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SUMMARY

Plants demonstrate a high degree of developmental plasticity, capable of regenerating entire individuals from
detached somatic tissues—a regenerative phenomenon rarely observed in metazoa. Consequently, eluci-
dating the lineage relationship between somatic founder cells and descendant cells in regenerated plant
organs has long been a pursuit. In this study, we developed and optimized both DNA barcode- and multi-fluo-
rescence-based cell-lineage tracing toolsets, employing an inducible method to mark individual cells in Ara-
bidopsis donor somatic tissues at the onset of regeneration. Utilizing these complementary methods, we
scrutinized cell identities at the single-cell level and presented compelling evidence that all cells in the regen-
erated Arabidopsis plants, irrespective of their organ types, originated from a single progenitor cell in the
donor somatic tissue. Our discovery suggests a single-cell passage directing the transition from multicellular
donor tissue to regenerated plants, thereby creating opportunities for cell-cell competition during plant

regeneration—a strategy for maximizing survival.

INTRODUCTION

The organizational pattern and division dynamics of stem cell lin-
eages are fundamental to plant and animal development.
Notably, contrasting developmental patterns emerge between
these two kingdoms. In animals, primordial germ cells are set
aside early in embryonic development for reproductive pur-
poses. By contrast, plants maintain a post-embryonic stem cell
niche (SCN) in meristematic tissues and initiate the formation
of vegetative and reproductive organs at different developmental
stages.’

While stage-specific developmental trajectories of meriste-
matic tissue can be computationally delineated based on cell at-
lases generated through single-cell sequencing,”® constructing
retrospective cell division histories requires traceable markers
inherited through mitotic divisions. These traceable markers
can be broadly categorized into two types: visible labels and
DNA barcode-based markers.” "

Clonal analyses of meristematic tissue using visible markers
have been conducted in diverse plant species, employing
various labeling strategies such as dyes, radioactive tracers, B-
glucuronidase (GUS) reporters, and fluorescent proteins.'*™'®
GUS reporter labeling in random cells has indicated that cell
fate for nodes, axillary buds, and internodes is separately desig-
nated and emerges sequentially during rice stem develop-

ment.° Combining a fluorescent protein with the CRISPR tech-
nique enables the study of lineage relationships in living plants.
This breakthrough is vividly illustrated by the successful visuali-
zation of lineage tracing in the meristematic cells present in Ara-
bidopsis shoot and Marchantia polymorpha apical notch.'®
Furthermore, the application of tissue-specific and/or chemically
inducible promoters further increases the temporal and spatial
versatility of lineage-tracing tools.'® While clonal analysis in
plants has predominantly relied on a single binary readout,
multi-fluorescent labeling methods have been developed in ani-
mal systems for enhanced resolution in cell labeling.”"??
Alternatively, naturally occurring somatic mutations can func-
tion as endogenous DNA barcodes, providing information about
the cell division history.® In animals, various types of genetic var-
iations have been utilized, including single-nucleotide variants,
copy-number variations, transposon insertions, and mtDNA mu-
tations, among others.?*° Profiling somatic mutations in shrub
willow indicated an early separation of leaf and root cell lineages,
analogous to the metazoan germline development.?” However,
the scarcity of naturally occurring somatic mutations has made
it challenging to profile lineage information at single-cell level.
More recently, DNA sequence variations artificially created by
Cas9 have been employed as barcodes for cell-lineage identifi-
cation.?®® The diverse range of genetic lesions and the corre-
sponding high-resolution profiling, facilitated by high-throughput

Developmental Cell 60, 1-15, January 20, 2025 © 2024 The Authors. Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:qikunliu@pku.edu.cn
https://doi.org/10.1016/j.devcel.2024.10.023
http://creativecommons.org/licenses/by/4.0/

Please cite this article in press as: Lu et al., Development of an inducible DNA barcoding system to understand lineage changes in Arabidopsis regen-
eration, Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.10.023

¢? CellPress Developmental Cell

OPEN ACCESS Article

A One cell or multiple cells?
Same cell or different cells?

root explant callus shoot primordium regenerated plant
B
GCN4 barcode site 1 site2 site3 sited4 site5 site6 site7  site 8
XVE-Cas9-1 XVE 4 Cas9 AtU6 LSORNATE AtU6 LSIRNAZY AtU6 JSORNA3SE AtU6 JSGRNA4
XVE-Cas9-2 XVE 4 Casd =g AU6 4SORNASE AtU6 4SORNAGY AtU6 JSORNATE AtUS <SgRNAS
] g () cas9 == GCN4site
%‘ _ sgRNA | spacer
(o3
amplicon 2 (303bp)
|:> profiling of GCN4 barcodes
site 1 site2 site3 site4 site5 site6 @ site7  site 8
amplicon 1 (311 bp) <j ampllicon 1 ampllicon 2
amplification I I I I I I
‘ I I I I L type-1 I I - type-1
. 1 —
SININTN\ —» 1 +—i
- P11 P
- type-2 - type-2
paird-end deep amplicon sequencing 1 11 ) | R .

| e s

b=} veen b4 } e

read alignment and sorting
1500 ~ 2500 reads per sample

Figure 1. Design of an inducible DNA barcoding system for lineage tracing during plant regeneration
(A) A schematic model illustrates Arabidopsis organogenesis from multicellular root explants and the driven questions of this study.
(B) The schematic illustration depicts the inducible CRISPR-based DNA barcoding system. Eight repeats of GCN4 coding sequences are tandemly arranged and
separated by 15-bp spacers. Either the first four or the second four GCN4 repeats are targeted by individually designed sgRNAs. The expression of Cas9 is driven
by the B-estradiol-inducible XVE promoter.

(legend continued on next page)
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sequencing, have significantly enhanced our capability in lineage
tracing. This success has been demonstrated at both organ and
whole-organism levels in various animal systems.®'#23457
Furthermore, the delineation of DNA barcodes can be coupled
with transcriptome analysis, providing additional cell type infor-
mation for each lineage.?%2°:9%:94:5%:3° By contrast, no DNA bar-
code-based lineage tracing tools have been reported in plants
so far.

The replenishment of damaged or lost organs through regen-
eration represents a key survival strategy for both animals and
plants. Examples include planarian head and tail reemergence
after wounding and plant root regeneration after tip excision.*?*’
Moreover, plants possess a high capability for the complete re-
establishment of whole new individuals from detached tissues.*”

Whole plant regeneration can occur through two different
modes: somatic embryogenesis and organogenesis.*® In somatic
embryogenesis, a non-zygotic embryo is first formed, developing
into a new plant in a self-autonomous way.** Conversely, organ-
ogenesis occurs in two consecutive steps: a mass of pluripotent
cells, called callus, is initially formed,**™*” which can then further
regenerate either shoot or root.“® High levels of cytokinin promote
shoot formation, while a high auxin content promotes root
formation.*%-°

Interestingly, meristematic tissues appear dispensable for
plant regeneration.*®*3°":52 This prompts questions about the
cell origin of the regenerated plant tissues. Following root tip exci-
sion, cells from multiple tissue types were found to contribute to
the replenished root tips.®' Similarly, the use of an inducible GUS
reporter has uncovered the identity of founder cells contributing
to adventitious roots.>” While these studies focused on the cell
origin of each regenerated organ, the lineage history of descen-
dant cells for the entire regenerated plant has remained unknown
(Figure 1A).

