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WUSCHEL-RELATED HOMEOBOX 13 suppresses de novo
shoot regeneration via cell fate control of
pluripotent callus
Nao Ogura1,2, Yohei Sasagawa3,4, Tasuku Ito2,5, Toshiaki Tameshige1,6, Satomi Kawai2,
Masaki Sano2†, Yuki Doll1, Akira Iwase7, Ayako Kawamura7, Takamasa Suzuki8, Itoshi Nikaido3,4,
Keiko Sugimoto7,9, Momoko Ikeuchi1,2,7*

Plants can regenerate their bodies via de novo establishment of shoot apical meristems (SAMs) from pluripotent
callus. Only a small fraction of callus cells is eventually specified into SAMs but the molecular mechanisms un-
derlying fate specification remain obscure. The expression of WUSCHEL (WUS) is an early hallmark of SAM fate
acquisition. Here, we show that a WUS paralog, WUSCHEL-RELATED HOMEOBOX 13 (WOX13), negatively regu-
lates SAM formation from callus in Arabidopsis thaliana. WOX13 promotes non-meristematic cell fate via tran-
scriptional repression of WUS and other SAM regulators and activation of cell wall modifiers. Our Quartz-Seq2–
based single cell transcriptome revealed that WOX13 plays key roles in determining cellular identity of callus cell
population. We propose that reciprocal inhibition between WUS and WOX13 mediates critical cell fate determi-
nation in pluripotent cell population, which has a major impact on regeneration efficiency.
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INTRODUCTION
Plants are characterized by their outstanding regenerative capacity
to reconstruct entire individuals from somatic cells (1). A critical
step in the reconstruction of entire bodies is a de novo reconstruc-
tion of a shoot apical meristem (SAM), composed of stem cells, stem
cell niches, and transit-amplifying cells, which perpetually give rise
to lateral organs. Extensive molecular genetic studies using tissue
culture of Arabidopsis thaliana (Arabidopsis) have uncovered gene
regulatory mechanisms underlying SAM initiation during organ re-
generation (2). In a widely used two-step tissue culture system, root
or hypocotyl explants are firstly incubated on auxin-rich callus-in-
ducing media (CIM) to generate pluripotent calli and subsequently
transferred to cytokinin-rich shoot-inducingmedia (SIM) to induce
de novo establishment of SAM (Fig. 1A) (3). During incubation on
CIM, auxin induces the formation of pluripotent callus via root
meristem formation pathway (4, 5). PLETHORA 3 (PLT3), PLT5,
and PLT7 play pivotal roles in pluripotency acquisition by up-reg-
ulating PLT1/2 and CUP-SHAPED COTYLEDON 1 (CUC1) and
CUC2 (5). PLT1 and PLT2 together with WUSCHEL-RELATED
HOMEOBOX 5 (WOX5) directly induce an auxin synthesis
enzyme gene TRYPTOPHAN AMINOTRANSFERASE OF

ARABIDOPSIS 1 (TAA1) to confer cellular pluripotency (6).
Upon transfer to SIM, activated cytokinin signaling directly up-reg-
ulatesWUSCHEL (WUS), which is a key step in SAM formation (7).
WUS is indispensable for shoot regeneration from callus and an
early marker gene of shoot fate acquisition (7, 8). Noteworthy,
WUS is activated in a small subset of callus cells (7), and only a frac-
tion of WUS-expressing cell clusters eventually become SAMs,
which is regulated by the localized expression of an auxin transport-
er PIN-FORMED 1 (PIN1) together with CUC2 (9). CUC1 and
CUC2, in turn, promote shoot meristem formation via transcrip-
tional up-regulation of SHOOT MERISTEMLESS (STM) (10).
Apart from hormonal and developmental regulations, wounding
signals also play important roles in inducing shoot regeneration.
WOUND-INDUCEDDEDIFFERENTIATION 1 (WIND1) mediates
this process via direct transcriptional induction of ENHANCER OF
SHOOT REGENERATION 1 (ESR1) (11).

Whereas the above-described regulatory pathways stimulate
SAM formation, plants also have negative regulations that restrict
shoot regeneration from callus. Several epigenetic regulations main-
tain repressive status of target gene loci, thereby hindering cellular
fate transition from callus to SAM. For instance,WUS locus has re-
pressive chromatin status in callus cells that needs to be transcrip-
tionally activated to enable shoot regeneration (7). Loss-of-function
mutation of DNA METHYLTRANSFERASE 1 (MET1) or POLY-
COMB REPRESSIVE COMPLEX 2 (PRC2) leads to enhanced
shoot regeneration, suggesting that erasing these repressive marks
facilitates de novo SAM establishment (12, 7). Similarly, a repressive
histone variant H2A.Z restricts regeneration efficiency, which
seems to mediate temperature responses (13). A SUMO E3 ligase,
SAP AND MIZ1 DOMAIN-CONTAINING LIGASE1 (SIZ1), nega-
tively regulates de novo shoot formation, potentially through sup-
pressing the stress response (14). The interplay between these
positive and negative regulations collectively determines the devel-
opmental output as shoot regeneration efficiency. However, how
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these regulatory interplay acts at the cellular level to specify cell fate
to be or not to be SAM remains elusive.

The advent of single-cell transcriptome technologies is revolu-
tionizing developmental biology and regenerative biology (15).
The application of single-cell RNA sequencing (scRNA-seq) analy-
sis to plant tissues encountered additional technical hurdles due to
the encapsulation of plant cells inside cell walls and the larger cell
size. Nevertheless, the application is becoming widespread and fa-
cilitates the discovery of novel regulatory genes (16–20). A recent
study exploiting scRNA-seq uncovered specific gene expression
profile of the middle layer of the callus formed on CIM, where
pivotal genes for pluripotency acquisition are expressed (6). On
the other hand, a repertory of callus cells during shoot formation
on SIM is yet to be characterized at the transcriptome level. In
this study, we found that WOX13 suppresses de novo shoot regen-
eration from callus. By exploiting Quartz-Seq2–based scRNA-seq
analyses, we obtained the cell atlas of heterogeneous callus and
emerging SAMs. Our scRNA-seq analyses revealed that wox13
mutant callus displays prominent difference in cellular composi-
tion, highlighting the critical role of WOX13 in cell fate specifica-
tion in callus.

