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Abstract

Quiescent center (QC) cells represent an integral part of the root stem cell niche. They typically
display a low division frequency that has been reported to be controlled by hormone signaling
and different regulators, including the ERF115 transcription factor and D-type cyclins. Here,
we applied a three-dimensional (3D) imaging pipeline to visualize the Arabidopsis QC cell
number, volume and division patterns, including the visualization of anticlinal divisions that
cannot be deduced from longitudinal 2D imaging. We found that five-day-old seedlings
possess on average eight QC cells which are organized in a monolayered disk. In a period of
seven days, half of the QC cells undergo anticlinal division in a largely invariant space. Ectopic
expression of ERF115 and CYCD1;1 promote both anticlinal and periclinal QC cell divisions,
the latter resulting in a dual-layered QC zone holding up to twofold more QC cells, compared
to the wild type. Contrary, application of cytokinin or ethylene results in an increase in the
number of periclinal but a decrease in anticlinal QC divisions, suggesting that they control the
orientation of QC cell division. Our data illustrate the power of 3D visualization in revealing

unexpected QC characteristics.
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Introduction

Root growth and development largely depend on a group of stem cells within the root apical
meristem. Within Arabidopsis thaliana, these stem cells consist of quiescent center (QC) cells
being surrounded by a single tier of initial cells that give rise to the different root cell types,
including the lateral root cap, epidermis, cortex, endodermis, vasculature and columella
(Dolan et al., 1993). Here, the cortical and endodermal cell layers are derived from the same
cortex/endodermal initial (CEI) cells. Likewise, the epidermis and lateral root cap tissues
originate from a common stem cell. Since the concept of QC was proposed (Clowes, 1954), it
has aroused great interest. As implicated by their name, the QC cells are characterized by a
low division rate and are located at the center of the root stem cell niche. The QC cells inhibit
the differentiation of the adjacent stem cells in a short-range manner (van den Berg et al.,
1997), whereas their periodical cell division probably enables the replacement of surrounding
initial cells when required (Kidner et al., 2000). Indeed, QC cell division activity is typically
called upon under stress conditions, where the resulting daughter cells replace potentially
damaged stem cells (Cruz-Ramirez et al., 2013; Efroni et al., 2016; Heyman et al., 2013; Sena
et al., 2009). These unique properties bring to light the particular role played by the QC in

maintaining the meristem structure and function.

It is well recognized that the QC cells are characterized by a low proliferation rate, compared
to their surrounding initial cells, as suggested by *H-thymidine or bromodeoxyuridine labeling
experiments (Dolan et al., 1993; Fujie et al., 1993). According to a 5-ethynyl-2’-deoxyuridine
(EdU) pulse-chase experiment, the time for QC cells to enter the S-phase can vary from three
up to seven days (Cruz-Ramirez et al., 2013). Consequently, the division frequency of QC cells
was proposed to be even less than half that of the surrounding stem cells. Using a low laser
power and a high scan rate to avoid photobleaching and phototoxicity, the longest reported
imaging window under dark conditions for capturing Arabidopsis root meristem cell divisions is
one week. During this 168-h time span, only a single QC cell was observed to divide,
suggesting that the mitotic frequency of QC cells can be as low as one division in seven days
(Rahni and Birnbaum, 2019). Consequently, to date, precisely describing the developmentally

regulated QC cell division patterns remains challenging.

Several regulators of QC cell identity and division have been described. The PLETHORA and
SCARECROW/SHORTROOT transcription factors are required in parallel for QC specification
and root stem cell maintenance (Aida et al., 2004; Sabatini et al., 2003). A transcription factor
gene encoding a core component of QC identity is WUSCHEL-RELATED HOMEOBOX5
(WOXS5), which is specifically expressed in the QC (Haecker et al., 2004; Sarkar et al., 2007).

WOX5 represses, in a non-cell autonomous manner, the differentiation of the neighboring


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5619903/#def1

columella stem cells (Pi et al., 2015) and contributes in sustaining the quiescence of QC cells
during embryogenesis by directly inhibiting the expression of the D-type cyclin-encoding gene
CYCD3;3 (Forzani et al., 2014). The increased QC cell division rate observed wox5 mutants
can be suppressed by mutants in CYCD1;1 or CYCD3;3, whereas their ectopic expression
driven from the WOX5 promoter is sufficient to induce QC cell division (Forzani et al., 2014).
The ethylene response factor 115 (ERF115) transcription factor represents another important
rate-limiting factor in the QC cell division that is antagonistically regulated by proteolytic
destruction through ubiquitination by the anaphase-promoting complex/cyclosome and
transcriptional activation by brassinosteroid and jasmonic acid signaling (Heyman et al., 2013;
Zhou et al., 2019). Next to controlling QC cell division, ERF115 expression is also activated in
cells localized immediately adjacent to dying meristematic cell, such as induced by DNA
damaging agents, laser ablation or mechanical wounding (Heyman et al., 2016; Hoermayer et
al., 2020; Matosevich et al., 2020). Together with a wound-induced local accumulation of auxin,
ERF115 induces cell divisions, generating new cells that eventually will replace the damaged
ones (Canher et al., 2020). Overexpressing the dominant negative ERF115 allele fused with
the SUPERMAN REPRESSOR DOMAIN (SRDX) dramatically reduces the frequency of these
cell divisions, resulting in the inability to replace lost cells, followed by meristematic collapse
(Canher et al., 2020; Heyman et al., 2016; Heyman et al., 2013).