Furthermore, another interesting question worth exploring is
the minimum number of somatic cells designated for each regen-
erated plant. It has been demonstrated in different plant species
that, a single protoplast isolated from leaf mesophyll cells can
reenter the cell cycle and form callus, which eventually regener-
ates into a whole plant.®®** On the other hand, organogenesis
from multicellular explants recapitulates the process of organ
initiation during post-embryonic development, which has been
proposed to involve varied numbers of founder cells,'??7:55:°6
Furthermore, as intercellular communication is crucial for cell
fate transitioning and organogenesis,”’ it remains unclear if plant
regeneration initiated from multicellular explant tissues is also of
single-cell origin.

In this study, we developed and optimized toolsets that oper-
ate in an inducible manner, capable of tracing the division history
of somatic cells through DNA barcoding and multi-color fluores-
cence. Using these combined methods, we conducted lineage
profiling in regenerated plants at the single-cell level and unex-
pectedly discovered that all cells in the regenerated Arabidopsis
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plant, irrespective of their tissue types, originated from a single
somatic progenitor cell in the multicellular explant. Our study
not only provided toolsets suitable for plant cell-lineage tracking
but also suggested a single-cell passage directing the regenera-
tion process of multicellular donor explants. This phenomenon
represents a strategy for generating offspring of better fitness
through cell-cell competition, optimizing the chances of plant
survival.

RESULTS

Development of the inducible DNA barcoding system

To trace cell lineages in the regenerated plants, we initially syn-
thesized a 250-bp DNA barcode sequence comprising two func-
tional single guide RNA (sgRNA) targeting sites that are tandemly
repeated five times each (Figure S1A). The sgRNA targeting sites
can be effectively edited in wheat but lack sequence homology
to the Arabidopsis genome, minimizing CRISPR off-targeting.®®
However, upon obtaining stable transgenic Arabidopsis, we
observed frequent and spontaneous rearrangements of the
DNA barcode transgene (Figure S1B). Substituting the wheat
sgRNA sites with functional rice sgRNA target sequences
yielded similar results (Figures S1A and S1C),°® indicating a
lack of DNA sequence stability when identical sgRNA sites are
closely arranged.

To address this issue, we employed the design of the 10x
GCN4 tandem array derived from the SunTag construct, initially
developed for targeted gene activation.”® This design has
demonstrated successful applications in both animal and plant
systems.®®%? Importantly, within the 10X GCN4 tandem array,
each of the 57-bp GCN4 coding sequences exhibits slight varia-
tions from one another, separated by a 15-bp spacer sequence.
This characteristic makes it an ideal sgRNA target for creating
DNA barcodes (Figure 1B). The sequence integrity over the entire
length of the GCN4 transgene was confirmed in multiple Arabi-
dopsis transgenic lines (Figures S1D and S1E). Among these
plants, line #4482, which harbors multiple copies of the 10x
GCN4 transgene at a single genomic locus, was selected for
future experiments.

To preserve the DNA barcodes before plant regeneration, we
developed a chemically inducible Cas9 barcode editor inte-
grating the LexA-VP16-ER module (XVE-Cas9) (Figure 1B).5®
Although up to 10 GCN4 repeats are available for DNA barcode
editing, we designed two 4xsgRNA expressing cassettes and
restricted the usage of barcodes to either the first four (XVE-
Cas9-1) or the second four (XVE-Cas9-2) GCN4 repeats (Fig-
ure 1B). This approach allows for convenient profiling of DNA
barcodes through PCR followed by paired-end deep-amplicon
sequencing, maximizing the resolution in identifying different
types of DNA barcodes present in each sample (Figure 1C).

Multiple Arabidopsis T1 lines carrying the XVE-Cas9-1 or
XVE-Cas9-2 transgene were obtained. Among them, lines

(C) Schematic illustration of the workflow of DNA barcode profiling. To investigate the genetic lesions generated at the GCN4 sites, DNA from either bulk tissue
samples or isolated single nuclei is extracted and amplified. The amplicon length for Cas9-7-GCN4 and Cas9-2-GCN4 targeting sites is 311 bp (amplicon 1) and
303 (amplicon 2) bp, respectively, corresponding to the maximum readable length of paired-end deep-amplicon sequencing. The amplicons were sequenced at a
depth of 1,500- to 2,000-fold. The sequenced reads are then sorted and aligned to the GCN4 reference to identify the types of genetic lesions created by Cas9,

representing different types of DNA barcodes present in the original sample.
See also Figure S1.
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(#4551 and #4567) exhibiting the lowest basal expression levels
of Cas9 were selected for crossing with the GCN4 transformed
plant (#4482, Figure S2A). The resulting plants (Cas9-71-GCN4
and Cas9-2-GCN4) showed no observable developmental or
regeneration abnormalities compared with wild-type plants
(Figures S2B-S2H).

Characterization of DNA barcodes

We assessed the effects of B-estradiol treatment on Cas9
expression and the editing of GCN4 DNA barcodes. Root ex-
plants of Cas9-1-GCN4 and Cas9-2-GCN4 were placed on
callus-inducing media (CIM) containing various concentrations
of B-estradiol, ranging from 1 to 100 uM. No inhibitory impact
on the explants’ regenerative capacity was observed with the
B-estradiol treatments (Figure S3). Cas9 expression levels were
measured by quantitative real-time PCR on different days after
the treatments. The results showed that for both Cas9-7-GCN4
and Cas9-2-GCN4, treatment with 1 M B-estradiol had minimal
impact on Cas9 expression compared with the non-treatment
control (Figures 2A and S2I). By contrast, Cas9 expression was
significantly induced by treatment with 10 uM B-estradiol and
even more so with 100 uM B-estradiol treatment (Figures 2A
and S2l). Temporally, Cas9 expression of Cas9-1-GCN4 peaked
on day 3 on CIM but rapidly returned to the non-treatment level
by day 5, suggesting a transient induction of Cas9 by B-estradiol
treatment (Figure 2A). In Cas9-2-GCN4 plants, Cas9 expression
also peaked on day 3 but decreased to half the peak level on day
5 and remained unchanged by day 10 (Figure S2I).

We further characterized the types and frequency of genetic le-
sions comprising the GCN4 DNA barcode under different treat-
ments using an equal number of root explants (n = 36). The results
indicated that in the absence of B-estradiol treatment, very few
Cas9-induced genetic lesions were detected, regardless of treat-
ment duration, suggesting minimal background activity of XVE-
Cas9-1 (Figures 2B and 2C). As the B-estradiol concentration
increased, the frequency of Cas9-induced lesions also rose, with
the 100 uM B-estradiol group displaying the highest overall editing
efficiency (Figures 2B and 2C). Moreover, extending the duration
of B-estradiol treatment from 3 to 10 days did not appear to further
increase the number and types of genetic lesions, even though
editable DNA barcodes are still available (Figures 2B and 2C).
This aligns with the observation that Cas9 expression was tran-
siently induced within the initial 3 days (Figure 2A). Consequently,
in subsequent experiments, samples were typically treated with
100 uM B-estradiol for 5 days unless otherwise specified.

To validate the reproducibility of our barcode profiling
method, barcode amplification followed by paired-end deep-
amplicon sequencing was repeated for each DNA sample.
The enrichment of each type of genetic lesion was represented
by the frequency of the corresponding sequenced reads and
was directly compared between the two replicates. The results
demonstrated a strong correlation and high reproducibility
between replicates (Figure 2D). However, we also observed a
relatively weak correlation for DNA barcodes with a read fre-
quency less than 5% (Figure 2D), possibly due to inefficient
amplification of certain types of edited DNA barcode. To further
enhance the robustness of the analysis, barcode profiling in
subsequent experiments was consistently conducted in tripli-
cates, and the results were pooled for downstream analysis
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(see STAR Methods). For each sample, barcodes with a read
frequency above 5% were noted as major types, whereas the
rest were noted as minor types.

