteins fused with the indicated FP were expressed by their endogenous promoter. Donor 
only images were acquired in homozygous GFP reporter lines. For the FRET samples, GFP lines were crossed with the respective mCherry reporter 
and FLIM images were acquired in resulting F1 plants. Each data point was calculated from a respective FLIM image containing several nuclei. Only 
nuclei containing both donor and acceptor were considered in FLIM image analysis of FRET samples. BINDING [%] (grey) and FRET efficiencies 
[%] (white) for SEP3-GFP, SEP3-GFP AP1-mCh, AP3-GFP, AP3-GFP PI-mCh, AP3-GFP AP1-mCh, PI-GFP and PI-GFP AP1-mCh. No increased BINDING 
above the 10% cut-off in FRET samples was detectable for any of the tested combinations. Statistical groups were assigned after multiple 
comparison with Kruskal–Wallis and a Post hoc test using the criterium Fisher’s least significant difference (alpha parameter is 0.05) (Dashed blue 
line marks the BINDING Cut-Off of 10%; Number of repetitions are indicated below BINDING values and number of images with BINDING above 10% 
are indicated below the FRET efficiency values in the bottom of the plot)



Page 17 of 21Maika et al. Plant Methods           (2023) 19:73  

FRET usually requires donor-only decays with a mono-
exponentially decaying behaviour. �e OPA method 
described here is specifically tailored for bi-exponen-
tially decaying donors. It comes as a special script, 

which can be implemented into SymPhoTime 64 soft-
ware and can be obtained by PicoQuant on request. 
Additionally, the underlying model is described in more 
detail in the methods section, allowing the integration 

Fig. 14 AP1 homomer formation and no interaction between AP1 and PI. A, B Fast Lifetime images of AP1-mV in presence of AP1-mCh (depicted 
in A’–B’, Zoom2). Green arrows highlight nuclei with decreased lifetime. C Lifetime images of AP1-mV in presence of PI-mCh (depicted in C–C’, 
Zoom2). Dashed green line highlights region where AP1 and PI co-localise. No difference in lifetime between nuclei with or without acceptor 
could be observed. D BINDING [%] (grey) and FRET efficiencies [%] (white) for AP1-mV, AP1-mV AP1-mCh and AP1-mV PI-mCh. (Dashed blue line 
marks the BINDING cut-off of 10%; number of repetitions are indicated in the bottom of the plot). Data points were calculated from a respective 
FLIM image containing several nuclei (Zoom8 or Zoom2), but only nuclei containing both donor and acceptor were considered in FLIM image 
analysis of FRET samples. In half the images of AP1-mV AP1-mCh samples increased BINDING above the 10% Cut-off was measured (mean BINDING 
of 8.59% ± 5.37and mean FRET efficiency of 56.67% ± 19.52), while in the AP1-mV PI-mCh samples no BINDING above the 10% Cut-off could be 
detected (3.28% ± 3.91). Statistical groups were assigned after multiple comparison with Kruskal–Wallis and a post-hoc test using the criterium 
Fisher’s least significant difference (alpha parameter is 0.01). Scale bars: 40 µm
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of OPA in other publicly available FLIM analysis 
scripts.

By investigating MADS-domain protein interactions 
as a proof of principle, we showed that OPA can serve 
to acquire BINDING and FRET efficiencies for bi-expo-
nentially decaying donors. Additionally, OPA was able to 
determine BINDING to judge the occurrence of FRETin 
developing flowers, where protein expression levels from 
the native promoters are low.

In vivo interactions of MADS-domain proteins were 
previously mainly characterised by BiFC, intensity-based 
FRET or FLIM-FRET [14, 17, 18, 28, 38, 45]. BiFC and 
intensity-based methods come with the disadvantage 
of being prone to false positives. In addition, intensity-
based FRET analyses are rather unsuitable for measur-
ing interactions in living meristems or flowers due to the 
high laser radiation required and the associated photo-
damage of living tissues and fluorophores. In the FLIM-
FRET experiments previously conducted, only lifetimes 
were used to assess FRET [18, 45]. While average lifetime 
analysis is a suitable tool to display PPI, it has difficul-
ties to evaluate information of differences in causality 
for these interactions, as both increased affinity or con-
formational changes within the forming complexes can 
result in the reduction of average lifetime. In contrast, 
OPA can dissolve differences in affinity and protein prox-
imity by separating BINDING and FRET efficiency.

�erefore, we repeated previously reported hetero-
dimeric interactions of AP1 with SEP3 and AP3 with PI 
in planta [18], by also involving corresponding ampli-
tudes of lifetimes, not only giving us additional informa-
tion about the affinity of the proteins to each other, but 
also more confident data (Figs. 6, 7). We observed stable 
homomeric complexes formed by AP1 or SEP3 and sta-
ble interaction between AP3/PI (Figs.  5, 6). In line with 
the idea that homomer formation of AP3 or PI proteins 
is an ancestral state and the fact that DNA binding of 
either AP3 or PI requires AP3/PI heteromerization [47], 
we did not observe stable interaction between AP3/AP3 
nor PI/PI (Fig. 8). Interaction of AP1 with AP3 or PI pro-
teins is one of the major interactions proposed by the 
FQM model but was not yet precisely analysed in planta. 
While average lifetime analysis failed to detect signifi-
cant FRET between AP3/PI and AP1, OPA revealed low 
affinity between AP1 and AP3, PI or both (Figs.  9, 11; 
Additional file 1: Fig. S5). Addition of SEP3 boosted the 
binding between AP3/PI and AP1 while proximity did 
not significantly change (Fig.  11, Additional file  1: Fig. 
S5), suggesting that quaternary complex formation with 
high affinity between AP1, AP3 and PI relied on the pres-
ence of SEP3 protein (Figs. 10, 11), �is heavily supports 
the role of SEP proteins as a “glue” between MADS-
domain proteins [18]. Similar to observations made with 

MADS-domain proteins from lily (Lilium longiflorum) 
[28], mean FRET-efficiencies of stable complexes were 
usually within the same range (Additional file 1: Table S1, 
Fig. S6), suggesting comparable proximity between the 
respective C-termini in the individual complexes.

Because tetramer composition is supposed to be 
of particular importance for the activity for MADS-
domain proteins involved in floral organ specification, 
approaches which only look at two proteins at a time 
come to their limit for studying tetramer stoichiometry. 
�e combination of BiFC with FRET-FLIM employed in 
the present study, is a first step towards reliably analysing 
binding specifications of the MADS-domain proteins and 
their tetrameric organization in vivo.

While informative, the characterization of PPIs in 
heterologous systems or in in  vitro assays cannot fully 
replace an analysis in the cells or tissues in which the pro-
teins under study are normally expressed. We therefore 
also attempted to assess different floral MADS-domain 
protein complexes in early-stage Arabidopsis flowers. 
In these experiments, we could not observe hetero-
meric interactions between AP1, SEP3, AP3 and PI, even 
though they have been detected by FRET in heterologous 
systems, or by BiFC and pull-down assays in Arabidop-

sis [18, 38]. It is possible that low endogenous expression 
levels and/or the presence of competing interaction part-
ners, which are lacking in heterologous systems, could 
lead to a strong reduction of the FRET fraction, making 
it more difficult to detect interactions in FLIM assays. 
Future optimization of FRET set ups, and/or the use of 
improved spectroscopic methods, will likely be necessary 
to detect and quantify multimeric MADS-domain pro-
tein complex formation in vivo.

Conclusion
By re-assessing MADS-domain protein interactions, we 
here demonstrate that OPA can be used to extract both 
protein affinities and spatial information from FRET 
samples with bi-exponential donor decays in transient 
expression models like N. benthamiana but also in devel-
oping flowers of Arabidopsis.

While in the past mostly in  vitro approaches for the 
analysis of MADS-domain protein interactions domi-
nated the field, in planta approaches will be needed for 
a better characterization of putative interactions and to 
distinguish relevant complexes in a developmental con-
text. Although experiments in Arabidopsis ultimately dis-
play the natural mechanisms of organ specification most 
accurately, experiments in transient plant systems such 
as Arabidopsis protoplasts or N. benthamiana leaf cells, 
already allow the observation of proteins in a more native 
environment than in vitro studies.



Page 19 of 21Maika et al. Plant Methods           (2023) 19:73  

Transient expression reflects only a small part of the 
reality in which MADS-domain protein complexes can 
form. Of greater interest, though, is complex formation 
in the native environment during flowering. We tried to 
address this problem, but low expression levels or high 
donor–acceptor ratios made it difficult to observe any 
interaction. As FRET-FLIM is considered as a precise 
technique to quantify protein–protein interaction, our 
results raise the question whether previous data from 
BiFC experiments, which are more susceptible to false 
negative results and ignore transient interactions, can 
reliably be trusted. With our novel FLIM FRET analysis 
method we can more precisely dissect interactions to 
give important insights about protein affinity and com-
plex formation in living tissues.
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The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13007- 023- 01049-3.

Additional �le 1: Fig. S1. FLIM analysis of AP1-mV NLS-mCh and AP1-mV 
Ap1-mCh in N. benthamiana leaf cells. FLIM experiments were performed 
in N. benthamiana leaf epidermis cells. Fusion proteins were expressed 
from the UBQ10 promoter and imaged 3–4 days after infiltration. BIND-
ING [%] (grey) and FRET efficiencies [%] (white) for AP1-mV, AP1-mV 
NLS-mCh and AP1-mV AP1-mCh. Depicted are the same data as in Fig. 1, 
but FRET efficiencies with BINDING below 10% were not excluded. FRET 
efficiencies of AP1-mV and AP1mV AP1-mV-NLS-mCh samples have a 
higher variance compared to the AP1-mV AP1-mCh sample. When the 
value for BINDING was below 10%, FRET efficiencies showed a higher 
tendency for values close to the limits of the fitting model (10% and 80% 
FRET efficiencies). (Dashed blue line marks the BINDING Cut-Off of 10%; 
Number of repetitions are indicated below BINDING values and number of 
images with BINDING above 10% are indicated below the FRET efficiency 
values in the bottom of the plot). Fig. S2. Comparison of the One pattern 
analysis and a mono exponential Donor decay model. BINDING values 
for AP1-mV samples, fitted with the One pattern analysis or an analysis 
which assumes a mono exponentially decaying donor model. For the One 
pattern analysis, three lifetime components were fitted (see methods for 
details), and for the analysis which assumes a mono exponential decaying 
donor, two lifetime components were fitted. Due to the influence of the 
secondary shorter mV lifetime, the analysis assuming a monoexponen-
tially decaying donor results in increased BINDING of more than 10% in 
almost one third of the images indicating false positive FRET. In contrast, 
using the One pattern analysis, most acquired BINDING values are below 
the 10% limit and are less variable. Fig. S3. Change in BINDING and FRET 
efficiency acquired in the same cell before and after acceptor bleach-
ing. FLIM experiments were performed in N. benthamiana leaf cells. 
Fusion proteins were expressed via te UBQ10 promoter and images were 
acquired 3 days after infiltration. After the first time series, photobleaching 
of mCherry was performed with a 561nm laser at 100 % for ninety frames, 
followed b a second time series. Analysis was done as described in Fig. 2. 
Binding between AP1-mV and AP1-mCh was not detectable anymore 
after acceptor bleaching. (Dashed blue line marks the BINDING cut-off 
of 10%; Number of repetitions are indicated below BINDING values and 
number of images with BINDING above 10% are indicated below the FRET 
efficiency values in the bottom of the plot). Fig. S4. Dependence of BIND-
ING on acceptor concentration. B BINDING values calculated for AP1-mV 
AP1-mCh, and corresponding photons detected in the acceptor channel. 
BINDING correlates with the Acceptor concentration. Fig. S5. Standard 
fluorescence lifetime analysis of AP3-mVn PI-mVc samples. Donor only 
decays were fitted using a monoexponential decay model while decays 
from donor + acceptor samples were fitted using a biexponential decay 
model. The non-FRET sample, containing NLS-mCh, shows a significant 

reduction in fluorescence lifetime compared to the donor only sample 
(AP3-mVn PI-mVc). In contrast with the OPA, standard lifetime analysis 
does not reveal interaction between the NLS-mCh containing sample and 
the AP1-mCh containing sample. Only for the SEP3-mCh and AP1-mCh + 
SEP3 containing samples a significant reduction in fluorescence lifetime 
compared to the NLS-mCh containing sample was detectable. Statistical 
groups were assigned after multiple comparison with Kruskal-Wallis and a 
Post hoc test using the criterium Fisher’s least significant difference (alpha 
parameter is 0.05) (Number of repetitions are indicated in the bottom of 
the plot). Fig. S6. Average BINDING and FRET efficiencies of all FRET and 
negative control samples. Interacting samples are labelled in green and 
non-interacting samples are labelled in magenta. Occurrence of interac-
tion was judged by a significant increase in BINDING based on Kruskal-
Wallis and a Post hoc test using the criterium Fisher’s least significant 
difference (alpha parameter is 0.05). Error bars indicate the standard error. 
Fig. S7. MADS-domain protein reporters. Expression pattern of AP1-mT2 
in ap1-1 (A), SEP3-GFP (B), PI-GFP in pi-1 (C) and AP3-GFP in ap3-3 (D). 
Expression of AP1 starts in stage 2 floral buds. In stage 3 and stage 4 buds 
AP1 is braoldy expressed. Expression starts to become restricted to sepals 
and petal initiation sites stating in stage 5 flowers. Weak expressionin of 
SEP3 starts in late stage 2 buds. In lates stage buds SEP3 is is mexpressed 
in cells of the third and fourth whorl. AP3 and PI became visible in early 
stage 3 florla buds and are expressed in circular pattern in the second and 
third whorl of stage 4 and stage 5 flowers. In stage 6 flowers expression of 
AP3 or PI proteins is restricted to developing stamen and peatl initiation 
sites. Numbers indicate floral stage as previously defined (Smyth, Bow-
man, and Meyerowitz 1990). (Z-stacks, Scale Bars: 50 µm). Fig. S8. Photons 
in donor channel in different donor only samples. Number of photons 
was measured in ROIs marking several nuclei in Arabidopsis samples 
or one nucleus in N. benthamiana samples. Nucleoli of N. benthamiana 
nuclei were excluded from analysis. Counts in Arabidopsis GFP reporter 
lines of AP3, PI and SEP3 were lower compared to counts in the AP1-mV 
reporter or in N. benthamiana samples. Fig. S9. Co-expression of AP1 with 
PI and mutant complementation of ap1-1 and pi-1 and. A–A’’: Z-stack of 
AP1-mV signal, AP1-mCh signal and Merged signals respectivly. B–B’’: 
Z-stack of AP1-mV signal, PI-mCh signal and Merged signals respectivly. 
(Scale Bars: 50 µm). C–F Inflocrescences of ap1-1 (C–E) or pi-1 (F) mutants 
complemented with AP1-mCh (C), AP1-mV (D), AP1-mT2 (E) and PI-mCh 
(F). Indicated MADS-domain proteins, tagged with FPs, were expressed via 
their endogenous promoter. All fusion proteins rescued the organ defi-
cient phenotype of the mutants in 4 (ap1-1) or 2 (pi-1) independent lines. 
Table S1. Summary of the FRET-FLIM measurements for the investigation 
of MADS-domain protein interactions in N. benthamiana. Mean, standard 
deviation (SD) and standard error (SE) of FRET efficiencies were calculated 
after removing values with BINDING < 10%. Table S2. Summary of the 
FRET-FLIM measurements for the investigation of MADS-domain protein 
interactions in Arabidopsis. Mean, standard deviation (SD) and standard 
error (SE) of FRET efficiencies were calculated after removing values with 
BINDING < 10%. Table S3. Plasmids used, but not constructed during this 
study. Table S4. Plasmids used from the GreenGate kit. Table S5. “Entry” 
plasmids generated in this study. The list contains all “entry” plasmids 
which were used for the construction of plant expression plasmids. Plas-
mids were cloned by restriction ligation using BsaI. Inserts were amplified 
with the respective primers from the according templates and cloned 
in the appropriate backbone. Table S6. Plant expression plasmids con-
structed in this study. Plasmids were used for stable A. thaliana transfor-
mation or transient transformation of N. benthamiana. Construction of the 
plasmids was achieved by the GreenGate method using the appropriate 
Inserts and assemble them in the respective Backbone. Table S7. Oligo-
nucleotides used in this study.
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PLETHORA-WOX5 interaction and subnuclear

localization control Arabidopsis root stem

cell maintenance
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Abstract

Maintenance and homeostasis of the stem cell niche (SCN) in the

Arabidopsis root is essential for growth and development of all root

cell types. The SCN is organized around a quiescent center (QC)

maintaining the stemness of cells in direct contact. The key tran-

scription factors (TFs) WUSCHEL-RELATED HOMEOBOX 5 (WOX5)

and PLETHORAs (PLTs) are expressed in the SCN where they main-

tain the QC and regulate distal columella stem cell (CSC) fate.

Here, we describe the concerted mutual regulation of the key TFs

WOX5 and PLTs on a transcriptional and protein interaction level.

Additionally, by applying a novel SCN staining method, we demon-

strate that both WOX5 and PLTs regulate root SCN homeostasis as

they control QC quiescence and CSC fate interdependently. More-

over, we uncover that some PLTs, especially PLT3, contain intrinsi-

cally disordered prion-like domains (PrDs) that are necessary for

complex formation with WOX5 and its recruitment to subnuclear

microdomains/nuclear bodies (NBs) in the CSCs. We propose that

this partitioning of PLT-WOX5 complexes to NBs, possibly by phase

separation, is important for CSC fate determination.

Keywords differentiation; nuclear bodies; prion-like domains; root stem cells;

transcription factor complexes
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Introduction

The root system of higher plants is essential for plant life, as it pro-

vides anchorage in the soil and access to nutrients and water. It

arises from a population of long-lasting stem cells residing in a

structure called root apical meristem (RAM) at the tip of the root.

Within the Arabidopsis thaliana RAM, the stem cell niche (SCN)

consists of on average four to eight slowly dividing cells, the QC

cells, which act as a long-term reservoir and signaling center by

maintaining the surrounding shorter-lived, proliferating stem cells

(also called initials) in a non-cell autonomous manner (van den

Berg et al, 1997; Lu et al, 2021). These stem cells continuously

divide asymmetrically, thereby generating new stem cells that are

still in contact with the QC. The hereby-produced daughter cells fre-

quently undergo cell divisions and are shifted further away from the

QC to finally differentiate into distinct cell fates. By this mechanism,

the position of the stem cells in the root remains the same through-

out development and their precise orientation of division leads to

the formation of concentrically organized clonal cell lineages repre-

senting a spatio-temporal developmental gradient (Dolan et al,

1993; van den Berg et al, 1997; Benfey & Scheres, 2000). From the

inside to the outside, the following root cell tissues develop: vascu-

lature, pericycle, endodermis, cortex, and epidermis plus columella

and lateral root cap at the distal root tip (Fig 1A).

The necessary longevity and continuous activity of the RAM can

only be achieved if its stem cell pool is constantly replenished, since

cells are frequently leaving the meristematic region due to continuous

cell divisions. Therefore, complex regulatory mechanisms involving

phytohormones and key TFs regulate stem cell maintenance and the

necessary supply of differentiating descendants (Drisch & Stahl,

2015). Here, the APETALA2-type PLT TF family and the homeodo-

main TF WOX5 play important roles (Aida et al, 2004; Sarkar et al,

2007). WOX5 is expressed mainly in the QC, but maintains the sur-

rounding stem cells non-cell-autonomously by repressing their differ-

entiation (Sarkar et al, 2007; Pi et al, 2015). Loss of WOX5 causes the

differentiation of the CSCs, also called distal stem cells, into starch-

accumulating columella cells (CCs), while increased WOX5 expres-

sion causes CSC over-proliferation. Hence, WOX5 abundance is criti-

cal and necessary to suppress premature CSC differentiation (Sarkar

et al, 2007; Pi et al, 2015). WOX5 also represses QC divisions, main-

taining the quiescence of the QC by repressing CYCLIN D (CYCD)

activity within the QC (Forzani et al, 2014).
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The auxin-induced PLTs form a clade of six TFs and act as mas-

ter regulators of root development, as multiple plt mutants fail to

develop functional RAMs (Aida et al, 2004; Galinha et al, 2007;

M€ahönen et al, 2014). PLT1, 2, 3, and 4 are expressed mainly in and

around the QC and form an instructive gradient, which is required

for maintaining the balance of stem cell fate and differentiation. This

PLT gradient is also necessary for separating auxin responses in the

SCN, for the correct positioning of the QC, and the expression of QC

markers (Aida et al, 2004; Galinha et al, 2007; M€ahönen et al,

2014). Genetically, WOX5 and PLT1 were shown to play an inter-

connected role in auxin-regulated CSC fate, whereas PLT1 and PLT3

were found to directly positively regulate WOX5 expression (Ding &

Friml, 2010; Shimotohno et al, 2018).

Although PLTs and WOX5 are known for controlling stem cell

regulation and maintenance in the Arabidopsis RAM and genetic

evidence for cross regulation exists, the underlying molecular mech-

anisms are until now largely elusive. Here, we show for the first

time that the mutual regulation of expression, but importantly also

the ability of PLTs to directly interact with and recruit WOX5 to NBs

in CSCs controls stem cell homeostasis in the Arabidopsis RAM.

NBs are membrane-less, self-assembling protein/RNA containing

compartments thought to regulate a variety of physiological

responses to differential environmental cues like light, temperature,

or osmotic changes (Mao et al, 2011; Jung et al, 2020; Meyer, 2020).

Therefore, we propose a model in which differential PLT/WOX5

complexes depending on their subnuclear localization in NBs or in

the nucleoplasm regulate stem cell fate in the RAM, possibly by

phase separation.

Results

WOX and PLTs regulate each other’s expression in the root SCN

WOX5 and PLTs are essential players in distal stem cell mainte-

nance (Aida et al, 2004; Galinha et al, 2007; Sarkar et al, 2007; Pi

et al, 2015). This, as well as their overlapping expression and pro-

tein localization domains in the root SCN raised the question if they

could act together in distal stem cell regulation, where, in compari-

son to all the other PLTs, particularly PLT3 is highly expressed

(Fig 1B) (Galinha et al, 2007). Furthermore, PLT3 was recently

predicted as one of the central nodes regulating other QC-enriched

TFs in the underlying gene regulatory network (GRN) within the

Arabidopsis root SCN. In contrast, PLT1 and PLT2 were predicted as

minor nodes only and PLT4 (BBM) was not predicted as a node (de

Luis Balaguer et al, 2017).

Figure 1. WOX5 positively regulates PLT3 expression.

A Schematic representation of the Arabidopsis root meristem. The QC cells (red) maintain the surrounding stem cells (initials) outlined in black together building the

root stem cell niche (SCN). The different cell types are color coded. QC = quiescent center (red); CSC = columella stem cells (yellow); CC = columella cells (green);

LRC = lateral root cap (light purple); ep = epidermis (purple); c = cortex (light turquoise); en = endodermis (dark turquoise); bright turquoise = cortex/endodermis

initials; dark purple = epidermis/lateral root cap initials; dark orange = stele initials; stele = light orange; grey dots = starch granules.

B, C Representative images of pPLT3::erCFP (cyan) expressing and PI-stained (red) Arabidopsis roots in Col or wox5 background, respectively.

D Mean fluorescence intensities of the pPLT3::erCFP roots summarized in box and scatter plots. The mean fluorescence intensity of the CFP signal in Col roots was to

set to 100%.

E, F Representative images of pPLT3::PLT3-YFP (yellow) expressing and FM4-64-stained (red) Arabidopsis roots in Col or wox5 mutant background, respectively.

G Mean fluorescence intensities of the pPLT3::PLT3-YFP expressing roots summarized in box and scatter plots. The mean fluorescence intensity of the YFP signal in

Col roots was to set to 100%.

Data information: (D, G) Box = 25–75% of percentile, whisker = 1.5 interquartile range, � = median, □ = mean value, X = minimum/maximum. The data were

statistically analyzed by one-way ANOVA and Holm–Sidak post-hoc multiple comparisons test. Asterisks indicate statistically significant differences (a = 0.01). Number of

analyzed roots (n) (biological replicates) is indicated for each genotype and results from two technical replicates. (B, C, E, F) Scale bars represent 10 µm. SCN = stem cell

niche; PI = propidium iodide; YFP = yellow fluorescent protein; CFP = cyan fluorescent protein.
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First, we tested if WOX5 influences PLT3 expression. Both a tran-

scriptional and translational PLT3 fluorescent reporter line showed

a reduced expression in the QC and CSC in a wox5 mutant back-

ground to around 57–70% compared to the Col-0 (Col) wild-type

roots (Fig 1B–G, Appendix Table S3). Next, we addressed, if PLT3

expression is regulated directly or indirectly upon WOX5 induction

by using the published Arabidopsis lines 35S::WOX5-GR (Sarkar et

al, 2007) and 35S::WOX5-GFP-GR (Berckmans et al, 2020) in quanti-

tative PCR experiments (qPCR) (Appendix Fig S1A, Appendix

Table S1) and crosses with pPLT3::erCFP (Galinha et al, 2007)

(Appendix Fig S1B–E, Appendix Table S2), respectively. In both

independent experiments, we found no change of PLT3 expression

4 h after WOX5 induction. After 21 h of WOX5 induction, we found

PLT3 expression significantly upregulated up to two-fold and there-

fore, we conclude that PLT3 expression is not directly regulated by

WOX5 (Appendix Fig S1B–E, Appendix Table S2). This extends the

previously reported regulation of PLT1 expression by WOX5 (Ding

& Friml, 2010) and shows that WOX5 positively regulates expression

of several PLTs, albeit in an indirect manner. To test if WOX5

expression also depends on PLTs, we produced a transcriptional

reporter, which expresses a nuclear-localized mVenus under control

of the WOX5 promoter. In agreement with previous reports, expres-

sion of WOX5 in our transcriptional reporter line is confined to the

QC and is only weakly expressed in the stele initials (Sarkar et al,

2007; Pi et al, 2015) (Fig 2A).

PLTs are known for their redundant function in SCNmaintenance,

that can be very strong especially when PLT1 is mutated in combina-

tion with other PLTs (Aida et al, 2004; Galinha et al, 2007). Because

we aimed to look at the rather subtle QC and distal SCN phenotypes,

we therefore included only plt2 mutants for our analyses. In plt2 and

plt3 single mutants, we observed additional mVenus-expressing cells

in the QC region, which may derive from aberrant periclinal cell divi-

sions of the QC (Fig 2B and C, Appendix Table S4). This effect is even

stronger in the plt2, plt3 double mutant roots, where extra cells are

found in all observed roots and often even form an additional cell

layer ofWOX5 expressing cells (Fig 2D).

Previously, it was reported that the Arabidopsis wild-type QC is

composed of four to eight cells with a low division rate (Truernit

et al, 2008; Cruz-Ram�ırez et al, 2013; Stahl et al, 2013; Lu et al,

2021). We quantified the number of WOX5 expressing cells and the

area of WOX5 expression per root by acquiring transverse optical

sections through the roots. We observed four to ten WOX5 expres-

sing cells in the Col wild type (Fig 2E and G, Appendix Table S4),

whereas we found eight to 14 WOX5 expressing cells and a laterally

expanded WOX5 expression domain in the plt2, plt3 double mutants

(Fig 2F–H, Appendix Table S4). Taken together, our data show that

WOX5 positively regulates PLT expression, here shown for PLT3,

whereas PLT2 and PLT3 redundantly restrict WOX5 expression to a

limited number of cells at QC position, possibly by negative feed-

back regulation. These observations are in agreement with a previ-

ous report, where a role for PLT1 and PLT2 in confining WOX5

expression was reported (Sarkar et al, 2007).

