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Organ formation in animals and plants relies on precise control of cell state transitions to turn stem cell daughters into fully
differentiated cells. In plants, cells cannot rearrange due to shared cell walls. Thus, differentiation progression and the
accompanying cell expansion must be tightly coordinated across tissues. PLETHORA (PLT) transcription factor gradients are
unique in their ability to guide the progression of cell differentiation at different positions in the growing Arabidopsis thaliana
root, which contrasts with well-described transcription factor gradients in animals specifying distinct cell fates within an
essentially static context. To understand the output of the PLT gradient, we studied the gene set transcriptionally controlled
by PLTs. Our work reveals how the PLT gradient can regulate cell state by region-specific induction of cell proliferation genes
and repression of differentiation. Moreover, PLT targets include major patterning genes and autoregulatory feedback
components, enforcing their role as master regulators of organ development.

INTRODUCTION

Plant and animal organ growth require coordination of cell divi-
sion, growth, and differentiation to maintain tissue integrity. Cells
in animal tissues can rearrange by preferential cell-cell inter-
actions, which provide an extra mechanism for tissue-level co-
ordination, but plant cells have fixed positions in the tissue due to
shared cell walls, which highlights the importance of positional
information toguidecell differentiation. Plantgrowth ismaintained
from organized groups of dividing cells in meristems. At the heart
of the rootmeristem lies the stemcell nichewhere, mitotically less
active quiescent center (QC) cells act as an organizer to maintain
the surrounding stem cells that in turn produce transit amplify-
ing daughter cells. During growth, cells undergo transitions from
division toward expansion and differentiation in distinct devel-
opmental zones and interactions between plant growth factors of
the auxin and cytokinin classes play an important role in this

process (Heidstra and Sabatini, 2014). In addition, root meristem
growth factor (RGF) peptides and their receptors (RGFRs) as well
as nuclear GROWTH-REGULATING FACTOR (GRF) corepressor
proteins regulate meristematic activity by influencing the activity
of PLETHORA (PLT) proteins (Matsuzaki et al., 2010; Rodriguez
et al., 2015; Ou et al., 2016; Shinohara et al., 2016).
PLT proteins form gradients by mitotic distribution and short

distance cell-to-cell movement of the proteins from a stem cell
centered transcriptional domain (Mähönen et al., 2014). Ex-
pression of PLT genes, also called AINTEGUMENTA-LIKE (AIL)
genes, is restricted to developing tissues in roots and shoots, and
controls outgrowth and patterning of organ primordia (Prasad
etal., 2011;KrizekandEaddy,2012;Hofhuis etal., 2013). ThePLT/
AIL family comprises a subclade of six transcription factors that
are members of the double APETALA2/ETHYLENE RESPONSE
FACTORdomain family (Aida et al., 2004;Nole-Wilson et al., 2005;
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Galinha et al., 2007; Horstman et al., 2014; Mähönen et al., 2014).
In the root meristem, four PLT members, PLT1/AIL3, PLT2/AIL4,
PLT3/AIL6, and BBM/PLT4/AIL2, partly overlap in their tran-
scriptional domains and function redundantly to maintain cell
division and prevent cell differentiation (Galinha et al., 2007). In
addition, these genes are required for the expression of QC
markers at the correct position within the stem cell niche (Aida
et al., 2004), which also requires the activity of the SHORTROOT-
SCARECROW pathway that has a major role in radial tissue
patterning (Helariutta et al., 2000; Wysocka-Diller et al., 2000;
Nakajima et al., 2001; Sabatini et al., 2003).PLT3,PLT5/AIL5, and
PLT7/AIL7 are expressed in lateral root founder cells and in the
shoot apical meristem, where they function redundantly in the
positioning and outgrowth of lateral organs (Prasad et al., 2011;
Hofhuis et al., 2013). In addition, PLT2,BBM/PLT4, andPLT5have
the remarkable capacity to ectopically initiate the formation of
specific organs and somatic embryos (Boutilier et al., 2002;
Galinha et al., 2007; Tsuwamoto et al., 2010). In line with the
observed genetic redundancy in the PLT/AIL clade, similar DNA
binding sites for PLT1 and PLT3 have been reported based on
DNA affinity purification sequencing (DAP-seq) (O’Malley et al.,
2016), and PLT5 was shown to be able to bind an ANT binding
consensus sequence by electrophoretic mobility shift assay
(Nole-Wilson and Krizek, 2000; Yano et al., 2009).

The PLT proteins involved in regulating division and differen-
tiation are expressed in a gradient within the primary root, act in
a dose-dependent manner (Galinha et al., 2007), and their local
concentration defines thresholds for cell division and differenti-
ation (Mähönen et al., 2014). Here, we investigate large-scale
transcriptional programs redundantly regulated by the PLT pro-
teins and show that they promote transcription of cell division and
growth-related genes in their expression domain and repress
differentiation genes. We determine direct targets and show that
PLTs act as direct activators of cell division and growth programs
through similar bindingmotifs. Collectively, our data indicate how
transcriptional activation and repression can translate the PLT

gradient in different output domains, suggesting how this gradient
can coordinate growth, division, and differentiation.

RESULTS

PLTs Regulate a Common Set of Genes

The overlapping expression domains of PLT transcription factors
together with protein sequence similarity in DNA binding domains
and partial genetic redundancy suggest that they share targets. In
support of a common set of targets, we confirmed and extended
previous experiments by showing that each PLT member, when
driven by the PLT2 promoter, can (partially) rescue the short root
phenotype of the plt1 plt2 double mutant (Galinha et al., 2007)
(Supplemental Figure 1A).
To identify genes regulated by each PLT member independent of

their expression domain, we employed a constitutive promoter-
driven inducible system in which PLT is fused to the glucocorticoid
receptor (GR;Schenaet al., 1991) hormonebindingdomain (Pro35S:
PLT-GR). ThePLT-GR fusions are sequestered in the cytoplasmand
6 h after dexamethasone (DEX)-induced nuclear translocation, we
profiledgeneexpressionchanges inwholeseedlings (Figure1). In this
time frame, roots do not show the typical zonation changes that are
observedafterprolonged inductionofeachof thePLTgenes (Figures
1B and 1C; Supplemental Figures 1B and 1C). Interestingly, each
gene set regulatedby adistinct PLTprotein consistedof about equal
amounts of activated and repressed genes, suggesting that PLT
transcription factors have twodistinct roles (Supplemental Figure 1D
and Supplemental Data Set 1). The data further indicated that PLTs
regulate a common set of genes, with 62% shared by at least two
PLTs and 39% shared by at least three (Figures 1D and 1E;
Supplemental Figure 1E and Supplemental Data Set 1). Gene On-
tology (GO) term enrichment analysis on the pooled activated genes
supported the role of PLTs in promoting primary growth processes,
such as DNA replication, DNAmetabolism, and cell cycle regulation
(Figure 1F; Supplemental Data Set 2). Repressed genes, instead,
were enriched for categories related to cell expansion and differ-
entiation, suchascellwall biogenesisororganization, and trichoblast
differentiation (Figure 1F; Supplemental Data Set 2). Interestingly, we
noted some of the same defense-related categories for PLT-
repressed genes as the recent transcriptomics profiling study on the
ant plt3 doublemutant inflorescences, suggesting a role for PLT/AIL
genes in controlling defense pathways (Krizek et al., 2016).