RESULTS
WOX13 suppresses de novo shoot formation from
pluripotent callus
We recently identifiedWOX13 as a pivotal regulator of tissue repair
and organ adhesion upon grafting (21). To test potential roles of
WOX13 in the control of shoot regeneration, we analyzed the
wox13 mutant phenotype in a two-step tissue culture system
using hypocotyl explants (3). We found that thewox13mutant gen-
erates significantly higher abundance of shoots after 11 days of in-
cubation on SIM (Fig. 1, B and C). Our time series observation
further revealed that shoot regeneration in the wox13 mutant is ac-
celerated by 3 days compared to wild type (WT; Fig. 1D). The en-
hanced shoot regeneration phenotype of the wox13 mutant was
complemented by introducing WOX13 genomic fragment fused
with green fluorescent protein (gWOX13-GFP), demonstrating
that WOX13 represses de novo shoot formation (Fig. 1, B and C).
Furthermore, a transgenic linewith strong gWOX13-GFP signal dis-
played significantly lower shoot regeneration efficiency than WT
(Fig. 1C and fig. S1). The observed anticorrelation between GFP
signal intensity and shoot regeneration efficiency between indepen-
dent lines further corroborates the repressive role of WOX13 on
shoot regeneration. We also found that an additional cytological
phenotype that highly expanded callus cells that cover WT explants
are mostly missing from the wox13 mutant explants (Fig. 1E). The
formation of highly expanded, globular cells in callus is also rescued
in gWOX13-GFP lines (Fig. 1E). This cytological phenotype of the
wox13 mutant is reminiscent of callus formed at wound sites (21),
highlighting the commonality in cytological phenotypes among dif-
ferent callus types. Thus, we conclude that WOX13 restricts the ca-
pacity of calli to regenerate shoots while promoting cellular
differentiation to highly expanded globular cells.

We next analyzed the spatiotemporal expression pattern of
gWOX13-GFP using the complementing line. Whereas WOX13
was not expressed in intact etiolated hypocotyls, the expression ini-
tiated within 1 day after incubation on CIM (Fig. 1F), which is in
line with the previous study showing that WOX13 is

Fig. 1. WOX13 suppresses shoot regeneration from pluripotent callus. (A)
Schematic diagram of tissue culture procedure. Hypocotyl explants from etiolated
seedlings were incubated on CIM for 4 days and then transferred to SIM for further
incubation. (B and C) Shoot regeneration phenotype of wox13-2 mutant and the
complementing line (gWOX13-GFP in wox13-2). Representative images of explants
(B) and quantitative data of shoot number per explant on SIM at day 11 (C). Alpha-
betical letters indicate statistical significance determined by analysis of variance
(ANOVA) and Tukey’s multiple comparisons test (n ≥ 40, P < 0.05). (D) Time-
series examination on shoot regeneration phenotype (n ≥ 2, 20 explants for
each replicate). Shoot regeneration rate shows the frequency of explants that
bear at least one shoot. (E) Representative images of explants on SIM at day 14.
The inset shows the magnified image of the explant of Col and gWOX13-GFP,
where highly expanded globular cells are present. (F) Spatiotemporal expression
of gWOX13-GFP during tissue culture incubation. WOX13 expression is visualized
by GFP (green) and cellular outlines are visualized by propidium iodide (PI) staining
(magenta). Scale bars, 1 mm (B) and (E) and 0.1 mm (F).
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transcriptionally induced upon cutting and auxin treatment (21,
22). Furthermore, comparison between incubation of explants on
CIM or hormone-free media revealed that incubation on CIM
strongly enhanced WOX13 expression (fig. S2A), implicating that
the hormonal cue in CIM, not the cutting stimuli during explant
preparation, is responsible for WOX13 induction. We further dis-
sected the effect of auxin (2,4-D) and cytokinin (kinetin) to con-
clude that the auxin is primarily responsible for the up-regulation
of WOX13 expression on CIM (fig. S2B). gWOX13-GFP was
broadly expressed in callus cell population during incubation on
CIM and SIM (Fig. 1F). After 10 days on SIM, WOX13 was
totally absent from the established SAM, whereas the signal is de-
tected in leaf primordia. The depletion of WOX13 expression from
the SAM is in accordance with its inhibitory role in SAM formation.
Together, our phenotypic and imaging analyses revealed that
WOX13 is a negative regulator of shoot regeneration, whose expres-
sion is induced upon incubation and is locally reduced in SAMs.

Shoot meristem regulators and cell wall modifiers are
misexpressed in the wox13 mutant
To elucidate how WOX13 affects gene expression profile during
callus formation and shoot regeneration, we performed time
course comparative RNA-seq between WT and the wox13 mutant
at day 0, CIM at day 4, SIM at day 4, and SIM at day 7 on tissue
culture (table S1). Note that any cytological or morphological dif-
ferences were undetectable between the genotypes on SIM at day 4,
whereas calli of each genotype were markedly different on SIM at
day 7. Namely, emerging or established SAMs are highly abundant
in the wox13 mutant calli, while SAMs are rarely observed in WT
calli on SIM ay day 7.

We performed a pairwise comparison of the genotypes at each
time point using edgeR with thresholds of false discovery rates
(FDRs) < 0.01 (table S2) (23). This analysis revealed that 144
genes were up-regulated and 385 genes were down-regulated in
thewox13mutant on day 0 (fig. S3). Gene ontology (GO) categories
enriched in the differentially expressed genes (DEG) on day 0
include response to various stimuli. These genes likely respond to
the drastic environmental changes during explant preparation in-
cluding the cutting stimuli and the shift from the dark to light. It

Fig. 2. Shoot meristem regulators and cell wall modifiers are misregulated in thewox13mutant. (A) Heatmap graphs showing the expression of genes involved in
shoot meristem formation. Genes that display significantly different expression in at least one time point are highlighted by asterisks (edgeR, P < 0.05). (B) Representative
examples of DEGs in (A) retrieved from RNA-seq dataset. Asterisks show significant difference at respective time points (edgeR, P < 0.05). The expression is shown in
Transcripts Per Kilobase Million (TPM). (C) Heatmap graphs showing the expression of genes listed in the GO category “cell wall modification.” (D) Representative exam-
ples in (C) retrieved from RNA-seq dataset. Asterisks show significant difference at respective time points (edgeR, P < 0.05). Time course expression datawere obtained on
day 0 (0), CIM at day 4 (C4), SIM at day 4 (S4), and SIM at day 7 (S7).
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is plausible that WOX13 is involved in a wide range of stress re-
sponses, although whether they are relevant to regenerative respons-
es is currently unknown. The number of DEGmarkedly dropped on
CIM at day 4, where only 11 genes are up-regulated and 31 genes are
down-regulated in the mutant (fig. S3). After transfer to SIM,
growing number of genes are up-regulated (495 on SIM at day 4
and 996 genes on SIM at day 7) or down-regulated (488 genes on
SIM at day 4 and 806 genes on SIM at day 7). The overall transcrip-
tome profiling indicates that the wox13 mutation does not have
prominent impacts on callus formed on CIM, although WOX13
is strongly expressed, and misexpression becomes evident during
subsequent incubation on SIM.

