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Programmed cell death in plants occurs both during stress responses and as an integral part of regular plant development.
Despite the undisputed importance of developmentally controlled cell death processes for plant growth and reproduction,
we are only beginning to understand the underlying molecular genetic regulation. Exploiting the Arabidopsis thaliana root
cap as a cell death model system, we identified two NAC transcription factors, the little-characterized ANAC087 and the
leaf-senescence regulator ANAC046, as being sufficient to activate the expression of cell death-associated genes and to
induce ectopic programmed cell death. In the root cap, these transcription factors are involved in the regulation of distinct
aspects of programmed cell death. ANAC087 orchestrates postmortem chromatin degradation in the lateral root cap via
the nuclease BFN1. In addition, both ANAC087 and ANAC046 redundantly control the onset of cell death execution in the
columella root cap during and after its shedding from the root tip. Besides identifying two regulators of developmental pro-
grammed cell death, our analyses reveal the existence of an actively controlled cell death program in Arabidopsis columella

root cap cells.

INTRODUCTION

Programmed cell death (PCD) is defined as genetically encoded,
actively controlled cellular suicide. In both animals and plants,
PCD processes are essential for the growth and survival of the
organisms (Fuchs and Steller, 2011; Daneva et al., 2016). Plants
can respond to pathogen infection with PCD processes remi-
niscent of inflammatory PCD types in animals (Coll et al., 2011).
During periods of abiotic stress, cells, tissues, or entire organs
can be sacrificed to increase the survival chances of the plant as
a whole (Gadjev et al., 2008). Yet, also during undisturbed plant
growth, specific tissues and cell types undergo developmental
PCD (dPCD) as part of their regular differentiation program
(Daneva et al., 2016; Van Durme and Nowack, 2016). Forms
of dPCD are essential for plant development or reproduction.
Xylem dPCD, for instance, creates a network of hollow cell
corpses crucial for efficient long-distance water and solute
transport in land plants (Heo et al., 2017), while during anther
development, precisely timed tapetum dPCD is paramount for
male fertility in angiosperms (Plackett et al., 2011).
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Recently, it was shown that in Arabidopsis thaliana, differen-
tiated root cap cells undergo dPCD to maintain root cap organ
size and position at the root tip (Fendrych et al., 2014). The root
cap is a structure that surrounds and protects the stem cell niche
in the root tip and has important functions in root gravitropism
(Kumpf and Nowack, 2015). In Arabidopsis and many other
plants, the root cap consists of two tissues, the columella root
cap (columella) at the very root tip and the lateral root cap (LRC)
that flanks the columella and the root meristem (Figure 1A). New
columella and LRC cells are continually produced by distinct
stem cells, the columella initials and the epidermis/LRC initials,
respectively (Dolan et al., 1993). To restrict the extent of the root
cap to the meristem region, root cap cells need to be disposed
of when they reach the start of the root elongation zone. In Ara-
bidopsis, this disposal is achieved by the execution of a tightly
controlled dPCD program followed by a cell-autonomous deg-
radation of the LRC cell corpses on the root surface (Fendrych
et al., 2014). In contrast, columella cells are shed from the root
tip as packs of living cells to achieve root cap turnover (Vicré
et al., 2005). Once PCD is initiated at the elongation zone, the
distal cell death zone in the oldest LRC layer progresses toward
the root tip until it reaches the columella. The most proximal
dead or dying LRC cells are shed together with the living colu-
mella cells (Figure 1A) (Kumpf and Nowack, 2015). Cell death in
LRC cells is characterized by a succession of cytological events
(Van Hautegem et al., 2015). The first observable change in a
LRC cell undergoing cell death is an abrupt acidification of the
cytoplasm, which is followed by a loss of plasma membrane
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Background: Some plants, such as giant sequoia trees, can grow into the “Largest Living Things on Earth.” Ironically,
most of a tree’s biomass is actually not alive but is formed by persistent cell corpses called wood. Wood formation
ends in the tightly controlled cell death process of individual wood cells. We are investigating the regulation of plant
cell death in the model plant Arabidopsis. Instead of studying the wood cells located inaccessibly inside the plant
stem, we are using the plant’s root cap as a model system. The root cap is situated at the tip of the growing root,
guiding and protecting the delicate root tip as it pushes through the soil. Individual root cap cells are constantly being
regenerated and have a short life span that ends in programmed cell death.

Question: We wanted to discover new genes that control the cell death process in plants. To this end, we studied
transcription factors, which regulate gene expression, as the starting point of protein production. The regulated
production of proteins is an important first step in ensuring the orderly execution of cell death.

Findings: To identify cell death regulators, we compared transcription factors produced in both wood cells and root
cap cells. As both cell types undergo programmed cell death, we hoped to identify important regulators of this
process. We found a number of common transcription factors and analyzed two of them, ANAC087 and ANACO046, in
detail. In mutants that abnormally produced these factors outside the root cap, many cells died within 24 hours.
Conversely, in mutants unable to produce ANAC087 and ANACO046, root cap cells lived much longer than those in
regular Arabidopsis plants. These results show that both transcription factors are important regulators of programmed

cell death in Arabidopsis.

Next steps: Identifying transcription factors controlling the cell death program is but a first step. To find the proteins
that do the actual killing job, we need to analyze target genes controlled by ANAC087 and ANACO046. Ultimately, we
strive to understand the complex network of proteins necessary to execute cell death in plants.

integrity. Subsequently, vacuolar collapse can be observed
(Fendrych et al., 2014). The stepwise breakup of cellular com-
partments is thought to release hydrolases, which execute cell
death and initiate corpse degradation during and after cellular
death (Van Durme and Nowack, 2016).

Despite the importance of dPCD in plants, knowledge of the
molecular regulation of this process is still very limited. During
leaf senescence, the NAC (no apical meristem [NAM], Arabi-
dopsis thaliana activation factor [ATAF], cup-shaped cotyledon
[CUC])) family transcription factor ORESARA1 (ORE1/ANAC092)
was shown to activate transcription of BIFUNCTIONAL
NUCELASET1 (BFN1) (Matallana-Ramirez et al., 2013). BFN1 was
identified as one of the core dPCD-associated genes in Ara-
bidopsis, alongside other genes, such as RIBONUCLEASE3
(RNS3), EXITUST (EXIT), and PUTATIVE ASPARTIC PROTEINASE
A3 (PASPA3). These genes are coexpressed in several cell
types or tissues undergoing dPCD, including the xylem vessels,
the tapetum, the root cap, and the endosperm (Olvera-Carrillo
et al., 2015).

The root cap-specific NAC transcription factor SOMBRERO
(SMB/ANACO033) is not only involved in the regulation of root cap
cell maturation (Bennett et al., 2010), but also in the preparation of
PCD in LRC cells as the final cellular differentiation step (Fendrych
et al., 2014). In the smb mutant, LRC cell death is delayed, oc-
curring in the root elongation zone, and highly aberrant, as the
expression of PCD-associated genes and the execution of post-
mortem cell corpse clearance is lacking (Fendrych et al., 2014).
Conversely, dexamethasone-inducible overexpression lines of
SMB (p35S:SMB-GR) showed tissue growth arrest and ecto-
pic formation of tracheary element (TE)-like cells (Bennett et al.,
2010). Similar to ORET1, which is not expressed in the root cap,
SMB controls BFN1 expression, but it is not clear to date if this
control occurs directly or indirectly. Though no bfn1 mutant phe-
notype has been described in senescent leaves, loss of BFN1

causes a delay in postmortem corpse clearance of LRC cells
(Fendrych et al., 2014).

In this study, we investigated the transcriptional network of
root cap dPCD and identified two NAC transcription factors,
ANACO087 and ANACO046, as root cap cell death regulators.
Ectopic overexpression of both genes was sufficient to induce a
cell death process reminiscent of LRC cell death. Conversely, anal-
yses of loss-of-function alleles revealed that ANAC087 orches-
trates the postmortem nuclear degradation of LRC cells in the
root elongation zone by promoting BFN1 expression. In addition,
ANACO087 and ANACO046 redundantly control PCD execution in
shedding and shed columella cells, revealing that columella cells
execute a genetically controlled cell death program after shed-
ding from the Arabidopsis root.

RESULTS

ANACO087 and ANACO046 Are Two PCD-Associated
Transcription Factors

To identify additional regulators of root cap dPCD, we analyzed
publically available transcriptome data. Applying the VisuaLRTC
methodology (Parizot et al., 2010), we performed a meta-analysis to
explore tissue-specific Arabidopsis mMRNA microarrays. Specif-
ically, we searched for transcription factors (TFs) that are highly
expressed in two root tissues undergoing PCD, the xylem TEs
and the LRC, but weakly expressed in other tissues of the root
(Supplemental Data Set 1). Interestingly, among the TFs with the
most preferential expression in xylem and LRC were two NAC
TFs of the same clade as ORE1, ANAC087 and ANAC046 (Ooka
et al., 2003). We decided to investigate these TFs in detail for
their potential involvement in root cap PCD.