The PLT Gradient Separates Transcriptional Responses in
the Root

PLT1,PLT2,PLT3,andBBM/PLT4concentrations in theprimary root
are at the highest level in the stem cell niche and progressively de-
creasealong thecell divisionzoneuntil cells reach theexpansionand
differentiation zone. PLT activity controls each of these zone
boundaries (Aida et al., 2004; Galinha et al., 2007; Mähönen et al.,
2014). Given the shape and function of the PLT gradient and the
similar numbers of downstream activated and repressed genes, we
asked whether PLT-regulated genes were expressed at different
specific locations in the root.Wemappedall PLT-regulatedgeneson
an established gene expression atlas of the root (Brady et al., 2007)
that provides both a longitudinal and a tissue-level perspective.
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PLT-activated genes are preferentially expressed in the meristem
divisionzone(1303outof2028genes [64%]showhighestexpression
inL1-6),whilePLT-repressedgenesmostly showhighest expression
outside of the PLT gradient domain, in the elongation and differen-
tiationzones (1317outof2221genes [59%]showhighestexpression
in L7-12) (Figure 2). These results are consistentwith theGOanalysis
indicating PLT-mediated growth promoting effects. Activated genes
withhighest expression in thedifferentiationzone (L7-L12)aremostly
related to auxin biosynthesis and metabolism (Supplemental Data
Set 2), suggestive of their activation by PLT during the lateral root
initiation processes. Focusing on the repressed genes with the
highest expression in the meristem (L1-L6) delivered GO terms re-
lated to differentiation consistent with gradual derepression of dif-
ferentiation-related genes (Supplemental Data Set 2).

The columella (Col) section represents root cap tissue con-
sisting of both dividing anddifferentiating cells (Brady et al., 2007),
explaining the presence of both PLT-activated (315 out of
2028 genes [16%] show highest expression in Col) and PLT-
repressed genes (395 out of 2221 genes [18%] show highest
expression in Col).

Interestingly, we noted a pronounced accumulation of PLT-
activated genes in the L2,whereasPLT transcript andPLTprotein
levels peak around the QC region within the L1 (Figure 2A;
Mähönen et al., 2014). Plotting these PLT-activated genes at the
tissue-specific level shows accumulation of genes expressed in
the meristematic xylem (S4) not correlated with PLT transcript
accumulation (Supplemental Figure 2), suggesting either the in-
volvement of cooperative tissue-specific factors that regulate
these gene expression patterns or that these represent secondary
response genes. These results support the role of PLTs in pro-
motingcell divisionand inhibitingcell differentiationalong the root,
translating gradient information into transcriptional changes that
guide zonation.

PLTs Regulate Auxin Biosynthesis and Transport in the QC

The expression of PLT1, PLT2, PLT3, andBBM/PLT4 peaks in the
QC that acts as a stem cell organizer at the center of the root stem
cell niche. To probe the physiological response in these highly
specialized cells, we chose to test PLT2 because of the dramatic

Figure 1. PLTs Activate and Repress Shared Gene Sets.

(A) Schematic representation of the induction experiment to identify genes regulated by each PLT protein. Constitutively expressed PLT-GR fusions
sequestered in the cytoplasm were translocated to the nucleus upon DEX induction followed by gene expression profiling after 6 h in whole seedlings.
(B)Rootsdisplaymeristemexpansiononlyafter 6hofDEX-inducedPro35S:PLT2-GRoverexpression. Themeristemzone fromQC (white arrowhead) to the
first rapidly elongatingcortexcell (blackarrow) is followedby theelongation zoneup to thefirst emerging roothair (blackarrowhead). Five-day-old seedlings.
Bar = 50 mm.
(C) Quantification of meristem (M) and elongation zone (EZ) size in roots in time upon DEX-induced Pro35S:PLT2-GR overexpression. Means + SD are
represented.
(D) and (E)Overlap among gene sets activated (D) and repressed (E) by each PLT-GR fusion protein upon 6 h of DEX induction (Supplemental Data Set 1).
Link width signifies the number of shared regulated genes.
(F) Selected significant GO terms for PLT-regulated genes (Supplemental Data Set 2). P < 2.04 3 10216, Fisher’s exact test.
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phenotypes conferred upon its ectopic expression and in knock-
outcombinationswithotherPLTmembers (Galinhaetal., 2007).We
employed the induciblePLT2-GR fusion, under its native promoter,
to identify PLT2-regulated genes in the QC in the plt1 plt2 back-
ground (Figure 3). Following 1 and 4 h of DEX induction, QC cells
were isolated by cell sorting using the WUSCHEL-RELATED HO-
MEOBOX5 (WOX5; Sarkar et al., 2007) promoter-driven GFP that
stably marks the plt1 plt2mutant QC region (Supplemental Figure
3A). Theexpressionanalysis revealedasignificantoverlapbetween
regulated genes obtained from this physiological QC experiment
andthose fromthewholeseedlingsusingoverexpression (activated
genes, P < 1.13 10285; repressed genes, P < 33 10238, Fisher’s
exact test) (Figure 3B; Supplemental Data Set 1). Notably, this in-
dicates that PLT-mediated activation and repression of targets first
identified by induced overexpression operate under physiological
conditions.PLT2-inducedgenes in theQCregion includedthepolar
auxin transport gene PIN4, consistent with previous data (Blilou
et al., 2005; Galinha et al., 2007). GO analysis on QC-activated
genes revealed a significant enrichment for categories related to
auxin and glucosinolate biosynthesis andmetabolism genes, such
as YUCCA3 (YUC3) (Supplemental Figure 3B and Supplemental
Data Sets 1 and 2), supporting the proposed role for PLT in reg-
ulating auxin biosynthesis and accumulation (Pinon et al., 2013). To
test whether PLT activity can modulate auxin biosynthesis and
accumulation in roots,wemeasured indoleaceticacid (IAA) levels in
plt1plt2 versuswild-type root tips and observed a lower IAA level in

the root tips of 6-d-old plt1 plt2 seedlings comparedwith wild-type
seedlings (Figure 3C). Consistently, the Pro35S:PLT2-GR lines
displayed enhanced IAA biosynthesis rates and concentrations in
the root tips after DEX induction (Figure 3D; Supplemental Figure
3C). These results indicate that auxin-inducedPLTs in turn regulate
auxin accumulation in the QC both through transport and bio-
synthesis.

PLT and Auxin Transcriptional Response Partially Overlap

The PLT protein gradient in the root tip depends on high and
prolonged auxin accumulation, and auxin can only slowly regulate
gradient shape, desensitizing the gradient to immediate auxin
responses (Mähönen et al., 2014). However, whether auxin might
exert part of its fast effectsongrowthbymodulatingPLTactivity at
the protein level remained hitherto unknown. In the latter case, all
PLT-regulated genes should be a subset of auxin-responsive
genes. A comparison betweenPLT-regulated genes and twodata
sets of auxin-responsive genes in the root (Bargmann et al., 2013;
Lewis et al., 2013) revealed that, although a significant proportion
of genes displays a coherent joint regulation by PLTs and auxin,
70% of PLT activated genes and 64% of PLT repressed genes
were unaffected by auxin treatment (Figures 3E and 3F;
Supplemental Figures 4A and 4B and Supplemental Data Set 3).
This excludes the possibility that auxin generally modifies PLT
protein activity. The overlapping genes were in large part induced
within 2 h of auxin treatment in the time-resolved auxin response
data set (Lewis et al., 2013) (Supplemental Figures 4C and 4D).
Interestingly, the overlapping genes clustered to the meristem-
expressed L2/S4 profile on the gene expression atlas of the root
(Brady et al., 2007) (Supplemental Figure 4E), with over-
representedGO terms for growth processes (Lewis et al., 2013).
Given the conspicuous enrichment of auxin biosynthesis genes in
theQCafter complementation reported above, this overlapmay in
part be caused by PLT-induced auxin production in roots.

PLT2 Binds Major Regulators of Embryonic Patterning and
Root Development

To understand how the PLTs control gene regulation, we
performed genome-wide analysis of PLT2-bound genes in root
tissue, defining these as PLT2 targets. Chromatin immunopre-
cipitation was followed by sequencing (ChIP-seq) (Johnson et al.,
2007) onProPLT2:PLT2-YFP complementedplt1 plt2 root tissues
(Figure 3A).We identified2482genomic regions enriched forPLT2
binding (peaks; Supplemental Data Set 4). Considering the
overlap in genes regulated by PLTs, we asked whether this was
reflected incommonbindingpositions.Acomparisonwith aChIP-
seq data set from ProBBM:BBM-YFP-expressing somatic em-
bryos (Horstman et al., 2015) revealed a highly significant overlap
(51% of PLT2 binding peaks: P = 0.001 [poverlap]; Supplemental
DataSet 4), indicating that genomebinding regionsof distinct PLT
proteins overlap.
The PLT2 peak summits were assigned to the closest gene

within 4 kb of its transcription start site (TSS). Thus, assigned
target genes represented 30% of the PLT2-activated genes
(Figure 4 A, pink, 200 genes; Supplemental Data Set 5) and 10%
of the PLT2-repressed genes (Figure 4B, blue, 96 genes;

Figure 2. PLT Guides Large-Scale Region-Specific Transcriptional Acti-
vation and Repression.