Next, we focused on GO categories that are up-regulated in the
wox13 mutant (table S3). Functional categories such as meristem
initiation (4.55 × 10−7) and shoot system morphogenesis (1.43 ×
10−5) are highly represented on SIM at day 4 and SIM at day 7, as
expected from the enhanced shoot regeneration phenotype (fig.
S3A). We thus compared the expression of selected genes that are
functionally characterized to regulate pluripotency acquisition and
shoot regeneration during tissue culture (2). We compared the ex-
pression of key genes in pluripotency acquisition to find out that
most of these genes displayed a similar trend of slightly higher ex-
pression in wox13 mutant (fig. S4A). However, the magnitude of
difference was rather subtle, and only PLT5 displayed significantly
higher expression in the wox13 mutant. As expected, our imaging
analysis failed to detect any difference in pWOX5::ER-GFP (24) ex-
pression on CIM at day 4 (fig. S4B), further suggesting that the ex-
pression of pluripotency genes in callus on CIM at day 4 was not
markedly affected. We next analyzed genes that are involved in
shoot fate acquisition. We found that the expression level of
WUS,CUC1, ESR2, RAP2.6L, PHB, PHV, and STMwas significantly
elevated on SIM at day 4, whereas the expression of CUC2 and ESR1
was either unaffected or down-regulated depending on the time
points (Fig. 2, A and B). Given that the timing of elevated expression
of these shoot regulator genes was earlier than that of any detectable
cytological differences, it is most likely that the gene expression
change is a direct consequence of wox13 mutation rather than
any indirect outcome accompanying enhanced shoot formation
phenotype.

Within down-regulated GO categories (table S3), a functional
category “cell wall loosening” (2.68 × 10−7) is highly enriched
during incubation on SIM (fig. S3B). Genes involved in cell wall
modification such as EXPANSIN A1 (EXPA1), EXPA8, EXPA10,
EXP11, EXPA14, EXPA15, EXPA17, EXPB3, PECTINMETHYL ES-
TERASE 2 (PME2), andMANNASE 7 (MAN7) are markedly down-
regulated in the wox13 mutant (Fig. 2, C and D). Noteworthy,
similar genes involved in cell wall modification were previously
identified to be wound inducible in a WOX13-dependent manner
(21), corroborating the idea that WOX13 generally regulates cell
wall–related processes. We also noted that auxin homeostasis
(9.04 × 10−5) was highly represented in the GO analysis (fig.
S3B); thus, we compared DR5rev::GFP expression in callus cells
on CIM and SIM to test potential differences in cellular auxin re-
sponse. DR5rev::GFP signal was broadly detected in callus cell pop-
ulation and locally depleted from the growth foci on CIM at day 4
(fig. S5). The expression was strongly detected in inner layers of calli
on SIM as reported previously (fig. S5) (25). We did not to find any
detectable differences in the signal intensity or spatial pattern of
DR5rev::GFP either on CIM at day 4 or SIM at day 4 (fig. S5);

thus, we conclude that cellular auxin responses are not actually af-
fected in the wox13 mutant.

WOX13 suppresses the expression of shoot meristem
regulators and induces cell wall modifiers
To further test whether misexpressed genes in thewox13mutant are
transcriptionally regulated by WOX13, we next used dexametha-
sone (DEX)–dependent system to analyze the expression of candi-
date target genes upon WOX13 induction. We introduced the
gWOX13-GLUCOCORTICOID RECEPTOR (GR) construct into
the wox13 mutant and first confirmed that the DEX-induced
WOX13-GR proteins functionally complement the mutant pheno-
type (Fig. 3, A and B). Using the gWOX13-GR line, we analyzed the
expression of candidate genes upon DEX treatment in callus tissues
on SIM at day 3. We found that shoot meristem regulator genes that
are up-regulated in the wox13 mutant (Fig. 2A), namely, WUS,
STM, ESR2, and CUC1, were down-regulated within 24 hours
upon DEX treatment (Fig. 3C). This result supports the idea that
WOX13 transcriptionally suppresses these genes. As expected
from the expression data in the wox13 mutant, the expression of
ESR1 and CUC2 was not affected by WOX13 induction (Fig. 3C).
We therefore assume that WOX13 specifically represses a subset of
genes that regulate shoot fate acquisition. On the other hand, we
detected a strong transcriptional up-regulation of EXPA17 and
MAN7 within 6 hours upon induction and significant induction
of EXPB3 later in 24 hours (Fig. 3D). Our previously reported chro-
matin immunoprecipitation sequencing (ChIP-seq) data showed
that gWOX13-GFP directly binds EXPA17, MAN7, and EXPB3
loci (21), suggesting that WOX13 abruptly up-regulates these cell
wall modifier genes via direct physical binding to these loci. Togeth-
er, WOX13 transcriptionally represses a specific subset of shoot
meristem regulators while it directly induces cell wall modifier
genes that are potentially involved in cell expansion and cellular
differentiation.

scRNA-seq revealed the composition of heterogeneous
callus cell population
Cytological analyses and bulk RNA-seq data prompted us to hy-
pothesize that WOX13 may regulate cellular fate control in callus
cell population during incubation on SIM. Cellular repertory of
SIM-incubated callus remained poorly characterized even in WT;
thus, we started with generating a catalog of the callus cells under-
going SAM formation on SIM at day 7 using scRNA-seq. We chose
the developmental stage when cytological differences become
evident between the genotypes. Considering that callus undergoing
shoot regeneration contains large cells, we adopted a plate-based
platform, which has a less stringent cellular size limit than com-
monly adopted droplet-based platforms. We collected protoplasts
isolated from callus on SIM at day 7 into 384-well plates using fluo-
rescence-activated cell sorting (FACS) or cellenONE and then sub-
jected the isolated cells to Quartz-Seq2 analysis (26). Quartz-Seq2
outperformed other platforms in a benchmarking study using
mammalian cells (27), yet it has not been applied for plant cells
as far as we are aware of. With the criteria of 2000 genes cutoff,
we obtained gene expression dataset from 3987 cells combining
WT and the wox13 mutant and detected 8374 genes per cells (fig.
S6A and table S4).

