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Abstract
Induction of the pluripotent cell mass termed callus from detached organs or tissues is an initial step in typical in vitro plant 
regeneration, during which auxin-induced ectopic activation of root stem cell factors is required for subsequent de novo shoot 
regeneration. While Arabidopsis (Arabidopsis thaliana) AUXIN RESPONSE FACTOR 7 (ARF7) and ARF19 and their downstream 
transcription factors LATERAL ORGAN BOUNDARIES DOMAIN (LBD) are known to play key roles in directing callus forma-
tion, the molecules responsible for activation of root stem cell factors and thus establishment of callus pluripotency are unclear. 
Here, we identified Arabidopsis WRKY23 and BASIC HELIX-LOOP-HELIX 041 (bHLH041) as a transcriptional activator and re-
pressor, respectively, of root stem cell factors during establishment of auxin-induced callus pluripotency. We show that auxin- 
induced WRKY23 downstream of ARF7 and ARF19 directly activates the transcription of PLETHORA 3 (PLT3) and PLT7 and 
thus that of the downstream genes PLT1, PLT2, and WUSCHEL-RELATED HOMEOBOX 5 (WOX5), while LBD-induced removal 
of bHLH041 derepresses the transcription of PLT1, PLT2, and WOX5. We provide evidence that transcriptional activation by 
WRKY23 and loss of bHLH041-imposed repression act synergistically in conferring shoot-regenerating capability on callus cells. 
Our findings thus disclose a transcriptional mechanism underlying auxin-induced cellular reprogramming, which, together 
with previous studies, outlines the molecular framework of auxin-induced pluripotent callus formation for in vitro plant re-
generation programs.
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Introduction
A well-known feature of plant somatic cells is their remark-
able capacity to regenerate a new organ or an entire plant 
under in vitro culture conditions (Birnbaum and Sanchez 
Alvarado 2008; Sugimoto et al. 2010; Sugimoto et al. 2011), 
during which the phytohormones auxin and cytokinin play 
a key role in determining cell fate transitions and regener-
ation programs (Skoog and Miller 1957; Duclercq et al. 

2011; Ikeuchi et al. 2013). A typical in vitro plant regeneration 
generally starts with the induction of a pluripotent cell mass 
named callus from detached organs or tissues on auxin-rich 
callus-inducing medium (CIM); the subsequent incubation of 
newly formed calli on shoot-inducing medium (SIM) or 
root-inducing medium (RIM) with different ratios of auxin 
and cytokinin leads to the de novo production of shoots or 
roots, respectively (Skoog and Miller 1957; Valvekens et al. 
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1988; Che et al. 2002). Thus, auxin-induced callus formation 
has long been considered to reflect the mitotic activities of 
some differentiated cells that are reactivated, after which 
somatic cells are reprogrammed into pluripotent callus cells, 
which are required for subsequent de novo regeneration pro-
grams (Che et al. 2007; Gordon et al. 2007; Atta et al. 2009; 
Kareem et al. 2015).

Recent studies have begun to uncover the molecular char-
acteristics of callus and regulation of auxin-induced callus 
formation during in vitro plant regeneration. In Arabidopsis 
(Arabidopsis thaliana), auxin-induced callus formation in 
multiple organs occurs from the pericycle or pericycle-like 
cells by a root developmental program; the root stem cell 
regulators, such as WUSCHEL-RELATED HOMEOBOX 5 
(WOX5), PLETHORA 1 (PLT1), PLT2, SHORT-ROOT (SHR), 
and SCARECROW (SCR), are ectopically activated in the 
forming callus (Atta et al. 2009; Sugimoto et al. 2010; 
Kareem et al. 2015; Radhakrishnan et al. 2018). Consistent 
with this observation, several auxin-signaling components 
INDOLE-3-ACETIC ACID INDUCIBLE (IAA) and AUXIN 
RESPONSE FACTORs (ARFs) form modules involved in 
lateral root formation, such as IAA14/19–ARF7/19, playing 
a critical role in governing auxin-induced callus formation 
(Tian and Reed 1999; Fukaki et al. 2002; Tatematsu et al. 
2004; Fukaki et al. 2005; Okushima et al. 2007; Uehara et al. 
2008; Fan et al. 2012; Goh et al. 2012; Shang et al. 2016). 
Similarly, the auxin-inducible transcription factors 