A novel SCN staining method for simultaneous QC division and

CSC differentiation analyses

QC cells rarely divide as they provide a long-term reservoir to

maintain the surrounding stem cells (Cruz-Ram�ırez et al, 2013;

Vilarrasa-Blasi et al, 2014). As WOX5 and PLTs control QC cell divi-

sions and CSC maintenance (Aida et al, 2004; Galinha et al, 2007;

Sarkar et al, 2007; Forzani et al, 2014; M€ahönen et al, 2014; Pi et al,

2015), we asked if these two aspects are interdependent. Therefore,

we analyzed the cell division rates in the QC and the CSC pheno-

types in wild-type and mutant roots. To assess these two pheno-

types and to probe for their interdependency, we needed to measure

the number of dividing QC cells and CSC layers within the same root

simultaneously. To enable this, we established a novel staining

method, named SCN staining, by combining the 5-ethynyl-20-

deoxyuridine (EdU) and modified pseudo Schiff base propidium

iodide (mPS-PI) stainings to simultaneously visualize cell divisions,

starch granule distribution as well as cell walls within the same root

(Truernit et al, 2008; Cruz-Ram�ırez et al, 2013). Applying this new

staining combination, potential correlations between QC-divisions

and CSC cell fates can be uncovered. The EdU-staining is used to

analyze QC-divisions by staining nuclei that have gone through the

S-phase, detecting cells directly before, during, and after cell divi-

sion (Cruz-Ram�ırez et al, 2013). However, cell layers and different

cell types are hard to distinguish using only EdU staining due to the

lack of cell wall staining. Therefore, we additionally applied the

mPS-PI-method to stain cell walls and starch which is commonly

used for CC and CSC cell fate determination (Truernit et al, 2008;

Stahl et al, 2009, 2013). CCs are differentiated, starch granule-

containing cells in the distal part of the root mediating gravity per-

ception. They derive from the CSCs that form one or, directly after

cell division, two cell layers distal to the QC. The CSCs lack big

starch granules and can thereby easily be distinguished from the dif-

ferentiated CCs by mPS-PI staining (Truernit et al, 2008; Stahl et al,

2009, 2013) (see Fig 3A, B and I, Appendix Table S5).

QC division rate and CSC differentiation correlate in the root SCN

WOX5 was shown to be necessary for CSC maintenance, as loss of

WOX5 causes their differentiation, while inducible overexpression of

WOX5 leads to enhanced proliferation (Sarkar et al, 2007; Pi et al,

2015; Berckmans et al, 2020; Savina et al, 2020). In agreementwith this,

we found that the wox5 mutants lack a starch-free cell layer in 78% of

analyzed roots, indicating differentiation of the CSCs, compared to 17%

in Col (Fig 3A, B, F and I, Appendix Table S5). In the plt2 and plt3 single

mutants, the frequency of roots lacking a CSC layer increases to above

30% (36 and 32%, respectively), and in the plt2, plt3 double mutant to

41% (see Fig 3C–E and I, Appendix Table S5). After overexpression of

PLT3-mV by estradiol induction in wild-type Col-0 background, we

observed the opposite effect, an increase from 29 to 50% of two CSC

layers (see Appendix Fig S2A–F). Therefore, we argue, that the

observed CSC phenotypes are due to PLT3 function and are not caused

by potential early embryonic defects described previously for multiple

pltmutants (Aida et al, 2004).

Interestingly, the wox5, plt3 double mutant as well as the wox5,

plt2, plt3 triple mutant show a frequency of differentiated CSCs

comparable to the wox5 single mutant (71 and 77%, respectively)

(Fig 3G–I, Appendix Table S5). This data suggests that PLTs and

WOX5 may act together in the same pathway to maintain CSC

homeostasis, as there is no additive effect observable in the multiple

mutant roots.

To analyze QC division phenotypes in detail, we quantified the

number of EdU-stained cells in QC position in transversal optical
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sections. QC cells were identified by their position within the root

SCN, as they are located directly distal to the stele initials and

surrounded by the CEIs in a circular arrangement (Fig 3A and J). In

Col, 27% of the analyzed roots show at least one cell division in the

QC within the 24 h staining window (Fig 3J, K and R, Appendix

Table S5), which is consistent with already published frequencies

(Cruz-Ram�ırez et al, 2013). This frequency almost doubles to

45–50% in the plt2 and plt3 single mutants and is even higher in the

plt2, plt3 double mutant (57%) (Fig 3L–N and R, Appendix

Table S5). Additionally, the plt double mutant roots often show dis-

ordered QC regions with a disruption of the circular arrangement of

cells surrounding the QC (Fig 3N) which could be a result of uncon-

trolled divisions. wox5 mutants show a disordered SCN accompa-

nied by a high overall QC cell division frequency of at least one

Figure 2. PLTs constrain the WOX5 expression domain.

A–F Representative FM4-64-stained Arabidopsis roots (grey) expressing pWOX5::mVenus-NLS (green) in Col, plt2, plt3, and plt2, plt3 double mutant background in

longitudinal (A-D), or transversal (E-F) optical sections. (E0 , F0) Analysis of representative images in (E) and (F) in Imaris to detect and count individual expressing

nuclei. (E″, F″) Overlay of 10 roots (biological replicates) showing the area of detected fluorescence (high levels in red, low levels in blue) in Col and plt2, plt3 double

mutant roots.

G Number of nuclei (biological replicates) expressing pWOX5::mVenus-NLS in Col and plt2, plt3 double mutant roots summarized in box and scatter plots.

H Area of WOX5 expression in µm2 in Col and plt2, plt3 double mutant roots summarized in box and scatter plots.

Data information: (G, H) Box = 25-75% of percentile, whisker = 1.5 interquartile range, � = median, □ = mean value, X = minimum/maximum. (G, H) Kruskal–Wallis

ANOVA with subsequent Dunn’s test (G) or one-way ANOVA and post-hoc Holm–Sidak multiple comparisons test was used to test for statistical significance (H). Asterisks

indicate statistically significant differences (a = 0.01). Number of analyzed roots (n) (biological replicates) is indicated for each genotype and results from three technical

replicates per genotype. Scale bars represent 10 µm; NLS = nuclear localization signal.
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dividing QC cell in 92% of roots (Fig 3O and R) and on average

more dividing QC cells per root (Appendix Table S5). The number

of dividing QC cells per root increases further in the wox5, plt3 dou-

ble mutant and is even higher in the wox5, plt2, plt3 triple mutant;

here, in one third of the roots all QC cells undergo cell division

(Fig 3P–R, Appendix Table S5). Taken together, this data implies an

additive effect of PLT2, PLT3, and WOX5 regarding the QC-division

phenotype, suggesting that WOX5 and PLTs act in parallel pathways

to maintain the quiescence of the QC.

Additionally, we quantified roots showing at least one aberrant

periclinal cell division in the QC in longitudinal optical sections

(Fig EV1). Whereas the occurrence of these aberrant periclinal

divisions in Col wild-type roots is very rare (3%) (Fig EV1A), it

increases in the plt-single mutants to 21% and in wox5 and wox5,

plt3 mutants to around 40% (Fig EV1B and C). We found the

most severe phenotypes in the plt2, plt3 double and wox5, plt2,

plt3 triple mutants with an occurrence of periclinal QC-cell divi-

sions in 53% of the observed roots, indicating a synergistic regula-

tory role of PLTs in periclinal QC cell divisions (Fig EV1B and C,

Appendix Table S6).

2D plots of SCN staining facilitate assessment of root phenotypes

To visualize correlations of QC division and CSC differentiation, we

combined the acquired data in 2D-plots in which the frequencies of

the two phenotypes are color-coded (Fig 4). This visualization

reveals a regular pattern for Col wild-type roots, which peaks at

one CSC layer and no QC divisions (Fig 4A). The pattern of the plt

single mutants is more irregular with a shift to less CSC layers

(indicating more differentiation) and more EdU-stained QC cells

(indicating more QC divisions) compared to the wild-type Col roots

(Fig 4B and C). The plt2, plt3 double mutants have an additional

maximum at a position showing no CSC layer and one divided QC

cell, resulting in two phenotypic populations, one at a wild-type-

like position, the other showing a strong mutant phenotype

(Fig 4D). The 2D-pattern for the wox5 mutant shifts to less CSC-

layers and more QC-divisions with a maximum at no CSC-layers

and two QC-divisions (Fig 4E). The QC phenotype is more severe

in the wox5, plt3 double mutant towards more cell divisions and is

even stronger in the wox5, plt2, plt3 triple mutant which peaks at

zero CSC layers and three QC-divisions (Fig 4F and G). In sum-

mary, our data acquired by applying the novel SCN staining dem-

onstrates that higher CSC differentiation correlates with a higher

division rate in the QC, possibly to replenish missing stem cells by

increased QC divisions.

PLT3, but not WOX5, localizes to nuclear bodies (NBs)

WOX5 and PLT3 are expressed and localize to overlapping domains

in the SCN of the Arabidopsis root and based on our results regulate

SCN maintenance together. To test for functionality of our generated

reporter lines, we used the mVenus (mV) tagged WOX5 and PLT3

versions driven by their own endogenous promoters for rescue

experiments in the respective mutant phenotypes in Arabidopsis.

We observed a rescue of the wox5 mutant expressing pWOX5::

WOX5-mV (Fig EV2A–C, J and K, Appendix Table S7) and a rescue

of the plt3 mutant expressing pPLT3::PLT3-mV to almost wild-type

Col phenotypes (Fig EV2E, G, J and K, Appendix Table S7), indicat-

ing that the labelling with mVenus did not or only very little influ-

ence WOX5 or PLT3 functionality. To our surprise, we observed

PLT3 localization in bright subnuclear structures, hereafter called

NBs, in the PLT3-mV reporter line. Most frequently, we found PLT3

NBs in young, developing lateral root primordia (LRP) (Fig 5A,

Movie EV1) already at stages where PLT1 and PLT2 are not yet

expressed (Du & Scheres, 2017). Importantly, we also observed

PLT3 NBs in CSCs of some established primary roots, but never in

QC cells (Fig 5B and C0). To further examine the PLT3 NBs in a con-

text, where no other PLTs are expressed, we used an estradiol-

inducible system to control expression of FP-tagged PLT3 and WOX5

transiently in Nicotiana benthamiana (N. benthamiana) leaf epider-

mal cells (Stahl et al, 2013). In agreement with our observations in

Arabidopsis, we found that PLT3 mainly localizes to NBs and to a

lesser extend to the nucleoplasm (Fig 6B). We quantified NB forma-

tion of PLTs in this transient system using estradiol inducible ver-

sions of PLT1-4 tagged with mVenus by acquiring z-stacks through

the expressing nuclei exactly 5 h after induction. Here, we found

that PLT3 forms at least three times more NBs compared to PLT1,

PLT2 and PLT4 (see Appendix Fig S3A–E, Appendix Table S8).

In co-expression experiments in N. benthamiana, we found that

PLT3 recruits WOX5 to the same NBs, whereas on its own

WOX5 remains homogenously localized within the nucleoplasm

(Fig 6G–G″, Fig EV3A).

Prion-like domains (PrDs) are responsible for NB localization

of PLT3

Next, we examined the protein domains putatively responsible for

the localization of PLT3 to NBs and found that the PLT3 amino acid

(aa) sequence contains two glutamine (Q)-rich regions in the

C-terminal part of the protein (see Figs 6A and EV3K and L). Pro-

teins containing polyQ stretches form aggregates or inclusions, a

◀
Figure 3. plt and wox5 mutants show more CSC differentiation and QC divisions.

A Schematic representation of a longitudinal section of an Arabidopsis RM. QC cells are marked in red, CSCs are marked in dark blue, CCs in light blue. Combined

mPSPI (grey) and EdU (red) staining for 24 h (SCN staining) to analyze the CSC (A-I) and QC division phenotype (J-R) within the same roots are shown.

B–H Representative images of the SCN staining in Col, and the indicated single, double, and triple mutant roots. QC positions are marked by yellow arrowheads.

I Analyses of the SCN staining for CSC phenotypes. Frequencies of roots showing 0, 1, 2, or 3 CSC layers are plotted as bar graphs.

J Schematic representation of a transversal section of an Arabidopsis RM. QC cells are marked in red, CEI initials are marked in turquoise.

K–Q Representative images of transversal sections with QC cells outlined in yellow.

R Analyses of the SCN staining for QC division phenotypes. Frequencies of roots showing 0, 1, 2, 3 or ≥ 4 dividing QC cells are plotted as bar graphs.

Data information: Number of analyzed roots (n) (biological replicates) is indicated for each genotype and results from 2-5 technical replicates per genotype.

QC = quiescent center, CSC = columella stem cell, CEI = cortex endodermis initial, SCN = stem cell niche, mPSPI = modified pseudo-Schiff propidium iodide, EdU = 5-

ethynyl-20-deoxyuridine, scale bars represent 5 µm.

Source data are available online for this figure.
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process often linked to pathological conditions in humans, such as

Huntington’s disease (Scarafone et al, 2012). However, polyQ pro-

teins can also convey diverse cellular functions like promotion of

nuclear assemblies (e.g., the transcription initiation complex),

formation of protein-protein complexes, recruitment of other polyQ-

containing proteins (Mikecz, 2009; Atanesyan et al, 2012), and

enhancement of the transcriptional activation potential of TFs

(Gerber et al, 1994; Schwechheimer et al, 1998; Atanesyan et al,

Figure 4. QC divisions correlate negatively with the number of CSC layers.

A–G The combined results of the SCN staining in Fig 3 are shown as 2D plots to visualize the correlation of the CSC layer and QC division phenotypes. Number of CSC

layers are shown on the y axis and the QC division phenotype is shown on the x-axis. The darker the color, the more roots show the respective phenotype (see

color gradient top right indicating the frequencies in percent). Col wild-type roots show one layer of CSCs and no EdU stained cells (no QC division) after 24 h EdU

staining. Number of analyzed roots (n) (biological replicates) is indicated for each genotype and results from 2 to 5 technical replicates per genotype.

Source data are available online for this figure.
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2012). PolyQ domains were also found to be enriched in plant TFs

(Kottenhagen et al, 2012).

Next, we tested if the polyQ-stretches in PLT3 are responsible

for the subnuclear localization and the recruitment of WOX5 to

NBs. To this end, we deleted the polyQ domains of PLT3 and

expressed the resulting PLT3DQ fused to mVenus transiently in

N. benthamiana. We found that the subnuclear localization and

the recruitment of WOX5 did not change compared to the full-

length PLT3 (see Fig 6B, C and H–H″). Therefore, we conclude that

the polyQ domains in PLT3 are not, or at least not alone, responsi-

ble for the subnuclear localization and translocation to NBs.

Apart from proteins with polyQ domains, many proteins that

form concentration-dependent aggregates contain larger, intrinsi-

cally disordered regions (IDRs) with a low complexity similar to

yeast prions (Cuevas-Velazquez & Dinneny, 2018). Prion-like pro-

teins in Arabidopsis were first discovered by analyzing protein

sequences of 31 different organisms, identifying Q- and N-rich

regions in the proteins to be sufficient to cause protein aggregation

(Michelitsch & Weissman, 2000). Recently, the existence of more

than 500 proteins with prion-like behavior in Arabidopsis was

reported (Chakrabortee et al, 2016) and the presence of prion-like

domains (PrDs) in protein sequences is predictable with web-based

tools (Lancaster et al, 2014). Therefore, we analyzed the PLTs and

WOX5 sequences using the PLAAC PrD prediction tool and found

that PLT3 has three predicted PrDs in its aa sequence, two of them

located at the C terminus, containing the above described two

polyQ-stretches (see Figs 6A and EV3K and L). PLT1, PLT2, and

PLT4 also show predicted PrD domains, but PLT1 and PLT2 contain

no and PLT4 shorter polyQ stretches within them (Fig EV3D–I and

M–O). WOX5 does not show any predicted PrD domains, nor any

polyQ stretches (Fig EV3A–C). To test the importance of the PrD

domains in PLT3, we replaced the first PrD by a 27 aa linker

(AAGAAGGAGGGAAAAAGGAGAAAAAGA) and deleted the C-

terminally located PrDs. The resulting PLT3-version (PLT3DPrD)

was fused to the mVenus FP and inducibly expressed in

N. benthamiana epidermal cells. Here, we did not observe a locali-

zation of PLT3DPrD-mVenus to NBs, but in contrast a homogenous

distribution within the nucleus (Fig 6D). In addition, upon co-

expression of PLT3DPrD-mVenus with WOX5-mCherry, we

observed that WOX5 was no longer recruited to NBs (Fig 6I–I″). In

line with this, we observed PLT3 NBs in developing Arabidopsis

LRP expressing pPLT3::PLT3-mVenus, but no more NBs were found

in a pPLT3::PLT3DPrD-mVenus expressing line (Fig 6E and F).

Based on these observations, we conclude that the PrD domains of

PLT3 are responsible for its localization to NBs and the recruitment

of WOX5 to NBs. This is further supported by our observation that

PLT3, in contrast to PLT1, 2 and 4, is found most frequently in NBs

in transiently expressing in N. benthamiana correlating with the

presence of PrD domains containing long polyQ-stretches in its aa

sequence (Fig EV3D–O, Appendix Fig S3A–E).

PLT NBs recruit RNA

Proteins containing polyQ-stretches or PrDs are often involved in

RNA binding, RNA processing and/or RNA compartmentalization

(Macknight et al, 1997; Schomburg et al, 2001; Alberti et al, 2009;

Sonmez et al, 2011; Castilla-Llorente & Ramos, 2014; Fang et al,

2019). To test if PLT3 is involved in these processes, we performed

an RNA-staining in N. benthamiana epidermal cells transiently

expressing PLT3-mVenus with 5-ethynyl-20-uridine (EU) (see

Fig 6J–J‴). EU is incorporated into RNA during transcription, and

we found that most of the stained RNA co-localizes with the PLT3-

Figure 5. PLT3 localizes to NBs in Arabidopsis thaliana LRPs and CSCs.

A–C0 PLT3-mV expression driven by the PLT3 endogenous promoter in LRP (A) and primary root SCN (B-C0) in plt3 mutant Arabidopsis roots. (A) Representative image of

PLT3-mV expression (yellow) in an LRP showing the subnuclear localization to NBs. Transmitted light image in grey. (B, B0) SCN of an PLT3-mV expressing FM4-64-

stained (red) Arabidopsis primary root. The magnification of the CSC layer (B0) shows the subnuclear localization of PLT3 to NBs in a CSC. White arrowhead points

at a NB. (C, C’) SCN of an PLT3-mV expressing Arabidopsis primary root. NBs are visible in the CSC layer in (C, also in the transversal view of the CSC layer C0).

Arrowheads in B and C point at the QC (magenta) and CSC (cyan) positions. mV = mVenus; LRP = lateral root primordium; SCN = stem cell niche; NBs = nuclear

bodies; CSC = columella stem cell. Scale bars represent 10 µm.
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mVenus NBs except for the EU-stained nucleolus (see Fig 6J–J‴).

Based on these observations, we conclude that the PLT NBs act as

important sites for the recruitment of RNA and other factors, includ-

ing WOX5.

WOX5 and PLT proteins can interact with each other

Because the WOX5 and PLT protein expression domains overlap in

the SCN and PLT1, PLT2, PLT3 and PLT4 contain PrD domains, we

Figure 6. PLT3 PrD domains influence its subnuclear localization.

A Schematic representation of PLT3 protein domains. The areas in red are predicted prion-like domains (PrDs) and were deleted in PLT3DPrD-mV. The areas

highlighted in yellow contain polyQ-stretches and were deleted in PLT3DQ-mV.

B–D Representative images of PLT3-mV (B), PLT3DQ-mV (C) and PLT3DPrD-mV (D) in transiently expressing N. benthamiana leaf epidermal cells.

E, F PLT3-mV (E) and PLT3DPrD-mV (F) expression driven by the PLT3 endogenous promoter in lateral root primordia of plt2, plt3 double mutant Arabidopsis roots.

G-I″ Co-expression of PLT3-mV (G), PLTDQ-mV (H) and PLT3DPrD-mV (I) with WOX5-mCh (G0 , H0 , I0) in transiently expressing N. benthamiana leaf epidermal cells.

J–J‴ Expression of PLT3-mV (J) in transiently expressing N. benthamiana leaf epidermal cells in combination with RNA staining with EU (18 h), visualized by click-

reaction with Alexa Fluor® 555 (J0) and a DNA staining with DAPI (J″).

Data information: mV = mVenus; PrD = prion-like domain; AP2 = APETALA2 domain; NLS = nuclear localization signal; EU = 5-ethynyl-20-uridine. Scale bars in (B–J‴)

represent 5 µm.
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asked whether PLTs and WOX5 can interact in vivo, especially con-

sidering the observed recruitment of WOX5 to PLT3 NBs. For this,

we used fluorescence lifetime imaging microscopy (FLIM) to mea-

sure Förster resonance energy transfer (FRET) to analyze the poten-

tial protein-protein interaction of WOX5 and PLTs in vivo. To

perform FLIM, we inducibly co-expressed WOX5-mVenus as donor

together with individual PLTs-mCherry as acceptors for FRET in

N. benthamiana leaf epidermal cells. The fluorescence lifetime

of the donor fluorophore mVenus fused to WOX5 alone is

3.03 � 0.07 ns. A reduction of fluorescence lifetime is due to

Förster resonance energy transfer (FRET) of the two fluorophores in

very close proximity (≤ 10 nm) caused by the direct interaction of

the two observed proteins. When free mCherry is co-expressed as a

negative control, the WOX5-mVenus mean fluorescence lifetime is

not significantly decreased (3.00 � 0.06 ns) (Fig 7A, B and I).

When WOX5-mVenus is co-expressed with PLT1-mCherry the fluo-

rescence lifetime significantly decreases to 2.79 � 0.11 ns, with

PLT2-mCherry to 2.73 � 0.12 ns, with PLT3-mCherry to 2.75 �

0.17 ns and with PLT4-mCherry to 2.75 � 0.24 ns, indicating FRET

and hence direct protein-protein interactions (Fig 7C–F and H). The

observed interaction of WOX5 with PLT1-4 lead us to propose that

they regulate SCN maintenance by the formation of complexes,

either all together or in diverse compositions depending on the cell

identity or their function. Interestingly, we observed a stronger life-

time decrease of WOX5-mVenus in the PLT3 NBs than in the nucleo-

plasm, indicating that the NBs function as main interaction sites of

WOX5 with PLT3 (Fig 7J and K, Appendix Table S9).

To address this, we measured the interaction between WOX5

and PLT3 in Arabidopsis roots via FLIM experiments in a transla-

tional line expressing WOX5-mVenus and PLT3-mCherry under con-

trol of their respective endogenous promoters. This resulted in the

inevitable low protein concentration in comparison to the inducible

system used in N. benthamiana. Probably due to this, we could not

observe NBs in established root meristems of our Arabidopsis FLIM

line (Fig EV4A–A″) and we could only measure a very small, albeit

statistically significant, decrease in fluorescence lifetime from

2.97 � 0.07 ns in the pWOX5::WOX5-mVenus (donor only FRET

control) expressing roots to 2.94 � 0.08 ns when pPLT3:PLT3-

mCherry is co-expressed in the SCN of LRP in Col-0 background

(Fig EV4B).

Formation of PLT3 NBs is concentration-dependent

In Arabidopsis seedlings, we only sometimes observed PLT3 NBs in

the CSC layer of the root tip, but more frequently in young, develop-

ing LRP (Fig 5A), whereas in N. benthamiana we observed NBs in

almost all cells. Therefore, we argue that the formation of the NBs is

flexible because it is concentration-dependent. In a transient

N. benthamiana experiment, we could observe a correlation

between the fluorescence intensity of nuclear PLT3-mVenus and the

size and number of the NBs (Fig EV5). NBs start to form after a cer-

tain intensity-threshold (Fig EV5A–C and F), and their number

decreases while their volume increases with overall rising fluores-

cence intensity (Fig EV5D, E and G). A similar concentration-

dependency has been previously described for proteins that undergo

phase separation, in particular for liquid-liquid phase separation

(LLPS) (McSwiggen et al, 2019). This mechanism separates

membrane-free microdomains from the surrounding liquid and

could potentially represent the underlying NB-forming process of

PLTs. This process is possibly PrD-dependent as we observed less

NB formation in the PrD-deletion variant of PLT3 (Fig 6D and F).

PrD-domains in PLT3 are required for interaction with WOX5 and

are necessary for root SCN maintenance

Moreover, we asked if the PrD and polyQ domains in PLT3 are

required for protein-protein interaction with WOX5. To test this, we

performed FLIM experiments with mCherry-tagged full-length PLT3,

PLT3DQ, and PLT3DPrD as acceptors and WOX5-mVenus as donor

in N. benthamiana. Here, we observed that co-expression of the

PLT3DQ and PLT3DPrD deletion variants did not lead to a signifi-

cantly reduced fluorescence lifetime, and therefore, no protein-

protein interaction takes place in comparison to the full-length ver-

sion (see Fig 7E and G–I). This implies that PrD domains,

containing the polyQ domains in PLT3, are necessary for the NB

localization, but also, notably, for protein complex-formation with

WOX5. Still, the exact effect of the polyQ domains on PLT-WOX5

interaction remains to be determined as PLT1, PLT2 and PLT4 still

show protein-protein interaction with WOX5, even though they do

not contain extended polyQ domains like in PLT3. We therefore can-

not rule out that the deletion of the polyQ domain in PLT3

(PLT3DQ) could lead to a disturbed PrD domain resulting in a loss

of interaction with WOX5.

Next, we asked if the PrD domains of PLT3 are also required for

root SCN homeostasis. Therefore, we tested if the plt2, plt3 double

mutant phenotypes can be rescued by expressing full-length PLT3

or PLT3DPrD under control of the endogenous PLT3 promoter. We

observed that full-length PLT3 expression can rescue the plt2, plt3

double mutant phenotype of more QC divisions and less CSC layers

to the expected levels of plt2 or plt3 single mutant phenotypes (Fig

EV2D–F, H, J and K, Appendix Table S7). Importantly, PLT3DPrD

could not rescue the plt2, plt3 double mutant phenotype, suggesting

that the PrD domains in PLT3 are indeed functionally relevant for

SCN regulation and maintenance (Fig EV2I–K, Appendix Table S7).

In summary, our findings show that QC quiescence and CSC

maintenance are interdependently regulated by WOX5 and PLTs.

We could show that mutual transcriptional regulation of PLTs and

WOX5, but also their direct protein-protein interaction is required

for QC division and CSC fate regulation. Here, especially the

observed subnuclear partitioning of PLT3 to NBs in the CSCs of

mature RAMs which is dependent on the presence of PrDs is impor-

tant as it could provide another layer of regulation to the complex

and intertwined SCN maintenance of the Arabidopsis root.

Discussion

In summary, we found that in agreement with a previous report

(Sarkar et al, 2007), high PLT expression in the QC-region is pro-

moted by WOX5, albeit in an indirect manner, possibly by other fac-

tors, such as the described WOX5-induced TAA1-mediated auxin

biosynthesis (Savina et al, 2020; Pardal & Heidstra, 2021). This PLT

expression confines WOX5 to a defined and restricted number of

cells within the QC region. In line with this, loss of PLTs leads to an

expanded expression domain of WOX5 and a reduced QC quies-

cence reflected in more QC divisions. Therefore, we could confirm
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that the control of QC quiescence and CSC maintenance is mediated

by mutual transcriptional regulation of PLTs and WOX5 possibly by

negative feedback loop regulation. As WOX5 expression is normally

limited to the QC, the question arises if, in absence of PLTs, either

the WOX5 expression domain expands to regions surrounding the

QC or the QC region itself expands and therefore also the expression

domain of WOX5. Interestingly, a previous report demonstrated that

the expression of several QC markers is missing or highly reduced

in plt mutants, suggesting that they fail to maintain an intact QC

(Aida et al, 2004). Therefore, the expansion of the WOX5 expression

Figure 7. WOX5 can interact with PLTs.