We first analyzed the obtained scRNA-seq data fromWTand the
wox13 mutant collectively. Principal components analysis and
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unsupervised analyses of the sequencing data uncovered 19 distinct
clusters (Fig. 4A). We were able to annotate some of the clusters on
the basis of the expression of known marker gene (fig. S6B and
Fig. 4, A and B). For instance, clusters 1, 9, and 16 correspond to
shoot apices, considering that cells in these clusters display charac-
teristic expression of SAM marker genes, STM, WUS, and
CLAVATA3 (CLV3) and leaf primordia marker genes including FIL-
AMENTOUS FLOWER (FIL). More specifically, cluster 9 corre-
sponds to the epidermal cell layer of SAM and leaf primordia
because L1 marker genes ARABIDOPSIS THALIANA MERISTEM

LAYER 1 (ATML1) and LIPID TRANSFER PROTEIN 6 (LTP6) are
specifically expressed. Our confocal laser scanning microscopy
imaging confirmed that the pATML1::NLS:3xEGFP (28) signal
was specifically detected in the L1 layer of promeristems
(Fig. 4C). The cluster 1 appears to consist of L3 layers of SAM, con-
sidering that WUS and CLV1 are preferentially expressed, whereas
ATML1 or FIL are scarcely expressed. The cluster 16 likely corre-
sponds to the inner layer of leaf primordia cells because these
cells are negative for WUS and ATML1 and positive for FIL
(Fig. 4, A and B). Accordingly, the continuum from the cluster 9
to 16 likely corresponds to the developmental trajectory from
SAM to leaf primordia. Other evident clusters were those composed
of proliferating cells. It is commonly observed in scRNA-seq data
that proliferating cells constitute independent clusters based on
their characteristic gene expression profile (18). S phase marker
genes including HISTONE H4 (HIS4) and TSO2 were mainly ex-
pressed in clusters 3 and 18, whereas G2-M phase marker genes
such as CYCB1;2 and CYCA1;1 were expressed in clusters 11, 14,
and 16 (Fig. 4, A and B). Therefore, the loop on the uniform man-
ifold approximation and projection (UMAP) plot consisted of clus-
ters 3, 11, and 14 represents the cluster of proliferating cells. We
confirmed that the expression of pCYB1:2YFP-dBox-YFP (29) was
preferentially detected in population of compact calli composed of
small polygonal cells (Fig. 4C).

While we were able to infer cellular identity or cellular status of
these above-described clusters, it was not obvious for other clusters.
We thus generated GFP reporters of the markers and analyzed the
spatial expression of each gene. Cambium marker genes, TDIF RE-
CEPTOR (TDR) and ARABDOPSIS THALIANA HOMEODO-
MAIN 8 (ATHB8), which are strongly enriched in the right half of
the UMAP plot, were mainly detected in the inner layers of the
callus (Fig. 4C). This observation suggests that the right half of
the UMAP plot corresponds to the inner cell layers and the left
half to the outer layers of the callus. We should also note that
ATHB8 signal was additionally detected in promeristems, which
is consistent with scRNA-seq data that subpopulation of cells in
the cluster 1 also express ATHB8 (Fig. 4C). The observation that
the division of the inner and outer cell layers coincides with the
primary axis in the UMAP plot indicates that the primary parameter
that accounts for the major difference in gene expression profile is
the cellular location along the outer-inner layer axis.

Within the outer layers cell population or the left half of the
UMAP plot, clusters located in the bottom half correspond to
SAM and emerging leaf primordia as described above (Fig. 4A),
whereas the clusters in the top half were not well characterized on
the basis of the listed marker genes. However, cell image data ob-
tained during protoplast disposal showed that cells in clusters 5,
12, and 17 have longer diameters (fig. S6C). Our imaging analyses
revealed that a marker gene of cluster 12, EXPA17, was specifically
detected in expanded globular cells located in the outer layers of the
callus (Fig. 4C). Likewise, GAST1 PROTEIN HOMOLOG 5
(GASA5), which is preferentially expressed in cluster 5, 12, and 17
displayed similar expression pattern in expanded cells in the outer
layers, further confirming the observation (Fig. 4C). Cluster 17 has a
gene expression profile that is largely distinct from other clusters,
which has a higher number of cluster-specific marker genes.
Marker genes CELLULASE 5 (CEL5) and α-β HYDROLASE have
a specific expression in a subpopulation of highly expanded globular
cells (Fig. 4). Together, we find that the global gene expression

Fig. 3. WOX13 suppresses the expression of shoot meristem regulators and
induces cell wall modifiers. (A and B) Shoot regeneration phenotype of gWOX13-
GR with DEX (DEX+) or without DEX (DEX−) application during tissue culture. Scale
bar, 1 mm. Representative images of explants (A) and quantitative data of shoot
number per explant on SIM at day 11 (B). (C and D) Reverse transcription quanti-
tative polymerase chain reaction analysis of shoot meristem regulators (C) and cell
wall modifiers (D) upon WOX13 induction by DEX application. gWOX13-GR hypo-
cotyl explants were transferred to +DEX or −DEX SIM media on SIM at day 3 and
analyzed at 6 or 24 hours after the transfer. Data are means ± SE (n = 4, biological
replicates). Asterisks indicate significant differences based on t test (P < 0.05).
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profile is firstly divided into inner and outer layers of the callus, and
then, the cells in the outer layers are further divided into SAM and
non-meristematic cells (Fig. 4D).

Cellular composition of the callus is modified in the
wox13 mutant
To test whether wox13mutant displays differential cellular compo-
sition, we next separately analyzed WT and the wox13mutant data.
As expected from the morphological phenotype of enhanced shoot
regeneration, cells in clusters 1, 9, and 16 (SAM and leaf primordia)
were highly enriched in the wox13 mutant (Fig. 5A). For instance,
the proportion of ATML1 expression cells was higher in the wox13
mutant (10.1% in wox13 versus 1.6% inWT). We confirmed higher
abundance of ATML1-positive cells in the wox13mutant on SIM at
day 7 by imaging pATML1::NLS:3xEGFP (Fig. 5B), although the dif-
ference in ATML1 expression was not prominent at an earlier time

point on SIM at day 3. This is consistent with our bulk RNA-seq
data showing that the ATML1 expression was unaffected in the
wox13 mutant on SIM at day 4 (Fig. 2A).

