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e The application of the CRISPR/Cas system as a biotechnological tool for genome editing
has revolutionized plant biology. Recently, the repertoire was expanded by CRISPR-Kill,
enabling CRISPR/Cas-mediated tissue engineering through genome elimination by tissue-
Sebastian Wolf specific expression.

Email: sebastian.wolf@zmbp.uni-tuebingen. ~ ® Using the Cas9 nuclease from Staphylococcus aureus (SaCas9), CRISPR-Kill relies on the
de induction of multiple double-strand breaks (DSBs) in conserved repetitive genome regions,
such as the rDNA, causing cell death of the targeted cells. Here, we show that in addition to
spatial control by tissue-specific expression, temporal control of CRISPR-mediated cell death
is feasible in Arabidopsis thaliana.

e We established a chemically inducible tissue-specific CRISPR-Kill system that allows the
simultaneous detection of targeted cells by fluorescence markers. As proof of concept, we
were able to eliminate lateral roots and ablate root stem cells. Moreover, using a multi-tissue
promoter, we induced targeted cell death at defined time points in different organs at select
developmental stages.

e Thus, using this system makes it possible to gain new insights into the developmental plasti-
city of certain cell types. In addition to enabling tissue engineering in plants, our system pro-
vides an invaluable tool to study the response of developing plant tissue to cell elimination
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through positional signaling and cell-to-cell communication.

Introduction

Targeted cell ablation enables the analysis of cell populations in
an organotypic functional context in which various questions of
developmental biology can be answered, that is, cell differentia-
tion, organ generation, and regeneration or cell-to-cell signaling
in vivo. Additionally, for plant breeding, induction of cell abla-
tion can be of great interest to induce female or male sterility or
to trigger the ablation of select organs. Therefore, various tools
for specific cell elimination have been established and further
developed over the last decades (Day & Irish, 1997; Machin
et al., 2019; Glowa et al., 2021). Besides the phototoxic induc-
tion of cell death through laser ablation (Colombelli ez 4/, 2004;
Marhavy ez al., 2016), genetic approaches for tissue-specific cell
elimination have been established. While most genetic cell abla-
tion approaches are based on the tissue-specific expression of bac-
terial toxins (Goldman ez al, 1994; Day er al., 1995; Weijers
et al., 2003), the application of the CRISPR/Cas system as a pro-
grammable site-specific nuclease (Jinek ez al, 2012) has recently
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enabled another method for tissue-specific cell elimination in
Arabidopsis. The CRISPR-Kill system relies on massive double-
strand break (DSB) induction in functional repetitive regions of
DNA, namely the 458§ ribosomal DNA (rDNA) tandem repeats
or centromeric satellites (Schindele ez al, 2022). Targeting the
internal transcribed spacer 2 (ITS2) of up to 750 45S rDNA tan-
dem repeats per haploid genome resulted in a strong lethal effect
when expressing the Staphylococcus aureus Cas9 (SaCas9) nuclease
(Steinert ez al, 2015) constitutively (Schindele ez al, 2022).
Moreover, localized effects such as prevention of organogenesis
could be achieved by using tissue-specific promoters. In addition
to spatial control, temporal control of the CRISPR-Kill system
would be highly desirable to induce cell death, especially in tis-
sues formed at early developmental stages. This would be of great
added value for answering development-related questions and
adding temporal flexibility to the applications of cell or organ
ablation. We have previously used the GR-LhG4/pOp-mediated
transactivation system (Moore ez al., 1998; Craft et al., 2005;
Samalova et al., 2005) to establish a comprehensive repertoire of
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transgenic Arabidopsis lines enabling spatially and temporally
controlled gene expression (Schiirholz et al., 2018). In this setup,
a driver line (Fig. 1a) is used to define the target tissue for induci-
ble gene expression. A tissue-specific promoter limits the expres-
sion of the chimeric transcription factor GR-LhG4 in the target
cells. The addition of the inducer dexamethasone (Dex) results in
the translocation of the transcription factor to the nucleus where
it binds to its cognate promoter, consisting of six 52 bp Jac opera-
tor (Op6) copies in front of a cauliflower mosaic virus 35S mini-
mal promoter, enabling tunable expression of the downstream
gene based on inducer concentration. To monitor tissue specifi-
city, the driver line encodes the reporter gene mTurquoise2 under
the control of the pOp6 promoter. The driver lines can easily be
combined with different effector lines (Fig. 1b), carrying an effec-
tor gene under the control of the inducible promoter. This results
in the expression line (Fig. 1¢), in which the tissue-specific gene
expression of the reporter and the effector can be induced.
Depending on the used driver line, inducible as well as tissue-
specific gene expression can be initiated in different tissues of the
root apical meristem (RAM), shoot apical meristem (SAM), or
vascular cambium (Schiirholz ez 4/, 2018). Here, we show that
the combination of the Dex-inducible system with the CRISPR-
Kill approach in a tissue-specific setting enables cell ablation of
very early organs in plant development, such as meristematic tis-
sues, without the peril of lethality.

