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Higher vascular land plants have successfully colonized the terrestrial 
environments via the evolution of multicellular organs that penetrate substrates, 
anchor the plants and absorb nutrients necessary for plant growth, termed root 
systems [1, 2]. As the main interface between plants and soil, root systems need to 
adapt to very heterogeneous macro- and micro-conditions, such as soil 
composition, subterranean competition with other plants and rhizosphere abiotic-
/biotic-interactions [3-5]. Therefore, variable root morphologies may contribute to 
survival strategies of plants. 

Root systems consist of roots derived from the embryo (embryonic roots) and 
roots derived from existing roots or non-root tissues (post-embryonic roots) [6]. 
Post-embryonic roots arising from existing roots are termed lateral roots (LRs), 
while roots arising from non-root tissues are termed adventitious roots [6]. In 
dicots, the embryonic root commonly becomes dominant, forming a thick central 
taproot, from which secondary LRs usually develop [7]. LRs then reiterate the 
process and develop the higher-ordered and spatially separated root system, 
termed as taproot system (allorhizic root system) [7, 8]. In this root system, 
embryonic roots are usually important during the entire life cycle of the plant [7]. 
In contrast to the taproot system, the majority of monocot roots form a fibrous 
‘homorhizic’ root system, which is characterized by the development of many 
adventitious roots [7, 8]. Embryonic roots in this system are usually small, short-
lived and only important at early stages of seedling development [7]. 

In the taproot system, the growth of embryonic roots, also named primary 
roots, and LRs are the major determinants of root system architecture. Here, we 
focus on LR development in the dicotyledonous model plant Arabidopsis thaliana. 
In Arabidopsis roots, layers of epidermal, cortical and endodermal tissues surround 
the a single-layered pericycle and central vasculature tissues (Figure 1.1 and Figure 
1.2A). The pericycle is a heterogeneous tissue with diarch symmetry composed of 
two cell types, sitting in front of xylem- and phloem-pole respectively, with 
different cytological features and cell fates (Figure 1.2A) [9-13]. Different from 
quiescent phloem-pole-pericycle (PPP) cells, xylem-pole-pericycle (XPP) cells are 
thought to be ‘semi-meristematic’, based on the characterization of their 
ultrastructure (small vacuoles, dense cytoplasm and ribosomes) and cell division 
ability (XPP cells remain at the G2 phase of the cell cycle for a longer period than 
PPP cells) [9, 11, 13]. In accordance with this, XPP cells are exclusively competent 
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for LR formation. The specification of XPP cells for their ‘semi-meristematic’ 
potency innately correlates with vascular pattering of xylem-lineage [11]. 

LRs initiate acropetally, with different developmental stages (from young to 
old) positioned at different longitudinal zones along the primary root (from root tip 
to shoot) (Figure 1.1) [14, 15]. The growing root of Arabidopsis has been divided 
into four developmental zones according to their cellular activities (Figure 1.1) [16, 
17]. From root tip to shoot, these are: (i) Meristem, the zone with active cell 
divisions; (ii) Transition zone (TZ), also named basal meristem, where cell division 
competence is still present but accompanied with slow cell growth in both length 
and width;  (iii) Elongation zone (EZ), the zone with rapid and extensive cell 
elongation without growth in width (iv) Differentiation zone (DZ), the zone in which 
cells are ceased to expand and start to differentiate to their specialized features 
(Figure 1.1) [16, 17]. In the most rootward part, the root cap, including lateral root 
cap (LRC) and columella (COL), is thought to form protective and sensory tissue 
layers to shield meristematic cells during soil penetration and to perceive 
environmental signals (Figure 1.1 and Figure 1.2C) [18, 19].  

Chronologically, LR development has been divided into four steps (Figure 1.1): 
(i) LR patterning (mostly in TZ and EZ), which encompasses mechanisms to 
determine rhizotaxis, the spatial distribution of lateral root primordia (LRP) and LRs 
along primary roots; (ii) LR initiation (mostly in early DZ), a phase from the 
activation of nuclear migration in specified lateral root founder cells (LRFCs) to the 
stereotypical first asymmetric cell division; (iii) LR outgrowth (in DZ), a 
‘primordium-intrinsic’ establishment of new organ tissues and meristem in an 
orthogonal axis to the parental roots after the initiation and (iv) LR emergence (in 
DZ), an interactive process between LRP and their overlaying tissues to allow 
passage through cell layers and the birth of new LRs. Newly formed LRs possess do 
novo patterned root tissues and meristems that are highly resemble to and 
function as primary roots to ensure their continuous growth (Figure 1.2C) 
 
Lateral Root Patterning 
Rhizotaxis is defined as the arrangement of lateral organs along plant roots [20, 
21]. For Arabidopsis roots grown under the experimental conditions, rhizotaxis 
particularly refers to the collective distribution of ‘activated’ LRFCs, LRP and LRs 
along the primary root. The rhizotactic pattern is usually measured as a 
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combination of primary root growth (root length), 
LRP/LR density and the minimum distance of two 
successive LRP/LRs [14, 20]. LR pre-patterning, 
including the oscillation and LRFC specification, can 
be considered as a decisive process for the branching 
structure that makes up rhizotaxis.  
 
Figure 1.1 Schematic representation of LR pre-patterning. 
PR Meristem: Primary Root Meristem; TZ: Transition Zone; BM: 

Basal Meristem; EZ: Elongation Zone; OZ: Oscillation Zone; DZ: 

Differentiation Zone; FACD: First Asymmetric Cell Division; QC: 

Quiescent Center; LRC: Lateral Root Cap; Ep: Epidermis; Co: 

Cortex; En: Endodermis; Pe: Pericycle; XPP: Xylem Pole Pericycle; 

Va: Vasculature; LRFC: Lateral Root Founder Cell; LRP: Lateral 

Root Primordium; LR: Lateral Root; PCD: Programmed Cell Death. 

 
 
Oscillation - An Intrinsic Mechanism to Pre-pattern LR 
Initiation Sites 
 
Recent molecular evidences suggest that early 
events to pattern LRs initially occur in root tips. In 
basal meristem, a recurrent expression of an auxin 
reporter by fusing the synthetic DR5 (DIRECT 
REPEAT5) promoter to the β-glucuronidase (GUS) 
reporter gene is observed in protoxylem cells at both 
sides with a period of 15 hours (Figure 1.1) [22]. The 
DR5:GUS expression sites in the basal meristem have 
been shown to correlate with subsequent sites of 
LRP by temporally tracing a toner ink-labeled 
position from the basal meristem onward [22]. In 
line with this, by fusing the DR5 promoter to the 
luciferase (LUC) reporter gene, an in vivo behavior of 
DR5:LUC in the root tip also reveals an oscillatory 
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activity [23]. The dynamic DR5 expression pattern occurs in a relatively broad 
region termed oscillation zone (OZ), which covers basal meristem and elongation 
zone (Figure 1.1) [23, 24]. The cells involved in each peak of the DR5 oscillation 
become a region with stable DR5 expression in the early DZ, designated as a LR 
prebranch site that is thought to mark regions that have acquired the competence 
to become a LRP (Figure 1.1) [23, 24].  

DR5 expression is commonly considered as a proxy of auxin distribution, but 
auxin itself has been argued to not be sufficient to specify the oscillated DR5 
behavior in the OZ and the subsequent formation of LR prebranch sites [23, 24], 
based on the failure of exogenously applied auxin in the OZ to trigger new LR 
prebranch sites and the observation that not all auxin responsive genes exhibit 
periodic expression as DR5 reporter in the OZ [23, 24]. Analysis of gene expression 
in the OZ led to the conclusion that thousands of genes display an oscillation 
pattern that in phase or in antiphase with the DR5 reporter, suggesting that this 
oscillation reflects a large-scale developmental responses [23]. Several candidate 
transcriptional regulators are confirmed to exhibit oscillatory expression and 
function in LR development, including AUXIN RESPONSIVE FACTOR7 (ARF7) and 
LATERAL ORGAN BOUNDARIES DOMAIN16 (LBD16) [23, 25]. Especially, arf7 
mutants show deviated oscillation and irregular prebranch sites that marked by 
DR5:LUC, suggesting that ARF7 is important for periodic gene expression in the OZ 
[23]. Taken together, a biological clock that involves oscillatory gene activities in 
the OZ, which at least partially correlate with auxin signalling, is considered to be 
the first step to position new LRP/LRs. 

Regarding to the oscillation model, there are still questions remain to be 
elucidated. Due to the low spatial resolution of DR5:LUC expression, the precise 
spatial domain for oscillation has not yet been described. The cellular information 
provided by DR5:GUS proposes a priming step (Figure 1.1), from which XPP cells 
are assumed to receive signals from the adjacent DR5:GUS-marked protoxylem 
cells during the oscillation [22]. How this priming step is achieved is currently 
unclear. Moreover, the oscillating period visualized by DR5:LUC is 4 to 6 hours [23, 
26, 27], which appears to be shorter than the frequency of successively initiated 
LRP/LRs and the repetitive period indicated by DR5:GUS [22, 28], suggesting that 
other regulatory mechanisms are required for converting cells with competence 
after the oscillation to ‘true’ LRP/LR initiation sites (Figure 1.1) [24].  
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Lateral Root Cap Derived Auxin Modulates Oscillation 
An auxin source in lateral root cap (LRC) is able to influence the LRP/LR initiation 
sites [22, 26, 27, 29, 30]. This phenomenon was first discovered from tissue-
specific complementation experiments in agravitropic auxin resistant1 (aux1) 
mutant roots [22, 30]. The AUX1 gene encode an auxin influx carrier member that 
facilitates auxin transportation [31]. Roots in aux1 mutant bend constitutively to 
one direction, forming root coils with LRs predominantly distributed on the convex 
side of the curve, which is different from a wavy pattern displayed in wild type 
roots growing under the same conditions [22, 30]. In addition, reduced LR density 
and oscillatory activity in basal meristem (marked by DR5:GUS) are also observed 
in aux1 mutant roots [22, 32]. Targeted expression of AUX1 to LRC and epidermal 
tissues fully restores not only the aux1 agravitropic phenotype but also the 
aberrant rhizotaxis [22, 30]. 

A recent small-molecule screen from a compound library for LR initiation 
identified naxillin as a non-auxin-molecule that stimulates the conversion of the 
auxin precursor indole-3-butyric acid (IBA) to the active auxin indole-3-acetic acid 
(IAA) in the root cap [33]. The local root cap IBA-to-IAA conversion efficiency 
positively modulates the oscillation amplitude, determined by the DR5:LUC 
intensity in the OZ, thereby stimulating the formation of LR prebranch sites and 
subsequent LRP/LRs (Figure 1.1) [26, 33]. Tissue-specific analysis reveals that the 
IBA-to-IAA conversion pathway is active specifically in the outer LRC cells to 
produce IBA-derived auxin, which is assumed to be transported toward the OZ 
(Figure 1.1) [26, 27]. This transport correlates with the release of auxin pulses from 
the most distal LRC cells (in the OZ) during their recurrent programmed cell death 
(PCD) and the accumulation of auxin in abutting epidermal cells (Figure 1.1) [27]. 
And the periodicity of PCD-derived auxin correlates with the oscillation and the 
formation of LR prebranch sites and subsequent LRP/LRs (Figure 1.1) [27]. 
However, how this PCD-derived auxin penetrates root tissues to drive the 
oscillation and thereby influencing the LRP/LR initiation sites remains elusive. 
Regardless of the precise mechanisms involved, the dynamics of root cap turnover 
may coordinate primary root growth with root branching upon environmental 
stimuli, such as gravity, water and nutrients [27]. These findings highlight the 
possible interactive channel for plants to transmit extrinsic environmental signals 
to intrinsic developmental strategies.  
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Lateral Root Founder Cell Specification 
Lateral root organogenesis begins with the specification of LRFCs, a process to 
select a subset of competent XPP cells to initiate LRP (Figure 1.1). This process is 
difficult to address for several reasons. First, LRFCs are histologically 
indistinguishable from other XPP cells without molecular markers, and the 
specification can only be inferred from subsequent developmental events [24, 34]. 
Second, molecular markers that have been identified for LRFCs are too few to 
explicitly define and separate founder cell identities. For instance, molecular 
markers to define newly ‘established’ LRFCs are lacking, even though marker genes 
have been reported that can be indicative for early LRFCs [26, 35]. Similarly, the 
distinction between competent XPP cells and activated LRFCs is hard to make. 
Third, for the markers that are available, their functions during the LRFC 
specification are not entirely clear [24, 34]. 

 Oscillation might be necessary but not sufficient for LRFC specification. 
During oscillation, a group of pericycle cells may exit from OZ, from which only 
pairs of abutted pericycle cells are specified as LRFCs [24]. This implies that 
mechanisms may exist to locally refine or restrict the number of pericycle cells to 
become specified LRFCs during and/or after the oscillation [24]. LR prebranch sites 
are created with static DR5:LUC expression in early DZ after the oscillation [23]. 
However, not all ‘static’ points of DR5 expression generated from the oscillation 
persist to become LR prebranch sites and then LRP/LRs, which has been observed 
under strong gravistimulation [23]. Therefore, it might be reasonable to speculate 
that LR prebranch sites might reflect activated LRFCs, and ‘non-persistent’ static 
points of DR5 expression might reflect competent XPP cells that are not activated. 
In this scenario, LRFCs are assumed to be specified before entering into the DZ, in 
other words, during the oscillation. Alternatively, keeping the limited cellular 
resolution of DR5:LUC in mind, LR prebranch sites might also indicate a broader, 
competent site from which LRFC specification is initiated subsequently [24]. In this 
scenario, LRFC specification happens after and separately from the oscillation. 

The auxin regulatory GATA23 transcription factor is considered as the first 
molecular marker for LRFCs [35]. An auxin signalling cascade involving INDOLE-3-
ACETIC ACID28 (IAA28) and its potential ARF binding factors (ARF5, 6, 7, 8 and 19) 
in the basal meristem controls the GATA23 expression in XPP cells after the basal 
meristem (Figure 1.1) [35]. The GATA23 expression pattern presents broad patches 
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with elevated peaks that can mark LRFCs and LRP at early stages [35]. Both GATA23 
loss- and gain-of-function mutants display altered numbers and spacing of LRP and 
LRs, suggesting a role in specifying LRFCs [35]. However, it is not clear whether 
GATA23 regulates LRFC specification during/through the oscillation or after the 
oscillation. Another candidate regulator might be involved in LRFC specification is 
MEMBRANE-ASSOCIATED KINASE REGULATOR4 (MARKR4) that has been identified 
as a downstream molecular component of IBA-to-IAA conversion pathway [26]. 
MARKR4 is required to covert a LR prebranch site into LRP after the oscillation as 
markr4 loss-of-function mutants roots show fewer LRP/LRs but unaltered LR 
prebranch sites (Figure 1.1) [26]. In addition, the AtMYB93 transcription factor, 
which belongs to the subfamily of R2R3 MYB (MYELOBLASTOSIS), can be 
specifically induced in the basal meristem by auxin, hinting its potential role in 
oscillation and/or LRFC specification [36].  

Bilateral periodic pre-patterning at both xylem poles (visualized by DR5:GUS) 
is usually followed by unilateral initiation of LRP from one xylem pole, therefore 
LRFC specification composes the mechanisms to determine the sideness of the 
initiation. Curvature is considered as a decisive cue to specify the sideness of LRFCs 
[37]. Despite an independence between LR initiation and gravity [23, 24, 38-41], 
both gravity- and mechanical force-induced bends influence LR initiation sites, 
most of which reside on the convex side of a curve [21, 22, 37-40]. An in silico root 
system proposes that the differential XPP cell geometry between two sides of the 
curve, in which cells are slightly stretched on the convex side and compressed on 
the concave side, might act as a trigger to determine the sideness of LRFCs [21]. 
The stretched XPP cells are more competent than other cells to form a robust new 
auxin maximum [21]. A D-type cyclin cycd4;1 mutant shows an increased pericycle 
cell length in the OZ and reduced LR density, hinting a role of cell geometry in LRFC 
specification and/or oscillation [42]. However, another research challenges this 
hypothesis by performing a transient bending assay, in which no obvious 
asymmetric geometry of the XPP cells is observed after re-positioning the root 
from a 20 second mechanical bending [40]. This transient bending is however 
sufficient to position LRs on the convex side of formerly bent regions, and a rapid 
heterogeneous change of cytosolic Ca2+ levels upon stretches has been proposed 
to determine the sideness and drive the LRFC specification [40]. Independent from 
curvature, hydropatterning, a non-uniform distribution of hydraulic conductivity 
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(water availability), influences the distribution of LRP/LRs and might act at the time 
of LRFC specification to determine the sideness after the oscillation [43]. 

Auxin and auxin signalling participate in regulating LRFC specification. From 
previously mentioned in silico root system, a lateral inhibition theory is proposed, 
in which newly specified and/or specifying LRFCs will inhibit next founder cells to 
be specified in the distal (rootward) region [21]. This requires proper expression of 
auxin influx and efflux carriers which may contribute to the formation of a robust 
new auxin maximum in selected XPP cells and the depletion of the auxin level in 
their surrounding cells [21]. Therefore, mutants in auxin polar transportation and 
auxin signalling show altered rhizotactic patterns with closely grouped (or even 
fused) LRP/LRs or fewer LRP/LRs, such as pin2pin3pin7, weak alleles of gnom, shy2 
(short hypocotyl2/iaa3; gain-of-function), bdl (bodenlos/iaa12; gain-of-function) 
and mp (monopteros/arf5) mutant roots [21, 44-47]. Moreover, a heat-shock 
inducible system is used to create clonal sectors randomly in roots, including 
patches in XPP cells, in which an auxin biosynthetic enzyme indoleacetic acid 
tryptophan monooxygenase (iaaM) is expressed to increase auxin production [48]. 
Additional LRP are initiated from auxin producing pericycle sectors, indicating that 
a local auxin input is able to specify LRFCs, perhaps regardless of the regions along 
the primary root [48]. In addition to auxin, enhanced cytokinin responses in 
pericycle cells between existing LRP might restrict other primordia to ‘ectopically’ 
initiate near the existing LRP, thereby preventing ‘extra’ LRFCs to be specified after 
the oscillation [49]. Moreover, ectopic overproduction of cytokinin in the zone 
encompassing the basal meristem by tissue-specific activation of the cytokinin 
biosynthesis gene ISOPENTENYL TRANSFERASE (IPT) results in fewer initiated 
LRP/LRs  [49]. 

Mobile signals have been proposed to regulate LRP/LR positioning through 
interconnective signalling pathways [50-53]. A dynamic symplastic transport is 
observed in XPP cells (including LRFCs) and LRP, where positive cell-to-cell 
connectivity between the pericycle cells and early stage primordia becomes 
restricted in older LRP [50]. By interrupting callose degradation around 
plasmodesmata (PD), plasmodesmal-localized β-1,3-glucanase1 (pdbg1)pdbg2 
double mutant roots are impaired in symplastic connectivity and exhibit an altered 
rhizotactic pattern, in which LRP/LRs are closely grouped or fused [50]. PdBG1 is 
expressed at low level in vasculature (including the basal meristem), LRFCs and 
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incipient LRP; while PdBG1 is expressed in the stele and LRP [50]. Based on the 
expression domain of PdBG1 and PdBG2 genes, they may control rhizotaxis by 
transporting inhibitory mobile signals, probably from existing LRFCs and/or LRP to 
the neighboring tissues [50]. Moreover, receptor-like proteins and kinases involved 
in cell-to-cell communication are reported to control the spatial distribution of 
LRP/LRs [51, 52]. GLUTAMATE RECEPTOR-LIKE3.2 (GLR3.2) and GLR3.4 proteins, 
function as amino acid-gated Ca2+ channels at the plasma membrane, are 
expressed in the phloem, where they are able to regulate rhizotaxis perhaps 
through the oscillation by transporting mobile signals [51]. Another membrane-
localized receptor-like kinase ARABIDOPSIS CRINKLY4 (ACR4), which resides 
specifically in the small daughter cells after the first asymmetric cell division of 
LRFCs, prevents neighboring pericycle cells from being specified into LRFCs non-cell 
autonomously [52]. Previously described evidences show that channels for gating 
interconnective signals are important for rhizotaxis, while evidences for mobile 
signals are missing. The phloem-mobile IAA18 mRNA is the first reported mobile 
signal that is able to travel from vascular tissue of mature roots and leaves to the 
basal meristem, where the IAA18 gene is not transcribed, and might be functional 
in the oscillation and/or LRFC specification [53]. 
 
Lateral Root Initiation 
Specified LRFCs are assumed to subsequently receive ‘activating’ signals to start 
the nuclear migration toward to the central common cell wall, during which the 
spindle-like nuclear shape starts to swell and is transforming along with the 
migration to reach to the nearly round shape before the division (Figure 1.1 and 
Figure 1.2B). Therefore, the start of nuclear shape transformation can be 
considered as a sign of LRFCs being activated and thereby as an indicator for the 
beginning of LR initiation. LR initiation is defined to be finished when the first 
formative divisions are accomplished and the proper daughter cell fates are 
established (Figure 1.1 and Figure 1.2B) [54]. A stereotypical bi-cellular mode of LR 
initiation is frequently observed, in which first anticlinal cell divisions occur 
asymmetrically and synchronously in adjacent founder cells to generate two short 
daughter cells flanking by two longer cells (Figure 1.1 and Figure 1.2B) [29, 35, 52, 
55-57]. The first asymmetric cell division occurs within 4-7 hours after the onset of 
nuclear repositioning [35]. A successful LR initiation demands tight interplay 
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between cell division and cell fate respecification.   
 

 
Figure 1.2 Schematic representation of LR initiation, outgrowth and emergence. 
(A) Arabidopsis root section, adapted from Peret et al., 2009 [1]. (B) Main signalling events and auxin 

flow during LR initiation. (C) Main signalling events and auxin response during LR outgrowth and 

emergence. XPP: Xylem Pole Pericycle; PPP: Phloem Pole Pericycle; QC: Quiescent Center; CEI: 

Cortex/Endodermis Initial; Endo: Endodermis; Cor: Cortex; Epi: Epidermis; LRC: Lateral Root Cap; COL: 

Columella; PR: Primary Root; FACD: First Asymmetric Cell Division; LRFC: Lateral Root Founder Cell; 
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CWR: Cell Wall Remodeling genes. 

 
Signalling inputs for cell division 
In specified LRFCs, the auxin influx carrier AUX1 becomes highly expressed to 
maintain the auxin maximum (Figure 1.2B) [21]. And, the expression of synthetic 
auxin response DR5 reporter precedes the first asymmetric cell division and starts 
along with the nuclear migration [35], indicating that auxin signalling is associated 
with LR initiation. One of the most important auxin signalling components for LR 
initiation is the SOLITARY-ROOT (SLR)/IAA14-ARF7/ARF19 module, in which auxin-
induced degradation of labile SLR proteins de-represses ARF7 and ARF19 
transcription factors to activate downstream gene expression [58-61]. LRP and LRs 
are virtually absent from both dominant negative slr and loss-of-function arf7arf19 
mutant roots [58-61]. The cell cycle associated B-type cyclin CYCB1;1 reporter that 
marks the G2-M transition is strongly expressed in LRFCs undergoing the first 
divisions [62, 63]. The lack of CYCB1;1 expression in slr and arf7arf19 mutant roots 
indicates a cell cycle block during LR initiation controlled by SLR and ARF7/ARF19 
(Figure 1.2B) [25, 63]. In addition, LRP/LR density negatively correlates with SLR 
degradation rate (monitored by different point-mutated SLR protein variants), in 
which LRP/LRs density is decreased in roots harboring slow-degraded SLR variants 
[64]. This suggests that SLR is an auxin initiated timer for LR initiation [64]. 
Moreover, BRASSINOSTEROID-INSENSITIVE2 (BIN2)-mediated phosphorylation of 
ARF7 and ARF19 attenuates their interaction with IAAs, including SLR, and 
subsequently enhances the transcriptional activity to their target genes [65]. In line 
with this, gain-of-function bin2 mutants show increased LRP/LRs density [65]. 

In addition to SLR-mediated auxin signalling in LRFCs, SHOOT HYPOCOTYL2 
(SHY2)/IAA3-mediated auxin signalling in the overlaying endodermal cells has been 
reported to be crucial for LR initiation (Figure 1.2B) [66, 67]. SHY2 degradation in 
endodermis induces mechanical feedback through cell volume loss to 
accommodate the turgidity of the underlying LRFCs, thereby allowing subsequent 
cell divisions to initiate LRP (Figure 1.2B) [66]. In line with this, the physical 
elimination of endodermal cells triggers XPP cells to swell and to re-enter the cell 
cycle with the activation of CYCB1;1 expression [68]. Auxin efflux carrier PIN3 is 
considered to be involved in this auxin induced mechanical changes (Figure 1.2B) 
[69]. PIN3 is transiently induced in the endodermal cells overlying LRFCs along with 
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the nuclear migration, from where PIN3 stimulates LR initiation, as LRFCs in pin3 
mutant roots are temporally delayed in accomplishing the first asymmetric cell 
divisions [69]. In the overlaying endodermal cells, PIN3 localizes toward the inner 
membrane adjacent to the LRFCs, presumably create auxin reflux to the founder 
cells (Figure 1.2B) [69]. 

Direct downstream components of ARF7 and ARF19 have been identified, 
among which members of LBD proteins have been characterized to function in LR 
development, including LR initiation (Figure 1.2B) [25, 61, 70, 71]. LBD18 and 
LBD33 formed protein dimers mediate LR initiation by direct binding to the 
promoter of E2Fa gene, which encodes transcriptional activators of the cell cycle 
[71]. E2Fa is expressed during LR initiation, where it regulates the first asymmetric 
cell divisions [71]. LBD18 and LBD33 dimers mediate LR initiation by direct binding 
to E2Fa promoter to regulate its expression [71]. Another LBD gene, LBD16, is 
activated in pairs of XPP cells during LR initiation, where it promotes polar nuclear 
migration to break the symmetry of the cell division, allowing the establishment of 
asymmetry in LRFCs and subsequent cell fate respecification (after the division) 
[70].  

Independent of auxin signalling, the nuclear protein ABERRANT LATERAL 
ROOT FORMATION4 (ALF4) is required to maintain XPP cells in a mitosis-competent 
state needed for LR initiation (Figure 1.2B) [48, 72]. In loss-of-function alf4-1 
mutant roots, DR5 expression is still activated in patches of XPP cells, indicating 
that LRFCs are activated and probably prepared for cell division [48]. However, the 
lack of ALF4 halts the occurrence of subsequent cell division [48]. Moreover, 
components involved in positioning cell division plane have been reported to be 
required during LR initiation, such as the microtubule cytoskeleton serving protein 
KATANIN1 (KTN1) and mitosis regulator α-group AURORA (AUR) kinases [68, 73].  
Overexpression of mobile CLE-like (CLEL) peptides (also known as GOLVEN/GLV and 
ROOT GROWTHFACTOR/RGF) CLEL6 and CLEL7 inhibits LR initiation by disturbing 
the asymmetry of the founder cell divisions, probably via an auxin independent 
pathway (Figure 1.2B) [74]. 

 
Signalling inputs for cell fate respecification 
Cell fate respecification needs to be accomplished along and/or after the first cell 
division to guide the subsequent formation of LRP. However, how this process is 
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achieved remains an open question. Induced pericycle cell divisions by endodermal 
cell ablation (ECA) are frequently periclinal, instead of normally happened 
anticlinal cell divisions, and do not result in the formation of LRP [68], indicating 
that cell fate respecification requires additional signalling inputs. Auxin treatment 
of ECA-treated pericycle cells can re-position the cell division plane back to 
anticlinal and allow primordium development [68], suggesting that auxin signalling 
is involved in cell fate respecification. In line with this, induction of cell cycle in slr 
mutant background does not result in LR formation even though it can trigger 
rounds of cell divisions, indicating that cell fate respecification requires SLR-
mediated auxin signalling [63]. 
 
Lateral Root Outgrowth 
LR formation results from the sequential outgrowth of LRP, which is accompanied 
by interactive emergence. Throughout the thesis, we refer to LR outgrowth as the 
process that controls both primordium patterning and growth guided by 
developmental signals within the primordium itself, including signals to specify de 
novo LR tissues and meristem. LR outgrowth is divided into several stages 
according to their cell layers (Figure 1.2C) [75]. After LR initiation, an incipient 
Stage I LRP has established as a sign for the onset of LR outgrowth (Figure 1.2C). 
Subsequent rounds of anticlinal, periclinal and tangential cell divisions are 
launched to form a dome-shaped primordium emerged as a LR, indicating the 
finish of LR outgrowth (Figure 1.2C) [56, 57]. Emerged LRs possess a fully functional 
meristem that is highly reminiscent of the primary root meristem, in which the 
quiescent center (QC; cells with low mitotic activities) and its surrounding stem 
cells make up root tissues, forming the heart of root meristem (Figure 1.2C) [76, 
77]. So far, our knowledge on molecular regulatory networks specifically for LR 
outgrowth are limited, as this process shares so much similarities with the primary 
root growth.  

Facilitated by recent advances in live plant cell imaging and image analysis, 
3D/4D images have been used to precisely describe spatiotemporal LR outgrowth 
dynamics [56, 57]. The first asymmetric cell divisions in LRFCs are stereotypic and 
are tightly regulated, after which the central short cells define the core of the 
primordium and contribute to the majority of the primordium cell mass [57]. 
However, the second round of cell divisions in central short cells become less 
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deterministic, in which they undergo either anticlinal or periclinal divisions, and 
seems without a preference [57]. From the third round of cell cycle onward, cell 
divisions are nonstereotypic, in terms of a regular switch in division orientation 
[56, 57]. But few general rules for cell divisions still can be extracted during LR 
outgrowth: (i) cells tend to divide following a geometric ‘shortest-wall’ principle (ii) 
cells tend to alternate their division orientation between two consecutive divisions 
and (iii) the outer layer generated from a periclinal division predominantly shows 
periclinal divisions prior to the inner layer [57]. The semi-stochastic choice of 
division plane orientation during LR outgrowth suggests that patterning is not 
dependent on a fixed order of oriented divisions, which is in line with the 
dominance of positional signalling over lineage-dependent development in other 
plant meristems [78-81]. The primordium shape for a given stage, formed by these 
indeterministic cell divisions, is however highly conserved [56, 57]. The general 
change of primordium shape and growth axis is initially parallel to shoot-root axis 
and then rotates by 90°, pointing toward the primary root surface [56, 57].  

LRs are able to be formed from root segments containing LRP around Stage IV 
on the growth medium without additional auxin supply [82]. This indicates that an 
autonomous functional meristem has formed in primordia with as few as 3-5 cell 
layers, which is earlier than recognizable tissue architecture in the end of LR 
outgrowth (Figure 1.2C) [82]. The establishment of a de novo meristem tightly 
associates with a proper establishment of an auxin maximum in the primordium 
(Figure 1.2C), which requires the re-localization of polar auxin efflux carrier PIN 
proteins, mainly PIN1 [83-86]. During LR outgrowth, cytokinin is able to regulate 
the direction of auxin flow, and thereby modulate the auxin distribution [85, 86]. 
This process is achieved by cytokinin-induced PIN1 depletion at specific cellular 
domains through modulating PIN1 endocytic recycling, leading to a rearrangement 
of its cellular polarities [85]. This selective cytokinin sensitivity to PIN1 polar 
localization correlates with the PIN protein phosphorylation degree [86].  

The auxin-regulated PUCHI gene, encoding an APETALA2-like transcription 
factor, is involved in the definition of primordium boundaries during LR outgrowth 
(Figure 1.2C) [87, 88]. PUCHI is initially expressed in all of the primordium cells at 
early developmental stages and it is restricted to the peripheral margin of the 
primordium [88]. In the loss-of-function puchi-1 mutant, cells in the flanks undergo 
additional divisions along with shoot-root axis from Stage III [88]. Moreover, PUCHI 
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functions downstream of ARF7/ARF19 and co-acts with LBD16 and LBD18 to define 
the primordium boundary, as double and triple puchi and lbd mutants show 
additive phenotype at early stages [87]. Another gene involved in defining 
primordium boundaries is ARABIDOPSIS HOMOLOGUE OF TRITHORAX1 (ATX1), 
encoding a H3K4-histone methyltransferas that maintains a number of genes in an 
active state (Figure 1.2C) [89]. In loss-of-function atx1-1 mutant roots, additional 
anticlinal cell divisions are frequently observed in flanks [89]. Moreover, in atx1-1 
mutant primordia, cell proliferation is compromised and tissue patterning seems 
also interrupted, as the expression of cell cycle and QC marker are altered, 
resulting in a prolonged outgrowth time and thereby a decreased LR density [89]. 
ATX1-mediated regulation of LR outgrowth is independent of auxin response 
gradient, as DR5 expression remains unchanged [89]. 

LR outgrowth requires intercellular communications between LRP and its 
surrounding tissues [36, 90, 91]. AtMYB93 is expressed strongly, specifically and 
transiently in the endodermal cells overlaying early LRP, where it negatively 
controls LR outgrowth progression, as myb93-1 mutant roots exhibit accelerated 
outgrowth rate, in terms of primordium age [36]. Small RNAs, microRNA390 
(miR390), trans-acting short-interfering RNAs (tasiRNAs) and miR156, are also 
involved in LR outgrowth [90, 91]. Auxin responsive MIR390 is specifically 
expressed in the basal part of LRP and the underlying vascular parenchyma cells 
where it triggers the biogenesis of TAS3-derived tasiRNAs [90]. These tasiRNAs 
inhibit ARF2, ARF3 and ARF4 expression, thus facilitating LR outgrowth progression 
[90]. In turn, positive and negative feedback regulation of miR390 by the targeted 
ARFs ensure the proper miR390 expression pattern, thereby optimizing LR 
outgrowth adapted to endogenous and environmental fluctuations [90]. Similarly, 
miR156 and its target genes SQUAMOSA PROMOTER BINDING PROTEIN-LIKE3 
(SPL3), SPL9 and SPL10 are auxin responsive and are involved in regulating 
developmental progression during LR outgrowth [91]. 
 
Lateral Root Emergence 
LR emergence demands mutual crosstalk between the growing primordium and its 
overlaying tissues, including endodermis, cortex and epidermis. On its way to 
emergence, the LRP first encounters the endodermis tightened by the Casparian 
strip, the ring-like supracellular hydrophobic impregnation between endodermal 
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cells that sets up a diffusion barrier [66, 92, 93]. Being pushed by the primordium, 
the shape of overlaying endodermal cells suffers a dramatic change [66]. They 
become progressively flattened and undergo cell volume loss until reaching the 
point where plasma membrane from both sides (radially inner and outer side) are 
fusing without compromising the membrane integrity and causing the cell death 
[66]. Meanwhile, the integrity of Casparian strip network is also largely preserved, 
with only local degradation, to consolidate diffusion barriers in the emerging 
margins between the primordium and endodermis [66, 67]. This preserved 
Casparian strip during LR emergence guarantees the isolation of the vascular 
bundle from the outside [66, 67]. In the end, a localized opening of the 
endodermal cells is formed, allowing the penetration of the primordium at Stage 
III-IV (Figure 1.2C) [66, 94]. In accordance with this, the primordium shape starts to 
change from ‘flat-topped’ to ‘domed-shaped’ at Stage IV-V (Figure 1.2C) [56, 94]. 

Unlike endodermal cells that are tightly connected by the Casparian strip, 
cortical and epidermal cells barely change shapes, but rather are pushed away by 
loss of cell-to-cell adherence during LR emergence [67, 94-96]. Successful 
emergence from cortical and epidermal cells is accompanied with a fast ‘dome-
shaped’ transition of the growing primordium at Stage V to VII (Figure 1.2C) [56, 
57, 94]. This shape change seems independent to increased cell proliferation, but is 
likely the result of radial cell expansion released from the physical constrains of the 
overlaying tissues [56, 57]. Auxin transport and signalling control the emergence 
from cortex and epidermis [32, 97-99]. Auxin influx carrier AUX1 facilitates shoot-
derived IAA loading to the vascular transport system, through which aerial source 
of auxin necessary for LR emergence is channeled via LRFCs and/or primordia to 
their overlaying tissues even earlier than or along with LR initiation (Figure 1.2C) 
[32, 97, 98]. At later developmental stages, auxin is channeled from the 
primordium apex to the overlaying tissues [97]. Spatially precise induction of auxin 
influx carrier LIKE-AUXIN3 (LAX3) in overlaying cortical and epidermal cells 
reinforces auxin-dependent induction of a selective cell wall remodeling genes to 
promote cell separation [97]. Circumferential LAX3 expression is often restricted 
into two adjacent cortical cell files to ensure that cell separation occurs solely from 
their shared walls [98]. The sequential induction of PIN3 and LAX3 is required to 
stabilize the LAX3 expression pattern in varied tissue geometries and auxin 
signalling levels [98]. Moreover, LAX3 induction is auxin dependent and requires 
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auxin SLR-ARF7 signalling pathways (Figure 1.2C) [97, 99, 100]. LBD29, a direct 
ARF7 downstream transcription factor expressed in the overlying tissues prior to 
LAX3 activation (before LR initiation), functions as a direct positive LAX3 upstream 
regulator (Figure 1.2C) [25, 99]. Sequential LBD29 and LAX3 induction by auxin is 
required to coordinate cell separation during LR emergence [99]. Other SLR-
ARF7/ARF19 downstream regulators are also involved in LR emergence [101-105]. 
LBD18 acts downstream of LAX3 to control LR emergence through up-regulating a 
subset EXPANSIN (EXP) genes, which encode non-hydrolytic cell wall loosening 
factors, including EXP14 and EXP17 [101-103, 105]. In addition, GFB INTERACTING 
PROTEIN1 (GIP1) interacts with LBD18 as a coactivator to enhance the 
transcriptional activation of EXP14 by LBD18 [104]. 

Other signals involved modulating cell wall loosening and cellular osmotic 
pressure are demonstrated to be important during LR emergence [94, 106, 107]. 
Cell separation of the overlaying tissue initiates from cell wall loosening, which is 
facilitated by the induction of cell wall degradation enzymes, particularly 
polygalacturonases (PGs) to hydrolyze pectin, the major components of plant cell 
walls [94]. The INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) peptide signals 
through the leucine-rich repeat receptor-like kinases HAESA (HAE) and HAESA-
LIKE2 (HSL2) in the overlaying tissues during emergence (Figure 1.2C) [94]. In loss-
of-function ida, hae and hsl2 mutant combinations, LRP penetration through the 
overlaying cells is impeded in cell separation (rather than the outgrowth), which is 
mainly due to inefficient pectin degradation of the middle lamella, a pectin-based 
layer cementing the walls of adjacent cells [94]. Indeed, IDA, HAE and HSL2 are all 
involved in regulation of cell wall remodeling genes, including PGs, during LR 
emergence through an auxin-mediated manner, as their expression in the 
overlaying tissues and auxin responsiveness requires intact auxin transportation 
(LAX3) and auxin signalling (SLR-ARF7/ARF19; Figure 1.2C)  [94, 95]. 

Water flow between LRP and its overlaying tissues controls LR emergence 
[106, 108]. During LR outgrowth, primordia at later developmental stages (older 
than Stage II) are symplasmically isolated from the vasculature, as a result of 
enhanced callose deposition [50]. Therefore, water influx into LRP requires 
aquaporins, the plasma membrane channels to facilitate water movement [106]. 
Aquaporins fall into several subfamilies, including PLASMA MEMBRANE INTRINSIC 
PROTEINS (PIPs) family, most of which negatively respond to auxin [106]. By 
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combining mathematical modeling and experimental validations (via pip2;1 
mutants), a water reflux model in the overlaying tissues, based on the cell 
hydraulic conductivity, is proposed to be critical during LR emergence. In this 
model, water uptake is repressed in the overlaying tissues while water transport 
from the overlaying tissues to the primordium is prompted [106, 108]. This 
mechanism dynamically depletes the amount of water in the overlaying tissues 
during LR emergence, thereby decreasing their resistance to the expansion of 
growing primordia [106]. Auxin negatively regulates this aquaporin-dependent 
water transportation in LRP overlaying tissues [106]. It has been reported recently 
that the circadian clock is rephased during LR outgrowth [109]. The circadian clock 
is able to regulate aquaporin expression in other root tissues, resulting in a diurnal 
oscillation in root water uptake [109, 110]. By rephasing the circadian clock, LRP 
(and surrounding tissues) might need to independently regulate their hydraulic 
properties in a manner distinct to other root tissues to facilitate organ emergence 
[109]. In line with this, mutants lacking or overexpression core clock components 
exhibit LR emergence defects, and moreover, the circadian clock also controls the 
level of auxin and auxin-related genes that involved in LR emergence, including 
IAA14 and auxin oxidase AtDAO2 [109].  