We next compared the spatial expression pattern ofWUS using
gWUS-GFP3 (30). As expected from the accelerated SAM formation,
we observed larger foci ofWUS-expressing cells on SIM at day 7 in
the wox13 mutant. Notably, we found that the number of cells ex-
pressingWUSwas higher in thewox13mutant calli at the early stage
of incubation, SIM at day 3 (Fig. 5C), when neither callus morphol-
ogy nor callus size measured by its projection area was significantly
affected in the wox13mutant (fig. S7, A and B).WUS transcription
is directly induced by cellular cytokinin response (7); we thus tested
the possibility that cytokinin response is elevated in wox13mutant.
We compared the expression of cytokinin reporter TCSn::GFP (31),
but we did not detect any difference in the expression level or the
spatial pattern of TCSn::GFP between WT and the wox13 mutant

Fig. 4. scRNA-seq revealed the composition of heterogeneous callus cell population. (A) UMAP plot of the scRNA-seq dataset analyzing 3987 isolated protoplast
cells from SIM at day 7. Clusters representing SAM, LP (leaf primordia), highly expanded globular cells, and proliferating cells in S phase and G2-M phase are annotated. (B)
Dot blot visualization of genes listed asmarkers of clusters. (C) Reporter GFP expression of each gene in callus undergoingmeristem initiation on SIM at day 7. Arrowheads
indicate promeristems or SAMs. Red circles highlight specific cluster(s) for gene expression. Scale bar, 0.1 mm. (D) A schematic illustration of the spatial expression pattern
of marker genes.
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(fig. S7C). In addition, the GO category “response to cytokinin” was
not significantly enriched in DEG in our bulk transcriptome dataset
(P = 0.13 on SIM at day 4 and P = 0.23 on SIM at day 7). These data
together suggest that the observed difference inWUS expression is
more likely due to the primary output of gene regulatory control by
WOX13 rather than an indirect consequence of earlier progression
of meristem formation or modified hormone response.

On the other hand, we detected cell types where WT cells were
more highly abundant. The relative proportion of EXPA17-positive
cells was higher in WT (4.7%) than in wox13 (0.8%). EXPA17 was
expressed in few callus cells on SIM at day 3 in both genotypes, and
EXPA17-expressing cells increased by SIM at day 7 specifically in

WT (Fig. 5D). These observations are consistent with our cytolog-
ical analyses that highly expanded globular cells are mostly missing
in the wox13 mutant. Collectively, our comparative scRNA-seq
analyses followed by imaging of cell type marker genes revealed
that the differential expression between WT and wox13 mutant is
at least partly attributable to the difference in cellular composition
of the callus.

Mutually repressive WOX13 and WUS demarcate callus cell
identity
Our data described above indicate thatWOX13 promotes non-mer-
istematic cell fate in callus. Previous studies have established WUS

Fig. 5. Differential callus cell composition between WT and the wox13mutant. (A) UMAP plot of the scRNA-seq dataset describing the differential cellular compo-
sition of callus cells depending on genotypes. (B toD) Reporter GFP expression of ATML1 (B),WUS (C), and EXPA17 (D) on SIM at day 3 (S3) or SIM at day 7 (S7). Arrowheads
indicate GFP-positive cells. Scale bars, 0.1 mm.
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as a key regulator that specifies cellular fate to become SAM (7, 8,
32), leading us to hypothesize that WOX13 and WUS may serve as
binary cell fate determinants in pluripotent callus cell populations.
To explore regulatory relationships between WOX13 and WUS, we
first analyzed the spatiotemporal expression of WOX13 and WUS
by simultaneously visualizing them with mRUBY and GFP, respec-
tively. gWOX13-mRUBY signal was broadly observed in callus with
sporadic spots of weak expression, consistent with the observation
using gWOX13-GFP (Fig. 1). We observed that the gWUS-GFP3 ex-
pression often initiates in these WOX13-negative spots (18 of 22;
Fig. 6A). Alternatively, we also observed minor cases where
gWUS-GFP3 and gWOX13-mRUBY expression is overlapped at an
early stage ofWUS expression (4 of 22; Fig. 6B). Serial imaging anal-
ysis revealed that even in cases of initial coexpression, the expression
domains ofWOX13 andWUS gradually become spatially separated,
andWOX13 is totally absent from promeristems (Fig. 6C) and the
established SAM (Fig. 6, D and E).

The establishment of a mutually exclusive spatial expression
pattern raises the possibility that WOX13 and WUS may inhibit
each other. As described earlier, we find thatWUS expression is el-
evated in the wox13 mutant (Figs. 2B and 5C), and WOX13 tran-
scriptionally represses WUS in vivo (Fig. 3C). We also tested the
regulatory role of WOX13 on the promoter activity of WUS using
a transactivation assay using the luciferase reporter. As shown in
Fig. 7A, overexpression ofWOX13 significantly suppressed the pro-
moter activity ofWUS inArabidopsis culture cells, underscoring the
idea thatWOX13 negatively regulatesWUS expression. Using trans-
activation assay, we next tested the transcriptional regulation of
WUS on WOX13 promoter and found that the overexpression of
WUS strongly suppresses the promoter activity of WOX13
(Fig. 7B). Furthermore, ChIP data described in a previous study
(33) showed that WUS physically binds WOX13 locus (Fig. 7C).

These data together demonstrate thatWOX13 andWUS reciprocal-
ly inhibit the expression of each other.

To test whether the up-regulation ofWUS expression is relevant
for the enhanced shoot regeneration phenotype of the wox13
mutant, we analyzed the genetic interactions between WUS and
WOX13. We found that enhanced shoot regeneration of wox13 is
totally suppressed by incorporating wus mutation (Fig. 7D) (34).
We therefore conclude that wusmutation is epistatic to wox13mu-
tation in the control of shoot regeneration, which is in line with the
regulatory mechanisms that WOX13 suppresses WUS. We also
noted that another aspect of wox13 mutant phenotype, namely,
the lack of highly expanded globular cells, is not recovered by intro-
gressing wus mutation (Fig. 7D). These observations suggest that
the enhanced shoot regeneration phenotype of the wox13 mutant
is dependent on WUS repression, whereas the formation of highly
expanded globular cells is independent onWUS.

DISCUSSION
In this study, we found a previously unappreciated regulatory layer
on shoot regeneration that mediates cell fate control. Unlike other
known negative regulators of shoot regeneration such as PRC2 or
MET1 that prevent cellular identity shift from callus toward SAM,
WOX13 negatively affects shoot regeneration efficiency by promot-
ing the acquisition of alternative cell fate to become highly expand-
ed globular cells. WOX13 directly induces the expression of EXPs
andMAN7 that are likely involved in cell expansion and cellular dif-
ferentiation (35, 36) while negatively regulating shoot meristem reg-
ulators such asWUS, STM, ESR2, and CUC1. WOX13 constitutes a
mutually repressive regulatory circuit with WUS, thereby spatially
separating micro territories within the callus cell popula-
tion. (Fig. 7E).