Materials and Methods

T-DNA constructs

Previously established pUbi-SaCas9-ITS2 and pUbi-SaCas9-
ADHI1 (Schindele et al., 2022) were used as the source DNA to
generate the inducible CRISPR-Kill as well as the ADH1 control
construct. An EcoRI restriction enzyme digestion enabled the
removal of PcUbi4-2. The pOp6 promoter was synthesized
(BioCat GmbH, Heidelberg, Germany) and amplified (pOp6_fw
5'-TATGACATGATTACGAATTCATGCATATGTCGAGCT
CAAGA-3'; and pOp6_rv 5'-TCTTCATGGCGCGCCGAATT
CCGTCCTCTCCAAATGAAATGA-3'). Using Gibson Assem-
bly® (New England Biolabs GmbH, Frankfurt am Main,
Germany), the amplified pOp6 was integrated into the EcoRI-
digested constructs, resulting in the expression vectors pOp6:
SaCas9-ADHI1 as well as pOp6:SaCas9-I1TS2. The pAHP6 pro-
moter was amplified from Arabidopsis pAHP6>>4-1_#668
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genomic DNA (pAHP6_fw 5-TATGACATGATTACGAATT
CACGGGGCGCAAAGAAGCATG-3’ and pAHPG6_rv 5'-CTT
CATGGCGCGCCGAATTCCAACGGCACACCCGTCTT

GT-3') integrated into the EcoRI-digested constructs using
Gibson Assembly™, resulting in the expression vectors pAHPG6-
SaCas9-ADHI1 as well as pAHP6-SaCas9-1TS2. For the genera-
tion of the proof-of-concept pUbi-GR-LhG4 construct, the
coding sequence of GR-LhG4 was amplified from Arabidopsis
thaliana (L.) Heynh. pXPP>>D10-2001 genomic DNA
(GR-LhG4_fw 5-TGCAGCGAATTCGGCGCGCCATGGCT
AGTGAAGCTC-3’" and GR-LhG4_rv 5-GGCCTGGAGCT
CGGCGCGCCTTACTCTTTTTTTGGGTTTG-3'). Using
Gibson Assembly®, the amplified GR-LhG4 was integrated into
a Asc-digestion linearized pUbi-tPea3A vector resulting in the
pUbi-GR-LhG4-tPea3A construct. Final constructs were con-
firmed by Sanger sequencing in Escherichia coli using the software
APE for alignment and analysis of the sequence data. Correct T-
DNA A. thaliana  via
Agrobacterium-mediated transformation via floral dip. For the
determination of sgRNA expression, total RNA was extracted
from pools of 14-d-old seedlings for each line. Subsequently,
1 ug RNA was applied for cDNA synthesis using the qScript”
cDNA Synthesis Kit (Quantabio, Beverly, MA, USA). For
quantitative real-time PCR, 1 pl of ¢cDNA, 5ul of 2x qPCR
Master Mix KAPA SYBR FAST (Sigma-Aldrich Chemie
GmbH), 0.5 pul forward and reverse primer (10 mM, P1-P5, Sup-
porting Information Table S1) were combined and filled up with
distilled water to a total volume of 10 pl. The Light Cycler480
instrument (384-well block system; Roche Diagnostics) was used
for analysis. All single-locus lines and the reference gene ACTIN2
were tested in three technical replicates. Source data are provided

as Table S1.

constructs were integrated into

Plant material and growth conditions

Experiments were performed in the A. thaliana background
Columbia (Col-0). Plants were either cultivated in the glasshouse
on soil (1:1 mixture of Floraton (Floragard Vertriebs-GmbH,
Oldenburg, Germany) and vermiculite (2-3 mm; Deutsche Ver-
miculite Dimmstoff, Sprockhéovel, Germany)) or under sterile
conditions in CLU-36L4 plant culture chambers (Percival Scien-
tific, Perry, IA, USA) in long-day settings (16 h : 8 h, light : dark)
at 22°C. After sterilization with 4% sodium hypochlorite and
stratification overnight at 4°C, seeds were grown on germination