Reactive oxygen species (ROS) have lately been reported to function as 
important signals during LR emergence [107]. ROS treatment is able to bypass the 
requirement of auxin influx carrier AUX1 and LAX3 activities to induce LR 
emergence in aux1lax3 double mutant roots, probably through triggering wall 
acidification in the overlaying tissues to facilitate cell wall remodeling [107]. ROS 
are detected in the middle lamella of overlaying endodermal and cortical cell walls 
that flank the growing primordium [107]. ROS donor RESPIRATORY BURST OXIDISE 
HOMOLOGS (RBOH) genes positively respond to auxin and spatiotemporally 
regulate ROS production in the overlaying tissue to facilitate LR emergence [107]. 
 
General Conclusions and Perspectives 
Significant advances have been made recently in the dissection of molecular and 
genetic components involved in Arabidopsis LR development. Exciting new insights 
unraveled underlying mechanisms in LR patterning, particularly pre-patterning, and 
LR emergence. An endogenous periodic clock continuously produces 
organogenesis-competent cells in the root tip during root growth. One biological 
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explanation offered for this on and off switching mechanism for competence is 
that it might be a way to regulate the trade-off between resource investment and 
response time upon changing environments [24]. The oscillation could also be 
important as a pattern generating mechanism per se. It is still not known how 
intrinsic and extrinsic signals specify a specific site for LR initiation. Other 
mechanisms that are able to turn XPP cells (without ‘competence’) into LR 
initiation sites upon drastic stimuli might exist in parallel to the pre-patterning 
mechanism. Both scenarios can potentially explain the immense developmental 
plasticity of rhizotaxis. LR emergence is a remarkable model to study intercellular 
communication and coordination during organogenesis, greatly helped by new 
observations that describe the complexity of biomechanical and biochemical 
interactions between the growing primordium and its surrounding tissues [108]. 
Despite the progress made in LR pattering and emergence, our knowledge of key 
steps during LR initiation and outgrowth is still limited, thereby raising several open 
questions: (i) how the asymmetry in LRFCs is established, (ii) how the new cell 
identity is specified in the daughter cells after the first cell divisions during LR 
initiation and (iii) how de novo LR tissues and meristems are spatiotemporally 
formed. 
 
Scope of This Thesis 
The aim of this thesis is to understand underlying molecular networks of three 
PLETHORA (PLT) genes in controlling LR development in Arabidopsis: 
Chapter 1 reviews recent advances in LR development and provides a framework 
for the experiments described in the thesis. 
Chapter 2 describes the identification of PLT3, PLT5 and PLT7, encode APETALA2 
(AP2)-domain transcription factors, jointly control rhizotaxis and LR outgrowth.  
Chapter 3 describes how PLT3, PLT5 and PLT7 pattern de novo LR tissues and 
establish new LR meristems during LR outgrowth.  
Chapter 4 additionally describes how PLT3, PLT5 and PLT7 spatially regulate auxin 
responses and auxin polar transportation during LR outgrowth.  
Chapter 5 describes a reverse genetic approach to identify possible binding factors 
to PLT3, PLT5 and PLT7 promoters.  
Chapter 6 describes the functionality of these possible PLT upstream regulators in 
rhizotaxis and LR outgrowth.  
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Chapter 7 describes the validation and extended exploration of how PLT3, PLT5 and 
PLT7 regulate rhizotaxis mainly by using targeted PLT complementation approach.  
Chapter 8 discusses potential PLT associated molecular networks in rhizotaxis and 
LR outgrowth. 
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Summary 
 
Background: The juxtaposition of newly formed primordia in the root and shoot 
differs greatly, but their formation in both contexts depends on local accumulation 
of the signaling molecule auxin. Whether the spacing of lateral roots along the main 
root and the arrangement of leaf primordia at the plant apex are controlled by 
related underlying mechanisms has remained unclear. 
Results: Here, we show that, in Arabidopsis thaliana, three transcriptional 
regulators implicated in phyllotaxis, PLETHORA3 (PLT3), PLT5, and PLT7, are 
expressed in incipient lateral root primordia where they are required for 
primordium development and lateral root emergence. Furthermore, all three PLT 
proteins prevent the formation of primordia close to one another, because, in their 
absence, successive lateral root primordia are frequently grouped in close 
longitudinal or radial clusters. The triple plt mutant phenotype is rescued by PLT-
vYFP fusion proteins, which are expressed in the shoot meristem as well as the 
root, but not by expression of PLT7 in the shoot alone. Expression of all three PLT 
genes requires auxin response factors ARF7 and ARF19, and the reintroduction of 
PLT activity suffices to rescue lateral root formation in arf7arf19. 
Conclusions: Intriguingly PLT3, PLT5, and PLT7 not only control the positioning of 
organs at the shoot meristem but also in the root; a striking observation that raises 
many evolutionary questions. 
 
 
Highlights: 
 
• PLT3, PLT5, and PLT7 genes control rhizotaxis by preventing LRP clustering. 
• Root but not shoot expression of PLT genes is required for normal rhizotaxis. 
• Three identical transcription factors influence rhizotaxis and phyllotaxis. 
• PLT3, PLT5, and PLT7 act downstream of auxin responsive ARF7 and ARF19 

genes. 
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Introduction 
 
Roots and shoots of flowering plants appear to be very different. Their organs 
display vastly distinct morphologies and arise in different spatial patterns. Through 
a process called phyllotaxis, leaves and associated lateral branches are initiated in 
spirals or other precise arrangements from undifferentiated cells around the 
circumference of apical meristems [1]. In contrast, root branches arise from 
pericycle cells embedded within the differentiating root. The spacing of these 
lateral root primordia (LRP) defines the rhizotactic pattern. LRP usually do not form 
adjacent or opposite to one another, and their spacing along the Arabidopsis root 
correlates with its curvature [2-5]. 

The formation of LRP proceeds through a series of steps that are all correlated 
with activities of the plant growth regulator auxin. In Arabidopsis, the level of auxin 
response just shootward of the root meristem fluctuates [3, 6]. Pulses of auxin 
response are thought to stimulate lateral root initiation by activating the expression 
of the lateral-root-promoting transcription factor GATA23 in patches of the 
pericycle [7]. Subsequently, auxin accumulates in a subset of cells within the 
pericycle located in the differentiation zone and adjacent to the protoxylem [4, 8]. 
Auxin accumulation suffices to drive lateral root initiation as shown by experiments 
in which cell-specific activation of auxin biosynthesis in the pericycle induces LRP 
formation [9]. The first asymmetric cell divisions in the pericycle founder cells that 
give rise to LRP are associated with an elevated auxin response. These divisions 
require the auxin-responsive protein module SOLITARY-ROOT/IAA14 and ARF7 and 
ARF19, which regulate lateral organ boundary genes to promote LRP formation [10-
12]. Despite the identification of several factors involved in LRP formation, the 
molecular mechanisms that position LRP are not well understood. 

Here, we investigate whether mechanisms that control the spacing of leaf and 
lateral root primordia are conserved. As in rhizotaxis, organ initiation during 
phyllotaxis is associated with patterns of auxin accumulation [13, 14], and 
paleobotanical evidence indicates that tip-branching leafless shoots predate roots 
and leaf-bearing shoots [15, 16]. Therefore, a common origin for root- and shoot-
branching systems, or for the mechanisms that pattern them, might be expected. 
On the other hand, the contexts in which these organs arise and the genetic 
networks implicated so far in their formation are quite distinct. We recently 
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demonstrated that phyllotaxis is controlled by three redundantly acting PLETHORA 
(PLT) AP2-class transcription factor genes, PLT3, PLT5, and PLT7 [17, 18]. In this 
study, we demonstrate that in Arabidopsis the same three PLT proteins control 
rhizotaxis, revealing a shared genetic mechanism between these two processes. 
 

Results 
 
2.1 PLT3, PLT5, and PLT7 influence rhizotaxis 
 

Figure 2.1 PLT3, PLT5 and PLT7 are 
expressed early in lateral root 
formation.  
Accumulation of complementing PLT 

protein fusions (green signal) in round 

nuclei of pericycle cells (A-C) before the 

founder cell divisions give rise to Stage I 

LRP; (D-F) within Stage I LRP; (G-I) 

within Stage II LRP; (J-L) in the root tip. 

Elongated nuclei in (B,E,H) indicate 

vascular expression. (A, D, G, J) 

PLT3::PLT3-vYFP in plt3plt5plt7, (B, E, H, 

K) PLT5::PLT5-vYFP in plt3plt5plt7 and 

(C, F, I, L) PLT7::PLT7-vYFP in plt3plt7. 

Red signal marking cell boundaries: 

Propidium Iodide. Scale bar: 100 µm. 

 
We examined the expression of 
PLT3, PLT5, and PLT7 during LRP 
development. Complementing 
PLT3, PLT5, and PLT7-vYFP 
protein fusions as well as 
transcriptional reporters 
revealed earliest expression in a 
subset of pericycle cells prior to 
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the first founder cell division (Figure 2.1A–C and Figure S2.1). The PLT5 protein 
fusion was also expressed in vascular cells nearby LRP initiation sites (Figure 2.1B). 
Protein and transcriptional fusions remained expressed through the early stages of 
LRP formation, consistent with a potential role in rhizotaxis (Figure 2.1D–I and 
Figure S2.1). Expression of PLT3 and PLT5 protein fusions, but not PLT7, was 
observed in the tip of the main root (Figures 2.1J–L). Other genes in the PLT family 
(PLT1, PLT2, and PLT4) were expressed in the root tip, but appeared only at later 
stages within LRP (Figure S2.1). 

Roots of the triple mutant plt3plt5plt7 exhibited multiple changes in lateral 
root development, including altered rhizotaxis. Lateral root emergence was severely 
impaired in plt3plt5plt7 triple mutant and plt3plt7 double mutant roots (Figure 
2.2A and Figure S2.2A). LRP in these roots initially resembled wild type, but 
morphological defects became increasingly severe as the LRP developed (Figures 
2.2B-P).  Although only a few lateral roots emerged in the triple mutant, the density 
of total lateral roots (emerged lateral roots + LRP/cm) was higher than wild type. 
Total lateral root density was also increased in plt3plt7 and plt3plt5 (Figure S2.2A). 

 
Figure 2.2 PLT3, PLT5 and PLT7 
influence lateral root development 
and outgrowth.  
(A) Overview of wild-type and plt 

mutant seedlings. Note that LRP 

largely fail to emerge from within the 

plt3plt7 and plt3plt5plt7 roots. 

Morphology of (B-F) wild type, (G-K) 

plt3plt7 and (L-P) plt3plt5plt7 LRP at 

progressive stages of development. 

Depicted developmental stages: (B,G,L) Stage I, (C,H,M) Stage II, (D,I,N) Stage III, (E,J,O) emerging, 

(F,K,P) emerged lateral roots. Emerged lateral roots as shown in K and P in plt3plt7 and plt3plt5plt7 

occasionally occur. Scale bar (B-P): 100 µm. 

 
In roots of WT seedlings, LRP typically do not form within 300 µm of one 

another [2]. On the basis of this observation, longitudinal clusters were defined as 
those in which two LRP had formed within 300 µm along a single protoxylem pole 
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(Figure S2.3). Radial clusters are similar, except that LRP or emerged lateral roots 
had formed along opposite protoxylem poles. In plt3plt5plt7 triple mutants, 
successive LRP were frequently grouped in longitudinal or radial clusters (Figures 
2.3A–C). The increase in closely spaced LRP in plt3plt5plt7 was not solely the result 
of increased organ density, given that, in several rescue experiments (see below), 
the density of total lateral organs fully reverted to WT levels, whereas the number 
of clusters remained substantial (Figures 2.4A&C, compare graphs and tables). 
When clusters formed, they included roots of all developmental stages (e.g., some 
clusters included two Stage I LRP and some included two emerging lateral roots). 
However, approximately 75% of the primordia within a cluster were either at the 
same developmental stage or differed by just one stage, suggesting that clustered 
primordia arose nearly simultaneously (Figure 2.3D). Altogether, these data reveal 
that the bias against forming clusters of primordia depends on the joint action of 
PLT3, PLT5, and PLT7. 
 

Figure 2.3 Cluster formation in 
the wild type is prevented by 
PLT3, PLT5 and PLT7. 
Examples of (A) longitudinally 

and (B) radially clustered LRP in 

a plt3plt7 root. Scale bar: 100 

µm. (C) Frequency of clustered 

LRP in 20 roots of wild type and 

plt mutants. LRP were also 

more frequently observed 300-

400 µm apart in plt3plt7 and 

plt3plt5plt7 compared to wild 

type. (D) Diagram plotting the 

frequency with which LRP of indicated categories were clustered. Columns and rows indicate the 

category of the rootward and shootward located LRP, respectively. Note that pairings on and near the 

diagonal (eg clusters that contain LRP of similar stages) are most common. LRP development was 

staged in broad categories due to variable developmental defects within the plt3plt7 and plt3plt5plt7 

backgrounds. Category 1: stage 1 LRP composed of short pericycle cells, prior to the first periclinal 

division; Category 2: stage 2 LRP with 2 cell layers; Category 3: LRP has expanded radially but is still 
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confined within the cortex, roughly 3-5 cell layers thick; Category 4, emerging: LRP that is pushing 

against the epidermis prior to emergence; and Category 5, emerged: tip of the LRP extended past the 

epidermis. 

 
2.2 Rhizotaxis and phyllotaxis are controlled by root- and shoot-specific PLT 
Expression Domains 

 
Figure 2.4 Formation of 
clustered LRP in plt mutants 
is rescued by PLT expression 
under their endogenous 
promoters but not by 
expression in the shoot 
apical meristem alone.  
Green bars indicate the 

average number of clusters 

per root, red numbers 

indicate associated total 

lateral root density 

(emerged lateral roots + 

LRP/cm). (A) Expression of 

PLT3::PLT3-YFP and 

PLT5::PLT5-YFP in 

plt3plt5plt7 rescue LRP 

spacing; 8 do (day old) roots. (B) PLT7:: PLT7-vYFP in plt3plt7 prevents cluster formation; 8 do roots. 

(C) Expression of PLT7 under control of a truncated PLT7 promoter sequence in plt3plt5plt7 restores 

total organ density to wild-type levels, while clustering of LRP is only partially rescued. Truncation of 

the PLT promoter sequence did not change the pattern of PLT7-vYFP expression in the root or shoot; 

11 do roots. (D) STM::PLT7-YFP in plt3plt5plt7 does not prevent cluster formation, indicating that 

expression of PLT7 in location(s) other than the shoot is responsible for the rescue seen in (B); 11 do 

roots. The y axis changes because older, longer roots have a greater number of clusters per root. Red 

error bars: SEM. n≥18 roots per sample. 

 
To investigate whether PLT proteins locally influence LRP clustering, we 
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reintroduced PLT-vYFP protein fusions to double and triple plt mutants. All three 
protein fusions rescued the clustering phenotype (Figures 2.4A&B). Specifically, 
PLT3::PLT3-vYFP rescued the average number of clusters in the plt3plt5plt7 triple 
mutant back to the level found in both plt5plt7 and WT roots (Figure 2.4A). In the 
same experiment, PLT5::PLT5-vYFP rescued clustering of plt3plt5plt7 to a level 
similar to that of plt3plt7 (Figure 2.4A); PLT7::PLT7-vYFP restored the average 
number of clusters in plt3plt7 to levels found in plt3 and WT roots (Figure 2.4B). In 
addition, reintroduction of the PLT fusion proteins restored LRP morphology in all 
lines. Lateral root emergence was more readily rescued than clustering, given that 
we observed one PLT5 and one PLT7 complementation line in which lateral root 
emergence was fully or almost fully restored, whereas clustering of LRP remained 
substantial (Figure S2.2B). 

Because it was striking that the activity of three related transcription factors 
(PLT3, PLT5, and PLT7) determines primordium spacing in both the shoot [17, 18] 
and root, we asked if control of rhizotaxis is related to PLT action in the shoot. We 
observed the expression of PLT7 only in the shoot apex and in LRP. In the 
plt3plt5plt7 background, driving the expression of PLT7 from the shoot meristem-
specific SHOOT MERISTEMLESS promoter restored shoot primordium spacing [18]. 
However, despite complementation in the shoot, this re-expression did not restore 
rhizotaxis (Figure 2.4D), indicating that inhibition of cluster formation derives from 
local PLT7 activity within LRP. 
 
2.3 PLT3, PLT5, and PLT7 function downstream of ARF7- and ARF19-mediated 
auxin response 
To position the PLT genes in the sequence of steps leading to lateral root initiation, 
we focused on their relationship to the auxin-responsive transcription factors ARF7 
and ARF19. arf7arf19 double mutant roots are defective in the first asymmetric cell 
divisions that characterize LRP formation and almost completely lack lateral roots 
[19, 20]. SLR encodes an AUX/IAA protein that represses ARF7- and ARF19-
mediated lateral root initiation [20-22]. Microarray data indicated a modification of 
PLT3 transcript levels in the auxin perception mutant solitary root (slr) [12, 21]. 
Furthermore, the initial expression of PLT3, PLT5, and PLT7 in founder cells at the 
developmental stage affected by ARF7 and ARF19 indicated that PLT genes might 
operate downstream of ARF action. 
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In the mature region of WT roots, the expression of PLT3, PLT5, and PLT7 
promoter fusions to vYFP or CFP was observed in LRP (Figure 2.5A, C and E), the 
first marked LRP being located nearby the position of metaxylem differentiation. In 
contrast, LRP were not typically present in this region of arf7arf19 roots, and the 
enhanced expression of all three promoter fusions in the pericycle was 
correspondingly absent. Only one LRP was found in 60 roots of arf7arf19, indicating 
that ‘‘escape’’ LRP did express the PLT5 promoter fusion. In contrast, primary root 
tip expression of PLT3 and PLT5 promoter fusions was similar in both WT and 
arf7arf19 roots, and PLT7 promoter fusion was not observed in either case. We 
concluded that the elevated transcription of PLT3, PLT5, and PLT7 in pericycle-
derived cells requires ARF7 and ARF19 except in rare escape LRP in the arf7arf19 
background. 
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Figure 2.5 PLT3, PLT5, and PLT7 expression in pericycle-derived cells requires ARF7 and ARF19 and 
ectopic expression of PLT-GR overcomes the block in LRP formation in arf7arf19.   
Top: PLT promoter fusions are expressed in (A,C,E) wild type LRP, but absent from pericycle in mature 

regions of (B,D,F) arf7arf19. (A,B) PLT3::eCFP, (C,D) PLT5::vYFP and (E,F) PLT7::eCFP. Note PLT5::vYFP 

expression in arf7arf19 vascular cells. Bottom: Nomarski images of cleared arf7arf19 roots expressing 

indicated PLT-GR proteins after 24 h of growth on ½ MS media containing (G, I, K) mock, or (H, J, L) 10 

μM DEX. DEX but not Mock treatment induces cell divisions in the pericycle. Nomarski images are 

from regions that were newly grown on the DEX plates. (G,H) 35S:PLT3-GR, (I,J) 35S:PLT5-GR and (K,L) 

35S:PLT7-GR. Red signal: propidium iodide. Scale bars for A-F: 100 μm; scale bars for G-L: 50 μm. 

Arrowheads: additional pericycle cell division. 

 
To determine whether ARF7/ARF19 act through PLT genes, we asked whether 

reintroducing PLT expression in the arf7arf19 mutant background might rescue 
aspects of lateral root initiation. Seedlings expressing dexamethasone (DEX)-
inducible 35S::PLT-GR [17, 23] in arf7arf19 were transferred to agar plates 
containing DEX. The region of the pericycle rootward of the first root hair at the 
time of transfer responded most strongly. PLT3-GR, PLT5-GR, and PLT7-GR induction 
all resulted in continuous patches of divided pericycle within the arf7arf19 root 
segments upon 24 hr of DEX induction (Figure 2.5G–L). Additional divisions of 
pericycle cells occurred in the region that had differentiated prior to transfer, which 
resulted in a few lateral roots (Figure S2.4). Altogether, our data indicate that PLT3, 
PLT5, and PLT7 are downstream components of ARF7- and ARF19-mediated lateral 
root initiation. 
 
 
Discussion 
 
Our data reveal that the positioning of root primordia is controlled by the joint 
action of three partially redundant PLT transcription factors that become expressed 
before the first asymmetric cell division of LRP founder cells. Their activity restricts 
the region of LRP formation to a single focus, and the result of this restriction is that 
clusters of adjacent or opposite lateral roots are not formed. PLT3, PLT5, and PLT7 
expression within pericycle cells depends on the activity of the ARF7/ARF19 auxin 
response factor pair, which is known to be required for lateral root initiation [19-21, 
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24-26]. This induction may be indirect, given that PLT genes are not included in the 
list of direct targets of ARF7, ARF19 [19, 20]. Moreover, ectopic expression of PLT3, 
PLT5, or PLT7 suffices to overcome the block to LRP formation in arf7arf19 roots, 
indicating that the expression of these three PLT genes is an effective downstream 
component of ARF7, ARF19-mediated auxin response. 

The joint action of PLT3, PLT5, and PLT7 inhibits LRP clustering and promotes 
their emergence, which puts forth the question whether and how these functions 
are related. Our complementation data indicate that these two processes are 
separable. Along with the dosage-dependence shown for other combinations of PLT 
genes [27], this may suggest that distinct targets of these transcription factors, 
which separate clustering and emergence functions, are activated at different 
thresholds. This line of thought may also explain why the roles of these PLT genes in 
promoting early-stage primordium initiation seem exaggerated and roles in spacing 
primordia are masked after their induced expression from the 35S promoter in 
arf7arf19. 

The fact that the local activity of the same three PLT genes defines organ 
spacing in both the shoot and the root hints at unexpected similarities in the 
mechanisms that generate plant architecture. On the other hand, the topology of 
PLT expression, the arrangement of primordia in roots and shoots, and the topology 
of the zones competent for organ formation are different in shoots and roots, 
suggesting the involvement of important context-specific factors for primordium 
spacing. A comprehensive analysis of downstream targets of PLT3, PLT5, and PLT7 in 
the root and shoot will be necessary for the comparison of gene regulatory 
networks that regulate primordium spacing in both contexts. 

Our observation that Arabidopsis phyllotaxis and rhizotaxis require an identical 
subset of PLT genes also raises evolutionary questions. Did the stems of early 
vascular plants acquire an ancestral PLT module influencing branching prior to the 
invention of roots and laterally branching shoots? Have the dicots—which 
diversified the PLT clade beyond PLT5 homologs [17]—extended this module? Or 
was the involvement of the same redundant PLT genes in organ spacing recruited 
independently for patterning of roots and shoots—an equally remarkable event? To 
resolve this issue, it must be determined whether shared roles of PLT clade 
members in shoot and root patterning are conserved in seed plants, lycophytes, 
and ferns. 
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Materials and Methods 
 
Plant materials and constructs 
A Columbia-0 (Col-0) background was used for all experiments with mutants and 
transgenics as indicated. plt3-1, plt5-2, plt7 and plt mutant combinations were 
described in [17]. PLT1,2,3,4::eCFP are described in [27]. Promoter regions of PLT5 
and PLT7 were amplified from Col-0 genomic DNA with the primer combinations 
listed in Table S1 and fused to erCFP or vYFP coding sequences. Translational 
fusions PLT3::PLT3-vYFP, PLT5::PLT5-vYFP, and PLT7::PLT7-vYFP were described in 
[17]; STM::PLT7-vYFP fusion was described in [18]. All constructs were generated in 
pGreenII [27] and transformed into the indicated genotypes. 
 
Plant growth conditions 
Seeds were fume sterilized in a sealed container with 100 ml bleach supplemented 
by 3 ml of 37% hydrochloric acid for 2-5 hours, then suspended in 0.1% agarose and 
imbibed at 4°C in the dark for 2 days. Seeds were plated on a growth medium 
consisting of half-strength Murashige Skoog salts (½ MS), 1% sucrose, 0.7% plant 
agar, MES (pH 5.8), 50 mg/ml ampicillin, and grown vertically in long day conditions 
(16 h light followed by 8 h of dark).  
 
PLT-GR Lines and Dexamethasone Inductions 
35S::PLT5-GR was described in [17]. To generate 35S::PLT3-GR and PLT7-GR fusions, 
we amplified PLT genomic fragments using the primers listed in Table S1. The 
amplified PCR fragments were cloned as SalI-BamHI into the plant binary vector 
pGII227-GR for the generation of in-frame fusions with the glucocorticoid receptor 
fragment under the control of the 35S promoter and transformed into Col-0 WT 
plants. WT seedlings expressing 35S::PLT3-GR, 35S::PLT5-GR, and 35S::PLT7-GR 
were crossed with arf7arf19 and maintained as heterozygous stocks, owing to what 
may have been a poor germination of homozygous GR lines. Seeds were placed on 
1/2 MS medium with hygromycin for 4 days and transferred to 1/2 MS medium 
with or without 10 mM DEX for the indicated time. At the time of transfer, the 
location of the root tip and the first root hair were marked with the use of a 
dissecting microscope. At the end of the treatment period, roots were placed in 
cold fixative (50% methanol and 10% acetic acid in water) for at least 1 hour, dipped 
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in ethanol, and placed on microscope slides with cold chloral hydrate. Roots were 
viewed and photographed on a Nomarski microscope. 
Phenotype Analysis and Microscopy 
Light microscopy and confocal microscopy were performed as described previously 
[27, 28]. Roots were cleared with chloral hydrate, and the relative position(s) of LRP 
were examined by Nomarski microscopy. When LRP occurred close enough 
together that any part of the nearest neighbors could be seen within one field of 
view under the microscope (a distance well in excess of 300 µm), they were imaged 
and the distance between successive primordia was measured with ImageJ (version 
1.6 or 2.0) or camera software. The relationships between the developmental 
stages of subsequent primordia were plotted as heatmaps with MultiExperiment 
Viewer. 
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Table S1. List of primers used in this study 
 

Experiment No. Primer 
Name Primer Sequence (5’-3’) 

PLT5 promoter 
1 pPLT5-f GGGGACAACTTTGTATAGAAAAGTTGTTCAGCGTTGCAGCG

TTGATATTGC 

2 pPLT5-r GGGGACTGCTTTTTTGTACAAACTTGTCATCTTTGGGAATAG
GTTTTTTTTTTTC 

PLT7 
promoter 

1 1.5kbPLT7-f GGGGACAACTTTGTATAGAAAAGTTGTTCGTGAGTCTTTGT
TTCCTCCATCTTCTT 

2 1.5 kbPLT7-r GGGGACTGCTTTTTTGTACAAACTTGTTGAAGCAGCAGCAG
CTTCTATCTCA 

PLT71.5 
promoter 

1 1.5kbPLT7-f GGGGACAACTTTGTATAGAAAAGTTGAGTAGGTGAGTCAC
CTCGAGTGAC 

2 1.5 kbPLT7-r GGGGACTGCTTTTTTGTACAAACTTGGCAAAAAAGATTGTA
ACTTTTTTC 

PLT3 genomic 
1 SalPLT3-F GCTGCAGGTCGACATGATGGCTCCGATGACGAACTGG 

2 BamPLT3-R ACGGATCCGACTGATTAGGCCAGAGGAAGAACTC 

PLT7 genomic 
1 SalPLT7-F GCTGCAGGTCGACATGGCGGATTCAACAACCTTATCTAC 

2 BamPLT7-R ACGGATCCGACTGGTTAGGCCACAAGAAAAACTCAGC 
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Chapter 2 Supplementary Data 
 

 
Figure S2.1 Expression patterns of transcriptional fusions of PLT1–PLT5 and PLT7 to CFP within the 
primary root meristem and developing LRP, related to Figure 2.1. 
Expression of PLT3, PLT5, and PLT7 are visible at earlier stages than PLT1, PLT2, and PLT4. For each 

gene, the left panel shows the root tip; center panel: Stage I LRP; right panel: Stage II LRP. Red 

asterisks indicate LRP. Scale bar: 100 μm. 
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Figure S2.2 plt mutants have increased lateral organ densities and reduced branching densities, 
related to Figure 2.3. 
(A) Graph indicating total lateral root density (red bars; emerged + LRP per cm); and emerged lateral 

root density (blue bars; emerged LR per cm). Error bars: SD with n> 25 for each genotype. 

Measurements taken from 10-day-old roots. (B) PLT5::PLT5-vYFP and 1.5kbPLT7::PLT7-vYFP expression 

in plt3plt5plt7 restore branching densities close to that of wild-type while cluster formation is not fully 

inhibited. eLR per cm refers to the number of emerged lateral roots per cm shootward of the youngest 

emerged LR. eLR per root is used when roots on average have fewer than one emerged lateral root. 

11-day-old-roots; Error is SEM. 
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Figure S2.3 Rhizotactic 
patterns, related to Figure 2.3. 
LRP form from pericycle cells 

that are located next to one of 

the two protoxylem poles. The 

pattern of LRP spacing within 

(A) the wild-type is such that 

successive LRP do not initiate 

within a distance of 300 μm 

shootward or rootward of one 

another. PLT3, PLT5 and PLT7 

inhibit LRP initiation within this 

region while two new 

rhizotactic patterns appear 

when their activity is 

compromised. In (B) 

longitudinal clusters (l.c.), 

successive LRP form within a 

distance of 300 μm along a 

single file of pericycle cells. In (C) radial clusters (r.c.), successive LRP are located within a distance of 

300 μm to one another, but are initiated from pericycle cell files located next to different protoxylem 

poles. 
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Figure S2.4 Ectopic Expression of PLT-GR Can 
Restore LRP Formation in arf7arf19, Related to 
Figure 5. 
Overviews of arf7arf19 seedlings six days after 

transfer to MS medium (A, C, E) or medium 

containing 10 μM DEX (B, D, and F). DEX treatment 

induces emergence of lateral roots from the mature 

portions of roots carrying (A and B) 35S::PLT3-GR, 

(C and D) 35S::PLT5-GR, (E and F) 35S::PLT7-GR. 

Scale bar: 1 cm. 

 

 

 
 
 
 
 
 

 
 
  



PLT3, 5 and 7 Control Rhizotaxis and LR Outgrowth  

58 

  



 

Chapter 3 
 
 
 

PLETHORA Proteins are Master Regulators of de novo 

Tissue Patterning and Meristem Establishment in 

Arabidopsis Lateral Roots 
Yujuan Du1,2, Ikram Blilou1,2, Stephen P. Grigg1,2, Albert van den Toorn1,2, Hugo Hofhuis1,2 and Ben Scheres1,2* 

 
1Molecular Genetics Group, Department of Biology, Faculty of Science, Utrecht University, Padualaan 8, 3584CH 

Utrecht, the Netherlands. 2Plant Developmental Biology Group, Wageningen University Research, 

Droevendaalsesteeg 1, 6708 PB Wageningen, the Netherlands. *To whom correspondence should be addressed: 

ben.scheres@wur.nl 

 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 



PLT3, 5 and 7 are Crucial for LR Outgrowth  

60 

Abstract 
 
In Arabidopsis thaliana, dynamic patterning of new lateral root (LR) is a key 
example of developmental plasticity as the tissues and meristems will be de novo 
established in an orthogonal axis to the parental one. We describe how expression 
patterns of important tissue-specific and meristematic regulators are set up from 
early stages onwards. Loss-of-function of three APETALA2 (AP2)-domain 
PLETHORA3 (PLT3), PLT5 and PLT7 members disrupts LR outgrowth from the Stage I 
to II transition phase, when central cells fail to induce formative cell divisions to 
define the stage-specific layers. Interestingly, in the plt triple mutant, expressions of 
key patterning genes PLT1, PLT2 and PLT4 were not detectable, generating a PLT null 
LRP. Re-introduction of any PLT proteins in this null-PLT LRP from Stage I onward 
completely restores LR morphology and tissue specificity. Thus, PLT3, PLT5 and PLT7 
genes are ‘bottleneck’ genes to activate the orthogonal program of LR tissue 
pattern and meristem activity after LR initiation. 
 
 

Introduction 
 
Root system architecture (RSA) in dicotyledonous plants is mainly determined by 
the growth of primary root and lateral roots (LRs) [1, 2]. The proper establishment 
of RSA, LR outgrowth, is key to the developmental plasticity that allows roots to 
forage and anchor plants. In Arabidopsis thaliana, the formation of a PR meristem 
can be traced back to embryonic patterning events that establish gene territories 
[3, 4]. However, how de novo pattern formation and outgrowth of LR is set up in an 
orthogonal axis to the original embryonic root axis remains an important question. 

Several transcription factors have been found to specify tissue types in the PR 
meristem [3, 5]. The homeodomain transcription factor WUSCHEL-RELATED 
HOMEOBOX5 (WOX5) is mainly expressed in the quiescent center (QC), and is 
required to maintain the QC and the undifferentiated state of the columella stem 
cells [6]. The precise specification of cortex (Cor) and endodermis (Endo) is critically 
regulated by the GRAS domain transcription factors SHORT-ROOT 
(SHR)/SCARECROW (SCR) [7-10]. SHR is transcribed in the vasculature, but SHR 
protein moves outwards to the adjacent cell layers of QC, Cor/Endo stem cells (CEI), 
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and endodermis where it upregulates SCR transcription[9]. Two NAC domain 
transcription factors FEZ and SOMBRERO (SMB) mark and mediate columella (COL) 
and lateral root cap (LRC) division patterns and differentiation [11, 12]. The root 
epidermis (Epi) expresses a suite of transcriptional regulators, among which the 
MYB-domain protein WEREWOLF (WER) is preferentially expressed in non-hair cells 
and is required for non-hair fate specification [13, 14].  

The APETALA2 (AP2)-domain PLETHORA (PLT) proteins are key factors that 
specify and maintain PR meristem. Loss-of-function mutant combinations of either 
plt1plt2 or plt1plt2plt3 result in short roots with differentiated meristems and 
rootless plants, in which embryonic induction of the root pole is disrupted [15, 16]. 
In the root tip, a PLT protein gradient coordinates cell proliferation and 
differentiation to define the root zonation, therefore controlling the meristem size 
[16, 17]. In parallel to PLT regulators, SHR and SCR transcription factors are also 
required for PR meristem maintenance and QC specification [15, 18]. 

LRs originate from pairs of xylem-pole-pericycle founder cells that undergo 
stereotypical asymmetric cell divisions, , forming a group of shorter cells flanked by 
longer cells as Stage I primordia [2, 19-21]. The most central shorter cells then 
switch to periclinal cell division planes to generate a new cell layer, forming Stage II 
primordia [19, 20]. Subsequent rounds of anticlinal, periclinal and tangential 
divisions generate a new dome-shaped LRP, which eventually emerges from 
parental roots [1, 2]. Finally, emerged LRs effectively behave as PRs, with the LR 
meristem serving as the source of new cells during the lifetime of the LR.  

Gene expression patterns suggest that LR cells acquire distinct identities from 
initial stages onward [2, 22, 23]. Moreover, excision and culture of root segments 
containing differently staged LRP on hormone-free medium revealed that LRP can 
form an autonomous meristem at or beyond Stage III [24, 25]. This suggests that 
the new LR meristem is specified during early LR developmental stages. However, it 
is currently unknown how the tissue patterning and meristem activation program 
are specifically assembled in an orthogonal axis during LR development. 

Here we study the expression and regulation of several important primary root 
tissue-specific and meristematic regulators during LR development, our data 
provide a dynamic picture of LRP patterning that is critically dependent on three 
key regulators PLT3, PLT5 and PLT7. Hence, we show the first molecular evidence 
that separates LR initiation from subsequent tissue and meristem organization 
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through these PLT regulators. 
 
Results 
 

3.1 PLT genes are initially required for periclinal cell divisions during LR formation 
In plt3plt5plt7 seedlings, incipient Stage I primordia resembled WT, but 
morphological defects became pronounced as they develop, leading to abortions of 
LRP (Figure 3.1A-I) [26]. Because the morphology of LRP changes significantly in the 
triple mutant, resulting in undistinguishable radial cell layers, we used a new 
criterion to define the mutant LR developmental stages. In WT, LRP are classified 
into stages depending on the cell layers [2]. To assign stages most related to the WT 
criterion, we categorized mutant primordia according to the maximal number of 
periclinal cell divisions (PeDs) observed in cell files along the radial axis of the 
primordium. This allow efficient counting of cell layers that are partially formed in 
correlation to the completely formed cell layers in WT. For instance, in Figure 3.1F, 
the maximum radial PeD number in the plt3plt5plt7 primordium is one, defined as 
Stage II. The primordium shown in Figure 3.1G has a maximum radial PeD number 
two, the corresponding stage is Stage III. Based on this, we compared different 
developmental stages between WT and plt3plt5plt7 LRP in detail. 

Early Stage I primordia, which particularly refer to the first asymmetric cell 
division, were morphologically identical between plt3plt5plt7 and WT (Figure 
3.1A&E). Late Stage I includes the period from subsequent rounds of anticlinal cell 
divisions (after the first asymmetric cell division) to the first PeDs or the period of 
the central short cells directly entering into PeDs [20]. After this stage, the central 
most cells of WT LRP are usually the first ones to reorient their cell division planes 
and undergo PeDs to generate a new cell layer, forming Stage II primordia as shown 
in Figure 3.1B [19, 20]. In plt3plt5plt7 primordia, the first morphological defect 
appeared from late Stage I onwards, when central cells frequently lacked PeDs and 
became enlarged (Figure 3.1F).  

To investigate whether the delay in PeD in central cells of plt3plt5plt7 Stage II 
primordia was stage-specific, we compared the numbers of Stage II and Stage III-
emerged primordia with normal and absent PeDs separately in WT and plt3plt5plt7 
(Figure 3.1J). Primordia were scored as ‘absent PeD’ if at least one central cell did 
not undergo PeD completely (Figure 3.1F&G). In WT, ~2% Stage II LRPs lacked PeDs 
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(Figure 3.1J), while all the later stage LRP/LRs showed a normal PeD pattern (Figure 
3.1J). This indicates that cells without PeDs in WT Stage II primordia mainly result 
from delayed cell division. In plt3plt5plt7, more than half of the Stage II primordia 
lacked PeDs (Figure 3.1J). Although the percentage of LRPs lacking PeDs decreased 
in later-stages, about half remained undivided in the triple mutant (Figure 3.1J). 
Hence PeD delay and/or absence contributes the cell division defects in plt3plt5plt7 
primordia.  

 

 
Figure 3.1 Primary defects of  plt3plt5plt7 reveal roles for PLT genes in formative periclinal cell 
divisions. 
(A-H) Confocal images and corresponding cell outlines from roots stained with propidium iodide. (A-D) 
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WT LRP at different stages: (A) Stage I, (B) Stage II, (C) Stage III and (D) Emerged and  (E-H) plt3plt5plt7 

LRP at different stages: (E) Stage I, (F) Stage II, (G) Stage III and (H) Emerged. (I) The distribution of 

different stages of LRP/LRs in pPLT3::GUS marked WT (n=20) and plt3plt5plt7 (n=20) seedlings at 7 

day-post-germination (d.p.g.). (J) Periclinal cell division (PeD) counts in LRP central cells at different 

stages in pPLT3::GUS marked WT and plt3plt5plt7 seedlings at 7 d.p.g.. (K) The distribution of root-

ward LRP and shoot-ward LRP in pPLT3::GUS marked WT (n=20) and plt3plt5plt7 (n=20) seedlings at 7 

d.p.g.. Asterisks: LRP central cells without PeD; Arrows: abnormal cell division planes. Scale bar for A-

H: 100μm. 

 
In addition to the PeD defects, cells in plt3plt5plt7 LRP divided with abnormal 

cell division planes at later stages (Figure 3.1F-H). This led to a highly variable 
mutant primordium morphology, hindering the staging of primordia at later 
developmental stages. Therefore, we assigned all primordia from Stage III to 
Emerged as ‘Emerging’. To gain an overview of LRP/LR distribution along the main 
root, we distinguished four categories of LRP/LRs in 7 day-post-germination (7 
d.p.g.) seedlings: Stage I, Stage II, Emerging and Emerged (Figure 3.1J&K). To mark 
the LRP/LR at different stages, a pPLT3::GUS marker was introgressed into WT and 
plt3plt5plt7 background, including those developmentally “arrested or delayed” at 
early stages that are sometimes morphologically indistinguishable to the xylem-
pole-pericycle (XPP) cells. Consistent with previous descriptions, plt3plt5plt7 
mutant roots possessed a higher total number of LRP/LRs and only a few LRs (~3%) 
emerged from the primary root [26]. Consequently, the number of Stage I, Stage II 
and Emerging LRP was higher in the triple mutant, although some variances were 
observed between experiments (Figure 3.1I and Figure 3.4E&F).  

In WT, a fraction of Stage I and II primordia were present in a more shoot-ward 
region, indicating their development is either delayed or arrested (Figure 3.1K). To 
distinguish newly initiated root-ward located Stage I and II primordia from shoot-
ward located arrested ones, we used the first appeared root-ward Stage III 
primordium as a landmark in both WT and plt3plt5plt7. The plt triple mutant 
showed a large number and proportion of Stage I and II primordia in the root-ward 
region compared to the WT (Figure 3.1K), indicating that those primordia displayed 
a delayed entry into the next developmental stage. This is consistent with the 
observed delayed or absent PeDs in central cells of mutant primordia.  