A–H Fluorescence Lifetime Imaging (FLIM) results of transiently expressing N. benthamiana leaf epidermal cells. Representative FLIM images of WOX5-mVenus (donor

only) plus the indicated acceptors after a pixel-wise mono-exponential fit of the mVenus fluorescence signal. The fluorescence lifetime of WOX5-mVenus in ns is

color-coded. Low lifetimes (blue) due to FRET indicate strong interaction of the two proteins and high lifetimes (red) indicate weaker or no interaction. Scale bars

represent 5 µm.

I Fluorescence lifetimes in ns are summarized in combined jitter and box plots. The dashed line represents the fluorescence lifetime mean value of the WOX5-mV

co-expressed with free mCh as negative control. The one-way ANOVA and Holm–Sidak post-hoc multiple comparisons test was used to test for statistical

significance. Samples with identical letters do not show significant differences (a = 0.01). Number of nuclei analyzed (n) (biological replicates) is indicated and

results from 2 to 9 technical replicates. Box = 25–75% of percentile, whisker = 1.5 interquartile range, � = median, ▪ = mean value.

J Representative FLIM image of WOX5-mVenus plus the indicated acceptor after a pixel-wise mono-exponential fit of the mVenus fluorescence signal. The

fluorescence lifetime of WOX5-mVenus in ns is color-coded. Low lifetimes (blue) due to FRET indicate strong interaction of the two proteins and high lifetimes (red)

indicate weaker or no interaction. Scale bars represent 5 µm.

K Individual nuclei showing nuclear bodies during co-expression of WOX5-mV and PLT3-mCh were analyzed for WOX5-mV lifetime in the nuclear bodies or

nucleoplasm separately (n = 7 (biological replicates), from four technical replicates. mCh = mCherry. mV = mVenus.

Source data are available online for this figure.
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domain in the plt mutants is likely uncorrelated to the QC identity of

these cells.

The observed higher frequency of cell divisions in the QC region

of wox5 mutants could be explained by the reduced expression of

PLTs, which consequently negatively impacts QC quiescence but

also by a PLT-independent pathway where WOX5 itself may have a

positive effect on QC quiescence. Previous findings also suggest that

WOX5 maintains QC quiescence through the repression of CYCD

activity (Forzani et al, 2014). Considering our observation that

PLT2, PLT3, and WOX5 show additive effects regarding the QC divi-

sion phenotype, we propose a model in which WOX5 and PLTs

could act in parallel pathways to maintain QC quiescence. The

noted correlation of reduced QC quiescence and higher CSC differen-

tiation that we could now show for individual roots by our newly

introduced SCN staining could be necessary to replenish missing

stem cells by QC divisions. This possible explanation is in agree-

ment with the proposed function of the QC as a long-term stem cell

reservoir, especially in case of stress or damage (Vilarrasa-Blasi

et al, 2014).

For CSC homeostasis, PLTs and WOX5 may act together in the

same pathway, possibly by complex formation, as there is no

observable additive effect in the multiple mutant roots which is in

agreement with previous findings (Ding & Friml, 2010). We show

that WOX5 can directly interact with PLT1, PLT2, PLT3 and PLT4,

which indicates that they regulate CSC maintenance by the forma-

tion of complexes, either all together or in diverse homo- or hetero-

meric compositions depending on cell identity or function.

In transient N. benthamiana experiments, PLT3 forms NBs and

recruits WOX5 into them. The stronger decrease of fluorescence life-

time in NBs compared to the nucleoplasm measured by FLIM

implies that the PLT3 NBs function as major sites of protein-protein

interaction with WOX5, which could be due to a favored complex-

formation within the NBs or due to transport of preformed WOX5/

PLT3 complexes from the cytosol to NBs. We could observe PLT3

NBs in cells of the CSC layer of some Arabidopsis primary root tips,

but never in the QC region. Nevertheless, PLT3 NBs were found

more frequently in several cells of developing LRPs. LRPs are in a

younger and less-determined stage than the primary root and the

observed subnuclear localization to NBs could represent a marker

for the occurring determination and future cell differentiation. This

agrees with the observed localization of PLT3 to NBs in the CSCs in

some of the primary roots. Here, PLT3 NBs could represent com-

partments for the recruitment of and interaction with WOX5 and

possibly other factors involved in CSC fate determination and

maintenance.

Furthermore, we found that the aa sequence of PLT3 comprises

PrDs (including polyQs) that are necessary for the localization to

NBs, complex formation with WOX5, and for SCN maintenance in

the primary root meristem. Proteins containing polyQ-stretches or

PrDs are often involved in RNA binding, RNA processing, and/or

RNA compartmentalization (Macknight et al, 1997; Schomburg

et al, 2001; Alberti et al, 2009; Sonmez et al, 2011; Castilla-Llorente

& Ramos, 2014; Fang et al, 2019) and we could show that the PLT3

NBs indeed co-localize with RNA. Just as PLT3, FLOWERING CON-

TROL LOCUS A (FCA) is a PrD-containing protein (Chakrabortee

et al, 2016) that localizes to subnuclear structures (Fang et al,

2019). The FCA bodies separate from the cytosol by LLPS to provide

compartments for RNA 30-end processing factors (Fang et al, 2019).

Similarly, PLT3 NBs could represent compartments for the recruit-

ment of interacting factors and RNA for further processing, seques-

tration, or transportation. As PLT3 is a TF, the co-localizing RNA

could also represent newly transcribed RNA at the transcription

Figure 8. Model of PLT and WOX5 transcriptional regulation, interaction and subnuclear localization during distal root stem cell maintenance.

A Transcriptional regulation of WOX5 (red) and PLT (green) expression by negative feedback regulation in the Arabidopsis RAM. WOX5 is expressed in the QC and

indirectly promotes PLT expression (dashed arrow), whereas PLT expression is directly regulating WOX5 expression confining it to the QC position (solid barred lines).

B Both WOX5 (red) and PLT3 (green) are present homogenously within the nuclei of the QC cells. WOX5 can move to the CSCs and is recruited there by PLT3 to NBs

(yellow), where interaction takes place and RNA is present (grey in magnification). This maintains the stem cell character of the CSCs (arrow) but already leads to a

determination to subsequent CC fate. Gray dots represent starch granules.
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sites where PLT3 binds to DNA, for example, to the WOX5 promoter

region (Shimotohno et al, 2018). Another recently described PrD-

and polyQ-containing protein, EARLY FLOWERING3 (ELF3), forms

NBs by LLPS in response to temperature thereby regulating flow-

ering time in Arabidopsis (Jung et al, 2020).

The possible liquid-like nature of the PLT3 NBs will be an inter-

esting subject for further studies investigating its putative phase sep-

aration properties in response to external cues. In this study, we

showed that the PLT3 NB formation is concentration-dependent,

which is indicative for LLPS. This concentration-dependency of PLT3

NB formation could also explain the rare occurrence of PLT3 NBs at

endogenous protein levels in the CSCs of the Arabidopsis RAM. Here,

NB formation is possibly triggered only above a certain protein con-

centration threshold serving as a read-out for future cell fate. In the

established distal root meristem, this is not continuously needed and

therefore the protein concentration is mainly maintained below this

threshold, so that often no NBs are formed. Consequently, the

observed PLT3-FP fluorescence intensity in the CSCs can vary and is

lower or higher at a given time (Figs 1E and 5B and C).

Therefore, we propose that the regulation of QC quiescence and

CSC maintenance are not only mediated by the mutual transcrip-

tional regulation of PLT and WOX5 (see Fig 8A), but also, impor-

tantly, by building protein complexes that are differentially localized

to distinct nuclei within the SCN (see Fig 8B). The observed subnu-

clear localization of PLT3 to NBs could represent a marker for the

determination to future cell differentiation in the CSC layer. Further-

more, the PrD domains in PLT3 may act as an initial starting point

to compartmentalize and partition WOX5 that has moved from the

QC towards the CSC layer into NBs, possibly by a concentration-

dependent LLPS process. The observed sites could represent tran-

scriptionally active sites for the regulation of target genes involved

in CSC fate determination or repress WOX5 expression.

The dynamic compartmentalization to subcellular or subnuclear

microdomains of proteins with intrinsically disordered, PrD and/or

polyQ domains was shown to have severe effects, for example, in

human pathological disorders like Huntington’s disease (Scarafone

et al, 2012). But also beneficial functions of prions that are responsi-

ble for some neurodegenerative diseases in mammals (Aguzzi et al,

2013; Kim et al, 2013) as a protein-based memory is highly

discussed, as their self-replicating conformations could act as molec-

ular memories to transmit heritable information (Bailey et al, 2004;

Shorter & Lindquist, 2005). If this is also the case in plants remains

to be determined. In general, the dynamic formation of subcellular

structures could be necessary for a changing composition of assem-

blies in dependence of their functional status (Mikecz, 2009). The

transition of these proteins between condensed and soluble forms

requires high flexibility in their protein structure, which can be pro-

vided by flexible intrinsically disordered domains, such as polyQ-

stretches which are predominantly positioned at the surface of a

protein, supporting the idea of their involvement in protein-protein

interactions (Totzeck et al, 2017).

In Arabidopsis, PrD and polyQ dependent compartmentalization

could present a fast and reversible concentration-dependent regula-

tory mechanism (Cuevas-Velazquez & Dinneny, 2018), for exam-

ple, in case of PLT3 and WOX5 to determine CSC cell fate but

probably also in other developmental contexts such as lateral root

development. It remains to be determined if LLPS is the underlying

mechanism of the observed subnuclear compartmentalization of

these key TFs involved in Arabidopsis root stem cell homeostasis

and if also other processes necessary for determination of cell fates

and stemness in Arabidopsis are regulated by this or similar

dynamic processes.

Materials and Methods

Cloning

pWOX5::mVenus-NLS, pWOX5::WOX5-mVenus, pPLT3::PLT3-

mVenus, pPLT3::PLT3-mCherry, pPLT3::PLT3DPrD-mVenus, b-

estradiol inducible PLT3DPrD-mVenus, and b-estradiol inducible

PLT3DPrD-mCherry were created by using the GreenGate cloning

method (Lampropoulos et al, 2013). The internal BsaI restriction

sites in the WOX5 promoter and WOX5 CDS were removed by PCR

amplification of the sequences upstream and downstream of the

BsaI sites with primer pairs whereof one primer has an altered

nucleotide sequence at this site (Appendix Table S10), followed by

an overlap extension PCR to reconnect the gene fragments. The

sequences upstream of the ATG start codon of WOX5 (4,654 bp)

and PLT3 (4,494 bp) were used as promoter regions and were

amplified by PCR and primers to add flanking BsaI restriction sites

and matching overlaps for the GreenGate cloning system. After-

ward, they were cloned into the GreenGate entry vector pGGA000

via BsaI restriction and ligation. The GreenGate promoter module

carrying the b-estradiol inducible cassette was provided by

(Denninger et al, 2019). The CDS of WOX5, PLT2, PLT3, PLT3DPrD

and PLT4 as well as the FPs mVenus and mCherry were amplified

by PCR using adequate primer pairs to add flanking BsaI restriction

sites and matching overlaps for cloning into the GreenGate entry

vectors pGGC000 (for CDS) and pGGD000 (for FPs) via BsaI restric-

tion and ligation. All created entry vectors were confirmed by

sequencing. The expression cassettes were created with a GreenGate

reaction using pGGZ001 as destination vector. The correct assembly

of the modules was controlled by sequencing. All module combina-

tions used to construct the expression vectors can be found in

Appendix Table S11.

All other b-estradiol inducible constructs for N. benthamiana

expression (free mCherry, WOX5-mVenus, WOX5-mCherry, PLT1-

mVenus, PLT1-mCherry, PLT2-mCherry, PLT3-mVenus, PLT3-

mCherry, PLT3DQ-mVenus, PLT3DQ-mCherry were created by Gate-

way cloning (InvitrogenTM, Thermo Fisher Scientific Inc.). The CDS of

WOX5, PLT1, PLT2, PLT3, PLT3DQ were amplified and cloned into

pENTR/D-TOPO�. The Entry-vectors were confirmed by sequencing.

The destination vector carrying the mVenus (pRD04) is based on

pMDC7 (Curtis & Grossniklaus, 2003) which contains a b-estradiol

inducible system for expression in planta. The mVenus was intro-

duced via restriction/ligation C-terminally to the Gateway cloning

site. The destination vector carrying the mCherry (pABindmCherry)

was described before (Bleckmann et al, 2010). The expression vec-

tors were created by LR-reaction of destination and entry vectors.

Gateway expression vectors were verified by test digestion.

For the creation of the domain-deletion variants of PLT3

(PLT3DQ and PLT3DPrD), the CDS parts upstream and downstream

of the desired sequence deletions were amplified with PCR and

afterward reconnected with overlap-PCR. The 27 aa linker

(AAGAAGGAGGGAAAAAGGAGAAAAAGA) to replace the first PrD
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in PLT3DPrD was also introduced by overlap-PCR. All primers used

for cloning can be found in Appendix Table S10. For a list of the

constructs produced in this study see Appendix Table S11.

Plant work

All Arabidopsis lines used in this study were in the Columbia (Col-0)

background. The single mutants wox5-1 and plt3-1 have been

described before (Galinha et al, 2007) (Appendix Table S4). The plt2

(SALK_128164) and wox5-1 (SALK038262) single mutants were pro-

vided by the Arabidopsis Biological Resource Center (ABRC, USA).

The homozygous double and triple mutants were created by cross-

ings (Appendix Table S12) and homozygous F3 es were confirmed

by PCR with appropriate primer pairs (Appendix Table S13). The

transgenic lines were created by floral dip as described before (Zhang

et al, 2006) except for the published, transgenic Col-0 lines with

pPLT3::erCFP and pPLT3::PLT3-YFP (Galinha et al, 2007) constructs.

They were crossed into the wox5-1mutant background. Homozygous

lines were confirmed by genotyping and hygromycin selection. All

plants for crossing, floral dips, genotyping, and seed amplification

were grown on soil in phytochambers under long day (16 h light/

8 h dark) conditions at 21°C. For microscopy Arabidopsis seeds were

fume-sterilized (50 ml 13% sodiumhypochlorite (v/v) + 1 ml hydro-

chloric acid), imbedded in 0.2% (w/v) agarose, stratified at 4°C for

2 days and plated on GM agar plates (1/2 strength Murashige Skoog

medium including Gamborg B5 vitamins, 1.2% (w/v) plant agar, 1%

(w/v) sucrose, supplemented with 0.05% (w/v) MES hydrate).

Arabidopsis seedlings were grown for 5 days under continuous light

at 21°C and directly imaged afterward.

Cell wall and plasma membrane staining

For root imaging, the cell walls in Arabidopsis seedlings were

stained by incubation in aqueous solutions of either 10 µM propi-

dium iodide (PI) or 2.5 µM FM4-64 dye (InvitrogenTM, Thermo

Fisher Scientific Inc.). The staining solution was used as mounting

medium for microscopy.

Nicotiana benthamiana infiltration

For transient gene expression in N. benthamiana, the Agrobacterium

strain GV3101::pMP50 was used as vector, carrying plasmids with

the desired constructs and additionally either the helper plasmid p19

as silencing suppressor or the helper plasmid pSOUP that harbours a

replicase needed for GreenGate vectors. Cultures were grown over

night in 5 ml dYT-medium at 28 C on a shaker. The cultures were

centrifuged for 10 min at 3,345 g, the pellet was resuspended in infil-

tration medium (5% (w/v) sucrose, 0.01% (v/v) Silwet, 0.01% (w/

v) MgSO4, 0.01% (w/v) glucose, 450 µM acetosyringone) to an opti-

cal density OD600 of 0.4 and cultures were incubated for 1 h at 4°C.

The infiltration was done either with one single or with a combina-

tion of two different Agrobacteria cultures for co-expression of two

constructs. A syringe without needle was used for the infiltration on

the adaxial side of the leaves of well-watered N. benthamiana plants.

For the expression of GreenGate constructs, an Agrobacterium strain

carrying the p19 plasmid was co-infiltrated. The expression was

induced 2–5 days after infiltration by applying an aqueous b-

estradiol solution (20 µM b-estradiol, 0.1% (v/v) Tween�-20) to the

adaxial leaf surface. Imaging or FLIM experiments were done 3–16 h

after induction, depending on the expression level.

Quantification of nuclear bodies

NBs were quantified by expression of translational fusions of PLTs

to mVenus in N. benthamiana after induction with b-estradiol for

exactly 5 h. All image acquisition settings (e.g., laser power, gain,

filter, pixel size, averaging, scan speed) were kept the same for the

analyses of the different PLTs for comparability. Optical z-stacks

containing the whole nuclei were acquired and the number of NBs

per nucleus and the nuclear volumes quantified using Imaris (ver-

sion 9.1.2, Bitplane, Oxford Instruments plc).

SCN staining

Arabidopsis seedlings were grown under continuous light for 5 days

on GM agar plates without sucrose and then transferred on fresh

plates containing additionally 7 µg/ml EdU to continue growing for

24 h. Afterward, we performed an mPS-PI staining like described

before (Truernit et al, 2008). Preliminary to the clearing step, the

EdU-staining was performed. The permeabilization of the cells and

the subsequent staining of EdU-containing DNA with Alexa Fluor�

488 was done as described in the Click-it� EdU Imaging Kits from

InvitrogenTM (Thermo Fisher Scientific Inc.) with adapted incubation

times for Arabidopsis seedlings (permeabilization for 1–2 h and

click-reaction for 1 h). The click-reaction cocktail was prepared

freshly with self-made solutions (Tris buffer with 50 mM Tris and

150 mM NaCl at pH 7.2–7.5; 4 mM CuSO4; 1.5 µM Alexa Fluor� 488

picolyl azide; 50 mM ascorbic acid). The Alexa Fluor� 488 picolyl

azide (Thermo Fisher Scientific Inc.) was added from a 500 µM stock

in DMSO. The ascorbic acid was added last from a freshly prepared

aqueous 500 mM stock solution. After staining was done, the clear-

ing step with chloralhydrate was performed like described before

(Truernit et al, 2008). Images were acquired with a ZEISS LSM880

confocal microscope with imaging acquisition settings as stated

below. z-stacks through the QC-region were recorded to obtain trans-

versal views. To calculate the CSC phenotype, the number of CSC

layers was counted in xy-images of each root. For this, we defined an

intact CSC layer as a stem-cell layer below QC position without any

differentiated cells (visible by no starch-accumulation). Cells in the

layer below QC position containing starch granules were scored as

differentiated, and we therefore score the whole layer as differenti-

ated, even if only some of these cells contain starch.

The QC-division phenotype is the number of EdU-Alexa Fluor�

488-stained cells in the QC, which was counted in the cross-

sectional images up to a maximal number of 4 stained QC cells. In

case of duplicated QC cells as in plt2, plt3 double mutants only one

layer of QC cells, the one with the most QC divisions, was counted

(usually the bottom layer).

The phenotype frequencies of CSC differentiation and QC divi-

sions (Fig 3) where visualized in bar graphs with Excel (Microsoft

Office 365 ProPlus, Microsoft Corporation). In order to correlate the

two investigated phenotypes, we combined the CSC data and the

QC-division data in 2D-plots. The combined QC/CSC-phenotype of

every root was entered in a matrix with QC-divisions on the x- and

CSC layers on the y-axis. 2D plots were created with Origin 2018b

and 2020b (OriginLab Corporation).
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RNA staining

RNA-staining in N. benthamiana epidermal cells was done on

N. benthamiana leaves harboring a construct for a b-Estradiol

inducible PLT3-mVenus expression. 5-ethynyl-20-uridine (EU) was

infiltrated in N. benthamiana leaves the day before staining. The

expression of PLT3-mVenus was induced the next morning, 3 h

before fixation of the plant tissue. For fixation and permeabilization

of cells, pieces of the leaves were cut and treated with 4% (w/v)

paraformaldehyde and 0.5% (v/v) TritonX-100 in PBS under vac-

uum for 1 h. The click-reaction of EU with Alexa Fluor� 555 picolyl

azide was performed similarly to the EdU-Alexa Fluor� 488-staining

described for the SCN staining in this article. A DAPI- counter-

staining was carried out afterward by incubating the leaf pieces

in 0.1 µg/ml DAPI for 30 min. PBS was used as mounting medium

for imaging.

Microscopy

Imaging of Arabidopsis thaliana roots and Nicotiana benthamiana

leaves was carried out with a ZEISS LSM780 or LSM880. Excitation

and detection of fluorescent emission of fluorescent dyes was done

as follows: DAPI was exited at 405 nm and emission was detected

at 408–486 nm, Cerulean was excited at 458 nm and emission was

detected at 460–510 nm; CFP was excited at 458 nm and emission

was detected at 463–547 nm. mVenus was excited at 514 nm and

emission was detected at 517–560 nm, or for co-expression with red

dyes excited at 488 nm and detected at 500–560 nm. YFP was

excited at 514 nm and emission was detected at 518–548 nm. Alexa

Fluor� 488 was excited at 488 nm and emission was detected at

490–560 nm. Alexa Fluor� 555 was excited at 561 nm and emission

was detected at 565–640 nm. PI was excited at 561 nm and emis-

sion was detected at 590–710 nm. FM4-64 was excited at 514 or

561 nm and emission was detected at 670-760 nm. mCherry was

excited at 561 nm and emission was detected at 590–640 nm. Imag-

ing of more than one fluorophore was done in sequential mode to

avoid cross talk. The movie of pPLT3::PLT3-mVenus in a lateral root

primordium was acquired with a MuViSPIM (Luxendo, Bruker) light

sheet microscope equipped with a 40×/0.8 Nikon objective with a

1.5× tube lens on the detection axis to provide a 60× magnification.

Image deconvolution

The microscope images in Fig 5A and C–C0 were deconvolved with

Huygens 16.10.0p3 64b (Scientific Volume Imaging B.V.).

Analyses of expression patterns and levels in Arabidopsis

For the comparison of relative fluorescence levels in the SCN of 5-

day-old Arabidopsis seedlings expressing either transcriptionally FP

tagged PLT3 (pPLT3::erCFP) or translationally FP tagged PLT3

(pPLT3::PLT3-YFP) driven by the endogenous PLT3 promoter in

either the Col wild type or the wox5-1 mutant, images were acquired

with constant settings per FP. A ZEISS LSM880 confocal microscope

was used. The mean fluorescence levels were measured with Fiji

(Schindelin et al, 2012) in equally sized rectangular ROIs including

the QC and CSC positions in the SCN. The thereby generated values

were normalized to the Col mean fluorescence intensity and

visualized in box and scatter plots created with Origin 2018b (Origi-

nLab Corporation).

Images of the root tips of 5 day old Arabidopsis seedlings expres-

sing mVenus-NLS driven by the endogenous WOX5 promoter in Col

and plt2 or plt3-1 single mutants and the plt2,plt3 double mutant

were acquired. Additionally, z-stacks through the QC region of the

roots were recorded to get a transversal view of the QC. The visuali-

zation and counting of nuclei with WOX5 expression (Fig 2) was

done with Imaris (version 9.1.2, Bitplane, Oxford Instruments plc).

Box and scatter plots showing the number of expressing nuclei were

created with Origin 2018b and 2020b (OriginLab Corporation). For

the heat-map images, 10 acquired images were overlaid with Fiji

(Schindelin et al, 2012) and the resulting fluorescence distribution

was displayed with a 16-colors lookup table. To calculate the area

of lateral WOX5 expression in the QC region, a freehand-ROI sur-

rounding the expressing cells was created in every image with Fiji

(Schindelin et al, 2012). The ROI-areas were visualized in box and

scatter plots, and all statistical analyses were carried by using Origin

2018b and 2020b (OriginLab Corporation).

Measurement of PLT3 expression upon WOX5 induction

For qPCR analyses of PLT3 expression after WOX5 induction, Arabi-

dopsis thaliana p35S:WOX5-GR seeds were sterilized, stratified, and

sown on GM plates without sucrose as described above onto a

20 µm nylon mesh for easy and fast transfer. The seedlings were

grown under continuous light conditions at 21°C and 60% humidity

for 5 days. For cycloheximide (CHX) and CHX + dexamethasone

(DEX) treatments, the seedlings were transferred to GM plates with-

out sucrose containing 10 µM CHX (Sigma) for 15 min and then

transferred to GM plates without sucrose containing 10 µM CHX or

10 µM CHX and 20 µM DEX (Sigma), respectively. For DEX induc-

tion tests, seedlings were transferred to GM plates without sucrose

containing 20 µM DEX. As a control, seedlings were transferred to

GM plates without sucrose containing 10 µM DMSO. To ensure

uptake of CHX and/or DEX, seedlings were additionally sprayed

with a solution containing 0.1% Tween-20 and 10 µM CHX or

20 µM DEX or both. Isolation of RNA from roots was performed

with the “RNeasy Plant Mini Kit” (Qiagen). For cDNA synthesis,

1 µg total root RNA per sample was reverse-transcribed using

SuperScript III first strand synthesis kit (Invitrogen) according to the

manufacturer’s protocol. Quantitative real-time PCR (qPCR) was

performed using Luna� Universal qPCR Master Mix (NEB)

according to manufacturer’s instructions on a Stratagene Mx3005P

(Agilent technologies). Data normalization was performed as

described before and ACTIN used as reference gene (Livak &

Schmittgen, 2001). qPCR primers are listed in Appendix Table S13.

F1 generation seeds of a crossing of Arabidopsis lines carrying

35S::WOX5-GFP-GR or pPLT3::erCFP in Col-0 background were

grown as described above at 21°C and continuous light for 5 days.

For DEX induction, seedlings were treated with 20 µM DEX. Images

were taken 4 or 21 h after treatment, respectively. To visualize the

cell walls, seedlings were mounted in 25 µM propidium iodide

staining solution prior to imaging. Imaging was carried out with a

ZEISS LSM780, with two different tracks: Track 1 was used for simul-

taneous detection of GFP and PI with a 488/561 nm beam splitter,

track 2 was used for CFP detection with a 458 nm beam splitter. GFP

was excited at 488 nm and was detected at 500–535 nm and PI was
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excited at 561 nm and was detected at 597–663 nm. CFP was excited

at 458 nm and was detected at 464–509 nm and tracks were

acquired framewise to avoid crosstalk. Laser power and detector

gain were kept the same during the experiment and the same acqui-

sition settings were used for all images. For quantification of fluores-

cence intensities, three different ROIs were chosen with a size of

200 × 150 or 70 × 180 pixels, respectively, and were arranged at the

same location within the root during the experiment. For each ROI,

the ratio of CFP to GFP fluorescence intensity was calculated and

normalized to the control group of the same ROI.

FLIM measurements

FLIM was performed either in N. benthamiana leaf epidermal cells

expressing the desired gene combinations or in roots of 6-10 dag old

Col-0 Arabidopsis seedlings expressing WOX5-mVenus and PLT3-

mCherry with their endogenous promoters. The FLIM measure-

ments of the SCNs in Arabidopsis were performed in LRPs due to

higher fluorescence levels and less movement during measurements

compared to the main RAM. mVenus-tagged proteins were always

used as donor and mCherry-tagged proteins as acceptor for FRET. A

ZEISS LSM 780 was used for the experiments equipped with a time

correlated single-photon counting device (Hydra Harp 400, Pico-

Quant GmbH). The mVenus donor was excited with a linearly polar-

ized diode laser (LDH-D-C-485) at 485 nm and a pulse frequency of

32 MHz. The excitation power was adjusted to 0.1–0.5 µW at the

objective (C-Apochromat 40×/1.2 W Corr M27, ZEISS) for experi-

ments in N. benthamiana and 1.5–2 µW for experiments in Arabi-

dopsis. The higher laser power in Arabidopsis was needed due to

lower fluorescence levels. s-SPAD single photon counting modules

with 2 channel detection units (PicoQuant GmbH) and a bandpass

filter (534/30) were used to detect parallel and perpendicular polar-

ized emission of the mVenus fluorescence. Images were acquired

with a frame size of 256 × 256 pixel, a pixel dwell time of 12.6 µs

and a zoom factor of 8. 40–60 frames were recorded in the

N. benthamiana experiments, 80 frames in the experiments

performed in Arabidopsis.