Fig. 1 Setup of the inducible CRISPR-Kill system in Arabidopsis thaliana. (a) The driver line of the inducible, tissue-specific CRISPR-Kill harbors two ele-
ments. A tissue-specific promoter (pTS) that controls the expression of a chimeric transcription factor (GR-LhG4) and a fluorescent reporter (mTurquoise2)
that stains the target tissue after induction, controlled by an inducible promoter (pOp6-TATA). (b) The effector line also carries two elements, the SaCas9
nuclease under the expression of the pOp6-TATA promoter and the respective guide RNA (§RNA) which is constitutively expressed via the U6-26 promo-
tor. (c) Combination of the driver line with the effector line results in the expression line. Adding the inducer dexamethasone (Dex) externally at a desired
time point, Dex binds to GR-LhG4 and activates the expression of the fluorescence reporter marking the target tissue. At the same time, the DNA break
induction is activated, resulting in cell death of the target cell. (d) Determination of relative survival after culturing the inducible expression lines for 3 wk on
0, 50, or 100 uM Dex-containing selection medium. While Dex treatment of the ADH1 control lines showed no significant (ns) differences in the number of
surviving plants compared to the approach without Dex-induction, only 12% (50 uM) and 7% (100 pM) survived in the CRISPR-Kill lines (internal
transcribed spacer 2, ITS2) compared to the approach without Dex-induction. Data are shown as normalized mean values & SD and the statistical difference
was calculated using the two-tailed t-test with unequal variances: ***, P < 0.001; n= 3 biologically independent experiments. (e) Representative images of the
ADH1 control as well as the CRISPR-Kill lines (ITS2). To induce plant cell death at a later time point, 26-d-old plants were transferred to medium containing
100 pM Dex. After 21 d, the plants were phenotypically analyzed. While the CRISPR-Kill lines died, the control plants continued to grow normally.
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medium (GM: 4.9 g171 Murashige & Skoog medium (Duchefa), lines, driver lines pAHP6>>4-1_#668, pXPP>>D10-2001, or
10g1™" Suc, and 8 gl™" Agar; pH 5.7 with potassium hydro- ~ pSCR>>17-0215_#680 (Schiirholz ez al., 2018) were crossed as
xide), whereas agar concentration was raised to 10 gl™" for root  a maternal parent with the effector lines pOp6:SaCas9-ADH1 or
analyses on vertical plates. For the establishment of the expression ~ pOp6:5SaCas9-I1TS2 as a paternal parent. F1 seeds were selected
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on medium with 3.75 pgml™" sulfadiazine for the driver line
construct and 6 ug ml™! pL-Phosphinotricin -~ (PPT)  or
60 pg ml~" gentamicin for the effector line construct. For induc-
tion of gene expression, plants were sown on/or transferred to
plates containing Dex (D4903; Sigma-Aldrich) resolved in
DMSO at the indicated concentrations.

Determination of T1 survival rate

To determine the relative survival rate, T1 seeds were sown
on herbicide- (and inducer-) containing medium. After 3 wk,
the total number of seeds and the number of transgenic
plants were counted and set into relation. We defined a plant
as viable when it passed the four leaves stadium and showed
no developmental deficiency. Source data are provided as

Tables S2 and S3.

Phenotypic analysis

To analyze CRISPR-Kill-mediated cell death in pUbi-positive
cells in later developmental stages, transgenic plants were selected
on herbicide-containing medium for 2 wk in three independent
technical replicates. After another 12 d of growth in cultivation
boxes, the plants were transferred to cultivation boxes with
100 pM Dex or an equal amount of DMSO. The Phenotypic
evaluation was performed after another 21 d. For the analysis of
roots, F2 seeds were spread on vertical root plates containing her-
bicide (and Dex) within the indicated concentrations. In total, 80
plants, divided into three technical replicates out of two indepen-
dent T-DNA insertion lines, were transferred to Dex- or
DMSO-containing plates 5 d after germination and phenotypi-
cally analyzed after another 10 d of growth. Besides counting the
lateral root number, the primary root length was determined by
the IMAGE] add-on SmartRoot (Lobet et 4., 2011). Source data
and box plots of the independent T-DNA lines are provided as
Tables S4-S6 and Figs S1-S3.

Microscopy

Root samples were imaged using a Zeiss LSM 700 laser scanning
microscope with a Zeiss Plan-Apochromat x63/1.4 oil-
immersion objective. The mTurquoise2 fluorophore was excited
at 405 nm, and emission was collected between 460 and 550 nm.
To visualize dead cells and the cell walls of living cells, samples
were stained with 5pgml™" PI (P4170; Sigma-Aldrich) and
imaged with 555 nm for excitation, and emission was collected
between 566 and 630 nm. SAM imaging was performed as
described (Schiirholz ez al., 2018).

Statistical methods

Differences in survival rates were determined by applying a two-
sided, two-sample rtest with unequal variance. For root number
and primary root length, a one-way ANOVA was performed: ns,
P>0.05; * P<0.05 ** P<0.01; *** P<0.001; ****,
P<0.0001.
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Results