(A) Root showing gradient expression of ProPLT2:PLT2-YFP.
(B)Schematic of a root depicting developmental zones in color. Horizontal
lines correspond to sections (L1-L12) of the longitudinal Root Gene Ex-
pression Atlas (Brady et al., 2007). The root in (A) is aligned to largelymatch
zones and sections in (B).
(C) and (D) Expression profile (z-score) of genes (x axis) activated (C) or
repressed (D) by at least one PLT in longitudinal sections according to the
Root Gene Expression Atlas (Brady et al., 2007) (Supplemental Data Set 1).
Col tissue consists of both dividing and differentiating cells.
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Supplemental Data Set 5), in line with the results of other
transcription factor studies (Lau et al., 2014). In the physio-
logical PLT2 QC data set alone, the proportion of QC-activated
targets was 41% (60 genes), while the proportion of QC-
repressed targets was 14% (26 genes). A 19% overlap was
observed for activated targets both in the QC region and whole
seedlings (38 genes), while the overlap for repressed targets
was limited to 5% (five genes) (Figures 4A and 4B). Compared
with the full set of genes regulated upon PLT overexpression
(Figures 2C and 2D), the expression patterns of the PLT2-
regulated targets on the gene expression atlas of the root (Brady
et al., 2007) revealed an activation profile more in agreement
with the expression pattern of PLT2 itself (Figure 4D), whereas
the repression profile remained similar (Figure 4E). Specifically,
the cluster of L2/S4-regulated genes (Supplemental Figure 2) is
largely absent from the activated target gene expression profile
(Figure 4D), indicating these represent secondary response
genes. Among PLT2-activated targets, several genes have
profound roles in embryonic development and postembryonic
root zonation (Supplemental Table 1). Some notable examples
are the auxin response factor MONOPTEROS (ARF5/MP)
(Hardtke and Berleth, 1998), the CDK inhibitor ICK3/KRP5
(Wen et al., 2013), and the GATA transcription factor HANABA
TARANU (HAN ) (Nawyet al., 2010) (Figure 4C). In addition, auxin
biosynthesis genes YUC3 and YUC8 represent PLT2-activated
targets (Supplemental Data Sets 1 and 4) that, together with the
observed regulation of YUC4 in the shoot by PLT5-GR in the
presence of the protein synthesis inhibitor cyclohexamide
(Pinon et al., 2013), shows that the PLT proteins are direct
regulators of auxin biosynthesis.

Direct Activation and Repression through
Distinct Mechanisms

Tests in yeast with PLT1 and BBM/PLT4 indicate that PLTs
represent transcriptional activators (Horstman et al., 2015)
(Supplemental Figure 5). PLT2 preferentially binds upstream and
close to the TSS (Figure 4F; 70 and 22% within 3 and 500 bp,
respectively; Supplemental Data Set 4). Activated targets pref-
erentially bound PLT2 within 500 bp upstream of their TSS (false
discovery rate [FDR] < 5%) (Figure 4G). Our results suggest that
PLT2 activates its targets by binding to the core promoter region,
resulting in their meristematic expression. PLT2 binding of re-
pressed targets ismore diffusewith respect to the TSS and barely
enriched when compared with the simulated random distribution
(Figure 4H). Overall, we concluded that nearly one-fifth (19%) of
PLT2 targets is regulated in the seedling context and that PLT2
activates transcription through readily distinguishable binding
events. Repression is either indirect or occurs through less well
defined positions. qRT-PCR analysis confirmed that targets re-
spond to PLT2 induction (Figure 4I). In addition, we generated
several promoter-erGFP (endoplasmic reticulum-targeted GFP)
fusions (Supplemental Figure5) of PLT2-regulated target genes to
test whether genes are activated in different domains of the PLT2
gradient. From these we chose ProYUC3, ProTLP8 (Tubby-like
protein 8), and ProRCH1 promoter fusion expressed in consec-
utive regions in the root meristem and analyzed their activation in
a DEX-induced ProPLT2:PLT2-GR complementation assay in the

Figure 3. PLT2 Regulates Auxin Biosynthesis and Response Genes.

(A) Schematic overview of PLT2-YFP ChIP-seq (green) and PLT2-GR
regulated QC transcriptomics (orange) experiments.
(B) Venn diagram showing the overlap among regulated genes obtained
from seedlings upon induced Pro35S:PLT2-GR overexpression and reg-
ulated genes fromQC upon physiological complementation of plt1 plt2 by
induction of ProPLT2:PLT2-GR (Supplemental Data Set 1). Regulated
genes from 1 and 4 h DEX time points were pooled for the QC data set.
Activated genes, ***P < 1.1 3 10285; repressed genes, ***P < 3 3 10238;
Fisher’s exact test.
(C) IAA levels in root tips (2 mm) at 3 and 6 d after germination in wild-type
(Ws) and plt1 plt2 double mutant plants. Samples were measured in
quintuples. **P < 0.0008, Student’s t test. Error bars indicate SD.
(D) IAA levels in 6-d-old Pro35S:PLT2-GR root tips (2 mm) after 2, 4, 8, 16,
and 24 h mock treatment compared with DEX induction. Measurements
were performed in triplicate per timepointwith 50 root tips per sample. *P <
0.05, Student’s t test. Error bars indicate SD.
(E) and (F)Overlap between genes activated (E) and repressed (F) byPLTs
and the auxin intact root (IR; Bargmann et al., 2013) and time series (TS;
Lewis et al., 2013) gene sets (Supplemental Data Set 3). ***P < 2.23 10255,
Fisher’s exact test.
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Figure 4. Genome-Wide Analysis of PLT2 Binding to Target Genes.

(A) and (B) PLT2-activated targets ([A]; pink) and repressed targets ([B]; blue). Overlap between genes bound (ChIP) and transcriptionally regulated by
PLT2 (seedlings and QC) represent regulated targets (Supplemental Data Set 5). ***P < 7.6 3 10229 and *P < 0.005; Fisher’s exact test. n.s., not
significant.
(C) PLT2 ChIP-seq profiles of selected regulated targets. Peak signal (CSAR score) plotted with a minimum of 2. Arrows represent genes; black arrows
indicate annotated gene for PLT2 ChIP-seq peak.
(D)and (E)Expressionprofile (z-score)according to theRootGeneExpressionAtlas (Bradyetal., 2007)ofPLT2-activated (D)and-repressed (E) targets from
(A) (pink) and (B) (blue), respectively.
(F) Proportion of PLT2 peaks (bars, summit positions were considered) located relative to the closest TSS over the number of peaks assigned within 4 kb
(2381outof a total of2482peaks).Boxplots showdistributionsobtainedby randomselectionsofgenomicpositionsandassignment to theclosestTSS.The
xaxisdisplayspositionof 500-bpgenomicbins relative to theTSSwithin4kb.Redbar: significantlyenrichedover simulated randomdistribution, FDR<5%.
The shape of the simulated distribution reflects the high gene density of the Arabidopsis genome.
(G)and (H)NumberofPLT2peaks (bars) comparedwith thesimulateddistributionof randompositions (boxplots) relative to thedistance from theTSS (0) for
PLT2-activated (G)and -repressed (H) targets from (A) (pink) and (B) (blue), respectively.Width of bars andboxplots represent 500-bpgenomicbins around
the TSS. Red bar indicates significantly enriched over simulated random distribution, FDR < 5%.
(I) qRT-PCR analysis of PLT2 target induction. Expression levels of YUC3, HAN, and PIN4 transcripts in root tips after 4 h DEX induction of Pro35S:
PLT2-GR comparedwith themock-treated condition. Data represent biological duplicateswith each time point consisting of technical triplicates. Error
bars indicate SE.