Taken together, our analysis reveals that the morphological defects of 
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plt3plt5plt7 LRP initiate from the transition phase between late Stage I and Stage II, 
when many central cells fail to set up alternative cell division planes to enter into 
the next developmental stage. 
 
3.2 PLT genes are essential for expression of key tissue-specific regulators in LRP
  
To determine whether triple mutant primordia are capable of defining correct 
tissue patterns at early stages, we selected tissue-specific markers with known 
developmental roles from primary roots, and analyzed their expression dynamics 
during LR development in WT and plt3plt5plt7 mutant.  

In WT primary roots, WOX5 marks the QC and is required for its specification 
[3, 6]. During WT LR development, WOX5 expression, visualized by WOX5 promoter 
fused to green fluorescent protein (pWOX5::GFP), could be first detected in Stage II 
LRP with expression in both layers (Figure 3.2A). In emerged LRs, WOX5 expression 
was gradually confined to the QC area as in the primary root (Figure 3.2A). In stark 
contrast, we did not detect pWOX5::GFP expression in plt3plt5plt7 lines at any 
stages of the mutant primordia (Figure 3.2A&D). In addition, WOX5 intensity in QC 
area was reduced in plt3,plt5,plt7 primary roots compared to the WT but remained 
expressed at the proper position (Figure S3.2-1A&G). This suggested that in 
plt3plt5plt7, the QC identity is not properly specified during LR development and 
that WOX5 function during LRP formation is compromised already at very early 
stages in the mutants. 

SCR and SHR are required for the QC and ground tissue specification in the 
primary root [8, 9]. During early phases of WT LR development, SCR promoter 
activity was initially detected in the outer layer of Stage II primordia (Figure 3.2B). A 
functional SHR protein fusion started to accumulate in nuclei at late Stage I (Figure 
3.2C). At Stage II, SHR:GFP was observed in both layers with mainly nuclear 
localization in the outer layer, and nucleocytoplasmic localization in the inner layer 
(Figure 3.2C). In the primary root, SCR constrains SHR protein movement by 
confining it to the nucleus in the endodermis, cortical/endodermal initials and QC 
[9, 10, 27]. In line with this, SHR nuclear localization was only observed when SCR 
was also expressed LRP (Figure 3.2B). The distinct expression of SCR transcripts and 
SHR protein in different cell layers of Stage II LRP suggests that these layers acquire 
distinct identities after the first PeD. Later in emerged LRs, SCR and SHR regained 
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patterns of expression similar to those observed in the primary root (Figure 
3.2B&C). 
 

 
Figure 3.2 Tissue-specific gene expression of key cell fate regulators is disrupted in plt3plt5plt7 LRP. 
(A-C  and G-I) Confocal images of WT tissue-specific transcriptional or translational reporter fusions 

during LR development: (A) pWOX5::GFP, (B) pSCR::H2B:YFP (C) SHR:GFP, (G) pFEZ::GFP:MBD, (H) 

SMB:GFP and (I) pWER::erCFP. (D-F, J-L) Confocal images of the corresponding reporter fusions in 

plt3plt5plt7 LRP: (D) pWOX5::GFP, (E) pSCR::H2B:YFP, (F) SHR:GFP, (J) pFEZ::GFP:MBD, (K) SMB:GFP 

and (L) pWER::erCFP. Asterisks: Stage I LRP; Arrows: First reporter expression during LRP development; 
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Triangles: LRP layers at Stage II. Scale bar: 100μm. 

 
In plt3plt5plt7 LRP, SCR promoter activity was not detected, despite similar 

expression levels to WT in the primary root meristem (Figure 3.2B&E and Figure 
S3.2-1 B&H). SHR:GFP nuclear signal first appeared in late Stage I primordia, similar 
to the WT (Figure 3.2C&F). In Stage II mutant LRP, SHR:GFP signal was detected in 
both nuclei and cytoplasm and was hardly detected in the central cells (Figure 
3.2C&F). Moreover, SHR:GFP expression pattern displayed little difference between 
inner and outer cell layers of the primordium (Figure 3.2C&F). At later stages, we 
were able to detect the SHR:GFP signal in nuclei, however, the SHR:GFP expression 
pattern in the primordium layers was missing compared to the WT (Figure 3.2C&F). 
Moreover, after Stage I, SHR:GFP level in plt3plt5plt7 LRP had reduced compared to 
the WT (Figure 3.2C&F). In the mutant primary root, SHR:GFP displayed a similar 
expression pattern as in WT, but with reduced intensity (Figure S3.2-1C&I). We also 
compared SHR promoter activity and transcript level between WT and plt3plt5plt7 
by using a fluorescently tagged promoter reporter and semiquantitative RT-PCR 
(Figure S3.2-2A-E). In general, results from both methods showed a decrease of SHR 
in plt3plt5plt7 roots, except in Stage I primordia, suggesting that the reduced SHR 
protein level in the mutant is mainly caused by repression of SHR gene transcription 
(Figure S3.2-2A-E). Altogether, the absence of SCR and the mis-patterned SHR 
expression shown in plt3plt5plt7 LRP indicate that proper ground tissue 
establishment is disturbed in the mutant from initial stages onward.  

Two NAC-domain transcription factors FEZ and SMB are intrinsically required 
for correct root cap development, including COL, COL stem cells, LRC and LRC/Epi 
stem cells [11]. FEZ promoter was fused to GFP tagging the MICROTUBULE BINDING 
DOMAIN (MBD) [28], while SMB protein was driven under its own promoter and 
fused to GFP. Both FEZ promoter and SMB protein fusions were not detected in WT 
Stage I and Stage II primordia (Figure 3.2G&H). At later Stages, when LRP are 
emerging, FEZ started to accumulate in cells located at the most distal region of the 
primordium dome, indicating specification of the precursors of LR root cap cells 
(Figure 3.2G). SMB protein, which appeared later than FEZ, was first detected in the 
central cells at the outermost layer of the emerged primordium apex (Figure 3.2H). 
Based on the expression patterns of FEZ and SMB, our results suggest that the root 
cap differentiation program is activated during late stages of LR development.  
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Similar to WT, root cap-specific FEZ expression was not detected in Stage I and 
II plt3plt5plt7 primordia (Figure 3.2G&J). At later stages, some mutant primordia 
still possessed pFEZ::GFP:MBD signal in a tip region similar to the area in WT LRP, 
but with reduced expression level (Figure 3.2G&J). SMB:GFP was only detected in 
WT primordia that emerged from parental roots in WT (Figure 3.2H), it already 
accumulated in central cells that were defective in PeD from the transition phase of 
Stage I to II primordia in the triple mutant (Figure 3.2K and Figure S3.2-2F). In later 
stages, SMB was no longer restricted to the outermost layer as in WT (Figure 
2H&K). In the mutant primary root, both FEZ and SMB maintained similar 
localization as in WT, but with reduced intensity (Figure S3.2-1D&J and S3.2-1E&K). 
The retention of pFEZ::GFP:MBD and the pre-activation of SMB:GFP expression in 
plt3plt5plt7 LRP indicates that the dynamic establishment of root cap is regulated 
by PLT3, PLT5 and PLT7.  

The MYB-related transcription factor WER, required for patterning and 
specification of root epidermal cell identities, is preferentially expressed within 
non-root hair cells and the LRC region [13]. Expression of pWER::erCFP was not 
visible in Stage I and II WT LRP, but initiated at the apex of the emerging 
primordium (Figure 3.2I). However, in plt3plt5plt7 LRP, WER expression was not 
detectable in any stage (Figure 3.2L), suggesting that the initiation WER-mediated 
epidermal patterning during LR development requires prior function of PLT3, PLT5 
and PLT7. In plt3plt5plt7 primary roots, WER  showed a similar but reduced 
expression pattern as in WT (Figure S3.2-1F&L). 

In brief, all tissue identity genes studied showed distinct dynamic expression 
patterns during WT LR development, suggesting that tissue identity is gradually 
established from Stage I onward and precisely patterned as primordia develop. This 
process is specifically disrupted in plt3plt5plt7 mutants after Stage I where vascular, 
ground tissue and QC genes disappear and root cap genes change territory.  

 
3.3 PLT genes are required for key meristematic gene expression in LRP  
The AP2-domain AIL/PLT proteins, which reside within the AINTEGUMENTA clade, 
display a graded distribution in root meristems and are necessary for stem cell 
maintenance and cell division, most prominently PLT1 and PLT2 [15-17]. To visualize 
PLT gene transcription dynamics during LR development in detail, we used their 
complete promoters fused with cyan fluorescent protein (CFP) [16, 26]. In primary 
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roots, PLT1, PLT2, PLT3 and PLT4 showed highest promoter activity in the stem cell 
niche and graded activity in the proximal meristem (Figure S3.2-1M-P). The PLT5 
promoter was weakly expressed in the root meristem, predominantly in the 
vasculature and cortical cells, while PLT7 signal was hardly detected in the primary 
root tip (Figure S3.2-1Q&R). The final graded expression patterns may over-
estimate the promoter activity domain due to the stability of the CFP fusion [17], 
but they are excellent markers for the initiation of meristem formation. 
 

 
Figure 3.3 PLT1, PLT2 and PLT4 promoters are not activated in plt3plt5plt7 LRP. 



PLT3, 5 and 7 are Crucial for LR Outgrowth  

70 

(A-C, G-I) Confocal images of WT PLT transcriptional reporter fusions during LR development: (A) 

pPLT1::erCFP, (B) pPLT2::erCFP (C) pPLT3::erCFP, (G) pPLT4::erCFP, (H) pPLT5::erCFP and (I) 

pPLT7::erCFP. (D-F, J-L) Confocal images of the corresponding reporter fusions in plt3plt5plt7 LRP: (D) 

pPLT1::erCFP, (E) pPLT2::erCFP, (F) pPLT3::erCFP, (J) pPLT4::erCFP, (K) pPLT5::erCFP and (L) 

pPLT7::erCFP. Asterisks in G-L: Stage I LRP; Arrows: First reporter expression during LRP development; 

Triangles: LRP layers at Stage II/III. Scale bar: 100μm. 

 
During WT LR development, PLT3, PLT5 and PLT7 promoters are all activated 

from early Stage I onwards (Figure 3.3A-C) [26]. At Stage II, PLT3 and PLT7 were 
present in both layers, whereas PLT5 signal started to fade away from the central 
cells of the primordium (Figure 3.3A-B). In emerged LR, PLT3 and PLT5 were 
expressed as they were in the primary root, except for the additional expression of 
PLT5 in the LR peripheral zone (Figure 3.3A-B). pPLT7::erCFP expression converged 
to the new stem cell niche area with a graded pattern in the vasculature (Figure 
3.3C). Unlike early-expressed PLT3, PLT5 and PLT7, PLT1, PLT2 and PLT4 are 
expressed at later LR developmental stages with different patterns [26]. The earliest 
morphological stage in which PLT1, PLT2 and PLT4 signals were detected was Stage 
II (Figure 3.3G-I). At Stage III, their promoter activity was more consistently 
detected. Both in Stage II and III primordia, PLT1 first resided in the central cells of 
the inner layers and not in the outermost layer (Figure 3.3G). In contrast, PLT2 
promoter activity was preferentially present in the outer layers of the primordium, 
but absent in the innermost layer (Figure 3.3H). The initial domain of PLT4 
expression covered all two or three layers of Stage II or III primordia (Figure 3.3I). In 
emerged LRs, the expression pattern of PLT1, PLT2 and PLT4 promoter fusion was 
similar to the primary root meristem (Figure 3.2-1G-I). The clear temporal 
segregation between early- and late-expressed PLT genes suggests a successive 
initiation process to establish a new functional LR meristem.  

The early activation of PLT3, PLT5 and PLT7 promoters was retained in 
plt3plt5plt7 mutant Stage I primordium, and the promoters remained active in later 
stages (Figure 3.3D-F). Up to Stage III, pPLT3::erCFP and pPLT7::erCFP revealed 
similar patterns as WT, but their expression patterns were deviated from WT in 
more developed plt3plt5plt7 LRP (Figure 3.3D-F). pPLT5::erCFP expression already 
became aberrant in Stage II mutant primordia, where it did not vanish from central 
cells like in WT (Figure 3.3D-F). Instead of being virtually excluded from WT 
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primordia at later stages, pPLT5::erCFP activity remained high inside mutant 
primordia (Figure 3.3D-F). In the mutant primary root, all three PLT expression 
patterns were similar to WT, but an increase of PLT5 intensity was observed (Figure 
S3.2-1O&U, Q&W and R&X). Generally, the activation of PLT3, PLT5 and PLT7 
promoters was not affected in plt3plt5plt7 mutants, but their layer-specific 
expression patterns gradually faded as LRP developed. These results indicate that 
PLT3, PLT5 and PLT7 do not regulate their own transcription during the initiation of 
LR development, although their tissue-specific patterning is influenced at later 
stages.  

Remarkably,  PLT1, PLT2 and PLT4 promoter activity, observed after the onset 
of PLT3, PLT5 and PLT7 promoter and protein accumulation in WT (Figure 3.3G-I) 
[26], was completely undetectable in plt3plt5plt7 LRP (Figure 3.3J-L). In the mutant 
primary root, compared to the WT, PLT1 intensity was down-regulated, PLT2 
intensity was up-regulated and the graded vasculature PLT4 expression was 
shortened (Figure S3.2-1M&S, N&T and P&V). The highly specific suppression 
and/or inactivation of PLT1, PLT2 and PLT4 gene expression in the mutant primordia 
during LR development indicates that ‘early’ PLT3, PLT5 and PLT7 act upstream in 
this context and are essential to induce ‘late’ PLT1, PLT2 and PLT4 expression.  

Collectively, our data show that in plt3plt5plt7 LRP most tissue-specific and 
meristematic gene expression patterns are absent, down-regulated or mis-
patterned from Stage II onwards, indicating that the process to establish tissue-
specificity and meristem activity is significantly affected. The complete absence of 
PLT1, PLT2 and PLT4 expression in the mutant primordium reveals that their 
activation is strictly dependent on the activity of PLT3, PLT5 and PLT7 during LR 
development and that the plt3plt5plt7 mutant is effectively a sextuple PLT mutant 
in the LR context. 
 
3.4 Complementation of plt3plt5plt7 LRP morphology by targeting different 
regulatory genes to the primordium 
As several root meristem regulators, including WOX5, SCR, SHR and late-activated 
PLTs, exhibited an impaired activation or expression in plt3plt5plt7 LRP, we asked if 
specific reintroduction of these transcription factors into the mutant primordium 
could rescue mutant outgrowth defects. We chose a 1.5 kb truncated PLT7 
promoter fragment (PLT71.5), which is active solely in LRP/LRs from early Stage I 
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onwards in young seedlings (Figure S3.4-1), to specifically drive expression of these 
regulators in both WT and plt3plt5plt7 LRP. Moreover, we introgressed pPLT3::GUS 
into these complementation line for LRP quantification. PTL71.5-driven WOX5, SCR, 
SHR and PLT expression patterns in WT seedlings were concordant with the 
promoter activation domain, and absent from the primary root tip (data not 
shown). Moreover, the excess of these transcription factors in WT LRP driven under 
the PTL71.5 promoter did not introduce changes in LRP morphology (Figure 3.4A&C 
and Figure S3.4-2A-C, H-J and N-P). In plt3plt5plt7 LRP, all regulators driven by 
PLT71.5 were switched on as early as they were in WT primordia, and they remained 
activated at all later stages indicating that we could faithfully assess the effect of 
the reintroduction of these genes in the triple mutant background (Figure 3.4A-D 
and Figure S3.4-2). 

Compared to WT, the morphology of Stage II primordia in plt3plt5plt7 
containing the pPLT71.5::cWOX5:vYFP construct was partially restored with regard to 
PeDs (Figure 3.4A, B and G). Two lines of WOX5-complemented plt3plt5plt7 
seedlings significantly suppressed the PeD defect (Figure 3.4G). Correspondingly, 
the number and proportion of root-ward Stage I and II primordia to the total Stage I 
and II primordia number in WOX5-complemented plt3plt5plt7 lines was reduced 
compared to the triple mutant (Figure 3.4I). However, most primordia in WOX5-
complemented plt3plt5plt7 lines still arrested at later stages, showing aberrant LR 
architecture (Figure 3.4E and Figure S3.4-3A).  

Re-initiation of SCR and SHR in plt3plt5plt7 primordium failed to complement 
the outgrowth morphology (Figure S3.4-3B-F). All tested SCR- and SHR-targeted 
plt3plt5plt7 primordia resembled the triple mutant in all aspects, including the PeD 
defect and the distribution of different LRP stages (Figure S3.4-3B-F). This indicates 
that SCR and SHR are not sufficient to restore critical aspects of PLT3, PLT5 and PLT7 
function during the establishment of LRP morphology.  

In line with previous evidence on partial redundancy of PLT transcription 
factors in primary root development [16], reactivation of any PLT members led to a 
complementation of plt3plt5plt7 primordium morphological defects (Figure 3.4C, D, 
F, H and J, Figure S3.4-2, Figure S3.4-4 and Figure S3.4-5). Note that, in our 
complementation lines, PLT1, PLT2 and PLT4 were activated in the Stage I primordia, 
while they normally become expressed at stage II or III in WT roots (Figure 3.3G-I). 
Among all PLT complementation lines, only PLT4-complemented plt3plt5plt7 
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showed a weaker rescue of emerged LRs, whose number and proportion was lower 
than the WT but still higher than the triple mutant (Figure S3.4-5C&D). 
Nevertheless, the morphology of these emerged LRP/LRs in pPLT71.5::cPLT4:vYFP 
plt3plt5plt7 seedlings was still identical to WT (Figure S3.4-2N&Q). Moreover, the 
PeD pattern was basically restored to WT level in all PLT-complemented plt3plt5plt7 
lines (Figure3. 4H, Figure S3.4-4 and Figure S3.4-5). 

In conclusion, the function of any of six PLT proteins at early stages during LR 
development is sufficient to establish primordium morphology. Other root 
meristem regulators whose expression depends on PLT activity are not able to 
guide complete primordium development in the absence of PLTs, indicating that 
they act downstream of PLTs in this process. However, the partial complementation 
of PeDs by WOX5 suggests that an appropriate orientation of the cell division plane 
is partly controlled by WOX5, whose expression in LRP depends on PLT3, PLT5 and 
PLT7.  
 
3.5 Tissue-specificity is fully restored in PLT-complemented plt3plt5plt7 LRP 
 
Among all tested transcription factors for complementation, only PLTs were able to 
fully restore the plt3plt5plt7 LRP morphology (Figure 3.4; Figure S3.4-2). To assess 
whether tissue identity was also appropriately specified in PLT-complemented 
plt3plt5plt7 primordia, we introgressed different tissue-specific and meristematic 
reporters into PLT-complemented plt3plt5plt7 lines. Complementation lines from 
the late-expressed PLT2 and the early- expressed PLT5 were chosen to investigate 
tissue specification in the primordia (Figure 3.5; Figure S3.5). 

Strikingly, tissue-identity in both PLT2- and PLT5-complemented plt3plt5plt7 
emerged LRs was entirely restored, in terms of the expression pattern of all tested 
patterning genes (Figure 3.5; Figure S3.5). Other PLT members could also restore 
tissue-specificity in mutant primordia (data not shown). Moreover, the activation of 
all the tissue-specific and late-expressed PLT transcriptional reporters in PLT-
complemented plt3plt5plt7 primordium coincided with their native promoter 
activity patterns. Notably, the late PLT promoter activities (PLT1, PLT2 and PLT4) did 
not follow the activation of the PLT71.5 promoter. Instead, they reinstated their 
normal expression domains, indicating that they are indirectly activated 
downstream of early PLT3, PLT5 and PLT7 during LR development (Figure 3.5A-F, J-L; 
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Figure S3.5A-F, J-L). 
 

 
Figure 3.4 Complementation of plt3plt5plt7 LRP morphology by re-activating WOX5 and PLT2 during 
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LR development. 
(A-B) Confocal images of LRP at different stages in pPLT71.5::cWOX5:vYFP complemented roots: (A) WT 

and (B) plt3plt5plt7. (C-D) Confocal images of LRP at different stages in pPLT71.5::cPLT2:vYFP-

complemented roots: (C) WT and (D) plt3plt5plt7.(E, G and I) Different lines from pPLT3::GUS-marked 

WOX5-complemented seedlings at 7 d.p.g. (n=20), from left to right: WT, plt3plt5plt7, 

pPLT71.5::cWOX5:vYFP plt3plt5plt7 L-1 and pPLT71.5::cWOX5:vYFP plt3plt5plt7 L-4: (E) The distribution 

of different stages of LRP/LRs, (G) The PeD counts in LRP central cells at different stages and (I) The 

distribution of root-ward LRP and shoot-ward LRP. (F, H and J) Different lines from pPLT3::GUS-marked 

PLT2-complemented seedlings at 7 d.p.g. (n=20), from left to right: WT, plt3plt5plt7, 

pPLT71.5::cPLT2:vYFP plt3plt5plt7 L-1 and pPLT71.5::cPLT2:vYFP plt3plt5plt7 L-2: (F) The distribution of 

different stages of LRP/LRs, (H) The PeD counts in LRP central cells at different stages and (J) The 

distribution of root-ward LRP and shoot-ward LRP. Triangles: LRP layers at Stage II. Scale bar for A-D: 

100μm.  

 
In conclusion, the restoration of all tissue-specific and meristematic marker 

expression patterns in PLT-complemented plt3plt5plt7 primordium reveals that 
PLT3, PLT5 and PLT7 act as a systematic switch to control new tissue and LR 
meristem establishment during LR development and that all PLT proteins can fulfill 
this function when appropriately activated at early stages.  
 
 
Discussion 
 
Dynamic pattern formation in LRP 
The establishment of new lateral roots encompasses a remarkable example of 
developmental plasticity where founder cells initiate newly dividing cell groups, cell 
division plane reorientation, tissue growth in a new direction and the activation of a 
new stem cell niche and root meristem. After the stereotypical asymmetric cell 
divisions in LR founder cells, primordium development proceeds through precise 
but not completely deterministic pattern of cell divisions [20]. Here, we show that 
this variable pattern of cell division is accompanied by variable expression patterns 
for several tested tissue and meristem identity genes. Even though the overall 
expression patterns of each tested gene are reproducible, the induction stage of 
specific genes at the same stage of LRP development varies. For instance, 
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pWOX5::GFP signal can be detected in some Stage II primordia, but is more steadily 
present in the primordia that are at or older than Stage III. Similarly, initial 
pPLT1::erCFP, pPLT2::erCFP and pPLT4::erCFP expression does not always detectable 
in Stage II LRP.  
 

 
Figure 3.5 Full restoration of tissue-specificity in PLT2-complemented plt3plt5plt7 LRP. 
(A-F) Confocal images of different tissue-specific transcriptional or translational reporters in 

plt3plt5plt7 crossed with pPLT71.5::cPLT2:mRFP plt3plt5plt7 during LR development: (A) pWOX5::GFP, 

(B) pSCR::H2B:YFP (C) SHR:GFP, (G) pFEZ::GFP:MBD, (H) SMB:GFP and (I) pWER::erCFP. (G-L) Confocal 

images of PLT transcriptional reporters in plt3plt5plt7 crossed with pPLT71.5::cPLT2:vYFP plt3plt5plt7 
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during LR development: (A) pWOX5::GFP, (B) pSCR::H2B:YFP (C) SHR:GFP, (G) pFEZ::GFP:MBD, (H) 

SMB:GFP and (I) pWER::erCFP. Arrows: Re-activation of tissue-specific reporters; Triangles: LRP layers 

at Stage II/III. Scale bar: 100μm. 

 
Despite the flexibility of tissue- and meristem-specific marker expression 

during LR development, important stem cell niche regulators, including WOX5, PLTs, 
SHR and SCR, are mostly all expressed at Stage III, suggesting an assembly of the 
new stem cell niche. At this stage, the future QC cells can also be distinguished as 
the cells with overlapping expression of WOX5, PLTs, SHR and SCR. Together, this is 
consistent with previous functional observations that a Stage III primordium is able 
to develop autonomously due to the initiation of meristematic activity [24].   
 
PLT proteins are LRP tissue organizers 
We show here that a triple plt3plt5plt7 mutant is effectively a PLT null mutant in 
context of LRs, because other PLT genes are also not activated in this background. 
This mutation therefore presented the first opportunity to study the collective role 
of the essential AIL/PLT clade in the context of lateral root development. 

Tissue and meristem identity genes whose expression is regulated beyond 
stage II are severely mis-regulated in plt3plt5plt7 LRP, indicating that the process to 
establish tissue and meristem specificity is disrupted. However, the tissue and 
meristem identity genes that are activated early in wild type Stage I primordia 
retain normal expression in mutant Stage I primordia. For example, SHR protein still 
becomes nuclear-localized in plt3plt5plt7 Stage I primordia as it is in WT and PLT3, 
PLT5 and PLT7 promoter activity are properly activated. The integrity of early-
activated marker expression in plt3plt5plt7 Stage I primordia coincides with its 
morphological normality at this stage. This indicates that the early LR initiation in a 
‘PLT null’ mutant may to large extent be intact.  

In ‘PLT null’ LRP, the later expression pattern of SHR is disrupted and its 
expression level is reduced; SCR promoter activity is undetectable. This implies that 
the activation of PLT genes in early LR initiation is essential for the normal SHR 
expression pattern and SCR induction. In the primary root meristem, both PLT and 
SCR/SHR pathways are crucial for stem-cell maintenance in parallel [15, 18, 29]. 
However, in the embryo and primary root context it has not been possible to 
eliminate all PLT genes because PLT2 and PLT4 have essential functions in early 



PLT3, 5 and 7 are Crucial for LR Outgrowth  

78 

embryogenesis [16]. Therefore, the genetic analysis of the full PLT requirement for 
SCR/SHR expression during embryonic root formation is obstructed by the 
remaining presence of redundant PLT activity. In contrast, the LRP context studied 
here clearly reveals that SHR and SCR expression and correct radial patterning of 
their expression domains critically depend on PLT input, in line with promoter 
binding and regulation of SHR by PLT proteins (Santuari et al., submitted). Similarly, 
WOX5 expression is PLT dependent in the LR context which is in line with the 
detection of essential PLT binding sites in the WOX5 promoter (Shimotohno et al., 
unpublished). In addition, the ‘late’ PLT1, PLT2 and PLT4 genes, particularly PLT1 
and PLT2 that have the largest effect on stem cell niche maintenance [15], show 
strict dependency on ‘early’ PLT3, PLT5 and PLT7 genes.  

In the LR context, artificial reintroduction of SHR and SCR back into plt3plt5plt7 
LRP from early beginning onwards fails to rescue the outgrowth defects. In stark 
contrast, re-induction of any PLT members into the triple mutant at initial phase of 
LR development is able to reestablish WT-like LR morphology and tissue identity, 
including correct expression of SHR and SCR. Although WOX5 is able to partially 
rescue the PeD defect displayed in plt3plt5plt7 LRP, its activation requires PLTs. 
Taken together, the induction of any of the PLT members from Stage I onward is 
sufficient for the onset of LR development, in terms of tissue patterns and 
meristem establishment.  

Our findings firmly support the two-step hypothesis, in which LR meristem 
formation involves an initial primordium formation period and a subsequent 
meristem organization period [24]. This two-step establishment may tightly 
controlled by a cascade of the activation of early-expressed PLTs (PLT3, PLT5 and 
PLT7) and late-expressed PLTs (PLT1, PLT2 and PLT4). It is intriguing to note that the 
initial induction of any PLT genes using a truncated PLT7 promoter fragment is 
sufficient to initiate correct promoter activity patterns for all PLTs (and the other 
tissue specific genes tested) beyond the activity domain of the promoter. Therefore, 
in their potential to induce late PLTs and the entire PLT network during LR 
development, all PLT proteins are equivalent.  Note that, because the induction of 
endogenous PLT1, PLT2 and PLT4 is a common event in all PLT complementation 
experiments within the ‘PLT null’ LRP, our work does not exclude specific roles of 
specific PLT genes in later patterning and growth control. 

Previous discussions on the plasticity of plant organ positioning and 
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development have focused on auxin transport-mediated loops as self-organizing 
feedback processes [30-33]. Our new findings show that the transcription factor 
network has the capacity to induce pattern formation in an orthogonal axis. Further 
functional analysis of the PLT target gene network in lateral roots will help to 
understand the mechanisms that underlie developmental plasticity and self-
organization during primordium formation.  
 
 
Materials and Methods 
 
Plant materials and constructs 
Arabidopsis thaliana plants, Columbia ecotype Col-0, were used for all experiments, 
including all the transgenic lines. The plt3plt5plt7 tripe mutant was generated as 
previously described [34]. The description of all constructs and transgenic lines 
used for this study is listed in Table S1. The PLT71.5 promoter fragment was cloned 
from Col-0 background by using primers (Biolegio) indicated in Table S2. The 
pPLT3::GUS was constructed by fusing a 4.6 kb PLT3 promotor fragment [16] in 
front of GUS in the pGreenII-0227 vector [35]. The cDNA of PLT1, PLT2, PLT3, PLT4, 
PLT5, PLT7, WOX5, SCR and SHR were either cloned or used as described [15, 36]. 
All constructs generated in this study were done by using Multisite Gateway 
technology (Invitrogen). Transformation was performed according to the floral dip 
method [37]. All tissue-specific and meristematic markers in plt3plt5plt7 were 
obtained by crossing from wild type (Col-0) background.  
 
Plant growth conditions 
Seeds were fume sterilized in a sealed container with 100 ml bleach supplemented 
by 3 ml of 37% hydrochloric acid for 2-5 h, then suspended in 0.1% agarose and 
imbibed at 4°C in the dark for 2 days. Seeds were plated on a growth medium 
consisting of half-strength Murashige Skoog salts, 1% sucrose, 0.7% plant agar, MES 
(pH 5.8), 50 mg/ml ampicillin, and grown vertically in long day conditions (16 h light 
followed by 8 h of dark). For most of the experiments, seedlings at 7 day-post-
germination (d.p.g.) were analyzed. 
 
RT-PCR Analysis 
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Total RNA from Col-0, plt3plt5plt7 roots (without root tip) at 7 d.p.g. were extracted 
using Spectrum Plant total RNA Kit (Sigma). The cDNA was synthesized from 0.5 µg 
total RNA using odT18VN primer (Biolegio) and RevertAid M-MuLV reverse 
transcriptase (Biolegio). For the PCR reaction, a 2 µl cDNA sample was used to 
amplify in a total volume of 20 µl. The relative expression levels of SHR were 
determined by using primers (Biolegio) listed in Table S2. ACTIN1 expression was 
determined as an internal control.  
 
Phenotype Analysis and Microscopy 
All tissue-specific and meristematic marker expressions in plt3plt5plt7 were taken 
under the same Confocal setting as they were in wild type (Col-0). Confocal laser 
scanning microscopy (CLSM) images were performed on a Zeiss LSM 710 confocal 
laser scanning microscope. For visualizing lateral root primordia, samples were 
mounted in water or in 15µM propidium iodide (PI) for 1-2 h or in 15µM PI 
supplemented by 0.004% Triton X-100 for 20-40 min. Nomarski (DIC) images of 
lateral root primordia and root meristem were performed on a Zeiss 
photomicroscope III.  Histostaining of promoter-driven β-glucuronidase (GUS) 
activity was performed as described [38]. Images were processed using Zeiss ZEN 
software and Adobe Photoshop CS6. 
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Table S1. List of constructs used in this study 
 

No. Constructs Vector Reference 
1 pPLT3::GUS pGREENII-0227 This study 
2 pWOX5::GFP pGREENII-0229 [39] 
3 pSCR::H2B:YFP pGREENII-0225 This study (Ikram Blilou) 
4 SHR:GFP pBIN19 [10] 
5 pSHR::H2B:YFP pGREENII-0225 This study (Ikram Blilou) 
6 pFEZ::GFP:MBD pCAM (Hyg) This study (Albert van den Toorn) 
7 SMB:GFP pGREENII-0229 [11] 
8 pWER::erCFP  - [40] 
9 pPLT1::erCFP  pGREENII-0227 [16] 

10 pPLT2::erCFP pGREENII-0227 [16] 
11 pPLT3::erCFP pGREENII-0227 [26] 
12 pPLT4::erCFP pGREENII-0227 [16] 
13 pPLT5::erCFP pGREENII-0227 [26] 
14 pPLT7::erCFP pGREENII-0227 [26] 
15 pPLT71.5::erCFP  pGREENII-0226 This study  
16 pPLT71.5::GUS pGREENII-0226 This study 
17 pPLT71.5::cPLT1:vYFP pGREENII-0227 This study 
18 pPLT71.5::cPLT2:vYFP pGREENII-0227 This study 
19 pPLT71.5::cPLT3:vYFP pH7m34GW This study 
20 pPLT71.5::cPLT4:vYFP pH7m34GW This study 
21 pPLT71.5::cPLT5:vYFP pH7m34GW This study 
22 pPLT71.5::cPLT7:vYFP pGREENII-0227 This study 
23 pPLT71.5::cWOX5:vYFP pH7m34GW This study 
24 pPLT71.5::cSCR:vYFP  pH7m34GW This study 
25 pPLT71.5::cSHR:vYFP pH7m34GW This study 
26 pPLT71.5::cPLT1:mRFP pH7m34GW This study 
27 pPLT71.5::cPLT2:mRFP pH7m34GW This study 
28 pPLT71.5::cPLT3:mRFP pH7m34GW This study 
29 pPLT71.5::cPLT4:mRFP pH7m34GW This study 
30 pPLT71.5::cPLT5:mRFP pH7m34GW This study 
31 pPLT71.5::cPLT7:mRFP pH7m34GW This study 
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Table S2. List of primers used in this study 
 

No
. Primer Name Primer Sequence (5’-3’) 

Truncated PLT promoter used for reporter constructs 
1 pPLT71.5-FW GGGGACAACTTTGTATAGAAAAGTTGAGTAGGTGAGTCACCTCGAGTGAC 
2 pPLT71.5-RV GGGGACTGCTTTTTTGTACAAACTTGGCAAAAAAGATTGTAACTTTTTTC 

PLT3 cDNA 

1 cPLT3-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGATGGCTCCGATGACGAA
CTG 

2 cPLT3-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGGTAAGACTGATTAGGCCAGAG 
PLT4 cDNA (Hugo Hofhuis) 

1 cPLT4-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGAACTCGATGAATAACTGG
TTAGGC 

2 cPLT4-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTTAGTGTCGTTCCAAACTGAAAAC
GTTG 

PLT5 cDNA  
1 cPLT5-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAAGAACAATAACAAC 
2 cPLT5-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTTCCAACCCAAAAACCGGTG 

PLT7 cDNA 

1 cPLT7-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGCTCCTCCAATGACGAAT
TGC 

2 cPLT7-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGGTAAGACTGGTTAGGCCACAA
G 

WOX5 cDNA (Ikram Blilou) 

1 cWOX5-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGTCTTTCTCCGTGAAAGGT
CG 

2 cWOX5-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGAAGAAAGCTTAATCGAAGATCT
AATGGCGG 

Primers for RT-PCR 
1 SHR FW TTGGACACGTGGCGGCAAACG 
2 SHR RV ACCACTTCCTCGCTGTCTCTCG 
3 ActinFW GCCGATGAAGCTCAATCCAAA 
4 ActinRV GGTCACGACCAGCAAGATCAA 
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Chapter 3 Supplementary Data 
 

 
Figure S3.2-1 Tissue-specific and meristematic gene expression in WT and plt3plt5plt7 primary root 
tip. 
(A-F) Confocal images of WT tissue-specific transcriptional or translational reporter fusions in primary 

root tip: (A) pWOX5::GFP, (B) pSCR::H2B:YFP, (C) SHR:GFP, (D) pFEZ::GFP:MBD, (E) SMB:GFP, (F) 

pWER::erCFP.  (G-L) Confocal images of the corresponding reporter fusions in plt3plt5plt7 primary 

root tip: (G) pWOX5::GFP, (H) pSCR::H2B:vYFP, (I) SHR:GFP, (J) pFEZ::GFP:MBD, (K) SMB:GFP, (L) 

pWER::erCFP. (M-R) Confocal images of WT meristematic transcriptional reporter fusions in primary 

root tip: (M) pPLT1::erCFP, (N) pPLT2::erCFP, (O) pPLT3::erCFP, (P) pPLT4::erCFP, (Q) pPLT5::erCFP and 
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(R) pPLT7::erCFP. (S-X) Confocal images of the corresponding reporter fusions in plt3plt5plt7 primary 

root tip: (S) pPLT1::erCFP, (T) pPLT2::erCFP, (U) pPLT3::erCFP, (V) pPLT4::erCFP, (W) pPLT5::erCFP and 

(X) pPLT7::erCFP. Scale bar: 100μm. 

 
 

 
Figure S3.2-2 SHR transcript is down-regulated in plt3plt5plt7 roots and SMB is pre-activated in 

plt3plt5plt7 LRP. 
(A-B) Confocal images of SHR transcriptional reporter pSHR::H2B:vYFP in WT roots: (A) LR 

development and (B) primary root tip. (C-D) Confocal images of pSHR::H2B:vYFP in plt3plt5plt7 roots: 

(C) LR development and (D) primary root tip. (E) Semiquantitative RT-PCR analysis of SHR: Total RNA 

was extracted from 7 d.p.g. WT and plt3plt5plt7 roots without primary root tips, transcripts were 

amplified by 30 cycles of polymerase chain reaction (PCR) with gene-specific primers, and Actin1 

expression was used as a control. (E) Confocal image of SMB:GFP in plt3plt5plt7 PeD-defective LRP at 

Stage I to II transition phase. Arrows: First reporter expression during LRP development; Triangles: LRP 

layers at Stage II. Scale bar for A-D and F: 100μm. 
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Figure S3.4-1 LRP/LRs-Specific expression of PLT71.5 truncated promoter in WT seedlings. 
(A&B) Confocal images of pPLT71.5::erCFP in WT roots: (A) LRP at different stages, (B) primary root tip. 

(C&E) Histological GUS-Staining of pPLT71.5::GUS in WT seedlings at 7 d.p.g.: (C) LRP, (D) primary root 

tip and (E) shoot meristem. Triangles: LRP layers at Stage II. Scale bar: 100μm. 
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Figure S3.4-2 plt3plt5plt7 LRP morphology after re-activating WOX5, SCR, SHR and PLTs during LR 
development. 
(A-C, H-J and N-P) Confocal images of different transcription factors driven by LRP-specific PLT71.5 

promoter in different stages of WT LRP: (A) pPLT71.5::cWOX5:vYFP, (B) pPLT71.5::cSCR:vYFP, (C) 

pPLT71.5::SHR:vYFP, (H) pPLT71.5::cPLT1:vYFP, (I) pPLT71.5::cPLT2:vYFP, (J) pPLT71.5::cPLT3:vYFP, (N) 

pPLT71.5::cPLT4:vYFP, (O) pPLT71.5::cPLT5:vYFP, and (P) pPLT71.5::cPLT7:vYFP. (D-F, K-M and Q-S) Confocal 

images of different transcription factors driven by LRP-specific PLT71.5 promoter in different stages of 

plt3plt5plt7 LRP: (D) pPLT71.5::cWOX5:vYFP, (E) pPLT71.5::cSCR:vYFP, (F) pPLT71.5::SHR:vYFP, (K) 

pPLT71.5::cPLT1:vYFP, (L) pPLT71.5::cPLT2:vYFP, (M) pPLT71.5::cPLT3:vYFP, (Q) pPLT71.5::cPLT4:vYFP, (R) 

pPLT71.5::cPLT5:vYFP and (S) pPLT71.5::cPLT7:vYFP.  Triangles: LRP layers at Stage II. Scale bar: 100μm.  
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Figure S3.4-3 Reintroduction of WOX5, SCR and SHR in plt3plt5plt7 LRP is not sufficient to 
complement primordium morphology. 
(A) From left to right: WT, pPLT71.5::cWOX5:vYFP WT, plt3plt5plt7, pPLT71.5::cWOX5:vYFP plt3plt5plt7 

seedlings at 8 d.p.g.. (B) From left to right: plt3plt5plt7, pPLT71.5::cSCR:vYFP plt3plt5plt7, WT, 

pPLT71.5::cSCR:vYFP WT seedlings at 8 d.p.g.. (C) From left to right: plt3plt5plt7, pPLT71.5::cSHR:vYFP 

plt3plt5plt7, WT, pPLT71.5::cSHR:vYFP WT seedlings at 8 d.p.g.. (D-F) Different lines from pPLT3::GUS-

marked WOX5, SCR and SHR-complemented seedlings at 7 d.p.g. (n=20), from left to right: WT, 

plt3plt5plt7, pPLT71.5::cWOX5:vYFP plt3plt5plt7 L-1, pPLT71.5::cWOX5:vYFP plt3plt5plt7 L-4, 

pPLT71.5::cSCR:vYFP plt3plt5plt7 L-2, pPLT71.5::cSCR:vYFP plt3plt5plt7 L-4, pPLT71.5::cSHR:vYFP 
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plt3plt5plt7 L-2 and pPLT71.5::cSHR:vYFP plt3plt5plt7 L-10: (D) The distribution of different stages of 

LRP/LRs, (E) The PeD counts in LRP central cells at different stages and (F) The distribution of root-

ward LRP and shoot-ward LRP. Scale bar for A-C: 1cm. 