Next, we examined in detail the types and distribution frequency
of genetic lesions in XVE-Cas9-1 transformed calli (n = 20) treated
with and without B-estradiol. A range of genetic lesions was
observed, including nucleotide insertions between 1 and 24 bp
and deletions spanning 1-233 bp (Figure 2E). Genetic lesions
were observed in each of the first four GCN4 repeats comprising
the DNA barcode, and the frequency of observing genetic lesions
simultaneously occurring at two GCN4 repeats was the highest,
followed by editing in one site and three sites (Figure 2F).

Similarly, the types and frequency of GCN4 genetic lesions
introduced by XVE-Cas9-2 were also examined using the same
amount of calli, which exhibited a lower diversity compared
with that introduced by XVE-Cas9-1 (Figure 2G). Consequently,
Cas9-1-GCN4 plants were selected for cell-lineage investigation
in subsequent experiments.

Barcode profiling in regenerated plant organs

After establishing the inducible barcoding system, we pro-
ceeded to compare the profiles of DNA barcodes present in
various organs of the regenerated Arabidopsis plants. Root ex-
plants of Cas9-7-GCN4 plants were cultured on CIM supple-
mented with B-estradiol to induce CRISPR editing (Figure 3A).
On day 5, calli were transferred to shoot-inducing media (SIM)
without B-estradiol to induce shoot formation and plant regener-
ation (Figure 3A). Leaves from distinct shoot branches and
dissected floral organs originating from a single floral bud were
collected for barcode profiling (Figure 3B).

Intriguingly, the results indicated a comparable composition
and distribution pattern of major barcodes among different organs
in the regenerated plant, regardless of their branch origins (Fig-
ure 3C). Repetition of the experiments using additional regener-
ated plants yielded similar findings (Figures S4A-S4D). Compared
with the major barcodes, the distribution pattern of minor barco-
des is less consistent among different samples (Figure 3C). The
variation in minor barcodes may be attributed to inefficient or
inconsistent amplification of certain types of genetic lesions. Alter-
natively, lineage-specific Cas9 editing may be present.

The overall resemblance in DNA barcode distribution across
regenerated organs argues against the preservation of organ-
specific somatic cell lineages in the explants (Figures 3B and
3C). Additionally, in each regenerated plant, we observed a total
of 6-8 different types of DNA barcodes, much less than the
average number of barcode types (n = 31) observed in a single
callus (Figure 2G), suggesting a much-reduced cell heterogene-
ity in the regenerated plants compared with the callus. However,
since barcode profiling was performed at the organ level, it re-
mains uncertain whether the observed combinations of DNA
barcodes stem from a few somatic cells harboring heteroge-
neous barcode sequences or a single ancestor cell carrying mul-
tiple types of DNA barcodes.

Barcode profiling using isolated single nuclei

To determine the exact number of founder cells giving rise to the
regenerated Arabidopsis, we decided to conduct barcode
profiling in the regenerated plants at the single-cell level. We first
tested whether DNA barcodes could be precisely examined at
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Figure 2. Characterization of DNA barcodes in Cas9-1/2-GCN4 transgenic plants

(A) Relative expression levels of Cas9 in calli treated with different concentrations of B-estradiol on different days. Each biological replicate comprises
approximately thirty pooled calli. The data represent the mean + SEM from three biological replicates. Asterisks indicate significant differences compared with the
control under 0 uM B-estradiol treatment on day 0 (Student’s t test, p < 0.05).

(B) Editing rate of DNA barcode in Cas9-7-GCN4 transformed calli treated with different concentrations of B-estradiol on different days. Reads were mapped to
the GCN4 repeats. The ratio was calculated by normalizing the total number of reads containing Cas9-induced genetic lesions to the total number of mappable
reads. Each sample contains an equal number of explants (n = 36). The data present the mean + SD from three technical replicates.

(C) Data convention is the same as in (B) except for measuring the number of DNA barcode types.

(D) Reproducibility in quantification of DNA barcodes. Two independent replicates of barcode amplification and deep-amplicon sequencing were performed for
each DNA sample. The frequency of each type of DNA barcode was then compared between the two replicates.

(E) A histogram depicting the size distribution of insertions (top) and deletions (bottom) in the DNA barcode. Data were collected from 20 Cas9-7-GCN4
transformed calli treated with 100 uM B-estradiol for 5 days on CIM.

(F) The ratio of DNA barcodes with genetic lesions occurring simultaneously at varying numbers of GCN4 sites.

(G) Diversity of DNA barcode types in Cas9-1/2-GCN4 transformed calli. Each dot represents the number of DNA barcode types detected in a single callus in the
presence (red) or absence (gray) of B-estradiol treatment. Each vertical bar represents the mean + SD from 20 calli (Student’s t test, p < 0.05).

See also Figure S2.

the single-cell level using multicellular root explant tissue prior to
plant regeneration. Nuclei were isolated from the root explants
treated on CIM with and without B-estradiol and stained with
Propidium lodide (PI). In such case, genetic lesions were inde-
pendently induced by Cas9 within each individual cell, poten-
tially creating a great diversity of DNA barcodes. Single nuclei
were then isolated using fluorescence-activated cell sorting

(FACS) and used directly as DNA templates for barcode profiling
(Figure 4A; see the STAR Methods section). As expected, we
observed a significant increase in the number of nuclei display-
ing XVE-Cas9-induced lesions, as well as the types of edited
DNA barcodes in the B-estradiol-treated samples compared
with the non-treatment control (Figures 4B and S5), confirming
the feasibility of our method.
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Figure 3. Characterization of DNA barcodes in the regenerated plant

(A) Schematic representation of the regeneration process and the timing of B-estradiol treatment. Root explants were cut and placed on CIM supplemented with
100 uM B-estradiol. After 5 days, the calli were transferred to SIM without B-estradiol to induce shoot formation.

(B) A schematic illustration of the regenerated plant indicating the sampling position. Three leaves and the floral organs dissected from a single flower were
collected for barcode profiling.

(C) DNA barcodes identified from various organs collected from different positions of the regenerated plant as illustrated in (B). Each colored square block
represents a distinct type of DNA barcode containing sequence information of four GCN4 sites. The corresponding sequence details at each GCN4 site are
described in the table. The shaded area indicates major type DNA barcodes detected within each organ, with corresponding read frequency greater than 5%.
DNA barcodes with corresponding read frequency less than 5% are denoted as minor types. The read frequency for each DNA barcode was calculated by
normalizing the number of reads representing that DNA barcode to the total number of mappable reads of each sample. Del, deletion; Ins, insertion; Inv, inversion.
See also Figure S4.

As for the regenerated plants, single nuclei were isolated from
eight different organs (ten nuclei each), resulting in a total of
eighty nuclei per plant (Figures 4C and 4D). Similar to our obser-
vation using different organs, barcode profiling of these isolated
nuclei suggested a highly similar distribution pattern regardless
of their tissue origin (Figures 4C and 4D). These results were
consistent when the experiments were repeated using indepen-
dently regenerated plants (Figures S4E and S4F). Our results
strongly indicated that cells from various organs in the regener-
ated plants originate from a single ancestor cell in the root
explants.