Establishment of the inducible CRISPR-Kill system

To provide an inducible context for the CRISPR-Kill system, the
toolkit for inducible and tissue-specific gene expression, established
by Schiirholz ez al. (2018) in Arabidopsis, was used. For the estab-
lishment of effector lines, we used the CRISPR-Kill construct
SaCas9-ITS2 and, as a control, the construct SaCas9-ADHI,
which is designed to induce only a unique DSB in the ADH1 gene
(Schindele er al, 2022). To allow temporal control of SaCas9
expression, the nuclease was placed under the control of pOp6
and a minimal cauliflower mosaic virus 35S promoter, while the
gRNA was expressed constitutively (Fig. 1b). The corresponding
T-DNAs, pOp6:5aCas9-ITS2 and pOp6:SaCas9-ADHI1, were
transformed in A. thaliana Columbia-0 (Col-0) background via
Agrobacterium-mediated transformation. After selection and pro-
pagation of the primary transformants, single-locus T2 lines were
analyzed for their gRNA expression level in a quantitative real-
time PCR to identify lines likely to enable efficient DSB induc-
tion. For both approaches, pOp6:SaCas9-ADH1 and pOp6:
SaCas9-ITS2, two independent T-DNA insertions lines, were
selected and propagated to homozygosity. As a proof of concept,
we decided to test GR-LhG4 expression under the control of the
parsley UBI (ubiquitin) promoter that allows the expression of
transgenes in buds, roots, stems, flowers, and seeds in A. thaliana
(Plesch & Ebneth, 2011). Therefore, we transformed an expres-
sion vector harboring GR-LhG4 under the control of the UBI pro-
moter into homozygous pOp6:SaCas9-1TS2 plants as well as into
the control line, pOp6:SaCas9-ADHI1. To induce CRISPR-Kill
activity, primary transformant selection was performed on herbi-
cide medium containing 50 or 100 pM Dex. As a control experi-
ment, seeds of the same batch were selected on a medium without
Dex. While the control lines showed a similar survival rate in all
three conditions, a significant decrease in the number of transgenic
plants containing the pUbi-driven inducible pOp6:SaCas9-1TS2
constructs was observed in correlation with increasing inducer con-
centration. Compared with the DMSO control, a reduction of
survival rate by 88% could be observed when plants were grown
on 50 uM Dex and by 93% on 100 pM Dex (Fig. 1d). These data
are in line with the results of the constitutive system (Schindele
et al., 2022) and suggest that cell death can be efficiently induced
through the GR-LhG4 system. To test whether similar effects can
be achieved at a later stage of plant development, 26-d-old primary
transformants were transferred to a medium containing 100 pM
Dex or DMSO. After another 21 d of growth, in 37% of trans-
genic plants, death of the entire plant was observed, characterized
by developmental arrest after Dex induction (Fig. le). These
results strongly suggest that CRISPR-Kill-mediated cell death can
be efficiently induced with the Dex-based system in a temporally
controlled manner.

Inducible CRISPR-Kill-mediated organ ablation

As we were successful in the induction of whole-plant cell death
by constitutive expression of the Dex-binding transcription
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factor, we were further interested in whether cell death could be
restricted to a specific tissue or organ by selecting a tissue-
specific promoter instead. In the RAM, the XPP promoter
(At4g30450, Andersen ez al., 2018) is active in the xylem pole
pericycle (XPP) cells containing the lateral root founder cells,
which show some characteristics of dormant stem cells. Since
pXPP had already been successfully used in the constitutive
tissue-specific CRISPR-Kill system to ablate lateral roots (Schin-
dele et al, 2022), we were curious whether the use of this XPP-
specific promoter (Fig. 2a) in the Dex-induced approach could
cause similar phenotypes. Therefore, we crossed the pXPP driver
line with the previously established homozygous effector lines,
pOp6:SaCas9-ITS2 and pOp6:SaCas9-ADHI. The respective
expression lines were grown on medium containing DMSO, 50
or 100 UM Dex and the lateral root number was determined
(Fig. 2b,c). As expected, the control lines showed no significant
reduction in lateral root number with increasing inducer con-
centration. By contrast, in the CRISPR-Kill lines, culturing the
plants on 50 pM inducer halved the number of lateral roots
compared with the approach without Dex-induction. Moreover,
further reduction could be achieved by adding 100 pM Dex,
resulting in a threefold reduction in the lateral root amount
compared to the approach without Dex. No lateral roots were
formed in one-third of the evaluated plants, demonstrating the
remarkable efficiency of this approach. Despite the drastic
reduction in lateral root number, the CRISPR-Kill lines showed
sustained growth of the main root (Fig. 2d). To visualize the
induced CRISPR-Kill effect at the cellular level, expression of
the pOp6-controlled mTurquoise2 reporter was examined by
confocal laser scanning microscopy 12 h after Dex induction in
4-d-old seedlings. Roots were counterstained with the fluores-
cent dye propidium iodide (PI), which visualizes cell outlines
and enters dead cells labeling DNA in the nucleus, serving as a
viability stain. While the fluorescent signal of the mTurquoise2
reporter could be detected in the target tissue in all analyzed
lines, the CRISPR-Kill lines additionally showed dead cells
exclusively in the pXPP cells, confirming the highly cell-specific
nature of this approach (Fig. 2e).

Inducible cell ablation in the root apical meristem

We next tested whether the inducible CRISPR-Kill system is also
feasible for the ablation of stem cells at a defined time point.
Therefore, we chose the pSCR driver line using the promoter of
the GRAS family transcription factor SCARECROW (SCR;
At3g54220, Di Laurenzio er al, 1996; Wysocka-Diller ez al,
2000), which is active in the QC and endodermis as well as the
cortex/endodermis initials of the RAM. The root stem cell niche
consists of the infrequently dividing cells of the quiescent center
(QC), which are surrounded by initials, mitotically active stem
cells. The division of the different initials results in a predictably
ordered tissue organization of the root (Dolan e al., 1993). SCR
plays an essential role in the specification and maintenance of the
QC as well as formative divisions of the ground tissue initials,
which give rise to cortex and endodermis cells (Di Laurenzio
et al., 1996; Sabatini et al., 2003; Cui et al., 2007). A new QC is