 

 
Figure S3.4-4 Reintroduction of PLT3, PLT5 and PLT7 in plt3plt5plt7 LRP complement LRP/LR 
morphology. 
(A) From left to right: plt3plt5plt7, pPLT71.5::cPLT3:vYFP plt3plt5plt7, WT, pPLT71.5::cPLT3:vYFP WT 

seedlings at 8 d.p.g.. (B) From left to right: : plt3plt5plt7, pPLT71.5::cPLT5:vYFP plt3plt5plt7, WT, 

pPLT71.5::cPLT5:vYFP WT seedlings at 9 d.p.g.. (C) From left to right: WT, pPLT71.5::cPLT7:vYFP WT, 
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plt3plt5plt7, pPLT71.5::cPLT7:vYFP plt3plt5plt7 seedlings at 9 d.p.g.. (D-F) Different lines from 

pPLT3::GUS-marked PLT3, PLT5 and PLT7-complemented seedlings at 7 d.p.g. (n=20), from left to right: 

WT, plt3plt5plt7, pPLT71.5::cPLT3:vYFP plt3plt5plt7 L-3, pPLT71.5::cPLT3:vYFP plt3plt5plt7 L-5, 

pPLT71.5::cPLT5:vYFP plt3plt5plt7 L-1, pPLT71.5::cPLT5:vYFP plt3plt5plt7 L-4, pPLT71.5::cPLT7:vYFP 

plt3plt5plt7 L-4 and pPLT71.5::cPLT7:vYFP plt3plt5plt7 L-6: (D) The distribution of different stages of 

LRP/LRs, (E) The PeD counts in LRP central cells at different stages and (F) The distribution of root-

ward LRP and shoot-ward LRP. Scale bar for A-C: 1cm. 
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Figure S3.4-5 Reintroduction of PLT1, PLT2 and PLT4 in plt3plt5plt7 LRP complement LRP/LR 
morphology. 
(A) From left to right: plt3plt5plt7, pPLT71.5::cPLT1:vYFP plt3plt5plt7, WT, pPLT71.5::cPLT1:vYFP WT 

seedlings at 9 d.p.g.. (B) From left to right: : plt3plt5plt7, pPLT71.5::cPLT2:vYFP plt3plt5plt7, WT, 

pPLT71.5::cPLT2:vYFP WT seedlings at 9 d.p.g.. (C) From left to right: WT, pPLT71.5::cPLT4:vYFP WT, 

plt3plt5plt7, pPLT71.5::cPLT4:vYFP plt3plt5plt7 seedlings at 8 d.p.g.. (D-F) Different lines from 

pPLT3::GUS-marked PLT3, PLT5 and PLT7-complemented seedlings at 7 d.p.g. (n=20), from left to right: 

WT, plt3plt5plt7, pPLT71.5::cPLT1:vYFP plt3plt5plt7 L-2, pPLT71.5::cPLT1:vYFP plt3plt5plt7 L-5, 

pPLT71.5::cPLT2:vYFP plt3plt5plt7 L-1, pPLT71.5::cPLT2:vYFP plt3plt5plt7 L-2, pPLT71.5::cPLT4:vYFP 

plt3plt5plt7 L-5 and pPLT71.5::cPLT4:vYFP plt3plt5plt7 L-6: (D) The distribution of different stages of 

LRP/LRs, (E) The PeD counts in LRP central cells at different stages and (F) The distribution of root-

ward LRP and shoot-ward LRP. Scale bar for A-C: 1cm. 
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Figure S3.5 Full restoration of tissue-specificity in PLT5-complemented plt3plt5plt7 LRP. 
(A-F) Confocal images of different tissue-specific transcriptional or translational reporters in 

plt3plt5plt7 crossed with pPLT71.5::cPLT5:mRFP plt3plt5plt7 during LR development: (A) pWOX5::GFP, 

(B) pSCR::H2B:YFP (C) SHR:GFP, (G) pFEZ::GFP:MBD, (H) SMB:GFP and (I) pWER::erCFP. (G-L) Confocal 

images of PLT transcriptional reporters in plt3plt5plt7 crossed with pPLT71.5::cPLT5:vYFP plt3plt5plt7 

during LR development: (G) pWOX5::GFP, (H) pSCR::H2B:YFP (I) SHR:GFP, (J) pFEZ::GFP:MBD, (K) 

SMB:GFP and (L) pWER::erCFP. Arrows: Re-activation of tissue-specific reporters; Triangles: LRP layers 

at Stage II/III. Scale bar: 100μm. 
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Abstract 
 
The phytohormone auxin orchestrates many developmental processes in 
Arabidopsis thaliana. In the primary root meristem, the local auxin distribution and 
auxin-dependent PLETHORA (PLT) protein gradient cooperate to stabilize root 
zonation dynamics. The auxin efflux facilitator PIN proteins and PLT regulators act 
interdependently to control auxin gradients and to maintain the auxin maximum 
around the stem cell niche area. During lateral root formation, PLTs are required for 
the onset of tissue patterning in a new axis and meristem establishment. To assess 
whether PLT-mediated lateral root outgrowth operates through regulation of auxin 
response and/or transport, we investigated auxin response and PIN expression in 
plt3plt5plt7 triple mutant lateral root primordia. Our results reveal that auxin 
response is not blocked in the mutant primordia, but that PLT3, PLT5 and PLT7 
restrict both the magnitude and the spatial domain of auxin response and are 
required for the maintenance of properly patterned and polarized PIN expression.  
 
 
Introduction 
 
The plant hormone auxin orchestrates many developmental processes in 
Arabidopsis thaliana, including primary root and lateral root (LR) formation [1-7]. In 
the primary root meristem, auxin regulates expression of the APETALA2-domain 
PLETHORA (PLT) transcription factors which are necessary for stem cell specification 
[8]. The local auxin distribution and auxin-dependent PLT protein gradient 
cooperate to stabilize the dynamics of the root zonation through different 
mechanisms and timescales [6, 8-10]. Moreover, transcription of the auxin efflux 
facilitator PINFORMED (PIN) proteins, which have been shown to direct auxin flow 
in a reflux loop to control auxin gradients and to stabilize the auxin maximum in the 
root tip, are regulated by PLT gene activity [9, 11].  

During LR development, auxin is involved at several developmental processes, 
including pre-patterning, initiation, outgrowth and emergence [1, 3, 12-18]. The 
establishment of a new auxin maximum inside LRP correlates with re-localization of 
PIN proteins [7, 19], a process that is known to be controlled by another plant 
hormone cytokinin [20, 21]. During LR outgrowth, two groups of PLT proteins form 
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a transcriptional cascade that is essential for primordium tissue and meristem 
formation (Chapter 3). Early-expressed PLTs (PLT3, PLT5 and PLT7) are activated 
before the first asymmetric cell division; while late-expressed PLTs (PLT1, PLT2 and 
PLT4) are activated in primordia from Stage II/III onward (Chapter 3). In plt3plt5plt7, 
LR outgrowth is significantly impaired as a result of lacking early- and late-
expressed PLTs, and reintroducing any PLT protein at early stages fully rescues 
mutant primordia (Chapter 3).  

There is a precedent for the importance of PLT3, PLT5 and PLT7-regulated 
auxin biosynthesis in shoot development as the phyllotactic defects in plt3plt5plt7 
mutant can be rescued by re-expression of an auxin biosynthetic gene YUCCA4 
(YUC4) in the shoot apical meristem [22]. To assess whether and how PLT-mediated 
LR outgrowth affects auxin distribution or signaling, we analyzed the role of auxin 
during plt3plt5plt7 LR development and found that PLT3, PLT5 and PLT7 spatially 
restrict auxin signaling within LRP and are required for continued PIN activities after 
the initial stages of LRP formation.  
 
 
Results 
 
4.1 Lateral root primordia in plt3plt5plt7 show increased auxin response 
In plt3plt5plt7 LRP, expression levels of several auxin-responsive genes are severely 
impaired, including WUSCHEL-related homeobox 5 (WOX5) and late-expressed 
PLT1, PLT2 and PLT4 (Chapter 3). Therefore, we asked whether the auxin signaling 
pathway remained intact in these triple mutant primordia. To monitor auxin 
response, we introgressed the DR5::GFP reporter line into the triple mutant. 

DR5::GFP levels in wild type (WT) and plt3plt5plt7 Stage I primordia were 
similar (Figure 4.1A&C). At Stage II however, plt3plt5plt7 primordia displayed higher 
DR5::GFP intensity than that in WT, which further increased to the later stages 
(Figure 4.1A&C). At later stages, DR5 expression in the triple mutant LRP was no 
longer restricted to a distal maximum as in the WT (Figure 4.1A&C). Instead of 
converging to the new stem cell niche area, DR5 expression was dispersed 
throughout mutant primordia (Figure 4.1A&C). However, in overlying tissues 
surrounding LRP and primary roots of the plt3plt5plt7 mutant, the DR5 expression 
pattern resembled the WT pattern (Figure 4.1A&C and B&D). 



PLT3, 5 and 7 Spatially Restrict Auxin Response during LR Outgrowth 

100 

Figure 4.1 DR5::GFP expression in WT 
and plt3plt5plt7 LRP and primary 
root tip. 
(A-B) Confocal images of DR5::GFP 

expression in WT roots: (A) LRP and 

(B) primary root tip. (C-D) Confocal 

images of DR5::GFP expression in 

plt3plt5plt7 roots: (C) LRP and (D) 

primary root tip. Triangles: LRP layers 

at Stage II. Scale bar: 100μm. 

 
We concluded that the 

auxin response in plt3plt5plt7 
LRP as monitored by DR5::GFP 
reporter is not repressed but 

rather increased from Stage II in an aberrantly expanded domain. This indicates 
that PLT3, PLT5 and PLT7 are required for restricting both the magnitude and the 
spatial domain of auxin response. Moreover, normal DR5 expression in plt3plt5plt7 
primary roots and tissues overlying LRs indicates that this dependency is specific for 
cells within the primordium.  
 
4.2 Exogenous application of auxin does not rescue plt3plt5plt7 LR outgrowth 
defects 
The graded DR5::GFP expression pattern became compromised at later 
developmental stages in plt3plt5plt7 LRP. Several patterning genes that are auxin 
responsive are also no longer expressed in the triple mutant primordia (Chapter 3). 
To determine whether exogenous auxin application can complement any processes 
during LR outgrowth, we in detail analyzed the responses of key tissue and 
meristem patterning genes in plt3plt5plt7 background. 

After 24 hours treatment of 10 µM IAA (Indole-3-Acetic Acid), we did not 
observe rescue of plt3plt5plt7 LRP morphology at all stages (Figure 4.2-1E-G and 
Figure 4.2-2D-F&J-K). First, we studied the expression of DR5 and early-expressed 
PLT3, PLT5 and PLT7 upon IAA treatment in WT and plt3plt5plt7 seedlings (Figure 
4.2-1). In both WT and plt3plt5plt7 LRP, DR5::GFP signal increased upon exogenous 
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IAA application (Figure 4.2-1A&E).  Similar to DR5, early-expressed PLT3, PLT5 and 
PLT7 promoter activities also positively responded to IAA treatment in both WT and 
plt3plt5plt7 LRP (Figure 4.2-1B&F, C&G and D&H; Figure S4.2), confirming that 
auxin response is not blocked in the mutant primordia.  
 

 
Figure 4.2-1 Promoters of DR5 and early-activated PLTs positively respond to IAA treatment in WT 
and plt3plt5plt7 roots. 
(A-D) Confocal images of DR5 and early-activated PLT transcriptional reporter fusions in 24 hour 10μM 

IAA treated WT roots at 5 day-post-germination (d.p.g.): (A) DR5::GFP, (B) pPLT3::erCFP, (C) 

pPLT5::erCFP and (D) pPLT7::erCFP. (E-H) Confocal images of the corresponding reporter fusions in 24 

hour 10μM IAA treated plt3plt5plt7 roots at 5 d.p.g.: (E) DR5::GFP, (F) pPLT3::erCFP, (G) pPLT5::erCFP 

and (H) pPLT7::erCFP. Arrows: LRP. Scale bar: 100μm. 

 
A group of tissue and meristem regulators function downstream of early-

expressed PLTs during LR development, including WOX5, SCARECROW (SCR), 
SHORT-ROOT (SHR) and late-expressed PLT1, PLT2 and PLT4 (Chapter 3). The 
expression of WOX5, SCR, SHR and late-expressed PLTs was not restored in 
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plt3plt5plt7 LRP after IAA treatment (Figure 4.2-2 and Figure S4.2), indicating that 
exogenous IAA treatment cannot bypass the requirement of PLT3, PLT5 and PLT7 to 
induce key PLT-dependent regulators.  

 
Figure 4.2-2 Tissue-specific genes and 
late-activated PLTs in plt3plt5plt7 LRP. 
(A-C and G-I) Confocal images of 

tissue-specific and late-activated PLT 

transcriptional or translational 

reporter fusions in 24 hour 10μM IAA 

treated WT roots at 5 d.p.g.: (A) 

pWOX5::GFP, (B) pSCR::H2B:YFP, (C) 

SHR:GFP, (G) pPLT1::erCFP, (H) 

pPLT2::erCFP and (I) pPLT4::erCFP. (D-F 

and J-L) Confocal images of the 

corresponding reporter fusions in 24 

hour 10μM IAA treated plt3plt5plt7 

roots at 5 d.p.g.: (D) pWOX5::GFP, (E) 

pSCR::H2B:YFP, (F) SHR:GFP, (J) 

pPLT1::erCFP, (K) pPLT2::erCFP and (L) 

pPLT4::erCFP. Arrows: LRP. Scale bar: 

100μm. 

 
In plt3plt5plt7 LRP, both 

DR5 and early-expressed PLT3, 
PLT5 and PLT7 promoter 
activities positively respond to 
exogenous IAA application, 
indicating that the upstream 
auxin responsive circuit is 
functional in the mutant 

primordia. In contrast, WOX5, SHR, SCR and late-expressed PLT1, PLT2 and PLT4 are 
insensitive to increased auxin levels, suggesting that PLT3, PLT5 and PLT7 modulate 
auxin signaling to their downstream components during LR outgrowth.  
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4.3 Induction of an auxin biosynthesis gene in plt3plt5plt7 LRP fails to reconstruct 
the morphology of the mutant primordia 
The data above and the fact that phyllotaxis of plt3plt5plt7 can be rescued by YUC4 
[22], a gene encoding a flavin monooxygenase involved in auxin biosynthesis [23, 
24], suggest that PLT3, PLT5 and PLT7 might regulate a successive auxin signaling 
cascade also during LR development. To test this hypothesis, we endogenously 
induced YUC4 specifically in LRP, driven by a LRP-specific PLT71.5 promoter (Chapter 
3) [25].  

 
Figure 4.3 Introducing YUC4 during LR 
development failed to complement 
plt3plt5plt7 LRP outgrowth defects. 
(A-B) Confocal images of YUC4 cDNA 

driven by LRP-specific PLT71.5 promoter 

in WT roots: (A) LRP and (B) primary 

root tip. (C-D) Confocal images of YUC4 

cDNA driven by LRP-specific PLT71.5 

promoter in plt3plt5plt7 roots: (C) LRP 

and (D) primary root tip. Triangles: LRP 

layers at Stage II. Scale bar: 100μm.  

 
pPLT71.5::cYUC4:vYFP was 

expressed at all LR 
developmental stages and was 

excluded from primary root tips in WT and plt3plt5plt7 seedlings at 7 d.p.g. (Figure 
4.3A-D). In WT, excessive induction of YUC4 did not change primordium 
morphology (Figure 4.3A). In plt3plt5plt7, the morphology of YUC4-expressing LRP 
remained defective (Figure 4.3C), indicating that endogenous auxin induction in 
plt3plt5plt7 LRP failed to restore primordium morphology. Together with the DR5 
expression and exogenous IAA application data, this indicates that PLT3, PLT5 and 
PLT7 are required for establishment and maintenance of graded auxin response 
within the primordium.  
 
4.4 PLT3, PLT5 and PLT7 sustain continuously patterned PIN expression during LR 



PLT3, 5 and 7 Spatially Restrict Auxin Response during LR Outgrowth 

104 

Outgrowth 
Several polar auxin efflux carrier PIN family members are expressed from early LR 
developmental stages onward, including PIN1 and PIN3 [7]. PIN1 and PIN3 loss of 
function results in fewer primordia, which develop slowly and often arrest [7, 18]. 
In primary roots, PLT proteins regulate the distribution of these PIN transcripts [11]. 
Therefore, we asked whether PLT3, PLT5 and PLT7 might influence PIN expression 
patterns, thereby facilitating appropriate auxin distribution during LR formation. 

PIN1 and PIN3 expression patterns in plt3plt5plt7 primary root and Stage I LRP 
were similar to those observed in WT (Figure 4.4A-H). In primary root, PIN1 mainly 
localizes on the rootward side of vascular cells (Figure 4.4B&D) [11, 26], guiding the 
acropetal auxin transport [11, 26]. PIN3 is expressed in columella stem cells and 
several tiers of the columella without pronounced polarity, as well as in vascular 
cells (Figure 4.4F&H) [11]. In Stage I LRP, PIN1 reveals a pronounced polarization 
towards the central cells (Figure 4.4A&C) [7, 20, 21]. PIN3 localization was less 
polarized than PIN1, but displayed slightly higher levels on membranes surrounding 
the central short cells (Figure 4.4E&G). These orientations suggest that not only 
PIN1 but also PIN3 direct auxin flow from the flanking cells to the central ones, 
where a higher DR5 expression is displayed (Figure 4.1A) [7, 21]. 

At later developmental stages of WT LRP, PIN1 and PIN3 expressions correlated 
with the auxin distribution (Figure 4.4A and Figure 4.4E) [7]. In WT Stage II 
primordia, both PIN1 and PIN3 accumulated more intensively on the plasma 
membranes toward to the central cells in both layers (Figure 4.4A&E) [7, 21], where 
higher DR5 expression is observed (Figure 4.1A). When WT primordia emerged, the 
PIN1 expression pattern resembled to the pattern observed in primary roots, 
(Figure 4.4A&B) [7, 21]. PIN3 assumed basal polarity (toward to the distal LR tip) in 
epidermal, cortical, endodermal and vascular cells and remained unpolarized in the 
more distal columella area (Figure 4.4E), consistent with the position of the 
maximum DR5 expression (data not shown).  

Compared to WT, PIN1 and PIN3 expression was less pronounced in 
plt3plt5plt7 LRP at later developmental stages (Figure 4.4A&C and E&G). In 
plt3plt5plt7 Stage II primordia, the PIN1:GFP level decreased in both layers 
compared to WT (Figure 4.4A&C). Moreover, PIN1 polar localization on the plasma 
membrane was severely impaired in the mutant primordia. Instead, most PIN1 
signal resided in cytoplasmic vesicles (Figure 4.4-1C). In contrast to PIN1, PIN3 
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localization at Stage II remained at the membrane and its level generally remained 
steady (Figure 4.4E&G). However, PIN3 expression in the central cells at this stage 
was less polar than in the WT (Figure 4.4E&G). As the mutant primordia developed, 
PIN1 expression reduced until it was undetectable at the membrane (Figure 4.4-C). 
Also PIN3 intensity was significantly reduced as the mutant primordia developed, 

but unlike PIN1, it persistently 
localized on the plasma 
membrane (Figure 4.4G).  
 
Figure 4.4 PIN expression in 
plt3plt5plt7 roots. 
(A-B) Confocal images of PIN1:GPF in 

WT roots: (A) LRP and (B) primary root 

tip. (C-D) Confocal images of PIN1:GPF 

in plt3plt5plt7 roots: (C) LRP and (D) 

primary root tip. (E-F) Confocal images 

of PIN3:GPF in WT roots: (E) LRP and 

(F) primary root tip. (G-H) Confocal 

images of PIN3:GPF in plt3plt5plt7 

roots: (G) LRP and (H) primary root tip. 

Triangles: LRP layers at Stage II. Scale 

bar: 100μm.  

 
Taken together, PIN1 and 

PIN3 expression levels are 
significantly reduced in 
plt3plt5plt7 LRP from Stage II 
onward. Strikingly, PIN1 but 
not PIN3 membrane targeting 
relies on PLT3, PLT5 and PLT7, 
suggesting that these PLTs are 
required for patterned and 
polarized PIN expression after 
Stage I. 
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4.5 PIN1 is not able to mediate LR outgrowth in the absence of PLT3, PLT5 and 
PLT7 
The gradual depletion of PIN expression in plt3plt5plt7 LRP at later stages led us to 
ask whether forced PIN1 transcription in the mutant primordia could complement 
the mutant phenotype. To this end, we used the truncated PLT71.5 promoter to drive 
PIN1 in both WT and plt3plt5plt7 LRP (Chapter 3) [25]. 

 
Figure 4.5 Introducing PIN1 during LR 
development failed to complement 
plt3plt5plt7 LRP outgrowth defects. 
(A-B) Confocal images of 

pPLT71.5::PIN1:GFP in WT roots: (A) 

LRP and (B) primary root tip. (C-D) 

Confocal images of pPLT71.5::PIN1:GFP 

in plt3plt5plt7 roots: (C) LRP and (D) 

primary root tip. Triangles: LRP layers 

at Stage II. Triangles: LRP layers at 

Stage II. Scale bar: 100μm. 

 
In both WT and 

plt3plt5plt7, GFP signal from 
the PIN fusions could be 

detected in the central vasculature within the pericycle layer (Figure 4.5B&D), 
despite the fact that the PLT71.5 promoter was not activated in these cell types 
(Figure 4.3B&D) [25]. Within this unexpected vascular domain, the polar 
localization of PIN1 was less pronounced compared to the PIN1:GFP expression in 
WT and plt3plt5plt7 root tips, while the cytoplasmic signal increased (Figure 
4.5B&D compared to Figure 4.4B&D).  

In WT LRP, the expression domain of pPLT71.5::PIN1:GFP followed the activity 
domain of the truncated  promoter at earlier developmental stages (Figure 4.5A 
and Figure 4.3A). In Stage I and II primordia, the polar pPLT71.5::PIN1:GFP 
localization at the plasma membrane was generally indistinguishable of that 
observed by PIN1:GFP at corresponding stages (Figure 4.5A compared to Figure 
4.4A). However, more internalized GFP signal could be detected in the cytoplasm of 



 Chapter 4 
 

107 

the central cells (Figure 4.5A compared to Figure 4.4A), probably due to the 
excessive PIN1 induction. In emerged LRs, pPLT71.5::PIN1:GFP was ectopically 
presented in the whole central vasculature, where the PLT71.5 promoter is gradually 
disappeared (Figure 4.5A compared to Figure 4.3A). However, excessive PIN1 levels 
did not alter LR morphology at any developmental stages.   

In plt3plt5plt7 Stage I LRP, polar pPLT71.5::PIN1:GFP expression was similar to 
WT (Figure 4.5A&C), pointing towards the initiating auxin maximum response area 
in the central cells. From Stage II onward, pPLT71.5::PIN1:GFP signal gradually 
internalized to the cytoplasm and departed from the plasma membrane (Figure 
4.5C), indicating that polar PIN1 localization requires PLT gene activity. Although 
pPLT71.5::PIN1:GFP signal remained relatively high in the mutant primordia at later 
stages, the outgrowth defect was not rescued (Figure 4.5C). We concluded that 
forced PIN1 expression is not able to compensate for the absence of PLT3, PLT5 and 
PTL7 during LR outgrowth. 
 
 
Discussion 
 
Auxin distribution during LR development 
In the primary root, PIN proteins restrict PLT expression, and in turn, PLT genes 
promoter PIN transcription, creating an interdependent reflux loop to control auxin 
distribution [11]. In Stage I and II LRP, polar distributions of PIN1 and PIN3 direct 
auxin flow from flanking cells to central cells, where the DR5 maximum resides. In 
emerged LRs, the PIN1 and PIN3 expression domains together suggest that auxin 
could flow from the vasculature to the new stem cells niche, where an auxin 
maximum is predicted [7]. The graded DR5 expression coincides with this 
predicated auxin distribution [7]. 

In plt3plt5plt7 Stage I primordia, both PIN1 and PIN3 are expressed as in the 
WT. In addition, DR5 expression in Stage I mutant primordia also mirrors the 
pattern observed in WT LRP. These observations are in line with previous 
observations that the mutant Stage I primordia are indistinguishable from WT ones, 
in terms of morphology and marker expression (Chapter 3). Therefore, the auxin 
response maximum at this stage presumably locates in the central short cells as in 
WT. 
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From Stage II onward, the polarization and the expression of PIN1 and PIN3 
gradually deviates from WT as the mutant primordia develop. Interestingly, the 
polar localization of PIN1 to the plasma membrane is compromised, while PIN3 is 
not affected. This implies that PLT genes are required for PIN membrane targeting 
in a PIN selective manner. The increased DR5 level and its aberrant localization in 
mutant primordia at later stages may suggest that abnormal PIN expression and 
localization leads to a failure to properly localize auxin responses in the absence of 
PLT proteins.  

At present, is it hard to link the causal role of disrupted PIN expression 
patterns to the plt3plt5plt7 mutant phenotype. While we could re-express PIN1 in 
the mutant primordia to analyze the functional importance of the transcriptional 
dependency of PIN proteins on the PLT transcription factor cascade, we are not able 
to bypass the PLT requirement of PIN proteins for polarization and need to await 
identification of PLT targets that are instrumental in this process to achieve this 
goal. 

 
Ectopic PIN1 expression in pPLT71.5::PIN1:GFP complementation lines 
Interestingly, the pPLT71.5::PIN1:GFP protein in complementation lines is detected in 
the central primary root vasculature, where the same truncated PLT71.5 promoter is 
not active. More specifically, the ectopic GFP signal mainly resides in the cells of 
xylem lineages in the whole vasculature (data not shown). We have at present no 
testable hypothesis to explain this non-autonomous expression.  

 
PLT3, PLT5 and PLT7 are involved in other developmental processes 
Previous studies have revealed that PLT3, PLT5 and PLT7 also control phyllotaxis and 
regeneration [22, 27, 28]. To establish phyllotactic patterns, PLT3, PLT5 and PLT7 
locally regulate YUC-mediated auxin biosynthesis in the center of shoot apical 
meristem [22]. In contrast to the shoot, plt3plt5plt7 LRP display a higher auxin 
response from Stage II to relatively later stages compared to WT. However, auxin 
response disappeared from the mutant primordia at very late developmental 
stages. In contrast to the rescue of shoot phyllotaxis, induction of YUC4-mediated 
auxin biosynthesis in plt3plt5plt7 LRP was not able to re-establish the morphology 
of mutant primordia. Taken together, these suggest that the regulation of 
phyllotaxis and LR morphology requires distinct PLT3, PLT5 and PLT7 dependent 
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pathways.  
During de novo shoot regeneration, PLT3, PLT5 and PLT7 are essential to 

establish regeneration competence [28]. Explants from plt3plt5plt7 fail to 
regenerate cells with shoot stem cell identity on a medium supplemented with 
external cytokinin, the phytohormone required for shoot regeneration [28]. 
Together with our data, these observations suggest that PLT3, PLT5 and PLT7 may 
act as a faucet for primordium patterning and growth in different developmental 
processes.  
 
 
Materials and Methods 
 
Plant materials and constructs 
Arabidopsis thaliana plants, Columbia ecotype Col-0, were used for all experiments, 
including all the transgenic lines. The plt3plt5plt7 tripe mutant was generated as 
previously described [27]. The description of all constructs and transgenic lines 
used for this study is listed in Table S1. The truncated PLT71.5 promoter (from Col-0 
DNA) was cloned by using primers (Biolegio) indicated in Table S2. The pPLT3::GUS 
was constructed by fusing a 4.6 kb PLT3 promotor fragment [9] in front of GUS in 
pGreenII-0227 vector [29]. The pPLT71.5::PIN1:GFP was constructed by fusing PLT71.5 
promoter in front of PIN1-GFP [30] in pGreenII-0225 vector [29]. All constructs 
generated in this study were done by using Multisite Gateway technology 
(Invitrogen). Transformation was performed according to the floral dip method [31].  
 
Plant growth conditions 
Seeds were fume sterilized in a sealed container with 100 ml bleach supplemented 
by 3 ml of 37% hydrochloric acid for 2-5 hours, then suspended in 0.1% agarose and 
imbibed at 4°C in the dark for 2 days. Seeds were plated on a growth medium 
consisting of half-strength Murashige Skoog salts (½ MS), 1% sucrose, 0.7% plant 
agar, MES (pH 5.8), 50 mg/ml ampicillin, and grown vertically in long day conditions 
(16 h light followed by 8 h of dark).  
 
IAA treatment 
Col-0 and plt3plt5plt7 seedlings were grown on ½ MS plates until 4 d.p.g., then 
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transferred to new ½ MS plates containing mock or 10µM IAA (Indole-3-Acetic Acid, 
Duchefa) for 24 hours.  
 
Quantitative reverse transcription PCR (qRT-PCR) 
Total RNA from Col-0, plt3plt5plt7 roots treated with 24 hour mock or 10µM IAA at 
5 d.p.g. were extracted using Spectrum Plant total RNA Kit (Sigma) and subjected to 
on-column DNase treatment. The cDNA was synthesized from 0.5 µg total RNA 
using odT18VN primer (Biolegio) and RevertAid M-MuLV reverse transcriptase 
(Biolegio). All samples were measured on 2 or 3 technical duplicates. The 
quantitative RT-PCR was performed by using 10 μM of gene-specific primers (Table 
S2) and Bio-Rad SYBR Green Supermix in a Bio-Rad CFX ConnectTM Real-Time 
System. ACTIN2 was used to normalize the result. 
 
Phenotype Analysis and Microscopy 
Confocal laser scanning microscopy (CLSM) images were performed on a Zeiss LSM 
710 confocal laser scanning microscope. For visualizing lateral root primordia, 
samples were mounted in water or 15µM propidium iodide (PI) for 1-2 h or in 
15µM PI supplemented by 0.004% Triton X-100 for 20-40 min. Images were 
processed using Zeiss ZEN software and Adobe Photoshop CS6. 
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Table S1. List of constructs used in this study 
 

No. Constructs Vector Reference 

1 pPLT3::GUS pGreenII-0227 This Study 

2 DR5::GFP - [32] 

3 pWOX5::GFP pGREENII-0229 [11] 

4 pSCR::H2B:YFP pGREENII-0229 [33] 

5 SHR:GFP pBIN19 [34] 

6 pPLT1::erCFP  pGREENII-0227 [9] 

7 pPLT2::erCFP pGREENII-0227 [9] 

8 pPLT3::erCFP pGREENII-0227 [9] 

9 pPLT4::erCFP pGREENII-0227 [9] 

10 pPLT5::erCFP pGREENII-0227 [25] 

11 pPLT7::erCFP pGREENII-0227 [25] 

12 pPLT71.5::cYUC4:vYFP  pH7m34GW This study 

13 pPLT71.5::PIN1:GFP  pGREENII-0225 This study 

15 PIN1:GFP  - [19] 

16 PIN3:GFP  - [19] 
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Table S2. List of primers used in this study 
 

Experiment No. Primer Name Primer Sequence (5’-3’) 

PLT71.5 
promoter 

1 pPLT71.5-FW GGGGACAACTTTGTATAGAAAAGTTGAGTAG
GTGAGTCACCTCGAGTGAC 

2 pPLT7-LONGnoATG-RV GGGGACTGCTTTTTTGTACAAACTTGGCAAA
AAAGATTGTAACTTTTTTC 

qRT-PCR 

1 AtACT2QPCR-F ACCTTTAACTCTCCCGCTATGTATGT    

2 AtACT2QPCR-R GATTGGCACAGTGTGAGACACA 

3 PLT3-QPCR-F TCAGGAGGAAGAGTAGC  

4 PLT3-QPCR-R TCTTTGTTCCCAGCAACTCG 

5 PLT5-QPCR-F ACATTTAGCACTCAAGAGG   

6 PLT5-QPCR-R ATCATATCGACTGATGTCG 

7 PLT7-QPCR-F ACCTTTGCAACCGAAGAGG 

8 PLT7-QPCR-R AAGAACTATTCATGACAGC 

9 PLT1-QPCR-F GAACTTTTAGCACTGAGGAAG 

10 PLT1-QPCR-R GATCTCGAAGTTGGTCACTGC 

11 PLT2-QPCR-F GAACATTCAGCACGGAGGAAG 

12 PLT2-QPCR-R CACATCATACCGATTTATCTC 

13 PLT4-QPCR-F CACTCCCGAGATTGGGACATC 

14 PLT4-QPCR-R GTATTGTAAATCGTGGTGGTG 
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Chapter 4 Supplementary Data 
 

 

 
Figure S4.2 The induction of PLT1, PLT2 and PLT4 upon IAA treatment is impaired in plt3plt5plt7 

roots. 
qRT-PCR analysis of PLT transcript levels: Total RNA was extracted from WT and plt3plt5plt7 roots at 5 

d.p.g. treated with 24 hour mock and 10μM IAA respectively. (A) PLT3, PLT5 and PLT7 transcript levels 

in WT roots; (B) PLT1, PLT2 and PLT4 transcript levels in WT and plt3plt5plt7 roots. 
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Abstract 
 
In Arabidopsis thaliana, lateral roots (LRs) originate from a subset of xylem pole 
pericycle cells, which have been primed to acquire the competence for LR initiation 
in the oscillation zone. A LR pre-branching site occurs when the auxin response 
oscillation has reached a maximum in this zone, which is dependent on SOLITARY 
ROOT/INDOLE-3-ACETIC ACID14 (SLR/IAA14) and AUXIN RESPONSE FACTOR 7 
(ARF7). Three PLTETHORA (PLT) transcription factors are expressed in incipient LRP 
and operate downstream of ARF7 and ARF19 to regulate LR formation. In this study, 
we identified three LATERAL ORGAN BOUNDARIES DOMAIN (LBD) family members 
as direct PLETHORA3 (PLT3), PLT5 and PLT7 promoter binding proteins that are 
potentially associated with LR initiation. LBD14 is expressed in XPP cells in the 
region from transition zone to the most newly formed LRP. LBD18 starts to be 
expressed in LR founder cells approximately just before the nuclei migration, and it 
is also expressed in LRP overlaying tissues and immature tracheary elements. LBD29 
is expressed in LR founder cells when they just pass through the elongation zone, 
and its expression level is sharply decreased when primordia enter into Stage II. 
LBD14, LBD18 and LBD29 are all activated in early LR founder cells, and their 
activation is not dependent on PLT3, PLT5 and PLT7. The overlapping expression 
domains for all of the three LBDs and all of the three PLTs are LR founder cells and 
Stage I LRP, suggesting that the potential regulation of the LBDs to the PLTs may 
function during LR patterning and/or LR initiation. 
 
 
Introduction 
 
In Arabidopsis thaliana, lateral roots (LRs) originate from files of pericycle cells 
adjacent to the xylem poles [1, 2]. The first visible cellular change in LR founder 
cells is the transformation of nuclear shape from spindle-like to round, which is 
accompanied by nuclear migration towards the common cell wall of the adjacent 
cells [3, 4]. These founder cells then undergo a stereotypic asymmetric cell division 
to form a pair of shorter central cells flanked by two longer daughter cells [1, 3, 5-
7]. Subsequently, regulated anticlinal, periclinal and tangential cells divisions 
contributes to the formation of lateral root primordia (LRP), which are able to 



 Chapter 5 
 

119 

further develop into LRs [1, 3, 6-8]. LRP formation has been defined into several 
stages according to the radial number of cell layers, which is still used for the 
description of LR development [1].  

The sequential initiation of LRP starts in the ‘oscillation zone’, which mainly 
refers to the elongation zone located behind the primary root tip [9]. In this zone, 
an oscillatory gene activity correlates with a LR per-branch site, in which a group of 
xylem-pole-pericycle (XPP) cells become competent for LR initiation [9-11]. The 
transcription factor GATA23 has been identified to have a role in LR pre-branch site 
formation [4]. Recently, it has been shown that this LR pre-branch site can be 
influenced by a local root cap-derived auxin source [12, 13].  

When the level of auxin response has oscillated to reach to a maximum in the 
oscillation zone, shown by auxin responsive DR5-driven markers, a LR pre-branch 
will be created [10, 11]. The DR5-marked auxin response in the oscillation zone is 
dependent on SOLITARY ROOT/INDOLE-3-ACETIC ACID14 (SLR/IAA14) and AUXIN 
RESPONSE FACTOR 7 (ARF7) [10, 11], which are crucial regulators for LR initiation 
[4, 14, 15]. Auxin triggers the degradation of the labile repressor SLR and releases 
the function of ARF7 and ARF19 to activate the expression of their downstream 
genes [14-16].  

Three PLETHORA (PLT) transcription factors are expressed in incipient LRP and 
act downstream of ARF7 and ARF19 to regulate LR formation (Chapter 3) [17]. As 
one part of their functions, PLT3, PLT5 and PLT7 prevent the formation of LRP close 
to one another, thereby influencing the ultimate primordia initiation site to control 
the rhizotaxis [17]. In a second part, PLT3, PLT5 and PLT7 are essential to activate 
the entire program of LR tissue pattern and meristem activity after the imitation of 
LR founder cells (Chapter3). In this study, we probed the molecular network 
upstream of PLT3, PLT5 and PLT7 and identified several LATERAL ORGAN 
BOUNDARIES DOMAIN (LBD) proteins bind directly to the PLT3, PLT5 and PLT7 
promoters.  
 
 
Results 
 
5.1 Identification of PLT upstream regulators by using Y1H  
To access the molecular network for PLT network during LR development, we 



Identification of PLT3, 5 and 7 Promoter Binding Proteins 

120 

performed yeast one-hybrid (Y1H) tests that allow us to identify direct PLT 
upstream binding proteins. We selected transcription factor candidates that may 
act upstream of PLT3, PLT5 and PLT7 during LR development guided either by their 
known functions or predicted functions from LR VisuaLRTC transcriptome data set 
and/or by their predicted binding motifs residing in PLT promoters (Table S1) [4, 16-
21].  

Expression of PLT3, PLT5 and PLT7 during LR formation requires Auxin 
Response Factors ARF7 and ARF19 [17]. Moreover, our truncated PLT5 and PLT7 
promoter fragments (pPLT5 F2 and pPLT7 F1) contain the TGTCTC AuxRE (Auxin 
Responsive Element) motif [22], suggesting that they could be regulated directly by 
ARF7 and/or ARF19. Therefore, we tested whether ARF7 and ARF19 could bind to 
the PLT3, PLT5 and PLT7 promoter via Y1H assay, from which ARF7 and ARF19 did 
not show binding ability to any of the tested promoter fragments (Figure 5.1, Figure 
S5-2 and Table S1).  

 
Figure 5.1 Several LBD proteins 
directly bind to PLT3, PLT5 and 
PLT7 promoter in Y1H. 
Interactions between ARF/LBD 

proteins and PLT promoter 

fragments are determined by 

using yeast one-hybrid assay on 

selective synthetic complete 

medium -His-Trp (SC-His-Trp) 

supplemented with 20mM or 

40mM of 3-amino-1,2,4-

triazole (3-AT). The truncated 

PLT promoter fragments were 

used as bait, while ARF/LBD 

proteins were used as prey. The interaction between empty prey vector pDESTTM22 (pD22) PLT 

promoter fragments was used as negative controls.  

 
Several LBD proteins have been shown function downstream of ARF7- and 

ARF19-dependent auxin signalling in LR formation [16]. In addition, the core LBD 
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binding motif CGGC is found in PLT3, PLT5 and PLT7 promoter fragments (pPLT3 F1, 
pPLT5 F1 and pPLT7 F1; Figure S5-1) [19]. Therefore, we also performed Y1H test for 
some LBD family members (Table S1). Several LBD members (LBD13, LBD14, LBD18, 
LBD29 and LBD30) bound to truncated PLT3, PLT5 and PLT7 promoter fragments 
(Figure 5.1 and Table S1), while other LBD members did not (Table S1). We 
subdivided PLT truncated promoter fragments into shorter regions to locate specific 
LBD binding sites more precisely (Figure S5-1). Among PLT-binding LBD proteins, 
LBD14 and LBD29 strongly bound to almost all tested PLT promoter regions, while 
LBD13, LBD18 and LBD30 showed binding preference to specific PLT promoter 
regions (Figure S5-2 and Figure S5-3). In addition, there were always multiple 
regions within one PLT promoter showed high binding ability to all PLT-binding LBD 
proteins, for instance PLT5 Region (R1), R3, R6 and R8 (Figure S5-3). Those PLT 
promoter regions showed high LBD-binding ability did not always overlap with the 
core LBD binding motif (pPLT5 R2; Figure S5-3).  

