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Abstract

The presence of two meristematic cell populations in the root and shoot apex allows plants to grow indefinitely. Due
to its simple and predictable tissue organization, the Arabidopsis root apical meristem remains an ideal model to
study mechanisms such as stem cell specification, asymmetric cell division, and differentiation in plants. The root
stem cell niche consists of a quiescent organizing centre surrounded by mitotically active stem cells, which ori-
ginate all root tissues. The transcription factors PLETHORA, SCARECROW, and WOXS5 form signalling hubs that inte-
grate multiple inputs from an increasing number of proteins implicated in the regulation of stem cell niche function.
Recently, locally produced auxin was added to the list of important mobile factors in the stem cell niche. In addition,
protein-protein interaction data elegantly demonstrate how parallel pathways can meet in a common objective. Here

we discuss how multiple networks converge to specify and maintain the root stem cell niche.

Keywords: Arabidopsis, development, JACKDAW, PLETHORA, quiescent centre, root, SCARECROW, SHORT-ROOT, stem

cell niche, WOX5.

Introduction

Unlike animals, plants display indefinite growth and pro-
duce organs throughout their life cycle. This is possible due
the presence of two populations of stem cells located in the
shoot and root apex. The Arabidopsis root apical meristem
remains one of the best studied model systems in plants to
address developmental questions like stem cell specification,
differentiation, regeneration, cell-cell interaction, and cell
cycle control. One aspect of the continued popularity of the
Arabidopsis root meristem is the highly structured, simple,
and predictable tissue organization. The root stem cell niche

resides within the meristem and is composed of a group of
infrequently dividing cells named the quiescent centre (QC),
surrounded by mitotically active stem cells, also called initials
(Dolan et al., 1993). Division of the initials produces daughter
cells that remain in ordered cell files and together form all
the tissues that compose the root in a stereotypic pattern. The
initial cells together with the QC are considered a stem cell
niche (SCN). Within the SCN, distal to the QC, the colu-
mella initials (or distal meristem) divide to form the mature
differentiated columella cells. The latter are easily distinguished
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from the columella initials by the accumulation of starch-
laden amyloplasts. Proximal to the QC are the vascular initials
and the ground tissue initials. The vascular initials originate
the stele after going through a round of formative division.
The ground tissue initial daughter originates both cortex and
endodermis. Finally, lateral to the QC are the epidermis/lateral
root cap initials that, like the ground tissue initial, generate two
tissues (Fig. 1) (Dolan ef al., 1993).

Throughout this review, we dissect the complex puzzle
underlying the specification and maintenance of the Arabidopsis
root SCN into separate regulatory pieces. By exploring previous
and recent data, we address the interaction between well-known
factors such as PLETHORA, SCARECROW, and WOX5 in the
establishment of a functional root organizing centre. Likewise, the
relevance of intercellular communication within the SCN, the im-
portance of quiescence, and the role of local auxin production are
addressed. In addition, we explore the multiple complexes that have
SCARECROW as a member, hypothesizing how these are formed
and regulated within the cellular environment. Furthermore, we
discuss in a comprehensive way how these networks connect and
converge into a functional SCN (Table 1; Fig. 2).

WOX5 autonomous function

When we refer to the QC, the first gene that comes to mind
is likely to be WUSCHEL RELATED HOMEOBOX 5
(WOX35). Expression of WOXJ5 begins at the globular stage
of embryogenesis, in the hypophyseal cell. Upon division of
the hypophyseal cell, WOX expression is restricted to the lens
shaped cell that is the founder of the QC (Haecker et al., 2004,
Sarkar et al., 2007). Post-embryonically, the promoter of this
transcriptional factor is highly active in the QC and slightly ac-
tive in the vascular initials. However, driving the expression of a
green fluorescent protein (GFP)-WOX5 fusion protein under

Lateral
Root Cap

Fig. 1. Schematic representation of the Arabidopsis root tip. The stem cell
niche, enclosed by the red line, consists of a centrally localized quiescent
centre (QC) surrounded by the tissue initials/stem cells. Vascular initials
are above the QC, shown in dark yellow. Flanking the QC are two types

of initials: the ground tissue initials, shown in dark green that originate the
cortex and endodermis, and the epidermis/lateral root cap initials, shown
in dark blue. Below the QC, shown in dark pink, are the columella initials.

its endogenous promoter has shown that the WOX5 protein
also localizes to the adjacent columella initial layer, indicating
its mobile nature (Pi et al., 2015). The loss of function mutant
wox5-1 displays accumulation of starch in the columella initials,
indicating that these cells fail to maintain their undifferentiated
state. On the other hand, plants ectopically expressing IOX5
develop multiple undifferentiated columella cell layers (Sarkar
et al., 2007; Pi et al., 2015). In addition, wox5-1 also presents
extra transverse divisions in the QC (Sarkar et al., 2007; Forzani
et al.,2014). Importantly, there is only a clear effect on proximal
stem cell differentiation when wox5-1 mutant is combined with
mutations in SHORT-ROOT (SHR), SCARECROIV (SCR),
or PLETHORAT1 (PLT1) and PLT2 genes (Sarkar et al., 2007).
Therefore, these data indicate that the primary roles of WOX5
are the autonomous prevention of QC divisions and the non-
autonomous maintenance of columella stem cell activity (Sarkar
et al., 2007; Forzani et al.,2014; Pi et al.,2015).