To analyze protein expression and localization of both
TFs in the root, we generated translational reporter lines. For
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Figure 1. ANAC087 and ANACO046 Are Expressed in the Root Cap.
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(A) A schematic representation of the Arabidopsis root tip. The columella is shown in yellow, the LRC in green, the epidermis in pink, and the quiescent
center in red. The different developmental stages of the root cap are indicated. (Adapted from Kumpf and Nowack, 2015.)

(B) The pANACO087:ANACO087-VENUS reporter was expressed in the entire root cap and showed weaker expression in some epidermal cells and in
the differentiating TE cells (elongated nucleus indicated by arrowhead in the inset). Shown is the root of a representative 5-d-old T3 seedling. Five

homozygous lines were analyzed in T3.

(C) The pANAC046:ANACO046-VENUS reporter was expressed in the columella and showed expression in some epidermal cells and in the differentiat-
ing TE cells (elongated nucleus indicated by arrowhead in the inset). Shown is the root of a representative 5-d-old T3 seedling; two homozygous lines
were analyzed in T3. In (B) and (C), the VENUS signal is shown in yellow, and roots are shown without (left) and with (right) transmitted light. The VENUS
signal is shown as a Z-projection, whereas the bright-field channel is shown as a single stack. Bars in (B) and (C) = 50 um.

both TFs, we used a 4-kb promoter fragment to drive expres-
sion of the genomic sequences with introns and exons fused
to the VENUS reporter gene (pANACO087:ANACO087-VENUS
and pANAC046:ANAC046-VENUS). In several independent
ANACO087-VENUS lines, 5-d-old seedlings showed strong
nucleus-localized VENUS signals in the entire root cap and a
weaker nuclear signal in the root epidermis and the TEs (Figure 1B).
In several independent ANACO046 translational reporter lines,
nuclear VENUS signals were found in the columella, and signals
were also detected in some epidermal cells and in the differen-
tiating TEs (Figure 1C). Interestingly, several independent tran-
scriptional reporter lines of both TFs, which contained the same
4-kb promoter fragments driving expression of nucleus-localized
tdTOMATO (pANACO087:NLS-tdTOMATO and pANAC046:N-
LS-tdTOMATO), did not show expression in the differentiating
TE cells (Supplemental Figures 1A and 1B). These data suggest
that both ANAC087 and ANACO046 expression might be fine-
tuned by intronic cis-regulatory elements or that the respective

fusion proteins undergo posttranscriptional modification that al-
ters their accumulation pattern in TEs.

Inducible Misexpression of SMB, ANAC087, and ANAC046
Is Sufficient to Cause Ectopic Cell Death

It was shown before that ectopic overexpression of SMB leads
to growth arrest and the formation of TE-like secondary cell wall
thickenings (Bennett et al., 2010). To test whether this growth
arrest is accompanied by cell death, we introduced a tonoplast
integrity marker driven by the PASPA3 promoter (pPASPA3:To-
IM) (Fendrych et al., 2014) in the p35S:SMB-GR-inducible
overexpression line (Bennett et al., 2010). The pPASPA3:TolM
(tonoplast integrity marker) consists of a cytoplasmic eGFP
(enhanced green fluorescent protein) marker and a vacuolar
mRFP (monomeric red fluorescent protein) marker, which makes
it possible to observe vacuolar collapse during PCD when
both signals merge (Fendrych et al., 2014). Induction with
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dexamethasone resulted in ectopic expression of pPASPA3:TolM
and showed cells undergoing vacuolar collapse, indicating cell
death preparation and execution outside the root cap (Figure
2A; Supplemental Movie 1). In order to test whether ANAC087
and ANACO046 would be able to induce cell death in a com-
parable fashion, we generated estradiol-inducible misexpres-
sion lines (Siligato et al., 2016). In these lines, expression of the
estradiol-activated transcriptional activator XVE was controlled
by the strong meristematic promoter pRPS5A (Weijers et al., 2001;
Gao et al., 2018). To be able to follow the expression pattern of
both TFs after induction, they were fused to GFP, resulting in
the constructs pRPS5A:XVE>>ANACO087-GFP and pRPS5A:X-
VE>>ANAC046-GFP. Approximately 18 h after induction, we
observed intense staining with Evans Blue (Escamez et al., 2017)
in several independent misexpression lines of both ANAC087
and ANAC046, indicating wide-spread cell death in the meri-
stem 24 h after estradiol treatment (Figure 2B). Staining with
propidium iodide (PI) confirmed the occurrence of meristematic
cell death in time-lapse analyses (Supplemental Figure 2A and
Supplemental Movie 2), suggesting that the expression of both
genes is sufficient to induce cell death outside the root cap con-
text. Expression databases on RT-gPCR confirmed that both
ANACO087 and ANAC046 were strongly upregulated 24 h after
estradiol induction. However, ANACO087 overexpression did not
induce ANAC046 expression and vice versa, excluding a regu-
latory cascade between the two TFs (Figure 2C; Supplemental
Figure 2B). The ectopic cell death observed in these seedlings
coincided with root growth arrest after induction by estradiol,
which was observable both in microscopic and macroscopic
imaging setups (Figures 2B and 2D). While in ANAC087 mis-
expression lines, the seedlings were able to survive longer than
5 d after induction and started to form lateral roots, the seedlings
of the ANAC046 misexpression appeared entirely dead within
5 d (Figure 2D; Supplemental Figure 2C and Supplemental
Movie 3). These differences between ANAC087 and ANAC046
misexpression lines might be due to different expression levels
(Figure 2C; Supplemental Figure 2B) or additional differences
in protein characteristics. This notwithstanding, our results in-
dicate that inducible overexpression of both ANAC087 and
ANACO046 is sufficient to trigger ectopic cell death outside the
root cap context.

SMB, ANACO087, and ANACO046 Act in Parallel to Control
PCD-Associated Genes

To investigate if SMB, ANACO087, and ANAC046 are inducing
a LRC-like cell death program outside the root cap, we tested
whether the PCD-associated genes BFN1, RNS3, and EXI1 are
downstream targets of these TFs (Olvera-Carrillo et al., 2015).
First, we performed RT-gPCR-based expression analysis of
smb-3, anac087-1, and anac046-1 mutant root tips. We isolated
the anac087-1 and anac046-1 null-mutants from a T-DNA in-
sertion collection (Supplemental Figures 3A and 5A), while the
smb-3 mutant was described before (Willemsen et al., 2008).
Based on expression patterns, root tips of anac087-1 and smb-3
were cut just above the meristem, while small root tips of the
anac046-1 were cut around the quiescent center (QC). The
RT-gPCR analysis showed that all three PCD-associated genes

were downregulated in anac087-1 and possibly anac046-1 (Fig-
ures 3A to 3C). Downregulation of the PCD-associated genes
in the anac046-1 mutant was more moderate and not statistically
significant, possibly because expression of ANAC087 in the col-
umella is sufficient to at least partly compensate for the lack of
ANACO046. To gain a tissue-specific resolution of a representa-
tive PCD-associated gene, we crossed a pBFN1:NLS-tdTOMA-
TO transcriptional reporter line with either mutant. In the wild
type, the tdTOMATO signal was observed in cells of the LRC,
the columella, and in differentiating xylem TEs (Supplemental
Figure 4A). However, in the anac087-1 mutant background, only
a very weak tdTOMATO signal could be detected in some root
cap cells, while the signal in the TEs was comparable to the wild
type (Supplemental Figure 4A). This observation suggests that
alternative TFs might regulate BFN1 expression in the xylem. Fi-
nally, in the anac046-1 mutant background, tdTOMATO signals
were not different from the wild type in the LRC, columella, and
TEs (Supplemental Figure 4A). In line with the RT-qPCR data,
these results indicate that ANAC087 expression is necessary
and sufficient to promote BFN1 expression in the LRC and col-
umella, while the lack of ANAC046 does not cause a significant
reduction of BFNT expression in the columella. Interestingly,
ANACO087 was not downregulated in the anac046-1 mutant and
vice versa (Figures 3A and 3B), and neither TF was differentially
regulated in the smb mutant (Figure 3C).

In a complementary approach, we showed that 24 h after es-
tradiol induction, SMB, ANAC087, and ANAC046 misexpression
led to significant (P < 0.0001) upregulation of BFN1, RNS3, and
EXI1 (Figures 3A to C). However, none of the TF genes were
differentially expressed in any of the inducible misexpression
lines. Together, these results indicate that the three core PCD-
associated genes BFN1, EXI1, and RNS3 are regulated by SMB,
ANACO087, and ANACO046 and that these TFs do not work in a
regulatory cascade to control PCD-associated gene expression.