Finally, we analyzed the expression of PLT truncated promoters used in Y1H 
during LR development (Figure S5-4). Truncated PLT32.5 and PLT52.2 reporter fusions 
were not expressed in the primary root tip and LRP at both early and late stages 
(Figure S5-4A-F). Instead, they accumulated mainly in the vasculature (Figure S5-4A, 
B, D and E). PLT3 and PLT5 ‘full’ promoter reporters were all activated in LRP at 
early stages, and PLT3 is also strongly expressed in the primary root tip [17, 23]. 
This indicates that the length of truncated PLT3 and PLT5 promoter used in Y1H 
assay is not sufficient for their correct activation in the primary root tip and LRP. In 
contrary to PLT32.5 and PLT52.2 promoters, PLT71.3 truncated promoter reporter 
fusion showed similar expression pattern as the 'full' promoter reporter fusion 
(Figure S5-4G-I; Chapter 3) [17].  

Taken together, five LBD family members (LBD13, LBD14, LBD18, LBD29 and 
LBD30) directly bind to PTL3, PLT5 and PLT7 promoters in Y1H system, while AFR7 
and ARF19 did not.  
 
LBD13, LBD14, LBD18 and LBD29 expression in WT and plt3plt5plt7 
Among five PLT-binding LBD members, LBD30 is required for early patterning of 
Arabidopsis embryos, and loss-of-function homozygous lbd30 (jlo-1 and jlo-2) 
mutants are lethal [24, 25]. Therefore, we excluded LBD30 from our focused search 
for LBD functions in LR development. For LBD13 and LBD14, no detailed functional 
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analysis has been described. For LBD18 and LBD29, although extensive studies of 
their functions during LR development have been proposed, their explicit 
expression pattern has not been reported [16, 26-34]. Therefore, we generated 
both transcriptional and translational reporter fusions of LBD13, LBD14, LBD18 and 
LBD29 for further analysis.  

 
Figure 5.2 The expression of transcriptional and translational reporter fusions of LBD13 in WT and 
plt3plt5plt7 seedlings.  
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(A-C) Confocal images of pLBD13::erCFP in WT roots: (A) LRP at different stages, (B) root tip and (C) 

epidermis. (D-F) Confocal images of LBD13:vYFP in WT roots: (D) LRP at different stages, (E) root tip 

and (F) epidermis. (G-I) Confocal images of pLBD13::erCFP in plt3plt5plt7 roots: (G) LRP at different 

stages, (H) root tip and (I) epidermis. (J-L) Confocal images of LBD13:vYFP in plt3plt5plt7 roots: (J) LRP 

at different stages, (K) root tip and (L) epidermis. (M-N) Histological GUS-Staining of pLBD13::GUS in 

WT shoots at 5 d.p.g.. (M) shoot apical meristem and (N) cotyledon. Asterisks: Stage I LRP; Triangles: 

LRP layers at Stage II; Arrowheads: First reporter expression during LRP development. Scale bar for A-

L: 100μm; Scale bar for M-N: 100μm. 

 
5.2 LBD13 expression in WT and plt3plt5plt7 
In wild type (WT) seedlings at 5 day-post-germination (d.p.g.), we could not detect 
pLBD13:GUS signal in the shoot apical meristem and the cotyledons (Figure 
5.2M&N). In WT primary roots, pLBD13::erCFP and LBD13:vYFP reporter fusions 
were expressed in lateral root cap (LRC) and epidermis (Epi; Figure 5.2B&E), where 
they were specifically elevated in non-root hair cells (Figure 5.2C&F). During LR 
development in WT, LBD13 was not activated at early stages, and its reporter 
fusions started to be detectable in LRC cells when LRs emerged (Figure 5.2A&D).  

In plt3plt5plt7 primary roots, pLBD13::erCFP and pLBD13:vYFP expression 
patterns remained similar as in the WT (Figure 5.2H, I, K and L), indicating that PLT3, 
PLT5 and PLT7 are not required for LBD13 activation and expression in lateral root 
cap (LRC) and epidermis (Epi). In plt3plt5plt7 LRP, both LBD13 transcriptional and 
translational reporter fusions were not expressed, probable due to the inability of 
the mutant primordia to establish tissue identities (Figure 5.2G&J; see also Chapter 
3).  

The absence of both pLBD13::erCFP and LBD13:vYFP expression in early LR 
developmental stages suggests that LBD13 function is not associated with LR 
initiation and LR outgrowth. 
 
5.3 LBD14 expression in WT and plt3plt5plt7 
Previous study reported that LBD14 transcript is detected only in roots [21]. In line 
with this, we did not observe pLBD14:GUS staining in shoot apical meristem and 
cotyledon at 5 d.p.g. WT seedlings (Figure 5.3M&N). In WT primary root tip and 
emerged LR, both pLBD14::erCFP and LBD14:vYFP reporter fusions were not 
expressed (Figure 5.3A, B, D and E). Instead, they were specifically detected in the 
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xylem-pole-pericycle (XPP) cells from transition zone onward (Figure 5.3C&F and 
Figure S5-5A). LBD14:vYFP expression gradually disappeared from the most root-
ward (newly formed) Stage I primordia and the XPP cells (from the other pole) in 
that region (Figure 5.3D and Figure S5-6A). However, pLBD14::erCFP expression 
extended to more shoot-ward XPP cells and emerging LRP (Figure 5.3A), suggesting 
that post-transcriptional regulations of LBD14 may exist. 
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Figure 5.3 The expression of transcriptional and translational reporter fusions of LBD14 in WT and 
plt3plt5plt7 seedlings. 
(A-C) Confocal images of pLBD14::erCFP in WT roots: (A) LRP at different stages, (B) root tip and (C) 

xylem-pole-pericycle (XPP) cells. (D-F) Confocal images of LBD14:vYFP in WT roots: (D) LRP at different 

stages, (E) root tip and (F) XPP cells. (G-I) Confocal images of pLBD14::erCFP in plt3plt5plt7 roots: (G) 

LRP at different stages, (H) root tip and (I) XPP cells. (J-L) Confocal images of LBD14:vYFP in 

plt3plt5plt7 roots: (J) LRP at different stages, (K) root tip and (L) XPP cells. (M-N) Histological GUS-

Staining of pLBD14::GUS in WT shoots at 5 d.p.g.. (M) shoot apical meristem and (N) cotyledon. 

Triangles: LRP layers at Stage II; x: proto xylem. Scale bar for A-L: 100μm; Scale bar for M-N: 100μm. 

 
In plt3plt5plt7 roots, the expression pattern of both LBD14 transcriptional and 

translational reporter fusions resembled the one in WT (Figure 5.3G-L), suggesting 
that PLT3, PLT5 and PLT7 are not required for proper LBD14 expression.  

 
5.4 LBD18 expression in WT and plt3plt5plt7 
Reporter constructs driven by ~2.0 kb LBD18 promoter regions have been used for 
visualizing LBD18 expression in previous studies [26, 28, 31, 35]. In this study, we 
generated transgenic Arabidopsis reporter lines harboring the transcriptional or 
translational constructs driven by a ~3.9 kb LBD18 promoter and examined their 
expressions.  

Histochemical GUS staining of pLBD18::GUS was detected in the vascular tissue 
of cotyledons, but absent in the shoot apical meristem of WT seedlings at 5 d.p.g. 
(Figure 5.4M&N), which is in line with previous descriptions of LBD18 expression in 
leaves [35]. Tracheary elements (TEs) are the basic units of xylem vessels. Both 
pLBD18::GUS and LBD18:vYFP were expressed in immature TEs of WT roots (Figure 
5.4C&F and Figure S5-6B), suggesting that LBD18 may be involved in TE 
differentiation [35]. In WT primary root meristem, although we could not detect 
the transcriptional pLBD18::erCFP expression (Figure 5.4B), pLBD18::GUS was 
mainly expressed in distal columella (COL) layers (data not shown). The expression 
of LBD18:vYFP translational reporter was weak in the COL stem cells and stronger in 
distal COL cells (Figure 5.4E). Moreover, this excessive induction of LBD18 from 
transgenic LBD18:vYFP construct in WT primary root meristem resulted in more 
COL layers and probably more COL stem cell layers (compare Figure 5.4E to 5.4B), 
suggesting that LBD18 may be involved in the COL differentiation process. 
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Figure 5.4 The expression of transcriptional and translational reporter fusions of LBD18 in WT and 
plt3plt5plt7 seedlings. 
(A-C) Confocal images of pLBD18::erCFP in WT roots: (A) LRP at different stages, (B) root tip and (C) 

immature tracheary elements (TEs). (D-F) Confocal images of LBD18:vYFP in WT roots: (D) LRP at 

different stages, (E) root tip and (F) immature TEs. (G-I) Confocal images of pLBD18::erCFP in 

plt3plt5plt7 roots: (G) LRP at different stages, (H) root tip and (I) immature TEs. (J-L) Confocal images 

of LBD18:vYFP in plt3plt5plt7 roots: (J) LRP at different stages, (K) root tip and (L) immature TEs. (M-N) 
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Histological GUS-Staining of pLBD18::GUS in WT shoots at 5 d.p.g.. (M) shoot apical meristem and (N) 

cotyledon. Triangles: LRP layers at Stage II; Asterisks: QC; x: proto xylem. Scale bar for A-L: 100μm; 

Scale bar for M-N: 100μm. 

 
During LR development in WT, the expression of LBD18:vYFP was initially 

detected in LR founder cells whose nuclei were about to migrate (Figure S5-5B&C 
and Figure S5-6B). This is in accordance with a previously described analysis by 
using a ~2.0 kb LBD18 promoter [31]. However, the expression pattern of our LBD18 
reporters in LRP at different stages was different from previous descriptions [26, 
28]. Both pLBD18::erCFP and LBD18:vYFP were highly expressed in Stage I 
primordia and in central cells of Stage II primordia (Figure 5.4A&D). Their 
expression then gradually disappeared from vasculature and converged to the new 
quiescent center (QC), COL stem cells and COL at later developmental stages (Figure 
5.4A&D). Moreover, we could detect LBD18 activation in the overlying tissues of 
LRP from Stage I onward (Figure S5-5D, Figure 5.4A&D and Figure S5-6B), 
suggesting a potential role of LBD18 during LR emergence [28-30, 34]. 

In plt3plt5plt7 immature TEs, primary root meristem, early stage LRP and LRP 
overlaying tissues, the expression of LBD18 reporter fusions generally resembled to 
the WT (Figure 5.4G-L), indicating that PLT3, PLT5 and PLT7 are not required for 
LBD18 activation in these tissues. However, the patterned expression of both 
pLBD18::erCFP and LBD18:vYFP reporters was disrupted in plt3plt5plt7 LRP at later 
stages, where they were more evenly dispersed in primordium central cells (Figure 
5.4G&J).  This suggests that PLT3, PLT5 and PLT7 restrict LBD18 expression at later 
LR developmental stages. In addition, in both WT and plt3plt5plt7 roots, 
LBD18:vYFP signal was not only detected in nuclei [26], but also in the cytoplasm 
(Figure 5.4D-F&J-L and Figure S5-5B-D).  

LBD18 activation in LR founder cells, which is not dependent on PLT3, PLT5 and 
PLT7, precedes the nuclear migration stage. This early PLT-independent LBD18 
expression hints to a potential upstream regulatory role in PLT3, PLT5 or PLT7 
expression during LR development.  
 
5.5 LBD29 expression in WT and plt3plt5plt7 
LBD29 transcriptional reporter lines with ~2.2kb LBD29 promoter have been 
reported to confer a LRP specific expression pattern [16, 27, 33]. In our analysis, we 
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used a ~3.8 kb LBD29 promoter region to construct both LBD29 transcriptional and 
translational reporter fusions. 
 

 Figure 5.5 The expression 
of transcriptional and 
translational reporter 
fusions of LBD29 in WT and 
plt3plt5plt7 seedlings. 
(A-B) Confocal images of 

pLBD29::erCFP in WT roots: 

(A) LRP at different stages 

and (B) root tip. (C-D) 

Confocal images of 

LBD29:vYFP in WT roots: (C) 

LRP at different stages and 

(D) root tip.  (E-F) Confocal 

images of pLBD29::erCFP in 

plt3plt5plt7 roots: (E) LRP at 

different stages and (F) root 

tip. (G-H) Confocal images of 

LBD29:vYFP in plt3plt5plt7 

roots: (G) LRP at different 

stages and (H) root tip.  (I-J) 

Histological GUS-Staining of 

pLBD18::GUS in WT shoots 

at 5 d.p.g.. (I) shoot apical 

meristem and (J) cotyledon. 

Triangles: LRP layers at Stage 

II. Scale bar for A-H: 100μm; 

Scale bar for I-J: 100μm. 

 
In line with previous indications that LBD29 is only transcribed in roots, no GUS 

staining of pLBD29::GUS was detected in the shoot apical meristem and the 
cotyledons at 5 d.p.g. seedlings (Figure 5.5I&J). In the WT primary root meristem, 



 Chapter 5 
 

129 

pLBD29::erCFP was expressed in the stem cell niche, LRC and most distal COL layers, 
but absent from more proximal COL layers (Figure 5.5B). However, the expression of 
LBD29 translational reporter fusions (LBD29:mRFP and LBD29:vYFP) was not 
detectable in stem cell niche and LRC, but weakly present in the most distal COL 
layers (Figure 5.5D and data not shown), indicating that post-transcriptional 
regulations of LBD29 may take place in the primary root meristem.  

During WT LR development, LBD29:vYFP expression was initially detected in 
some of the XPP cells when they just enter the differentiation zone (Figure S5-5E 
and Figure S5-6C). We detected elevated LBD29 expression in Stage I LRP and LR 
founder cells that were accompanied with nuclear migration (Figure S5-5F&G, 
Figure 5.5C and Figure S5-6C). Therefore, the initial LBD29-marked XPP cells may be 
LR founder cells that can be distinguished as early as they leave the elongation 
zone. In late Stage I LRP, LBD29:vYFP expression stared to decrease compared to the 
early Stage I LRP (data not shown). 

In Stage II LRP, the expression of translational LBD29 reporter fusions was 
barely detectable (Figure 5.5C, Figure S5-5H and Figure S5-6C), while transcriptional 
reporter expression levels remained in Stage II primordia (compared to the Stage I; 
Figure 5.5A). Our data indicate that post-transcriptional regulation of LBD29 might 
be triggered in Stage II LRP (and/or in the transition phase between Stage I and II) 
to downregulate protein levels. At later developmental stages, transcriptional 
pLBD29::erCFP expression decreased and was restricted to QC, COL stem cell and 
COL (Figure 5.5A). LBD29 translational reporter fusions were barely detectable in 
emerging LRP and were detected in distal area of emerged LRs with highest levels in 
the outer-most COL layer (Figure 5.5A). This indicates that the low level of LBD29 
protein present in LRP at later stages may due to the transcriptional repression. In 
addition, LBD29 was activated in LRP overlaying tissues before or along with 
nuclear migration (Figure S5-5F-H and Figure S5-6C), indicating that LBD29 may 
function in LR emergence.   

In plt3plt5plt7 triple mutant, the expression of LBD29 transcriptional and 
translational reporters in the primary root meristem and LRP overlaying tissues 
resembled the WT (Figure 5.5F&H and data not shown). We could also detect 
LBD29 expression in LR founder cells of the mutant (data not shown) and in Stage I 
LRP (Figure 5.5G), indicating that PLT3, PLT5 and PLT7 are not required for LBD29 
activation. Remarkably, the LBD29 protein level was not decreased in the mutant 
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primordia at Stage II in contrast to the strong reduction in WT Stage II primordia 
(Figure 5.5G). At this stage, the LBD29 transcriptional reporter in the mutant 
showed a similar expression pattern and level as in WT Stage II LRP (Figure 5.5E). 
This indicates that post-transcriptional reduction of LBD29 at Stage LRP depends on 
the joint function of PLT3, PLT5 and PLT7. At later developmental stages, although 
reduced levels of pLBD29::erCFP expression remained detectable in the mutant 
primordia cells, its expression was no longer patterned as in WT (Figure 5.5E), 
indicating that patterned LBD29 transcription in LRP at later stages requires PLT3, 
PLT5 and PLT7. LBD29 protein fusions were also detectable with a relatively weaker 
level in the mutant LRP at later stages (Figure 5.5G). 

Taken together, PLT3, PLT5 and PLT7 are not required for LBD29 activation, 
although patterned LBD29 expression at later LR developmental stages is regulated 
by PLT3, PLT5 and PLT7. Moreover, the level of LBD29 protein fusions is dramatically 
decreased in Stage II LRP, while LBD29 transcription is generally not affected. This 
post-transcriptional regulation of LBD29 at Stage II depends on PLT3, PLT5 and PLT7, 
as LBD29 reduction is compromised in plt3plt5plt7 Stage II primordia. 
 
 
Discussion 
 
We identified five LBD members (LBD13, LBD14, LBD18, LBD29 and LBD30) as the 
potential direct upstream regulators of PLT3, PLT5 and PLT7 from Y1H assay. To 
assess whether those LBDs might be involved in LR development, we have 
examined their expression patterns in both WT and plt3plt5plt7 seedlings by using 
transcriptional and translational reporters. Since LBD30 is required for 
embryogenesis [24, 25], we temporarily excluded it from our LR-focused analysis. 
LBD13 is mainly expressed in the LRC and non-root hair cells and is absent in the 
LRP at early stages. Moreover, its expression domain overlaps only with PLT3 in LRC, 
but not with PLT5 and PLT7. Therefore LBD13 is unlikely to be the correct candidate 
for LBD-PLT link during LR initiation and outgrowth.  

LBD14 is specifically expressed in XPP cells in the region from transition zone 
to the most newly formed LRP, and its expression resides in both poles. LBD14 
protein level decreases quickly as LRP developed, and is hardly detected already in 
late Stage I primordia (Figure S5-6A). LBD18 functions downstream of ARF7 and 
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ARF19 to regulate LR development including LR initiation and LR emergence, and it 
also contributes to TE differentiation [26, 28-31, 34, 35]. In line with these findings, 
LBD18 is expressed in LR founder cells before the nuclear migration, LRP overlaying 
tissues and immature TEs (Figure S5-6B).  

LBD29 functions directly downstream of ARF7 and ARF19 during LR 
development [16, 27, 33], and binds directly to PLT3, PLT5 and PLT7 promoter in 
Y1H system. Therefore, it may act as the potential molecular link between 
ARF7/ARF19 and PLT3/PLT5/PLT7 during LR development. LBD29 starts to express 
specifically in LR founder cells when they just flux through the elongation zone 
(oscillation zone), where a group of pericycle cells are primed to be competent for 
LR imitation [9-11]. This early LBD29 induction might be the result of the LR priming 
process, as LBD29 is not in the oscillation gene list [10]. Later, LBD29 expression 
level sharply decreases when the primordia entered into Stage II (Figure S5-6C). 
This strong reduction of LBD29 at Stage II is eliminated in plt3plt5plt7 LRP at 
corresponding stage. Moreover, LBD29 transcript level remains in both WT and 
plt3plt5plt7 Stage II primordia, suggesting that the PLT3-, PLT5-, and PLT7-mediated 
LBD29 repression at this stage is post-transcriptional. Therefore, LBD29 may at one 
side regulate PLT during LR initiation (and/or LR patterning), and at another side 
being regulated by PLTs at later stages probably to control the following primordia 
outgrowth. 

Collectively, all LBD14, LBD18 and LBD29 are activated in early LR founder cells, 
and their activation is not dependent on PLT3, PLT5 and PLT7. The overlapped 
expression domains for all of the three LBDs and all of the three PLTs are LR founder 
cells and Stage I LRP, suggesting that the potential regulation of the LBDs to the PLTs 
may function during LR patterning and/or LR initiation. 

 
 
Materials and Methods 
 
Plant materials and constructs 
Arabidopsis thaliana plants, Columbia ecotype Col-0, were used for all experiments, 
including all the transgenic lines. The plt3plt5plt7 tripe mutant was generated as 
previously described [36]. The description of all constructs and transgenic lines 
used for this study is listed in Table S2. All the promoter fragments, genomic DNA 
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and cDNA were cloned from Col-0 background by using primers (Biolegio) indicated 
in Table S3. All constructs in this study were generated by using Multisite Gateway 
technology (Invitrogen). Transformation was performed according to the floral dip 
method [37]. 
 
Plant growth conditions 
Seeds were fume sterilized in a sealed container with 100 ml bleach supplemented 
by 3 ml of 37% hydrochloric acid for 2-5 hours, then suspended in 0.1% agarose and 
imbibed at 4°C in the dark for 2 days. Seeds were plated on a growth medium 
consisting of half-strength Murashige Skoog salts (½ MS), 1% sucrose, 0.7% plant 
agar, MES (pH 5.8), 50 mg/ml ampicillin, and grown vertically in long day conditions 
(16 h light followed by 8 h of dark).  
 
Yeast one-hybrid (Y1H) assay 
Y1H assays were performed according to the protocol described in gateway-
compatible yeast one-hybrid screens [38]. The Y1H strain YM4271 was used to 
integrate reporter vectors into the YM4271 genome. DNA bait reporter constructs 
(PLT promoter fragments in pMSW2) were transformed into the YM4271 after 
linearization by XhoI or AfIII enzymes. Colonies containing DNA bait constructs were 
selected on selective synthetic (SC) plates without histidine (SC-His). Then different 
colonies were selected for auto-activation on 3-amino-1,2,4-triazole (3-AT) SC-His 
selection plates (with 0, 20, 40, 60, 80mM and 100mM 3AT). Colonies that were 
most easily suppressed by 3-AT were chosen to make competent cells for the 
subsequent transformation of DNA prey reporter constructs (cDNA in pDESTTM 22). 
Colonies that contained both DNA bait and prey constructs were selected on SC 
plates without histidine and tryptophan (SC-His-Trp). The interactions between bait 
and prey were then tested on SC-His-Trp plates supplemented with a series of 3-AT 
concentrations (0, 20, 40, 60, 80mM and 100mM 3AT). The interactions between 
empty prey vector pDESTTM 22 and PLT promoter fragments were used as negative 
controls.   
 
Phenotype Analysis and Microscopy 
Confocal laser scanning microscopy (CLSM) images were performed on a Zeiss LSM 
710 confocal laser scanning microscope. For visualizing lateral root primordia, 
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samples were mounted in water or 15µM propidium iodide (PI) for 1-2 h or in 
15µM PI supplemented by 0.004% Triton X-100 for 20-40 min. Nomarski (DIC) 
images of lateral root primordia and root meristem were performed on a Zeiss 
photomicroscope III. Histostaining of promoter-driven β-glucuronidase (GUS) 
activity was performed as described [39]. Images were processed using Zeiss ZEN 
software and Adobe Photoshop CS6. 
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Table S1. List of Y1H binding results 
 

No. Y1H AGI Identifier pPLT3 F1 pPLT3 F2 pPLT5 F1 pPLT5 F2 pPLT7 F1 
 Candidates Tair ATG-1.5Kb 1.5-2.5Kb ATG-1.2Kb 1.2-2.2Kb ATG-1.3Kb 

1 pDEST22 - - - - - - 
2 ARF7 AT5G20730 - - - - - 
3 ARF19 AT1G19220 - - - - - 
4 LBD12 AT2G30130 - - - - - 
5 LBD13 AT2G30340 Bind Bind Bind Bind Bind 
6 LBD14 AT2G31310 Bind Bind Bind Bind Bind 
7 LBD16 AT2G42430 - - - - - 
8 LBD17 AT2G42440 - - - - - 
9 LBD18 AT2G45420 Bind Bind Bind Bind Bind 

10 LBD29 AT3G58190 Bind Bind Bind Bind Bind 
11 LBD30 AT4G00220 Bind Bind Bind Bind Bind 
12 LBD33 AT5G06080 - - - - - 
13 LBD37 AT5G67420 - - - - - 
14 LBD38 AT3G49940 - - - - - 
15 LBD40 AT1G67100 - - - - - 
16 PLT1 AT3G20840 - - - - - 
17 PLT2 AT1G51190 - - - - - 
18 PLT3 AT5G10510 - - - - - 
19 PLT4 AT5G17430 - - - - - 
20 PLT5 AT5G57390 - - - - - 
21 PLT7 AT5G65510 - - - - - 
22 bZIP29 AT4G38900 - - - - - 
23 bZIP30 AT2G21230 - - - - - 
24 WOX10 AT1G20710 - - - - - 
25 WOX13 AT4G35550 - - - - - 
26 WOX14 AT1G20700 - - - - - 
27 REV AT5G60690 - - - - - 
28 ATHB2 AT4G16780 - - - - - 
29 TMO3 AT4G23750 - - - - - 
30 TMO5 AT3G25710 - - - - - 
31 TMO6 AT5G60200 - - - - - 
32 TMO7 AT1G74500 - - - - - 
33 bHLH76 AT1G26260 - - - - - 
34 bHLH111 AT1G31050 - - - - - 
35 GATA23 AT5G26930 - - - - - 
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Table S2. List of constructs used in this study 
 

No. Constructs Vector Reference 
1 pPLT32.5::GUS pGREENII-0225 This study 
2 pPLT52.2::GUS pGREENII-0225 This study 
    

3 pPLT71.3::GUS pGREENII-0227 This study 
4 pLBD13::GUS pGREENII-0227 This study 
5 pLBD14::GUS pGREENII-0227 This study 
6 pLBD18::GUS pGREENII-0227 This study 
7 pLBD29::GUS pGREENII-0227 This study 
8 pLBD13::erCFP pGREENII-0227 This study 
9 pLBD14::erCFP pGREENII-0227 This study 

10 pLBD18::erCFP pH7m34GW This study 
11 pLBD29::erCFP pGREENII-0227 This study 
12 LBD13:vYFP pGREENII-0227 This study 
13 LBD14:vYFP pGREENII-0227 This study 
14 LBD18:vYFP pGREENII-0227 This study 
15 LBD29:vYFP pH7m34GW This study 
16 LBD29:mRFP pH7m34GW This study 
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Table S3. List of primers used in this study 
 

No. Primer Name Primer Sequence (5’-3’) 
Truncated PLT3 promoter fragments used in Y1H 

1 pPLT3 F1-attFW GGGGACAACTTTGTATAGAAAAGTTGAGTATAACAGAATCCCAAACT
ACCATG 

2 pPLT3 F1-attRV GGGGACTGCTTTTTTGTACAAACTTGGAAACTTTCTTATAAAAAC 

3 PPLT3 F2 (R11)-attFW GGGGACAACTTTGTATAGAAAAGTTGAGTGGAGTGAAATTGAATCG
AGTAG 

4 pPLT3 F2 (R11)-attRV GGGGACTGCTTTTTTGTACAAACTTGGAAACGGCAAAGAAGACCAT
G 

5 pPLT3 R1-attFW GGGGACAACTTTGTATAGAAAAGTTGAGTGTAGGCGTTCCCATTCTC 
6 pPLT3 R1-attRV GGGGACTGCTTTTTTGTACAAACTTGGAAACTTTCTTATAAAAAC 

7 pPLT3 R2-attFW GGGGACAACTTTGTATAGAAAAGTTGAGTGTAACGCTTAATCAGGTT
TG 

8 pPLT3 R2-attRV GGGGACTGCTTTTTTGTACAAACTTGGAGAATGGGAACGCCTACAA
AG 

9 pPLT3 R3-attFW GGGGACAACTTTGTATAGAAAAGTTGAGTCCAAAACACATGCAAAG
TAG 

10 pPLT3 R3-attRV GGGGACTGCTTTTTTGTACAAACTTGGACCTGATTAAGCGTTACAC 
11 pPLT3 R4-attFW GGGGACAACTTTGTATAGAAAAGTTGAGAGCTTCTCTGCTTCAGC 
12 pPLT3 R4-attRV GGGGACTGCTTTTTTGTACAAACTTGGATCTACTTTGCATGTGTTTTG 

13 pPLT3 R5-attFW GGGGACAACTTTGTATAGAAAAGTTGAGTCTCTCTCTCTACTCTACAT
GC 

14 pPLT3 R5-attRV GGGGACTGCTTTTTTGTACAAACTTGGAGCTGAAGCAGAGAAGC 

15 pPLT3 R6-attFW GGGGACAACTTTGTATAGAAAAGTTGAGTGTACATCGCTCTCTAAAA
TC 

16 pPLT3 R6-attRV GGGGACTGCTTTTTTGTACAAACTTGGTAGAGAGAGAGAGAGAATG
TGC 

17 pPLT3 R7-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCTGTGTAACTGGTTATT
ACATTAC 

18 pPLT3 R7-attRV GGGGACTGCTTTTTTGTACAAACTTGGAGGGGATTTTAGAGAGCGA
TG 

19 pPLT3 R8-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCTGAAGTGACATTCTT
CTTTTTCC 

20 pPLT3 R8-attRV GGGGACTGCTTTTTTGTACAAACTTGGTGTGTCGTCCGGCGTAATAC
C 

21 pPLT3 R9-attFW GGGGACAACTTTGTATAGAAAAGTTGAGATACCAAATTCAAACC 

22 pPLT3 R9-attRV GGGGACTGCTTTTTTGTACAAACTTGGTGTAATGTAATAACCAGTTAC
AC 

23 pPLT3 R10-attFW GGGGACAACTTTGTATAGAAAAGTTGAGTATAACAGAATCCCAAACT
ACCATG 

24 pPLT3 R10-attRV GGGGACTGCTTTTTTGTACAAACTTGGATTTGGTTTGAATTTGG 
Truncated PLT5 promoter fragments used in Y1H 

1 pPLT5 F1-attFW GGGGACAACTTTGTATAGAAAAGTTGAGACAGAACAGAGGGGACA
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CGCGTCAC 

2 pPLT5 F1-attRV GGGGACTGCTTTTTTGTACAAACTTGGCTTTGGGAATAGGTTTTTTT
TTTTC 

3 pPLT5 F2 (R8)-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACGCAGCATGCAGAT
GACACGTG 

4 pPLT5 F2 (R8)-attRV GGGGACTGCTTTTTTGTACAAACTTGGAGTGCAAGGAAAGTGGAAT
AATTGG 

5 pPLT5 R1-attFW GGGGACAACTTTGTATAGAAAAGTTGAGTATCTATCTCTCAAACCCTA
G 

6 pPLT5 R1-attRV GGGGACTGCTTTTTTGTACAAACTTGGCTTTGGGAATAGGTTTTTTT
TTTTC 

7 pPLT5 R2-attFW GGGGACAACTTTGTATAGAAAAGTTGAGAGCTTGGAATATAGACTAC
AG 

8 pPLT5 R2-attRV GGGGACTGCTTTTTTGTACAAACTTGGTTGAGAGATAGATAGAGAG
AG 

9 pPLT5 R3-attFW GGGGACAACTTTGTATAGAAAAGTTGAGAGCTAAATATATACATCCG
AC 

10 pPLT5 R3-attRV GGGGACTGCTTTTTTGTACAAACTTGGTCTGTAGTCTATATTCCAAGC 

11 pPLT5 R4-attFW GGGGACAACTTTGTATAGAAAAGTTGAGACTTCAGATTAAGTGGAA
GAG 

12 pPLT5 R4-attRV GGGGACTGCTTTTTTGTACAAACTTGGTGTCGGATGTATATATTTAGC 
13 pPLT5 R5-attFW GGGGACAACTTTGTATAGAAAAGTTGAGTTTACACACTTTTTTGAG 

14 pPLT5 R5-attRV GGGGACTGCTTTTTTGTACAAACTTGGTGAAGTTTTTATTCCTTTAAG
C 

15 pPLT5 R6-attFW GGGGACAACTTTGTATAGAAAAGTTGAGTCAAAAATAAAATGAAAG 
16 pPLT5 R6-attRV GGGGACTGCTTTTTTGTACAAACTTGGATGTATAATGAAAATAG 

17 pPLT5 R7-attFW GGGGACAACTTTGTATAGAAAAGTTGAGACAGAACAGAGGGGACA
CGCGTCAC 

18 pPLT5 R7-attRV GGGGACTGCTTTTTTGTACAAACTTGGTTCATTGTGTATTTCTG 
Truncated PLT7 promoter fragments used in Y1H 

1 pPLT7 F1-attFW GGGGACAACTTTGTATAGAAAAGTTGAGATTGGACCTCTCCACCCAA
AAGC 

2 pPLT7 F1-attRV GGGGACTGCTTTTTTGTACAAACTTGGCAAAAAAGATTGTAACTTTT
TTC 

3 pPLT7 R1-attFW GGGGACAACTTTGTATAGAAAAGTTGAGAGACTGTAACTGCTTTTAT
CAG 

4 pPLT7 R1-attRV GGGGACTGCTTTTTTGTACAAACTTGGCAAAAAAGATTGTAACTTTT
TTC 

5 pPLT7 R2-attFW GGGGACAACTTTGTATAGAAAAGTTGAGGAGCTTCTTTGCTTGTACA
TC 

6 pPLT7 R2-attRV GGGGACTGCTTTTTTGTACAAACTTGGAAGCAGTTACAGTCTCTAAT
C 

7 pPLT7 R3-attFW GGGGACAACTTTGTATAGAAAAGTTGAGACTTTCTTCTCTCACTCACT
GTC 

8 pPLT7 R3-attRV GGGGACTGCTTTTTTGTACAAACTTGGAGCTCTTTTTAAAGAAATGA
GACG 

9 pPLT7 R4-attFW GGGGACAACTTTGTATAGAAAAGTTGAGAACCCCTCCGGTTTCACG 
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10 pPLT7 R4-attRV GGGGACTGCTTTTTTGTACAAACTTGGAGTAGAGATATGTGAGACAG
TG 

11 pPLT7 R5-attFW GGGGACAACTTTGTATAGAAAAGTTGAGACCATTCAAATTGTTTTAC
CAC 

12 pPLT7 R5-attRV GGGGACTGCTTTTTTGTACAAACTTGGTTTCTTATAAAATAACATTTT
TGC 

13 pPLT7 R6-attFW GGGGACAACTTTGTATAGAAAAGTTGAGACAAATAAGTACACACTTT
G 

14 pPLT7 R6-attRV GGGGACTGCTTTTTTGTACAAACTTGGTGTCGACCGGCGTGAAACC 

15 pPLT7 R7-attFW GGGGACAACTTTGTATAGAAAAGTTGAGATTGGACCTCTCCACCCAA
AAGC 

16 pPLT7 R7-attRV GGGGACTGCTTTTTTGTACAAACTTGGACAAAGTGTGTACTTATTTG 
cDNA clones used in Y1H 

1 cARF7-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAAAGCTCCTTCA
TCAAATGGAG 

2 cARF7-attRV (-Sc) GGGGACCACTTTGTACAAGAAAGCTGGGTGCCGGTTAAACGAAGTG
GCTGAG 

3 cARF19-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAAAGCTCCATCA
AATGGATTTC 

4 cARF19-attRV (-Sc) GGGGACCACTTTGTACAAGAAAGCTGGGTGTCTGTTGAAAGAAGCT
GCAGCAG 

5 cLBD12-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGGCGGTCCCGG
ATC 

6 cLBD12-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTTAAGTCCAAAGAGAT
TCTTGC 

7 cLBD13-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTCCCGAGAAAG
GGAAGGATTTG 

8 cLBD13-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTTAATCAAAGTAATGA
AC 

9 cLBD14-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGGAGGTTTAGG
CTC 

10 cLBD14-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCAAACAGACCAAGG
A 

11 cLBD17-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGACTGGCTCTGGC
TC 

12 cLBD17-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGAGAATACGTGATGTAC 

13 cLBD18-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGCGGTGGTGG
GAACAC 

14 cLBD18-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCATCTAGACATAGTTC
GAGACG 

15 cLBD29-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGACTAGTTCCAGC
TCTAGC 

16 cLBD29-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCACGAGAAGGAGAT
GTAGC 

17 cLBD30-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGCAGTAGCGG
AAACCCTAGC 

18 cLBD30-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCATTCTCGTTTTATCA
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CTGACG 

19 cLBD37-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGCTGCAATGGT
TGCCGTG 

20 cLBD37-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTTAAACAAAAAGGTTA
AGCAAC 

21 cLBD38-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGTTGCAATGGT
TGTCGAG 

22 cLBD38-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCAAGCGAAGAGATT
GAGCAAC 

23 cLBD40-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGCGTATGAGTTGT
AACG 

24 cLBD40-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCACTCACTGCACACC
AGTC 

25 cWOX10-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGAGCAAGAGAG
C 

26 cWOX10-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCAGTCTATAAACTTGT
C 

27 cWOX14-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGTAAAAAAAAAA
AAG 

28 cWOX14-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTTAAGTCTCCATAAATT
TC 

29 cREV-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGAGATGGCGGT
GGCTAAC 

30 cREV-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCACACAAAAGACCA
G 

31 cATHB2-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGATGTTCGAGAAA
GACG 

32 cATHB2-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTTAGGACCTAGGACGA
AGAGC 

33 cbHLH76-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGTGACAAAGA
CGAGTTTGC 

34 cbHLH76-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGCTACGGCTCCACCTTC
ATGTC 

35 cbHLH111-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTTAAGGGAAGAA
TGTACTC 

36 cbHLH111-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGCTAACGATACAAAGAA
CCTCTATAC 

37 cGATA23-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGATCCAAGGAA
GCTACTATC 

38 cGATA23-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTTAGGCCAAAACAGA
GCTACAAG 

Truncated PLT promoter used for reporter constructs 

1 pPLT32.5-FW GGGGACAACTTTGTATAGAAAAGTTGAGTGGAGTGAAATTGAATCG
AGTAG 

2 pPLT32.5-RV GGGGACTGCTTTTTTGTACAAACTTGGAAACTTTCTTATAAAAAC 

3 pPLT52.2-FW GGGGACAACTTTGTATAGAAAAGTTGAGAGACAATGGGATAACGCA
GCATGC 
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4 pPLT52.2-RV GGGGACTGCTTTTTTGTACAAACTTGGCTTTGGGAATAGGTTTTTTT
TTTTC 

5 pPLT71.3-FW GGGGACAACTTTGTATAGAAAAGTTGAGATTGGACCTCTCCACCCAA
AAGC 

6 pPLT71.3-RV GGGGACTGCTTTTTTGTACAAACTTGGCAAAAAAGATTGTAACTTTT
TTC 

LBD promoter fragments used for reporter constructs 
1 pLBD13-FW (~1.6kb) GGGGACAACTTTGTATAGAAAAGTTGAGAATCTGAGTCTCTCATC 
2 pLBD13-RV GGGGACTGCTTTTTTGTACAAACTTGGTCACGCATGCTATTTATAAG 

3 pLBD14-FW (~1.5kb) GGGGACAACTTTGTATAGAAAAGTTGAGTGCTTTTGCTTTTGCGACT
GC 

4 pLBD14-RV GGGGACTGCTTTTTTGTACAAACTTGGTCTCAAAACGTAATTATAATC 
5 pLBD18-FW (~3.9kb) GGGGACAACTTTGTATAGAAAAGTTGAGTCCAGTCACTTACCTC 

6 pLBD18-RV GGGGACTGCTTTTTTGTACAAACTTGGGACCGGCCACCCCCCAATTA
AC 

7 pLBD29-FW (~3.8kb) GGGGACAACTTTGTATAGAAAAGTTGAGAACTAGTATAGTGTCTTCC
AATC 

8 pLBD29-RV GGGGACTGCTTTTTTGTACAAACTTGGGATGATGATGGTGTTGTGAC
G 

LBD genomic and cDNA clones for reporter and over-expression constructs 

1 gLBD13-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTCCCGAGAAAG
GTAAAAC 

2 gLBD13-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAAAGTAATGAACA
TTATTATC 

3 gLBD14-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGGAGGTTTAGG
CTC 

4 gLBD14-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGAACAGACCAAGGAAA
ATTGAC 

5 gLBD18-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGCGGTGGTGG
GAACAC 

6 gLBD18-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCTAGACATAGTTCGA
GACG 

7 gLBD29-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGACTAGTTCCAGC
TCTAGC 

8 gLBD29-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGCGAGAAGGAGATGTA
GCCAAAATTTGC 

9 cLBD18-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGCGGTGGTGG
GAACAC 

10 cLBD18-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCTAGACATAGTTCGA
GACG 

11 cLBD29-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGACTAGTTCCAGC
TCTAGC 

12 cLBD29-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGCGAGAAGGAGATGTA
GCCAAAATTTGC 
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Chapter 5 Supplementary Data 
 

 
Figure S5-1 Promoter fragments of PLT3, PLT5 and PLT7 used in Y1H assay. 
(A) Promoter fragments of PLT3. (B) Promoter fragments of PLT5. (C) Promoter fragments of PLT7. Red 

color marked region: predicted core LBD binding motif CGGC. 

 

 

Figure S5-2 Binding ability of ARF and LBD proteins to PLT3, PLT5 and PLT7 promoter in Y1H. 
Binding ability of ARF/LBD proteins to PLT promoter fragments are determined by using yeast one-

hybrid assay on selective synthetic complete medium -His-Trp (SC-His-Trp) supplemented with a series 

of 3-amino-1,2,4-triazole (3-AT) concentrations from 0mM to 100mM. The truncated PLT promoter 

fragments were used as bait, while ARF/LBD proteins were used as prey. The interaction between 

empty prey vector pDESTTM22 (pD22) and PLT promoter fragments was used as negative controls.  
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 Figure S5-3 Binding ability of LBD proteins to truncated PLT3, PLT5 and PLT7 promoter fragments in 
Y1H. 
Binding ability of LBD proteins to truncated PLT promoter fragments are determined by using yeast 

one-hybrid assay on SC-HT supplemented with a series of 3-AT concentrations from 0mM to 100mM. 