Fluorescent lifetimes were obtained by further analyses of the

acquired data with SymPhoTime64 (PicoQuant GmbH). The instru-

ment response function (IRF) of the microscope hardware is

needed for fluorescence lifetime calculation to correct the system-

specific internal time lag between laser pulse and data acquisi-

tion. The IRF was recorded preliminary to each experiment by

time-correlated single photon counting (TCSPC) of an aqueous

solution of erythrosine B in saturated potassium iodide. For data

analysis of N. benthamiana experiments, an intensity threshold of

100–200 photons per pixel was applied to remove background

fluorescence and a monoexponential fit was used. Due to low

fluorescence intensities in Arabidopsis experiments, no threshold

was applied to obtain the maximal possible photon number. In

this case, a two-exponential fit was used to separate the mVenus

fluorescence signal from the background fluorescence created by

the plant tissue. This results in two lifetimes whereof one

matches with the mVenus fluorescence lifetime of about 3 ns and

the other representing the very short background lifetime of

< 0.4 ns. All data were obtained in at least two independent

experiments. For visualization of the lifetimes, box and scatter

plots were created with Origin 2020b (OriginLab Corporation).

Lifetime images of representative measurements were created

with a pixel wise FLIM-fit in SymPhoTime64 (PicoQuant GmbH).

The line graph showing the lifetime difference between the bodies

and the nucleoplasm of WOX5-mVenus co-expressed with PLT3-

mCherry was created using Excel (Microsoft Office 365 ProPlus,

Microsoft Corporation).

Statistical testing

Data were tested for normal distribution by Kolmogorov-Smirnov

testing. In case of normal distribution below 0.05 niveau, the data

were subsequently analyzed by one-way ANOVA and post-hoc

Holm–Sidak multiple comparisons test with a = 0.01 to identify sta-

tistically significant differences. In case of non-normal distribution

of the data, the non-parametric Kruskal–Wallis ANOVA with subse-

quent Dunn’s test was used to test for statistical significance

(a = 0.01). Statistical tests were carried out in Origin 2020b (Origi-

nLab Corporation) or in R.

Prediction of protein domains

The PrDs in the WOX5, PLT1, PLT2, and PLT3 aa sequences were

predicted using the PLAAC application (Lancaster et al, 2014). The

nuclear localization signals (NLSs) of WOX5 and the studied PLT pro-

teins were predicted using the cNLS Mapper (Kosugi et al, 2009) for

WOX5 and PLT3 and SeqNLS (Lin & Hu, 2013) for PLT1 and PLT2.

Figure assembly

All figures in this study were assembled using Adobe Photoshop

(Adobe Inc.).

Data availability

No primary datasets have been generated and deposited.

Expanded View for this article is available online.
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Abstract 
In Arabidopsis thaliana, the stem cell niche (SCN) within the root apical meristem 

(RAM) is maintained by an intricate regulatory network that ensures optimal growth 

and high developmental plasticity. Yet, many aspects of this regulatory network of 

stem cell quiescence and replenishment are still not fully understood. Here, we 

investigate the interplay of the key transcription factors (TFs) BRASSINOSTEROID 

AT VASCULAR AND ORGANIZING CENTRE (BRAVO), PLETHORA 3 (PLT3) and 

WUSCHEL-RELATED HOMEOBOX 5 (WOX5) involved in SCN maintenance. 

Phenotypical analysis of mutants involving these TFs uncover their combinatorial 

regulation of cell fates and divisions in the SCN. Moreover, interaction studies 

employing Fluorescence resonance energy transfer fluorescence lifetime imaging 

microscopy (FRET-FLIM) in combination with novel analysis methods, allowed us 

to quantify protein-protein interaction (PPI) affinities as well as higher-order complex 

formation of these TFs. We integrated our experimental results into a computational 

model, suggesting that cell type specific profiles of protein complexes and 

characteristic complex formation, that is also dependent on prion-like domains in 

PLT3, contribute to the intricate regulation of the SCN. We propose that these 

unique protein complex 8signatures9 could serve as a read-out for cell specificity 

thereby adding another layer to the sophisticated regulatory network that balances 

stem cell maintenance and replenishment in the Arabidopsis root. 
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Introduction 

As sessile organisms, plants must cope with environmental challenges and adapt 

their growth and development accordingly, as they cannot escape adverse 

conditions. The root system of higher plants plays a pivotal role for the plant9s 

fitness, as it provides anchorage to the soil and access to water and nutrients. To 

ensure high developmental plasticity, plants maintain a reservoir of stem cells that 

reside in the root apical meristem (RAM) at the tip of the root. In Arabidopsis thaliana 

(A. thaliana), the center of the RAM harbours a group of slowly dividing, pluripotent 

stem cells termed the quiescent centre (QC). The QC exerts two key functions: first 

it produces the surrounding tissue-specific stem cells, also referred to as initials, 

which by asymmetric cell divisions give rise to different cell types from the outside 

to the inside: epidermis/lateral root cap, cortex, endodermis, pericycle and stele, as 

well as the columella at the root tip (Fig. 1 G). Second, the QC serves as signalling 

hub to maintain the surrounding stem cells in a non-cell autonomous manner (Dolan 

et al., 1993; van den Berg et al., 1997; Benfey and Scheres, 2000). The balance 

between QC quiescence and stem cell replenishment has to be maintained 

throughout the entire life cycle of a plant and therefore requires fine-tuned 

regulation, necessitating phytohormones, receptors and their ligands as well as 

several key transcription factors (TFs) (García-Gómez et al., 2021; Strotmann and 

Stahl, 2021).  

The homeodomain TF WUSCHEL-RELATED HOMEOBOX 5 (WOX5) was shown 

to act as a key regulator for stem cell maintenance in the root (Sarkar et al., 2007). 

By repressing CYCLIN D3;3 (CYCD3;3) and CYCLIN D1;1 (CYCD1;1), WOX5 

inhibits periclinal cell divisions in the QC (Forzani et al., 2014). Furthermore, WOX5 

preserves the undifferentiated status of the columella stem cells (CSCs) by 

repressing CYCLING DOF FACTOR 4 (CDF4), which involves the recruitment of 

TOPLESS (TPL) and HISTONE DEACETYLASE 19 (HDA19) (Pi et al., 2015). 

Recent findings suggest that to control the balance between maintaining the stem 

cell fate of CSCs and their differentiation, WOX5 also interacts with the auxin-

dependent APETALA2-type TF PLETHORA 3 (PLT3) (Burkart et al., 2022). The PLT 

gene family comprises six members that are described as master regulators of root 

development (Aida et al., 2004; Galinha et al., 2007; Mähönen et al., 2014). While 

PLT5 and 7 are mainly involved in lateral root development (Hofhuis et al., 2013; Du 

and Scheres, 2017), PLT1-4 are expressed in the main root forming instructive 
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protein gradients that are necessary for correct QC positioning and cell fate 

decisions (Aida et al., 2004; Galinha et al., 2007; Mähönen et al., 2014). 

Interestingly, loss of PLT3 or WOX5 function, as observed in plt3-1 and wox5-1 

mutants, causes an increase of QC divisions (Sarkar et al., 2007; Pi et al., 2015; 

Burkart et al., 2022). This phenotype is even more severe in the plt3 wox5 double 

mutant indicating that PLT3 and WOX5 act in parallel pathways to control stem cell 

maintenance in the root (Burkart et al., 2022).  

In the past decade the brassinosteroids (BRs), a class of phytohormones, were 

described to play an important role in the regulation of the root stem cell niche (SCN) 

maintenance (González-García et al., 2011). In the Arabidopsis RAM, BRs act via 

the R2R3-MYB TF BRASSINOSTEROIDS AT VASCULAR AND ORGANIZING 

CENTRE (BRAVO) which inhibits QC divisions and is negatively regulated by the 

BR-dependent repressor complex formed by BRI1-EMS-SUPPRESSOR 1 (BES1) 

and TPL on transcript and protein level (Vilarrasa-Blasi et al., 2014; Espinosa-Ruiz 

et al., 2017). Recently, the ability of BRAVO to control formative QC divisions was 

linked to WOX5 (Betegón-Putze et al., 2021), as bravo-2 mutants, like wox5-1 

mutants, show an increased frequency of QC divisions (Sarkar et al., 2007; Pi et al., 

2015; Betegón-Putze et al., 2021; Burkart et al., 2022).  

In addition to the described genetic interactions, one-on-one protein-protein 

interactions (PPIs) have been reported for WOX5 and PLT3 as well as for BRAVO 

and WOX5 (Betegón-Putze et al., 2021; Burkart et al., 2022). However, It is still 

unknown whether these TFs can also form higher order complexes. Additionally, it 

remains elusive how these genetic and physical interactions could possibly 

influence the regulation of stem cell maintenance. To unravel the underlying 

interplay of key TFs in the root SCN, we used an integrative experimental and 

computational approach to analyze the protein complex formation between WOX5, 

PLT3 and BRAVO in the cells of the root SCN. Here, we show that cell type specific 

profiles of protein complexes are formed and align their occurrence with 

phenotypical SCN defects of the respective mutants. Moreover, by the deletion of 

specific interaction sites, we could demonstrate that heterodimerization contributes 

to maintaining stem cells in the root. Altogether, our results suggest that these 

unique protein complex 8signatures9 convey cell type specificity and could explain 

the different roles played by BRAVO, PLT3 and WOX5 in root SCN maintenance. 
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Results 

BRAVO, PLT3 and WOX5 exhibit cell type specific differences in protein 
abundance in the root SCN 

First, we analysed the absolute and relative abundance of BRAVO, PLT3 and WOX5 

protein levels in the different cell types found in the SCN of the Arabidopsis root, 

focusing on the stele initials (SIs), QC, CSCs and columella cells (CCs) (Fig. 1 G), 

by measuring the fluorescence intensity of mVenus (mV) in nuclei of the previously 

described pPLT3:PLT3-mV and pWOX5:WOX5-mV translational reporters in Col-0 

WT background (Burkart et al., 2022). Additionally, we generated a stable transgenic 

Arabidopsis line expressing pBRAVO:BRAVO-mV also in the Col-0 WT background. 

We used the same microscopy settings for these quantifications to ensure that the 

detected protein levels are comparable. Consistent with previous findings, BRAVO 

protein levels are highest in the SIs and gradually decrease towards the CCs (Fig. 

1 A, B) (Vilarrasa-Blasi et al., 2014). PLT3 levels are similar in SIs, QC and CSCs, 

but notably lower in the CCs (Fig. 1 C, D). WOX5 protein levels peak in the QC, 

decrease in the adjacent SIs and CSCs and are almost completely absent in CCs 

(Fig. 1 E, F). 

We summarized our findings in a protein abundance profile for each individual cell 

type displaying relative protein levels of BRAVO, PLT3 and WOX5. The protein 

levels are normalized to the overall maximum intensity, which was found for BRAVO 

in SIs (Fig. 1 H). Accordingly, We found that BRAVO is the most abundant protein in 

the SIs, followed by PLT3 and WOX5 in descending order. Conversely, in the QC, 

we observe a contrasting pattern, marked by WOX5 as the most abundant protein, 

followed by PLT3 and BRAVO. PLT3 emerges as the predominant protein in the 

adjacent CSCs, accompanied by low levels of WOX5 and BRAVO protein. In 

differentiated CCs, WOX5 and BRAVO are almost absent and only low levels of 

PLT3 can be found. Interestingly, while all of these regulators are expressed in 

several root SCN cells, our observations reveal quantitative differences in protein 

abundance that can be combined into a cell type specific 8fingerprint9. This provides 

a comprehensive snapshot of the unique protein levels within each cellular context, 

which could act as an instructive output of cell type specification (Fig. 1 H).  
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BRAVO, PLT3 and WOX5 jointly control CSC fate and QC divisions 

Several studies have highlighted the inhibitory effect of BRAVO, PLT3 and WOX5 

on QC divisions and CSC differentiation in the Arabidopsis root (Aida et al., 2004; 

Galinha et al., 2007; Vilarrasa-Blasi et al., 2014; Mähönen et al., 2014; Forzani et 

al., 2014; Pi et al., 2015). While all three proteins have been demonstrated to be 

present in the QC and CSCs, a combinatory effect on QC division and CSC fate has 

only been demonstrated for WOX5 and PLT3 (Burkart et al., 2022) as well as for 

WOX5 and BRAVO (Betegón-Putze et al., 2021). Notably, such interplay has not 

been observed for BRAVO and PLT3, nor for the simultaneous involvement of all 

three proteins.  

To address this, we have performed SCN stainings, that combines 5-ethynyl-29-

deoxyuridine (EdU) and modified pseudo Schiff base propidium iodide (mPS-PI) 

stainings (Burkart et al., 2022), in several single and multiple mutants. This allowed 

us to analyse the differentiation status of the distal meristem, as well as the number 

of QC divisions that occurred within the last 24 h within the same root. To quantify 

CSC layers, the number of cell layers that lack starch granules distally to the QC 

were counted. In Col-0 WT, 68 % of the roots show one CSC layer, whereas only 

2 % of the roots lack the starch-free CSC layer and 30 % show two CSC layers, 

most likely because they have recently divided (Fig. 2 A, B, J, Fig. S1 A). In bravo-

2 and plt3-1 single mutants, the number of roots showing no CSC layer increases 

to 11 % and 12 %, respectively (Fig. 2 C, D, J, Fig. S1 B, C). Interestingly, the 

number of roots displaying no starch-free CSC layer increased to 37 % in bravo plt3 

double mutants (Fig. 2 F, J, Fig. S1 F). This additive effect indicates that PLT3 and 

BRAVO act in parallel pathways to control CSC differentiation. In 53 % of the wox5-

1 mutant roots, the starch-free CSC layer is missing (Fig. 2 E, J, Fig. S1 D), further 

emphasizing the importance of WOX5 for CSC fate (Sarkar et al., 2007; Pi et al., 

2015; Burkart et al., 2022). Additionally, the bravo wox5 and the plt3 wox5 double 

mutants show an even higher percentage of roots lacking the starch-free CSC, 90 % 

and 74 % respectively, compared to the single mutants and the bravo plt3 double 

mutants (Fig. 2 G, H, J, Fig. S1 E, G). On the other hand, the bravo plt3 wox5 triple 

mutant, with 85 % of the roots having a differentiated CSC layer, resembles the 

bravo wox5 and plt3 wox5 double mutants (Fig. 2 I, J, Fig. S1 H). These results 

suggest that BRAVO, PLT3 and WOX5 jointly control CSC fate.  
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Additionally, the quantification of QC divisions was performed by counting the 

number of EdU-stained nuclei within an optical transversal section through the RAM 

as described in (Burkart et al., 2022). QC cells were identified by their relative 

position within the RAM, directly below the vascular initials and surrounded by CEIs 

in a circular arrangement (Fig. 2 K). In the WT, 57 % of the roots do not show any 

QC cell divisions, and 35 % show one QC cell division (Fig. 2 L, T, Fig. S1 A). In 6 % 

and 2 % of the analysed roots, two and three QC divisions could be observed, 

respectively, so that in total 43 % of the analysed roots showed EdU-stained QC 

cells. In bravo-2 and plt3-1 single mutants, the number of roots showing at least one 

EdU-stained QC cell increased to 78 % and 73 %, respectively (Fig. 2 M, N, T, Fig. 

S1 B, C). This phenotype is even more severe in wox5-1 mutants, where at least 

one EdU-stained QC cell could be observed in 86 % of the roots (Fig. 2 O, T, Fig. 

S1 D). Like the above-described additive effects of CSC differentiation in the double 

and triple mutants, the number of roots showing at least one QC cell division 

increases to 100 % and 98 % in the bravo wox5 and plt3 wox5 double mutants, 

respectively (Fig. 2 P-R, T, Fig. S1 E-G). Additionally, the double mutants show a 

strongly increased frequency of four divided QC cells in comparison to the 

respective single mutants: 7 % in the bravo plt3 double mutant, 36 % in the bravo 

wox5 double mutant and 30 % in the plt3 wox5 double mutant in comparison to 3 %, 

0 % and 11 % in the bravo-2, plt3-1 and wox5-1 single mutants, respectively. A 

further increase in EdU-stained QC cells can be observed in the bravo plt3 wox5 

triple mutant where 44 % of the roots display a completely divided QC (Fig. 2 S, T, 

Fig. S1 H). These observations indicate that BRAVO, PLT3 and WOX5 jointly control 

QC divisions, which may also involve other factors, e. g. SHORT-ROOT (SHR) and 

SCARECROW (SCR) (Cruz-Ramírez et al., 2013; Long et al., 2017; Clark et al., 

2020).  

Furthermore, we also examined if the QC exhibits extra periclinal cell divisions, 

which in Col-0 WT occurs only in 4 % of the roots (Fig. S1 I, K). This phenotype 

manifests in 85 % of bravo-2 mutants (Fig. S1 J, K). Additional periclinal cell 

divisions can also be observed in 43 % of plt3-1 single mutants and in 62 % wox5-

1 single mutants (Fig. S1 K). In contrast to the number of EdU-stained QC cells, the 

frequency of periclinal cell divisions are relatively similar in the double or triple 

mutants, with 77 %, 84 %, 79 % and 85 % of the roots showing additional periclinal 

cell divisions of the QC cells in the bravo plt3, bravo wox5, plt3 wox5 and bravo plt3 
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wox5 mutants, respectively (Fig. S1 K). This effect has already been described for 

wox5-1 and bravo-2 single mutants in comparison to the bravo wox5 double mutant 

in earlier studies (Betegón-Putze et al., 2021).  

Taken together, our findings suggest a combinatory effect of BRAVO, PLT3, and 

WOX5 on QC division frequency and CSC fate decision.  

 

BRAVO, PLT3 and WOX5 can form a trimeric complex 

In addition to the observed overlapping yet cell type specific protein levels and the 

genetic interplay of BRAVO, PLT3 and WOX5, recent reports also provide evidence 

for one-on-one PPIs of BRAVO and WOX5, as well as for PLT3 and WOX5 

(Betegón-Putze et al., 2021; Burkart et al., 2022). These findings raised the question 

if also BRAVO and PLT3 could interact. To address this, we first performed 

Fluorescence resonance energy transfer fluorescence lifetime imaging microscopy 

(FRET-FLIM) measurements in transiently expressing Nicotiana benthamiana (N. 

benthamiana) abaxial epidermal leaf cells using BRAVO-mV as donor molecule 

under control of a β-estradiol inducible promoter as described earlier (Burkart et al., 

2022). Results of FRET-FLIM measurements are often displayed as the average 

amplitude-weighted lifetime which is a mixture of differentially decaying components 

and is calculated by summing each component9s lifetime weighted by its respective 

amplitude. In case of FRET, the fluorescence lifetime decreases and serves as a 

measure for PPI. This reduction of lifetime results either from a large number of 

molecules that undergo FRET indicating a high affinity of the two proteins of interest 

(POIs) or a highly efficient energy transfer which demonstrates high proximity of the 

POIs and/or favourable fluorophore dipole orientation (Fig. 3. A, B). The use of a 

novel analysis method allowed us to distinguish between these two scenarios, 

providing deeper insights into protein affinities, hereafter referred to as 8binding9, 

between BRAVO, PLT3 and WOX5 (Maika et al., 2023).  

The reference sample BRAVO-mV (donor-only control) shows an average binding 

of 2.3 ± 7.4 % (Fig. 3 C) and the negative control composed of BRAVO-mV co-

expressed with mCherry-NLS shows a binding of 8.8 ± 4.3 % (Fig. 3 C). A binding 

of below 10 % is interpreted as no interaction (Maika et al., 2023), cohering with the 

reference and negative control samples. Upon co-expression of BRAVO-mV with 

PLT3-mCh, the binding increases to 28.0 ± 11.7 % (Fig. 3 C). To compare this 

observation with already confirmed interactions of BRAVO with WOX5 (Betegón-
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Putze et al., 2021), as well as with BES1 or TPL (Vilarrasa-Blasi et al., 2014), we 

co-expressed BRAVO-mV with WOX5-mCh or TPL-mCh, which results in binding 

values of 22.4 ± 14.1 % and 26.7 ± 9.8 %, respectively (Fig. 3 C). Interaction of 

BRAVO with BES1 was tested by co-expression of BRAVO-mV with BES1D-mCh, 

which was shown to mimic the dephosphorylated and thereby active form of BES1 

and yielded an average binding of 27.4 ± 11.9 %. This suggests similar affinities of 

BRAVO towards PLT3, BES1 and TPL, but a lower affinity towards WOX5 (Fig. 3 

C). 

These findings together with previously described interactions of WOX5 with PLT3, 

TPL or BES1, as well as BES1 and TPL, prompted us to investigate, whether these 

TFs can also form higher-order complexes (Vilarrasa-Blasi et al., 2014; Espinosa-

Ruiz et al., 2017; Betegón-Putze et al., 2021; Burkart et al., 2022). To address this, 

we used a combination of bimolecular fluorescence complementation (BiFC) and 

FRET (Fig. 4 A, B) (Kwaaitaal et al., 2010; Maika et al., 2023). Here, the donor 

fluorophore is split into two fragments: the N-terminal part of mVenus (mV(N)) and 

the C-terminal part (mV(C)). The interaction of WOX5 and PLT3, which has been 

described earlier (Burkart et al., 2022), has been shown to have a high affinity 

(Supplemental table S13). This is why we have chosen to tag WOX5 and PLT3 with 

mV(N) and mV(C), respectively. In this scenario, the interaction of WOX5 and PLT3 

leads to the reconstruction of mV and restores its fluorescence, enabling us to 

perform FRET-FLIM when co-expressing another acceptor-labelled protein. The 

8donor only9 reference sample WOX5-mV(N) PLT3-mV(C) yields an average binding 

of 1.6 ± 14.1 %, and the negative control WOX5-mV(N) PLT3-mV(C) with mCherry-

NLS shows an average binding of 2.9 ± 5.0 % (Fig. 4 C). Upon co-expression of 

BES1D-mCh or TPL-mCh, the binding significantly increases to 18.7 ± 8.0 % and 

23.3 ± 8.3 %, respectively (Fig. 4 C). Notably, in the presence of BRAVO-mCh, the 

average binding strongly increases to 36.3 ± 10.7 % (Fig. 4 C). Thus, the 

heterodimer of WOX5 and PLT3 shows higher affinity to BRAVO, which could 

suggest an increased probability and stability of the trimeric complex composed of 

WOX5, PLT3 and BRAVO compared to WOX5, PLT3 and BES1D, or TPL.  

To gain further insights into the potential of trimeric complex formation, we 

conducted additional FRET-FLIM measurements in N. benthamiana with rearranged 

fluorescent tags. Here, the donor fluorophore is shared between BRAVO and PLT3, 

namely BRAVO-mV(N) and PLT3-mV(C), which also showed high affinity (Fig. 3). 
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The 8donor only9 reference sample BRAVO-mV(N) PLT3-mV(C) exhibits an average 

binding of 2.2 ± 3.6 % (Fig. S2). The negative control composed of BRAVO-mV(N) 

PLT3-mV(C) and mCherry-NLS shows a similar average binding of 3.2 ± 3.1 % (Fig. 

S2). Surprisingly, co-expression of BES1D-mCh yields an average binding of only 

10.2 ± 5.9 % (Fig. S2), indicating that a trimeric complex composed of BRAVO, PLT3 

and BES1D is unlikely to form. Contrary, the co-expression of TPL-mCh or WOX5-

mCh leads to a significantly increased average binding of 21.1 ± 8.3 % and 

29.8 ± 10.6 %, respectively (Fig. S2). This again suggests that a trimeric complex 

formed by BRAVO, PLT3 and WOX5 is more stable and occurs with a higher 

probability. Taken together, these findings reveal the formation of several 

combinations of protein multimers with different probabilities of occurrence as 

judged by their binding capacities. Here, the complex composed of BRAVO, PLT3 

and WOX5 seems to be the most frequent and stable.  

 

Modelling reveals cell type specific TF complex compositions 

Our results reveal distinct, cell type specific patterns of protein abundance for 

BRAVO, PLT3 and WOX5 in the root SCN (Fig. 1) along with the formation of diverse 

heterodimers with varying binding affinities as well as higher-order complexes in N. 

benthamiana (Fig. 3, Fig. 4, Fig. S2). The protein complexes formed in the cells of 

the root SCN are ultimately a result of the cell type specific protein levels and the 

binding affinities between the proteins. This raises the question whether 

dimerization and complex formation in the context of the root apex also display cell 

type specificity, and how this is influenced by the protein levels in each cell of the 

SCN (Fig. 1). For example, BRAVO protein levels in the QC are notably lower 

compared to PLT3 or WOX5 (Fig. 1 H), yet its consequence on protein complex 

formation remains undetermined. While the FRET-FLIM approach could in theory 

be used to investigate the formation of dimer- and oligomerization in Arabidopsis 

root cells, previous efforts to assess the interaction of PLT3 and WOX5 under the 

control of their endogenous promoter in roots have been challenging due to limited 

protein abundance and, consequently, low photon counts (Burkart et al., 2022). This 

is a limitation difficult to overcome without altering the endogenous protein levels. 

Therefore, as an alternative to identify potential TF specificity and cell type specific 

complexes in the root SCN, we use a two-step mathematical modelling approach 

that combines the endogenous protein abundances (Fig.1) with the binding 
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probabilities for one-on-one PPIs and trimeric protein complexes (Fig. 3, Fig. 4, Fig. 

S2).  

First, we performed a parameter analysis to predict the relative association and 

dissociation rates to form the WOX5-PLT3, BRAVO-PLT3, BRAVO-WOX5 

heterodimers, and the WOX5-PLT3-BRAVO trimeric complex. For the trimeric 

complex, we evaluate its formation via WOX5-PLT3 and BRAVO-PLT3 as donors 

(Fig. 4, Fig. S2). We start our simulations with equal levels of both donor and 

acceptor as initial condition, to mimic the conditions in the N. benthamiana 

experiments. Then, we simulate the protein complex formation using association 

and dissociation rates from a wide range of possible parameter values, until a steady 

state is reached. For each parameter combination tested, we evaluated if the 

proportion of protein in complex in steady state corresponds to the value from the 

respective relative binding affinity determined with our experiments. Repeating this 

parameter estimation for each of the protein complexes under study, allows us to 

identify several parameter combinations capable of producing protein complexes in 

line with FRET-FLIM experimental data (Fig. S3, Fig. S4). The predicted parameter 

combination for protein complexes with a high binding affinity (i.e. WOX5-PLT3) fall 

in the space where association rates are higher than the dissociation rates (Fig. S3), 

in contrast to lower binding affinity complexes (i.e. BRAVO-WOX5). These 

determined parameters allow us to describe our binding experimental data in a 

computational model. 

Next, we simulated the protein complexes formed by BRAVO, WOX5 and PLT3 in 

each of the cells of the root SCN. For this, we use as initial condition the values from 

the relative fluorescence intensities we quantified for BRAVO, PLT3 and WOX5 in 

the SI, QC, CSC, and CC (Fig. 1 H), and the association/dissociation rates per 

complex from our parameter analysis. Therefore, the cell type specific profiles of 

protein complexes predicted by modelling are the emergent result of how much 

protein is available in each cell type and the binding affinities between specific 

protein pairs and complexes (Fig. 5). We summarized these results in a radar chart 

where the level of each protein complex is arranged in a different radial axis and 

displayed free protein levels that remain after complex formation separately as bar 

plots (Fig. 5 A, B). Furthermore, we combined these results in a heat map (Fig. 5 

C). Additionally, we performed several controls that assume different combinations 

of experimental data, both binding affinities and cell type specific protein 
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abundances, and varying ratios of association and dissociation (Fig. S5, Material 

and Methods). Interestingly, results comparable to our model were only observed in 

control 2, assuming higher association and dissociation rates, which indicates 

higher association also in our experimental data.  