To investigate whether BFN1, EXI1, and RNS3 are direct or
indirect targets of ANAC087 and ANAC046, we performed an
electrophoretic mobility shift assay (EMSA) testing the binding
of HIS;MBP (hexahistidine-maltose binding protein)-tagged TF
proteins to a labeled 40-bp promoter fragment. As the DNA bind-
ing sites of ANAC087 and ANACO046 are unknown, we analyzed
a protein binding microarray together with coexpression data
to predict putative binding sites for ANAC087 and ANAC046
(Lindemose et al., 2014; Gao et al., 2018). Interestingly, for each
PCD-associated gene, both TFs shared predicted binding sites
(Supplemental Figure 4B). The clear band shifts in the EMSA
suggested that both ANAC087 and ANACO046 proteins were able
to physically bind to promoter fragments of the tested PCD-
associated gene in vitro (Figure 4A). To confirm this result in vivo,
we performed a chromatin immunoprecipitation experiment
followed by quantitative PCR (ChIP-gPCR; Supplemental Fig-
ure 4C). For ANACO087, no significant enrichment of any tested
downstream target could be detected (Figure 4B), indicating
that the in vitro binding of ANACO087 to the three promoter frag-
ments might not be occurring in vivo. However, for ANAC046,
ChIP-gPCR showed enrichment of the promoter fragments of
BFN1, EXI1, and RNS3 (Figure 4C). This enrichment was statis-
tically significant (P < 0.01) for BFN71 and RNS3, but not for EXI1.
These results indicate that, in contrast to ANAC087, ANAC046
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Figure 2. Inducible Overexpression of ANAC087 and ANACO046 Leads to Ectopic Cell Death.

(A) The pPASPA3-TolM marker showed ectopic expression and cell death in the epidermis distal of the LRC 24 h after induction of the p35S-SMB-GR
(right, indicated by an asterisk). In the mock treatment (left), only regular cell death in the LRC was observed. The eGFP signal is shown in green in the
cytoplasm, whereas the mRFP signal is shown in magenta in the vacuole. Merge of both signals indicates vacuolar collapse, a hallmark of cell death
(arrowheads). Bars = 50 um.

(B) Inducible overexpression of ANAC087-GFP and ANAC046-GFP (induced with estradiol [estr]) using the chimeric XVE TF and the pRPS5A promoter
led to intense ectopic Evans Blue staining. Shown is the root of a representative 5-d-old T3 seedling; four homozygous lines were analyzed in T3 for
ANACO087-GFP and three lines for ANAC046-GFP. In the control line, where only NLS-GFP is inducibly expressed, no ectopic Evans Blue staining was
observed. Photographs show the time point of 24 h after induction. Evans Blue is shown in blue. Bars = 50 ym.

(C) As indicated by RT-gPCR analysis, 24 h induction by estradiol caused strong expression of ANAC087 and ANAC046 in the pRPS5A:X-
VE>>ANACO087-GFP and pRPS5A:XVE>>ANAC046-GFP line, respectively. The error bars show the st of means of three independent biological repli-
cates (three independent treatments and three technical repeats each). t test; **P < 0.01 and ****P < 0.0001.
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is interacting with the promoters of BFN1, RNS3, and possibly
EXI1 in vivo.

To test whether the binding of ANAC046 to the promoters of
BFN1, EXI1, and RNS3 results in gene expression activation, we
performed a transient expression assay (TEA) in tobacco (Nico-
tiana tabacum) protoplasts (Vanden Bossche et al., 2013). In the
TEA, ANAC046 was able to strongly activate the three tested
2-kb gene promoters, as indicated by the elevated luciferase
signals observed. In accordance with the ChIP-gPCR results,
the promoters of BFN7 and RNS3 were more efficiently acti-
vated than the promoter of EXI1 (Figure 4D). Unlike ANAC046,
ANACO087 was not able to activate any of the tested promoters
(Figure 4D), which was in line with the ChIP-gPCR results. In
addition, the TEA did not show a more efficient reporter gene
expression when both TFs were expressed simultaneously, in-
dicating that ANAC087 and ANACO046 do not act synergistically
in activating these PCD-associated genes (Supplemental Fig-
ure 4D). In conclusion, our results show that BFN7, EXI1, and
RNS3 are most likely direct targets of ANACO046, whereas they
are probably indirect targets of ANAC087.

ANACO087 Regulates Postmortem Nuclear Degradation and
PCD Onset in the LRC

To investigate a possible role of ANACO087 in root cap PCD, the
anac087-1 null mutant was analyzed for a root cap phenotype.
Staining with Pl revealed that the root surface of the anac087-1
mutant was covered with significantly (P < 0.01) more stained
nuclear remnants compared with wild-type roots (Figures 5A and
5B). This phenotype is reminiscent of the bfn7 mutant (Fendrych
et al., 2014), indicating that nuclear DNA degradation—a hall-
mark of cell-autonomous cell corpse clearance—is impaired in
anac087-1. This phenotype was confirmed in an independent
anac087-2 mutant allele, and it could be rescued by introducing
the pANACO087:ANAC087-VENUS construct in the anac087-1
mutant background (Supplemental Figures 3A to 3E). Addition-
ally, a ANAC087 dominant-negative repressor controlled by
the root cap-specific SMB promoter (oSMB:ANAC087-SRDX)
copied the root cap phenotype of the anac087-1 mutant in a
single-insertion line (Figures 5A and 5B). Interestingly, when a
strong, multiple-locus line of ANAC087-SRDX was analyzed, a
smb-like phenotype was observed (Supplemental Figure 3F),
suggesting that ANAC087-SRDX is able to also repress SMB
target genes when strongly expressed. NAC TFs are known to
interact with similar binding sites (Bennett et al., 2010; Lindemose
et al., 2014), and overexpression of dominant-repressive protein
varieties might lead to off-target repression.

Time-lapse imaging confirmed a bfn1-like delayed nuclear
degradation phenotype in anac087-1 and ANAC087-SRDX LRC
cells (Figures 5C and 5D; Supplemental Figures 3G and 3H). Ad-

ditionally, we used terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) to follow DNA fragmentation in the
anac087-1 mutant in situ. In a TUNEL assay, a deoxynucleotide
tagged with a fluorochrome is attached to a free 3’-hydroxyl
group of the DNA, indicating DNA fragmentation by an increase
in cellular fluorescence. As in the bfn1 mutant, a delay in DNA
degradation was indicated by the numerous TUNEL positive
nuclei on the anac087-1 mutant root surface (Figure 5E; Sup-
plemental Figure 3l). These data indicate that ANACO087 is nec-
essary to efficiently complete nuclear fragmentation rather than
initiating it, as was already suggested before for BFN1 (Fendrych
et al.,, 2014). Intriguingly, when a functional BFN1-VENUS fusion
protein (Fendrych et al., 2014) was expressed under the control
of the ANACO087 promoter and transformed into the anac087-1
mutant, we observed a partial rescue of the anac087-1 mutant
phenotype (Figures 5F and 5G). These results indicate that the
detected bfn1-like phenotype in the anac087-1 mutant is partly
caused by the lack of BFN1 expression.

The role of BFN1 is restricted to postmortem chromatin degra-
dation, and in contrast to the smb mutant, the bfn7 mutant does
not show a delay of cell death at the edge of the LRC (Fendrych
et al., 2014). Likewise, when we measured the distance from
the QC to the last living LRC cells in anac087-1 seedlings, we
observed that, in contrast to the smb mutant, this distance was
not significantly increased (Figure 5H). These data suggest that,
unlike SMB, ANACO087 does not regulate the timing of LRC PCD
in the distal LRC. Instead, ANACO087 plays a central role in orga-
nizing postmortem nuclear degradation by indirectly activating
the expression of BFN1 and likely other hydrolytic enzymes.

ANACO046 and ANAC087 Redundantly Promote Cell Death
in the Columella Root Cap

To test the putative involvement of ANAC046 in root cap PCD,
we isolated and analyzed an anac046 mutant allele, anac046-1.
As expected based on the lack of ANAC046 expression in the
LRC, no PCD-related phenotype could be detected in this part
of the root cap (Supplemental Figures 5B and 5C). Prompted by
ANACO046 expression in the columella, we investigated the be-
havior of anac046-1 mutant columella cells. To this end, we used
a TolM driven by the POLYUBIQUITIN10 promoter (pUBQ10:To-
IM), which is strongly expressed in the columella. To be able to
analyze shedding root cap cells, we analyzed TolM-expressing
anac046-1 mutants growing in imaging chambers at 12-h inter-
vals for several days. We did not observe any aberration in the
shedding process of anac046-1 columella cells, but surprisingly,
we discovered that shedding and shed anac046-1 columella
cells remained alive significantly (P < 0.0001) longer than the
wild-type columella cells (Figures 6A to 6C). Already in stage 1
(defined by the visual onset of columella cell separation, which

Figure 2. (continued).