Next to genetic players, plant hormones play a key role in maintaining QC homeostasis. The
directional flow of auxin in the root tip generates an auxin gradient, in which the maximum
specifies the location of the QC (Grieneisen et al., 2007). QC cell division is promoted by
ethylene, with the resulting daughter cells maintaining QC identity and function, rather than
adopting a stem cell-like fate (Ortega-Martinez et al., 2007). Likewise, increasing cytokinin
levels through genetic mutation or by exogenous application induces QC cell division by the
direct downregulation of Auxin transporter-like protein 2, encoding an auxin influx carrier, and
subsequent decrease in auxin levels (Zhang et al., 2013). In contrast to ethylene, cytokinin-
induced QC cell divisions are accompanied by a partial loss of QC identity, as observed by a
decrease in WOX5 expression (Zhang et al., 2013). In addition to ethylene and cytokinin, other
phytohormones including brassinosteroids, jasmonic acid and salicylic acid have been
demonstrated to activate QC cell division (Chen et al., 2011; Gonzalez-Garcia et al., 2011;
Lozano-Elena et al., 2018; Vilarrasa-Blasi et al., 2014; Zhou et al., 2019), whereas abscisic
acid has been shown to inhibit QC division (Zhang et al., 2010).

Even though research focusing on the QC has been going on for decades, there is still no clear
consensus on the exact Arabidopsis QC cell number and their division patterns. Originally, four
QC cells were observed and described for the heart stage embryo, transverse sections of dry

seeds and three-day-old seedlings (Dolan et al., 1993). Later, 4-to-8 QC cells were observed



in transversal sections of mature embryos and less than one-week-old roots (Baum et al., 2002;
Ugartechea-Chirino et al., 2010). These quantitative observations on QC cells were based on
spatial location rather than use of any genetic marker, and therefore didn’t attract widespread
attention. As a consequence, a vast majority of researchers still agree on the consensus of the
number of QC cells being four (Drisch and Stahl, 2015; Ortega-Martinez et al., 2007; Rovere
et al., 2016; Zhang et al., 2010) and only a few reported the number of QC cells to reach up to
eight (Nawy et al., 2005; Zhang et al., 2013). This discrepancy might originate from the fact
that quantitative statistics of QC cell number and division phenotypes are based on 2-

dimensional (2D) imaging.

Here, we studied the QC region using 3D image analysis to deliver a quantitative description
of the QC cell number, volume and division patterns in wild-type plants and QC division-
activated lines. Furthermore, we demonstrate that ERF115 and CYCD1;1 not only promote
periclinal (resulting in a new cell wall parallel to the root cap surface) but also anticlinal (resulting
in a cell wall perpendicular to the nearest cell surface) QC cell divisions (Shishkova et al., 2008),

whereas cytokinin and ethylene rather appear to control the QC cell division plane.

Materials and Methods

Plant materials and growth conditions

All the genotypes used are in the Col-0 genetic background. The transgenic lines ERF115° and
ERF115°RfPX were described previously (Heyman et al., 2013). pWOX5:ER-GFP seeds were kindly
provided by Prof. Ben Scheres (Xu et al., 2006). The pWOX5:CYCD1;1 construct was cloned by
inserting the 3021-bp promoter region upstream of the WOXS5 start codon in front of the CYCD1;1
coding sequence into the pK7m24GW3 expression vector using Multisite Gateway® recombination.
Transgenic Arabidopsis thaliana lines were subsequently generated through Agrobacterium-
mediated transformation using the floral dip method (Clough and Bent, 1998). Single-locus lines

were retained, and homozygous lines were selected using 40 mg/L kanamycin.

Plants were grown under a 16-h/8-h light/dark photoperiod and 70 umol-s™'-m? of light strength on
agar-solidified culture medium (2.15 g/L Murashige and Skoog (MS) medium, 10 g/L sucrose, 0.5
g/L 2-(N-morpholino) ethanesulfonic acid (MES), and 1% plant tissue culture agar, adjusted to pH
5.7) at 21°C after imbibition at 4°C in the dark for two days.

Hormone treatment

Seeds harboring the pWOX5:ER-GFP construct were sown on 2 MS medium supplemented with



either 100 nM 6-benzylaminopurine (BA) in dimethyl sulfoxide (DMSOQO) or 50 yM 1-amino-1-
cyclopropane carboxylic acid (ACC) in 10% ethanol, then grown for five days under a 16-h/8-h

light/dark cycle at 21°C. For the control, respectively DMSO or ethanol was added to the medium.