2942 The Plant Cell

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/28/12/2937/6098272 by guest on 25 April 2024

http://www.plantcell.org/cgi/content/full/tpc.16.00656/DC1


plt1plt2mutantbackground.The resultsshowthatPLT2activates
eachof these promoters in their owndomain of expression (Figure
5), suggesting that the PLT gradient cooperates with tissue-
specific factors to regulate individual gene expression patterns.

To investigate the importance of the gradient expression of
PLT2 for target gene regulation, we followed over time the acti-
vation of the promoter of TLP8 (Lai et al., 2004), YUC3 (Zhao et al.,
2001), and HAN (Nawy et al., 2010) genes driving a fluorescent
reporter gene upon DEX induction of PLT2-GR expressed under
control of the constitutive 35S promoter (Figure 6; Supplemental
Figure 6). Ectopic induction of these promoters is obvious within
6 h of transfer to DEX media from the enhanced expression of
fluorescent protein throughout the root outside of the meriste-
matic domain of endogenous PLT2 expression. A further increase
in expression at 24 h after DEX activation of PLT2-GR is ac-
companiedwith the typical enlargedmeristemsize phenotype but
extends well beyond this shifted zone boundary (Figure 6;
Supplemental Figure 6). Therefore, at least in a subset of regulated
targets, PLT levels determine the proximal/shootward boundary

of the target gene expression domain, consistent with a dose-
dependent role in zonation.

PLTs Recognize an ANT-Like Motif

De novo motif discovery with MEME (Bailey and Elkan, 1995) on
PLT2 peaks as determined byChIP-seq returned amotif similar to
theDNAbindingmotifsderived fromDAP-seq forPLT1,PLT3, and
PLT7 (O’Malley et al., 2016) and the one previously characterized
for the close homolog AINTEGUMENTA (ANT) (Nole-Wilson and
Krizek, 2000; Krizek, 2003) (Figure 7; Supplemental Data Set 6).
We performed the same analysis for ChIP-seq data available for
BBM/PLT4 (Horstman et al., 2015), which resulted in a motif very
similar to that for PLT2 (Figure 7A; Supplemental Data Set 6). In
addition, PLT5 has been shown to be able to bind to an ANT-like
motif (Yano et al., 2009). We identified the in vitro binding pref-
erence of PLT2 and PLT5, with ANT as a control, by SELEX
(systematic evolutionof ligandsbyexponential enrichment) (Tuerk
and Gold, 1990; Haga et al., 2011) and confirmed that they all

Figure 5. PLT2 Activates Promoters in Distinct Parts of the Root.

Activation of ProRCH1:erGFP (A), ProTLP8:erGFP (B), and ProYUC3:
erGFP (C) expression in root tips after 0, 6, and 24 h of DEX induction of
ProPLT2:PLT2-GR in5-d-oldplt1 plt2 seedlings. The0h timepoint reflects
the lower expression in the plt1 plt2mutant. The erGFP expression pattern
is comparedwith that in awild-type background. Expression of erGFPwas
quantified in representative depicted transformants and plotted in fold
change of erGFP levels relative to the uninduced (0 h) situation. For each
induction series, a transgenic root is followed in time and depicted using
identical confocal settings and the same medial focal plane. Experiments
were repeated four times (ProRCH1:erGFP), 12 times (ProTLP8:erGFP),
and nine times (ProYUC3:erGFP). Arrowhead indicates QC. Bar = 50 mm.

Figure 6. PLT2 Expression Pattern Influences the Boundary of Meristem
Target Gene Expression Domains at the Root Tip.

Activation of ProTLP8:erGFP (A), ProYUC3:erGFP (B), and Pro-
HAN:3xvYFP (C) expression in representative transgenic roots after
0, 6, and 24 h of DEX induction of PLT2-GR expressed under control of the
constitutive 35S promoter in 5-d-old seedlings. For each induction series,
a transgenic root is followed over time and depicted using identical
confocal settings and the same medial focal plane. Experiments were
repeated 26 times (ProTLP8:erGFP), 14 times (ProYUC3:erGFP), and eight
times (ProHAN:3xvYFP). The lower panel depicts the green (GFP) channel
only. Arrowhead indicates QC and arrow indicates shootward meristem
boundary. Bar = 100 mm.
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Figure 7. PLT2 Activation of TLP8 Requires the Cognate Binding Motif Sequence.

(A)Alignmentof theconsensusmotifs forPLT2andBBM/PLT4 (ChIP-seq), and forANT,PLT5,andPLT2 (SELEX).Theyaxis refers to the informationcontent
per motif position, measured in bits. See also Supplemental Data Set 6.
(B) PLT2 peaks assigned to regulated genes show enrichment for PLT2 motif occurrences compared with random genomic regions, and motifs were
preferentially located close to the peak summit. PLT2motif occurrences in PLT2 peaks were counted relative to peak summit positions. A region of 500 bp
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recognize an ANT-like consensusmotif (Figure 7A; Supplemental
Data Set 6). Motif occurrences were enriched in PLT2 peaks
assigned to regulated genes compared with random genomic
regions and were preferentially located close to the peak summit
(Figure 7B), consistent with a major role for this motif in mediating
PLT2 binding and regulation.

Conservation and Functional Relevance of PLT Binding

Evidence for the functional relevanceofPLT2binding sitesmaybe
supported by the evolutionary conservation of bound regions
serving regulatory functions across plant species (Haudry et al.,
2013; Van de Velde et al., 2014; Heyndrickx et al., 2014). Ac-
cordingly, we found PLT2 binding sites to be present in con-
served regions in dicotyledonous plants more than expected by
chance, indicating that (part of) the PLT network is conserved
(Supplemental Figures 7A to 7C). To confirm the critical role of
PLT2 binding to a conservedDNA consensus sequence for target
gene expression, we chose the promoter of TLP8 (Figure 4C),
which is short (;500 bp) and contains a single highly conserved
PLT2 motif sequence (Supplemental Figures 5D and 5E). Muta-
genesis of this sequence (Figure 7K) abolishedboth its expression
and the response to PLT2-GR induction in a plt1 plt2 background
(Figures 7C to 7J), proving thatmotif DNAbinding is necessary for
PLT2 to drive appreciable TLP8 expression levels.

DISCUSSION

The PLT transcription factors form a gradient that controls stem
cell identity, meristem identity, cell expansion, and cell differen-
tiation. Accordingly, we show in this study that around the stem
cell niche, highPLT levels lead to a strong activation of growth and
cell division genes (Figure 7L). Among the activated genes, 911 of
2028genesshow thehighest expression in theL2 layer of the root,
which is off the center of the highest PLT expression in the L1, and
these genes are mainly expressed in the meristematic xylem (S4)
tissue according to the root gene expression atlas. This set of
genes also contributes the main overlap between the PLT and
auxin response. However, 873 of these 911 genes are not re-
covered in the regulated target set, which is bound by PLT2.
Although this may in part be due to sensitivity issues of the ChIP-
seq, we do find a relatively high overlap of 30% activated bound
genes compared with previous reports in the literature (LEAFY,