(D) Macroscopic images of estradiol-induced overexpression lines of ANAC087 and ANAC046 followed over time showed a different response for both
TFs. Six days after estradiol treatment, XVE-ANACO087 seedlings arrested root growth, while the shoot survived, whereas the XVE-ANACO046 seedlings
showed complete growth arrest and death of the seedling. In contrast, wild-type seedlings were not visually affected by the estradiol treatment. Ar-
rowheads indicate root tips at the beginning (0 d estradiol) and the end (6 d estradiol) of the estradiol treatment. Representative full time courses are

shown in Supplemental Movie 3.
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Figure 3. Expression of BFN1, EXI1, and RNS3 Is Regulated by
ANACO087, ANAC046, and SMB.

(A) RT-gPCR analysis showed reduced expression of PCD-associated
genes (BFN1, EXI1, and RNS3) in root tips of the anac087-1 mutant (root
tips were cut just above the LRC), whereas these genes were upregulated
in the ANACO087-inducible overexpression line. t test; *P < 0.05, **P <
0.01, and ***P < 0.0001.

(B) RT-gPCR analysis for small root tips of the anac046-1 mutant (root
tips were cut just above the columella) and the ANAC046-inducible over-
expression line. Expression of ANACO046 is not altered in the anac087-1
mutant or ANACO087 overexpression line and vice versa. The error bars
in (A) and (B) show st of three independent biological replicates (three
independent treatments and three technical repeats each). t test; *P <
0.05 and **P < 0.01.

(C) PCD-associated genes showed increased expression upon induction
of the p35S:SMB-GR (shown as SMB-GR) and decreased expression in
the smb mutant (root tips were cut just above the LRC), as indicated by
RT-gPCR analysis. As application of dexamethasone (dex) only leads to
activation of the highly expressed SMB-GR fusion protein, SMB RNA
expression is not increased. The error bars show sk of three independent
biological replicates (three independent treatments and three technical
repeats each). t test; *P < 0.05, ***P < 0.001, and ***P < 0.0001.
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occurs in ~5.5-d-old seedlings), more living columella cells were
found in the mutant compared with the wild type, indicating that
in the wild type, PCD of some columella cells is already executed
before shedding. Also in stage 2 and 3 (12 h and 24 h after
onset of shedding respectively), significantly (P < 0.0001) more
columella cells were found alive in the anac046-1 mutant than in
the wild type. Even in stage 4 (36 h after shedding), often living,
shed columella cells could still be detected in the anac046-1
mutant, while this was rarely observed in wild-type plants.

To confirm the anac046-1 mutant phenotype, we created a bona
fide null mutant using CRISPR/Cas9 technology (anac046-2).
This allele has a 7-bp insertion in the C-terminal half of the
ANACO046 gene (Supplemental Figure 5A). The resulting pre-
mature stop codon should lead to the formation of a truncated
protein lacking the molecular recognition motif necessary for
transcriptional activation and protein interactions (O’Shea et al.,
2015). The anac046-2 mutant showed a comparable columella
phenotype to anac046-1 (Supplemental Figures 5D and 5E).
Additionally, a dominant-negative version of ANAC046 (pSMB:
ANACO046-SRDX) was created. Because no TolM marker was
present in this line, seedlings were stained with fluorescein dia-
cetate (FDA) and PI to identify living and dead cells, respectively.
Similar to the anac046-1 mutant, 6-d-old pSMB:ANAC046-SRDX
seedlings (approximately corresponding to stage 2) showed
longer-living columella cells after shedding (Supplemental Fig-
ures 5F and 5G). In summary, our results demonstrate that shed-
ding and shed columella cells undergo an actively controlled cell
death process, the timing of which is controlled by ANAC046.

As ANAC046 and ANACO087 are coexpressed in the columella,
we also analyzed the columella in anac087-1 and in an anac087-1
anac046-1 double mutant. Similar to anac046-1, anac087-1
columella cells stayed alive significantly (P < 0.001) longer than
the wild type in different stages after shedding (Figures 6A, 6B,
and 6D). Interestingly, the proximal LRC cells adjacent to the
columella also stayed alive longer, which was indicated by the
presence of living elongated cells close to the root tip at stage 0
(12 h before the onset of shedding; Figure 5D). In some cases,
these elongated proximal LRC cells were shed alive as single
cells or together with the columella (Figures 6A and 6E). In the
anac087-1 anac046-1 double mutant, the shed columella cells
were even longer lived than in either single mutant, creating an
additive intensification of the phenotype (Figures 6A, 6B, and
6D). At all stages investigated, significantly (P < 0.0001) more
root cap cells were alive in the double mutant compared with
either single mutant (Supplemental Figure 5D), and often cells
of anac087-1 anac046-1 were still alive in stage 4 and even in
stage 5, which was never observed in the wild type and only
very rarely in either single mutant (Supplemental Figure 5H). As
in the anac087-1 mutant, proximal LRC cells died late in the
double mutant (Figure 6E; Supplemental Movie 4). However, the
cell death time point of the distal LRC cells at the end of the root
meristem was not distinguishable from the wild type, indicating
that unlike in the smb mutant, PCD of the distal LRC is not
delayed in the anac087-1 anac046-1 double mutant (Supple-
mental Figure 5C). Taken together, ANAC087 promotes post-
mortem degradation in the distal LRC, as well as controlling
cell death timing in the proximal LRC and the columella. In the
shedding columella cells, ANA046 and ANACO087 jointly control
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Figure 4. BFN1, EXI1, and RNS3 Are Indirect Targets of ANAC087 and Direct Targets of ANAC046.

(A) EMSA for binding of ANACO087 and ANAC046 HIS,MBP-tagged proteins to labeled 40-bp promoter fragments of BFN1, EXI1, and RNS3. Both
proteins caused a slower migration of the protein-probe complex (band shift indicated by an asterisk) compared with the free probe (indicated by
arrowhead). When a 400x concentrated unlabeled competitor probe was added, the signal of the protein-probe complex decreased, whereas when
a mutated, unlabeled competitor probe was added, the signal intensity was restored, indicating the specificity of the interaction. When the negative
control HISBMBP-IabeIed GFP or no protein was added, no band shift was observed.

(B) and (C) ChIP-gPCR analysis showed no enrichment of BFN1, EXI1, or RNS3 promoter fragments when ANAC087-GFP was immunoprecipitated.
However, when ANAC046-GFP was pulled down, promoter fragments of BFN1, EXI1, and RNS3 were enriched, as detected by RT-gPCR. The graph
shows relative enrichment compared with estradiol induced pRPS5A:XVE>>GFP seedlings. As a negative control, the housekeeping gene EF1A was
used, which did not show enrichment. Error bars indicate st of four biological replicates (protein extractions from four independently grown samples).
t test; **P < 0.01.

(D) TEAs show increased activity of firefly luciferase (Fluc) from the 2-kb promoters of pBFN1, pEXI1, and pRNS3 when ANAC046 was present, indi-
cating that ANACO046 was able to activate transcription from these promoters. ANAC087 was not able to induce promoter activity of pBFN1, pEXI1,
or pRNS3. As a negative control, GUS was used, which is not able to induce transcription. Activation is shown relative to GUS. Box plot whiskers
indicate maximum and minimum values; + indicates mean of eight biological replicates (eight independent protoplast transformations). Kruskal-Wallis
nonparametric test ***P < 0.001 and ***P < 0.0001.
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Figure 5. ANACO087 Is Involved in Regulation of Postmortem Nuclear Degradation.

(A) Numerous nuclear remnants were found on the Pl-stained root surface of bfn1, anac087-1, and ANAC087-SRDX, as indicated by arrowheads.
Fusion of the SRDX domain to a TF turns this TF into a dominant repressor of its target genes (Hiratsu et al., 2003).

(B) Quantification of the number of nuclear remnants shown in (A). Box plots show data from at least 14 roots. Whiskers indicate minimum and maxi-
mum values; + indicates average. ANOVA; **P < 0.01, ***P < 0.001, and ****P < 0.0001.

(C) Nuclei of the anac087-1 took longer to be degraded after cell death compared with nuclei from the wild type. Box plots show data from at least 34
nuclei from at least 4 different roots. Whiskers indicate minimum and maximum values; + indicates average. t test; ***P < 0.0001.