LATERAL ORGAN BOUNDARIES DOMAIN (LBD), which 
act downstream of IAA14–ARF7/19 to control lateral root 
formation (Okushima et al. 2007; Lee et al. 2009; Lee et al. 
2013; Lee et al. 2015; Lee, Kang, et al. 2017), are key factors 
in directing callus formation by forming a complex with 
BASIC LEUCINE ZIPPER 59 (bZIP59) (Fan et al. 2012; Xu, 
Cao, Xu, et al. 2018; Xu, Cao, Zhang, et al. 2018). Moreover, 
ARABIDOPSIS TRITHORAX-RELATED 2 (ATXR2) recruited 
by ARF7 and ARF19 can promote callus formation by activa-
tion of LBD gene expression (Lee, Park, and Seo 2017), while 
the calcium signaling module CALMODULIN–IQ-MOTIF 
CONTAINING PROTEIN (CaM–IQM) regulates callus forma-
tion by destabilizing the interaction of IAA and ARF7/19 
(Zhang et al. 2022). Notably, the ectopic activation of root 
stem cell factors including PLTs and WOX5, which are con-
sidered to be root pluripotent transcription factors (Wang 
et al. 2022), represents the acquisition of cellular pluripo-
tency or shoot-regenerating capability in the forming callus 
cells (Sugimoto et al. 2010; Kareem et al. 2015). Indeed, 
HISTONE ACETYLTRANSFERASE 1 (HAG1) promotes regen-
eration competence of callus cells by upregulation of 
several root-meristem regulator genes including WOX5, 
PLT1, and PLT2 (Kim et al. 2018), while the interaction of 
WOX5 with PLT1 and PLT2 to promote TRYPTOPHAN 
AMINOTRANSFERASE OF ARABIDOPSIS 1 (TAA1) expression 
is critical for maintenance of pluripotency in the middle layer 
of callus cells (Zhai and Xu 2021; Zhai et al. 2023). 

IN A NUTSHELL
Background: Plant cells retain a remarkable capacity to regenerate new organs or entire individuals in the real world 
and under tissue culture conditions. A well-established in vitro plant regeneration procedure applicable for transgenic 
and biotechnological uses generally starts with the induction of pluripotent callus cells, which is required for subse-
quent de novo shoot or root regeneration. Recent studies in Arabidopsis (Arabidopsis thaliana) have revealed that 
auxin-induced ectopic activation of root stem cell factors within callus cells establishes the shoot-regenerating cap-
ability, and some auxin-signaling components involved in root development, such as AUXIN RESPONSE FACTOR 
(ARFs) and their downstream transcription factors LATERAL ORGAN BOUNDARIES DOMAIN (LBD), play critical 
roles in directing callus formation. However, the molecular link between these auxin-signaling components and acti-
vation of root stem cell factors during callus induction is missing.

Question: What are the factors responsible for activation of root stem cell factors to establish callus pluripotency in 
Arabidopsis for in vitro regeneration?

Findings: We identified the Arabidopsis transcription factors WRKY23 and bHLH041 as a transcriptional activator and 
repressor, respectively, of the expression of root stem cell genes during auxin-induced callus formation. Genetic and 
molecular evidence revealed that auxin-induced WRKY23 downstream of ARF7 and ARF19 directly activates the tran-
scription of PLETHORA 3 (PLT3) and PLT7 and the downstream target genes of their encoded proteins PLT1, PLT2, and 
WUSCHEL-RELATED HOMEOBOX 5 (WOX5), while LBD induces the removal of bHLH041, alleviating the transcription-
al repression of PLT1, PLT2, and WOX5. We also demonstrated that two transcriptional pathways synergize the 
shoot-regenerating capability of callus cells. These findings elucidate the transcriptional mechanism underlying callus 
pluripotency establishment, which links auxin signaling and cellular reprogramming during in vitro plant regeneration 
programs.