RETINOBLASTOMA-RELATED (RBR) is a master
regulator of the cell cycle. In its hypophosphorylated and active
form, it prevents cell cycle progression. When phosphorylated
by cyclin—cyclin-dependent kinase (CYC-CDKs) complexes,
RBR is inactivated allowing cell cycle advancement (Boniotti
and Gutierrez, 2001). Concordantly, CYCLIN B1;1 expression
was observed frequently in QC cells of RBR RINA interference
plants, indicating that QC cells divide more frequently than in
the wild type (WT). These plants also developed additional
columella stem cell layers. However, these did not originate
by enhanced stem cell divisions, indicating a role for RBR
in stem cell differentiation. This was corroborated by ectopic
RBR expression that had the opposite effect and resulted in
differentiation of columella stem cells (Wildwater et al., 2005).
Using a clonal deletion system, it was shown that RBR con-
fers its QC division and stem cell differentiation effects in a
cell-autonomous manner (Wachsman et al., 2011). Tissue spe-
cific CYCLIN D genes are candidates to modulate local RBR
activity. Indeed, it has been shown that the ectopic expression
of CYCLIN D3;3 (CYCD3;3) under the WOXS5 promoter
induces divisions in the QC and even leads to reduction in
the expression of the QC identity markers QC25 and QC46
(Sabatini, 2003; Forzani et al., 2014). Analysis of GFP reporter
lines showed that CYCD3;3 is expressed in the QC of wox5-1
mutant but not in the QC of WT plants, indicating that the
correct expression of WOXJ5 is sufficient to exclude CYCD3;3
expression from the QC.These results are further supported by
chromatin immunoprecipitation (ChIP) experiments indicating
that WOXS5 binds to the CYCD3;3 promoter (Forzani ef al.,
2014). Together, these results demonstrate that at least part of
the autonomous role of WOXS5 in QC function is maintenance
of quiescence through the regulation of CYCD3;3.

How important is quiescence?

The abolition of QC quiescence leading to partial loss of
QC identity either in the wox5-1 mutant or upon ectopic
CYCD3;3 expression in the QC, suggests that the QC and
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its function in stem cell maintenance strictly depend on qui-
escence (Sarkar et al., 2007; Forzani et al., 2014). However,
other mutants and conditions that induce ectopic divisions in
the QC indicate otherwise. For example, the mutant ethylene
overproducer 1 (eto1) that overproduces ethylene, displays extra
QC divisions but does not lose expression of the QC identity
marker QC25 (Ortega-Martinez et al., 2007). Similarly, four
mutants insensitive to abscisic acid (aba insensitive 1 (abil), abi2,
abi3, and abi5) also exhibit enhanced QC divisions, but unlike
wox5-1 they do not lose the columella initials (Zhang et al.,
2010). Furthermore, despite the QC divisions observed upon
RBR depletion from the QC, these roots still express WOXJ5,
and in normal conditions, neither root growth nor root SCN
function is affected. Nevertheless, differences are seen when
plants are treated with a DNA-damaging agent. Upon loss of
quiescence, the RBR-depleted QC is more sensitive to DNA
damage (displayed by higher lethality), and over time, root
growth is more affected compared with WT plants (Cruz-
Ramirez et al., 2013). These observations indicate that quies-
cence is not essential for maintenance of a functional QC or
root apical meristem, since a dividing QC can still function as
an organizing centre. Thus, it appears that the main function of
WOXS5 is the non-autonomous maintenance of stem cells. On
the other hand, the QC quiescence that is mediated autono-
mously by WOX35, through the direct regulation of CYCD3
and indirect regulation of RBR, functions to protect the QC
from stresses, exemplified by DNA damage induction experi-
ments. In line with this, AP2/ERF subfamily X transcription
factors ETHYLENE RESPONSE FACTOR 109 (ERF109)
and ERF115 are induced by stress conditions, allowing the QC
to divide in order to replenish affected stem cells (Heyman
et al., 2013; Kong et al., 2018). ERF115 interacts with RBR
thereby coupling at least part of its effect to the RBR-SCR
module in regulating QC division (see below) (Zhou et al.,
2019). These observations expand the idea that the QC acts
as a reservoir, ready to replenish damaged stem cells when re-
quired, thereby securing a sustained root meristem.

QC communication is a two-way street

Investigation of the cell-cell communication in the stem cell
niche using a modified version of the inducible callose de-
position system (icals3m) (Vatén et al., 2011) strongly suggests
that bilateral symplastic communication between the QC and
the columella initials is essential for both QC and distal stem
cell maintenance (Liu et al., 2017). Blocking QC symplastic
traffic by WOX5 promoter-driven icals3m led to starch accu-
mulation in QC and columella stem cells. In addition, QC
cell division and misexpression of identity markers Q0608
(columella), J2341 (columella stem cells), and QC25 (QC) was
observed. Interestingly, proWOX5::erGFP expression was not
strongly reduced upon plasmodesmatal closure, suggesting that
QC function is partially retained. These observations indicate

that correct SCN function requires mutual and bilateral ex-
change of signals between QC and surrounding cells, rather
than unilateral signalling from QC to stem cells. Nevertheless,
the disorganized SCN that resulted from symplastic traffic dis-
ruption barely had an impact on meristem cell number or root
growth, further supporting the idea that the SCN acts as a
stem cell reservoir to support long-lasting root growth (Liu
et al., 2017). These results provide an elegant molecular elab-
oration on early ablation experiments indicating the essential
role of positional cues for fate determination (van den Berg
et al., 1995, 1997).