Fluorescence-based lineage analysis in live cells
In addition to the DNA barcoding method, we aimed to delineate
the cell origin of regenerated Arabidopsis using traceable multi-
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fluorescence signals through live cell imaging. Therefore, we
adopted and modified the Brainbow strategy (Figure 5A; see
the STAR Methods), where individual cells can be randomly
labeled with distinct fluorescence through Cre-triggered site-
specific loxP recombination.”'*” The temporal control of Cre re-
combinase was achieved by using the XVE regulatory module
(XVE-Cre), as done for the XVE-Cas9 constructs (Figure 5A).
Prior to Cre induction, a 35S promoter drives the constitutive
expression of Phialidium sp. yellow fluorescent protein (phiYFP).
Upon Cre induction, the phiYFP expression will be replaced with
that of a randomly chosen downstream fluorescence protein
(XFP, fluorescent proteins collectively called XFP) and inherited
mitotically (Figure 5A). Consequently, cell lineages in the regen-
erated plant tissues can be inferred based on their fluorescence
labeling.
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Figure 4. Single-nucleus profiling of DNA barcodes in the regenerated plant

(A) A schematic diagram depicts the experimental procedure of single-nuclei isolation and DNA barcode profiling. Samples were chopped in nuclei isolation
buffer and subsequently stained with PI. Single nuclei were sorted into 96-well plates followed by DNA barcode amplification and deep-amplicon sequencing.
(B) The heatmap illustrates editing rates in each single nucleus isolated from calli treated with (left) or without (right) B-estradiol. Each square within the heatmap
corresponds to an isolated single nucleus, and the color gradient represents the editing ratio as reflected by the percentage of sequenced reads containing

genetic lesions.

(C) A schematic drawing of the regenerated plant indicating the sampling position.
(D) DNA barcodes identified from single nuclei isolated from different organs of the regenerated plant as illustrated in (C). A total of ten nuclei were analyzed for
each organ. Each row represents a barcode combination in a single nucleus. Data convention is the same as in Figure 3C.

See also Figures S4 and S5.

Arabidopsis plants harboring both the XVE-Cre and Brainbow
constructs (XVE-Brainbow) were generated. A uniform phiYFP
fluorescence can be observed in the roots, indicating minimal,
if any, Cre background expression (Figure S6A). Next, root ex-
plants were placed on CIM supplemented with B-estradiol for
5 days to induce Cre expression (Figure 3A). As expected,
distinct fluorescence signals were observed in different root
cells, including those emitted from either a single type of XFP
or a stochastic combination of multiple XFPs (Figures 5B and
S6B-S6F). We conducted temporal tracking for callus formation
on CIM. Images of the same explants were captured from CIM
days 0 to 5. On CIM day 0, cells exhibiting different fluorescent
colors exhibited a random spatial distribution within the root
explant (Figure 5B). Over the following days, as cells prolifer-
ated, clusters of cells displaying identical fluorescence began
to form, tending to occupy specific regions within the explants
(Figure 5B).

The root explants were subsequently transferred to standard
SIM without B-estradiol to induce shoot formation. After an addi-
tional 5 days, clusters of cells exhibiting varied types of fluores-
cence and differential spatial distribution were observed within
the callus (Figures 5C and S6G). Given that cells within each
cluster displayed identical fluorescence, we deduced that these
cells likely descended from the same founder cell, potentially
contributing to the development of individual shoot primordia.
If this hypothesis holds true, we anticipate that all cells in the later
regenerated plants will also display identical fluorescence but
not mosaic colors. We conducted temporal tracking of root ex-
plants on SIM during shoot formation. Since predicting the exact
site of future shoot formation is challenging, we captured images
of the entire explants every 2 days until new shoots emerged. As
demonstrated in the representative case, by SIM day 7, two cell
clusters, from which future shoots would originate, became
visible (Figure 5D). Over the subsequent 4 days, these two cell
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Figure 5. Multi-fluorescence-based lineage tracing of Arabidopsis regeneration

(A) Schematic illustration of the XVE-Brainbow multi-fluorescence labeling tool. P, loxP site; 2, lox2272 site; N, loxN site; nls, nuclear localization signal; pA,
polyadenylation signal. In the presence of Cre, DNA recombination occurs between a randomly chosen pair of loxP sites (P-, 2-, or N-type), leading to the deletion
of the phiYFP coding sequence and expression of the remaining downstream fluorescence protein.
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clusters gradually enlarged and became more distinct. By SIM
day 13, a single shoot had formed in each of the two cell clusters,
each displaying a uniform and distinct fluorescent color (Fig-
ure 5D). Despite the diverse fluorescence distribution pattern
observed in XVE-Brainbow callus (Figures 5C and S6G), the re-
generated plants (49 out of 49) uniformly exhibited the same fluo-
rescence type across all tissue types examined (Figures 5D, 5E,
S6H, and S6l). Collectively, these observations align with our
earlier DNA barcode profiling using Cas9-7-GCN4 plants, rein-
forcing the idea that regenerated Arabidopsis originates from a
single progenitor cell in the root explants.

On SIM day 5, the emergence of cell clusters with identical
fluorescence in callus suggests the possible initiation of division
and differentiation of the single founder cell. If this holds true, ex-
tending the treatment of B-estradiol and XVE-Brainbow labeling
beyond the founder cell differentiation initiation point may result
in regenerated plants exhibiting mosaic fluorescence patterns.
To examine this hypothesis, XVE-Brainbow explants were
placed on regular CIM and subjected to B-estradiol treatment
for 2 h on SIM at day 6 and then transferred to regular SIM (Fig-
ure S7A). Live tracing of the subsequent regeneration processes
demonstrated the formation of chimeric regenerants with mixed
fluorescent signals (Figure S7B). This phenomenon represents
the majority of the examined plants (36 out of 41, Figure S7C).
These patterns varied, with some plants exhibiting different fluo-
rescence colors in distinct tissues and others showing mosaic
fluorescence in a single leaf (Figure S7C). In summary, our find-
ings indicate that during Arabidopsis regeneration, the differen-
tiation of the single founder cell initiates before SIM day 5.

Cell-type-specific lineage tracing

Previous studies have shown that callus formation from root and
hypocotyl explants recapitulates the developmental trajectory of
lateral root (LR) initiation.>>** The initial stage is characterized by
the emergence of LR meristem-like protuberances from 4 to 6 xy-
lem pole pericycle (XPP) cells.>> However, owing to swift cell fate
transitions and the diffusion of the XPP marker, it has remained
unclear how the descendants of XPP cells are spatially distrib-
uted within the callus and subsequently contribute to the forma-
tion of regenerated plants. It is also not clear if XPP cells consti-
tute the sole source of the future regenerated plants.

To address this question, we developed a GFP reporter that
can track divisions for specific cell types through CRISPR base
editing (Figure 6A). In this design, the GFP reporter can be perma-
nently activated in XPP cells and stably inherited in their descen-
dant cells. This was realized by a C to T substitution at codon 66 of
GFP catalyzed by the APOBEC3A-Cas9 nickase-uracil glycosy-
lase inhibitor fusion protein (A3A-PBE), which is specifically ex-
pressed in XPP cells (Figure 6A).°® To maintain temporal control

¢ CellP’ress
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over the GFP reporter, we utilized a B-estradiol-inducible sgRNA
expression system (Figure 6A). The B-estradiol treatment was
conducted in intact roots instead of root explants to ensure the
preservation of XPP cell identities during GFP labeling.

Root explants from 7-day-old Arabidopsis seedlings co-trans-
formed with the GFP reporter and the A3A-PBE construct were
placed on 1/2 Murashige-Skoog (MS) medium supplemented
with B-estradiol for 3 days to initiate XPP cell labeling. As antic-
ipated, the majority of XPP cells exhibited GFP fluorescence
upon B-estradiol treatment, while no such signal was observed
before the treatment (Figure 6B). Subsequently, root explants
were transferred to regular CIM without B-estradiol, and cells
displaying GFP fluorescence were dynamically traced in the
following days. The results indicated that periclinal division of
XPP cells began on CIM day 2 (Figure 6B), and at least two
rounds of cell division occurred by CIM day 5, forming up to
four layers of GFP-positive cells (Figure 6B).