Our simulation reveals that SIs are characterized by high levels of BRAVO-PLT3 

protein complex (Fig. 5 A, C). The QC cells are predicted to be enriched in the 

WOX5-PLT3 complexes, followed closely by the CSC. Such enrichment could be 

related to the previously described function of the WOX5-PLT3 complex in QC 

divisions and CSC maintenance (Burkart et al., 2022). However, predictions of the 

trimeric complex WOX5-PLT3-BRAVO displays only intermediate levels in both the 

SI and the QC. Finally, the CCs are predicted to have negligible levels of all protein 

complexes studied, consistent with the very low BRAVO, PLT3, and WOX5 protein 

levels present in these cells according to our quantification (Fig. 1). Notably, these 

protein complex 8signatures9 are strikingly different in each of the simulated cells and 

the resulting polygons are unique for each cell type (Fig. 5 A), which might be related 

to their specific function.  

Curiously, the levels of free protein also show cell type specific patterns, that allow 

to further distinguish between SIs, QC and CSCs (Fig. 5 B, C). SIs are enriched in 

free BRAVO, while the QC shows high levels of free WOX5. Both, CSCs and CCs, 

exhibit high levels of PLT3. It is interesting to consider that these free proteins could 

participate in both, binding other proteins not considered here, and/or intercellular 

movement, assuming an increased mobility if the protein is not in complexes (Fig. 5 

B, C). For instance, the levels of free WOX5 in the QC cells could constitute a pool 

of free protein available for intercellular mobility towards the neighbouring CSCs as 

previously described (Pi et al., 2015). In summary, these results support the 

hypothesis that complex formation, especially heterodimerization, occurs in a cell 

type specific context. 

 

Prion-like domains of PLT3 serve as conserved interaction hub 

After we have found evidence for the formation of TF complexes with cell type 

dependent variations, we asked whether these complexes are important for root 

SCN maintenance. To address this, we aimed to destabilize the interaction of these 

TFs by mutating their specific interaction sites and observe if this altered protein can 

still rescue the phenotypical defects in the SCN. First, we explored the literature to 
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identify potential interaction sites of BRAVO, PLT3 and WOX5. Previous studies 

have shown that prion-like domains (PrDs) in PLT3 mediate the interaction with 

WOX5 (Burkart et al., 2022). PrDs are intrinsically disordered regions (IDRs) and 

serve not only as mediators of multivalent interactions, but have also been 

demonstrated to be involved in chromatin opening (Levy et al., 2002) and phase 

separation (Jung et al., 2020). Given the presence of PrDs also in PLT1, PLT2 and 

PLT4, albeit in lower numbers (Burkart et al., 2022), we hypothesized that these 

regions function as conserved interaction sites. Thus, we performed FRET-FLIM 

measurements to investigate how the deletion of PLT3 PrDs, termed PLT3ΔPrD, 

affects its interaction with BRAVO. The 8donor only9 reference control BRAVO-mV 

yields an average binding of 1.7 ± 4.6 %, which increases to 3.9 ± 2.4 % in the 

presence of mCherry-NLS serving as negative control (Fig. 6). Upon co-expression 

of BRAVO-mV with PLT3-mCh the binding significantly increases to 22.8 ± 10.5 % 

(Fig. 6). However, BRAVO-mV co-expressed with PLT3ΔPrD-mCh yields an 

average binding of only 11.7 ± 9.6 %, suggesting that the deletion of the PrDs 

significantly reduces the interaction of PLT3 with BRAVO. 

To further support our hypothesis that the PrDs in PLTs act as conserved interaction 

site, we investigated whether PLT3 also interacts with BES1 and TPL, which were 

shown before for to interact with BRAVO and WOX5 (Vilarrasa-Blasi et al., 2014; Pi 

et al., 2015; Betegón-Putze et al., 2021) and if this interaction can also be altered 

by the deletion of PLT3 PrDs. To address this, we conducted FRET-FLIM in the 

presence of an acceptor-labelled PLT3 or PLT3ΔPrD. For the donor only reference 

control measurements BES1D-mV, an average binding of 0.0 ± 6.3 % could be 

observed which increases to 16.9 ± 8.1 % in the presence of PLT3-mCh indicating 

PPI (Fig. S6 A). However, co-expression of BES1D-mV with PLT3ΔPrD-mCh shows 

a reduced binding of 8.4 ± 4.8 % which is not significantly different from the negative 

control BES1D-mV with mCherry-NLS exhibiting an average binding of 4.9 ± 6.5 % 

(Fig. S6 A). The reference control TPL-mV exhibits an average binding of 0.6 ± 5.5 

%, increasing to 6.4 ± 2.4 % when co-expressed with the negative control mCherry-

NLS (Fig. S6 B). Upon co-expression of TPL-mV with PLT3-mCh, the average 

binding significantly increases to 13.5 ± 4.3 %, suggesting a moderate interaction of 

TPL with PLT3 (Fig. S6 B). Similar to BES1, the interaction of TPL and PLT3 is also 

abolished by the deletion of PrDs, demonstrated by a significantly decreased 

average binding of 8.99 ± 5.26 % for TPL-mV with PLT3ΔPrD-mCh (Fig. S6). In 



 

97 
 

summary, these findings support the idea that the PrDs of PLT3 serve as a 

conserved interaction site for numerous TFs present in the root SCN.  

 

Redistribution of TF complexes alters regulation of QC divisions 

Next, we aimed to analyse the functional relevance of the eliminated or reduced 

interaction of PLT3 with other TFs present in the Arabidopsis root by deleting its 

PrDs. To address this, we created two transgenic Arabidopsis lines, using either full-

length PLT3 or PLT3ΔPrD C-terminally tagged with mTurquoise2 (mT2) in 

combination with the dexamethasone (DEX) inducible glucocorticoid receptor (GR) 

in the plt3-1 mutant background. Using the WOX5 promoter allowed us to 

specifically investigate how the loss of PLT3 PrD influences QC maintenance. These 

lines were named pWOX5:GR-PLT3-mT2 (pWOX5:iPLT3) and pWOX5:GR-

PLT3ΔPrD-mT2 (pWOX5:iPLT3ΔPrD). Finally, we performed a SCN staining and 

investigated if the QC exhibits additional periclinal cell divisions after inducing the 

plants by DEX treatment or in the presence of dimethyl sulfoxide (DMSO), which 

serves as a control (Fig. 7 A-I).  

Under control conditions, only 27 % of Col-0 WT roots show additional periclinal cell 

divisions in the QC, which does not change significantly in the presence of DEX (Fig. 

7 A, E, I). In agreement with previous observations (Burkart et al., 2022), plt3-1 

single mutant roots show additional periclinal cell divisions in the QC of 73 % under 

control conditions and 87 % after induction with DEX (Fig. 7 B, F, I). In pWOX5:iPLT3 

and pWOX5:iPLT3ΔPrD transgenic lines, 83 % and 94 % of the roots exhibit a 

periclinal cell division in the QC under control conditions, respectively, which is even 

higher than the plt3-1 single mutant (Fig. 7 C, D, I). However, in the presence of 

DEX, only 67 % of the roots expressing pWOX5:iPLT3 show this phenotype, 

indicating that full-length PLT3 in the QC partially restores the plt3-1 periclinal cell 

division phenotype (Fig. 7 G, I). Contrary, the observed overproliferated phenotype 

that we see under control conditions in pWOX5:iPLT3ΔPrD mutant roots, is 

unaffected in the presence of DEX, indicating that the PrDs of PLT3 are necessary 

to inhibit additional periclinal QC divisions and thereby contribute to PLT3 function 

in root SCN maintenance (Fig. 7 H, I). 

After observing the reduced affinity of PLT3ΔPrD for BRAVO and WOX5, and that it 

was unable to rescue SCN defects in plt3-1 single mutants, we decided to use our 

computational model to predict immediate changes in the protein complex 
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'signatures' in the root SCN that may have contributed to this failed rescue. Thus, 

we simulated the protein complex formation in the SI, QC, CSC, and CC as 

described before but set the association rate of PLT3ΔPrD-WOX5 to zero (Burkart 

et al., 2022) and use the binding affinity we have determined experimentally for 

PLT3ΔPrD-BRAVO (Fig. 6 and S6). This leads to a dramatic shift in the protein 

complex 8signatures9 of the root SCN cells (Fig. 7 J-L). The elimination of WOX5-

PLT3 dimer formation causes a redistribution of PLT3 and WOX5 to the other protein 

complexes and an increase of free PLT3 and WOX5 protein levels in the SI and the 

QC cells, as well as higher levels of free PLT3 in the CSC (Fig. 7 J, K). While the 

BRAVO-PLT3 complex can still be formed, it is noticeably reduced in the SI, QC and 

CSC cells. Furthermore, the BRAVO-WOX5 complex levels increase in the SI and 

QC cells. Surprisingly, the profile of the trimeric complex shows only minor 

disruptions in the modelled cells. Therefore, even if the WOX5-PLT3 protein 

complex cannot be formed due to the removal of PLT3 PrDs, the trimeric complex 

can still be formed by the association of WOX5 with the BRAVO-PLT3 protein 

complex. Altogether, our PLT3ΔPrD simulation provides insights into the alterations 

on cell type specific protein levels that could be causative for defects observed 

experimentally in the root SCN.   
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Discussion 

In the past decades, our understanding of stem cell function and maintenance in the 

root of Arabidopsis has witnessed significant advances. Various aspects, including 

hormonal, developmental, as well as stress-related mechanisms have been 

discovered (Nolan et al., 2020; García-Gómez et al., 2021; Ubogoeva et al., 2021; 

Strotmann and Stahl, 2021). However, the underlying intricate network of molecular 

factors, still remains largely enigmatic. In this study, we aimed to unravel a new 

aspect of the regulatory network that controls root SCN maintenance, related to 

protein complex formation.  

By utilizing a distinct SCN staining technique (Burkart et al., 2022), we assessed 

phenotypical defects in the architecture of the Arabidopsis root SCN of several 

single and multiple mutants (Fig. 2). We observed an increased CSC differentiation 

and an elevated periclinal QC division frequency in the SCN of plt3-1 mutants 

(Burkart et al., 2022). The observed phenotypes agree with previous observations, 

and their relatively moderate phenotypic manifestation can be attributed to the 

substantial redundancy within the PLT TF family (Galinha et al., 2007; Burkart et al., 

2022). Moreover, these observations are consistent with a uniform PLT3 protein 

abundance in SIs, QC and CSCs (Fig. 1). Compared to plt3-1 single mutants, we 

could observe a stronger effect for QC division frequency in bravo-2 single mutants 

but a similar mild phenotype for CSC differentiation. Again, these results are 

supported by the observed protein levels: Although BRAVO is most abundant in SIs, 

it can also be found in the QC, whereas it is notably reduced in CSCs. wox5-1 single 

mutants show a severely defective root SCN, as demonstrated by the loss of CSCs 

and greatly increased periclinal QC divisions, as described before (Sarkar et al., 

2007; Cruz-Ramírez et al., 2013; Pi et al., 2015; Betegón-Putze et al., 2021; Burkart 

et al., 2022). Similar to PLT3 and BRAVO, these phenotypes correlate with high 

WOX5 protein levels in the QC and less protein in the CSC where WOX5 was shown 

to move to (Pi et al., 2015; Berckmans et al., 2020). 

In the bravo plt3, bravo wox5, and plt3 wox5 double mutants, we observed an 

increase in both QC division frequency and CSC differentiation, that were 

consistently higher than the respective single mutants. For PLT3 and WOX5 such 

additive effects have been described before and were hypothesized to show that 

they act in parallel pathways to maintain the integrity of the root SCN (Burkart et al., 

2022). However, previous findings suggest that BRAVO and WOX5 act in the same 
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pathway to control CSC fate and QC divisions based on quantifications of additional 

periclinal cell divisions (Betegón-Putze et al., 2021). We could observe similar 

effects when analysing periclinal cell divisions in the QC but using a novel SCN 

staining technique, we observed additive effects for QC division alterations in the 

bravo wox5 double mutant compared to the respective single mutants (Fig. 2, Fig. 

S1). Our findings suggest the presence of an additional pathway that involves 

BRAVO and PLT3. Moreover, this indicates that these TFs could act in three 

independent constellations to regulate SCN maintenance. However, in the bravo 

plt3 wox5 triple mutant, an additional additive effect could only be observed for QC 

divisions but not for CSC differentiation. A potential interpretation of these results is 

that none of these TFs is involved in an additional pathway to control CSC 

differentiation. However, they may partially contribute to other pathways that inhibit 

QC divisions. Additional functions in other independent pathways have already been 

described for WOX5 in the SHR-SCR regulatory network (Cruz-Ramírez et al., 

2013; Zhai et al., 2020; Clark et al., 2020). Additionally, TEOSINTE-

BRANCHED/CYCLOIDEA/PCNA 20 (TCP20) was found to mediate the interaction 

of PLT3 and SCR, to specify the QC and establish the root SCN (Shimotohno et al., 

2018). If and to what extent these molecular factors genetically interact with other 

TFs in the SCN, will be an interesting perspective for future investigations. 

In addition to the identified genetic interplay of BRAVO, PLT3 and WOX5 regarding 

root SCN maintenance, we were able to evaluate their physical interaction (Fig. 3, 

Supplementary Table S13). While interactions of PLT3 and WOX5 as well as 

BRAVO and WOX5, have been described before (Betegón-Putze et al., 2021; 

Burkart et al., 2022), evidence for an interaction of PLT3 and BRAVO was still 

missing. Our results reveal for the first time PPI between BRAVO and PLT3 as well 

as between PLT3 and BES1 and TPL (Fig. 3, Fig. S6). Together with previously 

described, independent one-on-one interactions, these findings support the 

hypothesis of three parallel pathways that control CSC differentiation and QC 

divisions in parallel. Furthermore, the observed variations of stability and probability 

of occurrence as indicated by a special analysis tool (Orthaus et al., 2009; Maika et 

al., 2023), could indicate a specific mechanism that facilitates the interaction of two 

POIs in a highly dynamic microenvironment, where the number of proteins is 

generally high, such as in the QC. (Fig. 1).  
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Next, the combination of BiFC and FRET allowed us to investigate the formation of 

higher-order complexes (Fig. 4, Fig. S2). Like in the one-on-one interaction studies, 

we found differences in protein affinities of the complexes under investigation. Here, 

the trimeric complex formed by WOX5-PLT3-BRAVO appeared to be the most 

abundant and stable. The heterodimerization of transcriptional regulators increases 

binding specificity and affinity and allows the combination of different internal as well 

as external signal inputs into gene regulation (Strader et al., 2022). This idea is 

reinforced when considering that both the auxin-regulated WOX5 and BR-

dependent BRAVO have been demonstrated to control the same cell cycle-related 

genes (CYCD1;1, CYCD3;3) (Forzani et al., 2014; Vilarrasa-Blasi et al., 2014). So 

far, cell cycle-related downstream targets of PLT3 remain unknown. Further 

investigations are necessary to uncover potentially common downstream targets of 

BRAVO, PLT3 and WOX5. 

To elaborate on differences in protein abundance and complex formation in cells of 

the root SCN, we used a computational modelling approach. This strategy allowed 

us to describe cell type specific protein complex profiles in WT roots (Fig. 5). Here, 

the combination of high levels of the BRAVO-PLT3 heterodimer and high levels of 

free BRAVO appears to be characteristic for stele initials. Interestingly, BRAVO 

protein abundance not only decreased when moving distally from the SIs, but also 

in proximal direction (Fig. 1). However, alterations of SCN defects in bravo-2 single 

mutants had only been evaluated for CSC differentiation and QC division. New 

phenotypical analyses are necessary to determine whether SIs and their 

descendants are also affected upon loss of BRAVO function.  

Our simulations of protein 'signatures' revealed that both, QC as well as CSC, are 

enriched in the WOX5-PLT3 heterodimer, which aligns with their previously 

described impact on QC divisions and CSC differentiation (Burkart et al., 2022). 

However, the protein 'signatures' of QC and CSC could be distinguished when free 

protein levels were considered. In the QC, our model predicted high protein levels 

of free WOX5, while CSCs were predicted to possess higher levels of PLT3. Several 

studies highlighted the elevated abundance of WOX5 in the QC, which could be 

either linked to interactions with other proteins not analysed here or its non-cell 

autonomous function in the adjacent initials, although its necessity as mobile 

stemness factor is still under debate (Pi et al., 2015; Berckmans et al., 2020). The 

predicted high levels of PLT3 protein in CSCs might be linked to nuclear body (NB) 
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formation of PLT3, which was linked to its PrDs and is concentration dependent and 

may involve PLT3 homomerization. This mechanism could facilitate the recruitment 

of the WOX5-PLT3 heterodimer into these pre-formed NBs, as demonstrated 

previously (Burkart et al., 2022). 

In CCs, the absence of BRAVO and WOX5 hinders complex formation, resulting in 

high levels of free PLT3. However, compared to CSC PLT3 levels are notably lower 

accompanied with loss of NBs formation. This implies that a specific protein 

concentration is required to initially trigger NB formation highlighting the difference 

between differentiated CCs and the stem cell fate determination process in CSCs. 

Based on our results, we created a final model that summarizes the described 

protein 8signatures9 (Fig. 8). Here, SIs are characterized by high levels of free 

BRAVO protein and the heterodimer BRAVO-PLT3. QC cells and CSCs possess 

elevated levels of the WOX5-PLT3 heterodimer, which is accompanied by high 

levels of free WOX5 in the QC and high levels of free PLT3 in CSC. In CCs, complex 

formation is hindered by negligible levels of BRAVO and WOX5, resulting in elevated 

levels of free PLT3. All together our findings imply the formation of dimers that 

together with differences of free protein levels convey cell type specificity in the root.  

In the future, it should be addressed how the predicted protein complex 8signatures9 

drive changes in gene expression, including BRAVO, PLT3, and WOX5, but also 

other target genes, and how this relates to QC division and CSC number alterations 

in single and multiple mutants. As a next step, the model could also consider the 

complex gene regulatory networks in the root SCN (Cruz-Ramírez et al., 2012; 

García-Gómez et al., 2017; Pardal and Heidstra, 2021), the role of cell-cell mobility 

of free protein (Mähönen et al., 2014; Pi et al., 2015; García-Gómez et al., 2020; 

Betegón-Putze et al., 2021), the presence of membrane-less compartments to 

account for the localization of WOX5-PLT3 in nuclear bodies in the CSC (Burkart et 

al., 2022) and other key regulatory processes involved. The integration of 

experimental and computational approaches holds promise to uncover these 

complex mechanisms underlying root SCN maintenance. 

To investigate the impact of heterodimer- and oligomerization on root SCN 

maintenance, we aimed to identify potential interaction sites in the BRAVO, PLT3 or 

WOX5 amino acid sequence. Previous studies revealed that PrDs found in PLT3 act 

as mediator of its interaction with WOX5 (Burkart et al., 2022). PrDs are also present 

in PLT1,2 and 4 which is also accompanied by NB formation. However, PLT3 



 

103 
 

harbours the highest number of PrDs, which correlates with stronger NB formation 

compared to PLT1, 2 and 4. Here, we demonstrated that loss of PrDs also negatively 

influences PLT3 interaction with BRAVO, BES1 and TPL (Fig. 6, Fig. S6). These 

findings suggest that PrDs act as a multivalent interaction hub, which could also 

indicate a conserved function among other PLTs.  

In a rescue experiment, we could demonstrate that the PrDs of PLT3 affect its ability 

to inhibit periclinal QC divisions by demonstrating that PLT3ΔPrD, expressed in the 

QC, is unable to rescue the plt3-1 periclinal QC division phenotype (Fig. 7). This 

indicates that correct dimer- and oligomerization is necessary for proper QC 

maintenance. We integrated our findings of diminished interactions of PLT3ΔPrD 

with BRAVO and WOX5 to our model and found a severe shift of protein complex 

8signatures9, especially for the WOX5-PLT3 dimer in the QC and CSCs. This further 

strengthens our hypothesis that the protein complexes form instructive protein 

signatures important for cell fate decisions in the Arabidopsis root SCN. 

Interestingly, full-length PLT3 under control of the WOX5 promoter only partially 

rescues the plt3-1 periclinal QC division phenotype. This emphasizes that functional 

PLT3 is also necessary to locally maintain CSC fate and repress differentiation as 

the QC divides to replenish lost CSCs (Cruz-Ramírez et al., 2013). Furthermore, 

this could indicate a specific function for PLT3 in the CSC fate, as the presence of 

other PLTs was not able to fully compensate for the loss of PLT3. Previous findings 

in yeast suggest that differences in IDRs mediate specificity of transcription factors 

that share the same DNA-binding motif (Brodsky et al., 2020). This is often observed 

among TFs that belong to the same family. If a similar mechanism also exists in 

plants, this could suggest that PLT3 function in CSC fate is specifically linked to its 

PrDs and that, due to their differentially structured PrDs, the other PLTs cannot 

compensate for this specific function. Additionally, this could indicate that mobile 

PLT3 which might move from the QC to CSC is not enough to maintain CSC stem 

cell character. 

IDRs or PrDs also play a role in a recently described alternative mechanism of how 

TF find and locate to their specific DNA target (Staller, 2022). Indeed, the majority 

of TF found in eukaryotes is mainly composed of IDRs and only a small fraction of 

the protein sequence is well-characterized (Ward et al., 2004; Wang et al., 2016). 

According to this theory, IDRs of TFs scan the genome for matching protein clouds 

which mediate binding of the DNA-binding domain to its specific genomic target site 
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(Staller, 2022). TFs possess two main functions: bind other TFs and bind to their 

specific DNA target to alter gene expression (Strader et al., 2022). Some TFs 

possess an additional important role; pioneer transcription factors, like LEAFY (Lai 

et al., 2021; Jin et al., 2021), bind to nucleosome bound DNA, open the target locus, 

e.g. by displacing H1 linker histones and/or recruiting chromatin remodellers, and 

make it accessible for other TFs. In plants, the concept of pioneer transcription 

factors is a newly emerging research field, but studies in animals suggest, that 

8master regulators9 appear to be promising candidates for pioneer transcription 

factors (as reviewed in Yamaguchi, 2021). The identification of IDRs and/or PrDs, 

that possess the ability to facilitate multivalent interaction and have been shown to 

act in chromatin opening (Levy et al., 2002), together with high redundancy within 

the PLT TF family, their role as master regulators of root formation and the stable 

protein abundance in the SCN, especially in cells that possess stem cell character, 

could indicate that also PLTs act as pioneer transcription factors in the root SCN. 

Interestingly, DNA affinity purification-sequencing (DAP-seq) results found PLT3, as 

well as PLT7, to be highly enriched in mCG-methylated DNA, providing yet another 

hint for this theory (O'Malley et al., 2016). Nevertheless, more evidence is necessary 

to further support the potential function of PLTs as pioneer transcription factor in root 

SCN maintenance.  

Overall, our results suggest that BRAVO, PLT3 and WOX5 form cell type specific 

profiles of protein complexes and that proper complex formation contributes to 

optimal stem cell maintenance. Furthermore, we propose that these unique protein 

complex signatures serve as a read-out for cell specificity and could explain the 

different roles played by BRAVO, PLT3 and WOX5 in the regulation of stem cell 

homeostasis in the root.  
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Material and Methods 

Plant work 

All Arabidopsis thaliana lines used in this study were in Col-0 background and can 

be found in Appendix Table S5. The wox5-1 and plt3-1 single mutants (Galinha et 

al., 2007) as well as the bravo-2 single mutant (Vilarrasa-Blasi et al., 2014) and 

bravo-2 wox5-1 double mutant (Betegón-Putze et al., 2021) were described before. 

The bravo-2 plt3-1 double and bravo-2 plt3-1 wox5-1 triple mutants were created by 

crossings. Homozygous F3 plants were verified by PCR using appropriate primers 

(Appendix Table S2). Transgenic lines were created by the floral dip method (Zhang 

et al., 2006). The pPLT3:PLT3-mV and pWOX5:WOX5-mV translational reporters in 

Col-0 WT background were described earlier (Burkart et al., 2022). For 

pBRAVO:BRAVO-mVenus, pWOX5:GR-PLT3-mTurquoise2, and pWOX5:GR-

PLT3ΔPrD-mTurquoise2 transgenic plants, lines were selected, that possess a 

single T-DNA insertion, which was tested by observing the segregation on selection 

marker containing plates. Plants for crossing, genotyping, transformation, floral dip 

and amplification were grown under long-day conditions (8 h dark, 16 h light) at 

21 °C and 60 % humidity. For microscopy, seeds were sterilized with chlorine gas 

(50 ml 13 % sodium hypochlorite (v/v), 1 ml hydrochloric acid) in a desiccator, 

mounted in 0.15 % (w/v) agarose and stratified in the dark at 4 °C for minimum two 

days before sowing on GM agar plates without sucrose (1/2 MS including Gamborg 

B5 vitamins, 1.2 % plant agar (w/v) and 0.05 % MES hydrate (w/v)). Seedlings for 

imaging were grown for five to six days under continuous light at 80 µmol m-2 s-1, 

21 °C and 60 % humidity. 

 

Cloning 

Plasmids for the transgenic lines pBRAVO:BRAVO-mVenus, pWOX5:GR-PLT3-

mTurquoise2 and pWOX5:GR-PLT3ΔPrD-mTurquoise2 as well as for transient 

expression in N. benthamiana were generated using the GreenGate cloning method 

in the pGGZ001 destination vector (Lampropoulos et al., 2013). The region of the 

WOX5 promoter, the CDS of WOX5, PLT3 and PLT3ΔPrD CDS as well as WOX5, 

PLT3 and PLT3ΔPrD constructs for transient expression in N. benthamiana were 

described before (Burkart et al., 2022). The region upstream of the transcriptional 

start of BRAVO (2,925 bp) (Lee et al., 2006) was assigned as promoter and 
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amplified by PCR with appropriate primers containing flanking BsaI restriction sites 

and matching overlaps for GreenGate cloning. The internal BsaI recognition site in 

the BRAVO promoter region was not removed, but incubation times for restriction 

digestion and GreenGate reaction were adapted accordingly. After PCR, the 

promoter sequence was cloned into the GreenGate entry vector pGGA000 using 

BsaI restriction and ligation. The CDS of BRAVO and TPL were amplified from cDNA 

derived from extracted RNA by PCR using primers carrying the BsaI recognition site 

and matching GreenGate overhangs. Next, they were cloned into the GreenGate 

entry vector pGGC000 via restriction digest and ligation. All entry vectors were 

confirmed by sequencing. The GreenGate entry vector carrying the β-estradiol 

inducible promoter cassette was provided by (Denninger et al., 2019). For 

bimolecular fluorescence complementation, the GreenGate M and N intermediate 

vectors, each of which carried one expression cassette, were used. The correct 

assembly of the modules was confirmed by sequencing. All module combinations, 

constructs as well as primers used for cloning are listed in Appendix Tables S4, S3, 

and S1, respectively. 

 

SCN staining 

SCN staining was performed according to (Burkart et al., 2022). For CSC layer 

quantification, optical longitudinal sections of the Arabidopsis root were acquired. 

The cell layer below the QC was scored as differentiated if three or more cells in this 

layer accumulated starch granules. QC cell divisions were quantified using an 

optical cross-section of the RAM on a scale of zero to four or more cells. If the QC 

was duplicated and showed two layers, as often seen for bravo-2 mutants, only QC 

divisions in the upper layer were counted. 

The CSC layer and QC cell division phenotypes were visualized separately in bar 

plots using Microsoft Excel (Microsoft Office 365, Microsoft Corporation). To assess 

potential correlations between CSC layers and QC divisions, data were combined 

into 2D-plots showing QC division on the x-axis and CSC layer on the y-axis using 

Origin 2021b (OriginLab Corporation). 

 

Transient expression in Nicotiana benthamiana 

For transient expression in N. benthamiana, the Agrobacterium strain 

GV3101::pMP50 was used that in addition to the plasmid harbouring the desired 
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construct, carried the helper plasmid pSOUP needed for GreenGate vectors. 