17% [Winter et al., 2011]; ABI3, 23% [Mönke et al., 2012];
KNOTTED1, 20 to 30% [Bolduc et al., 2012]; SPEECHLESS, 27%
[Lau et al., 2014]), indicating that the regulated and not-bound
gene set represents secondary PLT response genes. This result
alsosuggests thatpart of thePLT response isdirectedvia its effect
on auxin biosynthesis, which results in the indirect activation of
genes in the meristematic xylem of the L2 layer. This is in
agreement with the sample time of the PLT regulated tran-
scriptome at 6 h after induction, the rapid effect of PLT induction
on auxin levels and biosynthesis genes within 2 h and the kinetics
of this largest overlap of auxin response genes, which are induced
by auxinwithin 2 to 4 h (Lewis et al., 2013). Nevertheless, previous
experiments have shown that auxin application does not rescue
the developmental defects observed in plt1 plt2 mutant roots,
indicating that auxin alone is not sufficient to bypass the re-
quirement for PLT gene activity (Aida et al., 2004).
AsPLT levels decreasealong the root, theactivationpotential of

the PLTs weakens and their repressive effect becomes less
pronounced, allowing genes strongly enriched for cell expansion
and cell type-specific differentiation to be upregulated in suc-
cessivelymoreshootward regionsof the root.However, thehigher
overlap of bound and activated targets together with the highly
enriched binding of PLT2 close to the transcription start site of
activated genes versus only a slight enrichment observed for
repressed genes compared with simulated random distributions
indicates that PLTs mainly act as activators of transcription.
Transcription activation tests in yeast are in agreement with these
results. Therefore, repression may in part be indirectly controlled
by PLT proteins, for example, involving PLT-activated repressive
transcription factors. Nevertheless, we note that a part of the
obtained binding peaks around repressed genes do contain PLT2
motifs. Both options can be tested through binding site mutation
and its effect on gene regulation. The observed region-specific
target gene activation by PLTs may be achieved by different
threshold activation levels mediated by sequence context or
position of binding sites (Chen et al., 2008; Levo et al., 2015), by
cooperative interactions with tissue-specific transcription factors
(Jolmaet al., 2015), by indirect effects suchas the local production
and directed transport of auxin (this study), and by regulation of
transcription factors implicated in growth and differentiation of
specific tissues.
We identified the consensus binding motifs for PLT2 and BBM/

PLT4 via de novo motif discovery in sequences under ChIP-seq

Figure 7. (continued).

centered at the peak summit and divided into 50-bp bins is depicted. Box plots display the distribution ofmotif occurrences considering randomselections
of 500-bp genomic regions. Red bars: enrichment over simulated random distribution, FDR < 5%.
(C) to (E) Induction of ProPLT2:PLT2-GR (0, 6, and 24 h DEX) in 5-d-old plt1 plt2 mutant roots activates ProTLP8:erGFP expression. Experiments were
repeated 12 times.
(F) Expression pattern of ProTLP8:erGFP in a plt1 plt2 ProPLT2:PLT2-GR seedling root germinated on DEX.
(G) to (I)Mutation of the PLT2 binding site in the TLP8 promoter (ProTLP8m; see [K]) dramatically affects promoter activation byDEX induction of ProPLT2:
PLT2-GR (0, 6, and 24 h DEX) in 5-d-old plt1 plt2 mutant roots. Experiments were repeated six times.
(J) Expression of GFP quantified in roots of two representative independent ProTLP8:erGFP and ProTLP8m:erGFP transformants in a plt1 plt2 ProPLT2:
PLT2-GR background. Expression is plotted in fold change of GFP levels relative to the uninduced (0 h) situation. Error bar indicates SD.
(K) Schematic representation of the TLP8 promoter (ProTLP8) depicting consensus bases of the PLT2 bindingmotif in capitalized and colored letters. Red
colored bases indicate mutated bases in ProTLP8m. Numbers indicate position relative to the TSS.
(L) PLT target genes regulate differentiation progression, regulatory feedback on PLT levels and patterning (Supplemental Table 1). Bar = 50 mm.

PLT Targets Guide Growth and Differentiation 2945

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/28/12/2937/6098272 by guest on 25 April 2024

http://www.plantcell.org/cgi/content/full/tpc.16.00656/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00656/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00656/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00656/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00656/DC1


peaks and found very similar motifs by performing SELEX for
PLT2, PLT5, and ANT. Furthermore, the consensusmotif strongly
resembles those observed for PLT1, PLT3, and, albeit somewhat
less, for PLT7 obtained through DAP-seq (O’Malley et al., 2016).
This suggests that all PLT/AIL members can bind to the same
sequence motif, which is in agreement with the large overlap in
regulated genes, their ability to (partially) complement plt1 plt2
double mutants and the similar root phenotypes upon over-
expression. In animal systems, the limited binding specificity of
homeodomain transcription factors is known to be increased by
their interaction with transcription factors of the TALE superfamily
(Merabet and Mann, 2016). In a similar way, yet to be identified
coregulators of PLT proteins may refine target specificity.

Our work identifies candidate PLT targets for several regulatory
feedbacks (Figure 7L). Auxin induces PLT expression (Aida et al.,
2004; Lewis et al., 2013; Mähönen et al., 2014), and here we show
that PLT directly regulates polar auxin transport and auxin bio-
synthesis genes, thereby elevating auxin levels. In addition,
TYROSYLPROTEIN SULFOTRANSFERASE (TPST) and the Tyr-
sulfated RGF peptides via their receptors (RGFR) induce and
stabilize PLTs (Matsuzaki et al., 2010; Zhou et al., 2010; Ou et al.,
2016; Shinohara et al., 2016), while TPST, RGF, and RGFR genes
are regulated targets of PLT2 [Supplemental Table 1 and
ProRCH1(RGFR2)-erGFP inFigure5].Howare these feed-forward
loops kept in check? A possible mechanism may be provided by
GRF corepressors that were recently shown to control PLT levels
in the root (Rodriguez et al., 2015). Here, we find that GRF2 is
regulated by PLTs and bound by PLT2, suggesting a negative
feedback loop for the stabilization of PLT levels. Finally, in linewith
the intriguing ability of PLT2 and BBM/PLT4 to initiate de novo
organ formation in different developmental contexts, many genes
involved in organ patterning are directly regulated by PLT2, such
as ARF5/MP, PHB, SHR, and FEZ.

Each of the mechanisms by which PLT gradients are translated
into graded gene expression responses can now be subjected to
detailed investigation. Furthermore, the largesetofgenes regulated
byPLTspresented hereprovide a rich data set to elucidate howcell
state transitions for growth and differentiation are controlled at the
cell and organ level. Finally, the evolutionary conservation of
a considerable amount of relevant regulatory sequences in the PLT
network will facilitate future studies on how meristematic control
networks evolvedwithin the Brassicaceae and, for a subset ofwell-
conserved targets, in adjacent dicot families.

In summary, our data indicate how PLT gradients coordinate
growth and differentiation through direct activation and (indirect)
repression of target genes of which many have important roles in
root development and of which several suggest distinct feedback
controls on PLT activity. This information provides a molecular
explanation for the local dosage-dependent effects of this plant
transcription factor gradient in root development, which can now
be detailed and tested in other developmental contexts.

METHODS

Plant Growth Conditions

Seeds were sterilized by liquid or vapor-phase methods, suspended in
sterile 0.1%agarose, andcold-treatedat 4°C indarkness for 2 to 5dbefore

plating (Clough and Bent, 1998; Heidstra et al., 2004). Unless otherwise
stated, seeds were germinated on plates containing 0.53 germination me-
dium (GM) agar: 0.53Murashige and Skoog salt mixture, 1% sucrose, and
0.5 g/L MES, pH 5.8, in 0.8% agar. Plates were incubated in a near vertical
position at 22°C and a cycle of 16 h light of ;110 mmol m22 s21/8 h dark.

Plant Materials and Constructs

Genotype plt1 plt2 refers to the plt1-4 plt2-2 double mutant in the
Wassilewskija (Ws) background (Aida et al., 2004). The pGreen binary
vector set (Hellens et al., 2000) was used as a vehicle in Agrobacterium
tumefaciens-mediated plant transformation [strain C58(pMP90); Koncz
and Schell, 1986], with the floral dip method (Clough and Bent, 1998).
Promoter and genomic sequences were amplified from Col-0 genomic
DNA using the primer combinations listed below. Pro35S:PLT2-GR,
Pro35S:PLT5-GR, Pro35S:PLT3-GR, and Pro35S:PLT7-GR were de-
scribed previously (Galinha et al., 2007; Prasad et al., 2011; Hofhuis et al.,
2013). Pro35S:PLT1-GR and Pro35S:PLT4-GR fusions were similarly
generatedbyamplifyingPLTgenomic fragments, and thesewereclonedas
SalI-BamHI into the plant binary vector pGII227-GR (hygromycin re-
sistance in planta) for the generation of in-frame fusions with the rat GR
fragment (Aoyama and Chua, 1997) under the control of the 35S promoter
and transformed into Col-0 wild-type plants.