The truncated PLT promoter fragments were used as bait, while LBD proteins were used as prey. The 

interaction between empty prey vector pDESTTM22 (pD22) and PLT promoter fragments was used as 

negative controls. Red color marked region: predicted core LBD binding motif CGGC. 
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Figure S5-4 The expression of truncated PLT promoter. 
GUS-Staining of truncated PLT promoter fragments in WT roots. (A-C) pPLT32.5::GUS: (A) LRP at early 

stages, (B) emerged LR and (C) PR tip. (D-F) pPLT52.2::GUS: (D) LRP at early stages, (E) emerged LR and 

(F) PR tip. (G-I) pPLT71.3::GUS: (G) LRP at early stages, (H) emerged LR and (I) PR tip. Asterisks: LRP 

layers at Stage II. Scale bar: 100μm.  
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Figure S5-5 The expression of LBD14, LBD18 and LBD29 during early LR developmental stages in WT.  
(A) Confocal image of LBD14:vYFP in WT roots: initial expression in elongation zone XPP cells. (B-D) 

Confocal images of LBD18:vYFP in WT roots: (B) pre-nuclear migration stage (C) nuclear migration 

stage and (D) late Stage I. (E-H) Confocal images of LBD29:vYFP in WT roots: (E) early LR founder cell 

(F) pre-nuclear migration stage, (G) late Stage I and (F) Stage II. Triangles: initial reporter expression of 

LBD14; Arrows: reporter expression in LRP overlaying tissues. Scale bar: 100μm. 
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Figure S5-6 LBD expression scheme at early stages of LR development. 
(A) LBD14:vYFP: LBD14 resides in XPP cells from elongation zone to the newly formed LRP, and its 
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expression level decreases quickly as LRP developed. (B) LBD18:vYFP: LBD18 is expressed in LR 

founder cells (before nuclei migration), LRP overlaying tissues and immature TEs. (C) LBD29:vYFP: 

LBD29 starts to express in LR founder cells when they just flux through the elongation zone, and its 

expression level is sharply decreased when the primordia entered into Stage II.   
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Abstract 
 
In Arabidopsis thaliana, a subset of LATERAL ORGAN BOUNDARIES DOMAIN (LBD) 
genes have been shown to regulate different aspects of lateral root (LR) 
development, such as LR initiation and emergence. Three LBD family members have 
been identified as direct PLETORA3 (PLT3), PLT5 and PLT7 promoter binding 
proteins that are potentially associated with LR patterning and/or LR initiation. To 
characterize the biological functions of LBD14, LBD18 and LBD29 genes and link 
them to the three PLTs during LR development, we analyzed how these LBD genes 
respond to auxin in a spatial context. Furthermore, we analyzed lbd14, lbd18 and 
lbd29 T-DNA insertion mutants and LBD14, LBD18 and LBD29 overexpression lines. 
Auxin negatively regulates LBD14 transcription and degrades its protein, while 
auxin positively regulates LBD18 and LBD29 transcription. Auxin-induced LBD14 
degradation in transition/elongation zone is regulated by PLT3, PLT5 and PLT7, 
which also restrict LBD29 transcriptional and/or translational response to auxin in 
LRP and the primary root meristem. LBD14 acts together with LBD29 to control 
rhizotaxis. Moreover, excessive LBD29 protein at early LR developmental stages 
induces morphological defects that partially resemble to plt3plt5plt7 LRP. Although 
mutant combinations indicate unexplored redundancy in LBD gene actions, 
overexpression of any of the three LBD genes can induce either PLT3 or PLT7 
expression.  
 
 
Introduction 
 
The LATERAL ORGAN BOUNDARIES DOMAIN (LBD) genes define a large plant-
specific family of proteins that contain a conserved LATERAL ORGAN BOUNDARIES 
(LOB) domain required for DNA binding activity [1-3]. Diverse functions of LBD 
family members in regulating developmental, metabolic and regenerative processes 
have been characterized in many plant species  [3, 4]. In Arabidopsis thaliana, a 
subset of LBD genes have been identified to regulate distinctive aspects of lateral 
root (LR) development, including LR initiation and emergence [3, 4]. 

The LBD16, LBD18, and LBD29 genes combinatorically regulate LR 
organogenesis [5-12]. LBD16 is not essential for specifying LR founders, but is 
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required for initiating nuclear migration and the following asymmetric cell division 
in abutted LR founder cells [7]. In conjunction of LBD16, LBD18 also functions in LR 
initiation by regulating cell cycle genes [9, 11]. LBD18 cooperates with LBD33 
forming LBD18/LBD33 dimers to direct activate E2Fa transcription, thereby 
mediating cell cycle entry during LR initiation [10]. Besides LR initiation, LR 
emergence requires LBD18-dependent activation of EXPANSIN genes [13-16].  

These LR-associated LBD genes are auxin responsive [5, 6]. Particularly, LBD16 
and LBD29 are direct downstream targets of AUXIN RESPONSE FACTOR 7 (ARF7) 
and ARF19, which are involved in auxin-mediated transcriptional 
activation/repression [5, 6, 17]. ARF7 and ARF19 are crucial for LR initiation as the 
arf7arf19 loss-of-function mutant displays almost no LRP/LRs [5, 6, 17]. 
Overexpression of LBD16, LBD18 and LBD29 are all able to induce LRs in the 
absence of ARF7 and ARF19, which also act upstream of the PLETHORA (PLT) 
transcription factors PLT3, PLT5 and PLT7 [18].  

PLT3, PLT5 and PLT7 are expressed in incipient lateral root primordia (LRP), 
where they are required as important regulators for morphology and gene 
expression programs during primordium outgrowth (Chapter 3) [18]. Furthermore, 
all three PLT proteins prevent the formation of primordia closed to one another, 
thereby controlling the overall LRP/LR distribution, referred to as rhizotaxis [18]. 
Based on our yeast one-hybrid assays, ARF7 and ARF19 do not seem to directly bind 
to PLT3, PLT5 and PLT7 promoters (Chapter 5). However, we have identified three 
LBD members LBD14, LBD18 and LBD29 as direct PLT3, PLT5 and PLT7 promoter 
binding proteins, whose expression patterns are consistent with their potential 
roles in LR patterning and/or LR initiation (Chapter 5). Here we describe 
characterizations of the biological functions of all three LBD proteins during LR 
development through studies on their auxin response in tissue context and by 
analysis of T-DNA insertion mutants and ectopic overexpression lines. Our data are 
consistent with LBD14, LBD18 and LBD29 functions in regulating PLT expression and 
LR patterning (rhizotaxis), but they also hint LBD redundancy yet to be uncovered. 
 
 
Results 
 
6.1 Auxin responsiveness of LBD14, LBD18 and LBD29 
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LBD14, LBD18 and LBD29 are identified as direct PLT3, PLT5 and PLT7 upstream 
binding proteins (Chapter 5). LBD18 and LBD29 positively respond to auxin in an 
ARF7- and ARF19-dependent manner [5]. To examine whether these LBDs respond 
to exogenous auxin application in tissue context, we used LBD transcriptional and 
translational reporter lines.  
 

Figure 6.1 The expression 
of LBD14, LBD18 and 
LBD29 transcriptional and 
translational reporter 
fusions upon IAA 
treatment. 
The expression of LBD14, 

LBD18 and LBD29 

transcriptional and 

translational reporter 

fusions in 24 hour 10μM 

IAA treated WT and 

plt3plt5plt7 roots at 5 

d.p.g.. (A-B) Histological 

GUS-Staining of 

pLBD14::GUS in WT roots: 

(A) LRP and (B) elongation 

zone (EZ). (C-D) Confocal 

images of LBD14:vYFP in 

WT roots: (C) LRP and (D) 

EZ. (E-F) Histological GUS-

Staining of pLBD14::GUS in 

plt3plt5plt7 roots: (E) LRP 

and (F) EZ. (G-H) Confocal 

images of LBD14:vYFP in 

plt3plt5plt7 roots: (G) LRP 

and (H) EZ. (I and M) GUS-

Staining of pLBD18::GUS in LRP: (I) WT and (M) plt3plt5plt7. (J and N) Confocal images of LBD18:vYFP 
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in LRP: (J) WT and (N) plt3plt5plt7. (K and O) Confocal images of pLBD29::erCFP in LRP: (K) WT and (O) 

plt3plt5plt7. (L and P) Confocal images of LBD29:vYFP in LRP: (L) WT and (P) plt3plt5plt7. Arrows: LRP; 

Asterisks: pLBD29::erCFP and LBD29:vYFP expression in plt3plt5plt7 LRP. Scale bar for A, B, E, F, I and 

M: 100μm; Scale bar for C, D, G, H, J-K and N-P: 100μm. 

 
In IAA-treated WT and plt3plt5plt7 roots, LBD14 transcript level was repressed 

compared to the mock treatment (Figure S6.1-1A), indicating that auxin negatively 
regulates LBD14 transcription in an PLT3-, PLT5- and PLT7-independent manner. A 
pLBD14::GUS promoter fusion revealed high β-glucuronidase (GUS) activity in 
transition/elongation zone XPP cells, more weakly in differentiation zone XPP cells 
and no activity in LRP (Figure 6.1A, B, E and F). Upon auxin application, the length 
of transition/elongation zone was dramatically shortened (Figure 6.1B), which may 
contribute to the LBD14 reduction. We could not detect LBD14:vYFP protein fusion 
expression in differentiation zone XPP cells and LRP in IAA-treated WT and 
plt3plt5plt7 roots (Figure 6.1C&G). In the WT transition/elongation zone, 
LBD14:vYFP was barely detectable in IAA-treated roots (Figure 6.1D), indicating that 
auxin decreases LBD14 protein level. However, in the triple mutant, LBD14:vYFP 
expression was persistent in the transition/elongation zone (Figure 6.1H), 
suggesting that LBD14 degradation upon auxin application requires PLT3, PTL5 and 
PLT7.  

IAA treatment significantly induced LBD18 transcript level in WT and 
plt3plt5plt7 roots, compared to the mock treatment (Figure S6.1-1B), confirming 
that LBD18 positively respond to auxin [6]. Moreover, LBD18 transcript level 
increased more dramatically in IAA-treated plt3plt5plt7 roots than the WT (Figure 
S6.1-1B), suggesting that PLT3, PLT5 and PLT7 jointly restrict LBD18 transcription 
upon auxin treatment. Transcriptional and translational reporters revealed ectopic 
auxin-induced LBD18 expression in most non-meristematic root tissues (Figure 6.1I, 
J, M and N), but only marginally in the primary root meristem (Figure S6.1-2A, B, E 
and F).  

LBD29 has been shown to be a primary auxin response gene [5, 6]. In line with 
this, LBD29 transcript level was boosted after IAA treatment both in WT and 
plt3plt5plt7 roots (Figure S6.1-1C). Moreover, IAA induction of the LBD29 level in 
the triple mutant was more prominent than in the WT (Figure S6.1-1C), indicating 
that PLT3, PLT5 and PLT7 repress auxin-mediated LBD29 transcription. In IAA-
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treated WT roots, pLBD29::erCFP and LBD29:vYFP were ectopically expressed in 
most of the root tissues but less in the primary root meristem and LRP (Figure 
6.1K&L and Figure S6.1-2C&G). However, pLBD29::erCFP and LBD29:vYFP were both 
detected in IAA-treated plt3plt5plt7 LRP (Figure 6.1O&P), and their expression 
resided in xylem lineage cells of the mutant primary root meristem (Figure S6.1-
2D&H). This indicates that PLT3, PLT5 and PLT7 transcriptionally and/or 
translationally restrict auxin-induced LBD29 expression in the primary root 
meristem and LRP.  

Taken together, LBD14 does not positively respond to auxin, while LBD18 and 
LBD29 genes do. PLT3, PLT5 and PLT7 regulate LBD14 protein degradation upon 
auxin treatment without influencing its transcription. In addition, in both LRP and 
the primary root meristem, LBD29 transcriptional and/or translational responses to 
auxin are restricted by PLT3, PLT5 and PLT7. 
 
6.2 Phenotypic characterization of lbd mutant combinations 
LBD14, LBD18 and LBD29 may potentially function in LR patterning and/or initiation 
(Chapter 5). To characterize their biological function, we analyzed a variety of lbd T-
DNA insertion mutants. The T-DNA of lbd14 and lbd18 were inserted in the intron 
of LBD14 and LBD18 genes, while the T-DNA of lbd29 was inserted in the promoter 
region of LBD29. We analyzed LBD14, LBD18 and LBD29 transcriptional levels in 
homozygous lbd14, lbd18 and lbd29 roots by qRT-PCR (Figure S6.2-1). LBD14 and 
LBD18 transcripts were reduced in lbd14 and lbd18 mutant respectively (Figure 
S6.2-1A&B) [9]. However, we detected an around 3 fold increased LBD29 transcript 
level in lbd29 mutant (Figure S6.2-1C), which is not congruent with the reported 
description of this lbd29 allele as a knock-down [19, 20] and suggests that lbd29 
might be a gain-of-function allele. The lbd14, lbd18 and lbd29 mutants were 
introgressed to obtain all the double and triple lbd mutant combinations.  
 
6.2-1 Rhizotaxis in lbd mutants 
Because rhizotaxis is influenced by PLT3, PLT5 and PLT7 [18], the potential targets of 
LBD14, LBD18 and LBD29 proteins, we first studied the LRP/LR distribution in these 
lbd mutants. To facilitate straightforward quantative analysis of LRP/LR distribution, 
we introgressed either pLBD18::GUS or pPLT3::GUS, which allowed us to mark LRs, 
LRP and LR founder cells accompanied with nuclear migration. In WT roots, LRP/LRs 
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typically do not form within 300 µm of one another, based on which two LRP/LRs 
formed within 300 µm are defined as a cluster [18, 21]. Radial clusters are defined 
as two LRP/LRs formed within 300 µm along opposite protoxylem poles, while 
longitudinal clusters are defined as two LRP/LRs formed within 300 µm along a 
single protoxylem pole [18]. In this study, rhizotaxis was quantified by the sum of all 
observed GUS-marked clusters, LRP/LR density and primary root length. 
 

 
Figure 6.2-1 LRP/LR clusters in lbd mutant combinations. 

The number of LRP/LR clusters in pLBD18::GUS or pPLT3::GUS marked WT, plt3plt5plt7 and lbd 

mutants at 7 d.p.g. (n=20). (A) pLBD18::GUS marked WT, plt3plt5plt7, lbd14 L-4, lbd14 L-6, lbd18 L-1, 

lbd18 L-3, lbd29 L-2 and lbd29 L-4 lines. (B) pLBD18::GUS marked WT, plt3plt5plt7, lbd14lbd29 L-1, 

lbd14lbd29 L-4 lines. (C) pLBD18::GUS marked WT, plt3plt5plt7, lbd14lbd18 L-3, lbd14lbd18 L-13, 

lbd18lbd29 L-2 and lbd18lbd29 L-9 lines. (D) pPLT3::GUS marked WT, plt3plt5plt7, lbd14lbd18lbd29 L-

2, lbd14lbd18lbd29 L-4 lines. 

  
The root length of all lbd mutants at 7 day-post-germination (d.p.g.) was on 

average only about 10% shorter than of WT, indicating that their primary root 
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growth is not severely affected (Figure S6.2-2B&D and Figure S6.2-3B&D). In lbd14 
and lbd18 single mutant roots, the number of LRP/LR clusters and total LRP/LR 
density resembled to the WT (Figure 6.2-1A and Figure S6.2-2A), indicating that 
their rhizotaxis is not altered. However, lbd29 single mutant exhibited higher 
numbers of LRP/LR clusters and higher total LRP/LR density similar to plt3plt5plt7 
(Figure 6.2-1A and Figure S6.2-2A), suggesting that LBD29 levels influence 
rhizotaxis. Because lbd29 has an increased LBD29 transcript level, increased LBD29 
activity may induce the formation of LRP/LR clusters.  

Double lbd14lbd29 mutant did not show a higher number of LRP/LR clusters 
and its total LRP/LR density was similar to the WT (Figure 6.2-1B and Figure S6.2-
3A), indicating that LBD14 is required for the LBD29-mediated regulation of 
rhizotaxis. In line with this, LRP/LR clusters number and total LRP/LR density in 
triple lbd14lbd18lbd29 mutant resembled WT rather than plt3plt5plt7 or lbd29 
single mutant (Figure 6.2-1D and Figure S6.2-3C). The rhizotaxis of lbd14lbd18 was 
similar to WT, while lbd18lbd29 and lbd29 rhizotaxis was similar (Figure 6.2-1C and 
Figure S6.2-2C). In conclusion, mutant analysis implicates LBD14 and LBD29 in the 
control of lateral root spacing, but seems not LBD18. 
 
6.2-2 Lateral root outgrowth in lbd mutants 
PLT3, PLT5 and PLT7 are crucial redundant regulators that are essential to activate 
the entire program of LR tissue pattern and meristem activity after the formation of 
LR founder cells (Chapter 3). To assess whether these processes require the LBD 
proteins that can bind the promoters of these PLT genes, we analyzed LR outgrowth 
in all lbd mutant combinations. As described in Chapter 3, we used the first 
appeared root-ward Stage III primordium as a landmark in both WT and lbd 
mutants to distinguish newly initiated root-ward located Stage I and II primordia 
from shoot-ward located delayed or arrested ones (Chapter 3). 

In lbd mutants, the morphology of LRP at different stages was similar to the 
WT (Figure 6.2-2), and the periclinal cell divisions did not exhibit defects as in 
plt3plt5plt7 (Figure S6.2-4C&D and Figure S6.2-5A). This indicates that LBD14, 
LBD18 and LBD29 do not crucially regulate LRP outgrowth. In accordance with this, 
the transcript level of PLT3, PLT5 and PLT7 were not significantly altered in lbd 
mutants (Figure S6.2-6), suggesting that PLT activation during LR development is 
not solely dependent on these LBDs and hinting at hitherto uncharacterized 
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redundant activation mechanisms. 
  

 
Figure 6.2-2 LRP morphology in WT and lbd mutant combinations. 

(A-H) Confocal images and corresponding cell outlines of Propidium Iodide-stained (PI-stained) LRP at 

different stages: (A) WT, (B) lbd14, (C) lbd18, (D) lbd29, (E) lbd14lbd18, (F) lbd14lbd29, (G) lbd18lbd29 

and (H) lbd14lbd18lbd29. Scale bar for A-H: 100μm.  

 
Although primordium morphology was unaffected, the number and 

proportion of emerged LRs were defective in lbd18, lbd29, lbd14lbd18, lbd18lbd29 
and lbd14lbd18lbd29 mutant roots (Figure S6.2-4E-H and Figure S6.2-5B&C), 
suggesting that these LBDs may control LR outgrowth rate or/and influence LR 
emergence as LBD18 has been reported to be involved in LR emergence [9, 12, 13, 
15, 20]. Notably, single lbd29 mutant roots contained an increased proportion and 
number of Stage I LRP both in root-ward and shoot-ward region compared to the 
WT, suggesting a developmentally delayed and/or failed entry to Stage II (Figure 
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S6.2-4E&G). This indicates that LBD29 may regulate the developmental transition of 
LRP from Stage I to Stage II.  
 
6.3 LBD14, LBD18 and LBD29 over expression lines stimulate pericycle cell division 
and PLT promoter activity  
Our lbd mutant analysis may be affected by the potential gain-of-function nature 
from the lbd29 allele, which hinders firm conclusions about redundancy among 
LBD14, LBD18 and LBD29. To investigate LBD14, LBD18 and LBD29 functions by 
other means, we overexpressed their genomic DNA or cDNAs from a cauliflower 
mosaic virus 35S promoter. Strong 35S::gLBD14:vYFP, 35S::cLBD18:vYFP and 
35S::cLBD29:vYFP transgenic WT lines were dwarfed and sterile, therefore we 
analyzed lines with lower expression levels.  
 

Figure 6.3 Over-expression of LBD14, LBD18 
and LBD29 in WT roots. 
Confocal images of LBD over expression lines in 

WT roots at 5 d.p.g.. (A-C) 35S::gLBD14:vYFP: 

(A) root tip, (B) XPP cells and (C) emerged LR. 

(D-F) 35S::cLBD18:vYFP: (D) root tip, (E) XPP 

cells and (F) emerged LR. (G-I) 

35S::cLBD29:vYFP: (G) root tip, (H) pericycle 

cells and (I) emerged LR. Scale bar: 100μm.  

 
In the primary root meristem and 

emerged LRs, the expression of 
transgenic LBDs driven by 35S 
promoter was usually patchy or absent 
(Figure 6.3A, C, D, F, G and I), 
suggesting that a post-transcriptional 
control of LBDs may occur in 
meristematic regions. In other parts of 
roots, we observed high levels of 
ectopic LBD expression (Figure 6.3B, E 
and H). Overexpression of LBD14 and 
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LBD18 resulted in extra XPP cell divisions (Figure 6.3B&E), while overexpression of 
LBD29 induced divisions of the whole pericycle cells (Figure 6.3H). Although extra 
pericycle cell divisions were induced in LBD14- and LBD18-overexpression lines, 
they showed fewer emerged LRs (S6.3-1B&D) .   

To assess whether LBD genes potentially regulate PLT transcription, we 
measured PLT transcript levels in LBD-overexpression lines by qRT-PCR (Figure S6.3-
1A, C and E). In two 35S::gLBD14:vYFP lines, PLT3 was slightly induced, PLT5 was 
unaltered and PLT7 was up-regulated (Figure S6.3-1A). In contrast, PLT3 transcript 
levels were up-regulated in LBD18-overexpression lines, while PLT5 were down-
regulated and PLT7 were slightly reduced (Figure S6.3-1C). LBD29 over-expression 
specifically up-regulated PLT7 transcripts, slightly induced PLT3 and did not affect 
PLT5 (Figure S6.3-1E).  

To visualize how PLT3, PLT5 and PLT7 promoter activity responded to the 
overexpression of LBDs, we introgressed the PLT promoter marker into 
35S::LBD14:vYFP, 35S::LBD18:vYFP and 35S::LBD29:vYFP lines. In LBD-
overexpression roots, pPLT3::erCFP and pPLT5::erCFP were not expressed in all 
divided pericycle cells, but in general followed a “primordium-restricted” induction 
pattern (Figure S6.3-2A, B, D, E, G and H). This indicates that LBD-induced extra 
pericycle cell divisions can be uncoupled from activation of PLT and other 
regulatory mechanisms to pattern PLT expression in the primordium may exist. In 
LBD14- and more strongly in LBD29-overexpression lines, pPLT7::erCFP expression 
was induced in the LRP, ectopically in XPP cells and in vascular cells surrounding the 
proto-xylem (Figure S6.3-2C&I and data not shown). In 35S::cLBD18:vYFP roots, 
pPLT7::erCFP expression was detected in LRP (Figure S6.3-2F). 

Collectively, the overexpression of LBD14, LBD18 and LBD29 results in extra 
pericycle cell divisions, in which PLT are not always activated. This indicates that the 
individual LBDs on their own are not able to pattern PLT expression. PLT3 
expression level is upregulated in LBD-overexpression lines, especially after LBD18 
induction, but its expression pattern remains LRP-specific. Therefore, the 
upregulation of PLT3 transcript may due to an elevated PLT3 activation in the 
primordia and/or an altered rhizotaxis in LBD-overexpression lines. PLT5 expression 
does not respond to the LBD-overexpression. PLT7 expression is ectopically induced 
upon overexpression of LBD29 and LBD14, but not affected by LBD18 
overexpression.  
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6.4 LRP-specific induction of LBD14, LBD18 and LBD29  
In our milder 35S::gLBD14:vYFP, 35S::cLBD18:vYFP and 35S::cLBD29:vYFP transgenic 
lines, LBD expression is not detected in LRP at later stages (Figure 6.3C, F and I), 
preventing us to assess their potential functions during primordium outgrowth. We 
thereby used the PLT71.5 truncated promoter to constitutively activate the LBD 
protein fusions inside LRP (Chapter 3) [18]. 
 

 

Figure 6.4 LRP-specific induction of LBD14, LBD18 and LBD29 in plt3plt5plt7 is not able to rescue 
plt3plt5plt7 LR phenotype. 
(A&B) pPLT71.5::gLBD14:vYFP during LR development: (A) WT and (D) plt3plt5plt7. (B&E) 

pPLT71.5::cLBD18:vYFP during LR development: (B) plt3+/-plt5+/-plt7+/- and (E) plt3plt5plt7. (C&F) 

pPLT71.5::cLBD29:vYFP during LR development: (C) WT and (F) plt3plt5plt7. Scale bar: 100μm. 

 
In WT LRP, ectopic induction of LBD14 at later stages did not alter the 

primordium morphology (Figure 6.4A). Similarly, PLT71.5-driven LBD18 expression 
also did not change the WT primordium morphology in plt3+/-plt5+/-plt7+/- roots 
(Figure 6.4B). However, continuous induction of LBD29 in WT resulted in 
morphologically defective primordia, in which periclinal cell divisions were often 
delayed or absent (Figure 6.4C), partially photocopying the plt triple mutant (see 
Chapter 3). This indicates that downregulation of LBD29 protein levels inside the 
primordium is crucial for its subsequent outgrowth. In plt3plt5plt7 background, the 
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morphology of primordia expressing PLT71.5-driven LBD14, LBD18 and LBD29 was 
similar to the triple mutant (Figure 6.3D, E and F), indicating that LBD14, LBD18 and 
LBD29 are unable to bypass the requirement of PLT3, PLT5 and PLT7 for LR 
outgrowth.  
 
 
Discussion 
 
Tissue-specific LBD14, LBD18 and LBD29 responses to auxin 
LR development is regulated by an auxin-triggered molecular network, in which 
different aspects have been distinguished, including patterning, initiation, 
outgrowth and emergence [18, 22-29]. We have identified PLT3, PLT5 and PLT7 
upstream regulators LBD14, LBD18 and LBD29 that may function in LR patterning, 
initiation, outgrowth and emergence (Chapter 5). Previous studies have shown that 
LBD18 and LBD29 positively respond to auxin [5, 6]. We confirmed and extended 
these findings by analyzing promoter and protein fusions of the LBD14, LBD18 and 
LBD29 in tissue context. 

In general, auxin negatively regulates LBD14 transcription and degrades its 
protein. Auxin-induced LBD14 degradation is regulated by PLT3, PLT5 and PLT7, but 
we did not observe an influence on LBD14 transcription. Upon auxin treatment, the 
LBD18 promoter is ectopically activated in other root tissues (other than the 
primary root meristem and LRP/LRs), including epidermis, cortex, endodermis and 
vasculature. PLT3, PLT5 and PLT7 attenuates auxin-induced LBD18 upregulation. 
Auxin boosts LBD29 expression in most of the root tissues, but not so much in the 
primary root meristem and LRP, where PLT3, PLT5 and PLT7 restrict LBD29 
induction. 

 
LBD14 and LBD29 regulates rhizotaxis 
In primary root tips, an oscillatory gene activity has been described in the 
oscillation zone, which encompasses the basal meristem (transition zone) and 
elongation zone [26, 30, 31]. This activity creates LR pre-branch sites, in which a 
subset of XPP cells are primed to be competent to form LRs [26, 30]. However, only 
pairs of abutted pericycle cells are specified as LR founder cells in general, 
indicating that other mechanisms exist to refine or restrict the final initiation site of 



Functional Analysis of LBD14, 18 and 29 during LR Development 

164 

LRP [26, 30]. LBD14 is expressed in the XPP cells from the transition zone 
shootward to the most newly formed LRP, while LBD29 is expressed in LR founder 
cells when they just flux through the elongation zone (Chapter 5). This expression 
pattern of LBD14 and LBD29 suggests their potential regulatory roles in 
determination of LRP initiation sites, thereby influencing rhizotaxis. To test this, we 
measured the distribution of LRP/LR clusters in the lbd T-DNA insertion lines.  

Although the lbd29 mutant may mimic a LBD29 overexpression line, it shows 
an altered rhizotaxis that is similar to the plt3plt5plt7 [18], indicating that LBD29 
protein level may be influential to the primordium initiation site. Moreover, the 
rhizotactic change in lbd29 mutant is eliminated by the loss-of-function of LBD14, 
indicating that LBD14 is required for lbd29-induced LRP/LR clusters even though the 
lbd14 single mutant does not have a rhizotactic phenotype. Furthermore, in 
plt3plt5plt7 roots, LBD29 expression in the early differentiation zone is expanded to 
more XPP cells (data not shown). It is tempting to speculate that those LBD29-
marked cells may acquire competence to form LRP at later developmental stages, 
thereby forming LRP/LR clusters. In this scenario, a PLT3, PLT5 and PLT7 dependent 
process locally restricts LBD29 expression at the early differentiation zone, forming 
a feedback loop to restrict the number of initiating primordia.  

Since both LBD14 and LBD29 are not in the oscillation gene list [30], they may 
act together with PLT3, PLT5 and PLT7 in the region located just behind the 
oscillation zone to control the LRP initiation site. In the future, more work is needed 
to fully characterize the functions of these LBDs and PLTs in regulation of rhizotaxis. 
For instance, we currently do not know (i) how the oscillation changes in 
plt3plt5plt7 mutants; (ii) how early PLT3, PLT5 and PLT7 become expressed in LR 
founder cells or LR founder competent cells; (iii) how LRP/LRs distribute in true loss-
of-function lbd29 mutants and LBD14 overexpression lines; and (iv) how these LBDs 
may locally interact with PLT3, PLT5 and PLT7 dependent processes to position LR 
initiation sites. 

 
LBD29 represses LR outgrowth 
When primordia enter Stage II, LBD29 protein is degraded in a PLT3-, PLT5- and 
PLT7-mediated manner (Chapter 5). In strong pPLT71.5::cLBD29:vYFP WT lines, in 
which the synthesis of LBD29 protein allows us to override the degradation 
mechanism, excessive LBD29 at early LR developmental stages leads to initial 
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morphological changes at the transition phase between Stage I and Stage II. LRP 
cells at late Stage I are usually expanded and reveal delayed or missing periclinal 
cell divisions (data not shown), which is similar to the initial morphological defects 
in plt3plt5plt7 mutants (Chapter 3). At later developmental stages, those LRP are 
often aborted (data not shown). In milder or weak pPLT71.5::cLBD29:vYFP WT lines, 
such morphological defects are released or disappeared (data not shown), 
indicating that the control of LBD29 protein levels is crucial for primordium 
outgrowth. Since the phenotype induced by excessive LBD29 is partially similar to 
the plt3plt5plt7 mutant, LBD29 may partially block the PLT3, PTL5 and PLT7 
downstream signalling cascade during LR development (see Chapter 3).  
 
 
Materials and Methods 
 
Plant materials and constructs 
Arabidopsis thaliana plants, Columbia ecotype Col-0, were used for all experiments, 
including all the transgenic lines. The plt3plt5plt7 tripe mutant was generated as 
previously described [32]. The single lbd14 (SALK_093993), lbd18 (SALK_038125)[9] 
and lbd29 (SALK_071133) [19, 20] mutants were order from NASC (Nottingham 
Arabidopsis Stock Centre), and were confirmed by using primers listed in Table S2. 
The description of all constructs and transgenic lines used for this study is listed in 
Table S1. All the promoter fragments, genomic DNA and cDNA were cloned from 
Col-0 background by using primers (Biolegio) indicated in Table S2. The pPLT3::GUS 
was constructed by fusing a 4.6 kb PLT3 promotor fragment [33] in front of GUS in 
pGreenII-0227 vector [34]. All constructs generated in this study were done by 
using Multisite Gateway technology (Invitrogen). Transformation was performed 
according to the floral dip method [35]. 
 
Plant growth conditions 
Seeds were fume sterilized in a sealed container with 100 ml bleach supplemented 
by 3 ml of 37% hydrochloric acid for 2-5 hours, then suspended in 0.1% agarose and 
imbibed at 4°C in the dark for 2 days. Seeds were plated on a growth medium 
consisting of half-strength Murashige Skoog salts (½ MS), 1% sucrose, 0.7% plant 
agar, MES (pH 5.8), 50 mg/ml ampicillin, and grown vertically in long day conditions 
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(16 h light followed by 8 h of dark). For measuring rhizotaxis, plates were put 15 
degree to the vertical plane.  
 
IAA treatment 
Seedlings were grown on ½ MS plates until 4 d.p.g., then transferred to new ½ MS 
plates containing mock or 10µM IAA (Indole-3-Acetic Acid, Duchefa) for another 24 
hours.  
 
Quantitative reverse transcription PCR (qRT-PCR) 
Total RNA from whole Col-0 (WT) and plt3plt5plt7 roots treated with 24 hour mock 
or 10µM IAA at 5 d.p.g. were extracted using Spectrum Plant total RNA Kit (Sigma) 
and subjected to on-column DNase treatment. Total RNA from whole Col-0 (WT), 
lbd14, lbd18, lbd29, lbd14lbd18, lbd14lbd29, lbd18lbd29, lbd14lbd18lbd29 roots 
treated with 24 hour mock or 10µM IAA at 5 d.p.g. were extracted using Spectrum 
Plant total RNA Kit (Sigma) and subjected to on-column DNase treatment. Total 
RNA from whole Col-0 (WT), 35S::gLBD14:vYFP WT L-4, 35S::gLBD14:vYFP WT L-5, 
35S::cLBD18:vYFP WT L-5, 35S::cLBD18:vYFP WT L-6, 35S::cLBD29:vYFP WT L-2 and 
35S::cLBD18:vYFP WT L-4 roots at 5 d.p.g. were extracted using Spectrum Plant 
total RNA Kit (Sigma) and subjected to on-column DNase treatment. cDNA was 
synthesized from 0.5 μg total RNA using odT18VN primer (Biolegio) and RevertAid 
M-MuLV reverse transcriptase (Biolegio). All samples were measured on technical 
duplicates or triplicates. Quantitative RT-PCR was performed by using 10 μM of 
gene-specific primers (Table S3) and Bio-Rad SYBR Green Supermix in a Bio-Rad CFX 
ConnectTM Real-Time System. ACTIN2 or UBC21 (Ubiquitin-conjugating enzyme 21) 
was used to normalize the result. 
 
Root measurements 
Seedlings grown on ½ MS plates (15 degree to the vertical plane) until 7 d.p.g. were 
photographed to measure the primary root length by using Image J. To visualize the 
distribution of lateral root primordia/lateral roots (rhizotaxis), the whole roots were 
cut for histostaining of promoter-driven β-glucuronidase (GUS) activity [36]. The 
Nomarski (DIC) images containing successive lateral root primordia/lateral roots 
were taken to measure their distance by using Image J.  
Phenotype Analysis and Microscopy 
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Confocal laser scanning microscopy (CLSM) images were performed on a Zeiss LSM 
710 confocal laser scanning microscope. For visualizing lateral root primordia, 
samples were mounted in water or 15µM propidium iodide (PI) for 1-2 h or in 
15µM PI supplemented by 0.004% Triton X-100 for 20-40 min. Nomarski (DIC) 
images of lateral root primordia and root meristem were performed on a Zeiss 
photomicroscope III. Images were processed using Zeiss ZEN software and Adobe 
Photoshop CS6. 
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Table S1. List of constructs used in this study 
 

No. Constructs Vector Reference 
1 pPLT3::GUS pGreenII-0227 This Study 
2 pPLT3::erCFP pGREENII-0227 [33] 
3 pPLT5::erCFP pGREENII-0227 [18] 
4 pPLT7::erCFP pGREENII-0227 [18] 
8 pLBD13::GUS pGREENII-0227 This study 
9 pLBD14::GUS pGREENII-0227 This study 

10 pLBD18::GUS pGREENII-0227 This study 
11 pLBD29::GUS pGREENII-0227 This study 
12 pLBD13::erCFP pGREENII-0227 This study 
13 pLBD14::erCFP pGREENII-0227 This study 
14 pLBD18::erCFP pH7m34GW This study 
15 pLBD29::erCFP pGREENII-0227 This study 
16 LBD13:vYFP pGREENII-0227 This study 
17 LBD14:vYFP pGREENII-0227 This study 
18 LBD18:vYFP pGREENII-0227 This study 
19 LBD29:vYFP pH7m34GW This study 
21 35S::gLBD14:vYFP pH7m34GW This study 
22 35S::cLBD18:vYFP pH7m34GW This study 
23 35S::cLBD29:vYFP pH7m34GW This study 
24 pPLT71.5::gLBD14:vYFP pH7m34GW This study 
25 pPLT71.5::cLBD18:vYFP pH7m34GW This study 
26 pPLT71.5::cLBD29:vYFP pH7m34GW This study 
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Table S2. List of primers used in this study 
 

No. Primer Name Primer Sequence (5’-3’) 
Truncated PLT promoter used for reporter constructs 

1 pPLT71.5-FW GGGGACAACTTTGTATAGAAAAGTTGAGTAGGTGAGTCACC
TCGAGTGAC 

2 pPLT71.5-RV GGGGACTGCTTTTTTGTACAAACTTGGCAAAAAAGATTGTA
ACTTTTTTC 

LBD promoter fragments used for reporter constructs 

1 pLBD13-FW (~1.6kb) GGGGACAACTTTGTATAGAAAAGTTGAGAATCTGAGTCTCTC
ATC 

2 pLBD13-RV GGGGACTGCTTTTTTGTACAAACTTGGTCACGCATGCTATTTA
TAAG 

3 pLBD14-FW (~1.5kb) GGGGACAACTTTGTATAGAAAAGTTGAGTGCTTTTGCTTTTG
CGACTGC 

4 pLBD14-RV GGGGACTGCTTTTTTGTACAAACTTGGTCTCAAAACGTAATT
ATAATC 

5 pLBD18-FW (~3.9kb) GGGGACAACTTTGTATAGAAAAGTTGAGTCCAGTCACTTACC
TC 

6 pLBD18-RV GGGGACTGCTTTTTTGTACAAACTTGGGACCGGCCACCCCC
CAATTAAC 

7 pLBD29-FW (~3.8kb) GGGGACAACTTTGTATAGAAAAGTTGAGAACTAGTATAGTGT
CTTCCAATC 

8 pLBD29-RV GGGGACTGCTTTTTTGTACAAACTTGGGATGATGATGGTGTT
GTGACG 

LBD genomic and cDNA clones for reporter and over-expression constructs 

1 gLBD13-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTCCCGAG
AAAGGTAAAAC 

2 gLBD13-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAAAGTAAT
GAACATTATTATC 

3 gLBD14-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGGAGGT
TTAGGCTC 

4 gLBD14-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGAACAGACCAA
GGAAAATTGAC 

5 gLBD18-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGCGGT
GGTGGGAACAC 

6 gLBD18-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCTAGACATAG
TTCGAGACG 

7 gLBD29-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGACTAGTT
CCAGCTCTAGC 

8 gLBD29-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGCGAGAAGGAG
ATGTAGCCAAAATTTGC 

9 cLBD18-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAGCGGT
GGTGGGAACAC 

10 cLBD18-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGTCTAGACATAG
TTCGAGACG 
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11 cLBD29-FW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGACTAGTT
CCAGCTCTAGC 

12 cLBD29-RV GGGGACCACTTTGTACAAGAAAGCTGGGTGCGAGAAGGAG
ATGTAGCCAAAATTTGC 

Primers for genotyping lbd SALK lines 
1 LBD14 SALK FW TGGAGGATGCAAGTTCTTGC 
2 LBD14 SALK RV GCACAAGAGATGAGCCTGAAC 
3 LBD18 SALK FW CAAAGCCCACAATATGAATGG 
4 LBD18 SALK RV TTGTGGCCTAACAACCTTAGC  
5 LBD29 SALK FW AAGCCTCTTGAAGGATTGAGG 
6 LBD29 SALK RV AGGTACCTGTTGTTGGAGAGC 
7 LBb3.1 ATTTTGCCGATTTCGGAAC 

Primers for qRT-PCR  
1 AtACT2QPCR-F ACCTTTAACTCTCCCGCTATGTATGT    
2 AtACT2QPCR-R GATTGGCACAGTGTGAGACACA 
3 AtUBC21QPCR-F CTGCGACTCAGGGAATCTTCTAA 
4 AtUBC21QPCR-R TTGTGCCATTGAATTGAACCC 
5 PLT3-QPCR-F TCAGGAGGAAGAGTAGC  
6 PLT3-QPCR-R TCTTTGTTCCCAGCAACTCG 
7 PLT5-QPCR-F ACATTTAGCACTCAAGAGG   
8 PLT5-QPCR-R ATCATATCGACTGATGTCG 
9 PLT7-QPCR-F ACCTTTGCAACCGAAGAGG 

10 PLT7-QPCR-R AAGAACTATTCATGACAGC 
11 LBD13-QPCR-F AGATGCTTCTGGAAGTGG       
12 LBD13-QPCR-R TTGAAGAGCTGAGATTGC 
13 LBD14-QPCR-F TCCAACAACAGGTTGTTAG     
14 LBD14-QPCR-R AAGAACCTTTTCTTGTTGC 
15 LBD18-QPCR-F TTCAGCAACAGGTGGTG    
16 LBD18-QPCR-R AAGAGCGGTTGCGGTTGC 
17 LBD29-QPCR-F TCTCCAACAACGTTGTG     
18 LBD29-QPCR-R TAGTGTCTCCATAGTAAC 
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Chapter 6 Supplementary Data 
 

Figure S6.1-1 LBD13, LBD14, LBD18 and 
LBD29 upon Auxin treatment in WT and 
plt3plt5plt7 roots. 
qRT-PCR analysis of LBD13, LBD14, LBD18 and 

LBD29 transcript levels in WT and plt3plt5plt7 

roots at 5 d.p.g. treated with 24 hour mock 

and 10μM IAA respectively: (A) LBD13 and 

LBD14 transcript levels, (B) LBD18 transcript 

levels and (C) LBD29 transcript levels. 
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Figure S6.1-2 The expression 

of transcriptional and 

translational reporter fusions 

of LBD18 and LBD29 upon IAA 

treatment. 
The expression of LBD18 and 

LBD29 transcriptional and 

translational reporter fusions 

in 24 hour 10μM IAA treated 

WT and plt3plt5plt7 roots at 5 

d.p.g.. (A and E) Histological 

GUS-Staining of pLBD18::GUS in primary root tip: (A) WT and (E) plt3plt5plt7. (B and F) Confocal 

images of LBD18:vYFP in primary root tip: (B) WT and (F) plt3plt5plt7. (C and G) Confocal images of 

pLBD29::erCFP in primary root tip: (C) WT and (G) plt3plt5plt7. (D and H) Confocal images of 

LBD29:vYFP in primary root tip: (D) WT and (H) plt3plt5plt7. Scale bar for A&E: 100μm; Scale bar for B-

D and F-H: 100μm. 