The calli were subsequently transferred to SIM, and the even
distribution of GFP fluorescence along the root longitudinal
axis was maintained until SIM day 5, when cell clusters occu-
pying specific spatial domains began to form (Figure 6C), mirror-
ing our earlier observation using XVE-Brainbow plants (Fig-
ure 5C). We then continuously live-traced these fluorescent cell
clusters over the next 2 weeks until shoot formation (Figure 6C).
Among the regenerated plants (n = 130), we observed both GFP-
positive (n = 18) and GFP-negative (n = 112) individuals. The re-
sults confirmed XPP cells as an important source of future regen-
erants. However, the low ratio of GFP-positive plants among the
regenerants (18 out of 130) indicated that XPP cells may not be
the sole contributing source of plant regeneration. Nevertheless,
no chimeric plants were observed, further supporting our discov-
ery that each regenerated plant is derived from a single somatic
cell in the root explants.

Cell-lineage analysis of LR development

The branching of LRs plays an essential role in shaping the root
system architecture of vascular plants. This process exhibits
high developmental plasticity, enabling plants to adapt to a vari-
ety of environmental conditions. Observing LR initiation has been
difficult due to the challenges in predicting the precise initiation
site of LRs, and various studies have proposed different
numbers of pericycle cells involved in LR initiation.>>®>°" To
demonstrate the utility of our lineage-tracing tools in studying
other plant development processes, we employed our XVE-
Brainbow system to gain insights into LR initiation.

We treated 4-day-old seedlings carrying the XVE-Brainbow
transgene with B-estradiol for 12 h (Figure 7A). This treatment
enabled the marking of primary root cells with distinct fluores-
cence before LR initiation (Figure 7B). LRs began to emerge on

(B) Time-lapse tracing for callus formation on CIM. Images of the same explants were captured from CIM days 0 to 5. The white dotted lines outline the periphery

of proliferated cell clusters displaying identical fluorescence. Scale bars: 20 pm.

(C) Fluorescence stereo microscopy of callus showing the emergence of cell clusters displaying identical fluorescence on SIM at day 5. The white dotted lines
outline the edges of the callus. The bright-field picture is shown at the bottom right corner in each image. Scale bars: 200 um.

(D) Time-lapse tracing for shoot formation on SIM. Images of the same callus were captured from SIM days 5 to 13. Cell clusters from which future shoots emerge
are indicated by red arrowheads. The red and white dotted lines outline the edges of the newly formed shoots and the callus, respectively. Scale bars: 500 um.
(E) Representative examples of regenerated plants exhibiting identical fluorescence signals across their entirety. The annotations above each panel specify the

type of fluorescence emitted by the respective plants. Scale bars: 1 mm.
See also Figures S6 and S7.
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(A) Schematic illustration of cell-type-specific lineage tracing using the GFP reporter targeted by an inducible A3A-PBE construct.
(B) Confocal microscopy of root explants shows XPP cell-lineage tracing during callus formation. Cell walls are stained with Pl. The nuclear-localized GFP

fluorescence indicates XPP cells and their descendants. Scale bars: 50 pm.

(C) Fluorescence stereo microscopy shows XPP cell-lineage tracing during shoot formation. From day 7 onward, the partial enlargement of the region inside the
white box is shown. The red circles indicate a GFP-positive region that shows the emergence of shoot primordia and leaf regeneration. Scale bars: 1 mm.

day 6. Upon reaching 10 days of age, we examined the fluores-
cence in the newly formed LRs. In almost all cases (175 out of
196, 89.3%), multiple fluorescent colors were observed in each
LR (Figures 7C-7I). Cells displaying different fluorescent colors,
typically 2-4 types, were found in the LR meristematic region
(Figures 7C-71). This suggests that Arabidopsis LR initiation likely
involves multiple (2—-4) pericycle cells. Cells of the same fluores-
cence were longitudinally aligned (Figures 7C-71), indicating their
direct lineage relationship. Meanwhile, the fluorescence ex-
hibited in the LR quiescent center (QC) and its surrounding
SCN tends to occupy a more extensive portion of the LR. This
finding is consistent with the previous study, which indicates
that the establishment of the LR primordium is initiated by a sin-
gle founder cell and its gradual recruitment of neighboring cells
to become founder cells.®”

DISCUSSION

In this study, we explored the lineage relationship of Arabidopsis
regeneration through the development of multiple complemen-
tary toolsets, encompassing both CRISPR barcoding and
multi-color fluorescence labeling strategies. The integration of
these methodologies yielded converging lines of evidence sup-
porting a single-cell origin model for Arabidopsis organogenesis.
Specifically, a single somatic cell from the root explant serves as

10  Developmental Cell 60, 1-15, January 20, 2025

the exclusive progenitor for the subsequent regeneration of each
individual plant.

Our observation of cell clusters exhibiting identical fluorescence
on SIM at day 5 suggests that the fate of the founder cell may have
already been determined at this juncture (Figures 5C and S6G).
Delaying the B-estradiol treatment until SIM day 6 led to regener-
ated plants displaying mosaic fluorescence in different organs,
enabling us to pinpoint the latest time point for founder cell differ-
entiation (Figure S7). WUSCHEL (WUS) is the key transcription
factor in establishing shoot identity.®® A previous study has indi-
cated that WUS expression was identified in dispersed single cells
after explants were placed on SIM for 3 days.®® The presence of
WUS-expressing single cells may signify the earliest time point
at which the fate of the regenerative founder cell is established.
Taken together, these findings consistently indicate that Arabi-
dopsis regenerative founder cells are established and commence
differentiation between SIM days 3 and 5.

In the CRISPR barcode assay, deep-amplicon sequencing at
over 1,500-fold coverage has greatly enhanced our ability to un-
veil all essential types of genetic lesions present in the DNA sam-
ple. While each type of genetic lesion can be quantitatively deter-
mined based on the number of sequenced reads, caution is
exercised when using this parameter as an indicator for their
relative enrichments in the original bulk DNA extracts. This
caution arises because DNA barcodes of varied sequence
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Figure 7. Cell-lineage analysis of lateral root development
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(A) A schematic diagram illustrates the experimental procedure for the initial labeling of primary root cells and the subsequent examination of LR cells.

(B) Four representative samples show the detection of fluorescence in labeled primary root cells prior to the onset of LR formation. Scale bars: 50 um.

(C-I) Examination of fluorescence in the newly formed LRs. The entire LRs (C and D) and the enlarged meristematic regions (E-I) are displayed. Scale bars: 100 um
(

C and D), 50 um (E-I).

compositions and lengths may be differentially amplified. This is
evident from the analysis using single nuclei, where an unequal
representation of different DNA barcodes was observed even
though each type of DNA barcode is expected to be of single
copy (Figure S5).

For the same reason, certain types of difficult-to-amplify DNA
barcodes may be underrepresented in the sequencing results
(minor barcodes) and can also be occasionally missed in certain
individual samples, especially when the amount of DNA input is
low, as in the case of isolated single nuclei (Figures 4D and S4E).
Nevertheless, the genetic lesions representing major barcodes
are almost uniformly shared among cells collected from the
same regenerated plant, and we have never observed a single
nucleus displaying a unique type of DNA barcode (Figures 4D,
S4E, and S4F). Taking all the above reasoning into account

and considering the evidence from the XVE-Brainbow tracing ex-
periments, we conclude that the regenerated Arabidopsis plants
are of single-cell origin.