Next steps: It will be worth identifying the orthologs of WRKY23 and bHLH041 in crops and economically important 
plants and exploring whether such regulatory mechanisms are conserved, which would potentially boost 
regeneration-based transgene and gene editing in these species.
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Importantly, PLT3, PLT5, and PLT7 function redundantly in 
conferring shoot-regenerating competence of callus cells by 
activating PLT1 and PLT2 expression, as calli derived from 
the explants of the plt3 plt5 plt7 triple mutant are largely de-
fective in shoot-regenerating capability (Kareem et al. 2015). 
Intriguingly, the WOX11–LBD16 module promotes the ac-
quisition of callus pluripotency by affecting transcription of 
PLT1 and PLT2 but not of PLT3 or PLT7 (Liu et al. 2018), sug-
gesting that at least two molecular pathways are involved in 
activating root stem cell regulators and thus establishing cel-
lular pluripotency (Sugiyama 2018). However, the molecules 
responsible for activation of these root pluripotent factors 
during auxin-induced callus formation are unclear.

Here, we reported that the Arabidopsis transcription 
factors WRKY23 and BASIC HELIX-LOOP-HELIX 041 
(bHLH041) act as a transcriptional activator and repressor, re-
spectively, downstream of IAA–ARFs to coordinate the acti-
vation of root stem cell genes during callus induction. We 
show that WRKY23, encoded by auxin-induced WRKY23 
downstream of ARF7 and ARF19 directly activates the tran-
scription of PLT3 and PLT7, whose encoding proteins in 
turn activate the transcription of the downstream genes 
PLT1, PLT2, and WOX5, and that LBD-induced removal of 
bHLH041 alleviates the transcriptional repression of PLT1, 
PLT2, and WOX5. We also provide evidence that transcrip-
tional activation by WRKY23 and derepression by bHLH041 
synergize the shoot-regenerating capability of callus cells. 
These findings uncover a transcriptional mechanism under-
lying cellular pluripotency establishment during in vitro plant 
regeneration programs.

Results
WRKY23 and bHLH041 are respectively accumulated 
and abolished in forming callus
As previous studies have suggested that two molecular path-
ways are involved in activation of PLT3 and PLT7 and 
LBD-induced PLT1 and PLT2 transcription, respectively 
(Kareem et al. 2015; Liu et al. 2018; Sugiyama 2018), we 
wished to identify the transcription factors responsible for 
activation of these root stem cell genes during callus forma-
tion on CIM. To this end, we focused on genes whose expres-
sion patterns are correlated with those of PLT3 and PLT7 in a 
transcriptomic profiling of Arabidopsis explants on CIM and 
the potential LBD29-regulated genes whose transcript and/ 
or protein accumulation are possibly associated with activa-
tion of PLT1 and PLT2. In an Arabidopsis ATH1 GeneChip 
database of transcript levels from root explants incubated 
on CIM (Che et al. 2006), we noticed that the dynamics of 
WRKY23, which encodes a member of the plant-specific 
WRKY family of transcription factors (Prát et al. 2018), was 
similar to those of PLT3 and PLT7 (Supplemental Fig. S1A). 
Reverse transcription quantitative PCR (RT-qPCR) analysis 
showed that WRKY23 transcript levels are elevated (close 
to 20-fold after 5 d) after incubation of seedlings on CIM 
(Fig. 1A). Next, we examined WRKY23 accumulation with 