 

 

 

 
Figure S6.2-1 LBD14, LBD18 and LBD29 expression in lbd mutants. 
qRT-PCR analysis of LBD transcript levels in roots of WT (Col-0) and lbd mutants at 5 d.p.g.: (A) LBD14 

level in WT and lbd14 roots, (B) LBD18 level in WT and lbd18 roots and (C) LBD29 level in WT and 

lbd29 roots. 
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Figure S6.2-2 LR density and PR length in lbd single and double mutants. 
(A-B) LRP/LR density and primary root length in pLBD18::GUS marked WT, plt3plt5plt7, lbd14 L-5, 

lbd14 L-6, lbd18 L-1, lbd18 L-3, lbd29 L-2 and lbd29 L-4 seedlings at 7 d.p.g. (n=20): (A) Total LRP/LR 

and emerged LR density (number/cm) and (B) Primary root length (mm). (C-D) LRP/LR density and 

primary root length in pLBD18::GUS marked WT, plt3plt5plt7, lbd14lbd18 L-5, lbd14lbd18 L-13, 

lbd18lbd29 L-3 and lbd18lbd29 L-8 seedlings at 7 d.p.g. (n=20): (C) Total LRP/LR and emerged LR 

density (number/cm) and (D) Primary root length (mm).  
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Figure S6.2-3 LR density and PR length in lbd14lbd29 and lbd14lbd28lbd29 mutants. 
(A-B) LRP/LR density and primary root length in pLBD18::GUS marked WT, plt3plt5plt7, lbd14lbd29 L-1 

and lbd14lbd29 L-4 seedlings at 7 d.p.g. (n=20): (A) Total LRP/LR and emerged LR density (number/cm) 

and (B) Primary root length (mm). (C-D) LRP/LR density and primary root length in pPLT3::GUS marked 

WT, plt3plt5plt7, lbd14lbd18lbd29 L-2 and lbd14lbd18lbd29 L-4 seedlings at 7 d.p.g. (n=20): (C) Total 

LRP/LR and emerged LR density (number/cm) and (D) Primary root length (mm).  
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Figure S6.2-4 LR development in lbd single and double mutants. 
(A-B) Photos of different lbd mutants at 7 d.p.g.: (A) From left to right: WT, plt3plt5plt7, lbd14, lbd18 
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and lbd29; (B) WT, plt3plt5plt7, lbd14lbd18, lbd14lbd29, lbd18lbd29 and lbd14lbd18lbd29. (C, E and G) 

Statistic PeD counts and the distribution of different stages of LRP/LRs in pLBD18::GUS marked WT, 

plt3plt5plt7, lbd14 L-5, lbd14 L-6, lbd18 L-1, lbd18 L-3, lbd29 L-2 and lbd29 L-4 seedlings at 7 d.p.g. 

(n=20): (C) statistic PeD counts in LRP central cells at different stages, (E) percentages of different 

LRP/LRs stages and (G) absolute numbers of different LRP/LR stages. (D, F and H) Statistic PeD counts 

and the distribution of different stages of LRP/LRs in pLBD18::GUS marked WT, plt3plt5plt7, 

lbd14lbd18 L-5, lbd14lbd18 L-13, lbd14lbd29 L-1, lbd14lbd29 L-4, lbd18lbd29 L-3 and lbd18lbd29 L-8 

seedlings at 7 d.p.g. (n=20): (D) statistic PeD counts in LRP central cells at different stages, (F) 

percentages of different LRP/LRs stages and (H) absolute numbers of different LRP/LR stages. Scale bar 

for A-B: 1cm. 

 

 

 
Figure S6.2-5 LR development in lbd14lbd28lbd29 triple mutant. 
(A-C) Statistic PeD counts and the distribution of different stages of LRP/LRs in pPLT3::GUS marked WT, 

plt3plt5plt7, lbd14lbd18lbd29 L-2 and lbd14lbd18lbd29 L-4 seedlings at 7 d.p.g. (n=20): (A) statistic 
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PeD counts in LRP central cells at different stages, (B) percentages of different LRP/LRs stages and (C) 

absolute numbers of different LRP/LR stages.  

 

 

Figure S6.2-6 PLT3, PLT5 and PLT7 expression in lbd mutant combinations. 
qRT-PCR analysis of PLT3, PLT5 and PLT7 transcript levels in roots of WT and lbd mutant combinations 

at 5 d.p.g.. 
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Figure S6.3-1 PLT3, PLT5 and PLT7 expression in LBD over-expression lines. 
(A, C and E) qRT-PCR analysis of PLT3, PLT5 and PLT7 transcript levels in WT and LBD over-expression 

roots at 5 d.p.g.: (A) PLT3, PLT5 and PLT7 transcript levels in 35S::gLBD14:vYFP, (C) PLT3, PLT5 and PLT7 

transcript levels in 35S::cLBD18:vYFP and (E) PLT3, PLT5 and PLT7 transcript levels in 35S::cLBD29:vYFP. 

(B, D and F) Photos of WT and LBD over-expression seedlings at 7 d.p.g.: (B) from left to right: WT and 

35S::gLBD14:vYFP, (D) from left to right: WT and 35S::cLBD18:vYFP and (F) from left to right: WT and 

35S::cLBD29:vYFP. Scale bar for B, D and F: 1cm. 
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Figure S6.3-2 PLT3, PLT5 and PLT7 

expression in LBD over-expression 

WT roots. 
Confocal images of PLT expression in 

LBD over-expression WT roots at 5 

d.p.g.. (A-C) PLT expression in 

35S::gLBD14:vYFP: (A) pPLT3::erCFP, 

(B) pPLT5::erCFP and (C) 

pPLT7::erCFP. (D-F) PLT expression in 

35S::cLBD18:vYFP: (D) pPLT3::erCFP, 

(E) pPLT5::erCFP and (F) pPLT7::erCFP. 

(G-I) PLT expression in 

35S::cLBD29:vYFP: (G) pPLT3::erCFP, 

(H) pPLT5::erCFP and (I) pPLT7::erCFP. 

Scale bar: 100μm.  
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Abstract 
 
In Arabidopsis thaliana, lateral roots (LRs) initiate acropetally and their pattern of 
initiation forms the basis on which root system architecture is elaborated. The 
overall lateral root primordium (LRP)/lateral root (LR) distribution along the main 
root is referred to as rhizotaxis. Three transcriptional regulators PLETHORA3 (PLT3), 
PLT5 and PLT7 prevent the formation of LRP/LRs close to one another, thereby 
controlling rhizotaxis. Here, we identify distinct individual and tissue-specific roles 
of PLT3, PLT5 and PLT7 in rhizotaxis. PLT3 and PLT7 jointly inhibit LRP/LR clustering. 
Forced LRP-specific induction of different PLT members in plt3plt5plt7 reveal 
distinct abilities in complementation of mutant rhizotaxis, in which PLT3 and PLT7 
are most effective, PLT1 and PLT2 less and PLT4 and PLT5 least effective. The 
activation of PLT7 in the elongation zone and early differentiation zone strongly 
inhibits the formation of spatially grouped LRP/LRs. Moreover, PLT7 function in 
primary root meristem may partially control LR initiation site. 
 
 
Introduction 
 
In Arabidopsis thaliana, lateral roots (LRs) initiate acropetally from the sites where 
lateral root primordia (LRP) are defined. This initiation pattern therefore forms the 
basis for root system architecture. Recent studies have highlighted temporally 
oscillating gene activities associated with lateral root (LR) pre-branch sites, where a 
group of xylem-pole-pericycle (XPP) cells gain competence to form LRs [1-4]. The 
oscillation in gene expression occurs in a region termed the oscillation zone that 
includes the basal meristem (transition zone) and elongation zone [2]. In this 
region, when the auxin response reached a maximum, visualized by the auxin 
responsive DR5:LUC, a static DR5 point is created as a potential LR initiation site, 
termed LR pre-branch site [1-4]. Moreover, a root cap-derived auxin source 
influences the oscillation [5, 6].  

In LR pre-branch sites, pairs of LR founder cells are specified, who will undergo 
stereotypical asymmetric cell divisions to generate incipient LRP [2, 7, 8]. However, 
during the period of oscillation, multiple pericycle cells exit from the oscillation 
zone, suggesting that a local inhibition mechanism may exist to further refine or 



 Chapter 7 
 

185 

restrict the number of XPP cells to become LR founder cells [2]. In line with this, 
two successive LRP typically do not form closely, but with a certain minimum 
distance [9]. This minimum distance reflects the spatial change of the overall 
LRP/LR distribution along the main root, which is referred to as rhizotaxis [10]. Two 
LRP/LRs are formed within the minimum distance (300 µm in Columbia-0 ecotype) 
are defined as a cluster [10]. Radial clusters are defined as two LRP/LRs formed 
within the minimum distance along opposite protoxylem poles, while longitudinal 
clusters are defined as two LRP/LRs formed within the minimum distance along a 
single protoxylem pole [10]. 

Three transcriptional regulators PLETHORA3 (PLT3), PLT5 and PLT7 prevent the 
formation of two LRP/LRs close to one another and hence are the candidate 
regulators to restrict the number of LR founder cells  [10]. In loss-of-function 
plt3plt5plt7 triple mutant roots, successive LRP/LRs are frequently grouped as 
clusters in space, exhibiting an altered rhizotaxis [10]. In this study, we analyzed the 
tissue-specific roles of PLT members in controlling rhizotaxis. We found that PLT3 
and PLT7 jointly inhibit LRP/LR clustering and they are most effective in preventing 
the formation of LRP/LR clusters. The activation of PLT7 in the elongation zone and 
early differentiation zone strongly inhibits the formation of spatially grouped 
LRP/LRs. Moreover, PLT7 function in primary root meristem may partially control 
the initiation site of LRP. 
 
 
Results 
 
7.1 Rhizotaxis in plt mutant combinations 
To dissect specific roles of PLT3, PLT5 and PLT7 in regulating rhizotaxis, we analyzed 
LRP/LR distribution in their single, double and, as a comparison, triple mutant roots 
by visualizing histochemical β-glucuronidase (GUS) staining of pPLT3::GUS (Figure 
7.1). In this study, rhizotaxis was quantified by the sum of all observed GUS-marked 
clusters, LRP/LR density and primary root length (Figure S7.1-2B&C). The distance of 
two LRP/LRs within one cluster was measured from the center of one LRP/LR to 
another (Figure S7.1-2B&C). Note that the number of LRP/LR clusters varied 
between different transgenic lines, therefore in this study, at least two independent 
transgenic lines from the same wild type (WT)/mutant background were used to 
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perform statistic quantification. Moreover, the rhizotactic quantification from the 
same transgenic line also varied between each biological repeat, but the general 
trend that reflects rhizotactic changes remained consistent.  
 

Figure 7.1 LRP/LR clusters in plt mutant 
combinations. 
The number of LRP/LR clusters in 

pPLT3::GUS marked WT and plt mutants 

at 7 day-post-germination (d.p.g.; n=20). 

(A) WT L-4, plt3plt5plt7 L-1, plt5 L-4, plt5 

L-5, plt7 L-3 and plt7 L-5. (B) WT L-4, 

plt3plt5plt7 L-1, plt3 L-3, plt3 L-5, plt3plt5 

L-2 and plt3plt5 L-3. (C) WT L-4, 

plt3plt5plt7 L-1, plt3plt7 L-1, plt3plt7 L-2, 

plt5plt7 L-3 and plt5plt7 L-4. 

 
In general, primary root 

growth in these plt mutant 
combinations was not defective 
(Figure S7.1-1B, D and F). The 
number of LRP/LR clusters and 
the corresponding total LRP/LR 
density in single plt3 and plt7 
mutants are increased to reach to 
the similar values of plt3plt5plt7 
(Figure 7.1A&B and Figure S7.1-
1A&C). Contrary to plt3 and plt7 
single mutants, plt5 mutants 
displayed less LRP/LR clusters and 
a lower total LRP/LR density even 

than the WT (Figure 7.1A and Figure S7.1-1A). Therefore, PLT3 and PLT7 jointly 
inhibit close positioning of LRP/LRs in space.  

Interestingly, the double mutant plt3plt7 did not exhibit higher number of 
LRP/LR clusters and total LRP/LR density than the plt3plt5plt7 (Figure 7.1C and 
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Figure S7.1-1E), indicating that PLT3 and PLT7 do not regulate rhizotaxis additively. 
The number of LRP/LR clusters and total LRP/LR density were reduced in plt5plt7 to 
the WT level (Figure 7.1C and Figure S7.1-1E), indicating that cluster formation 
induced by PLT7 absence is mainly mediated by PLT5. However, rhizotaxis in plt3plt5 
was not recovered to the WT level by PLT5 loss-of-function (Figure 7.1B and Figure 
S7.1-1C), suggesting that PLT3-induced clustering inhibition does not or only 
partially operate through PLT5. 

LR outgrowth in plt3, plt7 and plt3plt5 roots was not impaired as emerged LR 
densities were similar to the WT (Figure S7.1-1A&C), indicating that the rhizotactic 
change in plt3plt7 and plt3plt5plt7 is not simply the result of defective primordium 
growth (Figure S7.1-1E and Chapter 3) [10]. The developmental stages of two 
successive LRP/LRs within clusters were not always similar, but could also be 
different (Figure S7.1-2). Moreover, the shoot-ward LRP/LR in the clusters were not 
always developmentally older than the root-ward ones (Figure S7.1-3).  These 
indicate that LR outgrowth is not critically affected by the clustering formation. 
 
7.2 LRP-targeted PLT complementation of rhizotaxis  
It has been shown previously that the formation of LRP/LR clusters in plt3plt5plt7 is 
rescued by the local PLT7 activity within the primordia by using a LRP-specific 
PLT71.5 promoter [10]. To answer whether other PLT members are able to 
complement altered rhizotaxis in plt3plt5plt7, we continued the PLT 
complementation experiments by using the same promoter in plt3plt5plt7 mutant 
background. Moreover, we introgressed pPLT3::GUS marker into the PLT-
complemented plt3plt5plt7 lines to better visualize LRP/LR distribution.  

The primary root growth in all PLT71.5-driven PLT-complemented plt3plt5plt7 
lines were not affected (Figure S7.2-1). Among all six PLT members, PLT71.5-driven 
PLT3 and PLT7 rescued the mutant rhizotaxis completely to the WT level, as the 
LRP/LR cluster number and total LRP/LR density were reduced compared to the 
plt3plt5plt7 (Figure 7.2A&B and Figure S7.2-2A&B). Local induction of PLT1 and 
PLT2 in the mutant LRP only partially complemented the rhizotactic defect and 
reduced LRP/LR cluster number and total LRP/LR density to levels in between WT 
and plt3plt5plt7 (Figure 7.2C&D and Figure S7.2-2C&D). In contrast, LRP/LRs still 
frequently clustered in PLT4- and PLT5-complemented plt3plt5plt7 roots as in 
plt3plt5plt7 (Figure 7.2E&F), indicating that PLT4 and PLT5 have the least ability to 
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restrict the formation of LRP/LR clusters. Correspondingly, the total LRP/LR density 
in PLT4- and PLT5-complemented plt3plt5plt7 roots remained at the level observed 
in plt3plt5plt7 (Figure S7.2-2E&F). 
 

 
Figure 7.2 LRP/LR clusters in PLT71.5-driven LRP-targeted PLT plt3plt5plt7 lines. 

The number of LRP/LR clusters in pPLT3::GUS marked WT, plt3plt5plt7 and LRP-targeted PLT 
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plt3plt5plt7 lines at 7 d.p.g. (n=20). (A) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cPLT3:vYFP plt3plt5plt7 L-3 

and pPLT71.5::cPLT3:vYFP plt3plt5plt7 L-5. (B) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cPLT7:vYFP 

plt3plt5plt7 L-4 and pPLT71.5::cPLT7:vYFP plt3plt5plt7 L-6. (C) WT L-4, plt3plt5plt7 L-1, 

pPLT71.5::cPLT1:vYFP plt3plt5plt7 L-2 and pPLT71.5::cPLT1:vYFP plt3plt5plt7 L-7. (D) WT L-4, 

plt3plt5plt7 L-1, pPLT71.5::cPLT2:vYFP plt3plt5plt7 L-1 and pPLT71.5::cPLT2:vYFP plt3plt5plt7 L-3. (E) 

WT L-4, plt3plt5plt7 L-1, pPLT71.5::cPLT4:vYFP plt3plt5plt7 L-5 and pPLT71.5::cPLT4:vYFP plt3plt5plt7 

L-6. (F) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cPLT5:vYFP plt3plt5plt7 L-1 and pPLT71.5::cPLT5:vYFP 

plt3plt5plt7 L-5. 

 
Besides PLT homologs, we also tested other root meristem regulators that act 

downstream of PLT3, PLT5 and PLT7 during LR development, including WUSCHEL-
related homeobox 5 (WOX5), SHORT-ROOT (SHR) and SCARECROW (SCR) (Chapter 
3) [11-15]. None of them complemented the rhizotactic defect in plt3plt5plt7 roots 
(Figure S7.2-3 and Figure S7.2-4), indicating that PLT-mediated spatial restriction of 
LRP/LR clusters does not primarily act through WOX5, SHR and SCR. 

Taken together, our data show that LRP-specific induction of different PLT 
members in plt3plt5plt7 confers distinct abilities to rescue rhizotaxis, in which gene 
specificity is controlling this process.   
 
7.3 EZ- and early DZ-targeted PLT complementation of rhizotaxis 
The formation of LRP/LR clusters is mainly restricted by PLT3 and PLT7. However, 
the expression of PLT3 and PLT7 not solely resides in the LRP, where the PLT71.5 

promoter is active. Their protein expression is also detected in the LR founder cells 
before the nuclear migration stage and in the primary root meristem (Chapter3 and 
data not shown) [10]. To further dissect the domain from which rhizotaxis is 
regulated, we complemented ptl3plt5plt7 by driving PLT7 under the LBD14 
promoter, which is mainly expressed in the XPP cells from the transition zone to the 
region of the first Stage I LRP. Its expression domain encompasses the elongation 
zone (EZ) and early differentiation zone (DZ), in which all LR founder cells and LRP at 
very early stages are included (Chapter 5). 

pLBD14::cPLT7:vYFP expression was not detectable in the primary root 
meristem and in LRP older than Stage I in both WT and plt3plt5plt7 roots (Figure 
7.3B-E). The number of LRP/LR clusters was significantly decreased in pLBD14-
driven PLT7 WT and plt3plt5plt7 roots (Figure 7.3A). The corresponding primary 
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root length and total LRP/LR density were also reduced in pLBD14::cPLT7:vYFP WT 
and plt3plt5plt7 lines (Figure S7.3A, B and D). However, the average density of 
LRP/LR cluster (number/cm) was still much lower in pLBD14::cPLT7:vYFP WT and 
pLBD14::cPLT7:vYFP plt3plt5plt7 lines compared to the WT and plt3plt5plt7 
respectively (Figure S7.3C), indicating that the reduction of the cluster formation is 
not the result of reduced primary root growth and organ formation. In addition, the 
induction of PLT7 in LPR only at early stages in plt3plt5plt7 was not able to 
completely complement LRP morphology as only half of the LRP morphology was 
rescued in three independent pLBD14::cPLT7:vYFP plt3plt5plt7 lines (Figure S7.3E; 
Chapter 3) [10]. Therefore, the period of PLT activation time at early LR 
developmental stages seems crucial for the subsequent primordium outgrowth.  
 

 
Figure 7.3 LRP/LR clusters in LBD14-driven PLT7-complemented WT and plt3plt5plt7 lines. 

(A) The number of LRP/LR clusters in pPLT3::GUS marked WT L-4, plt3plt5plt7 L-1, pLBD14::cPLT7:vYFP 

WT L-2,  pLBD14::cPLT7:vYFP WT L-8, pLBD14::cPLT7:vYFP plt3plt5plt7 L-2 and pLBD14::cPLT7:vYFP 

plt3plt5plt7 L-5 lines at 7 d.p.g. (n=20). (B-E) Confocal images of pLBD14::cPLT7:vYFP in WT and 

plt3plt5plt7 roots: (B) WT LRP, (C) WT primary root tip, (D) plt3plt5plt7 LRP and (D) plt3plt5plt7 

primary root tip. Scale bar: 100μm. 

 
The activation of PLT7 in EZ and early DZ zone strongly inhibits the formation 

of LRP/LR clusters. Although we cannot exclude the effect from PLT7 ectopic 
induction in other XPP cells, it seems PLT7 function in early LR founder cells 



 Chapter 7 
 

191 

influences the rhizotaxis. 
 
7.4 Primary root-targeted PLT complementation of rhizotaxis 
To specifically induce PLT expression in the plt3plt5plt7 primary root meristem, we 
used the PLT2 promoter that is generally not expressed in other root tissues in the 
triple mutant (Chapter 3). In pPLT2::cPLT7:vYFP WT roots, the expression pattern of 
induced PLT7 followed the PLT2 promoter, which was detected in the primary root 
meristem and LRP from Stage II onward (Figure 7.4B&C). However, in 
pPLT2::cPLT7:vYFP plt3plt5plt7 roots, induced PLT7 expression was only detected in 
the primary root meristem, consistent with the inability to activate PLT2 promoter 
in the defective plt3plt5plt7 primordia (Figure 7.4D&E; Chapter 3). Primary root 
growth was not affected in both pPLT2::cPLT7:vYFP WT and plt3plt5plt7 lines 
(Figure S7.4A&C). 
 

 
Figure 7.4 LRP/LR clusters in PLT2-driven PLT7-complemented WT and plt3plt5plt7 lines. 

(A) The number of LRP/LR clusters in pPLT3::GUS marked WT L-4, plt3plt5plt7 L-1, pPLT2::cPLT7:vYFP 

WT L-1,  pPLT2::cPLT7:vYFP WT L-3, pPLT2::cPLT7:vYFP plt3plt5plt7 L-1 and pPLT2::cPLT7:vYFP 

plt3plt5plt7 L-6 lines at 7 d.p.g. (n=20). (B-E) Confocal images of pPLT2::cPLT7:vYFP in WT and 

plt3plt5plt7 roots: (B) WT LRP, (C) WT primary root tip, (D) plt3plt5plt7 LRP and (D) plt3plt5plt7 

primary root tip. Scale bar: 100μm. 

 
The ectopic induction of PLT7 under the PLT2 promoter in WT did not change 
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the number of LRP/LR clusters and total LRP/LR density and hence did not influence 
rhizotaxis (Figure 7.4A and Figure S7.4B). In pPLT2::cPLT7:vYFP plt3plt5plt7 roots, a 
partial rescue of LRP/LR cluster number and total LRP/LR density were observed 
compared to the plt3plt5plt7 (Figure 7.4A and Figure S7.4B), indicating that ectopic 
PLT7 function in the primary root meristem may partially control the LR initiation 
sites.  
 
 
Discussion 
 
Rhizotaxis is mainly controlled by the joint function of PLT3 and PTL7 
Our pPLT3::GUS marker has proven a suitable tool for quantifying LRP/LRs, including 
those are developmentally “arrested or delayed” at early stages that might be 
morphologically indistinguishable to the XPP cells. Using this marker, we re-
examined rhizotaxis in plt mutant combinations [10]. Surprisingly, both plt3 and 
plt7 single mutant roots show altered rhizotaxis to the level that is close to the 
plt3plt5plt7, indicating that rhizotaxis requires the presence of both PLT3 and PLT7. 
Moreover, their regulation on rhizotaxis is not additive under the growth conditions 
used in this study as the rhizotactic defect in plt3plt7 double mutant is not 
enhanced.  

LRP-specific PLT71.5-driven PLT3 and PLT7 are both able to completely 
complement the triple mutant rhizotaxis, indicating that PLT3 and PLT7 proteins are 
interchangeable in regulating rhizotaxis. However, both plt3 and plt7 show 
rhizotactic defects, and the transcription of PLT7 and PLT3 is not inhibited in plt3 
and plt7 mutants respectively (data not shown). This suggests that their single 
mutant phenotypes might arise from a critical requirement of their individual 
promoters. Moreover, PLT71.5-driven PLT7 rescues the mutant rhizotaxis to the WT 
level, instead of to the plt3plt5 double mutant level, which lies in between WT and 
plt3plt5plt7.  This might due to a different spatiotemporal activation of PLT71.5 

promoter from PLT7 native promoter, as well as their different expression level. 
Alternatively, the expression pattern of PLT7 in plt3plt5 double mutant background 
might be altered, and thereby becoming critically required for the rhizotaxis. 
Therefore, subtle changes of PLT3 and PLT7 expression timing, domain and intensity 
might be crucial for the LR initiation sites. 
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In addition, PLT5 loss-of-function is able to completely rescue the rhizotactic 
defect in plt7, but much less in plt3. Therefore, the role of PLT7 in rhizotaxis, which 
is mediated by PLT5, is at least partially different from the role of PLT3 in rhizotaxis. 
However, PLT5 loss-of-function is not able to rescue the rhizotactic defect in 
plt3plt7 as plt3plt5plt7 still forms LRP/LR clusters, suggesting that the PLT5 function 
in rhizotaxis might dependent on PLT3. LRP-specific induction of PLT5 has the least 
ability to rescue the rhizotactic defect in plt3plt5plt7 roots, indicating that PLT5 
itself seems not sufficient to control the rhizotaxis. In the future, the precise 
spatiotemporal expression pattern of PLT3, PLT5 and PLT7 in their single and double 
mutants will help to reveal their regulatory complexities in rhizotaxis. Given the 
high complexity of the interactions discovered in the T-DNA alleles here, it will also 
be necessary to validate PLT genetic interactions of independently derived plt3, plt5 
and plt7 alleles, for example plt alleles generated by CRISPR/Cas9 technology. 
Finally, the growth of roots on petridish might conceal PLT3, PLT5 and PLT7 gene 
functions that occur under more natural circumstances, and hence a 
characterization of root architecture in single, double and triple mutant 
combinations under natural conditions is mandatory. 
 
Tissue-specific PLT complementation of rhizotaxis 
PLT3 and PLT7 both regulate rhizotaxis, but they are not exclusively expressed in the 
LRP, expression of their fusion proteins is also detected in the LR founder cells and 
primary root meristem (Chapter 3 and data not shown) [10]. To determine in which 
spatial domain they can regulate rhizotaxis, we selected tissue-specific promoters 
to drive PLT7 to complement plt3plt5plt7, including PLT71.5, LBD14 and PLT2 
promoters.  

The PLT71.5 promoter expression is initially detected during nuclear migration 
in LR founder cells and continually resides in LRP (Chapter 3 and data not shown). 
The expression domain of the LBD14 promoter covers XPP cells from the transition 
zone up to the more shoot-ward region. However, LBD14-driven PLT7 expression is 
only detected in XPP cells from the transition zone to the Stage I LRP and not in the 
primordia older than Stage I. Therefore we used this promoter to activate PLT7 
transcription in all LR founder cells and LRP at very early stages, as well as 
ectopically in other XPP cells. To specifically induce PLT7 in the primary root 
meristem, we used the PLT2 promoter, which is expressed only in root tips and 
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excluded from LR founder cells in plt3plt5plt7 roots. The PLT2 expression in the root 
tip mainly resides in the meristematic region and its epidermal and cortical 
expression expands to the transition zone [16, 17]. No PLT2 expression is detected 
in the XPP cells in the transition zone [16, 17]. Hereby, we generally separate PLT 
functions in primary root tip, LR founder cells and LRP by using these promoters.  

Both PLT71.5- and LBD14-driven PLT7 in plt3plt5plt7 roots is able to completely 
rescue the rhizotactic defect. The overlapped PLT7 expression regions driven by 
these two promoters are Stage I LRP and the LR founder cells that accompanied 
with nuclear migration, suggesting that the PLT7 activity in these regions might be 
enough to restrict the formation of LRP/LR clusters. In future experiments, a 
promoter that can temporally distinguish the PLT7 function in Stage I LRP from 
other developmental stages in plt3plt5plt7 will be required to support this 
conclusion. Moreover, the PLT7 complementation driven by LBD14 promoter even 
counteracts cluster formation in both WT and plt3plt5plt7 roots as their LRP/LR 
cluster numbers are less than WT. This indicates that PLT7 activity in LR founder 
cells before the nuclear migration stage might be mostly involved in inhibition of 
cluster formation. However, in our experimental setup we cannot exclude the 
possibility that ectopic PLT7 function in other XPP cells participate in this inhibitory 
process. Surprisingly, PLT7 induction in the plt3plt5plt7 primary root meristem is 
able to partially complement the mutant rhizotactic defect. This suggests that 
factors induced by PLT7 in the primary root meristem also influence the LRP 
initiation site, possibly via a mobile signal or through influencing the oscillation [1].  

From the analysis of plt single, double and triple mutants, PLT3 seems regulate 
rhizotaxis via a distinct or partially distinct pathway from PLT7. Therefore, tissue-
specific complementation by using PLT3 is going to be valuable. 
 
PLT-mediated rhizotaxis is independent from the primordium outgrowth 
All our quantitative data for the rhizotaxis in plt mutants and the complementation 
experiments support that LRP/LR cluster number is positively associated with total 
LRP/LR density, suggesting that PLT-mediated cluster formation causes the increase 
of the organ density. However, the formation of LRP/LR clusters does not affect 
their developmental outgrowth. In PLT71.5-driven PLT5 complemented plt3plt5plt7 
roots, primordium outgrowth is rescued while the rhizotactic defect is still largely 
remained. Moreover, the outgrowth defect of plt3plt5plt7 LRP starts from the 
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transition phase between Stage I and Stage II (Chapter 3), while rhizotaxis seems 
mainly controlled by PLT functions in Stage I LRP or LR founder cells. Therefore, PLT-
mediated outgrowth and rhizotaxis seems separable.  
 
 
Materials and Methods 
 
Plant materials and constructs 
Arabidopsis thaliana plants, Columbia ecotype Col-0, were used for all experiments, 
including all the transgenic lines. The plt3, plt5, plt7, plt3plt5, plt3plt7 and 
plt3plt5plt7 mutants were generated as previously described [10, 18] and 
confirmed by using primers listed in Table S2. The plt5plt7 double mutant was 
generated by crossing plt3plt5plt7 and plt7 and confirmed by using primers listed in 
Table S2. The description of all constructs and transgenic lines used for this study is 
listed in Table S1. The PLT71.5 and LBD14 promoter fragments were cloned from Col-
0 background using primers (Biolegio) indicated in Table S2. A 5.8 kb PLT2 promotor 
fragment [16] was used to construct pPLT2::cPLT7:vYFP. pPLT3::GUS was 
constructed by fusing a 4.6 kb PLT3 promotor fragment [16] in front of GUS in 
pGreenII-0227 vector [19]. The cDNAs of PLT1, PLT2, PLT3, PLT4, PLT5, PLT7, WOX5, 
SCR and SHR was either cloned or used as described [20, 21]. All constructs in this 
study were generated by using Multisite Gateway technology (Invitrogen). 
Transformation was performed according to the floral dip method [22]. 
 
Plant growth conditions 
Seeds were fume sterilized in a sealed container with 100 ml bleach supplemented 
by 3 ml of 37% hydrochloric acid for 2-5 hours, then suspended in 0.1% agarose and 
imbibed at 4°C in the dark for 2 days. Seeds were plated on a growth medium 
consisting of half-strength Murashige Skoog salts (½ MS), 1% sucrose, 0.7% plant 
agar, MES (pH 5.8), 50 mg/ml ampicillin, and grown vertically in long day conditions 
(16 h light followed by 8 h of dark). For measuring rhizotaxis, plates were put 15 
degree to the vertical plane.  
 
Quantitative reverse transcription PCR (qRT-PCR) 
Total RNA from Col-0 (WT), plt3, plt5, plt7, plt3plt5, plt3plt7 and plt5plt7 roots at 5 
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d.p.g. was extracted using Spectrum Plant total RNA Kit (Sigma) and subjected to 
on-column DNase treatment. The cDNA was synthesized from 0.5 μg total RNA 
using odT18VN primer (Biolegio) and RevertAid M-MuLV reverse transcriptase 
(Biolegio). All samples were measured on technical duplicates or triplicates. 
Quantitative RT-PCR was performed by using 10 μM of gene-specific primers (Table 
S3) and Bio-Rad SYBR Green Supermix in a Bio-Rad CFX ConnectTM Real-Time 
System. ACTIN2 or UBC21 (UBIQUITIN-CONJUGATING ENZYME 21) was used to 
normalize the result. 
 
Root measurements 
Seedlings grown on ½ MS plates (15 degree to the vertical plane) until 7 d.p.g. were 
photographed to measure primary root length by using Image J software. To 
visualize the distribution of lateral root primordia/lateral roots (rhizotaxis), whole 
roots were dissected for histostaining of promoter-driven β-glucuronidase (GUS) 
activity [23]. Nomarski (DIC) images containing successive lateral root 
primordia/lateral roots were taken and LRP/LR distances measure by Image J.  
 
Phenotype Analysis and Microscopy 
Confocal laser scanning microscopy (CLSM) images were performed on a Zeiss LSM 
710 confocal laser scanning microscope. For visualizing lateral root primordia, 
samples were mounted in water or 15µM propidium iodide (PI) for 1-2 h or in 
15µM PI supplemented by 0.004% Triton X-100 for 20-40 min. Nomarski (DIC) 
images of lateral root primordia and root meristem were performed on a Zeiss 
photomicroscope III. Images were processed using Zeiss ZEN software and Adobe 
Photoshop CS6. 
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Table S1. List of constructs used in this study 
 

No. Constructs Vector Reference 
1 pPLT3::GUS pGreenII-0227 This Study 
2 pPLT71.5::cPLT1:vYFP  pGREENII-0227 This study 
3 pPLT71.5::cPLT2:vYFP  pGREENII-0227 This study 
4 pPLT71.5::cPLT3:vYFP  pH7m34GW This study 
8 pPLT71.5::cPLT4:vYFP  pH7m34GW This study 
9 pPLT71.5::cPLT5:vYFP  pH7m34GW This study 

10 pPLT71.5::cPLT7:vYFP  pGREENII-0227 This study 
11 pPLT71.5::cWOX5:vYFP  pH7m34GW This study 
12 pPLT71.5::cSCR:vYFP  pH7m34GW This study 
13 pPLT71.5::cSHR:vYFP  pH7m34GW This study 
14 pLBD14::cPLT7:vYFP pH7m34GW This study 
15 pPLT2::cPLT7:vYFP pH7m34GW This study 
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Table S2. List of primers used in this study 
 

No. Primer Name Primer Sequence (5’-3’) 
Truncated PLT promoter used for reporter constructs 

1 pPLT71.5-FW GGGGACAACTTTGTATAGAAAAGTTGAGTAGGTGAGTCACCTCGAGT
GAC 

2 pPLT71.5-RV GGGGACTGCTTTTTTGTACAAACTTGGCAAAAAAGATTGTAACTTTTT
TC 

LBD promoter fragments used for reporter constructs 

1 pLBD14-FW (~1.5kb) GGGGACAACTTTGTATAGAAAAGTTGAGTGCTTTTGCTTTTGCGACTG
C 

2 pLBD14-RV GGGGACTGCTTTTTTGTACAAACTTGGTCTCAAAACGTAATTATAATC 
PLT3 cDNA 

1 cPLT3-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGATGGCTCCGATGA
CGAACTG 

2 cPLT3-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGGTAAGACTGATTAGGCC
AGAG 

PLT4 cDNA (Hugo Hofhuis) 

1 cPLT4-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGAACTCGATGAATA
ACTGGTTAGGC 

2 cPLT4-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTTAGTGTCGTTCCAAACTG
AAAACGTTG 

PLT5 cDNA 

1 cPLT5-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGAAGAACAATAACA
AC 

2 cPLT5-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGTTCCAACCCAAAAACCG
GTG 

PLT7 cDNA 

1 cPLT7-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGCTCCTCCAATGA
CGAATTGC 

2 cPLT7-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGGTAAGACTGGTTAGGC
CACAAG 

WOX5 cDNA (Ikram Blilou) 

1 cWOX5-attFW GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGTCTTTCTCCGTGA
AAGGTCG 

2 cWOX5-attRV GGGGACCACTTTGTACAAGAAAGCTGGGTGAAGAAAGCTTAATCGA
AGATCTAATGGCGG 

Primers for genotyping plt mutant combinations 
1 PLT3F-TDNAT TTGTGATTTGCCATTGACTAAAGGT    
2 PLT3R-TDNAT GAAAACAGTCCAATGGTCTCACATC     
3 PLT5F-TDNAT ATCAAATTACGAATCTGAACT    
4 PLT5R-TDNAT TCATTCCAACCCAAAAACCGGTGTGTGC 
5 PLT7F-TDNAT CTGATAGACTTTGGTATATG 
6 PLT7R-TDNAT GACTGGTTAGGCCACAAGAAAAACTCAGC    
7 LBb1-3 ATTTTGCCGATTTCGGAAC 
8 LB2 GCTTCCTATTATATCTTCCCAAATTACCAATACA 
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Supplementary Data 
 

 
Figure S7.1-1 LR density and primary root length in plt mutant combinations. 
(A-B) LR density and primary root length in pPLT3::GUS marked WT, plt3plt5plt7, plt5 L-4, plt5 L-5, plt7 

L-3 and plt7 L-5 seedlings at 7 d.p.g. (n=20): (A) Total LRP/LR and emerged LR density (number/cm) 

and (B) Primary root length (mm). (C-D) LR density and primary root length in pPLT3::GUS marked WT, 

plt3plt5plt7, plt3 L-3, plt3 L-5, plt3plt5 L-2 and plt3plt5 L-3 seedlings at 7 d.p.g. (n=20): (C) Total LRP/LR 

and emerged LR density (number/cm) and (D) Primary root length (mm). (E-F) LR density and primary 
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root length in pPLT3::GUS marked WT, plt3plt5plt7, plt3plt7 L-1, plt3plt7 L-2, plt5plt7 L-3 and plt5plt7 

L-4 seedlings at 7 d.p.g. (n=20): (E) Total LRP/LR and emerged LR density (number/cm) and (F) Primary 

root length (mm). 

 

 

 
Figure S7.1-2 The type of LRP/LR clusters. 
(A) The difference of developmental stages from two LRP/LRs in one cluster: WT, plt3plt5plt7, plt3, 

plt5, plt7, plt3plt5, plt3plt7 and plt5plt7. (B and C) Histological GUS-Staining of pPLT3::GUS marked 

LRP/LRs in one cluster with different developmental stages: (B) The developmental stages of two 

LRP/LRs are similar and (C) The developmental stages of two LRP/LRs are largely different. The number 

in (B and C) indicates the distance of two successive LRP/LRs within the clusters. Scale bar: 100μm. 
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Figure S7.1-3 The 

frequency of LRP/LR 

clusters containing 

LRP/LRs at different 

developmental 

stages. 
Diagrams plotting the 

frequency of LRP/LR 

clusters containing 

LRP/LRs at different 

developmental stages 

in different plt 

mutant combinations. 