This study sheds light on a long-standing question of how callus
cell fates are determined. A recent study revealed that the cells in
middle layers of callus on CIM have pluripotency, which are later
incorporated into SAMs (6). Our scRNA-seq dataset is in line
with that study in that the positional information along the outer-
inner axis is primarily important for determining the cellular fate.
In this study, we propose that cells in outer layers are secondarily
specified into promeristems or other cell types including highly ex-
panded globular cells. Our data suggest that the second-step fate
specification is mediated by the two reciprocally inhibiting WOX
transcription factors, i.e. WUS promotes SAM formation and
WOX13 promotes the formation of highly expanded globular
cells. Given that WOX13 expression is induced by auxin and
WUS suppresses cellular auxin response, the regulatory relationship
constitutes a coherent mutual repression (Fig. 7E). Mutually repres-
sive regulation betweenWUS andWOX13 likely avoid intermediate
cellular status, as reported in other binary cellular identity specifi-
cation mechanisms such as adaxial and abaxial fate of leaf cells (37).
Noteworthy, we observe a domain of cell population where neither
WUS norWOX13 is expressed at later stage of SAM establishment
(Fig. 6C). The gWUS-GFP3 reporter line used in this study reflects
the promoter activity ofWUS, while WUS protein is reported to be
mobile via plasmodesmata in SAM (38). Therefore, it is possible
that WUS protein spreads to surrounding cells and represses
WOX13 expression. Potential roles of the mobility of transcription
factor(s) in controlling callus cell fates would be an interesting topic
for future studies.

Fig. 6. Spatial separation of WOX13 and WUS expression domains. (A and B)
Live imaging of gWOX13-mRUBY (magenta) and gWUS-GFP3 (green). Representa-
tive cases from two types of relative expression pattern are shown. Consecutive
observation was performed daily from SIM at day 6 (S6) to SIM at day 8 (S8) or
SIM at day 9 (S9). (C and D) Snapshot image of gWOX13-mRUBY (magenta) and
gWUS-GFP3 (green) in promeristems (C) and SAM (D). Asterisks show leaf primor-
dia. Scale bars, 50 μm. (E) A schematic illustration of the spatial expression pattern
of WOX13 and WUS.
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A recent study showed that only a subset of WUS-expressing
cells eventually become SAMs and coexpression of PIN1 and
CUC2 is deterministic for the SAM fate (9). We assume that cell
fate determination to become SAM is a multistep processes, and
the PIN1-CUC2–mediated process acts later than the WOX13-
WUS–dependent process. In addition, CLV3 negatively regulates
WUS to maintain the SAMhomeostasis (39). Potential relationships
between CLV3 and WOX13 have not been examined, yet they are
unlikely relevant considering that CLV3 is expressed at a later

stage of SAM establishment (8) when WOX13 is already shut-off
in the meristem region. Newly established SAMs from calli were
not larger in the wox13 mutant with comparable WUS-expressing
domain (fig. S8), further supporting the hypothesis that WOX13 is
not involved in the later stage of SAM formation. Considering that
shutting downWOX13 is a key step inmeristem establishment, how
WOX13 expression is repressed during incubation on SIM is an im-
portant question. Although WUS apparently plays roles in repress-
ingWOX13, WUS alone does not sufficiently account for the spatial
expression pattern of WOX13 in calli. We previously found that cy-
tokinin application does not affectWOX13 transcription (22), and
further analyses are highly awaited to uncover regulatory mecha-
nisms to fine-tune the spatial pattern ofWOX13 expression.

Moreover, Quartz-Seq2 allowed us to establish a high-quality cell
atlas of heterogeneous cell population of SIM-incubated callus. We
successfully detected the expression of key developmental regula-
tors, such as WUS and CLV3, which have been difficult to detect
by high-throughput scRNA-seq analyses using other platforms
(18). Quartz-Seq2 won the top score in the benchmarking report
using mammalian cells among high-throughput scRNA-seq plat-
forms (27). The outstanding sensitivity to detect a large number
of genes makes Quartz-Seq2 an attractive option in plant science
as well, especially when working with cell types with little prior in-
formation. Although cellular heterogeneity of callus has been well
recognized at the cytological level, callus cell types have not been
characterized in terms of gene expression profile or physiological
roles. Lack of cell type marker genes prevented us from performing
cell type–specific transcriptome analyses, which have been long
applied to other tissues such as roots (40). Our scRNA-seq
dataset offers a useful starting point for the full description of the
callus cell population undergoing shoot regeneration. Regulatory
mechanisms mediated by WOX13 and WUS only partially
account for the specification of the identified cell types, and
further studies are needed to fully unveil specification mechanisms
of the remaining cell types. Furthermore, additional scRNA-seq
analyses at earlier incubation stages are expected to decipher cell
fate specification processes at higher resolution.

This study together with our recent report revealed a specific
regulation on diverse regenerative responses. Whereas WOX13 is
a negative regulator of de novo shoot formation, it is indispensable
for tissue repair and organ reconnection (21, 22). Considering that
the tissue repair and the de novo organogenesis involve largely dis-
tinct cellular processes, it is reasonable to assume that plants need to
activate specific responses in a context-dependent manner in phys-
iological conditions. This specific regulation by WOX13 contrasts
with WIND1, which generally promotes various aspects of regener-
ation (11, 41, 42). We previously reported that WIND1 transcrip-
tionally induces WOX13, which directly activates WIND2 and
WIND3 expression (21). Future studies are awaited to untangle
how these regulatory relationships between WINDs and WOX13
control regenerative responses in diverse physiological conditions.

This study also has important implication for agricultural and
horticultural applications. Several developmental regulators includ-
ing WUS, WOX5, and BABY BOOM have been shown to promote
shoot regeneration efficiency in crop species when overexpressed
(43, 44). Compared to the gain-of-function approach, which typi-
cally requires the incorporation of transgenes to plant genomes,
loss-of-function strategy has an obvious advantage because trans-
gene-free genome editing is well established in many species.