For PLT complementing translational fusions to GR, PLT5, and PLT7
genomic sequences were fused at the 39 end to the C-terminal-encoding
region of GR (Aoyama andChua, 1997) and placed under the control of the
5.8-kb PLT2 promoter using Gateway technology (Invitrogen) into
a pGreenII vector conferring hygromycin resistance. Entry clones used are
as described before (Galinha et al., 2007; Prasad et al., 2011; Mähönen
et al., 2014). plt1 plt2 harboring PLT2 promoter-driven PLT1-YFP,
ProPLT2:PLT2-YFP, ProPLT2:PLT3-YFP, or ProPLT2:PLT4-YFP was
described previously (Galinha et al., 2007).

Promoter fragments of PLT2 target genes were fused to the erGFP
coding sequence in a pGreenII vector, which was modified to harbor an
attL4-attR1 cassette to allow cloning by way of Gateway recombination
andwhichcarriedamethotrexate resistancecassette (Irdani et al., 1998) for
selection in planta. The promoter of TLP8was fused to erGFP in apGreenII
based vector via Golden Gate cloning using the GreenGate modular
system (Engler et al., 2008; Lampropoulos et al., 2013). TheTLP8promoter
with mutated binding site (pTLP8m) was constructed using overlapping
primer PCR combined with GreenGate modules. Constructs were trans-
formed into plt1 plt2 plants carrying the ProPLT2:PLT2-GR inducible
complementing vector.

For transcriptional autoactivation tests in yeast, the PLT1 coding se-
quence was amplified from cDNA and cloned into pDONR221 byGateway
recombination and subsequently into pDEST32 to create pEXP32-cPLT1.

Microscopy and Root Measurements

Light microscopy (Zeiss Axioscope) and confocal microscopy (Zeiss LSM
710) were essentially performed as described previously (Willemsen et al.,
1998; Aida et al., 2004). Confocal images of median longitudinal sections
were taken using a 10 mg/mL propidium iodide (Sigma-Aldrich) solution to
visualize the cell walls. The root meristematic zone was determined by
measuring from the QC to the first rapidly elongated cortex cell (Perilli and
Sabatini, 2010), and the elongation zonebymeasuring from the first rapidly
elongatedcortexcell up to thepointof thefirstemerging roothair.Meristem
and elongation zone length aswell as fluorescence levelswere determined
using ImageJ software.

Pro35S:PLTx-GR seedlings (Figures 1B and 1C; Supplemental Figures
1B and 1C) were germinated and grown on 0.53 GM agar plates and
transferred at 5 d after germination to a plate with DMSO (mock) or 10 mM
DEX (Sigma-Aldrich; 20 mM stock in DMSO). Roots were imaged after 6 h
(mock and 6 h DEX time point) and 24 h of treatment. Sample size for each
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datapoint for Figures1Band1C:Pro35S:PLT2-GRmock, 6hDEXand24h
DEX was n = 7, 19, and 13, respectively. Sample size for Supplemental
Figures 1B and 1C data points: Pro35S:PLT1-GR n = 7 (mock) and
n = 6 (24 h DEX), Pro35S:PLT3-GR n = 7 (mock) and n = 8 (24 h DEX),
Pro35S:PLT4-GR n = 7 (mock) and n = 8 (24 h DEX), Pro35S:PLT5-GR
n = 7 (mock), and n = 12 (24 h DEX), Pro35S:PLT7-GR n = 6 (mock), and
n = 6 (24 h DEX). Light microscopy images were aligned and partially
overlaid to generate a single root image using Adobe Photoshop. Care was
taken to overlay two images at clearly visible characteristics in both. Contrast
was adjusted for each image to that of the image it partially overlaid.

Complementation tests of the plt1 plt2 double mutant short root phe-
notype were performed by growing genotypes plt1 plt2 x ProPLT2:PLT1-
YFP, ProPLT2:PLT2-YFP, ProPLT2:PLT3-YFP, ProPLT2:PLT4-YFP,
ProPLT2:PLT5-GR, ProPLT2:PLT7-GR, and wild-type Ws on 0.53 Mura-
shige and Skoog agar plates (GMwithout sucrose) for 12 d. Lines harboring
GR fusions were grown on plates with and without 10 mM DEX. Com-
plemented seedlings from all genotypes together with Ws seedlings, and
mock-treated plt1 plt2 x ProPLT2:PLT5-GR seedlings subsequently were
aligned on a new agar plate for photography using a Nikon 3100 camera.

PLT2-induced expression of target promoters in the roots of 4- to 5-d-
old seedlings was tested upon initial confocal analysis (0 h time point)
followedby transfer to a platewith 10 mMDEXand reexamining expression
in the same root after 6 and24husing identical confocal settings.Carewas
taken to image the same median focal plane while maintaining focus on
particular characteristics observed in each root that was followed. Con-
focal images were placed on a black background and rotated to have the
root pointing downward using Adobe Photoshop. For images in Figures 5
to 7 andSupplemental Figures 3Aand6, only the redchannelwas adjusted
if needed to give the root the same appearance and intensity for each time
point. The roots in Figures 2A and 6 and Supplemental Figure 6 were built
up from partly overlapping confocal images that were merged and rotated
to have the root point downward and placed on a black background using
Adobe Photoshop. For the root in Figure 2A, global intensity was adjusted
as a whole using Adobe Photoshop.

Promoter activity upon PLT2-GR induction (0, 6, and 24 h DEX) was
quantified in two (ProTLP8:erGFP, ProTLPm:erGFP, andProYUC3:erGFP)
and three (ProRCH1:erGFP) representative independent transformants
and depicted as fold change of erGFP levels relative to the uninduced
situation. Experiments to determine promoter induction by DEX-induced
ProPLT2:PLT2-GR in plt1 plt2 roots were repeated four times (ProRCH1:
erGFP), 12 times (ProTLP8:erGFP), six times (ProTLP8m:erGFP), and nine
times (ProYUC3:erGFP). Experiments to determine ectopic promoter in-
ductionbyDEX-inducedPro35S:PLT2-GRwere repeated26times (ProTLP8:
erGFP), 14 times (ProYUC3:erGFP), and eight times (ProHAN:3xvYFP).

Whole Pro35S:PLTx-GR Seedling Transcriptomics

Pro35S:PLT[1,3,4,5,7]-GR seedlings were germinated on 0.53 GM agar
and 4-d-old seedlings of each genotype were subsequently divided in
batches (representing biological replicates) of ;50 seedlings into 50 mL
liquid 0.53GMinErlenmeyerflasks.Wechose thePro35S:PLT4-GR line to
beusedasmocksample, and for this lineadditional Erlenmeyer flaskswere
prepared.Seedlingswereculturedovernightundermildshaking (;75 rpm).
Thenextday,DEXwasadded toeachof theflasks toafinalconcentrationof
10 mM, except themock samples, to which an equal volume of DMSOwas
added. Eachgenotypewas induced at 5-min intervals,whichmeant that all
sampleswere harvestedwithin half an hour tominimize the effect of time of
day on the resulting transcriptome. After a 6-h induction, seedlings were
quickly harvested through a sieve, transferred briefly ontopaper towel, and
flash frozen in liquid nitrogen. In summary, three biological replicates were
generated for DEX-treated Pro35S:PLT[1,3,4,5,7]-GR seedlings, two bi-
ological replicates were generated for DEX-treated Pro35S:PLT3-GR
seedlings, and four biological replicates were generated for mock-treated
Pro35S:PLT4-GR seedlings.