Columns and rows 

indicate shoot-ward 

and root-ward 

located LRP/LRs 

respectively. (A) WT, 

(B) plt3plt5plt7, (C) 

plt3, (D) plt5, (E) plt7, 

(F) plt3plt5, (G) 

plt3plt7 and (H) 

plt5plt7. 
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Figure S7.2-1 Primary root length PLT71.5-driven LRP-targeted PLT plt3plt5plt7 lines. 
Primary root length (mm) in pPLT3::GUS marked WT, plt3plt5plt7 and LRP-targeted PLT plt3plt5plt7 

lines (n=20). (A) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cPLT3:vYFP plt3plt5plt7 L-3 and pPLT71.5::cPLT3:vYFP 

plt3plt5plt7 L-5. (B) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cPLT7:vYFP plt3plt5plt7 L-4 and 

pPLT71.5::cPLT7:vYFP plt3plt5plt7 L-6. (C) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cPLT1:vYFP plt3plt5plt7 L-2 

and pPLT71.5::cPLT1:vYFP plt3plt5plt7 L-7. (D) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cPLT2:vYFP 

plt3plt5plt7 L-1 and pPLT71.5::cPLT2:vYFP plt3plt5plt7 L-3. (E) WT L-4, plt3plt5plt7 L-1, 

pPLT71.5::cPLT4:vYFP plt3plt5plt7 L-5 and pPLT71.5::cPLT4:vYFP plt3plt5plt7 L-6. (F) WT L-4, plt3plt5plt7 

L-1, pPLT71.5::cPLT5:vYFP plt3plt5plt7 L-1 and pPLT71.5::cPLT5:vYFP plt3plt5plt7 L-5. 
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Figure S7.2-2 LR density in PLT71.5-driven LRP-targeted PLT plt3plt5plt7 lines. 
Total LRP/LR and emerged LR density (number/cm) in pPLT3::GUS marked WT, plt3plt5plt7 and LRP-

targeted PLT plt3plt5plt7 lines (n=20). (A) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cPLT3:vYFP plt3plt5plt7 L-3 

and pPLT71.5::cPLT3:vYFP plt3plt5plt7 L-5. (B) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cPLT7:vYFP plt3plt5plt7 

L-4 and pPLT71.5::cPLT7:vYFP plt3plt5plt7 L-6. (C) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cPLT1:vYFP 

plt3plt5plt7 L-2 and pPLT71.5::cPLT1:vYFP plt3plt5plt7 L-7. (D) WT L-4, plt3plt5plt7 L-1, 

pPLT71.5::cPLT2:vYFP plt3plt5plt7 L-1 and pPLT71.5::cPLT2:vYFP plt3plt5plt7 L-3. (E) WT L-4, plt3plt5plt7 
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L-1, pPLT71.5::cPLT4:vYFP plt3plt5plt7 L-5 and pPLT71.5::cPLT4:vYFP plt3plt5plt7 L-6. (F) WT L-4, 

plt3plt5plt7 L-1, pPLT71.5::cPLT5:vYFP plt3plt5plt7 L-1 and pPLT71.5::cPLT5:vYFP plt3plt5plt7 L-5. 

 

 

 
Figure S7.2-3 LRP/LR clusters in PLT71.5-driven LRP-targeted WOX5, SHR and SCR plt3plt5plt7 lines. 

The number of LRP/LR clusters in pPLT3::GUS marked WT , plt3plt5plt7 and LRP-targeted WOX5, SHR 

and SCR plt3plt5plt7 lines at 7 d.p.g. (n=20). (A) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cWOX5:vYFP 

plt3plt5plt7 L-2, pPLT71.5::cWOX5:vYFP plt3plt5plt7 L-4, pPLT71.5::cSHR:vYFP plt3plt5plt7 L-10 and 

pPLT71.5::cSHR:vYFP plt3plt5plt7 L-11. (B) WT L-4, plt3plt5plt7 L-1, pPLT71.5::cSCR:vYFP plt3plt5plt7 L-3 

and pPLT71.5::cSCR:vYFP plt3plt5plt7 L-4.  
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Figure S7.2-4 LR density and primary root length in PLT71.5-driven LRP-targeted WOX5, SHR and SCR 

plt3plt5plt7 lines. 
(A-B) LR density and primary root length in pPLT3::GUS marked WT L-4, plt3plt5plt7 L-1, 

pPLT71.5::cWOX5:vYFP plt3plt5plt7 L-2, pPLT71.5::cWOX5:vYFP plt3plt5plt7 L-4, pPLT71.5::cSHR:vYFP 

plt3plt5plt7 L-10 and pPLT71.5::cSHR:vYFP plt3plt5plt7 L-11 seedlings at 7 d.p.g. (n=20): (A) Total 

LRP/LR and emerged LR density (number/cm) and (B) Primary root length (mm). (C-D) LR density and 

primary root length in pPLT3::GUS marked WT L-4, plt3plt5plt7 L-1, pPLT71.5::cSCR:vYFP plt3plt5plt7 L-

3 and pPLT71.5::cSCR:vYFP plt3plt5plt7 L-4 seedlings at 7 d.p.g. (n=20): (C) Total LRP/LR and emerged 

LR density (number/cm) and (D) Primary root length (mm).  
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Figure S7.3 LR density and primary root length in LBD14-driven PLT7 complemented WT and 
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plt3plt5plt7 lines. 
(A-C) LR density and primary root length in pPLT3::GUS marked WT L-4, plt3plt5plt7 L-1, 

pLBD14::cPLT7:vYFP WT L-2,  pLBD14::cPLT7:vYFP WT L-8, pLBD14::cPLT7:vYFP plt3plt5plt7 L-2 and 

pLBD14::cPLT7:vYFP plt3plt5plt7 L-5 lines at 7 d.p.g. (n=20): (A) Primary root length (mm), (B) Total 

LRP/LR and emerged LR density (number/cm) and (C) The density of LRP/LR clusters (number/cm). (D) 

Photo of WT, pLBD14::cPLT7:vYFP WT, plt3plt5plt7 and pLBD14::cPLT7:vYFP plt3plt5plt7 (from left to 

right) seedlings at 8 d.p.g.. (E) Statistic counting of the morphological type of LRP in different 

pLBD14::cPLT7:vYFP complemented plt3plt5plt7 lines. Scale bar: 1cm. 
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Figure S7.4 LR density and primary root length in PLT2-driven PLT7-complemented WT and 
plt3plt5plt7 lines. 
(A) Photo of WT, pPLT2::cPLT7:vYFP WT, plt3plt5plt7 and pPLT2::cPLT7:vYFP plt3plt5plt7 (from left to 

right) seedlings at 8 d.p.g.. (B-C) LR density and primary root length in pPLT3::GUS marked WT L-4, 

plt3plt5plt7 L-1, pPLT2::cPLT7:vYFP WT L-1,  pPLT2::cPLT7:vYFP WT L-3, pPLT2::cPLT7:vYFP plt3plt5plt7 

L-1 and pPLT2::cPLT7:vYFP plt3plt5plt7 L-6 lines at 7 d.p.g. (n=20): (B) Total LRP/LR and emerged LR 

density (number/cm) and (C) Primary root length (mm). Scale bar: 1cm. 
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In this thesis, we have investigated how PLT3, PLT5 and PLT7 prevent the initiation 
of primordia close to one another, thereby controlling the distribution of LRP and 
LRs, referred to as rhizotaxis (Figure 8.1) [1]. In addition, we have shown that LR 
outgrowth, involving the establishment of de novo LR meristem and tissues in an 
orthogonal axis to the parental roots, strictly requires PLT3, PLT5 and PLT7 (Figure 
8.2A).  

 
PLT3, PLT5 and PLT7 Control Rhizotaxis 
 
To quantify rhizotaxis more precisely than possible with morphological criteria, we 
exploited pPLT3::GUS or pLBD18::GUS markers to visualize the distribution of 
LRP/LRs, including those are developmentally “arrested or delayed” at early stages 
that may be morphologically indistinguishable to the xylem-pole-pericycle (XPP) 
cells. The positioning of LRP was shown to be controlled by the joint action of three 
partially redundant PLT transcription factors, PLT3, PLT5 and PLT7 [1]. Rhizotactic 
changes in plt3, plt5 and plt7 single mutants reveal that PLT3 and PLT7 are both 
prominent in inhibiting the formation of LRP/LR clusters, while PLT5 has less effects 
(Chapter 7). However, we found complicated effects in mutant combinations which 
do not support a simple linear input of all three genes in rhizotaxis. Roots in 
plt3plt7 double mutant do not show higher number of LRP/LR clusters than plt3 
and plt7 single mutants, indicating that PLT3 and PLT7 do not regulate rhizotaxis 
additively (Chapter 7). PLT5 loss-of-function is able to completely rescue the 
rhizotactic defect in plt7, but much less in plt3, indicating that the role of PLT7 in 
rhizotaxis is mediated by PLT5 and is at least partially different from the role of PLT3 
in regulating rhizotaxis (Chapter 7). However, PLT5 loss-of-function is not able to 
rescue the rhizotactic defect in plt3plt7 as plt3plt5plt7 still forms LRP/LRs clusters, 
suggesting that the PLT5 function in rhizotaxis may dependent on PLT3 (Chapter 7).  

Moreover, although PLT3, PLT5 and PLT7 transcription is not inhibited in all plt 
mutant roots, their transcript levels are altered (data not shown), suggesting that 
PLT3, PLT5 and PLT7 expression timing, domain and intensity in mutant roots may 
be changed and thereby become crucial for determining LRP initiation sites. In the 
future, it will be necessary to validate these specific PLT3, PLT5 and PLT7 
interactions in rhizotaxis by using other mutant alleles than the T-DNA alleles used 
here to test whether the effects are allele-specific. In addition, precise 
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spatiotemporal expression 
patterns of PLT3, PLT5 and PLT7 
in all single and double-mutant 
combinations may help to reveal 
the apparent regulatory 
complexities in rhizotaxis.  
 
Figure 8.1 PLT gene regulatory networks 
during LR development in Arabidopsis. 
Schematic representation of possible PLT 

mediated pathways acting in rhizotaxis 

(light blue box) and LR outgrowth (light 

yellow box). The most-likely zonation for 

PLT and LBD members to regulate 

rhizotaxis is the ‘presumed lateral 

inhibition zone’, where they repress 

and/or induce the formation of LRP/LR 

clusters. PR Meristem: Primary Root 

Meristem; TZ: Transition Zone; BM: Basal 

Meristem; EZ: Elongation Zone; OZ: 

Oscillation Zone; DZ: Differentiation 

Zone; FACD: First Asymmetric Cell 

Division; QC: Quiescent Center; LRC: 

Lateral Root Cap; Ep: Epidermis; Co: 

Cortex; En: Endodermis; Pe: Pericycle; 

XPP: Xylem Pole Pericycle; Va: 

Vasculature; LRFC: Lateral Root Founder 

Cell; LRP: Lateral Root Primordium; LR: 

Lateral Root. 

 
 
Tissue-specific PLT regulation of 
rhizotaxis 
PLT3 and PLT7 jointly regulate 
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rhizotaxis. However, the expression of their protein fusions is detected not only in 
LRP, but also in LRFCs and primary root meristem (Chapter 3 and data not shown) 
[1]. To determine in which spatial domain they regulate rhizotaxis, we used tissue-
specific promoters to drive PLT7 to complement plt3plt5plt7. We separated PLT 
functions in LRP, LRFCs and primary root meristem by using PLT71.5, LBD14 and PLT2 
promoters. In the future, tissue-specific complementation by using PLT3 is going to 
be valuable as PLT3 may regulate rhizotaxis through a (partially) distinct pathway 
from PLT7. 

The expression of the PLT71.5 promoter is initially detected at nuclear migration 
stage in LRFCs and remains on in LRP at later developmental stages (Chapter 3 and 
data not shown). PLT71.5-driven PLT7 is able to completely rescue the mutant 
rhizotaxis to the WT level (Chapter 7). In contrast, LBD14-driven PLT7 expression is 
detected in XPP cells as they move through the transition zone (TZ) up to the 
formation of Stage I LRP, including all LRFDs, but is not detected in the primordia 
that are older than Stage I (Chapter 7). Intriguingly, the expression of PLT7 in this 
region counteracts the formation of clusters in both WT and ptl3plt5plt7 roots 
(Chapter 7). The strong inhibition of LRP/LR clusters displayed in LBD14-driven PLT7 
roots indicates that PLT7 activity in LRFCs before nuclear migration stage may be 
mostly involved in preventing the formation of clusters (Figure 8.1). However, we 
cannot exclude the possibility that ectopic PLT7 function in other XPP cells may also 
participate in this inhibitory process. PLT7 expression driven by PLT71.5 and LBD14 
promoters overlaps in Stage I LRP and the LRFCs that accompanied with nuclear 
migration, suggesting that PLT7 activity in these regions may restrict the formation 
of LRP/LR clusters (Figure 8.1).  

To specifically induce PLT7 in the mutant primary root meristem, we used the 
PLT2 promoter, which is expressed only in root tips and excluded from LRFCs/LRP in 
plt3plt5plt7 (Chapter 3).  Using this promoter, no PLT7 expression is detected in the 
XPP cells in the transition zone (Chapter 7). Surprisingly, PLT7 induction in the 
plt3plt5plt7 primary root meristem partially complements the mutant rhizotactic 
defect. This may imply that factors induced by PLT7 in the primary root meristem 
influence rhizotaxis cell non-autonomously, possibly through a mobile signal or via 
influencing the intrinsic periodic mechanism that has been postulated to pre-
pattern LR initiation sites (Figure 8.1) [2-4]. 
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PLT specificity in rhizotaxis 
LRP-specific induction of different PLT members using the PLT71.5 promoter in 
plt3plt5plt7 reveals distinct abilities in rescuing mutant rhizotaxis (Chapter 7). 
Among six PLT members, PLT3 and PLT7 are most effective to inhibit the formation 
of LRP/LR clusters, PLT1 and PLT2 are moderately effective and PLT4 and PLT5 have 
the least rescuing ability (Chapter 7). This information can be used to compare 
different PLT target gene sets to filter out those are less likely involved in regulating 
rhizotaxis. In addition, complementation by using other root meristem regulators, 
including WOX5, SCR and SHR, under the PLT71.5 promoter are not able to rescue 
the mutant rhizotactic defects (Chapter 7), suggesting that the spatial changes of 
LRP/LR distribution in plt3plt5plt7 is not regulated via WOX5, SCR and SHR. Hence, 
WOX5/SCR/SHR target gene lists that partially overlap with PLT target gene lists can 
be subtracted to select possible downstream candidates in regulating rhizotaxis. 
 
Rhizotaxis is controlled by PLT upstream regulators 
We identified two LATERAL ORGAN BOUNDARIES DOMAIN (LBD) family members, 
LBD14 and LBD29 as potential PLT3, PLT5 and PLT7 upstream regulators that are 
involved in rhizotaxis (Chapter 5 and 6). LBD14 is expressed in the XPP cells 
shootward from the TZ up to the most newly formed LRP; LBD29 is expressed in 
LRFCs when they just flux through the elongation zone (EZ; Chapter 5). The initial 
activation of LBD14 and LBD29 in XPP cells and/or LRFCs temporally precedes 
detectable PLT3 and PLT7 initial activation. Moreover, the expression domain of 
these LBDs is consistent with our previous assumption that the spatial PLT activity 
in LRFCs may be most responsible for preventing the formation of LRP/LR clusters 
(Figure 8.1).  

To assess whether LBD14 and LBD29 regulate rhizotaxis, we analyzed T-DNA 
insertion lines (Chapter 6). The only available T-DNA insertion allele of lbd29 
mutant reveals a higher basal LBD29 transcription level in roots and thus may 
mimic an LBD29 overexpression line, however, it also attenuates LBD29 auxin 
inducible transcription which may lead to loss of regulation and hence of function 
(Chapter 6) [5]. Although the lbd29 mutant has an ambiguous nature, it reveals 
altered rhizotaxis similar to plt3plt5plt7 (Chapter 6), indicating that LBD29 protein 
activity may control rhizotaxis. In plt3plt5plt7 roots, LBD29 protein expression in 
the early differentiation zone seems expanded to more XPP cells (data not shown). 
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We speculate that those LBD29-marked cells may acquire competence to form LRP 
at later developmental stages, thereby forming LRP/LR clusters. In this scenario, a 
PLT3, PLT5 and PLT7 dependent activity may locally restrict LBD29 expression at the 
early differentiation zone (DZ), forming a feedback loop to restrict the number of 
LRFCs (Figure 8.1). In the future, a new loss-of-function lbd29 allele will be required 
to clearly dissect its role in rhizotaxis and its molecular link to PLT3, PLT5 and PLT7.  

The rhizotactic change in lbd29 mutant is eliminated by LBD14 loss-of-function, 
indicating that LBD14 is required for lbd29-induced LRP/LR clusters even though the 
lbd14 single mutant does not have a rhizotactic phenotype (Chapter 6). How LBD14 
coordinates rhizotaxis with PLT3, PLT5 and PLT7 remains elusive. Remaining 
questions are: (i) whether LBD14 loss-of-function is able to eliminate the rhizotactic 
defect in plt3plt5plt7 roots as in lbd29 roots, (ii) whether rhizotaxis is changed in 
LBD14 gain-of-function mutants and (iii) whether LBD14 locally affect spatial and 
temporal PLT3, PLT5 and PLT7 expression.  
 
PLT3, PLT5 and PLT7 Regulate LR Outgrowth 
  
LRP morphology is disrupted in plt3plt5plt7 roots 
We have demonstrated that, in plt3plt5plt7 roots, the first visible morphological 
defect appears from the transition phase between Stage I and II, when many 
central cells fail to set up periclinal cell division planes to enter into the next 
developmental stage (Chapter 3 and Figure 8.2A). At later stages, cells in 
plt3plt5plt7 LRP divide with abnormal cell division planes (Chapter 3 and Figure 
8.2A).  

In WT roots, LBD29 protein is largely absent in the primordia from Stage II 
onward (Chapter 5). However, LBD29 transcript remains in Stage II LRP, although it 
is gradually reduced later (Chapter 5). These data indicate that LBD29 protein is 
post-transcriptionally degraded in Stage II LRP. In plt3plt5plt7 roots, LBD29 protein 
still present in LRP at Stage II, indicating that its protein degradation is mediated by 
PLT3, PLT5 and PLT7 (Chapter 5). By using PLT71.5 promoter, continuous LBD29 
protein synthesis apparently overrides the protein degradation mechanism to 
maintain LBD29 protein in the primordia. Strong induction of LBD29 in WT LRP 
leads to the morphological changes, including defect in periclinal cell divisions, 
from the transition phase between Stage I and II onward, indicating that the 
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downregulation of LBD29 protein level inside the primordia at early developmental 
stages is crucial for their subsequent outgrowth (Chapter 6; Figure 8.1 and 8.2). 
 

 
Figure 8.2 PLT gene regulatory networks during LR outgrowth in Arabidopsis. 
(A) Schematic representation of possible PLT mediated pathways acting in LR outgrowth. The initial 

change of primordium morphology and marker expression in plt3plt5plt7 LRP starts from the 

transition phase between Stage I and Stage II. Stage III LRP comprises a region that overlaps the 

expression domain of key root meristem regulators as a predicted stem cell niche. (B) Schematic 

representation of primary root meristem morphology and tissue specificity. SCN: Stem Cell Niche; QC: 

Quiescent Center; CEI: Cotex/Endodermis Initial; Endo: Endodermis; Cor: Cortex; Epi: Epidermis; LRC: 

Lateral Root Cap; COL: Columella; SI: Stage I; SI-II: Transition Phase of Stage I to Stage II; SIII: Stage III; 

PR: Primary Root. Asterisks: COL initials; Arrows: Extra cell divisions in COL; Triangles: LRC layer in 

more distal (shootward) regions. 
 
Intriguingly, the LBD29-induced morphological alteration in WT LRP partially 

phenocopies morphological defects in plt3plt5plt7 mutants (Chapter 3). In addition, 
the LRP morphology in LBD29-induced plt3plt5plt7 LRP remains similar to the triple 
mutant (Chapter 3). Therefore, LBD29 may inhibit PLT3, PLT5 and PLT7 activity 
during LR development (Figure 8.1 and 8.2). To precisely correlate the quantitative 
change of LBD29 protein levels to the exact developmental stage that is crucial for 
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LR outgrowth, more thorough investigation of spatial and temporal LBD29 protein 
dynamics is required in the future.  
 
PLTs are required for de novo LR tissue and meristem establishment 
In plt3plt5plt7 LRP, meristem specific genes PLT1, PLT2 and PLT4 are not induced, 
thereby forming a PLT null mutant in context of LRP (Chapter 3). This mutation 
presents the unique opportunity to study the collective role of the AIL/PLT clade 
during LR development. In ‘PLT null’ LRP, key tissue patterning genes are either not 
induced or not appropriately expressed, including WUSCHEL-RELATED HOMEOBOX5 
(WOX5), SCARECROW (SCR), SHORT-ROOT (SHR), FEZ, SOMBRERO (SMB) and 
WEREWOLF (WER; Chapter 3; Figure 8.2A). Moreover, PLTs are required for the 
correct spatial auxin distribution and properly patterned PIN-FORMED (PIN) 
expression, auxin efflux carriers (Chapter 4; Figure 8.2A).  

Tissue- and meristem-specific genes show distinct dynamic expression patterns 
during WT LR development, suggesting that tissue identity is gradually established 
and precisely patterned as primordia develop (Chapter 3). Important stem cell 
niche regulators, including WOX5, PLTs, SHR and SCR, are mostly all expressed in 
Stage III or IV primordia, suggesting that the assembly of a new stem cell niche 
occurs around these stages (Figure 8.2A). This is consistent with previous 
observations that a Stage III or IV primordium is able to develop autonomously due 
to the initiation of meristematic activity [6]. Notably, tissue patterning is specifically 
disrupted in ‘PLT null’ LRP from the transition phase between Stage I and Stage II 
(Chapter 3; Figure 8.2A), which is coincident with the time window for the initial 
morphological defect in plt3plt5plt7 LRP, as well as in the WT LRP with excessive 
LBD29 proteins (Chapter 6).  

In stark contrast to the PLT specificities in the complementation of rhizotactic 
defects of the triple mutant, PLT members have equivalent abilities to induce LR 
outgrowth. Reintroduction of any of the PLT members back into plt3plt5plt7 LRP 
from Stage I onward re-established mutant LR morphology, tissue specificity and 
meristem to the WT level (Chapter 3). Induction of other important PLT-dependent 
root meristem regulators, including WOX5, SCR and SHR [7, 8], in mutant LRP all 
failed to completely complement the outgrowth defects (Chapter 3). It will be 
interesting to test whether combined activation of these and other PLT targets with 
important roles in patterning can partially substitute for pattern formation defects 
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in absence of PLT genes. 
LBD14-driven PLT7 induction in plt3plt5plt7 LRFCs and newly formed Stage I 

LRP is in many cases not sufficient to complement the LR outgrowth defect as the 
morphology of only half of the primordia is rescued to the WT level (Chapter 7). 
This is consistent with the time window for the initial morphological change, as well 
as the expression change of tissue-specific markers, in the triple mutant LRP at the 
transition phase between Stage I and II (Chapter 3 and Figure 8.2A). 
Complementation experiments using suitable stage-specific promoters to drive PLTs 
in plt3plt5plt7 LRP are valuable to dissect the exact time window when PLTs are 
required for various aspects of LR outgrowth, such as radial patterning and 
specification of the stem cell niche.  
 
PLT-mediated LR outgrowth is primordium-specific 
LR initiation in plt3plt5plt7 mutant may to large extent be intact. Mutant LRP at 
early Stage I, which encompasses nuclear migration in LRFCs and their subsequent 
asymmetrical cell divisions, show similar primordia morphology, tissue specificity 
and auxin response as in the WT (Chapter 3 and 4). The expression patterns of 
possible PLT3, PLT5 and PLT7 upstream regulators LBD14, LBD18 and LBD29 in the 
triple mutant during LR initiation resembles those observed in the WT (Chapter 5). 
Recently, it has been reported that auxin mediated mechanical feedback from 
endodermal cells through volume loss accommodates the turgidity of the 
underlying LRFCs, allowing subsequent cell divisions to initiate LRP [9-11]. In 
plt3plt5plt7 roots, PIN3 expression pattern in the endodermis overlying LRFCs and 
the mutual geometric changes between LRFCs and overlaying endodermal cells 
during LR initiation is similar to WT (data not shown), suggesting that the 
interactive crosstalk between LRFCs and endodermis is not disrupted by PLT3, PLT5 
and PLT7 loss of function.  

Similar to LR initiation, LR emergence in plt3plt5plt7 seems to be unaffected. 
Auxin response and the expression pattern of several LR emergence associated 
regulators, including PIN3, LBD18 and LBD29 [5, 12-16], are similar as in the WT 
(Chapter 4 and 5). Taken together, the PLT3-, PLT5-, and PLT7-dependency of LR 
outgrowth is specific for cells within the primordia. Further functional analysis of 
PLT target gene networks in LRP/LRs will help to understand the mechanisms that 
underlie developmental plasticity and self-organization during primordium 
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formation.  
 

PLT-mediated Rhizotaxis is Independent from PLT-mediated LR Outgrowth  
Several of our observations indicate that PLT-mediated LR outgrowth is separable 
and independent from PLT-mediated rhizotaxis. First, PLT-mediated rhizotaxis 
occurs earlier than PLT-mediated LR outgrowth (Figure 8.1). The outgrowth defect 
of plt3plt5plt7 LRP starts from the transition phase between Stage I and II (Chapter 
3), while rhizotaxis seems mainly controlled by PLT functions in Stage I LRP and/or 
LRFCs (Chapter 7). Second, from our mutant analysis, LR outgrowth in plt3, plt7 and 
plt3plt5 roots is not impaired as the development of two successive LRP/LRs within 
a cluster is not inhibited by the cluster formation, yet rhizotaxis in these mutants is 
altered (Chapter 7). Third, in PLT71.5-driven PLT4 and PLT5 complemented 
plt3plt5plt7 roots, primordium outgrowth is rescued while the rhizotactic defect 
still largely remains (Chapter 7). Fourth, the outgrowth defect in 
pLBD14::cPLT7:vYFP plt3plt5plt7 roots is not fully restored, however the rhizotactic 
defect is.   
 
Sequential regulation of rhizotaxis 
In primary root tips, an oscillatory gene activity has been described in the 
oscillation zone (OZ), which encompasses the basal meristem (TZ) and EZ (Figure 
8.1) [2-4]. At the tissue-specific level, an auxin responsive reporter construct driven 
by the synthetic DR5 (DIRECT REPEAT5) promoter suggests that an initial oscillatory 
auxin maximum occurs in xylem pole cells (underlying XPP cells) in the basal 
meristem (Figure 8.1) [4]. Therefore, XPP cells may receive signals during the 
oscillation to prepare them for LR initiation, a process that has also been termed 
priming (Figure 8.1) [3]. After the oscillation, LR pre-branch sites are created, 
although they are not all necessarily recruited (Figure 8.1) [2, 3]. However, only 
pairs of abutted pericycle cells are specified as LRFCs even though OZ encompasses 
more XPP cells at opposing poles, indicating that other mechanisms may exist to 
refine and/or restrict the final initiation site of LRP during and/or later than the 
oscillation (Figure 8.1) [2, 3].  

We have obtained several clues indicating that LBD14 and LBD29 are involved 
in specifying primordium initiation sites. The expression domain of LBD14 protein in 
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XPP cells spatiotemporally follows the basal meristem (Chapter 5), where a 
recurrent auxin maximum initiates [4]. And its expression domain extends to the 
early DZ where the first Stage I LRP is formed (Chapter 5). The initial LBD29 
expression is detected in LRFCs when they just flux through the EZ (OZ) (Chapter 5), 
serving as a molecular marker for newly specified LRFCs. Functional analysis of lbd 
mutant alleles show that LBD29 needs LBD14 to control rhizotaxis, suggesting that 
they may act together to determine the initiation site (Figure 8.1).  

PLT3, PLT5 and PLT7 may directly function downstream of LBD14 and LBD29 to 
locally restrict the formation of LRP/LR clusters in LRFCs and/or Stage I LRP after the 
oscillation (Figure 8.1). First, our yeast one-hybrid results show that LBD14 and 
LBD29 can directly bind to PLT3, PLT5 and PLT7 promoters. Second, the activation of 
PLT3, PLT5 and PLT7 is detectable at later stages than LBD14 and/or LBD29. PLT3 
protein expression is detected in the LRFCs that is earlier than nuclear migration 
stage which seems later than LBD29 activation; while PLT7 protein expression is 
detected along with nuclear migration (data not shown). Although PLT5 protein 
expression is detected along with nuclear migration [1], its detailed expression 
before this stage is currently not known. Third, LRP/LRs are often clustered in 
several plt3, plt5 and plt7 mutant combinations, indicating that PLT members 
inhibit ‘extra’ LRP/LRs to be formed nearby to the existing primordium. Finally, our 
tissue-specific complementation experiments suggest that rhizotaxis may be mainly 
controlled by PLT functions in LRFCs and/or Stage I LRP. This is consistent with 
previously assumed functional expression domain of LBD14 and LBD29 (Figure 8.1).  

We do not exclude the possibility that PLT3, PLT5 and PLT7 regulate rhizotaxis 
through influencing oscillation. Lately, it has been shown that a local auxin source in 
lateral root cap (LRC), which is probably released from the cells at most distal edge 
of the root cap via programmed cell death, modulates oscillation amplitude, 
thereby determining LR prebranch sites [17-19]. Our tissue-specific 
complementation experiments in plt3plt5plt7 driven by PLT2 promoter reveals local 
PLT functions in primary root tip partially regulates rhizotaxis (Chapter 7). The PLT2 
promoter, as well as PLT3 and PLT5 their native promoters, are expressed in LRC, 
potentiating PLT roles in LRC to regulate oscillation. In line with this, plt3plt5plt7 
primary root tips display a LRC defect, where mutant LRC cells are more ‘sticky’ to 
the main root cylinder (data not shown; Figure 8.2B). In addition to this phenotype, 
mutant columella (COL) cells often display extra cell divisions anticlinally, 
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periclinally and/or obliquely, and COL initial cell numbers seems one less than the 
WT (data not shown; Figure 8.2B). Notably, these defects are complemented by 
PLT2-driven PLT7 activities in plt3plt5plt7 primary root tips (data not shown). 
Moreover, another LBD family member (LBD13) has also been identified as 
potential PLT upstream regulator, as it is predominantly expressed in LRC and 
epidermis (non-root hairs) in meristematic region (Chapter 5). Finally, all of the 
interested LBD genes and the PLT genes are not in the oscillation gene list [2], which 
rules out their roles in responding the oscillation. All these observations make it 
important to probe in the future whether the oscillation is changed in lbd and plt 
mutants. 

Local LFRC- and/or Stage I LRP-specific PLT3, PLT5 and PLT7 regulation of 
rhizotaxis may not involve auxin signalling. In plt3plt5plt7 roots, the expression of 
both DR5 and PIN in LRFCs, Stage I LRP at early phase and their surrounding tissues 
seems unchanged, suggesting that auxin response and distribution in these tissues 
may not be altered (Chapter 4). Moreover, an artificial increase of auxin 
biosynthesis, by inducing an auxin biosynthetic gene YUCCA4, in LRFCs and Stage I 
LRP do not introduce dramatic rhizotactic changes both in WT and plt3plt5plt7 
roots (data not shown). In addition, BDL transcription in the mutant roots remains 
similar to the WT (data not shown). These observations indicate that rhizotaxis may 
not controlled by a mechanism that strongly resembles the auxin biosynthesis-
dependent role of PLTs in phyllotaxis  [20]. 
 
Sequential regulation of LR outgrowth 
Auxin-dependent degradation of SOLITARY ROOT (SLR)/INDOLE ACETIC ACID 14 
(IAA14) protein de-represses its downstream transcription factors AUXIN RESPONSE 
FACTOR7 (ARF7) and ARF19, allowing the initiation of LRs [21-23]. Both dominant 
negative slr-1 and loss-of-function arf7arf19 mutants do not form LRP as a result of 
blocking formative XPP cell divisions at the G1-to-S transition [22]. Overexpression 
of genes regulating G1-to-S transition does not lead to LR initiation in slr-1 mutant 
roots, but induces pericycle cell divisions, indicating that LR initiation requires not 
only cell cycle activation but also cell fate specification [24]. From our experimental 
results, PLT3, PLT5 and PLT7 loss-of-function does not preclude LR initiation, 
although LR initiation sites are influenced. This indicates that mechanisms to build 
LRFCs, rather than to specify/position LRFCs, are not dependent on PLT3, PLT5 and 
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PLT7. Therefore, PLT3, PLT5 and PLT7 temporally separate the process of LR 
initiation from de novo LR tissue and meristem establishment (Figure 8.1).  

Two groups of PLT members are sequentially induced during LR outgrowth. 
Early-expressed PLT3, PLT5 and PLT7 are activated before/along with LR initiation, 
and late-expressed PLT1, PLT2 and PLT4 are activated at/after Stage II LRP (Chapter 
3). Although all PLT members have an equivalent potential to activate LR outgrowth 
when induced at an appropriate stage (Chapter 3), we do not know the explicit 
roles of ‘late’ PLTs in this process. PLT3, PLT5 and PLT7 loss-of-function do not 
completely block outgrowth for all LRP as few LRs are still able to emerge from 
parental roots in plt3plt5plt7 [1]. In these ‘escaped’ LRs, expressions of PLT1, PLT2 
and PLT4 are reinstalled (data not shown), suggesting that other mechanisms may 
exist to bypass the requirement of PLT3, PLT5 and PLT7 to induce LR outgrowth, 
probably through the activation of PLT1, PLT2 and PLT4.  

After LR initiation, PLT3, PLT5 and PLT7 may act as a faucet to transduce auxin 
response for continuous LR outgrowth. PLT3, PLT5 and PLT7 act downstream of 
ARF7 and ARF19 [1]. Expression of these PLT genes during LR development requires 
ARF7 and ARF19, and the reintroduction of PLT activity suffices to rescue LR 
formation in arf7arf19 roots [1]. Moreover, PLT3, PLT5 and PLT7 are required for 
restricting both the magnitude and the spatial domain of auxin response (Chapter 
4). Auxin response in plt3plt5plt7 LRP is not repressed but rather increased from 
Stage II in an aberrantly expanded domain, although it is decreased in LRP at late 
developmental stages (Chapter 4; Figure 8.2A). In line with this, auxin responsive 
genes LBD18 and LBD29 acting upstream of PLT3, PLT5 and PLT7, as well as PLT3, 
PLT5 and PLT7 promoters, still positively respond to auxin in plt3plt5plt7 LRP 
(Chapter 6). Therefore, auxin signalling upstream of PLT3, PLT5 and PLT7 may stay 
intact in the mutant primordia. In addition, both exogenous and endogenous 
induction of auxin in plt3plt5plt7 roots is not sufficient to overcome mutant LR 
outgrowth defects and their tissue specificity (Chapter 4). Finally, the polarization 
and the expression of PINs is gradually diminishing in plt3plt5plt7 LRP from Stage II 
onward, and forced PIN expression in mutant primordia is not able to rescue LR 
outgrowth defect (Chapter 4). All these findings indicate that auxin response 
downstream of PLT3, PLT5 and PLT7 during LR outgrowth may be impaired. 
 
The discussion so far has been focused on intrinsic regulatory mechanisms that may 
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associated with PLT functions during LR development. We do not rule out the 
possibility that environmental inputs are able to be perceived and integrated into 
PLT networks to coordinate and shape root system architecture. In the future, it will 
be mandatory to know how the PLT network responds under more natural 
circumstances. Recently, rapid progress has been made to dissect gene regulatory 
networks during LR development based on large transcriptomic data sets, like 
VisuaLRTC and TDCor [25, 26]. The predicted network topology may facilitate the 
dissection of molecular networks underlying LR development [27]. Moreover, 
modeling and advanced four-dimensional imaging technique provide more accurate 
means to couple dynamic LR development and gene regulatory networks and to 
explore new connections from a biophysical perspective [13, 28, 29]. In the future, 
combination of these new approaches with traditional experimental studies will 
lead to a more detailed understanding of the dynamic regulatory networks that 
control LR development. 
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Summary in English 
 
This thesis work focuses on revealing the underlying molecular network of how 
redundant PLETHORA (PLT) genes, encode APETALA2 (AP2)-domain transcription 
factors, jointly control rhizotaxis and lateral root (LR) outgrowth. Chapter 2 
describes the phenotype of plt3plt5plt7 loss-of-function mutant, in which 
successive lateral root primordia (LRP) are frequently grouped in close longitudinal 
or radial clusters and LR outgrowth is impaired. PLT3, PLT5, and PLT7, are expressed 
in incipient LRP and their expression requires AUXIN RESPONSIVE FACTOR7 (ARF7) 
and ARF19. In Chapter 3, we found in plt3plt5plt7 LRP, LR outgrowth is disrupted 
from the Stage I to II transition phase, when central cells fail to induce formative 
cell divisions to define the stage-specific layers. Moreover, expressions of key root 
tissue-specific and meristematic genes are mis-regulated from the Stage I to II 
transition phase in the mutant primordia, indicating that PLT3, PLT5 and PLT7 are 
‘bottleneck’ genes to activate the orthogonal program of de novo LR tissue and 
meristem establishment. Chapter 4 reveals that auxin response is not blocked in 
plt3plt5plt7 LRP, but that PLT3, PLT5 and PLT7 restrict both the magnitude and the 
spatial domain of auxin response and are required for the maintenance of properly 
patterned and polarized PIN expression. In Chapter 5, we identified three LATERAL 
ORGAN BOUNDARIES DOMAIN (LBD) family members (LBD14, LBD18 and LBD29) as 
direct PLT3, PLT5 and PLT7 promoter binding proteins that are potentially 
associated with LR initiation. Chapter 6 characterizes the biological functions of 
LBD14, LBD18 and LBD29 genes. Overexpression of any of the three LBD genes can 
induce either PLT3 or PLT7 expression. Auxin negatively regulates LBD14 
transcription and degrades its protein, while auxin positively regulates LBD18 and 
LBD29 transcription. LBD14 acts together with LBD29 to control rhizotaxis. 
Excessive LBD29 protein at early LR developmental stages induces morphological 
defects that partially resemble to plt3plt5plt7 LRP. In Chapter 7, we identified 
distinct and tissue-specific roles of PLT3, PLT5 and PLT7 in rhizotaxis. PLT3 and PLT7 
are most effective to inhibit LRP/LR clustering, while PLT4 and PLT5 are least 
effective. The activation of PLT7 in the elongation zone and early differentiation 
zone strongly inhibits the formation of spatially grouped LRP/LRs. Moreover, PLT7 
function in primary root meristem may partially control LR initiation site.  
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Samenvatting in het Nederlands 
 
Het werk beschreven in dit proefschrift richt zich op het moleculaire netwerk dat, 
via de redundante PLETHORA (PLT) genen die voor APETALA2 (AP2)-domein 
transcriptiefactoren coderen, de positionering en uitgroei van zijwortels reguleert. 
Hoofdstuk 2 beschrijft plt3plt5plt7 mutanten, waarin opeenvolgende 
zijwortelprimordia clusters vormen met verstoorde uitgroei. PLT3, PLT5 en PLT7 
komen in vroege zijwortelprimordia tot expressie afhankelijk van AUXINE 
RESPONSIVE FACTOR7 (ARF7) en ARF19. In hoofdstuk 3 beschrijven we in detail de 
veranderingen die optreden in plt3plt5plt7 zijwortelprimordia en laten zien dat 
uitgroei en genexpressie vanaf de Stadium I – Stadium II transitie zijn verstoord. Wij 
concluderen dat PLT3, PLT5 en PLT7 ‘bottleneck’ genen zijn voor de initiatie van een 
nieuwe groei-as. Hoofdstuk 4 beschrijft de transcriptionele reactie op auxine 
ophoping en PIN polar auxine transportexpressie in plt3plt5plt7 mutanten. In 
hoofdstuk 5 identificeren wij drie LATERAL ORGAN BOUNDARIES DOMAIN (LBD) 
transcriptiefatoren die binden aan PLT3, PLT5 en PLT7 promotoren en mogelijk 
betrokken zijn bij zijwortelinitiatie. Hoofdstuk 6 karakteriseert deze factoren, 
LBD14, LBD18 en LBD29, met betrekking tot auxine regulatie en functie in de 
positionering van zijwortelprimordia. In Hoofdstuk 7 bestuderen we de rol van 
PLT3, PLT5 en PLT7 in de positionering van zijwortelprimordia in detail. PLT3 en PLT7 
blijken het meest efficiënt in het voorkomen van clustervorming, terwijl PLT4 en 
PLT5 het minst efficiënt zijn. Activering van PLT7 in de vroege elongatie- en 
differentiatiezone blijkt clustervorming sterk te remmen, maar PLT7 lijkt ook in het 
hoofdwortelmeristeem betrokken te zijn bij de regulatie van zijwortelinitiatie. 
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