A relatively small number of barcode types were identified in
each regenerated plant, ranging from 2 to 8 (Figures 3, 4, and
S4). By contrast, there is a broad distribution in the number of
barcode types identified in each callus, ranging from 9 to 69
(Figure 2G), indicating a more heterogeneous cell composition
in the callus. Supporting this notion, live tracing of the mitotic di-
vision of XPP cell lineages showed a roughly uniform periclinal
cell division along the root longitudinal axis (Figure 6B). Single-
cell sequencing has indicated distinct cell identities inside the
callus, where middle layer cells exhibiting root QC identities
will eventually generate shoots and roots.”® In our study, the
highly diverse composition of cell identities in the callus was
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confirmed by DNA barcode profiling using isolated single nuclei
(Figure S5). Therefore, while the callus is of multicellular origin,
we did not observe evidence of deploying cells of mixed origins
in the formation of each individually regenerated plant. This
result suggests a scenario where the individual cell of better
fitness compared with its neighboring cells was chosen to
become the founder cell of the future regenerated plant, em-
ploying a cell-cell competition strategy to optimize the chances
of survival. Supporting this notion, cell competition also appears
to play key and prevalent roles in varying developmental pro-
cesses in animals, including embryogenesis, tissue homeosta-
sis, tumorigenesis, aging, etc.”""?

In addition to roots, plant organogenesis can be induced from
callus derived from various types of somatic tissues, such as cot-
yledons and leaves.®* Since the process of callus formation from
these other types of organs also mirrors the development of LR
initiation,®* there is a compelling reason to believe that organo-
genesis from other somatic tissues may similarly originate from
a single cell. Moreover, beyond organogenesis, plants possess
the ability to regenerate through somatic embryos, which can
be induced either directly from somatic cells or indirectly through
embryonic callus.”*"* Considering that microspores of many
plants can be treated in vitro to generate haploid plants,”® we
propose that somatic embryogenesis may also be traced back
to a single cell. Further experiments are necessary to definitively
confirm this hypothesis.

Based on macroscopic observations, it has been reported that
Arabidopsis plants regenerated from root and hypocotyl explants
originate from XPP cells.>® Through cell-type-specific labeling
and lineage tracing, we identified regenerated plants that are
GFP-positive, providing direct evidence that these plants are de-
scendants of the GFP-labeled XPP cells in the root explants
(Figures 6B and 6C). Interestingly, a significant portion of Arabi-
dopsis regenerants is GFP-negative. This could be attributed to
the fact that not all XPP cells are successfully GFP-labeled. Alter-
natively, other cell types besides XPP cells may also be involved
in regeneration, such as pericycle cells that do not exhibit XPP
promoter activity. Future investigations employing promoters
with a broader expression domain among pericycle cells will be
of interest. Through time-series single-cell transcriptome profiling
during callus formation, researchers have identified two transi-
tional cell types derived from XPP cells that are responsible for
initiating callus formation. These include LR primordium-initiating
(LRPI)-like cells and QC-like cells.”®

In addition to LR development, the aerial parts of plants also
pose many questions worth exploring, such as the establishment
of the plant germ line and the initiation of axillary buds. While
observing cell lineages using microscopy techniques may be
limited by the size of the organ and the intensity of autofluores-
cence, our CRISPR barcode system may be more suitable for
capturing lineage information of plant aerial organs. Therefore,
our toolkit holds promise for addressing a multitude of develop-
mental questions in plants. Researchers can select a toolkit
based on their specific research purposes.

Limitations of the study

In our study, large fragment deletions (LFDs) are frequently
observed between two GCN4 sites, reducing the throughput
and diversity of possible barcodes. For example, in a pooled sam-
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ple of 20 calli, we identified a total of 227 unique barcode types, of
which 186 (81.9%) featured an LFD. Therefore, barcoding strate-
gies that avoid creating DNA double-strand breaks, such as base
editing, may further improve the efficiency of the lineage
tracing system. Due to the length limitation of deep-amplicon
sequencing, our barcode length was restricted to a maximum of
four GCN4 sites. Therefore, coupling barcode profiling with other
long-read sequencing platforms to include more GCN4 sites will
further enhance the resolution of our barcoding system.

In addition, we found that the Brainbow system is not suitable
for studying cell lineages in aged plant tissues due to the tissue
thickness and the high intensity of autofluorescence emitted by
chlorophyll and lignin. Further optimization of imaging tech-
niques and plant tissue transparency treatments will expand its
use in more tissue types in the future.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
Escherichia coli DH5a N/A N/A
Escherichia coli JM109 N/A N/A
Agrobacterium tumefaciens GV3101 N/A N/A
Chemicals, peptides, and recombinant proteins
Murashige & Skoog basal salts medium with vitamins Phyto Tech Cat#M519
Murashige & Skoog basal salts medium Phyto Tech Cat#M524
Gamborg vitamin solution (1000x) Phyto Tech Cat#G219
Sucrose Sigma-Aldrich Cat#Vv900116
Plant-agar Dingguo Cat#DH010-1.1
Phytagel Solarbio Cat#P8170
B-estradiol Coolaber Cat#CE5114
2,4-dicholorophenoxyacetic acid Caisson Cat#D001
N-6-Benzyladenine Caisson Cat#B001
3-Indole butyric acid BBI Cat#A600725-0025
D-Biotin Aladdin Cat#B105433
Zeatin BBI Cat#A600747-0100
Gentamycin sulfate Meilunbio Cat#MB1331
Rifampicin Meilunbio Cat#MB1769
Spectinomycin Hydrochloride Meilunbio Cat#MB1497
Hygromycin B Phyto Tech Cat#H370
Glufosinate ammonium Aladdin Cat#G114499
MES hydrate Sigma-Aldrich Cat#6120
Triton X-100 Sigma-Aldrich Cat#T8787
EDTA-Na2 Aladdin Cat#E116429
B-mercaptoethanol Sigma-Aldrich Cat#M3148
KCI Sigma-Aldrich Cat#P9541
NaCl Sigma-Aldrich Cat#S5886
Spermine tetrahydrochloride Sigma-Aldrich Cat#S1141
Tris base Sigma-Aldrich Cat#Vv900483
Propidium iodide Sigma-Aldrich Cat#P4864
PBS Sangon Biotech Cat#B548117-0500
4% paraformaldehyde Beyotime Cat#P0099
Urea Sigma-Aldrich Cat#51456
Sodium deoxycholate Sigma-Aldrich Cat#30970
Xylitol Sigma-Aldrich Cat#X3375
Critical commercial assays
2 x Phanta Max Master Mix Vazyme Cat#P525
CloneExpress Il One Step Cloning Kit Vazyme Cat#C112
Mut Express |l Fast Mutagenesis Kit V2 Vazyme Cat#C214
2 x Taq Master Mix CWBIO Cat#CW0682
Experimental models: Organisms/strains
Arabidopsis: Col-0 N/A N/A
Arabidopsis: XVE-Cas9-1/2 This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Arabidopsis: pGWB505-GCN4 This paper N/A