(D) Kymograph showing the delay of nuclear degradation in the anac087-1 mutant compared with the wild type. Cells were imaged every 10 min for 5 h.
(E) Multiple TUNEL-positive nuclei were found on the anac087-1 mutant root surface compared with the wild type (indicated by arrowheads). Signal of
the fluorescein is shown in green, and DAPI signal is shown in magenta.

(F) Introducing a pANAC087:BFN1-VENUS construct into the anac087-1 mutant resulted in rescue of the mutant phenotype (VENUS pos). In contrast,
in segregating VENUS-negative sister plants (VENUS neg), the anac087-1 phenotype was observed. Green signal indicates VENUS; the white signal
shows Pl staining. Bars in (A), (E), and (F) = 50 um.

(G) Quantification of the number of nuclear remnants observed in segregating and homozygous pANAC087:BFN1-VENUS lines in the anac087-1 mu-
tant background. Line 2 positive and line 7 positive show a partial rescue of the anac087-1 phenotype. Negative sister plants of the same segregating
lines (line 2 neg and line 7 neg) do not show a rescue of the anac087-1 mutant phenotype. Line 2.4 is a homozygous T3 line and shows complete
rescue of the anac087-1 mutant phenotype. The experiment was performed on at least 10 roots per genotype. Box plot whiskers indicate minimal and
maximal values; + indicates mean. ANOVA; different letters indicate statistically significant differences.

(H) The distance from the QC to the beginning of the last living LRC cell (closest to the transition zone) was altered in the smb mutant, but not in the
anac087-1 mutant compared with the wild type, which indicates that timing of LRC PCD is not changed in the anac087-1 mutant. The experiment was
performed on at least 13 roots per genotype. Box plot whiskers indicate minimal and maximal values; + indicates mean. Kruskal-Wallis nonparametric
test; **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 6. ANAC046 and ANAC087 Redundantly Control Columella PCD.

(A) pUBQ:TolM expression in the wild type, anac046-1, anac087-1, and anac087 anac046 was analyzed every 12 h (stages 1-3), with the visual onset
of root cap shedding defined as stage 1. All three mutant lines show longer living shed columella cells compared with the wild type. EGFP signal is
shown in green in the cytoplasm, and mRFP signal is shown in magenta in the vacuole. Vacuolar collapse indicating imminent cell death is visualized
by merging of the green and magenta signals.

(B) Higher magnification of shed root cap cells from stage 2 and 3 shown in (A). Bars = 20 um.
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Figure 7. Model: SMB, ANAC087, and ANAC046 Control Different As-
pects of Root Cap Cell Death.

In Arabidopsis, PCD is the final step of differentiation of both the col-
umella and the LRC. In the columella (shown in yellow), ANAC087 and
ANACO046 redundantly control the timing of PCD onset by regulating the
expression of at least three PCD-associated genes: BFN1, EXI1, and
RNS3. Furthermore, SMB is expressed in the columella (Bennett et al.,
2010), and SMB was shown to function not only upstream of BFNT,
EXI1, and RNS3, but also of some additional PCD-associated genes
(Fendrych et al., 2014). In the LRC (shown in blue), so far only ANAC087
and SMB have been shown to be involved in PCD regulation. Again,
both ANAC087 and SMB orchestrate the expression of BFN1, EXI1,
and RNS3, whereas SMB has some additional PCD-associated targets
(Fendrych et al., 2014). However, even though both ANAC087 and SMB
are expressed in the entire LRC, it appears that PCD is differentially reg-
ulated at the distal part compared with the proximal zone.

the timely onset of PCD, demonstrating that a dedicated cell
death program restricts the life span of columella cells in the
rhizosphere.

DISCUSSION

In this study, we showed that ANAC087 and ANACO046 have
partially redundant tasks in regulating two distinct aspects of

ANAC087 and ANACO046 Control Cell Death 2207

PCD in different root cap tissues. Both ANAC087 and ANAC046
were already shown to be associated with plant PCD, but their
roles in dPCD had been obscure. ANAC087 was found to be
expressed downstream of the master regulator ORE1 during
leaf senescence (Kim et al., 2014) and was recently shown to
directly bind to the promoters of some chlorophyll catabolic
genes (Oda-Yamamizo et al., 2016). More recently still, an oilseed
rape (Brassica napus) homolog of ANAC087 has been shown
to modulate reactive oxygen species accumulation followed
by cell death in the context of stress, hormone treatments, and
senescent leaves. Interestingly, this TF directly promotes the
expression of several cell death-associated genes when over-
expressed in wild tobacco (Nicotiana benthamiana), including
the tobacco ZINNIA ENDONUCLEASE1 (NbZENT), a tobacco
homolog of BFN17 (Yan et al., 2018).

Similarly, Arabidopsis ANAC046 was shown to interact with
RADICAL-INDUCED CELL DEATH, a protein involved in ox-
idative stress responses (Jaspers et al., 2009). Furthermore,
ANACO046 was previously examined for a function in chloro-
phyll degradation during leaf senescence (Oda-Yamamizo
et al., 2016). Recently, mutant anac046 and ANAC046-SRDX
plants were found to show enhanced growth and delayed leaf
senescence, whereas constitutive overexpression of ANAC046
resulted in slower germination, smaller plants, and accelerated
leaf senescence (Oda-Yamamizo et al., 2016). However, in our
hands, inducible overexpression lines of ANAC046 in 5-d-old
seedlings resulted in complete growth arrest followed by the
death of the entire seedling (Figures 2B and 2D). Conceivably,
the use of inducible overexpression enabled us to select lines
with high expression levels, which would not have been recov-
ered via a constitutive overexpression approach. Furthermore, it
was shown that BFN1, EXI1, and RNS3 are downstream targets
of ANACO046 in senescing leaves (Oda-Yamamizo et al., 2016).
A microarray experiment revealed that all three PCD-associated
genes were downregulated in the anac046 and ANAC046-SRDX
mutants and upregulated in the ANAC046 overexpression line,
which was confirmed in our experiments. Furthermore, several
other PCD-associated genes, including C-TERMINALLY EN-
CODED PEPTIDE1 (CEP1), METACASPASES (MC9), PUTATIVE
ASPARTIC PROTEINASE A3 (PASPA3), and DUF679 DOMAIN
MEMBRANE PROTEIN4 (DMP4), were shown to be downstream
targets of ANACO046 (Olvera-Carrillo et al., 2015; Oda-Yamamizo
et al., 2016). It is tempting to speculate that, besides promoting
chlorophyll degradation, ANAC046 might be involved in regu-
lating PCD processes that terminate the senescence process
in aging leaves.

Our data show that ANAC046 and ANACO087 are involved in
regulating dPCD of the root cap, indicating that both TFs might

Figure 6. (continued).

(C) and (D) Quantification of living, shed cells from the wild type and the anac046-1 mutant (C) and the wild type, anac087-1, and anac087 anac046
mutants (D) at three stages after shedding shows that columella cells of the mutants lived longer compared with the wild type. The columella cells of
the anac087 anac046 double mutant also lived longer compared with the anac087-1 single mutant. Box plot whiskers show minimum and maximum
values; + indicates mean of at least 10 roots. Poisson regression; **P < 0.001 and ****P < 0.0001.

(E) At stage 0 (defined as 12 h before onset of shedding), anac087-1 and anac087 anac046 mutants with the pUBQ:TolM show very elongated cells
close to the root tips (indicated by arrowheads), which sometimes initiate shedding before the columella. eGFP is shown in green, and mRFP is shown

in magenta. Bars in (A) and (E) = 50 um.
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be PCD regulators in several tissues activated under different
circumstances, including cellular differentiation, senescence,
and stresses. Interestingly, our transcriptional and translational
reporters revealed that while ANAC087 and ANACO046 are pref-
erentially expressed in cells preparing for PCD, there is also
some degree of expression in tissues not undergoing cell death.
This suggests that these TFs might have other functions besides
regulating PCD. Either expression levels determine the functions
of these TFs with respect to their role in cell death, or specifically
expressed interaction partners fine-tune PCD versus non-PCD
roles in different tissues.