© 2023 The Authors
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also formed during the establishment of the lateral root meristem.
During the de novo formation of lateral root QC, SCR expression
is necessary for controlling the formative periclinal cell divisions
of the outer layer of stage II lateral root primordia from which
QC precursor cells are formed (Goh ez al., 2016). Therefore, we
were interested in whether pSCR-dependent CRISPR-Kill activ-
ity would have an impact on lateral root formation. To generate
the respective expression lines, homozygous pOp6:SaCas9-ITS2
as well as pOp6:5aCas9-ADHI lines were crossed with the pSCR
driver line. For lateral root number analysis, we transferred 5-d-
old seedlings of the corresponding expression lines to medium
containing 50 or 100 pM Dex. After 10 d of induction, no signif-
icant change was observed in the ADHI control lines with
increasing inducer concentration, whereas the induced CRISPR-
Kill lines showed a dramatic reduction in lateral root number
(Fig. 3a). Uninduced plants grown on DMSO without Dex
developed on average 7.5 lateral roots per plant, whereas plants
grown on Dex were almost devoid of lateral roots. Compared
with the DMSO control without Dex, the induced CRISPR-Kill
plants displayed a relative lateral root number of 3.5% (50 uM)
and 2.7% (100 puM). This suggests that loss of pSCR-positive
cells prevents lateral root formation. Since cell division of cortex
and endodermal cell layers is genetically activated via the SCR/
SHORT ROOT (SHR) pathway (Sozzani et al, 2010; Cruz-
Ramirez et al., 2012), and shortened root length has already been
demonstrated in se-I mutant experiments (Wysocka-Diller
et al., 2000; Sharma et al, 2022), we were interested to see
whether this phenotype also occurs in our CRISPR-Kill lines.
Indeed, the induced CRISPR-Kill plants exhibited a significant
2.5-fold reduction in main root length (Fig. 3b) indicating that
the loss of pSCR-positive cells retards primary root growth. To
follow the changes in the stem cell niche of the primary root, 4-
d-old roots were transferred to media containing 100 uM Dex
and analyzed microscopically after different time points of induc-
tion. Already after 12 h of induction, the first dead cells could be
observed in the area of the QC and young endodermis cells,
while the signal of the simultaneously expressed reporter marked
the target tissue (Fig. 3c). After 24 h of Dex treatment, a strong
signal of the cell death marker was observed in QC, initials, and
young endodermis cells of the apical meristem, whereas fluores-
cence of the reporter could be detected only sporadically, indicat-
ing extensive tissue elimination. The cellular consequences were
observed after 48 h of induction. Here, fluorescence signals of
both markers were detected only in a few spots in the area of
initial cells. Also, the mTurquoise2 and the PI signal were
restricted to a narrow strip next to the cortex. First periclinal cell
divisions were noticeable in the adjacent inner cell layer (Fig. 3d)
suggesting that the pericycle cells re-enter the cell cycle, forming
pericycle daughter cells that re-differentiate into new endodermal
cells. Furthermore, after 72 h of induction, a remarkable disrup-
tion of the oriented cell division patterns was observed. In con-
trast to the ordered tissue organization in the ADH1 control lines
(Fig. 3e), formative cell divisions and re-establishment of reporter
expression in ectopic positions were detected (Fig. 3d). This
highly distinct phenotype is reminiscent of what has been
observed after laser ablation of cells in the root ground tissue
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(Marhava ez al., 2019; Hoermayer et al., 2020) and confirms the
efficiency and specificity of the inducible CRISPR-Kill approach

Cell elimination in root and shoot meristems

in root stem cells and further opens up new opportunities to  To test the CRISPR-Kill system in a more complex context, we
study questions related to developmental biology. next chose the promoter of HISTIDINE PHOSPHOTRANSFER
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Fig. 2 Dex-induced CRISPR-Kill activity for lateral root elimination in Arabidopsis thaliana. (a) Schematic representation of root tissue layer with pXPP-
active cells (green). In the center of the lateral root cap (grey) lies the quiescent center (QC, black) which is surrounded by initials cells (dark brown). These
form the columella (beige), epidermis (purple), cortex (light blue), endodermis (dark blue), pericycle (yellow), and stele (white). (b) Representative pictures
of lateral roots of the ADH1 control lines as well as the CRISPR-Kill lines (internal transcribed spacer 2, ITS2) on different dexamethasone (Dex) concentra-
tions (0 pM/50 pM/100 pM). Bars, 1 cm. (c, d) Phenotypic evaluation of the induced CRISPR-Kill-mediated cell death in roots. Total number of lateral roots
(c) in control lines (ADH1) and CRISPR-Kill lines (ITS2) which were cultivated on different concentrations of the inductor Dex. While the control lines
showed no significant change in relative root number compared to the approach without Dex (0 uM), the CRISPR-Kill lines exhibited a twofold (50 uM)
and a threefold decrease (100 pM) in relative root number compared to the approach without Dex (0 pM). Analysis of the primary root length (d) showed
that the control lines, as well as the CRISPR-Kill lines, displayed no significant (ns) difference compared to the approach without Dex. Data are shown in
box plots (n =80 out of three technical replicates), boxes indicate the first to third quartile with median, whiskers comprise 1.5x the interquartile range
reaching the minimum and maximum, whereby data beyond that threshold are indicated as outliers. P-values were calculated using the one-way ANOVA
test: **#* P<0.0001. (e) Representative microscopy images of the ADH1 control lines and the CRISPR-Kill lines in which expression of the mTurquoise2
reporter as well as the SaCas9 nuclease was induced for 12 h on 100 pM Dex 4 d after germination in the xylem pole pericycle (XPP) cells. The induced lines

displayed fluorescence of the mTurquoise2 reporter (green) as well as that of the propidium iodide (PI)-stained (red) cell walls of living cells and the cell

volume of dead cells, respectively. Bars, 20 pm.