Agrobacteria were grown overnight in 5 ml dYT medium at 28 °C with shaking. After 

centrifugation for 10 min at 4,000 rpm and 4 °C, the pellet was resuspended in 

infiltration medium (5 % sucrose (w/v), 0.01 % MgSO4 (w/v), 0.01 % glucose (w/v) 

and 450 µM acetosyringone) to an optical density OD600 of 0.6 and mixed with an 

Agrobacterium strain carrying the p19 silencing repressor and eventually with a 

second Agrobacterium strain carrying a different construct for co-expression. 

Subsequently, the cultures were incubated for 1 h at 4 °C. To trigger stomatal 

opening and thereby allow easy infiltration, N. benthamiana plants were sprayed 

with water and kept under high humidity prior to infiltration. The abaxial side of the 

leaf was infiltrated using a syringe without a needle. Expression was induced 2-4 

days after infiltration by spraying a 20 µM β-estradiol solution containing 0.1 % 

Tween®-20 (v/v) to the abaxial side of the leaf. Depending on the expression level, 

FLIM measurements were performed 2-16 h after induction.  

 

Microscopy 

Imaging of Arabidopsis thaliana roots was performed using an inverted ZEISS 

LSM780 or LSM880. For cell wall staining, Arabidopsis seedlings were mounted in 

an aqueous solution of propidium iodide (PI) (10 µM). Fluorophores and fluorescent 

dyes were excited and detected as follows: PI was excited with 561 nm and detected 

at 590-670 nm; Alexa Fluor® 488 was excited at 488 and detected at 500-580 nm; 

mVenus was excited at 514 nm and detected at 520-570 nm and mCherry was 

excited at 561 nm and detected at 580-680 nm. When mVenus was co-expressed 

with mCherry, it was excited at 488 nm and detected at 505-555 nm. 

 

Intensity measurements of protein levels in A. thaliana 

For analysis of expression levels of different reporters in 6 DAG Arabidopsis roots 

of different genotypes, an inverted LSM880 microscope with constant settings for all 

reporters was used. The mean fluorescence levels were measured in ImageJ using 

an oval region of interest (ROI) of the size of one nucleus. One to three nuclei were 

measured per cell type and root of which the mean was calculated. Data were 

normalized to mean value of the combination cell type and reporter that yielded the 

highest intensity. Data result from three technical replicates. 
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Induction of GR inducible Arabidopsis lines 

For the plt3-1 rescue experiments, seeds were sown on GM agar plates without 

sucrose (1/2 MS including Gamborg B5 vitamins, 1.2 % plant agar (w/v) and 0.05 % 

MES hydrate (w/v)) containing either 0.1 % DMSO (v/v) for control condition or 20 

µM DEX (diluted in DMSO) for GR induction. After 5 days, seedlings were 

transferred to GM agar plates without sucrose containing 7 µg/ml 5-ethynyl-2'-

deoxyuridine (EdU) and either 0.1 % DMSO (v/v) or 20 µM DEX (diluted in DMSO) 

and grown for 24 h. SCN staining, imaging and scoring of QC divisions and CSC 

layers were performed as described above.  

 

FRET-FLIM measurements 

FRET-FLIM measurements were performed in transiently expressing epidermal leaf 

cells of 3 to 4 weeks old N. benthamiana using an inverted ZEISS LSM 780 

equipped with additional time-correlated single-photon counting devices (Hydra 

Harp 400, PicoQuant GmbH) and a pulsed laser diode. mVenus was chosen as 

donor and excited at 485 nm with 1 µW laser power at the objective (40 x C-

Apochromat/1.2 Corr W27, ZEISS) and a frequency of 32 MHz and detected using 

two τ-SPAD single photon counting detectors in perpendicular and parallel 

orientation. Photons were collected over 40 frames at 256x256 pixels per frame, a 

pixel dwell time of 12.6 µs and a digital zoom of 8. Prior to image acquisition, a 

calibration routine was performed. To test system functionality, fluorescence 

correlation spectroscopy (FCS) measurements of deionized water and 

Rhodamine110 were acquired. Additionally, monitoring the decay of erythrosine B in 

saturated potassium iodide served as instrument response function (IRF) to correct 

the fitting for system specific time shift between laser pulse and data acquisition.  

First, fluorescence decays of the donor-only control were analysed using the 

8Grouped FLIM9 analysis tool to determine the average fluorescence lifetime using 

a mono- or biexponential fitting model (SymPhoTime, PicoQuant GmbH). Next, to 

extract information about protein affinities and proximities, the 8Grouped LT FRET 

Image9 tool was utilized for a monoexponentially decaying donor and the 8One 

Pattern Analysis (OPA)9 tool was used for samples with a biexponentially decaying 

donor (SymPhoTime, PicoQuant GmbH). These tools allow separate analyses of 

the amplitude and fluorescence lifetime of the FRET fraction of each sample. 

Consequently, the amplitude of the FRET component serves as a measure for the 
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number of molecules undergoing FRET, termed binding or protein affinity, whereas 

the difference of the fluorescence lifetime of the FRET component compared to the 

lifetime of the donor-only fraction is used to calculate the FRET efficiency which 

serves as a measure for protein proximity and orientation (Maika et al., 2023). For 

samples where molecules do not undergo FRET e.g., the donor-only and negative 

control, binding values mostly varied between - 10 and 10 % and corresponding 

FRET efficiencies mostly accumulated at 10 or 80 %, which was defined during the 

fitting process (Maika et al., 2023).  

 

Statistical tests 

Data were tested for normal distribution by Shapiro test (α = 0.05) followed by a 

Levene9s test for equality of variances (α = 0.05). Since some data did not show 

normal distribution or equality of variances or both, all data sets were tested with a 

non-parametric Kruskal-Wallis ANOVA with post-hoc Dunn9s test (α = 0.05). 

Statistical testing was performed using R.  

 

Protein complex modelling 

To estimate the relative association and dissociation rates for each of the dimeric 

and trimeric complexes studied here, we used the following ordinary differential 

equations: 

 

(1) ��ý�� = � ∙ ý ∙ � 2 � ∙ �ý 

(2) �ý�� = � ∙ �ý 2 � ∙ ý ∙ � 

(3) ���� = � ∙ �ý 2 � ∙ ý ∙ � 

 

where DA is the protein complex formed by donor protein D and acceptor protein A. 

Using these equations, we simulated that the amount of protein complex, DA, is 

determined by the product of the association rate (a), the concentrations of donor, 

D, and acceptor, A, proteins, and how much it dissociates given a certain 
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dissociation rate (d). To explain the relative binding affinity values determined 

experimentally for each dimeric and trimeric protein complex, we assessed 

association and dissociation rates involved in the protein complex formation from a 

wide range (0 – 0.5 arbitrary units, step 0.001), and simulated the protein complex 

AB formation until a steady state was reached. We deemed a particular combination 

of association and dissociation rates successful if they produce a value of AB at 

steady state in line with the relative binding affinity rates. In this way, we were able 

to predict relative binding rates for the dimeric and trimeric protein complexes 

studied here.  

Next, we simulated the protein complex formation in the cells of the root SCN 

using the following ordinary differential equations to describe the formation of each 

dimeric and trimeric complex: 

 

(4) �þÿÿ5�� = �þ�ýýÿþÿÿ5 ∙ þ�ýýÿþÿÿ5 + �þÿÿ5Ā��3 ∙ þÿÿ5Ā��3 + �þÿÿ5Ā��3þ�ýýÿ2∙ þÿÿ5Ā��3þ�ýýÿ 2þÿÿ5 ∙ (�þ�ýýÿþÿÿ5 ∙ þ�ýýÿ + �þÿÿ5Ā��3∙ Ā��3 + �þÿÿ5Ā��3þ�ýýÿ2 ∙ þ�ýýÿĀ��3) 
(5) �þ�ýýÿ�� = �þ�ýýÿþÿÿ5 ∙ þ�ýýÿþÿÿ5 + �þ�ýýÿĀ��3 ∙ þ�ýýÿĀ��3+ �þÿÿ5Ā��3þ�ýýÿ1 ∙ þÿÿ5Ā��3þ�ýýÿ 2 þ�ýýÿ ∙ (�þ�ýýÿþÿÿ5∙ þÿÿ5 + �þ�ýýÿĀ��3 ∙ Ā��3 + �þÿÿ5Ā��3þ�ýýÿ1 ∙ þÿÿ5Ā��3) 
(6) �Ā��3�� = �þ�ýýÿĀ��3 ∙ þ�ýýÿĀ��3 + �þÿÿ5Ā��3 ∙ þÿÿ5Ā��3 2 Ā��3 ∙ (�þ�ýýÿĀ��3∙ þ�ýýÿ + �þÿÿ5Ā��3 ∙ þÿÿ5) 
(7) �þÿÿ5Ā��3�� = �þÿÿ5Ā��3 ∙ þÿÿ5 ∙ Ā��3 2 �þÿÿ5Ā��3 ∙ þÿÿ5Ā��32 �þÿÿ5Ā��3þ�ýýÿ1 ∙ þÿÿ5Ā��3 ∙ þ�ýýÿ + �þÿÿ5Ā��3þ�ýýÿ1∙ þÿÿ5Ā��3þ�ýýÿ 

(8) 
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�þ�ýýÿĀ��3�� = �þ�ýýÿĀ��3 ∙ þ�ýýÿ ∙ Ā��3 2 �þ�ýýÿĀ��3 ∙ þ�ýýÿĀ��32 �þÿÿ5Ā��3þ�ýýÿ2 ∙ þÿÿ5Ā��3 ∙ þ�ýýÿ + �þÿÿ5Ā��3þ�ýýÿ2∙ þÿÿ5Ā��3þ�ýýÿ 

(9) �þ�ýýÿþÿÿ5�� = �þ�ýýÿþÿÿ5 ∙ þ�ýýÿ ∙ þÿÿ5 2 �þ�ýýÿþÿÿ5 ∙ þ�ýýÿþÿÿ5 

(10) �þÿÿ5Ā��3þ�ýýÿ�� = �þÿÿ5Ā��3þ�ýýÿ1 ∙ þÿÿ5Ā��3 ∙ þ�ýýÿ + �þÿÿ5Ā��3þ�ýýÿ2∙ þ�ýýÿĀ��3 ∙ þÿÿ52þÿÿ5Ā��3þ�ýýÿ ∙ (�þÿÿ5Ā��3þ�ýýÿ1 + �þÿÿ5Ā��3þ�ýýÿ2) 
         

Notice the trimeric complex can be formed either by the binding of BRAVO to WOX5-

PLT3, or WOX5 to BRAVO-PLT3. Then, we modelled the protein complexes formed 

in the cells of the root SCN using equations 4-10 and the relative protein levels of 

WOX5, BRAVO and PLT3 determined for SI, QC, CSC, and CC cells as initial 

condition. As several sets of binding rates were predicted per complex, for these 

simulations we used one selected at random. Notably, the specific parameters used 

for the results we present here do not change the protein complex signatures 

predicted by the model (Fig. S4). 

To evaluate the effect in our model of both, the cell type specific protein levels as 

well as differential binding affinities are necessary for our model, we performed 

different control simulations. On the one hand, we tested the effect of equal 

association/dissociation rates (� = � = 0.1), higher association than dissociation 

rate (� = 0.1, � = 0.05), and lower association than dissociation (� = 0.05, � = 0.1) 

for all protein complexes using our experimental protein level quantification in the 

SI, QC, CSC and CC displayed as Control 1-3, respectively (Fig. S5). On the other 

hand, we consider an alternative scenario where all proteins have the same 

abundance levels, while the association/dissociation rates are based on our binding 

data (Control 4, Fig. S5). Finally, we consider the scenarios where the control 

conditions meet pairwise: Control 5 is a combination of equal 

association/dissociation rate together with the assumption of equal protein 
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abundances among cell types and proteins. In Control 6, the equality of protein 

levels is combined with higher association than dissociation rates. Finally, Control 7 

combines lower association that dissociation rates with equal protein abundances 

(Fig. S5). Notably only control 2, which uses experimentally determined protein 

abundances together with a higher association than dissociation rate, produced 

results comparable to our model. Thus, leading to the conclusion that also in our 

experimental data, association rates must be higher than dissociations rates. 

Moreover, this indicates a key role of the protein levels in each cell in the resulting 

protein complex and free protein signatures. In all other cases, we could observe 

strikingly different protein complex 8signatures9 to those we described with the model 

that uses our experimental data, indicating that our findings result from the 

combination of experimentally determined specific protein levels and binding 

affinities. 

The code for the computational model generated in this study was implemented in 

R, and will be available at the Garcia Group webpage in the server of the Theoretical 

Biology and Bioinformatics Group (https://bioinformatics.bio.uu.nl/monica/Cell type-

specific-complex-formation-of-key-transcription-factors-in-the-root-SCN) and in 

GitHub (https://github.com/moneralee/Cell type-specific-complex-formation-of-key-

transcription-factors-in-the-root-SCN) upon publication. 
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Figure 1: Abundance of BRAVO, PLT3 and WOX5 in the Arabidopsis RAM. 
Representative images of translational reporter of A) BRAVO, C) PLT3 and E) 
WOX5 in wildtype Col-0 background in the RAM as well as the cell type specific 

quantification of mVenus (mV) fluorescence intensity in B) for BRAVO, D) for PLT3 

and F) for WOX5. G) Schematic overview of the organisation of the Arabidopsis 

RAM. The different cell types are represented by different colours. QC: red, cortex 

endodermis initial: dark blue, endodermis: mid blue, cortex: light blue, stele initials 

(SI): green, stele: light green, lateral root cap/epidermis initial: purple, epidermis: 

light purple, lateral root cap: light yellow, columella stem cell (CSC): orange and 

columella cell (CC): light orange. Starch granules are visualised as black dots. H) 
Bar plot representing the mean fluorescence intensities of mV in BRAVO, PLT3 or 

WOX5 translational reporters in SIs, QCs, CSCs and CCs normalized to the 

maximum intensity found for BRAVO in SIs. Error bars display standard deviation. 

Cell walls were stained using PI and are shown in white, expression of TF is 

visualized by mVenus in cyan (BRAVO), pink (PLT3) or orange (WOX5). Scalebars 

represent 10 µm.   
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Figure 2: BRAVO, PLT3 and WOX5 jointly regulate CSC differentiation and QC 
quiescence. A) Schematic representation of a longitudinal section of the 

Arabidopsis RAM. Red: QC, blue: CEI, dark orange: CSC, light orange: CC. B-I) 
Representative images of the mutant CSC phenotype in the indicated mutant 

background after combined mPSPI (white) EdU (purple) staining. The position of 

the QC is indicated by a red arrowhead and the CSC layer is marked with an orange 

arrowhead. Scale bars represent 20 µm. J) Quantification of SCN staining displaying 

0, 1, 2 or 3 layers of CSC. The number of analyzed roots for each genotype is 
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indicated above each bar and results from to 3-5 technical replicates. K) Schematic 

representation of a transversal section of the Arabidopsis RAM. QC cells are 

highlighted in red and CEIs are displayed in blue. L-S) Representative images of 

optical cross sections of the Arabidopsis RAM in the indicated mutant background. 

The combined mPSPI/EdU staining reveals the cells that have divided within 24 h. 

QC is highlighted in yellow. Scale bars represent 5 µm T) Quantification of SCN 

staining displaying 0, 1, 2, 3 or 4 or more QC divisions. The number of analyzed 

roots for each genotype is indicated above each bar and result from to 3-5 technical 

replicates.  
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Figure 3: BRAVO interacts with PLT3, WOX5, BES1D and TPL. A) A reduction of 

fluorescence lifetime as a consequence of FRET can either be a result of a highly 

efficient energy transfer indicating close proximity or B) a high affinity of the two 

proteins. Figure created with BioRender.com and modified from (Maika et al., 2023). 

C) Upper panel: Representative images of fluorescence lifetime imaging 

microscopy (FLIM) measurements of nuclei in N. benthamiana epidermal leaf cells 

after pixel-wise mono- or biexponential fitting. The fluorescence lifetime of the donor 

BRAVO-mV in absence or presence of the indicated acceptor (of mCherry-NLS, 

PLT3-mCh, BES1D-mCh, WOX5-mCh or TPL-mCh) is color-coded: blue (2.5) refers 

to low fluorescence lifetime [in ns], red (3.1) indicates high fluorescence lifetime [in 

ns]. Scale bars represent 6 µm. Lower panel: Binding values [%] are represented 

as purple box plots of the same samples as in the upper panel. Statistical groups 

were assigned after a non-parametric Kruskal-Wallis ANOVA with post-hoc Dunn9s 

test (α = 0.05). Mean values are visualised as red squares. Black dotted line 

indicates the Binding cut-off of 10 %. Number of analysed nuclei is indicated below 

each sample and results from 3-5 technical replicates. Partially created with 

BioRender.com.   
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Figure 4: Trimeric complex formation of WOX5 and PLT3 with BRAVO, BES1D 
and TPL. A) The combination of BiFC-FRET allows the detection of higher-order 

complexes. Here, the two fragments of a split donor fluorophore are fused to two 

proteins of interest (POI), while a third POI is fused to the acceptor. B) In case of 

trimeric complex formation, the donor molecule is reconstructed and transfer energy 

to the acceptor molecule by FRET after excitation. Created with BioRender.com and 

modified from (Strotmann and Stahl, 2022). C) Upper panel: Representative 

images of fluorescence lifetime imaging microscopy (FLIM) measurements of nuclei 

N. benthamiana epidermal leaf cells after pixel-wise mono- or biexponential fitting. 

The fluorescence lifetime of the donor WOX5-mV(N)/PLT3-mV(C) in absence or 

presence of the indicated acceptor (mCherry-NLS, BES1D-mCh, BRAVO-mCh or 

TPL-mCh) is color-coded: blue (2.5) refers to low fluorescence lifetime [in ns], red 

(3.1) indicates high fluorescence lifetime. Scale bars represent 6 µm. Lower panel: 
Binding values [%] are represented as purple boxplots of the same samples as in 

the upper panel. Statistical groups were assigned after non-parametric Kruskal 

Wallis ANOVA with post-hoc Dunn9s test (α = 0.05). Mean values are visualised as 

red squares. Black dotted line indicates the Binding cut-off of 10 %. Number of 

analysed nuclei is indicated below each sample and results from 2-3 technical 

replicates. Partially created with BioRender.com.  
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Figure 5. In silico prediction of protein complex signatures in the WT root SCN. 
A) Radar plot showing the levels of heterodimers and trimeric complex of WOX5, 

PLT3 and BRAVO formed in the SI (purple), QC (blue), CSC (green) and CC 

(yellow). The radial axis shows the protein levels (in arbitrary units). B) Free WOX5, 

PLT3 and BRAVO protein in each of the simulated root SCN cells. C) Heatmap 

showing the protein complexes and free protein in the cells of WT simulation. High 

concentrations are displayed in red, low concentration are displayed in blue. SI: 

stele initals; QC: quiescent center; CSC: columella stem cells; CC: columella cells. 
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Figure 6: PrDs of PLT3 stabilize interaction with BRAVO. Upper panel: 
Representative images of fluorescence lifetime imaging microscopy (FLIM) 

measurements of nuclei in N. benthamiana epidermal leaf cells after pixel-wise 

mono- or biexponential fitting. The fluorescence lifetime of the donor BRAVO-mV in 

absence or presence of the indicated acceptor (mCherry-NLS, PLT3-mCh or 

PLT3dPrD-mCh) is color-coded: blue (2.5) refers to low fluorescence lifetime [in ns], 

red (3.1) indicates high fluorescence lifetime. Scale bars represent 6 µm. Lower 
panel: Binding values [%] are displayed as purple box plots of the same samples 

as the upper panel. Statistical groups were assigned after non-parametric Kruskal 

Wallis ANOVA with post-hoc Dunn9s test (α = 0.05). Mean values are visualised as 

red squares. Black dotted line indicates the Binding cut-off of 10 %. Number of 

analysed nuclei is indicated below each sample and results from 2-3 technical 

replicates.  
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Figure 7. PLT3 PrDs inhibit periclinal QC divisions and in silico predicted 
protein complex signatures in the root SCN. Representative images of the 
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Arabidopsis root meristem showing additional periclinal cell divisions in the QC in 

the absence A-D) or presence E-H) of DEX in the indicated genetic background. 

Divided QCs are highlighted with orange arrows. Scalebars represent 20 µm. I) 
Quantification of periclinal cell divisions when roots are treated with DMSO or DEX. 

Number of analysed roots is indicated above each bar and results from three 

replicates. J) Radar plot showing the levels of heterodimers and trimeric complex 

between WOX5, PLT3 and BRAVO formed in the stele initials (purple), QC (blue), 

CSC (green) and CC (yellow). K) Free WOX5, PLT3 and BRAVO protein in each of 

the simulated root SCN cells. L) Heatmap showing the protein complexes and free 

protein in the cells of WT and PLT3ΔPrD simulations, the profiles are visibly different 

with a marked increase in free PLT3 in the CSC. High concentrations are displayed 

in red, low concentration are displayed in blue. SI: stele initials; QC: quiescent 

center; CSC: columella stem cells; CC: columella cells.  



 

128 
 

 

Figure 8: Model of protein signatures and complexes in the root SCN. The 

nuclei of different cell types (SI, QC, CSC, CC) show distinct protein profile of free 

BRAVO (turquoise), PLT3 (magenta), and WOX5 (orange) protein levels and main 

complexes (gray and insets). The size of the pie chart reflects the overall protein 

concentration in the nuclei of the specific cell type from high concentration (big) to 

low concentration (small). Created with BioRender.com. 
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Figure S1: Elevated QC division frequencies negatively correlate to the 
number of CSC layers. A-H. 2D histograms visualizing the combined results of the 

SCN staining in the respective genotype showing the number of CSC layers on the 

y-axis and QC divisions on the x-axis. Darker colours correspond to a higher number 

of roots showing the phenotype. Number of analysed roots per genotype (biological 
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replicate) is indicated in each graph and results from 3-5 technical replicates. I. 
Close-up of the QC in the Col-0 WT and J. in the bravo-2 mutant showing an 

additional periclinal cell division plane (white arrowhead). K. Quantification of 

periclinal cell division planes in the different mutants.  
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Figure S2: Trimeric complex formation of BRAVO and PLT3 with WOX5, 
BES1D and TPL. Upper panel: Representative images of fluorescence lifetime 

imaging microscopy (FLIM) measurements in N. benthamiana epidermal leaf cells 

after a pixel-wise mono- or biexponential fit. The fluorescence lifetime of the donor 

BRAVO-mV(N) PLT3-mV(C) in presence or absence of the indicated acceptor is 

color-coded: blue (2.5) refers to low fluorescence lifetime [in ns], red (3.0) indicates 

high fluorescence lifetime. Scale bar represents 6 µm. Lower panel: Binding [%] 

(magenta) for BRAVO-mV(N) PLT3-mV(C) with or without co-expression of 

mCherry-NLS, WOX5-mCh, BES1D-mCh or TPL-mCh. Statistical groups were 

assigned after a non-parametric Kruskal Wallis ANOVA with post-hoc Dunn’s test (α 

= 0.05). Black dotted line indicates the Binding cut-off of 10 %. Number of analysed 

nuclei is indicated below each sample and results from 3-4 technical replicates. 
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Figure S3: Association and dissociation parameters predicted for the 
heterodimers and trimeric complex modelled. For each protein complex studied 

we show the combination of association and dissociation parameters (colored area) 

that can produce the protein complex formation in agreement with the binding 

affinities described experimentally.  
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Figure S4: Robustness of the protein complex cell signatures. Simulations of 

the formation of protein complexes in the cells of the root stem cell niche using 100 

different association and dissociation parameter sets. The resulting levels of each 
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simulation for WOX5-PLT3, BRAVO-PLT3, BRAVO-WOX5 and WOX5-PLT3-

BRAVO in each cell type are shown, indicating they are robust to the specific 

parameters used in the simulations. Mean values shown in red.  
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Figure S5:Controls for in silico prediction of protein complex signatures in the 
WT root SCN. For Control 1-3, the experimentally determined protein abundances 

were used, combined with the assumptions that association and dissociation rates 

are equal, a higher association and a higher dissociation rate, respectively. For 

Control 4, experimentally determined association and dissociation rates were used 

in combination with equal protein abundances among all cell-types and TFs. 

Controls 5-7 combine equal protein levels with assumed association/dissociation 

rates from Control 1-3, respectively. Heatmap showing the protein complexes and 

free protein in the cells of WT simulation. High concentrations are displayed in red, 

low concentration are displayed in blue. SI: stele initals; QC: quiescent center; CSC: 

columella stem cells; CC: columella cells.  
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Figure S6: Interaction of PLT3 with BES1D and TPL depends on PrDs found in 
PLT3. Upper panels: Representative images of fluorescence lifetime imaging 

microscopy (FLIM) measurements in N. benthamiana epidermal leaf cells after a 

pixel-wise mono- or biexponential fit. The fluorescence lifetime of the donor BES1D-
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mV (A) or TPL-mV (B) in presence or absence of the indicated acceptor is color-

coded: blue (2.5) refers to low fluorescence lifetime [in ns], red (3.1) indicates high 

fluorescence lifetime. Scale bar represents 6 µm. Lower panels: Binding [%] 

(magenta) for BES1D-mV (A) or TPL-mV (B) with or without co-expression of 

mCherry-NLS, PLT3-mCh or PLT3dPrD-mCh. Statistical groups were assigned 

separately for experiments with BES1D-mV and TPL-mV after a non-parametric 

Kruskal Wallis ANOVA with post-hoc Dunn’s test (α = 0.05). Black dotted line 

indicates the Binding cut-off of 10 %. Number of analysed nuclei is indicated below 

each sample and results from 2-3 technical replicates.  
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Table S1: List of primers used for cloning. Italic bases represent overhangs and BsaI 
recognition sites necessary for GreenGate cloning. 

Gene identifier alias Primer name 

O
rie

nt
at

io
n 

Sequence 5’-3’ orientation 

Promoter modules 

AT5G17800 BRAVO 
VS_GG_pBRAVO_F F AAAGGTCTCAACCTCCACTAACCATTTCGTAA 

VS_GG_pBRAVO_R R AAAGGTCTCATGTTGTTTCTGGTTTAGGGATTA 

CDS in C modules 

AT1G19350 BES1 
VS_GG_BES1D_CDS_F F 

AAAGGTCTCAGGCTTAATGACGTCTGACGGAGCAA

C 

VS_GG_BES1D_CDS_R R AAAGGTCTCACTGAACTATGAGCTTTACCATTTCC 

AT5G17800 BRAVO 
RD_GG_BRAVO F F AAAGGTCTCAGGCTTAATGAATCCAAATC 

RD_GG_BRAVO R R AAAGGTCTCACTGAGGAAGCTCCAAC 

AT1G15750 TPL 
VS_GG_TPL_CDS_F F AAAGGTCTCAGGCTTAATGTCTTCTCTTAG 

VS_GG_TPL_CDS_R F AAAGGTCTCACTGATCTCTGAGGCTG 

 

Table S2: List of primers used for genotyping. 

Gene ID SALK ID alias 

Primer 

O
rie

nt
at

io
n 

Name Sequence 5’-3’ 

AT5G17800 SALK_062413 bravo-2 
F VS_bravo-2_F TCCCTTAATCCCTAAACCCAGC 

R VS_bravo-2_R CCTGATGCAAGGGTACTATCG 

AT3G11260 SALK_038262 wox5-1 
F GK_WOX5 F AAACAGTTGAGGACTTTACATCTGA 

R WOX5 R CGGATAATATGTCATAATTCAAAAT 

AT5G10510 SALK_127417 plt3-1 
F GK_PLT3L TTGTGATTTGCCATTGACTAAAGGT 

R GK_PLT3R GAAAACAGTCCAATGGTCTCACATC 
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Table S3: List of entry vectors used for GreenGate cloning. 