Our results indicate that, on the one hand, ANAC087 regulates
postmortem degradation of dying cells in the distal part of the
LRC, whereas on the other hand, it regulates the timing of PCD
onset in the proximal part of the LRC and in the columella. These
results suggest that the cell death programs in the distal and
proximal regions of the LRC are differentially regulated (Figure
7). In the distal LRC, the timing of PCD execution is controlled by
SMB, while ANAC087 seems to merely coordinate one aspect
of PCD execution, postmortem corpse clearance. However, the
smb-like phenotype of the strong pSMB:ANAC087-SRDX line
might suggest a partially redundant role of ANAC087 in con-
trolling the timing of PCD onset in the distal LRC. In the prox-
imal LRC and the columella, however, ANACO087 takes on a
more SMB-like function by regulating PCD timing in the LRC
and columella cells before, during, and after columella slough-
ing. ANACO046 is specifically expressed in the columella, and
redundantly with ANAC087, promotes the timely execution of
PCD in this tissue (Figure 7). Whether ANAC046 and ANAC087
also control postmortem degradation in the columella is difficult
to determine. Analyses of single time points are not able to dis-
criminate between a delay in cell death execution and a delay in
postmortem degradation. Time courses to track the degradation
of individual columella cells are problematic due to the sloughing
of these cells and potential adverse effects of the PI stain over
time. Nevertheless, our data suggest that ANACO087 indirectly
controls the expression of downstream PCD-associated genes,
whereas ANACO046 directly binds to and activates their promot-
ers. These results indicate that additional TFs downstream of
ANACO087 might be involved in the control of dPCD-associated
genes, but so far, the identity of these downstream TFs is still
unknown.

Similar to ANAC087 and ANAC046, SMB also causes growth
arrest (Bennett et al., 2010) and ectopic cell death (Figure 2A)
when inducibly overexpressed. This indicates that several
PCD-related NAC TFs are sufficient to induce PCD when ec-
topically overexpressed. Furthermore, our RT-gPCR data on
smb mutant root tips and SMB inducible overexpression lines
showed that BFN1, EXI1, and RNS3 are downstream targets of
SMB (Figure 3C). These results indicate that SMB, ANACO087,
and ANACO046 share a similar spectrum of target genes and are
likely components of an integral transcriptional PCD network,
even though there is no evidence that they form a transcriptional
cascade. Our data suggest that distinct, but likely interconnected
pathways exist to fine-tune PCD execution and to ensure proper
timing of PCD in tissues that are destined to die. A similar
fine-tuning of PCD regulation was observed in senescing leaves,
where independent pathways regulate senescence, ultimately

resulting in terminal senescence and cell death (Kim et al., 2014).
In senescent leaves, the TF EIN2 was found to control the entire
senescence regulatory network on top of a transcriptional cas-
cade. It is possible that a similar regulatory cascade also exists
in root cap cell death, but additional TFs will have to be identified
to test this hypothesis.

The root cap is known to be important for protecting the stem
cells and receiving environmental stimuli to direct root growth
(Kumpf and Nowack, 2015). Additionally, in many species, in-
cluding pea (Pisum sativum) and maize (Zea mays), living border
cells that are shed from the root cap into the rhizosphere have
been shown to function in protecting the plant against patho-
gens (Cannesan et al., 2011; Hawes et al., 2012). Also, the living,
sloughed border-like cells in Arabidopsis have been implicated
in pathogen defense (Driouich et al., 2013). Here, we show that
ANACO087 and ANACO046 control a cell death program that re-
stricts the life span of shed columella cells. Previous reports in-
dicate that shed Arabidopsis columella cells can stay alive up
to 48 h in liquid medium and then gradually die (Plancot et al.,
2013). However, we observed that in wild-type seedlings, most
columella cells had died ~24 h after shedding. This difference
might be due to the use of slightly older seedlings (10 d old)
or different growth conditions in the previously published study
(Plancot et al., 2013).

To date, we can only speculate about the adaptive advan-
tage of columella cells undergoing PCD after shedding. Perhaps
columella PCD is merely a vestigial process that does not play
any crucial role in root growth and development in Arabidopsis.
However, it is possible that, under natural conditions, a certain
life span of columella cells terminated by controlled PCD is
advantageous for the plant’s interaction with microbiota in the
rhizosphere. With the rapidly growing interest in the workings
and functions of the plant rhizosphere (Mauchline and Malone,
2017), it would be very interesting to follow this hypothesis in
the future.

METHODS
Meta-Analysis of Publically Available Transcriptome Data

An Excel spreadsheet was created using the VisuaLRTC methodology
(Parizot et al., 2010) to identify genes that are highly expressed in the
LRC and TEs compared with other root tissues. Microarray hybridization
files for the following marker lines were retrieved from the Gene Expres-
sion Omnibus database: S17, S32, COBL9, J0121, S4, SUC2, J2501,
RM1000, PET111, AGL42, LRC, GL2, SCR, J0571, WOL, CORTEX,
APL, and S18. J2661 hybridization files were kindly provided by Mitchell
Levesque from Philip Benfey’s lab at Duke University, Durham, NC
(Levesque et al., 2006). Normalization was performed using the robust
multiarray average method (Irizarry et al., 2003b) and “present,” “mar-
ginal,” and “absent” calls were generated using the MAS5 (Irizarry et al.,
2003a) algorithm in R. Affymetrix probe sets to AGI ID assignment was
done using the affy_ATH1_array_elements-2010-12-20.txt file downloaded
from TAIR (www.arabidopsis.org) for 21,107 probe sets corresponding
to unique AGI IDs. In order to find genes more highly expressed in the
lateral root cap and the xylem TEs (LRC and S18, respectively) compared
with other tissues (all tissues previously described, excluding LRC, S18,
and the columella PET111, which can share homologies with the LRC),
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we selected genes that are systematically “present” and more highly
expressed in both LRC and S18 compared with the other tissues. Ad-
ditionally, we limited this list to TFs only according to the supplemental
data from Mitsuda and Ohme-Takagi (2009). The result of this query is
provided in Supplemental Data Set 1 with genes ranked according to the
enrichment of expression in the LRC and TEs compared with the other
tissues. From the 15 resulting TFs, we selected two NAC TFs for further
analysis.

Plant Material and Growth Conditions

All Arabidopsis thaliana seedlings were grown vertically on 0.5x Mu-
rashige and Skoog (MS) medium (0.1 g/L MES, pH 5.8 [KOH], and 0.8%
plant agar) (Murashige and Skoog, 1962) for 5 d in day/night conditions
(16 h light, 8 h dark, 22°C) under white light emitted by fluorescent
lamps (intensity 120 umol m? s7") before analysis, unless stated oth-
erwise. Mutant lines of anac087 and anac046 were ordered from the
NASC stock center in Nottingham, UK. For verification of homozygous
mutants, primers P11-P12, P13-P14, and P24-P25 were used together
with GABI-Kat (GK), SALK, and Saskatoon (SK) specific left border prim-
ers. The pRPS5A:XVE>>NLS-GUS-GFP line was used by Gao et al.
(2018) and the TolM marker was published by Fendrych et al. (2014)
and here cloned under the control of the pUBIQUITIN10 promoter (kindly
provided by Matthias Van Durme). ANAC046 CRISPR lines were created
using sgRNA pairs listed in Supplemental Table 1. Primers for these
sgRNAs were annealed and ligated into pMR217 and pMR218 (Ritter
et al., 2017). Entry clones were then recombined into pDE-Cas9 (Fauser
et al., 2014), and the obtained expression clones were transformed into
Col-0 plants using the Agrobacterium tumefaciens floral dip method
(Clough and Bent, 1998). Homozygous T2 lines were selected for the
production of T3 seeds and selected for the absence of the Cas9 gene.
To induce overexpression in the inducible overexpression lines, 5-d-old
seedlings were transferred to plates with 0.5x MS medium supplemented
with 10 uM estradiol (dissolved in ethanol) or ethanol (mock) before anal-
ysis. For all transgenic lines generated, several independent transforma-
tion events were generated, and at least two representative independent
single-insertion lines were analyzed in detail.

Cloning

All fragments were cloned into Gateway-compatible entry clones (In-
vitrogen). To create the entry clones, DNA fragments were generated
from template-DNA using specific primers and high-fidelity Phusion DNA
polymerase (New England Biolabs) in a standard PCR. All cloning primers
are listed in Supplemental Table 2.