WOX5 as a non-autonomous factor

To test the requirement of WOXS5 mobility for columella
stem cell maintenance, Pi and collaborators generated a non-
mobile version of WOXS5 fused to three copies of yellow
fluorescent protein (YFP). Expressed from its own promoter,
WOX5-3xYFP was unable to prevent the phenotype of starch
accumulation in the columella initials when introduced in the
wox5-1 mutant background. Despite this stem cell differenti-
ation phenotype, expression of the QC identity marker QC184
was restored in the wox5-1 mutant indicating the WOX5-
3xYFP fusion protein was functional. These results indicate
that WOX5 mobility is required for columella stem cell main-
tenance but not for QC fate (Pi et al., 2015). To elucidate the
function of WOX35 in stem cell maintenance, transcriptomics,
ChIP, and protein—protein interaction experiments were per-
formed. These revealed that WOX5 binds to the promoter re-
gion of CYCLING DOF FACTOR 4 (CDF4), where it forms
a complex with TOPLESS/TOPLESS-RELATED (TPL/
TPR) and HISTONE DEACETYLASE 19 (HDA19) pro-
teins, leading to CDF4 transcriptional repression. CDF4 in-
duces stem cell differentiation, as shown by transgenic lines
that accumulate starch in columella stem cells upon ectopic
expression of CDF4 either in the QC or in the columella ini-
tials. Interestingly, CDF4 exhibits a gradient expression pattern,
peaking at the mature columella cells, displaying low levels in
the columella initials and no expression in the QC. Based on
these observations, an elegant model was proposed in which
WOXS5 and CDF4 form opposite gradients. In this model,
CDF4 promotes the differentiation of columella cells whereas
WOX5 autonomously represses CDF4 expression in the QC
and non-autonomously in the columella initials, maintaining
their stem cell status (Pi et al., 2015).

Recently, results that contradict the requirement of WOX5
mobility for columella stem cell maintenance were presented
by Berckmans ef al. (2020). In a similar wox5-1 complementa-
tion experiment with an immobilized WOXS5, but now fused
to two GFPs, the QC and columella stem cell defects were
restored to WT levels (Berckmans et al., 2020). In their hands,
also WOXS5 fused to three GFPs was able to rescue the mu-
tant phenotype, albeit partially. It was hypothesized that fusing



WOXS5 to the larger 3xGFP tag impaired its function, contra-
dicting the previous observation of the fusion to 3xYFP that
appeared to be generally functional in rescuing QC fate char-
acteristics (P1 ef al., 2015; Berckmans et al., 2020). Thus, it ap-
pears that a non-mobile, QC-localized WOXS5 is sufficient for
columella stem cell maintenance. In light of these data, stem
cell maintenance warrants an independent factor from the QC
to maintain stemness.

Columella differentiation is actively promoted by the
CLAVATA3/ESR-RELATED40 (CLE40) peptide, which
is expressed in the differentiating stele and columella cells,
through its interaction with ARABIDOPSIS CRINKLY4
(ACR4) and CLAVATA1 (CLV1) receptor kinases. Single mu-
tants cle40, acr4, and clv1 exhibit an extra layer of columella
initials, and the acr4 mutant is insensitive to exogenous CLE40
treatment. Both receptors were shown to co-localize to the
plasmodesmata, and form homo- and heterodimers (Stahl
et al.,2009,2013). Based on these observations, a ‘gating model’
was hypothesized: CLE40 secreted from differentiated colu-
mella cells binds and activates ACR4—-CLV1 complexes located
at the plasmodesmata, thereby blocking the traffic of ‘stemness’
factors between the QC/columella initials and mature colu-
mella cells (Stahl et al., 2013). However, recent experiments
with exogenous CLE40 treatment did not appear to change
the diffusion rate of fluorescent proteins between QC, colu-
mella initials, and mature cells. Also, WOX5-GFP mobility was
not affected in cle40, acr4, or clv1 single mutants (Berckmans
et al., 2020). These results indicate the CLE40—CLV1-ACR4
signalling module promotes columella differentiation inde-
pendent of symplastic protein traffic control.

Upon CLE40 treatment, QC and columella initials accu-
mulate starch; WOX5 and QC markers (QC184 and ALG42)
are repressed in the QC and their expression relocated into
vascular cells (Stahl et al., 2013; Berckmans et al., 2020).
Interestingly, this shift of WOX5 expression towards the vascu-
lature as a prelude to QC re-specification is not accompanied
by an apical rearrangement of the CDF4 expression domain
into the differentiating cells. This indicates that columella cells
can also undergo differentiation in the absence of CDF4 (Pi
et al., 2015; Berckmans et al., 2020).

The multiple undifferentiated columella cell layers that form
upon induced overexpression of WOXJ5 fused to a gluco-
corticoid receptor (WOX5-GR) (Sarkar et al., 2007) could be
caused by de-differentiation of mature columella cells, by ec-
topic cell division, or by both. Treating WOX5-GR -induced
overexpression plants with differentiation-inducing CLE40
peptide indicated that only the first mature columella layer may
undergo de-differentiation (Berckmans et al., 2020). However,
reproduction of the WOX5-GR -inducible overexpression ex-
periments with a focus on cell division dynamics suggested
that the observed multiple stem cell phenotype is exclu-
sively caused by proliferation of columella stem cells (Savina
et al., 2020), which are subsequently maintained in their
undifferentiated state.
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In summary, contradictory data on the WOX5 mobility re-
quirement for non-autonomous distal meristem maintenance
highlighted the requirement of a downstream stemness factor

from the QC.