Name 
Module 
(Backbone) Insert Reference 

pGGB002 B Omega element 

(Lampropoulos et al. 
2013) 

pGGD007 D Linker-NLS 

pGGE009 E UBIQUITIN 10 terminator 
pGGF002 F BASTA resistance 

pGGG001 G Adapter 
pGGG002 G Adapter 
pGGM000 M Empty intermediate vector 
pGGN000 N Empty intermediate vector 
pGGZ001 Z Empty destination vector 
pRD42 C mVenus 

(Burkart et al. 2022) 

pRD43 D mVenus 

pRD53 D mCherry 

pRD45 A WOX5 promoter 
pRD40 C WOX5 CDS 

pRD41 C PLT3 CDS 

pRD65 B Glucocorticoid receptor 
pRD101 C PLT3dPrD 

pPD161 A Ubi-XVE oLexA-35S (Denninger et al. 2019) 
pVS125 A BRAVO promoter 

This study 
pRD135 C BRAVO CDS 

pVS191 C BES1D 

pVS84 C TPL 

pJM81 D mVenus(N) (Maika et al. 2023) pJM82 D mVenus(C) 
pBLAD011 D mTurquoise2  
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Table S4: List of expression vectors for stable transformation of A. thaliana or transient 
transformation of N. benthamiana generated in this study. 

Pl
as

m
id

 ID
 

Construct 

GreenGate module 

R
es

is
ta

nc
e 

A B C D E F Z 

pV
S1

33
 

pBRAVO:BRAVO-

mV 

BRAVO 

promoter 

Ω element 

(pGGB002) 
BRAVO  mVenus 

UBQ10 

terminator 

(pGGE009) 

BASTA R 

(pGGF002) 
pGGZ001 Spec 

pV
S1

39
 

Inducible BES1D-

mVenus 

Ubi-XVE 

oLexA-

35S 

Ω element 

(pGGB002) 
BES1D mVenus 

UBQ10 

terminator 

(pGGE009) 

BASTA R 

(pGGF002) 
pGGZ001 Spec 

pV
S1

40
 

Inducible BES1D-

mCherry 

Ubi-XVE 

oLexA-

35S 

Ω element 

(pGGB002) 
BES1D mCherry 

UBQ10 

terminator 

(pGGE009) 

BASTA R 

(pGGF002) 
pGGZ001 Spec 

pV
S1

41
 

Inducible 

BRAVO-mVenus 

Ubi-XVE 

oLexA-

35S 

Ω element 

(pGGB002) 
BRAVO mVenus 

UBQ10 

terminator 

(pGGE009) 

BASTA R 

(pGGF002) 
pGGZ001 Spec 

pV
S1

42
 

Inducible 

BRAVO-mCherry 

Ubi-XVE 

oLexA-

35S 

Ω element 

(pGGB002) 
BRAVO mCherry 

UBQ10 

terminator 

(pGGE009) 

BASTA R 

(pGGF002) 
pGGZ001 Spec 

pV
S1

43
 

Inducible TPL-

mCherry 

Ubi-XVE 

oLexA-

35S 

Ω element 

(pGGB002) 
TPL mCherry 

UBQ10 

terminator 

(pGGE009) 

BASTA R 

(pGGF002) 
pGGZ001 Spec 

pV
S8

5 Inducible TPL-

mVenus 

Ubi-XVE 

oLexA-

35S 

Ω element 

(pGGB002) 
TPL mVenus 

UBQ10 

terminator 

(pGGE009) 

BASTA R 

(pGGF002) 
pGGZ001 Spec 

pV
S1

54
 

Inducible WOX5-

mVenus(N) 

Ubi-XVE 

oLexA-

35S 

Ω element 

(pGGB002) 

WOX5 mVenus(N) UBQ10 

terminator 

(pGGE009) 

- 

pGGM000 Kan 

pV
S1

56
 

Inducible PLT3-

mVenus(C) 

Ubi-XVE 

oLexA-

35S 

Ω element 

(pGGB002) 

PLT3 mVenus(C) UBQ10 

terminator 

(pGGE009) 

BASTA R 

(pGGF002) 

pGGN000 Kan 

pV
S1

63
 

Inducible WOX5-

mVenus(N)/ 

Inducible PLT3-

mVenus(C) 

pVS154 + pVS156 

pGGZ001 Spec 

pV
S1

67
 

Inducible nuclear 

localized mCherry 

Ubi-XVE 

oLexA-

35S 

Ω element 

(pGGB002) 

mCherry 

(pGGC015) 

linker-NLS 

(pGGD007) 

UBQ10 

terminator 

(pGGE009) 

BASTA R 

(pGGF002) 

pGGZ001 Spec 

pV
S1

80
 

Inducible BRAVO-

mVenus(N) 

Ubi-XVE 

oLexA-

35S 

Ω element 

(pGGB002) 

BRAVO mVenus(N) UBQ10 

terminator 

(pGGE009) 

- 

pGGM000 Kan 
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pV
S2

33
 

Inducible BRAVO-

mVenus(N)/ 

Inducible PLT3-

mVenus(C) 

pVS180 + pVS156 

pGGZ001 Kan 

pV
S2

88
 pWOX5:GR-

PLT3-

mTurquoise2 

WOX5 

promoter GR PLT3 mT2 

UBQ10 

terminator 

(pGGE009) 

BASTA R 

(pGGF002) 

pGGZ001 Spec 

pV
S2

89
 pWOX5:GR-

PLT3ΔPrD-

mTurquoise2 

WOX5 

promoter GR PLT3ΔPrD mT2 

UBQ10 

terminator 

(pGGE009) 

BASTA R 

(pGGF002) 

pGGZ001 Spec 

 

Table S5: List of Arabidopsis mutants and transgenic lines used in this study.  

Gene ID Alias Reference 

AT5G17800 

bravo-2 (Vilarrasa-Blasi et al. 2014) 

Col-0, pBRAVO:BRAVO-mVenus This study by dipping 

AT5G10510 

plt3-1 (Galinha et al. 2007) 

Col-0, pPLT3:PLT3-mVenus (Burkart et al. 2022) 

AT5G17800, 

AT5G10510 
bravo-2, plt3-1 This study by crossing of bravo-2 and plt3-1 

AT3G11260 

wox5-1 
(Burkart et al. 2022) 

Col-0, pWOX5:WOX5-mVenus 

AT5G10510, 

AT3G11260 

plt3-1, wox5-1 (Burkart et al. 2022) 

plt3-1, pWOX5:GR-PLT3-

mTurquoise2 
This study by dipping 

plt3-1, pWOX5:GR-PLT3ΔPrD-

mTurquoise2 
This study by dipping 

AT5G17800, 

AT3G11260 
bravo-2, wox5-1 (Betegón-Putze et al. 2021) 

AT5G17800, 

AT5G10510, 

AT3G11260 

bravo-2, plt3-1, wox5-1 This study by crossing of bravo-2 and plt3-1, wox5-1 
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Table S6: Fluorescence intensities of pPLT3:PLT3-mV, pBRAVO:BRAVO-mV and 
pWOX5:WOX5-mV translational reporter in different cell types corresponding to Fig. 1, 5 
and 7.  

Fluorescence intensity Date 
Cell type 

SI QC CSC CC 

pPLT3:PLT3-mV 

28.11.23 

30360.17 37523.45 48567.14 17482.71 

19709.9 18540.11 22274.4 15590.86 

19782.11 16327.93 26233.66 6335.124 

24665.88 22914.56 22039.49 13233.82 

16336.64 14473.61 16777.05 7263.823 

20659.51 17532.76 19131.18 9199.955 

48822.24 37769.87 55574.26 5490.301 

42071.03 23881.81 28888.19 6474.87 

31306.43 28682.1 43367.48 26115.04 

26035.98 24754.96 37376.88 5407.617 

AV 27974.99 24240.11 32022.97 11259.41 

SD 9945.883 7853.973 12737.42 6457.178 

08.12.23 

13458.53 12022.34 10693.72 3079.556 

11382.8 19661.37 23237.77 2543.246 

31222.01 28196.38 24778.53 1576.29 

28921.69 24819.56 21161.82 6278.363 

25231.6 12692.34 9225.459 9485.656 

14733.96 15308.52 30900.44 19996.52 

13009.25 19128.18 18887.84 1805.671 

17399.32 20006.95 19149.94 6983.197 

10872.27 8227.07 12223.45 1741.223 

21828.1 21030.97 24277.79 2664.413 

AV 18805.95 18109.37 19453.67 5615.413 

SD 7111.341 5781.51 6587.363 5426.973 

28.12.23 

36705.69 30759.92 32179.98 13431.11 

23201.13 22910.14 26746.3 12992.69 

14505.16 16790.7 14650.75 10778.34 

25326.28 16618.53 15902.32 7739.259 

22976.1 22252.79 13183.53 15139.32 

26289.13 34416.08 46981.29 13944.07 

23456.61 45225.47 45902.98 7467.853 

19359.14 19409.83 23114.97 23172.93 

AV 23977.41 26047.93 27332.76 13083.19 

SD 5938.235 9373.698 12570.98 4640.888 

Overall AV 23267.05 22671.05 25904.29 9224.714 

Overall SD 8745.45 8164.877 11578.14 6400.249 

pWOX5:WOX5-mV 28.11.23 

29201.12 45834.2 10795.79 896.549 

13869.69 21386.9 8486.974 1496.997 

19027.65 28070.95 7576.267 779.7283 

14906.16 27262.89 9271.191 685.0723 

15691.41 27641.05 6953.646 687.679 

17316.21 20991.05 10378.01 705.1347 
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11098.75 30414.8 9765.741 766.4405 

29355.06 22623.3 7448.115 882.8665 

18739.97 22616.32 9814.987 1002.133 

13616.57 17752.29 12525.81 7864.905 

AV 18282.26 26459.37 9301.653 1576.75 

SD 5953.816 7460.556 1638.761 2108.523 

08.12.23 

11408.16 12757.81 7483.419 532.5793 

14144.85 17938.5 8482.929 958.597 

18676.1 20097.02 12921.63 838.317 

18215.11 22406.33 10450.67 730.0777 

12329.53 17780.14 8244.796 3459.093 

32552.77 32325.28 15897.64 8156.247 

18057.62 34627.05 17197.87 833.5587 

20081.02 33351.82 12183.4 2112.58 

16962.96 27887.07 13940.99 854.592 

11985.38 14764.86 6683.364 731.142 

AV 17441.35 23393.59 11348.67 1920.678 

SD 5841.4 7655.123 3466.346 2246.346 

28.12.23 

18809.39 21126.97 13228.5 969.778 

18091.15 21354.1 13364.58 661.5485 

13782.29 25015.66 7060.959 837.938 

11749.74 32733.76 10815.74 2313.319 

16980.22 19147.65 10490.34 719.408 

16397.84 28137.24 15536.71 1107.079 

17359.42 26238.14 10937.61 680.671 

16533.92 36878.85 15549.16 7561.397 

AV 16213 26329.05 12122.95 1856.392 

SD 2183.395 5708.609 2682.338 2214.819 

Overall AV 16790.78 25132.08 11061.31 1684.39 

Overall SD 5507.95 7039.065 3596.461 2105.804 

pBRAVO:BRAVO-mV 

28.11.23 

33296 16940.47 4615.491 852.569 

32465.25 12767.84 8112.653 989.9733 

36508.05 19942.11 14826.77 1133.772 

31225.91 18182.72 8115.524 919.5017 

40549.32 20651.28 8776.193 1081.686 

40143.53 29515.55 8153.343 1102.827 

19431.36 10567.79 3988.657 695.031 

29660.65 12654.5 4704.077 1479.854 

28870.52 16931.86 3053.96 872.8765 

31988.38 16361 8163.813 1257.115 

AV 32413.9 17451.51 7251.048 1038.52 

SD 5777.106 5065.289 3233.365 213.1088 

08.12.23 

17139.23 12128.37 3986.173 845.2763 

35034.8 21779.82 10615.84 1246.433 

32923.36 12882.26 6763.008 946.799 

19276.64 14514.07 9689.346 906.56 

25266.62 12037.34 6404.131 734.922 
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41025.65 18926.21 7023.33 1303.169 

24780.18 10123.88 3126.593 844.1405 

39899.04 18246.41 10925.48 1296.336 

22975.67 13452.88 11498.59 1244.351 

31024.35 13617 9103.976 1312.867 

AV 28934.55 14770.82 7913.646 1068.085 

SD 7890.066 3481.702 2766.423 219.4884 

28.12.23 

46147.85 26669.37 16433.59 1442.835 

49948.21 7967.577 2823.43 770.814 

39406.01 34224.94 6801.504 1497.628 

41437.48 16972.48 5323.483 1414.79 

25584.47 9576.138 2069.954 805.6805 

40467.97 9512.593 5478.113 1207.251 

42555.79 10385.78 5205.178 1349.889 

30363.89 13326.26 9106.051 1152.85 

AV 39488.96 16079.39 6655.162 1205.217 

SD 7454.075 8898.174 4222.165 264.0782 

Overall AV 33047.28 15892.74 6833.518 1058.715 

Overall SD 7897.687 6132.839 3588.269 257.7053 

AV: average, STD: standard deviation.  

 

Table S7: Average number of QC divisions and CSC layers per root related to Fig. 2 and 
S1. 

Genotype Average number of 

QC divisions per root 

Average number of 

CSC layers per root 

Number of analysed 

roots 

Col-0 0.535354 1.282828 99 

bravo-2 1.30137 1.123288 73 

plt3-1 1.386667 1.293333 75 

wox5-1 1.90541 0.594595 74 

bravo, plt3 1.5333333 0.73333333 30 

bravo, wox5 2.844827586 0.103448276 58 

plt3, wox5 2.7719298 0.2631579 57 

bravo, plt3, wox5 3.145454545 0.163636364 55 
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Table S8: Ratio of periclinal cell division planes in the QC related to Fig. S1. 

Genotype Periclinal cell division planes 
in the QC [%] 

Number of 
analysed roots 

Col-0 4 99 

bravo-2 85 73 

plt3-1 43 75 

wox5-1 62 78 

bravo, plt3 77 30 

bravo, wox5 84 59 

plt3, wox5 79 57 

bravo, plt3, wox5 85 55 

 

Table S9: Measured FRET efficiency and Binding values related to Fig. 3, 5 and 7. 

Sample BRAVO-mV 
BRAVO-mV  

mCherry-NLS 
BRAVO-mV  
PLT3-mCh 

BRAVO-mV  
BES1D-mCh 

BRAVO-mV  
WOX5-mCh 

BRAVO-mV  
TPL-mCh 

Date 
FRET 
E Binding 

FRET 
E Binding 

FRET 
E Binding 

FRET 
E Binding 

FRET 
E Binding 

FRET 
E Binding 

20.12.19 

80.00 3.00     54.00 34.00             

80.00 1.70     51.00 33.00             

80.00 2.40     56.00 35.00             

80.00 7.10     54.00 30.00             

80.00 5.30     60.00 40.00             

80.00 2.50     53.00 45.00             

80.00 8.00     57.00 35.00             

80.00 8.90     53.00 40.00             

80.00 5.10     58.00 32.00             

78.00 8.00     59.00 34.00             

04.02.20 

9.88 -11.00         80.00 9.20         

9.88 -17.00         0.97 7.00         

17.00 7.40         0.66 37.00         

10.00 -0.30         0.90 13.00         

71.00 6.30         0.49 34.00         

80.00 6.90         0.93 15.00         

80.00 8.20         1.10 22.00         

9.88 -23.00         0.64 40.00         

67.00 4.30         1.30 9.05         

16.00 5.00                     

17.02.20 

80.00 2.50 45.00 11.00     48.00 29.00 58.00 9.60 43.00 24.00 

80.00 0.51 43.00 8.41     48.00 25.00 55.00 27.00 39.00 27.00 

41.00 8.20 63.00 8.90     46.00 35.00 64.00 14.00 37.00 30.00 

80.00 2.40 50.00 15.00     47.00 19.00 61.00 14.00 46.00 28.00 

10.10 -11.00 53.00 14.00     41.00 29.00 56.00 33.00 40.00 29.00 

75.00 2.20         42.00 30.00 58.00 19.00 43.00 30.00 

80.00 1.00         45.00 33.00 59.00 27.00 40.00 34.00 

80.00 4.10         45.00 47.00 51.00 7.30 42.00 32.00 
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80.00 1.40         45.00 41.00 64.00 7.00 49.00 20.00 

80.00 6.70         48.00 49.00 65.00 11.00 38.00 29.00 

            41.00 36.00 40.00 24.00 48.00 27.00 

            45.00 41.00 49.00 27.00 44.00 32.00 

            48.00 42.00 52.00 31.00 77.00 73.00 

            45.00 37.00 50.00 39.00 43.00 37.00 

            44.00 39.00 55.00 61.00 43.00 34.00 

17.08.20 

80.00 6.40 80.00 12.00 74.00 8.70     79.00 15.00 59.00 16.00 

80.00 8.20 66.00 9.60 61.00 28.00     66.00 10.00 57.00 18.00 

80.00 11.00 68.00 11.00 80.00 10.00     65.00 17.00 55.00 23.00 

80.00 11.00 80.00 8.90 80.00 8.70     56.00 24.00 56.00 22.00 

80.00 14.00 80.00 13.00 73.00 10.70     55.00 26.00 56.00 20.00 

80.00 5.50 77.00 8.70 77.00 12.00     63.00 14.00 50.00 26.00 

80.00 6.40 80.00 12.00 80.00 9.60         76.00 10.00 

80.00 3.50 78.00 15.00 62.00 16.00         48.00 25.00 

80.00 6.50     55.00 24.00         53.00 20.80 

80.00 3.20     52.00 25.00         52.00 23.00 

27.06.22 

35.00 1.10 63.00 1.40 49.00 14.00 47.00 13.00 44.00 13.00 44.00 17.00 

80.00 3.50 80.00 3.90 45.00 40.00 45.00 21.00 59.00 9.10 43.00 25.00 

78.00 5.00 63.00 2.40 43.00 26.00 44.00 19.00 43.00 18.00 38.00 29.00 

80.00 -0.15 54.00 2.10 48.00 19.00 39.00 18.00 48.00 53.00 45.00 20.00 

9.92 -2.40 61.00 5.70 47.00 32.00 43.00 29.00 45.00 27.00 40.00 30.00 

65.00 3.10 37.00 4.60 46.00 39.00 45.00 25.00 52.00 56.00 41.00 23.00 

79.00 3.80     43.00 32.00 45.00 23.00 55.00 9.10 37.00 27.00 

73.00 1.20     47.00 42.00 56.00 15.00 56.00 13.00 41.00 17.00 

9.92 -16.00     41.00 44.00 45.00 9.50 45.00 30.00 39.00 30.00 

9.92 -15.00     39.00 40.00 42.00 41.00 42.00 8.40 35.00 27.00 

N 50.00 50.00 19.00 19.00 30.00 30.00 34.00 34.00 31.00 31.00 35.00 35.00 

AV 63.49 2.33 64.26 8.82 56.57 27.96 35.76 27.40 55.16 22.37 46.77 26.71 

STD 27.50 7.43 13.81 4.26 11.94 11.69 20.41 11.85 8.45 14.08 9.66 9.82 

N: number of observations, AV: average, STD: standard deviation.  

 

Table S10: FRET efficiencies and Binding related to Fig. 4 and 5. 

Date WOX5-mV(N)  
PLT3-mV(N)  

WOX5-mV(N)  
PLT3-mV(N)  

mCherry-NLS 

WOX5-mV(N)  
PLT3-mV(N)  
BRAVO-mCh 

WOX5-mV(N)  
PLT3-mV(N)  
BES1D-mCh 

WOX5-mV(N)  
PLT3-mV(N) 
 TPL-mCh 

FRET E Binding FRET E Binding FRET E Binding FRET E Binding FRET E Binding 

1
6

.0
3

.2
0

2
0
 

80.00 4.90     55.00 23.00 59.00 11.00 39.00 33.00 

80.00 6.50     50.00 52.00 53.00 18.00 39.00 15.00 

80.00 68.00     51.00 42.00 43.00 29.00 44.00 25.00 

80.00 -2.30     47.00 34.00 46.00 19.00 34.00 34.00 

10.10 -7.00     48.00 48.00 55.00 15.00 38.00 30.00 

80.00 8.90     46.00 45.00 61.00 33.50 40.00 26.00 

80.00 6.00     45.00 38.00 42.00 20.00 49.00 25.00 
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78.00 8.80     52.00 50.00 48.00 24.00 48.00 18.00 

79.00 4.50     49.00 39.00 45.00 26.00 43.00 22.00 

80.00 5.10     46.00 36.00 43.00 33.00 39.00 31.00 

            51.00 35.00 43.00 34.00 

            44.00 39.00 48.00 29.00 

            44.00 23.00 44.00 51.00 

            46.00 28.00 48.00 20.00 

                41.00 29.00 

1
8

.1
2

.2
0

2
0
 

9.96 -18.00 65.00 4.70 53.00 43.00 57.00 7.20 33.00 16.00 

9.96 -11.00 63.00 7.00 51.00 45.00 43.00 15.00 34.00 26.00 

80.00 -4.20 61.00 5.20 51.00 19.00 41.00 15.00 32.00 24.00 

9.96 -4.70 51.00 8.80 43.00 21.00 49.00 12.00 37.00 26.00 

9.96 -7.60 48.00 5.00 45.00 30.00 41.00 28.00 41.00 13.00 

73.00 2.60     48.00 48.00 45.00 13.00 33.00 28.00 

80.00 4.20     48.00 38.00 46.00 7.80 39.00 21.00 

54.00 2.20     51.00 25.00 55.00 6.05 41.00 14.00 

71.00 3.20     49.00 27.00 44.00 15.00 27.00 10.00 

18.00 3.70     45.00 36.00 39.00 10.00 35.00 20.00 

            42.00 14.00     

            50.00 14.00     

            37.00 24.00     

            50.00 12.00     

            39.00 12.00     

2
1

.1
2

.2
0

2
0
 

9.95 -15.00 12.00 -2.70 53.00 42.00 42.00 18.00 39.00 17.00 

9.95 -5.20 9.95 -9.10 51.00 48.00 41.00 13.00 31.00 29.00 

10.00 -3.60 10.00 4.30 46.00 34.00 56.00 6.90 43.00 19.00 

48.00 -0.40 51.00 5.20 47.00 25.00 44.00 22.00 45.00 18.00 

69.00 2.60 63.00 1.00 51.00 12.00 42.00 17.00 55.00 9.30 

17.00 8.30     46.00 18.00 39.00 16.00 42.00 14.00 

57.00 5.50     51.00 53.00 36.00 12.00 36.00 31.00 

9.95 -2.00     46.00 40.00 45.00 20.00 37.00 24.00 

9.95 -8.30     47.00 40.00 40.00 20.00 41.00 15.00 

9.95 -7.00     50.00 38.00 37.00 23.00 36.00 19.00 

            41.00 16.00     

            38.00 26.00     

AV 46.46 1.62 43.40 2.94 48.70 36.30 45.34 18.74 39.83 23.29 

SD 31.88 14.13 22.14 5.01 2.88 10.73 6.24 8.03 5.75 8.29 

N 30.00 30.00 10.00 10.00 30.00 30.00 41.00 41.00 35.00 35.00 

N: number of observations, AV: average, STD: standard deviation.  
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Table S11: FRET efficiencies and Binding related to Fig. S2 and 5. 

Date 

BRAVO-mV(N)  
PLT3-mV(N) 

BRAVO-mV(N)  
PLT3-mV(N)  

mCherry-NLS 

BRAVO-mV(N)  
PLT3-mV(N)  
WOX5-mCh 

BRAVO-mV(N)  
PLT3-mV(N)  
BES1D-mCh 

BRAVO-mV(N)  
PLT3-mV(N)  

TPL-mCh 

Binding FRET E Binding FRET E Binding FRET E Binding FRET E Binding FRET E 

0
3

.0
7

.2
3
 

0.00 10.17 0.00 8.47 31.40 44.41 7.10 10.17 11.00 49.15 

0.00 80.03 2.00 80.03 40.29 42.37 0.00 10.17 16.49 31.53 

2.35 80.03 0.00 8.47 35.98 42.81 0.00 10.17 1.46 80.03 

0.00 10.17 0.00 80.00 27.89 46.78 0.00 79.66 22.00 13.22 

0.00 80.03 0.00 10.17 30.09 38.98 0.00 10.17 25.10 14.58 

0.66 10.17         2.50 80.03 8.20 10.17 

1.33 10.17             7.02 10.17 

0
5

.0
7

.2
3
 

0.00 80.00 2.51 79.97 26.61 46.67 6.72 43.33     

0.00 10.00 0.00 10.00 26.49 40.67 11.10 26.67     

0.00 10.00 10.60 15.67 8.29 51.00 16.37 31.67     

0.00 79.97 4.10 60.00 23.92 33.33 18.80 38.33     

0.00 10.00     36.81 46.53 13.05 35.67     

14.20 10.00     43.11 43.00         

1.80 10.33     8.91 63.33         

0.00 10.00                 

0
4

.1
2

.2
3
 

0.00 10.26 5.34 14.24 25.03 36.75 5.25 80.03 22.54 31.46 

1.85 30.46 5.97 25.17 50.54 48.01 13.14 35.43 19.53 36.09 

4.00 17.22 3.49 80.03 42.89 45.03 15.10 25.17 34.21 24.83 

9.00 10.26 2.99 10.26 27.60 42.72 4.95 40.40 35.26 26.16 

0.00 10.26 5.00 80.03 53.65 51.32 19.30 35.43 15.13 42.05 

1.06 27.15     45.49 45.43 17.91 28.81 21.90 32.45 

9.30 11.59     12.83 46.69 15.72 49.34 31.38 27.15 

0.00 80.13     19.65 45.36 14.77 45.36 25.12 31.79 

8.80 26.82     29.73 43.71 15.30 37.09 24.00 37.75 

1.87 80.03     36.98 44.70 11.88 37.75 34.16 29.80 

1
6

.1
2

.2
3
 

0.00 79.93 5.30 10.03 33.80 48.16 11.34 39.80 17.02 56.52 

0.00 10.03 4.90 79.97 20.27 45.48 9.20 24.75 22.69 57.19 

0.00 10.03 8.70 79.97 29.88 43.48 11.19 42.14 16.94 49.16 

4.40 10.03 0.00 10.03 26.93 39.46 16.09 42.14 20.00 48.83 

0.00 10.03 0.00 10.03 28.11 45.15 18.74 39.80 15.68 61.20 

0.00 10.03     29.75 45.48 6.64 29.77 24.97 36.45 

8.86 10.03     33.79 50.84 4.34 29.77 31.80 29.10 

1.50 80.00     20.37 38.13 10.94 38.46 17.50 44.48 

0.00 10.03     26.92 46.82 8.10 43.14 27.25 28.76 

7.59 20.74     18.77 45.48 9.75 29.77 21.80 39.13 

AV 2.24 30.18 3.21 39.61 29.77 44.94 10.17 37.11 21.12 36.27 

SD 3.64 29.78 3.10 32.79 10.57 5.13 5.93 17.45 8.28 15.98 

N 35.00 35.00 19.00 19.00 32.00 32.00 31.00 31.00 27.00 27.00 

N: number of observations, AV: average, STD: standard deviation.  
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Table S12: Additional FRET efficiencies and Binding used for Fig. 5. 

Sample WOX5-mV 
PLT3-mCh 

Date FRET E Binding 

20.12.2019 

71 11 

53 44 

57 34 

56 40 

56 43 

62 27 

55 48 

54 41 

56 26 

52 36 

AV 57.2 35 

SD 5.268776 10.47855 

N 10 10 

N: number of observations, AV: average, STD: standard deviation.  
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Table S13: FRET efficiencies and Binding related to Fig. 6 and 7. 