In a separate experiment, Pro35S:PLT2-GR seedlings were treated as
described above with DEX and, as a mock control, DMSO. For both DEX
and mock treatment, three biological replicates were generated.

RNA was extracted from the seedlings using the Spectrum Plant Total
RNA kit (Sigma-Aldrich) and used for microarray hybridization.

Fluorescence-Activated Cell Sorting of Root Protoplasts

Todetermine thePLT2-regulated transcriptome in theQC,weused theplt1
plt2 line harboring the DEX-inducible complementing ProPLT2:PLT2-GR
construct (Galinha et al., 2007) and introduced a ProWOX5:erGFP con-
struct (Blilou et al., 2005) to allow QC cell sorting. Seeds were plated
densely in three rows on square Petri dishes on 0.53 GM agar medium
covered with nylon mesh (Sefar Nitex 03-15/10). At 5 d after germination,
seedlings were transferred to new 0.53GM agar plates containing 10 mM
DEX in DMSO and incubated for 1 or 4 h. The control samples were
transferred tonewplatescontainingDMSOonlyand incubated for1h.After
treatment, root tips were cut and harvested followed by protoplasting
as described (Birnbaum et al., 2005). Root tips were placed inside cell
strainers (70mm) inPetri dishes containing protoplasting solution (50mLof
solution A [21.86 gmannitol, 150mgKCl, 80mgMgCl2, 59mgCaCl2, 0.2 g
BSA, and 78mgMES in 200mLwater, set to pH 5.5, with 1MTris], 750mg
cellulase, and 50 mg macerozyme) and incubated for 1 h at room tem-
perature with agitation. Protoplasts were collected by spinning down at
200g. The cells were subsequently washed and filtered through 70- and
40-mm cell strainers with 350 mL solution A. Protoplasts expressing GFP
were isolated in a fluorescence-activated cell sorter (FACSAria II; BD Bio-
sciences). Thenozzle sizewas100mm.Cellsweresorted inPBS (pH7.4) as
sheath fluid at an event rate of ;5000 to 10,000 events per second and
a fluid pressure of 20 p.s.i. Upon excitation at 488 nm, GFP-expressing
protoplasts were selected based on fluorescence emission in the green
channel (530 nm with a band width of 30 nm) compared with negative
controls. Cells were sorted into the RLT lysis buffer (Qiagen) supplemented
with b-mercaptoethanol (1%), mixed, and flash frozen instantly. RNA was
extracted from the sorted protoplasts with the RNeasy Micro Kit (Qiagen).
Three independent biological replicates were performed for each time point.

Microarray Hybridization

Two microarray platforms were used for the transcriptomic analyses.
Differential gene expression analysis for the QC cell-sorted physiological
PLT2-GR induction experiment and for the whole-seedling Pro35S:PLT
[1,3,4,5,7]-GR induction experiments was performed using the Affymetrix
Arabidopsis ATH1 Genome Array. The whole-seedling Pro35:PLT2-GR
induction experiment used the Arabidopsis Gene 1.1 ST Array plate. RNA
qualitywasdeterminedonaBioanalyzer (Agilent). For theATH1microarray,
RNA was amplified and labeled for analysis with the 39 IVT Express Kit
(Affymetrix), according to the manufacturer’s instructions. In short, first-
strand cDNAwas synthesized usingT7oligo(dT) primer. The secondcDNA
strand was synthesized to generate a double-stranded cDNA template for
transcription of the biotin-labeled cRNA. Labeled cRNA was fragmented
before hybridization on an Affymetrix GeneChip Arabidopsis ATH1 Ge-
nome Array. For the AraGene 1.1ST microarray (Affymetrix), single-strand
cDNA was prepared using the Ovation PicoSL WTA System V2 (NuGEN
Technologies) according to the manufacturer’s specifications. Labeling
and fragmentationof thesingle-strandDNAwasperformedwith theEncore
Biotin Module (NuGEN Technologies). Hybridization and scanning of the
biotinylated ss-cDNA samples onto the AraGene 1.1ST Array plate were
performed with the GeneTitan (Affymetrix). Image analysis and extraction
of raw expression data were performed with the Affymetrix Expression
Consolewith “Gene-level Default: RMA-Sketch” settings. RNAprocessing
and microarray hybridization were performed at ServiceXS (The
Netherlands).
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Yeast Autoactivation Assay

Yeast strain Y187was transformed using the LiAc transformation protocol
with pEXP32-cPLT1 plasmid and, as an empty vector control, pDEST32,
and selected for leucine autotrophy and growth. Positive colonies were
subsequently restreakedonsynthetic dropoutmedium lacking leucine and
grown for 3 d at 28°C. The yeast was tested for autoactivation potential
using a colony-lift assay according to the Yeast Protocols Handbook
(Clontech). Images of the yeast plate and filter were cropped and rotated
using Adobe Photoshop.

qRT-PCR

Pro35S:PLT2-GR seedlings were grown for 3 d on 0.53 GM agar plates
with nylon membrane (Sefar Nitex 03-100/44). Seedlings were then
transferred to0.53GMagarplates containing10mMDEXor aDMSOmock
control. Root tips (3 to 4 mm) were collected after 4 h of treatment and
transferred into liquid nitrogen immediately. Two biologically independent
setsof samplesweregenerated for each treatment. Total RNAwas isolated
from tissue samples using the Plant Total RNA kit (Sigma-Aldrich). Of each
RNA sample, 1 mg was treated with DNase I (Fermentas) and reverse
transcribed using the SuperScript III first-strand synthesis system (In-
vitrogen) according to the manufacturer’s instructions. PCR amplification
was performed in the presence of the double-stranded DNA-specific dye
SYBR Green (Quantace). Amplification was monitored in real time with
qRT-PCRperformedusing the7900HTFast real-timePCRsystem (Applied
Biosystems) with three technical replicates. Expression levels were cal-
culated relative to ACTIN2 (AT3G18780) using the 22DDCt method. Sta-
tistical analysis was done in Microsoft Excel (ANOVA, single factor) using
P < 0.05. Primers were designed according to the recommendations of
Applied Biosystems.

Auxin Measurements

IAA quantification and biosynthesis measurements were performed as
described (Ljung et al., 2005; Andersen et al., 2008). Pro35S:PLT2-GR
seedlings were grown on vertical plates for 6 d in long-day conditions on
0.53GMmediumwith1%agar. Theseedling rootswere incubated in liquid
0.53GMmediumcontainingdeuteratedwater (30%D2O)withandwithout
10 mM DEX for 2, 4, 8, 16, and 24 h. A control sample was also collected
before incubation (0 h). The root tip (2mm)was collected and root tips from
50rootswerepooledpersample.Then,250pg13C6-IAAwasadded toeach
sampleasan internal standardbefore extraction andpurification, and three
replicates were analyzed for each time point and treatment. IAA was pu-
rified as described (Andersen et al., 2008) and analyzed using GC-MRM-
MS. IAA synthesis rates were calculated as the ratio between labeled and
unlabeled IAA, and IAA concentrations were calculated from the synthesis
data as described (Ljung et al., 2005). A control experiment with wild-type
Col-0 plants incubated for 8 and 24 h in the same medium showed no
difference in IAA synthesis rates6 DEX treatment. For comparison of IAA
levels between wild-type and plt1 plt2 ProPLT2:PLT2-GR seedlings,
seedlings were grown on vertical plates as described above for 3 and 6 d
after germination. No DEX was added to the plates resulting in the char-
acteristic plt1 plt2 mutant phenotype due to the absence of PLT2-GR
activity. Root tips (100 3 2 mm) were harvested at 3 and 6 DAG for IAA
quantification as described (Andersen et al., 2008). Then, 100 pg 13C6-IAA
was added to each sample as an internal standard, and five replicateswere
analyzed for each time point and genotype.