Arabidopsis: Cas9-1/2-GCN4 This paper N/A

Arabidopsis: XVE-Cre This paper N/A

Arabidopsis: Brainbow This paper N/A

Arabidopsis: XVE-Brainbow This paper N/A

Arabidopsis: pGWB505-BFP This paper N/A

Arabidopsis: ASA-PBE This paper N/A

Oligonucleotides

See Table S1 This paper N/A

Recombinant DNA

Plasmid XVE-Cas9-1/2 This paper N/A

Plasmid pGWB505-GCN4 This paper N/A

Plasmid Cas9-1/2-GCN4 This paper N/A

Plasmid XVE-Cre This paper N/A

Plasmid Brainbow This paper N/A

Plasmid XVE-Brainbow This paper N/A

Plasmid pGWB505-BFP This paper N/A

Plasmid ASA-PBE This paper N/A

Software and algorithms

Adobe lllustrator CC 2018 Adobe Acrobat N/A

ImageJ Schindelin et al.”” https://imagej.nih.gov/ij/
ZEN Microscopy Software ZEISS N/A

Origin Pro 2020b OriginLab Corporation N/A

SPSS 27.0 IBM N/A

muscle (v3.8) Edgar.”® https://www.drive5.com/muscle5/
seqtk (v1.3-r106) Shen et al.”® https://github.com/Ih3/seqtk
BWA v0.7.17-r1188 Li and Durbin.®° https://github.com/Ih3/bwa
Other

Confocal microscope LSM900 Carl Zeiss N/A

M205 FCA stereo fluorescence microscope Leica N/A

BD FACS Aria SORP BD Biosciences N/A

Miracloth Merck Millipore Cat#475855

Falcon Cell Strainers Corning Cat#352340

4 Chamber glass bottom dishes Cellvis Cat#D35C4-20-0-N

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Arabidopsis thaliana of the Col-0 ecotype background were used in this study. For GCN4 DNA barcode analysis, the GCN4 trans-
genic lines were crossed with the XVE-Cas9 transgenic lines (Cas9-GCN4). For fluorescence-based analysis, the final plants were
obtained by co-infiltrating Brainbow and XVE-Cre constructs (XVE-Brainbow) or by co-infiltrating GFP reporter and A3A-PBE con-
structs. Agrobacterium tumefaciens strain GV3101 carrying the constructs was used for plant transformation via the standard floral
dipping method.?' The seedlings were grown on 1/2 MS solid medium and later on soil under a 16-h-light/8-h-darkness cycle at 22
°C. Table S1 contains the lists of genotyping primers used in this study.

METHOD DETAILS
Tissue culture
For tissue culture, seeds were grown on 1/2 MS medium plates placed vertically. Root explants of approximately 5 mm in length were

obtained from 12-day-old seedlings and cultured on CIM (MS basal medium with vitamins, 3% w/v sucrose, 1 mg/L 2,4-dichlorophe-
noxyacetic acid, 0.05 mg/L N-6-Benzyladenine) under dark conditions at 22 °C for 5 days. The calli were then transferred to SIM (MS
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basal medium without vitamins, 1% w/v sucrose, 0.05% w/v MES, 0.4 mg/L 3-Indole butyric acid (IBA), 1 mg/L Biotin, 1 mg/L Zeatin)
for shoot regeneration, or RIM (MS basal medium without vitamins, 1% w/v sucrose, 0.05% w/v MES, 1 mg/L IBA) for root regen-
eration, and incubated under 16-h-light/8-h-darkness cycle at 22 °C.

Plasmid construction

To construct the GCN4 DNA barcode plasmid, the 10xGCN4 tandem array from the SunTag VP64 vector®® was amplified and re-
combined into pDONR207 to generate pDONR207-GCN4 using Exnase Il (Vazyme, C112-01). It was further introduced into
pGWBS505 through LR reaction (LR clonase, Invitrogen, 11791-100). To construct the XVE-Cas9 plasmid, the coding sequence of
Cas9 from pK/1.1R% was amplified and recombined into the Xhol-digested pER8 vector®® to obtain pER8-Cas9. Two oligomers con-
sisting of the 4 bp-overhang sequence and the 20-bp GCN4 peptide-specific sgRNA sequence were phosphorylated with T4 poly-
nucleotide kinase (NEB, #M0201) and hybridized. The hybridized primer was diluted 250-fold and then inserted into the Bsal-di-
gested AtUB-sgRNA vector using T4 ligase (NEB, #M0202) to create a single sgRNA expression cassette. The eight sgRNA
cassette was independently created. The first four sgRNA cassettes were assembled using the BioBrick method, with Spel/Nhel-
Sacl sites, to generate the 4xAtU6-sgRNA tandem array. The cassettes were then recombined into pER8-Cas9 (XVE-Cas9-1).
XVE-Cas9-2, which targets the second four GCN4 repeats, was similarly constructed.

The Brainbow plasmid was developed based on the Brainbow 3.1 construct.”" In the original Brainbow system, XFPs were farne-
sylated to facilitate their retention on cell membranes of neuron axons and dendrites, enhancing their visualization.”' We modified the
construct to create nuclear-localized fluorescence signals, which improved visualization in plant tissues. Four XFPs were amplified
from the Brainbow 3.1 plasmid using specific primers. Restriction enzyme digestion sites and nuclear localization signals were incor-
porated into the primers. The four fluorescent proteins containing nuclear localization signals were then digested, ligated, and in-
serted into the pGWB501 vector, modified to be driven by the 35S promoter, creating 35S-pGWB507-XFPs. Site-directed mutagen-
esis was performed on phiYFP (A65Y) to obtain the 35S-pGWB5017-XFPs-muta using the Mut Express Il Fast Mutagenesis Kit V2
(vazyme, C214-01). The DNA sequence of Cre recombinase was amplified and inserted into the pER8 vector to create XVE-Cre.

To construct the GFP reporter plasmid, the BFP sequence from pUbi-BFP®® was cloned downstream of the 35S promoter of
pGWBS505 using Exnase Il (Vazyme, C112-01) to generate pGWB505-BFP. To construct the ASA-PBE plasmid, the Basta resistance
sequence bIpR from DDR4-ZF®* were introduced into pERS to replace the Hygromycin resistance gene. The csy4 coding sequence
from pDIRECT_22C®° and the csy4 binding site containing gRNA scaffold linked by poly(A) were recombined downstream of the
mini35S promoter of pERS. Finally, the A3A-PBE sequence’® driven by the 2.5 kb promoter sequence upstream of the start codon
of XPP (AT4G30450)°° was cloned and introduced into the above vector to generate pER8-csy4-gRNA-pXPP-A3A-PBE (A3A-PBE).

DNA sequences amplified using PCR were confirmed by Sanger sequencing. Table S1 contains the lists of sgRNA oligomers and
primers used for plasmid construction.

B-estradiol treatment

The response to B-estradiol induction was investigated using the roots explants of 12-day-old Cas9-GCN4 transgenic seedlings. The
explants were cultured on CIM or SIM supplemented with different concentrations of B-estradiol or an equal volume of DMSO (‘mock’
in figure panels). For DNA barcode analysis, the roots of 12-day-old seedlings from the transgenic lines Cas9-GCN4 were used as
explants and cultured on CIM supplemented with 100 uM B-estradiol. For Brainbow analysis, B-estradiol at concentrations ranging
from 1 uM to 50 pM was tested, and no discernible differences in the efficiency of fluorescence labeling were seen among different
treatments. Therefore, the results of the B-estradiol treatment group were collected regardless of the concentration applied. For line-
age-specific tracing, 7-day-old seedlings from the transgenic line harboring both the GFP reporter and ASA-PBE construct were
initially transferred to 1/2 MS medium supplemented with 10 uM B-estradiol for 3 days. Subsequently, the roots of these seedlings
were used as explants for the regeneration assay. 3-estradiol (Coolaber, CE5114) was prepared as a 100 mM stock solution in DMSO
and stored at -80°C.