Date 

BRAVO-mV 
BRAVO-mV  

mCherry-NLS 
BRAVO-mV  
PLT3-mCh 

BRAVO-mV  
PLT3ΔPrD-mCh 

FRET E Binding FRET E Binding FRET E Binding FRET E Binding 

2
3

.0
3

.2
0

2
1
 

9.71 0.00     48 27 52 14 

9.71 0.00     51 19 49 23 

70.00 2.10     48 33 76 4.8 

76.00 3.40     58 8.2 79.9 5.6 

80.00 8.50     42 17 59 6.3 

10.00 0.00     43 7.7 79.9 4.7 

48.00 0.50     53 21 63 4.5 

9.71 0.00     45 35 43 7.9 

79.90 3.60     43 27 43 29 

9.71 0.00     56 22 43 44 

0
6

.0
4

.2
0

2
1
 

10.00 -10.00 56.00 0.81 61.00 7.50 54.00 7.10 

11.00 -3.70 46.00 1.90 78.00 3.70 65.00 2.90 

10.10 -8.00 80.00 1.00 43.00 27.00 42.00 23.00 

15.00 6.20 67.00 3.30 47.00 21 41.00 18.00 

14.00 10.00 71.00 3.70 42.00 25.00 80.00 0.50 

10.00 -1.50     48.00 24 9.70 -0.80 

33.00 4.30     48.00 19.00 64.00 2.60 

80.00 -3.60     51.00 19.00     

80.00 0.18     54.00 20.00     

14.00 5.00     46.00 38.00     

2
1

.0
5

.2
0

2
1
 

80.00 7.80 62.00 2.80 50.00 29.00 46.00 12 

76.00 5.60 58.00 8.60 47.00 13.00 45.00 21.00 

45.00 0.29 35.00 7.30 52.00 32.00 45.00 9.10 

69.00 9.00 61.00 4.80 49.00 16.00 34.00 5.60 

54.00 4.30 56.00 4.90 47.00 23 35.00 8.80 

36.00 7.10     49.00 29.60 47.00 6.60 

9.93 0.00     33.00 13.00 39.00 12.00 

9.93 0.01     47.00 43.00 37.00 19.00 

9.93 0.01     47.00 50.60 40.00 14.00 

9.93 0.01     47.00 15.00 29.00 14.00 

            37.00 8.90 

AV 35.99 1.70 59.20 3.91 49.10 22.84 49.20 11.72 

STD 29.38 4.59 11.94 2.43 7.50 10.53 16.38 9.58 

n 30.00 30.00 10.00 10.00 30.00 30.00 28.00 28.00 

N: number of observations, AV: average, STD: standard deviation.  
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Table S14: FRET efficiency and Binding values corresponding to Figure S4. 

D
a

te
 

TPL-mV 
TPL-mV  

mCherry-NLS 
TPL-mV  

PLT3-mCh 
TPL-mV  

PLT3ΔPrD-mCh 

FRET E Binding FRET E Binding FRET E Binding FRET E Binding 
1

2
.0

4
.2

0
2
1
 

10.10 0.01 42.00 6.20 58.00 7.40 32.00 8.00 

10.10 0.00 53.00 3.50 40.00 16.00 35.00 7.00 

10.10 0.00 14.00 5.00 35.00 13.00 35.00 9 

10.00 0.01 47.00 6.90 36.00 8.00 41.00 7.60 

49.00 0.65 24.00 5.00 25.00 11.00 32.00 6.00 

55.00 2.20     41.00 16.00 46.00 12.00 

73.00 6.30     29.00 17.00 33.00 14.00 

10.10 0.01     30.00 9.50 50.00 9.7 

10.00 0.01     47.00 8.00 32.00 17.00 

30.00 5.10     35.00 12.00 43.00 11.00 

        34.00 16.00 34.00 11.00 

        25.00 19.00 36.00 16.00 

        36.00 20.00 35.00 7.10 

        34.00 18.00 27.00 6.80 

        29.00 22.00 44.00 24.00 

0
6

.0
4

.2
0

2
1
 

10.00 -18.00 74.00 3.10 43.00 7.70 35.00 2.60 

10.00 -7.30 40.00 10.00 50.00 6.70 51.00 3.60 

10.00 5.10 47.00 7.70 42.00 12.00 64.00 2.90 

10.00 -0.80 39.00 6.00 46.00 9.80 43.00 11.00 

10.00 8.60 48.00 11.00 42.00 16.00 59.00 3.50 

11.00 3.40     46.00 11.00 26.00 4.60 

15.00 1.80     48.00 15.00 70.00 5.80 

10.00 -2.00     44.00 17.00 47.00 13.00 

27.00 0.86     47.00 19.00 47.00 12.00 

10.00 6.80     29.00 18.00 80.00 -0.48 

AV 19.52 0.64 42.80 6.44 38.84 13.80 43.08 8.99 

STD 17.91 5.51 15.32 2.44 8.31 4.42 13.19 5.26 

n 20.00 20.00 10.00 10.00 25.00 25.00 25.00 25.00 

N: number of observations, AV: average, STD: standard deviation.  
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Table S15: FRET efficiency and Binding values corresponding to Fig.  S4. 

D
a

te
 

BES1-mV 
BES1-mV  

mCherry-NLS 
BES1-mV  
PLT3-mCh 

BES1-mV  
PLT3ΔPrD-mCh 

FRET E Binding FRET E Binding FRET E Binding FRET E Binding 
2

1
.0

5
.2

0
2
1
 

9.91 -10.00 80.00 20.00 68.00 16.00 34.00 13.00 

10.00 -1.30 48.00 2.60 48.00 7.70 44.00 7.10 

80.00 0.95 46.00 5.70 45.00 9.90 54.00 8.00 

39.00 0.78 45.00 12.00         

9.91 -2.40 50.00 7.60         

54.00 3.40             

18.00 4.40             

9.91 -13.00             

9.91 -12.00             

9.91 -5.60             

2
7

.0
4

.2
0

2
1
 

80.00 3.40 39.00 0.73 76.00 6.50 57.00 4.40 

80.00 0.00 60.00 5.70 59.00 8.90 54.00 6.30 

10.10 0.00 80.10 4.30 48.00 19.00 57.00 7.10 

10.10 0.00 80.00 1.00 43.00 23.00 45.00 18.00 

59.00 4.40 65.00 3.20 51.00 24.00 47.00 18.00 

67.00 4.40     45.00 35.00 13.00 2.20 

70.00 9.20     66.00 8.10 76.00 6.00 

55.00 9.70     55.00 6.10 56.00 3.50 

80.00 2.30     49.00 9.90 67.00 6.70 

80.00 2.00     46.00 22.00 51.00 8.3 

2
8

.0
5

.2
0

2
1
 

80.00 -3.50 10.00 -12.00 56.00 9.90     

80.00 0.67 77.00 3.2 41.00 18.00     

10.00 -12.00 63.00 7.00 45.00 20.00     

80.00 7.50 49.00 7.00 47.00 26.00     

80.00 -1.40 48.00 5.60 65.00 7.30     

10.00 -12.00     42.00 23.00     

80.00 1.40     42.00 27.00     

80.00 6.60     45.00 28.00     

57.00 7.20     48.00 19.00     

64.00 5.10     46.00 14.00     

AV 48.76 0.01 56.01 4.91 51.13 16.88 50.38 8.35 

STD 30.59 6.34 18.55 6.46 9.34 8.09 14.74 4.81 

n 30.00 30.00 15.00 15.00 23.00 23.00 13.00 13.00 

N: number of observations, AV: average, STD: standard deviation.  
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Table S16: Ratio of periclinal cell divisions in the QC related to Fig. 7. 

Tr
ea

tm
en

t 

Genotype 

Periclinal cell 
division planes in 
the QC [%] 

Number of 
analysed roots 

D
M

SO
 

Col-0 27 44 

plt3-1 73 45 

plt3-1, pWOX5:GR-PLT3-mT2 83 41 

plt3-1, pWOX5:GR-PLT3dPrD-mT2 94 36 

D
EX

 

Col-0 28 39 

plt3-1 87 46 

plt3-1, pWOX5:GR-PLT3-mT2 67 45 

plt3-1, pWOX5:GR-PLT3dPrD-mT2 100 36 
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Summary 

Stem cell homeostasis in the root apical meristem (RAM) of higher plants facilitates 

high developmental plasticity which allows the plant to adapt to biotic and abiotic 

stresses. In the center of the RAM, a pool of rarely dividing stem cells, termed the 

quiescent center (QC), is maintained and produces the surrounding tissue specific 

initials. The balance of stem cell quiescence and replenishment is regulated by a 

highly dynamic regulatory network, which, among other things, involves different 

phytohormones, peptides, receptors and transcription factors (TFs) e.g. 

BRASSINOSTEROID AT VASCULAR AND ORGANIZING CENTRE (BRAVO), 

PLETHORA 3 (PLT3) and WUSCHEL-RELATED HOMEOBOX 5 (WOX5). In this 

study new aspects of stem cell homeostasis in the root of the model plant 

Arabidopsis thaliana have been uncovered.  

First, I contributed to the optimization and establishment of a novel fitting routine for 

Förster resonance energy transfer fluorescence lifetime imaging microscopy (FRET-

FLIM) with multi-exponentially-decaying donor fluorophores that allowed us to 

distinguish between protein affinity and orientation/distance, which was tested using 

multiple MADS-box domain TFs that control flower development in Arabidopsis. This 

novel tool has the potential to improve our understanding of all biological processes 

that rely on protein-protein-interactions (PPI).  

Next, I took part in investigations on the concerted mutual regulation of WOX5 and 

PLTs in the homeostasis of the stem cell niche in the Arabidopsis root. Here, we 

could demonstrate that both WOX5 and PLT3 control QC maintenance and 

columella stem cell (CSC) fate interdependently. Moreover, our data suggest that 

the regulation of CSC fate determination relies on the partitioning of WOX5-PLT3 

heterodimers in so-called nuclear bodies (NBs). NB formation occurs only in CSCs 

and depends on intrinsically-disordered regions containing prion-like domains 

(PrDs) identified in the PLT3 aa sequence necessary for complex formation with 

WOX5. Furthermore, we hypothesized that NB formation is a result of liquid-liquid-

phase-separation (LLPS). 

Subsequently, the balance of stem cell quiescence and replenishment regulated by 

PLT3 and WOX5 was linked to the brassinosteroid-dependent TF BRAVO. Mutant 

analysis, and their overlapping expression pattern in specific cell types of the root, 

support the hypothesis that these TFs exhibit a combinatory triangle in regulating 
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stem cell maintenance. Additionally, FRET-FLIM studies were performed to obtain 

quantitative interaction data that together with the novel analysis routine allowed us 

to decipher variations in protein affinities for different heterodimer and oligomer 

compositions. The following computational modelling, which combined cell type 

specific protein abundances and variations in protein affinities, revealed unique cell 

type specific protein complex 'signatures' that contribute to stem cell homeostasis 

in the root.  

In summary, the results of this study add another layer to the intricate regulatory 

network that balances stem cell maintenance and replenishment in the Arabidopsis 

root. Interdisciplinary approaches like the combination of experimental data and 

computational modelling offer a great potential for all fields of plant research. 
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Zusammenfassung 

Die Stammzellenhomöostase im Wurzelapikalmeristem (engl. root apical meristem, 

RAM) höherer Pflanzen ermöglicht eine hohe Entwicklungsplastizität, die es der 

Pflanze erlaubt, sich an biotische und abiotische Stressfaktoren anzupassen. Im 

Zentrum des Wurzelapikalmeristems befindet sich ein Pool von sich kaum teilenden 

Stammzellen, das so genannte ruhende Zentrum (engl. quiescent center, QC), das 

die umliegenden gewebespezifischen Initialen produziert. Das Gleichgewicht von 

Stammzellruhe und -nachschub wird durch ein hochdynamisches Netzwerk 

reguliert, an dem unter anderem verschiedene Phytohormone, Peptide, Rezeptoren 

und Transkriptionsfaktoren (engl. transcription factors, TFs) beteiligt sind, z.B. 

BRASSINOSTEROID AT VASCULAR AND ORGANIZING CENTRE (BRAVO), 

PLETHORA 3 (PLT3) und WUSCHEL-RELATED HOMEOBOX 5 (WOX5). In dieser 

Studie wurden neue Aspekte der Stammzell-Homöostase in der Wurzel der 

Modellpflanze Arabidopsis thaliana aufgedeckt.  

Zunächst trug ich zur Optimierung und Etablierung einer neuartigen Analyseroutine 

für die Förster-Resonanz-Energie-Transfer-Fluoreszenz-Lebenszeit-Imaging-

Mikroskopie (FRET-FLIM) mit exponentiell zerfallenden Donor-Fluorophoren bei, 

die es uns ermöglichte, zwischen Proteinaffinität und Orientierung/Distanz zu 

unterscheiden, was anhand mehrerer MADS-Box-Domänen-TFs getestet wurde, 

die die Blütenentwicklung in Arabidopsis steuern. Dieses neue Instrument hat das 

Potenzial, unser Verständnis aller biologischen Prozesse zu verbessern, die auf 

Protein-Protein-Interaktionen (PPIs) beruhen.  

Desweiteren beteiligte ich mich an Untersuchungen zur abgestimmten, 

gegenseitigen Regulierung von WOX5 und PLTs bei der Homöostase der 

Stammzellnische in der Arabidopsis-Wurzel. Hier konnten wir zeigen, dass sowohl 

WOX5 als auch PLT3 die Aufrechterhaltung des QCs und das Schicksal der 

Columella-Stammzellen (engl. columella stem cells, CSCs) in gegenseitiger 

Abhängigkeit steuern. Darüber hinaus deuten unsere Daten darauf hin, dass die 

Regulierung der Bestimmung des CSC-Schicksals von der Verteilung von WOX5-

PLT3-Heterodimeren in sogenannten Kernkörperchen (engl. nuclear bodies, NBs) 

abhängt. Die Bildung von NBs erfolgt nur in CSCs und hängt von intrinsisch 

ungeordneten Regionen ab, die prion-ähnliche Domänen (engl. prion-like domains, 

PrDs) enthalten, die in der PLT3 Aminosäure-Sequenz identifiziert wurden und für 
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die Komplexbildung mit WOX5 notwendig sind. Darüber hinaus stellten wir die 

Hypothese auf, dass die Bildung von NB eine Folge von Flüssig-Flüssig-Phasen-

Separation (engl. liquid-liquid phase separation, LLPS ist. 

Anschließend wurde das von PLT3 und WOX5 regulierte Gleichgewicht zwischen 

Stammzellruhe und -erneuerung mit dem Brassinosteroid-abhängigen TF BRAVO 

in Verbindung gebracht. Eine Mutantenanalyse und ihr sich überschneidendes 

Expressionsmuster in bestimmten Zelltypen der Wurzel stützen die Hypothese, 

dass diese TFs ein kombinatorisches Dreieck bei der Regulierung der 

Stammzellerhaltung bilden. Zusätzlich wurden FRET-FLIM-Studien durchgeführt, 

um quantitative Interaktionsdaten zu erhalten, die es uns zusammen mit der 

neuartigen Analyseroutine ermöglichten, Variationen der Proteinaffinitäten für 

verschiedene Heterodimer- und Oligomerzusammensetzungen zu entschlüsseln.  

Die anschließende computergestützte Modellierung, bei der zelltypspezifische 

Proteinhäufigkeiten und Variationen der Proteinaffinitäten kombiniert wurden, ergab 

einzigartige, zelltypspezifische Proteinkomplex-„Signaturen“, die zur Stammzell-

Homöostase in der Wurzel beitragen.  

Zusammenfassend lässt sich sagen, dass die Ergebnisse dieser Studie das 

komplizierte regulatorische Netzwerk, das die Erhaltung und Erneuerung der 

Stammzellen in der Arabidopsis-Wurzel ausbalanciert, um eine Ebene erweitern. 

Interdisziplinäre Ansätze wie die Kombination von experimentellen Daten und 

mathematischer Modellierung bieten ein großes Potenzial für alle Bereiche der 

Pflanzenforschung. 
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Appendix 
 

1. List of Abbreviations 
~   Around 

°C   Degree Celsius 

µ   Micro 

2D   2-dimensional 

35S   Promoter of the Cauliflower Mosaic Virus  

3D   3-dimensional 

Å   Ångström 

A. thaliana  Arabidopsis thaliana 

A1   First acceptor 

A2    Second acceptor 

ABA   Abscisic acid 

ACR4   ARABIDOPSIS CRINKLY 4 

AG    AGAMOUS 

ALOG   Arabidopsis LSH1 and Oryza G1 

AMP   Adenosine monophosphate 

AN   ANANTHA 

AP1   APETALA1 

AP2   APETALA2 

AP3   APETALA3 

APB   Acceptor photobleaching 

ARF   AUXIN RESPONSE FACTOR 

ATP   Adenosine triphosphate  

BBM   BABYBOOM; PLETHORA 4 

BES1   BRI1-EMS-SUPRRESSOR 1 

BiFC   Bimolecular fluorescence complementation 

Binding  Relative amplitude of the FRET fraction 

bp   Base pairs 

BR   Brassinosteroids 
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BRAVO BRASSINOSTEROIDS AT VASCULAR AND ORGANIZING 
CENTER 

c   Cortex 

CC   Columella cell 

CDF4   CYCLIN DOF FACTOR 4 

CEI   Cortex endodermis initial 

CLE40  CLAVATA3/EMBRYOSURROUNDING REGION 40 

CLV3   CLAVATA3 

Co-IP   Co-immunoprecipitation 

Col   Arabidopsis thaliana ecotype Columbia 

Col-0   Arabidopsis thaliana ecotype Columbia 

CRN   CORYNE 

CSC   Columella stem cell 

CYCD1;1  CYCLIND1;1 

CYCD3;3  CYCLIND3;3 

CYCD6;1  CYCLIND6;1 

D   Donor fluorophore 

Da   Dalton 

DAG   Days after germination 

DEX   Dexamethasone 

DMSO  Dimethylsulfoxide 

DNA   Desoxy ribonucleic acid 

EAR   ERF-associated amphiphilic repression  

eCFP   Enhanced cyan fluorescent protein 

EdU   5-ethynyl-29-deoxyuridine 

EFRET   FRET efficiency 

eGFP   Enhanced green fluorescent protein 

ELF3   EARLY FLOWERING 3 

EMSA   Electrophoretic mobility shift essay 

en   Endodermis 

ep   Epidermis 
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erCFP   Endoplasmatic reticulum targeted cyan fluorescent protein 

ERF115  ETHYLENE RESPONSE FACTOR 115 

ESP   EXTRA SPINDLE POLES 

EU   5-ethynyl-29-uridine 

eYFP   Enhanced yellow fluorescent protein 

FCA   FLOWERING CONTROL LOCUS A 

FCCS   Fluorescence cross-correlation spectroscopy 

FCS   Fluorescence correlation spectroscopy 

FLC   FLOWERING LOCUS C 

FLIM   Fluorescence Lifetime Imaging 

FM   Floral meristem 

FP   Fluorescent protein 

FQM   Floral quartet model 

FRAP   Fluorescence recovery after photobleaching 

FRET E  FRET efficiency 

FRET   Förster Resonance Energy Transfer 

FRI   FRIGIDA 

g   gram 

GFP   Green fluorescent protein 

GR   Glucocorticoid receptor 

GRN   Gene regulatory network 

h   hour 

HDA19  HISTONE DEACETYLASE 19 

HPLC   High performance liquid chromatography 

i   Components 

I||   Intensity of the emitted light parallel to polarized excitation light 

I┴ Intensity of the emitted light perpendicular to polarized 
excitation light 

ID after   Intensity of donor fluorescence after bleaching 

ID before   Intensity of donor fluorescence before bleaching 

ID   Intensity of donor fluorescence 
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IDR   Intrinsically disordered region 

J(¼)   Integral of donor emission and acceptor absorption spectra 

JA   Jasmonate 

JKD   JACKDAW 

k   kilo 

kb   Kilo base pairs 

KIN7   Kinesin 7 

KISC   Kinesin-separase complex 

KSP   Knocksideways in plants 

l   litre 

LCD   Low-complexity domain 

LC-MS  Liquid chromatography-mass spectrometry 

LLPS   Liquid-liquid phase separation 

LRC   Lateral root cap  

LRP   Lateral root primordia 

LRR   Leucine-rich repeat 

m   milli 

M   Molar 

mCh   mCherry 

min   minute 

MP   MONOPTEROS 

mPS-PI  Modified pseudo Schiff base propidium iodide 

MR   Middle region 

mRFP   Mono red fluorescent protein 

MS   Mass-spectrometry 

mT2   mTurquoise2 

mV   mVenus 

mV(C)   C-terminal part of mVenus 

mV(N)   N-terminal part of mVenus 

mVc   C-terminal part of mVenus 

mVn   N-terminal part of mVenus 
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N   Newton 

n   Number of observations 

N. benthamiana Nicotiana benthamiana 

NB   Nuclear body 

NLS   Nuclear localization sequence 

Nluc   Nano luciferase 

nm   Nanometer 

ns   Nanosecond 

OPA   One pattern analysis 

PB1   Phox and Bem1p 

pBRAVO  Promoter of BRAVO 

PHB3   PROHIBITIN 3 

PI   PISTILLATA 

PIF   PHYTOCHROME INTERACTING FACTOR 

PIN   PINFORMED 

PLT3   PLETHORA 3 

PM   Plasma membrane 

POI   Protein of interest 

polyQ   Poly-glutamine 

PPI   Protein-protein interaction 

pPLT3   Promoter of PLT3 

PrD   Prion-like domain 

PSK5   PHYTOSULFOKINES 5 

pWOX5  Promoter of WOX5 

Q   Glutamine 

QC   Quiescent center 

QHB   QUIESCENT-CENTER-SPECIFIC HOMEOBOX 

r   Anisotropy 

R   Arginine 

R0   Förster radius 

RAM   Root apical meristem 
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RBOH   Respiratory burst oxidase homolog 

RBR   RETINOBLASTOMA-RELATED 

RDA    Distance between donor and acceptor fluorophores 

RICS   Raster image correlation spectroscopy 

RLK   Receptor-like kinase 

RM   Repression motif 

RNA   Ribonucleic acid 

ROS   Reactive oxygen species 

ROW1  REPRESSOR OF WUSCHEL 1 

rpm   rounds per minute 

s   second 

SA   Salicylic acid 

SAM   Shoot apical meristem 

SCN   Stem cell niche 

SCR   SCARECROW 

SD   Standard deviation 

SEP3   SEPALLATA3 

SEU   SEUSS 

SFH8   SEC FOURTEEN-HOMOLOG8 

SHR   SHORTROOT 

SI   Stele initials 

TCP   Plant-specific teosinte-branched cycloidea PCNA 

TCSPC  Time correlated single photon counting 

T-DNA  Transfer-DNA 

TEM   Transmission electron microscopy 

TF   Transcription factor 

TFAM   TMF FAMILY MEMBERS 

TMF   TERMINATING FLOWER 

TPL   TOPLESS 

TRP   TOPLESS-RELATED proteins 

v/v   volume per volume 
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VA-TIRF  Variable angle total internal reflection microscopy 

VRN1   VERNALIZATION 1 

W   Watt 

w/v   weight per volume 

WOX5  WUSCHEL-RELATED HOMEOBOX 5 

WT   Wildtype 

WUS   WUSCHEL 

Y2H   Yeast two-hybrid 

YFP   Yellow fluorescent protein 

ZmWOX5  Zea mays WOX5 

α   Pre-exponential factor (amplitude) 

αi   Sum of each component9s amplitude 

»2    Dipole orientation 

τ   Fluorescence lifetime 

τD   Donor fluorescence lifetime in the absence of the acceptor 

τDA   Donor fluorescence lifetime in the presence of the acceptor 

τi   Sum of each component9s lifetime 

τm   Amplitude-weighted lifetime 
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2. Exemplary plasmid maps 
 

 

Figure A-1: Exemplary empty GreenGate pGGA000 entry vector. Exemplary 
plasmid map of the empty pGGA000 entry vector, thought to harbour the upstream 
regulatory sequence of a gene of interest (GOI). AmpR: Ampicillin resistance; 
pBR322 origin: origin of replicate; lac promoter: lactose promoter; CamR: 
Chloramphenicol resistance; ccdB: encodes a cytotoxic gene as a negative 
selection marker; lacZ: encodes β-galactosidase coding gene. Two BsaI recognition 
sites, 8A9 overhang ACCT and 8B9 overhang AACA for the directed integration of 
desired DNA-fragment with restriction digest/ligation. Sp6 primer, T7 primer, M13 
pUC fwd primer and pGEX 3 primer are commonly used primers for sequencing.  
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Figure A-2: GreenGate entry vector harbouring the BRAVO promoter 
(pBRAVO) sequence. Used together with six other GreenGate entry modules to 
create a plant expression cassette in the GreenGate destination vector. BRAVO: 
BRASSINOSTEROIDS AT VASCULATURE AND ORGANIZING CENTER; AmpR: 
Ampicillin resistance; pBR322 origin: origin of replicate; lac promoter: lactose 
promoter; lacZ: encodes β-galactosidase coding gene. Two BsaI recognition sites, 
8A9 overhang ACCT and 8B9 overhang AACA were used to replace the 
chloramphenicol resistance as well as the ccdB gene with BRAVO promoter 
sequence. Sp6 primer, T7 primer, M13 pUC fwd primer and pGEX 3 primer are 
commonly used primers for sequencing.  

  



 
Appendix 

170 
 

 

Figure A-3: Exemplary empty GreenGate pGGC000 entry vector. Exemplary 
plasmid map of the empty pGGA000 entry vector, thought to harbour the coding 
sequence (CDS) of a protein of interest (POI). AmpR: Ampicillin resistance; pBR322 
origin: origin of replicate; lac promoter: lactose promoter; CamR: Chloramphenicol 
resistance; ccdB: encodes a cytotoxic gene as a negative selection marker; lacZ: 
encodes β-galactosidase coding gene. Two BsaI recognition sites, 8C9 overhang 
GGCT and 8D9 overhang TCAG for the directed integration of desired DNA-fragment 
with restriction digest/ligation. Sp6 primer, T7 primer, M13 pUC fwd primer and 
pGEX 3 primer are commonly used primers for sequencing.  
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Figure A-4: GreenGate entry vector harbouring the BRAVO CDS. Used together 
with six other GreenGate entry modules to create a plant expression cassette in the 
GreenGate destination vector. BRAVO: BRASSINOSTEROIDS AT VASCULATURE 
AND ORGANIZING CENTER; AmpR: Ampicillin resistance; pBR322 origin: origin of 
replicate; lac promoter: lactose promoter; lacZ: encodes β-galactosidase coding 
gene. Two BsaI recognition sites, 8C9 overhang GGCT and 8D9 overhang TCAG were 
used to replace the chloramphenicol resistance as well as the ccdB gene with 
BRAVO CDS. Sp6 primer, T7 primer, M13 pUC fwd primer and pGEX 3 primer are 
commonly used primers for sequencing.  

  



 
Appendix 

172 
 

 

 

Figure A-5: Exemplary empty GreenGate pGGZ001 destination vector. Plasmid 
map of the empty GreenGate destination vector pGGZ001 for the integration of an 
expression cassette. Spec: Spectinomycin resistance; pBR322 origin: origin of 
replicate; CamR: Chloramphenicol resistance; ccdB: encodes a cytotoxic gene as a 
negative selection marker; lacZ: encodes β-galactosidase coding gene. Two BsaI 
recognition sites, 8A9 overhang ACCT and 8G9 overhang GTAT for the directed 
integration of the desired DNA-fragments with restriction digest/ligation. M13 pUC 
fwd primer is commonly used for sequencing.  
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Figure A-6: Exemplary GreenGate pGGZ001 destination vector with 
pBRAVO::BRAVO-mVenus. Spec: Spectinomycin resistance; pBR322 origin: 
origin of replicate; pBRAVO: BRAVO promoter sequence; Omega-element: 
translational enhancer; BRAVO: BRAVO CDS; mVenus: fluorescent protein for 
microscopic visualization; Terminator UBQ: UBIQUITIN 10 terminator; CaMV 35S 
promoter: consecutive promoter from cauli flower mosaic virus used to drive the 
expression of BlpR: bialaphos resistance conferring resistance to the herbicide 
BASTA (containing phosphinothricin) for plant selection.  
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