Local auxin is key

For a long time it has been known that auxin is implicated in
the control of patterning of the root SCN (Sabatini et al., 1999;
Blilou et al., 2005). Exogenous auxin application (or ectopic
auxin production) represses WOXJ5 and induces columella dif-
ferentiation. This process depends on the transcriptional re-
pressor AUXIN RESISTANT3 (IAA17/AXR3) and on two
AUXIN RESPONSE FACTORS,ARF10 and ARF16, which
were suggested to confine WOXJ5 expression to the QC (Ding
and Friml, 2010).To address the importance of local auxin bio-
synthesis and transport for correct SCN function,a double mu-
tant displaying impaired auxin biosynthesis in shoots and roots
(wei8;tar2) (Stepanova et al., 2008) was used in grafting experi-
ments (Brumos et al., 2018). By fusing WT shoots to wei8;tar2
mutant roots, it was demonstrated that the shoot-produced
auxin that is transported to the root is unable to restore the
root SCN function. The characteristic WT auxin distribution
gradient, with an auxin maximum in the QC and lower auxin
levels in mature columella cells, was not re-established in these
chimeric plants, and consequently the root meristem was ter-
minated. The same result was observed when full wei8;tar2 mu-
tant plant shoots were locally treated with exogenous auxin.
Even though the shoot treatment induced formation of ad-
ventitious and lateral roots, the root apical meristem was not
maintained (Brumos et al., 2018). Conversely, the auxin gra-
dient and SCN function of wei8;tar2 mutant roots was restored
by local exogenous auxin application or by expression of auxin
biosynthesis genes in the root. However, complementation oc-
curred under the condition that the PIN-FORMED auxin
efflux carriers were not disturbed. This shows that in roots lo-
cally supplied by an auxin source, the auxin transporters have
the capacity to create the auxin maximum in the QC. When
polar auxin transport was blocked, only QC-specific (WOX5
promoter driven) auxin biosynthesis was able to maintain the
root meristem, confirming the importance of an auxin peak
in the QC for SCN function (Brumos et al., 2018). These
data agree with previous findings that upon ectopic callose-
induced closure of QC plasmodesmata, the auxin gradient is
lost and starch accumulation is observed in QC and columella
initials. Apparently, disrupting QC symplastic traffic impairs
local auxin biosynthesis, also evidenced by down-regulation of
auxin biosynthetic genes. Again, exogenous auxin treatment or
QC-specific promoter driven expression of a bacterial auxin
biosynthesis gene rescued the QC and columella stem cell de-
fects (Liu et al., 2017).

Upon induction of ectopic WOX5-GR expression,
prior to any morphological change, the TRYPTOPHAN
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AMINOTRANSFERASE OF ARABIDOPSIST (TAAT)
gene that is involved in auxin biosynthesis is up-regulated and
has its expression domain expanded into the columella (Savina
et al., 2020). A similar pattern was observed for the auxin polar
transporters PIN1 and PIN4, suggesting that WOXJ5 ectopic
expression impacts both auxin biosynthesis and transport.
Mathematical modelling supported the hypothesis that WOX5-
induced TAA1-mediated auxin biosynthesis is sufficient to ex-
plain the phenotypes observed in the columella. Absence of
QC quiescence and the presence of one or two stem cells were
predicted for a 50% reduction in TAA1-dependent synthesis
in a WT background (Savina et al., 2020). Accordingly, wox5-1
might be an in vivo representation of this predicted phenotype,
since it displays QC divisions, and indeed it was shown to have
reduced TAA 1 marker expression. Finally, the model predicted
that a 50% reduction of TAA1-dependent auxin biosynthesis
in a WOXJ5 overexpression line restores the columella pheno-
type back to WT. This was confirmed by partial restoration
using a competitive inhibitor of TAA1-dependent auxin syn-
thesis. Altogether these results reveal locally produced auxin to
be a candidate for a non-autonomous signal originating in the
QC, downstream of WOX35, to regulate distal meristem func-
tioning (Savina ef al., 2020).

SHORT-ROOT, SCARECROW, and
JACKDAW: a ground tissue detour

SCR and SHR are two transcription factors from the GRAS
family that are well known for their role in regulating the
asymmetric division of the ground tissue stem cell daughter
that generates cortex and endodermis. Single null mutants for
either SCR or SHR (scr, shr) fail to perform the asymmetric
cell division of the ground tissue initial daughter, ending up
with a single layer of ground tissue, which has cortical char-
acteristics in shr and mixed cortical-endodermal features in scr
(Benfey et al., 1993; Scheres et al., 1995; Di Laurenzio et al.,
1996; Helariutta et al., 2000). Previous work has shown that
SHR is expressed in the stele, and its encoded protein moves
one layer outward into the so-called U-domain (composed by
QC, ground tissue initials, and endodermis), where it phys-
ically interacts with SCR. By forming a complex, SCR was
reported to promote SHR nuclear localization, which leads to
direct up-regulation of SCR and prevents SHR from moving
to outer layers, thus restricting it to the U-domain (Helariutta
et al.,2000; Nakajima et al.,2001; Cui et al.,2007). Several zinc-
finger proteins of the C2H2 type, belonging to the so-called
BIRD family, such as JACKDAW (JKD), NUTCRACKER
(NUC), BALD-IBIS (BIB), and MAGPIE (MGP), which
are expressed in the ground tissue, also play important roles
in this process. For example, the jkd mutant displays ectopic
cortical periclinal divisions, a phenotype intensified when
JKD’s homolog BIB is knocked down in the jkd background
(jkd;bib-i) (Welch et al., 2007; Long et al., 2015). In jkd;bib-i,

SCR expression and SHR nuclear retention are compromised,
which correlates to spreading of SHR to multiple layers out-
side its transcription domain. In line with that, it was shown
that JKD and BIB can promote SHR nuclear localization, a
process that is reinforced by SCR (Long et al., 2015).