The 4-kb promoter fragments of ANAC087 and ANAC046 were am-
plified from genomic DNA using primers P1-P2 and P15-P16, respec-
tively, and cloned into pDONRP4P1r by restriction enzyme digestion and
ligation. The ANAC087 and ANAC046 coding sequences without stop
codon were amplified from cDNA using primers P3-P4 and P17-P18,
respectively, and both PCR products were recombined into pDONR221
using BP Clonase (Invitrogen) to obtain pEN-L1-ANAC087-L2 and pEN-
L1-ANACO046-L2. For the translational reporters of both TFs, a fusion
protein with VENUS was created. ANAC087 was amplified from genomic
DNA using primers P3-P5, VENUS was amplified from a VENUS con-
taining plasmid (PSB Gateway Vector collection) using primers P6-P7,
and both fragments were fused in a PCR using primers P3-P7. Similar
to ANAC087, ANAC046 was amplified from genomic DNA using primers
P17-P19, VENUS was amplified from a VENUS containing plasmid (PSB
Gateway Vector collection) using primers P20-P7, and both fragments
were fused in a PCR using primers P17-P7. The obtained ANAC087-
VENUS and ANAC046-VENUS fragments were recombined into pDONR221
using BP Clonase (Invitrogen) to create pEN-L1-ANACO087-VENUS-L2
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and pEN-L1-ANACO046-VENUS-L2. The 3’ untranslated regions (UTRs)
from ANACO087 and ANAC046 were amplified from genomic DNA using
primers P8-P9 and P21-P22, respectively. The PCR fragments were then
recombined into pPDONRP2R-P3 using BP-Clonase (Invitrogen) to obtain
pEN-R2-ANAC087-3UTR-L3 and pEN-R2-ANAC046-3UTR-L3. Finally,
the SRDX fusions were created by a two-step PCR. For ANAC087, first,
a DNA fragment was amplified from cDNA using primers P3-P10, and
the obtained DNA fragment was used as a template in a new PCR using
primers P3-P26. Similar to ANAC087, for ANACO046, first a DNA fragment
was amplified from cDNA using primers P17-P23, and the obtained DNA
fragment was used as a template in a new PCR using primers P17-P26.
The obtained DNA fragments were recombined into pDONR221 using
BP Clonase (Invitrogen) to create pEN-L1-ANAC087-SRDX-L2 and pEN-
L1-ANACO046-SRDX-L2. Other entry clones that were used are pEN-
L4-pSMB-L1 from Fendrych et al. (2014), pEN-L1-NLS-tdTOMATO-L2,
pEN-R2-VENUSstopL3, and pEN-R2-GFP-L3, which were obtained from
the PSB Gateway Vector collection, and pEN-L4-pRPS5A-XVE-R1 (Gao
et al.,, 2018).

The obtained entry clones were recombined into Gateway destination
vectors pB7m34GW or pB7m24GW using LR Clonase Il plus enzyme mix
(Invitrogen) to create the expression clones pANAC087:tdTOMATO,
pANAC046:tdTOMATO, pANAC087:ANAC087-VENUS-3'UTR,
pANAC046:ANAC046-VENUS-3'UTR, pSMB:ANAC087-SRDX, pSM-
B:ANAC046-SRDX, pRPS5A:XVE>>ANAC087-GFP, and pRPS5A:X-
VE>>ANACO046-GFP. These expression clones were transformed into
competent Agrobacterium cells (C58C1 pMP90) using electroporation,
and these bacteria were used for a modified floral dip (Clough and Bent,
1998) into Col-0 plants. Homozygous, single-locus T3 lines were used
for analysis, unless stated otherwise.

Confocal Imaging

Confocal imaging was done on the LSM710 (Zeiss) using the Plan Apo-
chromat 20x objective (numerical aperture 0.8), unless stated otherwise.
All images were in 8 bit with at least 2x line averaging.

For the reporter lines, 5-d-old seedlings were mounted on a glass
slide in 1/10 MS medium. tdTOMATO was excited by the 561-nm laser
and emission detected between 570 and 564 nm. The VENUS fusion
proteins were excited by the 514-nm line of the argon laser and detected
between 525 and 620 nm. Static images of 5-d-old mutants and SRDX
lines stained with PI (1/10 MS supplemented with 10 pg/mL PIl) were
obtained with the Plan Apochromat 10x objective (numerical aperture
0.45) using the 561-nm laser and detection between 570 and 645 nm
in channel 1 and between 650 and 755 nm in channel 2. To create ky-
mographs, seedlings were transferred to a LabTekll chamber (Nunc)
and covered by an agar slab (0.5x MS) supplemented with 10 ug/mL PI
and imaged every 10 min (@nac087-1 and wild type) or 12 min (SRDX and
wild type). Pl was imaged as for the static images. Rescue lines were
imaged sequentially for VENUS and Pl in track 1 and track 2, respective-
ly. Excitation and emission of VENUS and PI were as described before.
Imaging of the TUNEL samples was done using the 488-nm laser line
to excite the fluorescein, and emission was detected between 495 and
550 nm in the first track. In the second track, 4’,6-diamidino-2-phenylindole
(DAPI) was excited by the 405-nm laser and detected between 420 and
480 nm.

In the inducible overexpression lines, seedlings treated for 24 h with
estradiol or ethanol (mock) were mounted on a glass slide in 1/10 MS
supplemented with 10 ug/mL PI. GFP and Pl were detected simultane-
ously in the same track. GFP was excited by the 488-nm line of the argon
laser and detected between 495 and 550 nm in channel 1, whereas PI
was detected between 580 and 735 nm in channel 2. For the overnight
time course, 6 h induced seedlings were transferred to a LabTekll cham-
ber (Nunc) and covered with an agar slab (0.5x MS) supplemented with
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10 ug/mL Pland 10 uM estradiol. Seedlings were imaged every 30 min for
16 h on the LSM5 Exciter (Zeiss), which was flipped for vertical imaging.
Imaging of GFP and Pl was performed as described before.

The seedlings of the pUBQ-TolM line were grown for 4 d on 0.5x MS
medium and then transferred to a LabTekll chamber (Nunc) covered by
an agar slab (0.5x MS). After transfer, the seedlings were returned to the
growth room for 24 h and then imaged every 12 h for 3 d. In between
two imaging moments, chambers with seedlings were transferred back
to the growth room. GFP and mRFP were imaged simultaneously using
the 488-nm laser line to excite GFP and the 561-nm laser line to excite
mRFP. Emission was detected for GFP in channel 1 between 495 and
550 nm and for mRFP in channel 2 between 595 and 715 nm. The long
time courses following roots of pUBQ-TolM in different backgrounds for
24 h were performed on the LSM5 Exciter (Zeiss) using the 20x objective.
GFP was excited using the 488-nm laser line of the argon laser and was
detected using the band-pass 505-530 filter. MRFP was excited using
the 543-nm laser and detected using the long-pass 650 filter. To follow
the root, the root TipTracker software was used (von Wangenheim et al.,
2017). For the FDA-PI viability staining, 6-d-old seedlings were mounted
on a glass slide in FDA solution (eight droplets of dissolved FDA [2 mg
in 1 mL acetone] in 10 mL 0.5M sucrose) supplemented with 10 ug/pL
PIl. FDA and Pl were imaged sequentially using the 488-nm laser line in
track 1 to excite FDA and the 561-nm laser line in track 2 to excite PI.
Emission was detected between 495 and 550 nm and between 580 and
715 nm for FDA and PI, respectively. Image analysis was performed in
FIJI (Schneider et al., 2012).

CANON Imaging and Image Processing

To image the seedlings macroscopically over time, a Canon camera (EOS
650D) was used. Seedlings were transferred to a 0.5x MS plate with 10
uM estradiol and imaged every 30 min for 6 d using the EOS utility soft-
ware (Canon). Images were imported into FIJI (Schneider et al., 2012) to
create movies and time stamp.

Evans Blue Staining

For Evans Blue staining, 5-d-old seedlings were transferred to a 0.5x
MS plate with 10 uM estradiol and incubated for ~24 h. Seedlings were
then stained for 30 min in a 2% solution of Evans Blue (Sigma-Aldrich) in
water. Seedlings were then washed in distilled water and mounted on a
glass slide. Samples were imaged on an Olympus BX51 microscope with
a 10x objective (numerical aperture 0.25).

TUNEL

For the TUNEL staining, the in situ cell death detection kit, Fluorescein
(Roche) was used. Fixation and all wash steps were performed in a 12-well
plate, and only the TUNEL reaction was performed in a 1.5-mL Eppendorf
tube. Approximately 10 seedlings per condition were used.

Seedlings were fixed for 1 h in 4% paraformaldehyde (pH 7.4) under
vacuum at room temperature and subsequently washed five times with
1 mL PBS. Then, seedlings were permeabilized for 2 min on ice with
1 mL 0.1% Triton X-100 in 0.1% sodium citrate and subsequently
washed again five times with 1 mL of PBS. The positive control was
treated with 1 mL DNasel solution (1 mL PBS with 0.025 puL DNasel
[Sigma-Aldrich] and 2% BSA) for 15 min at room temperature, and
washed three times with 1 mL PBS. Label solutions for the negative
and positive control and for the test seedlings were prepared in a
tube according to the manual. Seedlings were added to the tubes and
incubated for 60 min at 37°C in the dark. Afterwards, the seedlings were
transferred again to a 12-well plate and washed three times with 1 mL
of PBS. Finally, seedlings were mounted in Citifluor (antifading agent)
with 0.25 ug/mL DAPI.