Fig. 7. Mutually repressive WOX13 andWUS demarcate callus cell identity. (A
and B) Reporter luciferase assay to analyze WUS promoter activity upon WOX13
overexpression (A) and WOX13 promoter activity upon WUS overexpression (B).
Data are means ± SE [n = 9 in (A) and n = 3 in (B), biological replicates]. (C)
ChIP-seq data showing WUS-mCherry binding to WOX13 locus. The data are re-
trieved from a previous report (33). (D) Genetic interaction between wox13 and
wus. Representative image of the explant on SIM at day 21 are shown. Scale bar,
1 mm. (E) A schematic diagram describing WOX13 function in the control of callus
cell fate and its relationships with WUS. The top panel summarizes the regulatory
scheme, and the bottom panel describes the spatiotemporal expression pattern of
WOX13 (magenta) and WUS (green).
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Loss-of-functionmutant ofwox13 does not have severemorpholog-
ical or developmental defects during normal development (45), thus
knocking out WOX13 may have a potential for boosting the effi-
ciency of tissue culture–mediated de novo shoot regeneration
in crops.

MATERIALS AND METHODS
Plant materials and growth conditions
The WT Arabidopsis plants used in this study is Columbia (Col-0).
The wox13-2 mutant was originally in Ler background and back-
crossed to Col-0 three times (45). We used the wus mutant
(SAIL_150_G06) for phenotypic analyses and gWUS-GFP3 (30),
gWOX13-GFP (21), pWOX5::ER-GFP (24), pATML1::NLS:3xEGFP
(28), pCYB1:2YFP-dBox-YFP (29), and TCSn::GFP (31) for imaging
analyses. Plants were grown on half-strength Murashige-Skoog
(MS) medium containing 0.6% (w/v) Gelzan and 1% (w/v)
sucrose under constant light at 22°C. For tissue culture experiments,
7- to 8-mm explants were prepared from 7-day-old etiolated seed-
lings and precultured on CIM [Gamborg B5 medium containing
0.25% (w/v) Gelzan, 2%(w/v) glucose, 2,4-D (0.5 mg/liter), and
kinetin (0.1 mg/liter)] for 4 days before subsequent incubation on
SIM [Gamborg B5 medium containing 0.25% (w/v) Gelzan, 2%(w/
v) glucose, indole-3-acetic acid (0.15 mg/liter), and 2-iPA (0.5 mg/
liter)] under constant light at 22°C.

Generation of transgenic plants
To visualize the spatiotemporal expression, 1.2- to 2-kb promoters
of EXPA17, GASA5, CEL5, ALPHA-BETA HYDROLASE, TDR, and
ATHB8 were cloned in pDONRp4-p1R by Gateway BP cloning (In-
vitrogen). Promoter of each gene was amplified using primers listed
below: EXPA17-pro-F (50-TATAATGTGGGGTATATTTTGTC-30)
and EXPA17-pro-R (50-TTTGTTTTCTTTCAATTTCTTAGG-30)
for EXPA17 (AT4G01630); GASA5-pro-F (50-CCTAAGTTCGTT
TCTCGATAA-30) and GASA5-pro-R (50-AAACAATAAAACGG
ATTAAAGA-30) for GASA5 (AT3G02885); CEL5-pro-F
(50-CCCTCGAGTTCTTAAGGTAC-30) and CEL5-pro-R
(50-TCTTGTTATTGTGTTGGCTTGAG-30) for CEL5
(AT1G22880); Alpha-beta-pro-F (50-GTTGGAATGACTAGAATT
TC-30) and Alpha-beta-pro-R (50-GGCTCAACAAAAGCTTAGA
GAG-30) for ALPHA-BETA HYDROLASE (AT4G24140); TDR-
pro-F (50-GGTTCTTCCACTACATCACG-30) and TDR-pro-R
(50-CGTAGCTTTTAGAAAGAAATTAAAG-30) for TDR
(AT5G61480); and ATHB8-pro-F (50-CTTATCACAGGGGA
CAATGTCG-30) and ATHB-pro-R (50-CTTTGATCCTCTCCGAT
CTCTC-30) for ATHB8 (AT4G32880). After verifying the full-
length sequence of the cloned fragment, the promoter together
with pDONR-L1-GFP-L2 was transferred to the binary vector
R4pGWB501 (46) via an LR reaction (Invitrogen). For the genera-
tion of WOX13 (AT4G35550) genomic fusion lines, gWOX13-
mRUBY and gWOX13-GR were constructed in the same way with
gWOX13-GFP as described before (21). For plant transformation,
the binary vectors carrying transfer DNA (T-DNA) were intro-
duced into Agrobacterium tumefaciens strain GV3101 by electropo-
ration, and the resultant bacteria were infiltrated into Col-0 plants
by the floral dip method. For comparative expression analyses, the
transgenic lines harboring the single insertions were introgressed
into wox13-2 mutants, and the homozygous plants were subjected
to imaging analyses.

Imaging analysis
For snapshot observations, explants were stained using propidium
iodide (PI) [100 μg/ml (day 0; CIM at day 1), 40 μg/ml (CIM at day
4), and 20 μg/ml (SIM at days 3, 4, and 7); Invitrogen] for 30 min
and imaged by SP8 (Leica) using a 488-nm laser for GFP and PI and
561-nm laser for mRUBY. For live imaging, explants on SIM at day
6 were transferred to the 35-mm glass-bottom dish (Matsunami),
covered by a 7-mm-thick SIM and imaged under SP8.

Quartz-Seq2–based scRNA-seq
We prepared two biological replicates for scRNA-seq analysis (fig.
S9A). A total of 170 to 195 hypocotyl explants for each genotype
(Col and wox13-2), which have been incubated on CIM for 4 days
and then additionally incubated on SIM for 7 days, were treated
with digestion buffer [600 mM mannitol, 2 mM MgCl2, 0.1%
bovine serum albumin, 2 mM CaCl2, 2 mM MES, 10 mM KCl,
1.5% Cellulase RS, and 0.1% Pectolyase (pH 5.5)] for 1 hour at
room temperature as described before (47). The protoplast solution
was strained through a 70-μm filter. The filtered solution was cen-
trifuged at 200g for 6 min and then washed once and lastly strained
through a 40-μm filter. The protoplast pellet was resuspended in 0.5
ml of resuspension buffer. Cell viability was confirmed by PI stain-
ing. Alive singlet cells were captured by BD FACSAria II SORP (BD
Biosciences, NJ, USA; fig. S9B) or cellenONE (Cellenion, Lyon,
France) and collected into eight 384-well plates for each platform.
Sequence library preparation of Quartz-Seq2 was performed for
scRNA-seq analysis according to the previous study (26), and the
libraries were sequenced by an Illumina NextSeq 500 High
Output Kit v2.5 (75 cycles; Illumina, CA, USA). In calculation for
digital expression matrix, we used genome file and annotation gtf
file, which was provided by B. Cole (48). Flow cytometer informa-
tion obtained from FACS and cell analysis data from cellenONE
were analyzed together with the digital expression matrix. Cell anal-
ysis data obtained from cellenONE includes diameter information
per isolated cell. Seurat v3.1.4 was used for the downstream data
analyses including filtering, dimension reduction, cell clustering,
and identification of marker genes. The UMI expression matrix
with cells expressing at least 2000 genes was loaded into Seurat
(Fig. 4A). A total of 3987 cells (1898 cells for WT and 2089 cells
for wox13 mutant) with an average of 8373 genes were used for
the following analyses. The dimensions of the expression matrix
were then reduced by the RunPCA function, and the top 15 dimen-
sions were used for FindNeighbors function and UMAP analysis.
The cell clusters were identified by the FindClusters function with
a resolution of 0.7. Marker genes for each cluster were identified
using FindAllMarkers function. Because there was no obvious
batch effect between biological replicates (fig. S9C), we did not
perform the integration process.