PROTEING (AHP6; At1g80100). AHP6 is involved in the root
specification of protoxylem cell identity and in the formation of
lateral roots (Mahonen et 4l., 2006; Moreira et al., 2013). Besides
its activity in RAM protoxylem precursor and pericycle cells,
AHPG is also involved in the regulation of phyllotactic patterns
and is expressed during organ initation and development in
SAM. As pAHPG is active in organ founder cells in the shoot
(Besnard e al., 2014), we sought to investigate the consequences
of a constitutive approach by expressing SaCas9 nuclease directly
under the control of this promoter. Therefore, we transformed
Col-0 plants with pAHP6-SaCas9-ITS2 and, as a control, with
pAHP6-SaCas9-ADHI constructs and determined the relative
survival rate. Compared with the control, a dramatic decrease in
transformants was observed for the pAHP6:CRISPR-Kill con-
struct, leading to a relative survival rate of only 2.2% compared
with the control construct (Fig. 4a). In the following, the same
promotor was tested for the inducible CRISPR-Kill system. We
crossed the pOp6:5SaCas9-ITS2 and pOp6:SaCas9-ADHI lines
with the respective pAPHG driver line (Schiirholz er 4l., 2018).
Inducible CRISPR-Kill lines germinated on Dex-containing
medium showed malformed (true) leaf primordia and failed to
develop normally, whereas control lines were unaffected
(Fig. 4b). However, in contrast to constitutive expression, seed-
ling survival was not impaired. Although differences in expression
strength cannot be ruled out, this might suggest that lethality due
to constitutive expression from the AHP6 promoter occurs in the
embryo. To detect tissue-specific induction of cell death in the
cells that give rise to leaves and flowers through formative cell
divisions, SaCas9 nuclease expression was induced after 5 wk of
growth. Inflorescence meristems of 15-cm-tall plants were treated
with 10 UM Dex or only the solvent DMSO as control. After 96
and 120 h of induction, the inflorescence meristems were dis-
sected and microscopically analyzed for cell viability with PI
(Fig. 4d). CRISPR-Kill induction in pAHP6-positve cells led to
an accumulation of internal PI fluorescence with remarkable effi-
ciency. The massive cell death in organ primordia was consistent
with the macroscopic phenotype of severely deformed and fused
inflorescence meristems (Fig. 4c).

To investigate the CRISPR-Kill effect in RAM, we transferred
F2 plants to medium with different Dex concentrations 5 d after
germination and determined the lateral root number (Fig. 5a) as

© 2023 The Authors
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well as the primary root length (Fig. 5b) after 10d of tissue-
specific SaCas9 expression. Whereas the length of the primary
root remained unaffected, a significant reduction in lateral root
number, to 65% (100 UM Dex), was observed in the I'TS2 clea-
vage lines compared to the approach without Dex-induction
(0 uM Dex). The ADHI1 control lines showed no significant
change in lateral root number and primary root length with
increasing inducer concentration. Since pAHP6 enables the indu-
cible expression of the CRISPR-Kill system in the pericycle where
lateral root formation begins, these results were in line with our
expectations. Moreover, we were able to detect cell death in the
pericycle of CRISPR-Kill lines at the microscopic level. Thus, we
could show a coincidence of the fluorescence signal of the target
tissue-labeling mTurquoise2 reporter and the Pl-internalizing
dead cells. In comparison with the ADH1 control lines (Fig. 5¢),
the fluorescence signal of the reporter was interrupted, whereby
gaps were filled by the PI signal of dead cells. In addition, we
observed periclinal cell divisions in adjacent cells, followed by the
re-establishment of reporter expression in ectopic positions
(Fig. 5d). This suggests that neighboring cells, including those of
endodermal origin, are triggered to re-enter the cell cycle to com-
pensate the loss of pericycle cells. These findings demonstrate that
a multi-tissue promoter can be used to enable tissue-specific
expression of the CRISPR-Kill system and thereby induce tar-
geted cell death at defined time points. This provides a novel
opportunity to gain fundamental insights into the stability and
adaptation of meristems.