Amplification of DNA barcodes and deep-amplicon sequencing

The first-round PCR was performed to amplify the DNA barcodes in a 25 plL reaction volume containing less than 200 ng of genomic
DNA, 0.4 uM of outer primers, and 12.5 uL of 2x Tag MasterMix (CWBIO, CW0682). The PCR products were diluted 10-fold and 2 pL
of the diluted products were used for a second round of nested PCR, incorporating forward and reverse sequencing barcodes into
the products.

For bulk samples, the PCR cycle number was set to 18 to ensure that the reaction was terminated within the linear range of ampli-
fication. Three independent PCR reactions were conducted for each DNA sample, and the resulting products were pooled into one
tube. The final amplicons were submitted to the Hi-TOM platform for library construction and sequenced twice using the lllumina
NextSeq 500 platform with 150-bp paired-end reads.®” For single-cell samples, an independent PCR reaction with 25 cycles was
performed for each sample. Table S1 contains the lists of first-round and nested primers used to amplify the GCN4 DNA barcode.

Quantitative real-time PCR

For quantitative real-time PCR experiments, samples were collected for RNA extraction using the Direct-zol RNA MiniPrep kit (Prom-
ega, LS1040). 500 ng of total RNA was then used for cDNA synthesis using the SuperScript lll First-Strand Synthesis Supermix (Va-
zyme, R312-01). Quantitative real-time PCR was carried out using ChamQ Universal SYBR gPCR Master Mix (Vazyme, Q711-02).
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The relative expression levels were determined using the calculation method with ACTIN 7 as the internal control.”® The ampli-
fication efficiency of each primer set was calculated according to the standard curve generated from a template dilution series. The
primers used for quantitative real-time PCR are listed in Table S1.

Single-nucleus isolation using Fluorescence-activated Cell Sorting (FACS)
Rosette leaves, cauline leaves, and flower buds of the regenerated plant were collected. The tissues were chopped in 500 pL of nuclei
isolation buffer LBO1 (15 mM Tris, 2 mM NasEDTA, 0.5 mM spermine tetrahydrochloride, 80 mM KCI, 20 mM NaCl, 0.1% (v/v) Triton
X-100, 15 mM B-mercaptoethanol, and adjust to pH 7.5 with 1 M NaOH). The samples were filtered using one layer of Miracloth and
then centrifuged for 5 min (500 g, 4°C). The supernatant was removed, and the pellet was resuspended in 200 uL of nuclei isolation
buffer LBO1 without Triton X-100. Pl was added to achieve a final concentration of 50 ug/mL. The stained nuclei were filtered using a
40 pm cell strainer before sorting.

A BD FACS Aria SORP (BD Biosciences) in single-cell mode was used to sort the isolated nuclei. The Pl signals was achieved using
a 535 nm laser. Col-0 nuclei were used as a reference to adjust the scatter gates. Subsequently, single nuclei droplets were randomly
sorted into 96-well plates, each containing 5 pL of single cell lysis buffer. Eight tissue samples from a single regenerated plant, each
consisting of ten cells, were individually analyzed. The experiment was repeated at least three times to characterize the barcode dis-
tribution in regenerated plants across different tissues.

Single-cell DNA barcode amplification and sequencing

The sorted single nuclei were lysed at 50°C for 3 h, followed by incubation at 75°C for 30 min. The lysates were then centrifuged at
9,000 x g for 1 min at 4°C. The 20 uL PCR mix without a template was directly added to the 5 puL cell lysate. The first-round PCR and
nested PCR were performed as previously described. Deep amplicon sequencing was used to identify individual PCR products.

ClearSee and microscopy

Confocal microscopy of XVE-Brainbow transgenic lines was performed on root explants and calli using the Zeiss LSM900 with Air-
yscan2 confocal microscopy. Multiple fluorophores were separated using different channels with the GaAsP-PMT detector. All chan-
nels were acquired sequentially rather than simultaneously to minimize fluorescence cross-talk and optimize color separation. The
specific fluorescence signals were obtained sequentially using the following settings: mKate2, excitation wavelength (ex): 589 nm,
emission wavelength (em): 620-700 nm; mOrange2, ex: 546 nm, em: 450-590 nm; phiYFP, ex: 524 nm, em: 530-550 nm; eGFP,
ex: 488 nm, em: 490-520 nm. Images were obtained using 10x/20x (0.8 NA) objectives. The Z-stacks module was used to detect
roots and calli samples along the Z-axis to obtain Maximum Intensity Projection (MIP).

The regenerated plants of XVE-Brainbow were initially observed using a M205 FCA stereo fluorescence microscope equipped with
a GFP filter (ex: 470/40 nm; em: 525/50 nm) for eGFP, a YFP filter (ex: 500/20 nm; em: 535/30 nm) for phiYFP, and a mCherry filter (ex:
560/40 nm; em: 630/75 nm). To further distinguish between mOrange2 and mKate?2 fluorescence the plants were further confirmed
using confocal microscopy after plants were treated with ClearSee reagent to become transparent. The ClearSee assays were per-
formed as previously described.® In brief, leaves were immersed in fixation buffer (4% w/v paraformaldehyde in 1 x PBS) under vac-
uum for 1 h. The fixed leaves were then washed twice for 1 minin 1 x PBS and subsequently cleared in ClearSee solution for 4~7 days
at room temperature.

To achieve continuous observation of cell divisions during the regeneration process, the labeled root explants were placed on a
3.5 cm Petri dish containing CIM. The fluorescence signals from the same explant were observed continuously every day for
5 days of culture on CIM using the Zeiss LSM900 with Airyscan2 confocal (Pl, ex:590 nm, em: 576-700 nm; eGFP, ex: 488 nm,
em: 490-570 nm). Subsequently, the callus was transferred to SIM and its development was observed every two days using the
M205 FCA stereo fluorescence microscope (eGFP, ex: 470/40 nm; em: 525/50 nm).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was conducted for all experiments and quantification data, with details included in the respective figure legends.
The Student’s t test (P < 0.05) was used for quantitative real-time PCR (mean + SEM). One-way ANOVA, followed by Duncan’s mul-
tiple range tests (P < 0.05), was used to analyze shoot regeneration rates (mean + SD). Statistical analysis was performed using Origin
Pro 2020b and SPSS 27.0.

For DNA barcode profiling, following high-throughput sequencing on the Hi-TOM platform, the raw data was converted to FASTA
format, and the sequencing barcodes from each read were extracted to match the paired-end reads. After obtaining the reverse com-
plement, the reads sequenced from two ends were separately subjected to multiple sequence alignment using muscle (v3.8)"® and
then merged to obtain the complete DNA barcode information. The reads that contain adapter sequences from both ends were
considered to have a large fragment deletion between the first and fourth GCN4 sites, and were not merged. All reads were trimmed
using seqtk (v1.3-r106)"° software to remove adaptors, primers, and other bases that are unrelated to the mutation site. The reads
were aggregated and filtered using a 1% threshold to remove the low-quality reads caused by sequencing errors. For evaluating the
diversity of DNA barcode in a single callus (Figures 2E-2G), the sequences were filtered at 0.1%. The indels detected within the target
site are considered as evidence of mutagenesis.
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The copy numbers of the Cas9-7-GCN4 and Brainbow transgenes were determined using whole genome re-sequencing (WGRS).
The total DNA was prepared using the CTAB method and then sequenced using the HiSeq-PE150 platform. The clean reads were
mapped to the Arabidopsis reference genome using BWA v0.7.17-r1188.2° The clipped alignment was used to identify the insertion
site and copy number of the transgenes.

All image analyses were performed using the ZEN Blue picture processing system and ImageJ’’ software.
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