Cell wall staining

We used a modified protocol based on Kurihara et al. (2015) in order to stain the cell walls.
Transgenic pWOX5:ER-GFP seedlings were fixed with 4% paraformaldehyde (PFA) in 1 x PBS for
1 h at room temperature. Then, the seedlings were washed twice with 1x PBS and transferred to
ClearSee solution (xylitol (10%, w/v), sodium deoxycholate (15%, w/v) and urea (25%, w/v) in H20)
overnight. Thereafter, we stained the cell walls by imbibing the plants for 1 h in 0.1% Calcofluor
White in ClearSee solution, washing them with ClearSee solution once and finally keeping the

samples in the ClearSee solution before mounting them on microscope slides.

EqU labelling

In order to perform EdU labelling, 4-day-old seedlings were first transferred to 72 MS medium
supplemented with 10uM EdU (Invitrogen™ Click-iT™ EdU Cell Proliferation Kit for Imaging, Alexa
Fluor™ 488 dye) for 24h, then the samples were fixed with 4% PFAin 1x PME (0.05 M piperazine-
N,N" -bis(2-ethanesulfonic acid) (PIPES), 5mM MgSO4 and 1mM ethylene glycol-bis(B-
aminoethyl ether)-N,N,N’ N’ -tetraacetic acid (EGTA), adjusted to pH 6.9) overnight. After
discarding the PFA, the seedlings were washed twice with 1x PME. Next, the root tips were
dissected and placed in a drop of 1x PME on a SUPERFROST (adhesive) microscope slide. Once
all samples were ready, the PME was removed and the root tips let drying at room temperature
overnight. The day after, the root tips were washed with 1x PBS for 15 min. Following this step, the
cell walls were degraded by incubating the samples with enzyme solution (1% cellulose, 0.5%
cytohelicase and 1% pectolyase in 1x PME) for 1h at 37°C. We then washed the samples four
times with 1x PBS (5 min for each time), with an additional wash with 1x PBS + 3% bovine serum
albumin (BSA). Later, the roots tips were incubated in a permeabilization solution (3% IGEPAL,
10%DMSO in 1x PME) for 1h at room temperature and thereafter again washed twice with 1x PBS
and two supplemental times with 1x PBS + 3% BSA. Subsequently, Click-It solution was added (40
pl 10x Click-iT reaction buffer, 400 pl distillated water, 10 yl Copper protectant, 1 ul Alexa Flour
picolyl azide and 50 pl Reaction buffer additive, all reagents come from the same kit as EdU) and
the samples were consequently left in the dark at room temperature for 30 min. A subsequent wash
with 1x PBS + 3% BSA performed before adding 100 ul of Hoechst (in a 1/500 dilution) from the kit
per slide, which were incubated in the dark at room temperature for 30 min (8 min vacuum and 22

min atmospheric pressure). Finally, wash twice with 1x PBS before mounting.

Confocal microscopy



Images of the QC zone in pWOX5:ER-GFP seedlings were taken using a Zeiss LSM 710 confocal
microscope with a 40x water objective and pinhole was kept at 1 airy unit. For high-resolution z-
stack scans, we set the interval of every two images between 0.1 to 0.12 ym. The Calcofluor White
signal was detected after excitation with a 405nm laser within the 410-461 nm emission spectrum.
The GFP was excited using a 488-nm laser and the emitted signal was captured within the 493—
598 nm range. The two signals were acquired in a sequential order by using independent tracks.
For EAU-DAPI staining, z-stacks were recorded over a 30uM range at 0.5uM step size using a
Leica SP8X Confocal microscope and 40x water objective. EAU was excited using 488 nm Laser
and emission was captured at 510-550 nm. DAPI was excited using 405 nm UV laser and emission
was captured at 430-460 nm. Pinhole was kept at 1.7 airy units. Snapshot of cross section images

of QC cells were obtained using the orthogonal sectioning mode of LAS X Viewer.

Cell segmentation and volume measurement

The 3D data was extracted from z-stack scanning pictures and analyzed by the MorphoGraphX

software (http://www.MorphoGraphX.org). First, we used the pixel edit to remove extra tissues and

cells around the QC cells under the work stack. Second, Gaussian blur was applied with a sigma
of 0.4x0.4 x 0.2 um? using the process "Stack/Filters/Gaussian Blur Stack". Third, the cells were
segmented using the auto-seed watershed segmentation process (“Stack/ITK/ITK Watershed Auto
Seeded”) with a level of 450. In addition, the obtained mesh was manual reviewed to ensure the
accuracy of the automatic segmentation. Finally, we manually deleted the non-QC cells before
extracting the 3D meshes of the remaining QC cells. The later step was performed using the
process “Mesh/Creation/Marching Cubes 3D”, by setting both cube size and smooth parameters
to “1”. The output was a 3D heat map in which cells were colored according to their volume within
a 0-300 um?3 range (process “Mesh/Heat Map/Heat Map”). The detailed position and volume
information of each cell was finally exported for later QC cell average volume and QC zone total

volume analysis.