The process regulating the formative division to generate
cortex and endodermis is a puzzle that also involves RBR,
CYCLIN D6;1 (CYCD6;1), CYCLIN-DEPENDENT
KINASE B1 (CDKB1), and CDKAT1, and additionally auxin
(Sozzani et al., 2010; Cruz-Ramirez et al., 2012; Weimer
et al., 2012). CYCD6;1 expression is directly and specifically
up-regulated by the SHR—SCR complex in cells that undergo
asymmetric cell division such as the ground tissue initial
daughter. Consistently, null cycd6;1 mutants exhibit delayed
cortex—endodermis formative divisions, while ectopic trans-
activation of CYCD6;1 in ground tissue produces an extra
endodermal layer (Sozzani ef al., 2010). RBR forms a ternary
complex with SHR—SCR repressing some of their targets (i.e.
MGP, NUC, and CYCDé6;1). Consistently, scr complemen-
tation with SCR**“* (which has reduced binding to RBR)
leads to expansion of the CYCD6;1 expression domain and
the formation of an extra QC and ground tissue layer. In
turn, CYCD6;1 interacts with CDKB1;1 and CDKBI1;2 to
phosphorylate and inactivate RBR, preventing RBR from
co-repressing SCR targets, thereby forming a bistable circuit.
SHR-SCR complex activity together with auxin-induced
CYCD6;1 accumulation forms the basis of restricting the
ground tissue formative division to the stem cell daughter
(Cruz-Ramirez et al., 2012). Another study suggests that
CYCD6;1 primarily acts through CDKA;1 to promote the
formative divisions, in a dose-dependent manner. Accordingly,
intermediate levels of CDKA activity were shown to be suffi-
cient to promote symmetric cell division, whereas high levels
of CDKA activity are required to completely inactivate RBR
inducing formative divisions. This study also suggests that
CDKBs would have a minor role in the formative division
process, just backing up CDKA;1 function (Weimer ef al.,
2012). Dual luciferase reporter assays in Arabidopsis proto-
plasts have shown that the up-regulation of CYCD6;1 by
SCR—-SHR is counteracted by JKD and BIB, which matches
the observations that the CYCD6;1 domain is expanded in
jkd;bib-i roots. These results indicate that JKD and BIB restrict
CYCD6;1 expression to ground tissue initials and daughters,
preventing its expression in already differentiated endodermal
and cortical cells (Long ef al., 2015).

The concept of proteins being assembled into different
complexes in order to promote specific processes is further
supported and extended by Forster resonance energy transfer
measured by fluorescence lifetime microscopy (FRET-FLIM)
data. FRET-FLIM experiments show that SCR and SHR as-
sociation is stronger in the ground tissue initial/daughter cells
that undergo asymmetric cell division, compared with QC
or endodermis. On the other hand, JKD-SCR association is
stronger in endodermal cells compared with QC or ground



tissue initial/daughter. In addition, a split-luciferase assay in
Hela cells demonstrated that addition of JKD competes with
the SCR-SHR interaction, making it weaker, whereas SHR
addition makes the SCR—JKD association stronger. Importantly,
co-immunoprecipitation (ColP) experiments in tobacco leaves
show that SCR, SHR, and JKD can form a ternary complex,
indicating that the FRET results may represent either the for-
mation of distinct heterodimers or the assembly of a ternary
complex with closer interaction between two of the partners
(Long et al., 2017). Indeed, the crystal structure for a SHR—
SCR—JKD complex suggests that, at least in the formation of
this ternary complex, JKD only binds to SHR and not directly
to SCR (Hirano ef al.,2017).These and other results reinforce
the idea that differential interactions between SHR, SCR_, and
JKD triggers different processes: whereas strong SHR-SCR
interaction is associated with ground tissue asymmetric cell
division, stronger SCR—JKD interaction is associated with
endodermis specification.

Wasn’t this about SCN? Yes, QC function
also requires SHR, SCR, and JKD

In a no less complex process, SHR, SCR, and JKD are also
pivotal for QC specification and maintenance. Also, the heat
shock transcription factor gene SCHIZORIZA (SCZ) was
shown to genetically interact with SCR and SHR for SCN
and ground tissue patterning, although the underlying mech-
anism remains unclear (Mylona et al., 2002; Pernas et al., 2010;
ten Hove et al., 2010). The single mutants shr, scr, scz, and jkd
display defective QC specification and maintenance, exempli-
fied by a disorganized stem cell niche, accumulation of starch
in the columella initials, and failure to correctly express QC
identity markers such as QC25 and QC46. All four mutants
have shorter meristems and roots, a phenotype that is less
prominent in jkd, while shr and scr are unable to maintain root
meristematic activity (Benfey et al., 1993; Scheres et al., 1995;
Helariutta et al., 2000; Sabatini, 2003; Pernas et al., 2010; ten
Hove et al., 2010;Welch et al., 2007). Whereas SCR expression
is reduced in the shr mutant, transactivation of SCR in the QC
of shr or scr only rescued the root stem cell niche defect of scr,
indicating that both genes are required for correct QC speci-
fication and maintenance (Sabatini, 2003). It was also observed
that from early heart stage onward, SCR is no longer expressed
in jkd mutants, while JKD expression is only reduced in shr and
scr mutants after embryogenesis. Taken together, SHR and JKD
are required for SCR expression during and after embryogen-
esis, whereas SHR and SCR are only required for elevated
JKD expression in post-embryonic roots. Furthermore, ana-
lysis of double mutants showed that jkd;scr displays a stronger
phenotype compared with the scr single mutant, but jkd;shr
has only slightly shorter roots than shr, suggesting that JKD
exerts its function in root stem cell niche mostly through SHR
(Welch et al., 2007).
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The same FRET-FLIM experiments that showed stronger
association of SHR—SCR and SCR—JKD in ground tissue
initial/daughter and endodermal cells, respectively, have also
shown that SHR and JKD associate more strongly in QC cells.
Interestingly, whereas WOX5 expression is mostly absent in
shr, scr, and jkd mutants, ectopic WOX5 promoter-driven JKD
expression leads to expansion of the WOXJ5 expression domain
towards vasculature. Given that the WOXJ5 promoter is by de-
fault weakly active in vascular initials, a feedforward loop was
suggested to amplify WOXS5 promoter activity in the vascula-
ture. This effect was observed also in scr and shr backgrounds,
indicating that ectopically expressed JKD alone can induce
WOXS5 expression. The enlargement of the MOX5 domain
coincided with expansion of the QC identity markers QC25,
QC46, and QC184, indicating that JKD is able to promote
QC fate. Concordantly, dual-luciferase reporter experiments
in tobacco leaves demonstrated that among all possible com-
binations, SHR—JKD was the one to more effectively enhance
WOXS5 promoter activity. Additionally, split-luciferase in HeLa
cells indicated that SCR strengthens the association between
SHR and JKD. Put together, these results suggest that, whether
by forming a SHR—JKD heterodimer or by assembly of a
ternary complex with SCR in a supporting role, an enhanced
interaction between SHR and JKD is associated with QC spe-
cification and maintenance via WOXS5 regulation (Long ef al.,