transgenic ProWRKY23:gWRKY23-GFP seedlings harboring a 
transgene consisting of the WRKY23 promoter driving the 
WRKY23 genomic coding region cloned in-frame and 
upstream of the green fluorescent protein (GFP) sequence, 
when incubated on CIM. Although we detected WRKY23- 
GFP in the nuclei of pericycle or pericycle-like cells and other 
cells, its abundance markedly increased in the callus cells 
forming from roots, hypocotyls, and cotyledons after seed-
lings were incubated on CIM (Fig. 1B; Supplemental Fig. 
S1B). Among the transcription factor genes potentially regu-
lated by LBD29 (Xu, Cao, Xu, et al. 2018), the transcript abun-
dance of bHLH041, which encodes a member of the bHLH 
family (Toledo-Ortiz et al. 2003), was rapidly induced by 
chemically induced LBD29 but dramatically declined after-
ward (Xu, Cao, Xu, et al. 2018) (Supplemental Fig. S1C). We 
confirmed by RT-qPCR analysis that bHLH041 transcript 
levels are initially induced by incubation on CIM but decline 
later (Fig. 1A). Surprisingly, with the transgenic ProbHLH041: 
bHLH041-GFP seedlings, we observed that bHLH041 accumu-
lates ubiquitously in the nuclei of all cells in roots, hypocotyls, 
and cotyledons; however, after seedlings were incubated on 
CIM, bHLH041 abundance gradually declined in these cells 
and bHLH041 completely disappeared in the forming callus 
(Fig. 1B; Supplemental Fig. S1D). Immunoblotting analysis 
confirmed that WRKY23 and bHLH041 abundance increases 
and declines by incubation on CIM, respectively (Fig. 1C). 
These observations suggest that WRKY23 and bHLH041 
might participate in auxin-induced callus formation.

WRKY23 and bHLH041 respectively promote and 
inhibit callus formation and shoot regeneration
As WRKY23 has been reported to act downstream of ARF7 
and ARF19 to regulate root development (Grunewald et al. 
2012), we reasoned that WRKY23 might be involved in 
auxin-induced callus formation and possibly shoot regener-
ation. To test this idea, we generated 3 allelic mutants of 
WRKY23, namely wrky23-3, wrky23-4, and wrky23-5, by clus-
tered regularly interspaced short palindromic repeat 
(CRISPR)/CRISPR-associated nuclease 9 (Cas9)-mediated 
gene editing (Supplemental Fig. S2A) and examined their 
callus-forming and shoot-regenerating phenotypes. When 
compared to wild type (WT), loss of WRKY23 function not 
only attenuated callus formation from cotyledon and root 
explants when incubated on CIM but also dampened 
shoot regeneration from the derived calli after incubation 
on SIM (Fig. 2A). Moreover, such callus-forming and 
shoot-regenerating defect in wrky23-3 explants and derived 
callus could be rescued by introduction of the ProWRKY23: 
gWRKY23-GFP construct, confirming that these phenotypes 
can be attributed to the loss of WRKY23 (Fig. 2A). We also 
generated transgenic 35S:WRKY23 plants overexpressing 
WRKY23 from the cauliflower mosaic (CaMV) 35S promoter 
and examined their callus-forming and shoot-regenerating 
phenotype. The overexpression of WRKY23 promoted callus 
formation and shoot regeneration from cotyledon and root 
explants and their derived callus in a WRKY23 transcript 
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level-dependent manner (Fig. 2B; Supplemental Fig. S2B). 
These observations demonstrate that WRKY23 is a positive 
regulator of callus formation and shoot regeneration. In add-
ition, wrky23 and 35S:WRKY23 seedlings developed slightly 
shorter or longer primary roots with fewer or more lateral 
root initiates when compared to WT, respectively 
(Supplemental Fig. S2C), while their cotyledons were of com-
parable size among the 3 genotypes (Supplemental Fig. S2D).