Results
Three-dimensional imaging of the quiescent zone reveals up to eleven QC cells

On basis of longitudinal microscopic sections (along XY-axes) the QC is schematized as four-
to-eight cells that are partitioned between two layers in the Z-axis. However, 2D cross-sections
have limited power to observe and define cell numbers and division patterns. To gain a more
accurate insight into the cell number and morphology, it is necessary to obtain a 3D level
description and quantification of the QC zone. To be able to visualize specifically the QC cells,
we used seedlings harboring the QC-specific marker pWOX5:ER-GFP. In order to obtain clear

cell outlines and GFP signal, we performed Calcofluor White cell wall staining and ClearSee
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for increased transparency (Kurihara et al., 2015). Thereafter, the seedlings were mounted on
a microscope slide and a general electrical tape was placed between the slide and the cover
glass as a support to avoid deformation of the root cylinder, which could affect the volumetric
measurements. High-resolution z-stack scanning pictures of root tips were taken by confocal
laser scanning microscopy. After reconstructing the GFP-positive cells using MorphoGraphX
software, the volumetric data of the full 3D QC zone were extracted and analyzed (Barbier de
Reuille et al., 2015). The output was converted to a 3D heat map in which cells were colored
according to their volume (from blue to red, for small to large volumes, respectively). Using
this pipeline, we identified on average 9.64 + 1.44 cells being pWOX5:ER-GFP-positive within
five-day-old Col-0 root tips (Table 1). Among these cells, 8.76 + 1.09 were arranged in a flat
round monolayered disk with an estimated diameter of 23.35 + 1.35 ym (Fig. 1A). The average
volume of a QC cell was 191.70 + 16.02 um?, while the volume of the QC zone was 1675.51
+ 227.35 um3. To facilitate visualization of the number of cells and their respective fluorescence
intensities at different longitudinal sections, we numbered the QC cells in the transversal
section (Fig. 1A). The longitudinal sections showed the classical view of up to four adjacent
pWOX5:ER-GFP-positive cells (Fig. 1B-G). In 12 out of 25 seedlings analyzed, some GFP
signal could be detected outside of the disk in the cortex and endodermis initials or their
daughter cells (Table 1 and Supplementary Fig. S1). In these cells, the GFP signal intensity
was weaker than that observed in the cells composing the QC zone, which might indicate
residual WOX5 promoter activity or carry-over of GFP inherited from the mother cell. Those

cells only accounted for 9.13% of the cells expressing pWOX5:ER-GFP.

The organization and number of QC cells was confirmed by EdU staining (Fig. 1H), showing
that following a 24h EdU labelling period 5-day-old Col-0 seedlings typically held an Edu
positive ring of likely initial cells, encircling a disk of EAU negative ones (Fig. 1H and Table 2).
Typically, 0-to-2 of the encircled cells positioned on the edge of the disk stained EdU positive,
likely representing QC cells that underwent a round of DNA replication within this 24h time
period. Exceptionally (1 out of 12 plants analyzed) showed three EdU positive nuclei in the
disk zone, likely due to a recent cell division event as illustrated by the pairwise appearance of
two of the labelled nuclei (Supplementary Fig. S2). This low number of EdU positive cells fits
with the occurrence of only infrequent cell divisions within the assigned QC population. On
average 5-day-old wild-type seedlings held 8.75 + 0.62 QC cells of which 1 + 1.04 cells
(11.43%) were engaged in cell division (Table 2), confirming the 3D analysis.

Quantification of the change of QC cell number and volume over time

It has been reported that the QC cell proliferation rate increases with seedling age, correlated



with a decrease in QC cell size (Baum et al., 2002; Timilsina et al., 2019). To quantitatively
decipher the QC growth dynamics, we imaged the QC zones of three-, five-, seven- and ten-
day-old seedlings. By doing so, we were able to evaluate changes in QC cell number as well
as changes in total QC region and single QC cell volume to ultimately infer the cell division
patterns (Fig. 2A, B). The total number of QC cells increased from 6.61 + 0.98 in three-day-old
seedlings to 8.76 + 1.09 in five-day-old seedlings, then reached 9.85 + 1.23 in seven-day-old
seedlings and finally 11.50 £ 1.79 in ten-day-old seedlings (Fig. 2E). During this time span, we
found that the frequency of QC periclinal division was 0%, 1.39%, 4.79% and 11.76% in 3, 5,
7 and 10-day-old seedlings (Figure 2C). Thus, periclinal divisions occurred only rarely between
three to ten days, as previously reported (Rahni and Birnbaum, 2019), but increased over time.
From five to seven days, 12.44% (increase from 8.76 to 9.85) of QC cells underwent anticlinal
or periclinal division, which is roughly the same as the 11.43% EdU positive QC cells observed
in the EdU labeling experiment. Nevertheless, the average number of QC cells in a single layer
(referred to as QC monolayer from here on) was 6.61 + 0.98 in three-day-old seedlings, 8.64
1 0.95 in five-day-old seedlings, 9.40 + 1.05 in seven-day-old seedlings and 10.20 £ 0.89 in
ten-day-old seedlings (Fig. 2D).