RNA extraction for bulk RNA-seq
To evaluate gene expression in callus, explants were harvested for
RNA extraction at the designated time after incubation. Total
RNAwas extracted using the RNeasy Plant Mini Kit (QIAGEN) ac-
cording to the manufacturer’s instructions. For RNA-seq, isolated
total RNA solution was subjected to on-column DNase digestion
(QIAGEN) to eliminate genomic DNA contamination.
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Bulk RNA-seq data analysis
For the transcriptome comparison, total RNA was prepared from
explants. Biological triplicates were prepared for each genotype
(Col and wox13-2) and time point (day 0; CIM at day 4, SIM at
day 4, and SIM at day 7). Isolated total RNA was subjected to
library preparation using the KAPA Stranded mRNA-Seq Kit
(Kapa Biosystems) with NEBNext Multiplex Oligos for Illumina
(New England Biolabs) used as adapters and Agencourt AMPure
XP (Beckman Coulter) beads in place of KAPA Pure Beads.
Single-end sequencing was performed using the Illumina
NextSeq500 platform. Raw data files (bcl format) were converted
to fastq files by bcl2fastq (Illumina). On average, 92% (81 to 95%)
of reads were mapped to the Arabidopsis TAIR10 reference tran-
script model using the RSEM package (49) with default parameters.
Differentially expressed transcripts between genotypes at each time
points were identified using the edgeR package in R/Bioconductor
with FDR < 0.01 cutoff. GO analysis was performed using the clus-
terProfiler package (3.18.1) (50), and the obtained GO category list
was simplified using “simplify” function.

Reverse transcription quantitative polymerase chain
reaction
To evaluate gene expression following DEX induction, 17 hypocotyl
explants were harvested for RNA extraction. Total RNAwas extract-
ed using the RNeasy Plant Mini Kit (QIAGEN) according to the
manufacturer’s instructions. Total RNA (400 ng) was then subject-
ed to the first-strand cDNA synthesis with PrimeScript RT reagent
kit (Takara). Quantitative real-time polymerase chain reaction
(PCR) was performed in technical duplicates using the THUNDER-
BIRD SYBR qPCRMix (Toyobo) with the primers described below.
Relative transcript quantities were calculated using standard curves
for each primer set and values normalized to an internal control
gene, PROTEIN PHOSPHATASE 2A SUBUNIT A3 (PP2AA3). For
quantification of transcript level of each gene, the listed primers
were used: WUS-RT-F (50-AGCCGATCAGATCCAGAAGA-30)
and WUS-RT-F (50-AACCGAGTTGGGTGATGAAG-30) for
WUS (AT2G17950); STM-RT-F (50-CCTTACCCTTCGGAGCAA
CAA-30) and STM-RT-R (50-TCCAATGCCGTTTCCTCTGGTTT
A-30) for STM (AT1G62360); ESR1-RT-F (50-ACAGCT
GTCATTATGCCTGAACCA-30) and ESR1-RT-F (50-GGTAGAG
GAATCTAACGGTAGAGA-30) for ESR1 (AT1G12980); ESR2-
RT-F (50-GCTGACTTCCATGTCGAAGGA-30) and ESR2-RT-R
(50-TCTGCTGCATCTTAGCTGAATC-30) for ESR2
(AT1G24590); CUC1-RT-F (50-CAGCAGCAGCAGCGTTCTTT-
30) and CUC1-RT-R (50-AATGACGGAGGAGGAGGAAGAA-30)
for CUC1 (AT3G15170); CUC2-RT-F (50-GAGCACGTGTCCTG
TTTCTC-30) and CUC2-RT-F (50-GTTTCTAGAAACGAAACGA
GG-30) for CUC2 (AT5G53950); EXPA17-RT-F (50-GGTCGCAA
TGATCTTCTCCAC-30) and EXPA17-RT-F (50-GGTTTCCA
TAACCACAAGCTCC-30) for EXPA17; EXPA15-RT-F (50-CTT
GGTGACCAATGTTGGTG-30) and EXPA15-RT-F (50-CCATCAC
TAGCAGTCACCTT-30) for EXPA15 (AT2G03090); MAN7-RT-F
(50-CGTCACGGTTCACTCTTACC-30) and MAN7-RT-F (50-GT
GAAGAACGTTCTGTGCGT-30) for MAN7 (AT5G66460); and
PP2AA3-RT-F (50-GACCAAGTGAACCAGGTTATTGG-30) and
PP2AA3-RT-R (50-TACTCTCCAGTGCCTGTCTTCA-30) for
PP2AA3 (AT1G13320).

Transactivation assay
Transactivation assay was performed as described previously (11).
The p35S::NOS terminator vector was used as control. The
pWOX13::L-LUC vector was used as a reporter, and the p35S::R-
LUC was used as an internal control. To construct p35S::WOX13
and p35S::WUS, CDS of WOX13 and WUS was amplified, cloned
into pDONR221, and transferred to pUGW2 (51) by Gateway LR
cloning (Invitrogen). To construct pWOX13::LUC and
pWUS::LUC, promoter of WOX13 and WUS was amplified,
cloned into pDONRp4p1R, and transferred to R4L1pUGW35
(51) by LR cloning. Particle bombardment was performed using
the Biolistic PDS-1000/He system (Bio-Rad), and luciferase assay
was performed using the Dual-Luciferase Reporter Assay System
(Promega). Arabidopsis MM2d cultured cells were used as host
cells, and luciferase activities were quantified using the Mithras
LB940 Microplate Luminometer (Berthold Technologies).
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