Discussion

In this study, we successfully combined the Dex-inducible GR-
LhG4/pOp system with the novel tissue engineering tool
CRISPR-Kill (Schindele ez al., 2022), enabling spatially and tem-
porally controlled cell ablation in Arabidopsis. Based on a com-
prehensive set of driver lines (Schiirholz ez al., 2018), we were
able to fluorescently label the target tissue while simultaneously
inducing tissue-specific expression of the SaCas9 nuclease. Ensu-
ing DSB induction in the ITS2 of rDNA tandem repeats led to
the death of different cell types of the shoot and root apical mer-
istem and interrupted organogenesis of the affected cell type. We
confirmed the validity of our approach via various analytical
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Fig. 3 Inducible CRISPR-Kill system for root stem cell ablation in Arabidopsis thaliana. (a, b) Phenotypic evaluation of the induced CRISPR-Kill-mediated cell
death in root stem cells. Total number of lateral roots (a) of the control lines (ADH1) and the CRISPR-Kill lines (internal transcribed spacer 2, ITS2) which were
cultivated using different concentrations of the inductor dexamethasone (Dex). The control lines showed no significant (ns) change in root number compared
to the approach without Dex-induction. By contrast, the CRISPR-Kill lines exhibited an average of 0.3 (50 M) and 0.2 (100 uM) lateral roots per plant com-
pared to the approach without Dex (7.5 lateral roots; O pM). Also, analysis of the primary root length (b) showed that the control lines (ADH1) displayed no
significant (ns) difference compared to the approach without Dex-induction, whereas the CRISPR-Kill lines (ITS2) exhibited on average a 2.5-fold shortened
primary root. Data are shown in box plots (n =80 out of three technical replicates), boxes indicate the first to third quartile with median, whiskers comprise
1.5x the interquartile range reaching the minimum and maximum, whereby data beyond that threshold are indicated as outliers. P-values were calculated
using the one-way ANOVA test: **** P <0.0001. (c—e) Representative microscopy images of pSCR-positive cells in RAM. Pl (red) was used to counterstain
living cells as well as an indicator of dead cells. Simultaneously to the induction of the SaCas9 nuclease, the fluorescent reporter mTurquoise2 (green) was
expressed, marking the tissue to be eliminated. Next to cell death in endodermal pSCR-positive cells of root basal meristem, expression of the CRISPR-Kill sys-
tem resulted in severe deformations in the RAM stem cell region with increasing induction duration (c) and formative cell division in adjacent cell layers (d).
The ADH1 control lines showed no change in ordered tissue organization (e). Arrows indicate formative cell division. Bars, 20 um.

New Phytologist (2023) © 2023 The Authors
www.newphytologist.com New Phytologist © 2023 New Phytologist Foundation

85U01 SUOLLLLOD BA 2.0 Bdedtidde aul Aq paueob ae ajole YO ‘38N JO S3INJ o4 AReid 178U UO AB]IAA UO (SUORIPUOD-PUB-SWIBI WD A8 1M Ae1q1pU1|UO//SONY) SUORIPUOD PUe SWB L 8L 385 *[6202/90/82] U0 Ariqiauliuo 1M ‘B1fojouyos L "4 1sul Jeynsies Ag Z0T6T ydu/TTTT 0T/I0p/wod e im ArJgiieutjuoyduy/sduy woiy papeojumod ‘0 ‘LET869YT



New
Phyto]ogist Methods

(a) pAHP6-SaCas9- (b) pAHP6>>SaCas9- (c)

A
R 1001
P ADHA1
S 80+
8
< 60+
=
n
2 407
T ITS2
© X
g 20+ X

—
ADH1 ITS2

ITS2: P = 0.0002

(d) pAHP6>>SaCas9-
Pl mTurquoise2 Pl + mTurquoise2

ADH1

ITS2

Fig. 4 Dex-induced CRISPR-Kill system with a multi-tissue promotor in the shoot apical meristem (SAM) of Arabidopsis thaliana. (a) Transformation of
Col-0 plants with pAHP6-SaCas9-1TS2 (internal transcribed spacer 2) resulted in a reduction of the survival rate by 98% compared to the pAHP6-SaCas9-
ADH1 control lines (n =3 biologically independent experiments). Data are shown as normalized mean values + SD and the statistical difference was calcu-
lated using the two-tailed t-test with unequal variances: ***, P<0.001. (b) To determine whether the reduced relative survival was due to the expression
of the CRISPR-Kill system in SAM, seedlings were transferred to inductor-containing medium. While the ADH1 control lines formed the first true leaves,
the induction of cell death in the organ primordia of the CRISPR-Kill lines led to the termination of the meristem (arrows). Bars, 2 mm. (c) Representative
images of the deformed inflorescence meristem after induction of the CRISPR-Kill system in SAM organ primordia. Bars, 1 cm. (d) Representative micro-
scopy images of pAHP6-positive cells in organ primordia in SAM of the ADH1 control lines and CRISPR-Kill lines after 120 h. Propidium iodide (PI) (red)
was used to counterstain living cells as well as an indicator of dead cells. Simultaneously to the induction of the SaCas9 nuclease, the fluorescent reporter
mTurquoise2 (green) was expressed, marking the tissue to be eliminated. Bars, 30 pM.

methods and demonstrated the remarkable efficacy of the induci-
ble and cell-type-specific CRISPR-Kill system. As a proof of con-
cept, we demonstrated that the inducible CRISPR-Kill system
with the constitutive Ubiquitin promoter led to plant death in
early, but also later developmental stages. Moreover, we suc-
ceeded in circumventing the lethal effect when using the multi-