Correlated with an increase in the QC cell number, there was a significant drop of the average
QC cell volume from 240.27 + 31.83 ym? (SD) at day three to 191.70 £ 16.02 ym?® (SD) at day
five, and it continuously decreased to 169.36 + 27.81 ym? (SD) at day seven and 167.98 +
17.63 ym?® (SD) at day ten (Fig. 2G). In contrast, the total QC volume increased from 1568.38
1 169.91 ym?(SD) at day three to 1918.54 + 267.64 ym? (SD) at day ten (Fig. 2H). Surprisingly,
the average diameter of the QC zone fluctuated in only a narrow range, i.e. between 23.42
and 24.11 pym in three- and ten-day-old seedlings, respectively (Fig. 2F), although the total
number of QC cells continuously increased (Fig. 2E) and the total volume of the QC zone

slightly enlarged (Fig. 2H) when comparing ten- with three-day-old seedlings.

Analysis of QC parameters in QC division-activated genotypes

Previous studies have demonstrated that overexpression of ERF115 and ectopic expression
of CYCD1;1 driven by the WOX5 promotor resulted in disturbed QC cell division patterns
(Forzani et al., 2014; Heyman et al., 2013). Conversely, no change in QC cell number was

reported for plants expressing a dominant-negative ERF1155RPX

allele (Heyman et al., 2013).
To quantitatively map the described changes, we quantified the number of QC cells in the

ERF115°, ERF1155RPX and pWOX5:CYCD1;1 transgenic lines.

Phenotypically, the ERF115°, ERF1155fPX and pWOX5:CYCD1;1 seedlings displayed a



slightly shorter root length compared to Col-0 (Supplementary Fig. S3A, C), but the axial cell
arrangement and layers remained unchanged (Supplementary Fig. S3B). The length of the

meristematic zone in ERF115°RPX

seedlings was larger (Supplementary Fig. S3D) and the
cortex meristematic cell number of pWOX5:CYCD1;1 was decreased compared to wild-type
plants (Supplementary Fig. S3E), but overall, no major changes in root meristem structure

could be observed for the different genotypes.

Subsequently, for each genotype the QC zone was determined (Fig. 3A-H and Supplementary
Movies S1-4). The total QC cell numbers of ERF115°F (13.60 + 1.90), ERF1155fPX (9.75 %
1.21) and pWOX5:CYCD1;1 (23.70 £ 2.25) were significantly increased compared with Col-0
(8.65 = 1.35; Fig. 3K). Periclinal QC cell divisions could be observed in the median longitudinal
sections of all five-day-old ERF115°¢ and pWOX5:CYCD1;1 seedlings (Fig. 3B, D), as
previously described (Forzani et al., 2014; Heyman et al., 2013), but only in six out of 20 Col-
0 seedlings and in five out of 20 ERF1155FP% plants (Fig. 3A, C). The number of QC cells
dividing periclinally accounted for 32.18% and 86.25% of the QC cell number in ERF115°F and
pWOX5:CYCD1;1 seedlings, respectively (Fig. 3l), resulting in a bilayer of QC cells
(Supplementary Movies S2 and S4). In contrast, in Col-0 and ERF1155fPX seedlings this was
only 4.88% and 3.72% (Fig. 31). Further analysis showed that the number of QC cells in a
single layer of ERF115° (10.10 + 1.07) and pWOX5:CYCD1;1 (12.63 + 0.96) significantly
increased compared to Col-0 (8.2 + 1.44; Fig. 3J). Surprisingly, a small but statistically
significant increase of the QC cell number was observed as well in the ERF1155f"Xroot (9.4 +
1.19), suggesting some residual ERF115 activity (Fig. 3J). ERF115° and pWOX5:CYCD1;1
seedlings harbored smaller QC cells compared with Col-0 (195.04 + 32.99 ym?, 155.79 + 29.21
um?® and 234.58 + 45.23 um?, respectively; Fig. 3E, F and H) but had a bigger total QC zone
(Fig. 3L).

ACC and BA treatments cause an increased frequency of periclinal QC divisions

A variety of plant hormones are reported to induce QC cell division. Here, we quantified the
number of QC divisions promoted by excessive cytokinin or ethylene (Ortega-Martinez et al.,
2007; Zhang et al., 2013) in five-day-old seedlings germinated on medium holding 100 nM BA
or 50 uM ACC, respectively. For each treatment the QC zone was determined as described
above (Fig. 4A-H). The total QC cell number of seedlings grown on 100 nM BA (10.14 + 1.71)
significantly increased than on DMSO control (8.64 + 1.29) (Fig. 4K). Compared to the DMSO
control, the periclinal division frequency of QC cells increased sharply from 2.70% to 45.77%
following BA treatment (Fig. 4l). In contrast, the QC cell monolayer cell humber was
significantly reduced from 8.41 + 1.05 t0 6.76 + 1.30 (Fig. 4J). In addition, the average QC cell
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volume increased from 189.25 1 24.45 ym? to 236.02 + 59.16 um?3, and the total QC zone
volume increased from 1632.46 + 330.60 ym?3to 2367.17 + 628.37 ym? (Fig. 4L, M).