2017).

PLETHORA proteins maintain the QC in a
redundant fashion

Another set of transcriptional factors necessary for QC spe-
cification and maintenance are the PLT proteins. Four PLTs
(PLT1-4) have partially overlapping expression domains in
the form of a gradient, peaking in the root stem cell niche. In
addition, PLTs are also partially redundant in function, acting
in a dose-dependent manner. Whereas single mutants do not
display obvious phenotypes, plt1;plt2 double mutants display a
strongly reduced root meristem that undergoes terminal dif-
ferentiation, and plt1;plt2;plt3 triple mutants completely fail to
develop a primary root (Aida et al.,2004; Galinha et al., 2007).
Consistently, plt1;plt2 double mutants fail to correctly express
the QC identity markers QC25, QC46, and QC184, and ac-
cumulate starch granules in the columella initials (Aida et al.,
2004). Interestingly, despite the resemblance of plt1:plt2 mu-
tants to scr and shr regarding the stem cell niche defects, SHR
and SCR expression is not affected in plt1;plt2 mutants and
vice versa. Concordantly, scr;plt1;plt2 and shr;plt1;plt2 triple
mutants display earlier root meristem differentiation when
compared with shr/ser single- or plt1;plt2 double-mutants
(Aida et al., 2004). Collectively, these results suggest that PLT's
and SHR/SCR act in parallel pathways converging to spe-
cify and maintain the QC and the root stem cell niche (Aida
et al., 2004; Galinha et al., 2007; Santuari ef al., 2016). PLTs
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were shown to be induced by auxin and to directly or indir-
ectly regulate the expression of many genes involved in pat-
terning, growth, and differentiation, including genes involved
in auxin biosynthesis, response, and transport (Aida et al., 2004,
Mihonen et al.,2014; Santuari et al., 2016). Besides the auxin—
PLT feedforward cascade, additional PLT-regulated genes feed
back on PLTs, thereby creating additional feedforward loops
(Santuari et al., 2016). The GROWTH-REGULATING
FACTOR-GRF-INTERACTING FACTOR (GRF-GIF)
repressive module, consisting of interacting transcriptional
repressors and co-regulators, is a candidate to control PLT
levels through negative feedback (Rodriguez et al., 2015;
Santuari et al., 2016; Ercoli et al., 2018). PLTs promote GRF
and GIF expression, whereas GIF co-regulators are impli-
cated in the direct repression of PLTs (Santuari et al., 2016;
Ercoli er al., 2018). miR396 post-transcriptionally represses
GRFs, whereas PLTs maintain high levels of miR396 within
the SCN. Therefore miR396 excludes the GRFs from the
SCN, restricting their activity to the transit-amplifying zone
(Rodriguez et al., 2015; Ercoli et al., 2018). This interplay be-
tween PLT, GIF-GRE and miR396 collaborates to establish
the PLT gradients, consisting of reduced levels in the transit-
amplifying zone and maxima at the SCN.

Parallel pathways converge in the QC

A recent study has described for the first time how PLT and
SCR parallel pathways may converge into QC specification
(Shimotohno et al., 2018). By means of yeast-two-hybrid
(Y2H) and bimolecular fluorescence complementation (BiFC)
in protoplasts, PLT1, PLT3, and SCR were shown to interact
with two TEOSINTE-BRANCHED/CYCLOIDEA/PCNA
proteins (TCP20 and TCP21). To map the interaction do-
mains, Y2H and BiFC experiments were subsequently per-
formed using truncated versions of TCP20 and TCP21,
showing that PLTs and SCR bind to different regions of the
TCPs. Additionally, ColP in protoplasts transiently expressing
tagged PLT3, TCP20, and SCR combinations showed that
PLT3 and SCR only interact in the presence of TCP20.These
results suggest that SCR, PLTs, and TCPs form a complex in
planta. To understand the individual and combined dose ef-
fect of these genes on root development, several double, triple,
and quadruple mutants were obtained, varying the allelic
contribution of these four genes. For example, a double mu-
tant homozygous for the scr allele and heterozygous for tp20
(scr;tep20+/-) displays an intermediary root length compared
with a ser single mutant (longer root) and the double homo-
zygous scr;tep20 mutant (shorter root). A quadruple homozy-
gous plt1;plt3;tep20;scr3 mutant completely abolishes primary
root growth (Shimotohno ef al., 2018). The results are con-
sistent with these genes acting in a dose-dependent manner
for root length.