To test whether bHLH041 participates in the regeneration 
program, we obtained a loss-of-function and a gain-of-func-
tion mutant of bHLH041, bhlh041-1 (SAIL_330_F04), and 
bhlh041-D (SAIL_258_C53), in which a T-DNA was inserted 
in fourth exon or 5′ UTR of bHLH041 and leads to the 
disruption or overexpression of bHLH041, respectively 
(Supplemental Fig. S3A). After incubation on CIM, the cotyle-
don and root explants of bhlh041-1 displayed an enhanced 
callus-forming phenotype, whereas those of bhlh041-D had 
a callus-forming defect when compared to WT (Fig. 2C). 
We also observed a respective enhanced and dampened 
shoot regeneration phenotype in the calli derived from 
bhlh041-1 and bhlh041-D after being incubated on SIM 
(Fig. 2C). Moreover, the enhanced callus-forming and 
shoot-regenerating phenotype of bhlh041-1 was rescued by 

introduction of a transgene carrying the native bHLH041 pro-
moter driving bHLH041 expression (Fig. 2C), and overexpres-
sion of bHLH041 strongly inhibited the callus formation and 
shoot regeneration from explants and derived calli (Fig. 2D; 
Supplemental Fig. S3B). Collectively, we conclude that 
bHLH041 negatively regulates callus formation and shoot re-
generation. In addition, we observed that disruption or over-
expression of bHLH041 resulted in an increase or decrease of 
lateral root numbers, respectively (Supplemental Fig. S3C). 
Notably, only dramatic overexpression of bHLH041 (several 
hundred-fold higher than WT) had an effect on cotyledon de-
velopment (Supplemental Fig. S3D).

WRKY23 and bHLH041 are involved in the regulation 
of root stem cell genes
As WRKY23 and bHLH041 affect both callus formation and 
shoot regeneration, we investigated whether they participate 
in the activation of root stem cell genes during callus induc-
tion. First, we monitored the transcript abundance of WOX5, 
PLTs, and SHR and in the WT, wrky23-3, 35S:WRKY23, 
bhlh041-1, and bhlh041-D root explants incubated on CIM 
for 7 d. When compared to those in WT, the transcript levels 
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of WOX5, SHR, PLT1, PLT2, PLT3, and PLT7 were lower in 
wrky23-3 but higher in 35S:WRKY23 explants (Fig. 3A). By 
contrast, we observed elevated and decreased transcript le-
vels for WOX5, SHR, PLT1, and PLT2 in bhlh041-1 and 
bhlh041-D explants, respectively (Fig. 3A). Next, we visualized 
the cellular accumulation of PLT1 and WOX5, two root stem 
cell markers ectopically activated within callus cells 
(Sugimoto et al. 2010), in wrky23-3 and bhlh041-D plants har-
boring a ProPLT1:PLT1-YFP (yellow fluorescent protein) or 
ProWOX5:GFP-ER construct, respectively. We observed that 
disruption of WRKY23 or overexpression of bHLH041 leads 
to a drop in PLT1 accumulation and WOX5 expression levels 
in the forming callus (Fig. 3B). These observations indicate 
that WRKY23 and bHLH041 are involved in the regulation 
of root stem cell genes and thus establishment of callus plur-
ipotency. We also noticed that PLT3 and PLT7 transcript levels 
are only regulated by WRKY23 but not by bHLH041, suggest-
ing that they might execute their roles via different pathways.