Like the BA treatment, ACC caused 22.75% of the QC cells to divide periclinally, compared to
1.08% in the ethanol control, but did only result in a statistically significant change in the QC
monolayer cell number, not the total QC number (Fig. 4N-P). However, it resulted in an
increase from 183.62 + 16.54 ym?to 211.16 £ 25.02 ym?3 in average QC cell volume and from
1618.94 + 231.33 ym? to 1970.61 £ 394.81 um? in total QC zone volume (Fig. 4Q, R).

Discussion
WOX5:ER-GFP-positive cells are predominantly located in a monolayered disk zone

Using a 3D imaging pipeline, we demonstrated the number of QC cells within the stem cell
niche to be close to eight. In longitudinal root sections of five-day-old seedlings, typically two
to four QC cells could easily be recognized based on their location, morphological properties
and use of QC-specific markers. In addition, upon propidium iodide staining, the outline of this
small group of cells is more pronounced compared to the neighboring cells. As propidium
iodide staining binds pectin, the more intense staining likely reflects a thicker cell wall that
might be linked to the lower cell division rate. This thickened cell wall represents a
straightforward manner to identify QC cells even without the help of a marker, such as
pWOX5:ER-GFP. However, only the two cells in the middle of the four cells are commonly
considered as QC cells, with the other peripheral cells being annotated as CEI cells.
Nevertheless, we found these peripheral QC cells to show frequently a WOX5:ER-GFP signal
as intense as that of the central cells, indicative that they are true QC rather than CEI cells.
With 25 seedlings analyzed, 90.87% of the GFP-positive cells were found to be arranged in a
flat monolayered disk, coinciding with the QC cells with a thicker boundary observed in the
longitudinal sections. The remaining 9.13% of GFP-positive cells that were located outside of
this disk likely represent true CEl cells and their daughters. The weaker GFP signal observed
in these CEI cells might be explained by the signal stability of the carry-over of ER-GFP or by
CEl cells retaining some partial QC identity. However, it has been demonstrated before through
laser ablation experiments and clonal analysis that the position rather than the lineage
determines cell fate (Kidner et al., 2000; van den Berg et al., 1995; van den Berg et al., 1997).
Therefore, the 9.13% of cells were not counted here as QC cells, despite their pWOX5:ER-
GFP signal. Reversely, even in cases that the GFP signal intensity of individual cells located
in QC monolayered disk zone was significantly lower compared to adjacent cells, we still

considered them as being a QC cell.
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The QC cell population increases in young seedlings but the diameter of the QC zone remains

stable

To analyze and quantify the division patterns of QC cells over age, we investigated the number
of QC cells in three- to ten-day-old seedlings. The number of periclinally divided QC cells was
zero for three-day-old and one in three five-day-old seedlings, whereas in total nine periclinally
divided QC cells were found in eight seven-day-old seedlings. This is consistent with the results
of a week-long root meristem cell divisions tracking experiment, where imaging of two-day-old
seedlings for up to 168 h allowed to visualize only one dividing QC cell (Rahni and Birnbaum,
2019). However, as most reported QC cell division data has been obtained from 2D images, it
neglects any potential anticlinal division that may increase the size of the QC population. Our
3D images allowed to take these divisions into account. The average cell number within the
QC monolayer rose from 6.61 + 0.98 in three-day-old seedlings to 8.64 £ 0.95 in five-day-old
seedlings, an increase of 30.71% in two days. The subsequent anticlinal division rate slowed
down because there was no statistical difference between five- and seven-day-old seedlings,
nor between seven- and ten-day-old ones. Nevertheless, the QC cell number reached 10.20
1 0.89 in the ten-day-old seedlings, which was an increase of 54.31% compared to three-day-
old seedlings, indicating that on average half of the QC cells had divided anticlinal during the
seven-day span. It shows that QC cells divide more often anticlinal than periclinal, by which
they might be less ‘quiescent’ as previously anticipated. However, due to the variability of the
division rate and the lack of data after ten-day-old seedlings, it is difficult to accurately define

the QC cell division rate.

Interestingly, from three- to ten-day-old seedlings, the average diameter of the QC zone
fluctuated only slightly between 23.19 to 24.11 uym, being a difference of less than 1 pym. It
means that even when half of the QC cells underwent anticlinal division, it did not affect the
spatial position of QC population in the stem cell niche. Frequent anticlinal and occasional

periclinal divisions only contributed to a 22.33% increase in total volume of the QC zone.

ERF115 and CYCD1;1 promote QC cell division in multiple dimensions

Both ERF115° and pWOX5:CYCD1;1 transgenic lines have been reported to display an
increased QC division rate (Forzani et al., 2014; Heyman et al., 2013). By applying 3D imaging,
we could precisely map the effects of these transgenes on the frequency of periclinal and
anticlinal QC divisions. For both lines, an increase in both division types could be observed,
with the anticlinal divisions resulting in an increase in number of cells in the monolayer.
Combined, these divisions resulted in a dramatic increase in total QC cell number, with the
number being 1.5 times higher in ERF115° and almost tripled in pWOX5:CYCD1;1. Although
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an effect on the total QC volume was observed as well, it was less outspoken because of a
decrease in volume of the individual QC cells, likely due to the increased cell division rate.