As expected, these mutants also present morphological de-
fects in the root stem cell niche. The quadruple homozygous

mutant completely loses the stereotypical stem cell niche
pattern, whereas triple homozygous (plt1;tcp20;scr and
plt3;tcp20;scr) mutants exhibit extra QC divisions and accu-
mulate starch in columella initials earlier than observed in the
ser single mutant. Morphological changes are already observed
early during embryogenesis: quadruple homozygous mu-
tants exhibit unusual divisions in the hypophyseal cell at the
dermatogen stage, corresponding to the time and position of
their expression. Concordantly, the WOX5 promoter is less ac-
tive in a double fep;scr compared with ser single mutant, and
less expressed in quadruple heterozygous mutants compared
with WT (Shimotohno et al., 2018). These results again reveal
a gene dose output response, consistent with protein complex
formation.

ChIP-seq data reported the occurrence of PLT2 binding at
the WOXJ5 promoter (Santuari ef al.,2016), suggesting that PLT1
and PLT3 may be mediating the output of the complex through
direct regulation of WOXS5 target expression. Supporting this
hypothesis, it was demonstrated that PLT1 or PLT3 fused to
GR, upon dexamethasone induction and in the presence of the
protein synthesis inhibitor cycloheximide, were able to directly
induce WOXS5 expression. Mutating the PLT binding sites in
the WOX5 promoter abolished its expression, indicating the
relevance of the identified binding sites. Dual-luciferase assays
in protoplasts showed that, although induced by PLT3 alone,
WOX5 promoter activity was significantly enhanced when
PLT3,TCP20, and SCR were combined. In addition, compared
with WT promoter induction by PLT3—TCP20-SCR, the in-
duction of the promoter harbouring mutated PLT-binding mo-
tifs was markedly reduced. Altogether, these data strongly support
the idea that PLT proteins together with SCR form a TCP-
containing complex in order to specity the QC and establish the
root stem cell niche (Shimotohno et al., 2018).

Recently, Zhai and collaborators presented data supporting
WOXJ5 regulation by SCR in a PLT1/2-independent manner,
thereby elaborating on earlier data that indicated that WOX5
expression depends mainly on SCR/SHR, with PLT1/PLT2
playing only a minor role in confining WOXS5 expression to
the QC (Sarkar et al., 2007; Zhai et al., 2020). Previous data
showed reduced fluorescence of SHR and SCR promoter and
protein fusions in a seuss (seu) mutant background (Gong et al.,
2016). The nuclear localized SEU protein is a transcriptional
co-regulator that is broadly expressed in embryos and in post-
embryonic root meristem. Indeed, the scr;seu and shr;seu double
mutants do not display enhanced phenotypes compared with
scrand shr single mutants. However, a seu;plt1;plt2 triple mutant
presents shorter roots compared with plt1;plt2. These results
suggest that SCR/SHR and SEU act in the same pathway in
parallel to the PLT pathway (Gong et al., 2016).

WOX5 expression is both delayed and significantly reduced
in a seu null mutant. Accordingly, seu displays phenotypes
similar to the wox5 mutant, harbouring ectopic divisions in the
QC, starch accumulation in columella initials, and strongly re-
duced expression of the QC184 identity marker. Also, seu;wox5
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Fig. 2. Overview of the pathways regulating the stem cell niche. At the top are three protein complexes for which SCR is fundamental. These complexes
are implicated in the direct positive transcriptional regulation of WOX5 in the QC. Note that data only support the assembly of SCR into individual
complexes. Also, SCR can promote stemness and QC fate independently from WOX5. On the right is shown CYCDG3, the expression of which is directly
repressed by WOXS5 in the QC and which participates in the phosphorylation of RBR, thereby inactivating it. Whereas CYCD3 promotes cell division,
RBR—in its active form—represses cell division and promotes cell differentiation. On the left is shown TAAT, the expression of which is up-regulated

by WOX5 and which in turn enhances auxin production within the QC. High levels of auxin increase PLT expression, which in turn promotes auxin
production in a feed-forward loop. PLTs are required for QC specification and promote stemness of surrounding initials. In a feed-back loop, PLTs
positively regulate expression of GRF and miR396, which directly post-transcriptionally repress GRFs in the SCN. Low levels of GRF can no longer
directly repress PLTs, thereby assuring their high expression in the SCN. In the centre, WOX5 autonomously promotes QC fate and non-autonomously
promotes stemness in the columella initials. WOX5 also forms a complex with TPL/TPR and HDA19 to repress the differentiation factor gene CDF4 in
the QC. Shown at the bottom, the ACR4-CLV1-CLE40 signalling module represses WOX5 expression, whereas it promotes columella differentiation in a
CDF4-independent manner. The red lines indicate direct transcriptional, post-transcriptional, or post-translational regulation based on experimental data.

double mutants did not present enhanced defects compared
with wox5, indicating that both genes act in the same pathway
(Zhai et al., 2020). Interestingly, Y2H showed that SEU inter-
acts with SCR but not SHR and the SCR—SEU interaction
was confirmed by ColP in Arabidopsis roots. ChIP—qPCR ex-
periments showed enrichment of SCR and SEU binding at
~1100 bp upstream of the WOXJ5 transcription start site, with
dramatically reduced binding for SEU in a s mutant back-
ground. Also, dual-luciferase assays in tobacco leaves showed
that WOX5 promoter activity is ~15% up-regulated by the
SCR—-SEU combination compared with SCR alone.These re-
sults indicate that SCR recruits and physically interacts with
SEU to jointly bind to the WOX5 promoter (Zhai et al., 2020).