RT-qPCR

For RT-gPCR of mutant lines, mutant and wild-type seedlings were
grown for 5 d on 0.5x MS medium. Using a binocular microscope (Leica),
~200 big root tips (cut just above the meristem) were harvested for
anac087-1 and 500 small root tips (cut around the QC) for anac046-1.
For the inducible overexpression lines, whole seedlings induced for 24 h
by estradiol or mock treatment were harvested. For each line, three bio-
logical replicates (independently repeated treatments) were tested. After
RNA extraction using the Spectrum Plant Total RNA Kit (Sigma-Aldrich),
1 ug of RNA was used for DNA synthesis with the iScript cDNA synthe-
sis kit (Bio-Rad). The RT-gPCR was performed with the LightCycler 480
(Roche) using SYBR green for detection of double-stranded DNA. Analysis
of the RT-gPCR data was done using gBase+ software (Biogazelle), with
PEX4 (AT5G25760), UNK (AT4G16100), EF1A (AT5G60390), and UBL5
(AT5G42300) as housekeeping genes, and later the data were normalized
against wild-type or mock samples. Primers used in the RT-qPCR are
listed in Supplemental Table 3.

EMSA

To create recombinant tagged proteins, ANAC087, ANAC046 (entry
clones from TAIR), and GFP (control) were fused to HISMBP by cloning
into the pDEST-HisMBP destination vector (Nallamsetty et al., 2005) and
transformed into competent BL21 DE3 Escherichia coli cells. When bac-
terial growth reached its mid-exponential phase, the culture was induced
by 1 M IPTG for 16 h at 18°C. After centrifugation, the pellet was resus-
pended in 50 mL lysis buffer (50 mM Tris, pH 8, 5 mM imidazole, pH 8,
500 mM NaCl, 0.1% Triton X-100, and protease inhibitors). The samples
were sonicated using a Digital Sonifier (Branson Ultrasonics) and then
centrifuged for 20 min at 4°C. After washing the column containing Ni*-
NTA resin (Qiagen) five times with water and five times with binding buffer
(50 mM Tris, pH 8, 5 mM imidazole, pH 8, and 250 mM NaCl), the super-
natant was added to bind to the column. Next, the column was washed
10 times with washing buffer (50 mM Tris, pH 8, 60 mM imidazole, pH 8,
and 250 mM NaCl) and then eluted with elution buffer (50 mM Tris, pH 8,
400 mM imidazole, pH 8, and 250 mM NaCl). Finally, a PD-10 desalting
columns (GE Healthcare) were used to remove the imidazole and dissolve
proteins in Buffer1 (20 mM Tris, pH 7.5, and 200 mM NaCl). Fractions of
0.5 mL were collected and protein concentrations were determined using
a Pierce BCA protein assay kit (Life Technologies).

For the EMSA, TF binding sites were predicted using protein bind-
ing microarray data combined with coexpression data of possible target
genes (Lindemose et al., 2014). The 8-bp binding sites obtained from the
protein binding microarray were located in the promoters of target genes
and extended to the left and right to obtain a 40-bp promoter fragment.
For BFN1, EXI1, and RNS3, these 40-bp promoter fragments were or-
dered as 40-bp primers labeled at the 5’ end with IRDye 700. Primer
sequences can be found in Supplemental Table 4. Primer sequences for
BFN1 were the same as in Matallana-Ramirez et al. (2013). Primers for the
unlabeled competitor and unlabeled mutant competitor probes can also
be found in Supplemental Table 4. After annealing of the primers, EMSA
was performed using the Li-Cor Odyssey EMSA buffer kit, and imaging
was done on the Odyssey imaging system (Li-Cor).

ChIP-qPCR

For the ChIP, ~200 mg of seeds of the inducible overexpression lines
(PRPS5A:XVE>>ANAC087-GFP or pRPS5A:XVE>>ANAC046-GFP) or
the control (pRPS5A:XVE>>GFP) were grown on plates with a nylon
mesh. Five-day-old seedlings were sprayed with liquid 0.5x MS medium
supplemented with 50 uM estradiol and 0.01% Triton. Seedlings were
harvested in liquid nitrogen 24 h (for the pRPS5A:XVE>>ANAC046-GFP
line) or 30 h (for the pRPS5A:XVE>>ANAC087-GFP line) after estradiol
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induction. Seedlings were ground in liquid nitrogen and 2 g of plant pow-
der was used per ChlIP. The chromatin cross-linking, sonication, immuno-
precipitation, reverse cross-linking, and DNA extraction were performed
as described (Ritter et al., 2017). The Chip-gPCR was performed as de-
scribed before. Primers for the ChIP-gPCR can be found in Supplemental
Table 3. Normalized percentage of input was calculated using this formula:
100 x 2Ct(adjustedINPUT)-Ct(IP).

TEA

The transfection of BY2 tobacco protoplasts and the luciferase assay
were performed as described (Vanden Bossche et al., 2013).

Statistical Analysis

For the statistical analysis, GraphPad Prism (GraphPad Software) was
used, unless stated otherwise. For the counting of nuclear remnants,
and FDA-PI staining, a one-way ANOVA with Dunn’s multiple testing cor-
rection was used. See Supplemental Table 5 for an overview on ANOVA
testing. For the nuclear counting in the pANAC087:BFN1-VENUS rescue
experiment, ANOVA was followed by Tukey. For the distance to QC en
TEA's, a Kruskal-Wallis nonparametric test was used. For the RT-qPCRs,
nuclear degradation time, and ChIP-gPCR, a Student’s t test was used
with a Holm-Sidak correction for multiple testing.

The statistical analysis for counting of living, detached columella cells
in different pUBQ-TolM lines was performed using a Poisson regression.
Since the data did not look Poisson distributed, a linear mixed model
was fitted to the count data. Based on a saturated mean model, includ-
ing the main effects of line and stage (as categorical predictor variable)
and their interaction term, several covariances were tested to take into
account the correlation between measures performed on the same root.
Based on the BIC (for anac087-1, anac046-2, and anac087 anac046) or
AIC (for anac046-1) values, an unstructured covariance was used. Since
the experiment was repeated three times, an additional random effect for
repeat was added to the model. For the fixed effects part of the model,
a likelihood ratio test indicated that the model with stage as numerical
covariate was better than the model with stage as categorical predictor
variable (P = 0.07). The Kenward-Roger approximation for computing the
denominator degrees of freedom for the tests of fixed effects was ap-
plied. Differences of interest were estimated using Wald tests. Appropri-
ate adjustment of P values was done with Tukey’s method. Assumptions
were verified with residual diagnostics. The analysis was performed with
the mixed procedure of SAS (version 9.4 of the SAS System for windows
7 64 bit; copyright 2002-2012, SAS Institute).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis
Genome Initiative or GenBank/EMBL databases under the following
accession numbers: ANAC087 (AT5G18270), ANAC046 (AT3G04060),
SMB (AT1G79580), BFN1 (AT1G11190), PASPA3 (AT4G04460), RNS3
(AT1G26820), EXI1 (At2g14095), CEP1 (AT5G50260), MC9 (AT5G04200),
DMP4 (AT4G18425), UBQ10 (AT4G05320), and RPS5A (AT3G11940). Mu-
tants used in this study had the following accession numbers: GK622H06
(@nac087-1), SALK_011205c (anac087-2), and SK2690 (nac046-1). The
following microarray hybridization files were retrieved from the Gene Ex-
pression Omnibus database: GEO Series GSE8934 (S17, S32, COBLY9,
J0121, S4, SUC2, J2501, and RM1000), GEO Series GSE7641 (PET111
and AGL42), GEO Series GSE5749 (LRC, GL2, SCR, J0571, and WOL),
and GEO Series GSE16468 (CORTEX, APL, and S18).

Supplemental Data

Supplemental Figure 1. Transcriptional reporter lines of ANAC087
and ANAC046.
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Supplemental Figure 2. Independent overexpression lines of
ANACO087 and ANAC046.

Supplemental Figure 3. Independent mutant lines and rescue lines
of anac087-1.

Supplemental Figure 4. BFN1-VENUS rescue of anac087-1, EMSA
binding sites, and TEA for ANAC087 and ANACO046 binding to the
promoters pBFN1, pEXI1, and pRNS3.

Supplemental Figure 5. Independent mutant lines of anac046-1.
Supplemental Table 1. Primers used for CRISPR.
Supplemental Table 2. Primers used for cloning.

Supplemental Table 3. Primers used for gPCR.

Supplemental Table 4. Primers used for EMSA.

Supplemental Table 5. ANOVA table.

Supplemental Data Set 1. Identification of transcription factor genes
more highly expressed in the lateral root cap and the tracheary ele-
ments compared with all other root tissue layers.

Supplemental Movie 1. pPASPA3-TolM in inducible overexpression
line of SMB.

Supplemental Movie 2. Confocal time course of inducible overex-
pression lines.

Supplemental Movie 3. Macroscopic time course of inducible over-
expression lines.

Supplemental Movie 4. Long time course pUBQ-TolM in the wild
type and in anac087 anac046.
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