Overall, our data illustrate a multi-dimensional effect of both genes on QC division.

Surprisingly, the total QC cell number was not only increased in ERF115° but in the
ERF1155R°% |ine as well. The number of anticlinal cell divisions was increased in both
genotypes, whereas the number of periclinal divisions only increased in the ERF115°F line.
This indicates that the ERF1155*PX allele might retain some activity but not sufficiently high to
drive periclinal divisions. Its lower potency to induce cell division compared to the wild-type
allele explains its ability to operate as a dominant-negative allele under conditions that require
a high level of ERF115 activity, such as following root tip excision or severe cell death owing
to treatment with DNA damage-inducing agents (Heyman et al., 2016; Heyman et al., 2013),
whereas its residual activity might still drive cell division upon ectopic activation in cells that
lack wild-type ERF115 activity. However, we cannot rule out the possibility that ERF115 activity
mainly determines the orientation of the cell division without changing overall mitotic activity,

which is in accordance with the unaltered meristem size in the ERF1155F"X [ine.

Periclinal divisions of the QC cells maintain a minimally sized QC population upon cytokinin

and ethylene treatments

The exogenous application of many different plant hormones has been reported to trigger
periclinal QC cell divisions, and hence are expected to result in an increase in QC cell number.
For example, cytokinin induces the production of extra QC cells that maintain only partial QC
identity (Zhang et al., 2013). In contrast, newly generated QC cells resulting from ethylene
treatment maintain expression of QC-specific marker genes (Ortega-Martinez et al., 2007).
Here, we confirmed the activation of periclinal QC divisions by the cytokinin BA and the
ethylene precursor ACC, with the effect being most outspoken for the former. On the contrary,
the number of QC cells in the monolayer was significantly reduced following cytokinin or
ethylene treatment, suggesting that BA and ACC inhibit anticlinal cell divisions in favor of
periclinal ones. In both cases the total QC volume increased because of an increased volume
of the individual cells. The lack of an increase in total QC number following ethylene treatment
indicates that this hormone specifically acts on the orientation of QC cell division, rather than
cell division rate, whereas cytokinin controls both the QC division plane orientation and division

rate.

In summary, 3D imaging in combination with cellular analysis using MorphoGraphX allowed us
to accurately observe the number, volume and division pattern of QC cells in wild-type,

transgenic and hormone-treated seedlings, revealing the effects on both the periclinal and
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anticlinal QC divisions by hormones and transgenes. Our MorphoGraphX-based analysis
pipeline revealed an average QC cell number of 6.61 in three-day-old seedlings, with a steady
increase in cell number over the following days, whereas the diameter and overall volume of
the QC region remained mostly unaltered. Therefore, although the QC zone in general remains
rather static over time, the organization of the cells that occupy it may be slightly more dynamic
than originally accepted. This dynamic trend, however, is still much more static compared to

the surrounding stem cells.

Supplementary data
Supplementary Fig. S1. pWOX5:ER-GFP activity in CEI cells.

Supplementary Fig. S2. Cross section of a five-day-old Col-0 seedling counterstained with
DAPI and S-phase label EdU.

Supplementary Fig. S3. Root phenotyping of five-day-old seedlings.
Supplementary Movie S1. QC zone of a 5-day-old Col-0 seedlings, as shown in Figure 4E.

Supplementary Movie S2. QC zone of a 5-day-old ERF115° seedlings, as shown in Figure
4F.

Supplementary Movie S3. QC zone of a 5-day-old ERF1155*PX seedlings, as shown in Figure
4G.

Supplementary Movie S4. QC zone of a 5-day-old pWOX5: CYCD1;1 seedlings, as shown in
Figure 4H.
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Table 1. QC cell quantification in pWOX5:ER-GFP five-day-old seedlings®

Line #

1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17 18 19 20 21 22 23 24 25 A"e;a[?)e (*
Number of GFP-positive ., g g g g 9 10 9 9 12 10 10 10 10 7 10 M1 9 12 11 7 1 9 9 11 964+144
cells (£ SD)
Number of GFP-positive o g g g 7 190 9 8 10 10 9 8 10 7 9 8 9 10 M1 7 9 9 8 8 876109

cells in QC zone (+ SD)

aData resulting from three independent biological repeats
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Table 2. Quantification EdU positive cells in QC region in Col-0 5-day-old seedlings®

Line # 12 3 4 5 6 7 8 9 10 11 12

Average (+ SD)

Number of QC cells (+ SD) 8 8 10 9 9 9 9 9 8 9 8 9

8.75 +0.62

Number of EdU positive cells
located in QC zone (+ SD) 00 t o2 0 13 2 L 2 0

1.00 +1.04

Data resulting from three independent biological repeats
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FIGURES