ChIP-Seq

Five milliliters of dry Arabidopsis thaliana seeds (ProPTL2:PLT2-YFP) was
sterilizedwithchlorinegas for 8handstratified in10mLsterileMQwater for
48 h. Seeds were transferred to 0.53 GM agar plates topped with a nylon

mesh (Sefar Nitex 03-100/44) and grown for 4 to 5 d (;120 plates/ChIP).
Root tips (;5 mm) were cut and transferred to PBS-S (PBS + 0.4 M su-
crose). PBS-S medium was complemented with 1% (v/v) formaldehyde
(16% methanol-free formaldehyde; Polysciences). A vacuum pump was
used to reduce the pressure to;0.2 atm three timeswithin 5min. Root tips
were left to cross-link protein-DNA complexes for an additional 23 5min.
Cross-linking was stopped by the addition of 2 M glycine to a final con-
centration of 0.125 M followed by an incubation for 10 min at room tem-
perature. Root material was washed three times in PBS-S and stored at
280°C. ChIP was performed as described by Song et al. (2014), with the
following modifications: Ground samples were thawed in extraction buffer
1 (0.4 M sucrose, 10 mM Tris-HCl, pH 8.0, 5 mM b-mercaptoethanol, and
protease inhibitor cocktail [cOmplete; Roche]) and passed through
a double layer of Miracloth and pelleted. The nuclei-enriched pellet was
treated twice with extraction buffer 2 (0.25M sucrose, 10mMTris-HCl, pH
8.0, 10 mM MgCl2, 1% [v/v] Triton X-100, 5 mM b-mercaptoethanol, and
protease inhibitor cocktail [cOmplete]). After the second spin, the pellet
was resuspended in 200 mL NLB (50 mM Tris-HCl, pH 8.0, 10 mM
EDTA, 1% [w/v] SDS, and protease inhibitor cocktail [cOmplete]) and
sonicated in a Bioruptor (Diagenode) for 23 5min on low and 13 5min on
mediumenergy. Inbetweensonicationsessions, thewaterwascooledwith
ice. Then, 5 mL of anti-GFP antibody (AB290; Abcam) was used to coat
15 mL Protein-A Dynabeads (Invitrogen) in CDB (1.1% [v/v] Triton X-100,
1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.0, 167 mM NaCl, and protease
inhibitor cocktail [cOmplete]) for 2 h at room temperature. Diluted ChIP
samplesandantibody-coatedDynabeadswere incubatedovernightat 4°C
on a rotator. Beads were washed two times with low salt wash buffer
(150 mM NaCl, 0.1% [w/v] SDS, 1% [v/v] Triton X-100, 2 mM EDTA, and
20mMTris-HCl, pH8.0), one timewith high saltwashbuffer (500mMNaCl,
0.1% [w/v] SDS, 1% [v/v] Triton X-100, 2 mM EDTA, and 20 mM Tris-HCl,
pH 8.0), and two times with TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM
EDTA). Beads were incubated with 100 mL TE + 1% SDS at 65°C on an
Eppendorf Thermomix (800 rpm) for 15 min upon which the isolated DNA
was purified using Zymo Research ChIP DNA cleanup (according to the
manufacturer’s instructions). Two biological replicate ChIP experiments
were performed, and DNA from these experiments was pooled, and from
this pooled DNA sample, two libraries were prepared and sequenced. In
addition, the input samplewas sequenced. Sequencing library preparation
and subsequent SOLiD Sequencing were performed as described (Mokry
et al., 2010).

SELEX

The pGEX4T-1 plasmid (GE Healthcare) was used to construct and
expressGST-PLT5 fusion protein inEscherichia coliBL21. For GST-ANT
and GST-PLT2 fusion proteins, appropriate sequences were cloned into
pDEST15 vector using Gateway technology (Invitrogen). For all tran-
scription factors (TFs), full coding sequences were fused to the
C-terminal part of GST. E. coli cells expressing GST-TF fusion protein
were grown to the mid-log phase in Luria-Bertani broth containing
ampicillin at 37°C and then for 24 h at 16°C in the presence of 1 mM
isopropylb-D-1-thiogalactopyranoside. Cells collectedby centrifugation
were suspended in PBS (pH 7.4) containing 0.5 mM PMSF. After the
addition of Triton X-100 to a final concentration of 1%, cells were dis-
rupted by a Bioruptor sonicator (Cosmo Bio). The lysate was mixed with
one-tenth volume of 50% glutathione-Sepharose 4B beads (GE
Healthcare) to bind GST-TF to the beads. Beads were washed exten-
sively with a solution of PBS, 0.5 mM PMSF, and 0.1% Triton X-100. An
oligonucleotide mixture containing 26 nucleotides of random se-
quence flanked by 24-nucleotide primer sequences on both sides
(59-GACATCACACTAGTCTAGAC- and ATGA-N26-TTCACCTTCA-
GAACTGATGTACTC-39) was converted into double-stranded DNA by
PCR with PrimeSTAR HS DNA polymerase (Takara Bio) and used as R74
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oligonucleotides. Glutathione-Sepharose 4B beads bound with GST-TFs
were mixed with 100 ng of R74 oligonucleotides in binding buffer com-
posedof15mMHEPES-KOH (pH7.5), 6%glycerol, 2mMDTT,75mMKCl,
0.5mMEDTA,50ng/mLpoly(dI-dC), 0.1%TritonX-100,and0.5mMPMSF
at room temperature for 30 min with gentle shaking. Beads were washed
with the binding buffer, and DNA was recovered from the beads by ex-
traction with phenol:chloroform and ethanol precipitation. After amplifi-
cation by PCR, 10 ng of DNA was subjected to the next round of selection
by binding with GST-TF Sepharose 4B beads. After the selection step had
been repeated 10 times, DNA fragments recovered from beads were
cloned into the EcoRV site of pBlueScript I KS(+) (Stratagene) using E. coli
DH5a. Colony PCR for more than 50 insertion-positive colonies was
performed and their DNA sequences were determined.

Bioinformatics Data Analyses

Bioinformatic data analyses are described in detail in the supplemental
data. The code used to generate the results frommicroarray and ChIP-
seq experiments is available at the Figshare repository (https://dx.doi.
org/10.6084/m9.figshare.3144553).

Accession Numbers

The microarray and ChIP-seq data from this study have been deposited in
the National Center for Biotechnology Information’s Gene Expression
Omnibus repository (GEO: GSE79755). The accession numbers for PLT
genes are as follows: PLT1 (AT3G20840), PLT2 (AT1G51190), PLT3/AIL6
(AT5G10510), PLT4/BBM (AT5G17430), PLT5/AIL5 (AT5G57390), and
PLT7/AIL7 (AT5G65510).Theaccessionnumbers for theothermajorgenes
mentioned in this study can be found in Supplemental Table 1.

Supplemental Data

Supplemental Figure 1. Shared properties of PLT proteins.

Supplemental Figure 2. Tissue expression profile of PLT-activated
and -repressed genes.

Supplemental Figure 3. PLT2 regulates gene expression in the QC
and auxin biosynthesis.

Supplemental Figure 4. PLTs regulate auxin response genes.

Supplemental Figure 5. PLT1 displays transcription activation activity.

Supplemental Figure 6. PLT2 overexpression shifts the boundary of
the target gene expression domain.

Supplemental Figure 7. PLT2 binding sites are evolutionarily con-
served.

Supplemental Table 1. Examples of PLT2-regulated targets with
known function in Arabidopsis growth and development.

Supplemental Table 2. List of primers used for overexpression, GST
fusion and promoter constructs and RT-PCR expression analysis.

Supplemental Material and Methods. Detailed description of bio-
informatics data analysis.

Supplemental Data Set 1. Compendium of PLT-regulated differential
gene expression.

Supplemental Data Set 2. GO term enrichment analysis on the PLT-
regulated gene set.

Supplemental Data Set 3. Overlap between PLT-regulated genes and
auxin-response genes.

Supplemental Data Set 4. PLT2 binding peaks from ChIP-seq and
the overlap with BBM/PLT4 peaks.

Supplemental Data Set 5. PLT2 peaks and associated activated and
repressed target genes.

Supplemental Data Set 6. Sequences of DNA fragments bound in
ChIP and SELEX used to find the binding motif.
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