© 2023 The Authors
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tissue promoter pAHPG6 in a constitutive tissue-specific CRISPR-
Kill system. We are now able to induce cell death in root and
shoot at well-defined time points and analyze local effects in
RAM and SAM almost independently of each other. In addition,
we were able to gain first insights into interesting possibilities for
future analyses from a developmental biology perspective using
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Fig. 5 Dex-induced CRISPR-Kill system with a multi-tissue promotor in the RAM of Arabidopsis thaliana. (a, b) Phenotypic evaluation of the induced
CRISPR-Kill-mediated cell death in roots. Total number of lateral roots (a) in control lines (ADH1) and CRISPR-Kill lines (internal transcribed spacer 2, ITS2)
which were cultivated on different concentrations of the inductor dexamethasone (Dex) for 10 d starting at 5 d after germination. While the induced con-
trol lines showed no significant reduction (ns) compared to the approach without Dex-induction (0 pM), the CRISPR-Kill lines exhibited a relative root num-
ber of 63% (50 uM) and 66% (100 uM) compared to the approach without Dex (0 uM). Analysis of the primary root length (b) showed that the control
lines, as well as the CRISPR-Kill lines, displayed no significant (ns) difference compared to the approach without Dex-induction. Data are shown in box plots
(n=80 out of three technical replicates), boxes indicate the first to third quartile with median, whiskers comprise 1.5x the interquartile range reaching the
minimum and maximum, whereby data beyond that threshold are indicated as outliers. P-values were calculated using the one-way ANOVA test: **,
P<0.01; *** P<0.001. (c, d) Representative microscopy image of the ADH1 control lines and the CRISPR-Kill lines in which expression of the mTur-
quoise2 reporter as well as the CRISPR-Kill system was induced for 24 h on 100 pM Dex 4 d after germination in pAHP6-positive cells. The induced lines
displayed fluorescence of the mTurquoise2 reporter (green) as well as that of the propidium iodide (PI)-stained (red) dead cells as well as cell walls of living
cells, respectively. Ectopic cell division is marked with arrows. Bars, 20 um.

the CRISPR-Kill system in an inducible and tissue-specific con-
text. Thus, we observed the response to the loss of pSCR-positive
meristematic cells at various time points, which resulted in pro-
nounced ectopic cell division of the QC adjacent tissue and,
beyond the initials, in formative cell division of the inner-lying

New Phytologist (2023)
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pericycle cells. The capability to initiate cell division for rebuild-
ing the different injured tissues has already been demonstrated in
several UV laser ablation experiments targeting the young lateral
root cap, epidermis, cortex, or endodermis (Marhavy ez 4/, 2016;
Marhava et al., 2019). Here, ablation of up to three cells resulted
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in a switch from anticlinal to periclinal cell division of exclusively
the inner adjacent tissue layer and restoration of the injured cells,
although this ability diminished with increasing distance from
the QC (Marhava e al., 2019). Interestingly, in our approach,
the elimination of pAHPG6-positive pericycle cells also resulted in
ectopic cell division of the endodermis, which in this case is the
outer cell layer, suggesting that this tissue can restore not only the
cortex but also pericycle cells. To understand the underlying
signaling cascades for restorative patterning, our inducible
CRISPR-Kill lines may provide an attractive method to elucidate
the consequences of wound response. Thereby, the established
inducible CRISPR-Kill effector lines can be easily combined with
a comprehensive set of existing or new driver lines to address a
wide variety of questions. The analysis of the cellular conse-
quences after cell ablation in the SAM could be of particular
interest. Since these cells are often difficult to reach by laser, an
inducible CRISPR-Kill approach may provide information on
stem cell maintenance. Inducible CRISPR-Kill provides a precise
and easily controllable alternative to previous time-definable
techniques. Mostly, mechanical ablation approaches of single,
easily accessible cells by UV laser treatment are pursued; however,
inducible genetic approaches have also been established in recent
years. These are based on the chemically inducible and tissue-
specific expression of the bacterial Diphtheria toxin A (DT-A),
which induces cell death by inhibiting translation and has already
been used in various developmental biology studies (Day &
Irish, 1997; Tsugeki & Fedoroff, 1999; Laplaze et al., 2005).
Thus, tissue-specific expression of DT-A in GLABRA2-positive
cells was used to test the regulation and specificity of the
estradiol-inducible XVE system in the atrichoblast file of the epi-
dermis. Interestingly, neither a clear cell death phenotype nor a
reporter signal could be detected in RAM, which was reasoned to
be due to the translation-inhibitory effect of the DT-A toxin
(Machin ez al., 2019). In another approach, tissue-specific expres-
sion of DT-A was induced with Dex in the GR-LhG4/pOp sys-
tem to investigate functional information of the AP2/ERF
transcription factor DORNROSCHEN-LIKE (DRNL) in foun-
der cells of leaves and floral organs by analyzing the phenotypic
consequences of cell ablation (Glowa ez al, 2021). Since our
approach does not directly interfere with the protein biosynthesis
of the reporter, the CRISPR-Kill system is a valid and useful
alternative. For studies that require a reliable reporter signal, that
is, for characterizations of re-differentiation after ectopic cell divi-
sions, the addition of a second marker gene might be worth con-
sidering to further improve this system. Taken together, we
expect the inducible CRISPR-Kill system to serve as an invalu-
able tool to study positional signaling and cell type establishment
in the native tissue context with unprecedented spatial and tem-
poral specificity.
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