Calcofluor Calcofluor + GFP Segmentation 3D cell mesh Cell volume

Fig. 1. Schematic representation of the steps used to delineate the QC zone. (A) Visual
representation of the different steps in the pipeline for generating a 3D digital QC cell zone,
including capturing of raw data and MorphoGraphX-based auto seeded watershed
segmentation, extraction of 3D cell meshes with marching cubes and generation of a cellular
volume heat map (0-300 pm?® range). (B-G) Longitudinal section through the obtained 3D
image of a five-day-old pWOX5:ER-GFP seedling counterstained with Calcofluor White, either
numbered (according to the image in (A)) (B-D) or showing GFP fluorescence (E-G). The
fluorescence intensity of QC cells in Fig. 1G was weaker than in Figures 1E-F due to the
distance from the laser, photobleaching and phototoxicity after the long-time imaging required
for obtaining the required imaging details needed for the MorphoGraphX pipeline, but they
were still positive compared to neighboring negative cells. (H) Representative cross section of
a five-day-old Col-0 seedling counterstained with DAPI and S-phase label EAU. DAPI is shown
in cyan and EdU is shown in red. The QC zone is outlined by the red dashed line in B-G and
QC cells are marked with white asterisks in H. Scale bars =5 ym.
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Fig. 2. QC cellular changes in young seedlings. (A) Cross sections of three- to ten-day-old
pWOX5:ER-GFP seedlings counterstained with Calcofluor White. (B) Heat map of QC cell
volumes in three- to ten-day-old pWOX5:ER-GFP seedlings (0-300 um?® range). (C-H)
Frequency of periclinal QC divisions (C), cell number within the QC monolayer (D), total
number of QC cells (E), diameter of the QC zone (F), average volume of the QC cells (G) and
total volume of the QC zone of three-, five-, seven- and ten-day-old seedlings (H). Scale bars
are 5 ym. Data are from three independent biological repeats (with total number of roots
quantified being 18, 25, 20 and 20 for three-, five-, seven- and ten-day-old seedlings,
respectively, and minimum number per biological repeat being five). All individual data points
are plotted. Red horizontal lines represent the mean and black vertical lines represent error
bars + SD. Asterisks indicate significance levels by one-way ANOVA and Tukey’s multiple
comparison tests (*p < 0.05, *p < 0.01, *»p < 0.001, *+p < 0.0001).
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Fig. 3. QC quantification in five-day-old seedlings. (A-D) Longitudinal sections of Col-0,
ERF115°, ERF1155RPX and pWOX5:CYCD1;1 seedlings counterstained with modified
pseudo-Schiff propidium iodide. The QC zones are outlined by red dashed lines. (E-H) Heat
map of the QC cell volumes of Col-0, ERF115°, ERF1155*PX and pWOX5:CYCD1;1 seedlings
(0-300 pm?® range). Scale bars = 5 ym. (I-L) Quantification of the frequency of periclinal QC

divisions (1), cell number within the QC monolayers (J), total number of QC cells (K), and total
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volume of QC zone (L) in Col-0, ERF115°, ERF1155R°% and pWOX5:CYCD1;1 seedlings.
Data are from three independently biological repeats (with total number of roots quantified
being 20 for each genotype and minimum number per biological repeat being five). All
individual data points are plotted. Red horizontal lines represent the mean and black vertical

lines represent error bars + SD. Asterisks indicate significance levels by ANOVA single factor
(*p <0.05,*p < 0.01, *=p < 0.0001).
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Fig. 4. QC characterization following treatment of 5-day-old seedlings with BA or ACC. (A-D)
Longitudinal sections of pWOX5:ER-GFP seedlings treated with DMSO (A), 100 nM BA (B),
ethanol (C) or 50 yM ACC (D), counterstained with Calcofluor White. The QC zones are
outlined by red dashed lines. (E-H) Heat map of the QC cell volumes of pWOX5:ER-GFP
seedlings treated with DMSO (E), BA (F), ethanol (G) and ACC (H) (0-300 um? range). Scale
bars = 5 ym. (I-M) Quantification of the frequency of periclinal QC divisions (), cell number
within the QC monolayers (J), total number of QC cells (K), average volume of QC cells (L),
and total volume of QC zone (M) in pWOX5:ER-GFP seedlings treated with DMSO or 100 nM

BA. (N-R) Quantification of the frequency of periclinal QC divisions (N), cell number within the
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QC monolayers (O), total number of QC cells (P), average volume of QC cells (Q), and total
volume of QC zone (R) in pWOX5:ER-GFP seedlings treated with ethanol or 50 yM ACC. Data
are from three independently biological repeats (with total number of roots quantified being 22,
21, 21, 22 for DMSO, BA, Ethanol and ACC respectively, and minimum number per biological
repeat being five). All individual data points are plotted. Red horizontal lines represent the
mean and black vertical lines represent error bars + SD. Asterisks indicate significance levels
by ANOVA single factor (NS means not significant, =p < 0.01, =+p < 0.001, =p < 0.0001).
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