Asa third player in this complex, the histone methyltransterase
protein SET DOMAIN GROUP 4 (SDG4) was shown to
interact with SEU by Y2H and split-luciferase in tobacco
leaves. The null mutant sdg4 (originally ashr3-1) displays de-
fects resembling those observed in seu (Kumpf et al., 2014).
Concordantly, the SDG4-GFP fusion protein was observed
during embryo development from dermatogen stage onwards
in the nucleus of the hypophysis, whereas post-embryonically
it was broadly expressed in the root meristem. SDG4 and SCR
bind to different regions of SEU as shown by Y2H, while CoIP
in tobacco leaves and Arabidopsis roots demonstrated that SCR.
and SDG4 can associate to SEU at the same time, and that
SEU is required for SCR-SDG#4 interaction. ChIP—qPCR
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experiments for SDG4—GFP showed enrichment of the same
region in the WOX5 promoter as is observed to be bound
by GFP-SCR and SEU-GFP. In addition, sdg4,seu;wox5 and
sdg4;seu;scr triple mutants do not enhance QC defects observed
in either single wox5 or scr mutant, respectively. Furthermore,
WOX5—GFP overexpression is able to rescue the QC defects
in a sdg4;seu;scr triple mutant. Finally, both sdg4 and seu mutants
display reduced levels of H3K4me3 marks (associated with
transcriptional activation) at the WOX5 promoter. Altogether,
these results support a SCR-SEU-SDG4 complex that trig-
gers H3K4 trimethylation of the WOXJ5 promoter, in order
to promote its expression and consequently QC specification

(Zhai et al., 2020).

Wrap up: the attractive SCARECROW

The research discussed above indicates the existence of at
least three ternary complexes regulating QC specification and
WOX5 expression. All of these include the SCR transcription
factor interacting with two partners (PLT/TCP, SEU/SDG4
or SHR/JKD) (Long et al.,2017; Shimotohno et al.,2018; Zhai
et al., 2020). The corresponding genes start to be expressed
early during embryogenesis, around the time of or prior to
WOX5 accumulation at the globular stage (Helariutta et al.,
2000; Welch et al., 2007; Shimotohno et al., 2018; Zhai et al.,
2020). Realizing that all these proteins display overlapping ex-
pression domains in the hypophysis/QC, it is intriguing to
think how those complexes behave in this same cellular envir-
onment. Do all complexes co-exist or are there factors regu-
lating the conditional assembly of one complex at the expense
of the others? Considering that SCR is a key factor for all
complexes, at least some competition could be expected. The
reported protein—protein interaction experiments so far only
addressed which SCR domain is used for the interaction with
SHR, but not for the interaction with JKD, TCP20/21, and
SEU (Hirano et al.,2017; Long et al., 2017; Shimotohno ef al.,
2018; Zhai et al., 2020). The evidence presented in literature
only addresses and supports the assembly of individual com-
plexes. However, we can speculate that if SCR uses different
domains for its interactions, one unique SCR might associate
to more than one complex at the same time. In line with
this, it was previously demonstrated that SCR binds to RBR
through a domain that is dispensable for its interaction with
SHR (Cruz-Ramirez et al., 2012). Therefore, we can hypothe-
size on at least two possible scenarios. Considering that SCR
appears to be crucial for recruitment and assembly of a SEU
complex at ~1100 bp as well as for the TCP complex ~300 bp
upstream of the WOXJ5 transcription start site (Shimotohno
et al.,2018; Zhai et al., 2020), we can envision that SCR phys-
ically links both PLT-TCP and SDG4-SEU sub-complexes,
and maybe even the SHR—JKD sub-complex, and mediates
their interaction in the formation of a single multi-protein
complex (Shimotohno et al., 2018; Zhai et al., 2020). In this

way, the SDG4-SEU sub-complex would promote H3K4me3
methylation, making the WOX35 promoter region more access-
ible to other factors, including the PLT-TCP sub-complex, to
effectively induce WOXJ5 expression. On the other hand, in
the case of SCR only being assembled into separate complexes,
those different complexes may perform specific roles during
different subsequent phases of QC specification and WOXS5
expression, thereby recycling SCR between the different com-
plexes. For example, the SDG4-SEU-SCR complex could
primarily establish chromatin activation marks at WOX5 pro-
moter, and this would relax the chromatin allowing subsequent
complexes such as JKD-SHR-SCR and PLT-TCP-SCR to
access this region in order to promote and maintain WOX5
expression during and after embryogenesis.

The question is whether SCR itself can physically ac-
commodate binding to all these proteins or whether there
is a common additional scaffold protein(s) to accommo-
date all sub-complexes, or perhaps there is a hybrid ver-
sion of these proposed mechanisms. In that respect it is also
interesting to examine the role of the Mediator complex
for which the subunit MED31 has been observed to com-
pete with SHR for binding to SCR, in order to regulate
downstream CYCD6;1 transcription in the ground tissue
(Zhang et al., 2018). The large Mediator complex couples
the enhancer-bound transcription factors to RNA poly-
merase II-dependent gene transcription, which includes
epigenetic control of transcription (Buendia-Monreal and
Gillmor, 2016). One way of testing these hypotheses is to
determine whether SCR, while being part of one complex,
can bind to proteins of the other complexes. A first candi-
date would be SHR, since the interaction between SCR
and SHR was reported to be stronger than binding of SCR
to JKD, RBR, or MED31 (Cruz-Ramirez et al., 2012; Long
et al., 2017; Zhang et al., 2018). In addition, since SHR can
enhance the association between JKD and SCR, SHR may
act in stabilizing the interaction between SCR and other
complexes (Long ef al., 2017). Whereas these hypotheses are
still purely speculative, future experiments will tell whether
SCR can act as a core protein being assembled into mul-
tiple complexes simultaneously, or if SCR is recycled be-
tween complexes to exert its function in the QC and SCN
regulation. Since the first ablation studies that showed the
importance of organizer signalling for stem cell mainten-
ance, detailed studies have provided insights into genes and
networks acting in the SCN. Nevertheless, more is still to
be discovered on the mechanisms acting in the short-range
control of SCN function and stem cell differentiation.
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