WRKY23 directly activates the transcription of PLT3 
and PLT7
Both WRKY23 and LBDs have been shown to act downstream 
of ARF7 and ARF19 to regulate lateral root development and/or 
callus formation (Grunewald et al. 2008; Fan et al. 2012; 
Grunewald et al. 2012; Xu, Cao, Zhang, et al. 2018). Consistent 
with the notion that ARF-mediated auxin signaling is mainly 
through auxin-induced degradation of their repressor IAAs 
but not by alteration of their abundances (Wang et al. 2005; 
Lavy and Estelle 2016; Powers et al. 2019), we determined that 
only the transcript levels of ARF19 but not ARF7 show a slight 
response to CIM (Supplemental Fig. S4A). To clarify the possible 

inter-regulation between WRKY23 and LBDs, we first monitored 
the transcript levels of WRKY23 in WT, arf7 arf19, and lbd16-2 
air1-2 (anthocyanin-impaired response 1-2, in which the 
bZIP59 gene is disrupted) seedlings on CIM. Consistent with pre-
vious observations (Grunewald et al. 2012), induction of 
WRKY23 by CIM was abolished in the arf7 arf19 but not in 
the lbd16-2 air1-2 mutant seedlings (Fig. 4A). Similarly, overex-
pression of LBD16 or LBD29 did not have a clear effect on 
WRKY23 transcript levels (Supplemental Fig. S4B), supporting 
the notion that WRKY23 acts downstream of ARF7 and 
ARF19 but not of LBDs. Interestingly, we observed that overex-
pression of WRKY23 results in higher transcript levels for LBD16 
and LBD29 (Supplemental Fig. S4C), suggesting that WRKY23 
has some degree of regulatory effect on LBDs. Furthermore, ec-
topic expression of WRKY23 indeed partially rescued the callus- 
forming and shoot-regenerating defect observed in arf7 arf19 
explants and derived calli (Fig. 4B; Supplemental Fig. S5A). 
However, we failed to detect any binding activity of ARF7 to-
ward the promoter region of WRKY23 by chromatin 
immunoprecipitation-qPCR (ChIP-qPCR) assay performed 
with transgenic ProARF7:ARF7-GFP seedlings treated with 
CIM; we also observed no transcriptional activity of ARF7 to-
ward a ProWRKY23:LUC (firefly luciferase gene) reporter con-
struct in a transcriptional activation assay in Arabidopsis 
protoplasts (Supplemental Fig. S5, B to D). These observations 
further support the idea that WRKY23 is an indirect target of 
ARF7 and ARF19 (Prát et al. 2018).

Since WRKY23 could promote the transcript levels of PLT3 
and PLT7 as well as PLT1 and PLT2 (Fig. 3A) and as PLT3, 
PLT5, and PLT7 were shown to function redundantly in the 
transcriptional activation of PLT1 and PLT2 (Kareem et al. 
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2015), we tested whether PLT3 and/or PLT7 are targets of 
WRKY23. When WRKY23 was overexpressed in the plt3 
plt7 double mutant, whose callus exhibits a defect in shoot 
regeneration (Kareem et al. 2015), the enhanced 
shoot-regeneration capacity observed in the 35S:WRKY23 
calli was abolished (Fig. 4C; Supplemental Fig. S5E). Next, 
we generated transgenic plants carrying a chemically indu-
cible OLexA-46 (also known as G1090:XVE) promoter driving 
WRKY23 expression (ProXVE:WRKY23) (Zuo et al. 2000) and 
observed that treatment with the inducer 17-β-estradiol 
leads to higher transcript levels for PLT3 and PLT7 
(Fig. 4D). Furthermore, we performed a ChIP-qPCR assay 
with transgenic wrky23-3 ProWRKY23:gWRKY23-GFP seed-
lings incubated in liquid CIM, which revealed that WRKY23 
can bind to the promoter regions of PLT3 and PLT7 but 
not to the PLT1, PLT2, and WOX5 promoters (Fig. 4E; 
Supplemental Fig. S5F). A transcriptional activation assay car-
ried out in Arabidopsis protoplasts using ProPLT3:LUC and 
ProPLT7:LUC reporter constructs clearly showed that transi-
ently expressing WRKY23 leads to a higher relative LUC activ-
ity derived from the 2 reporter constructs (Fig. 4F; 
Supplemental Fig. S5C). Collectively, we conclude that fol-
lowing the induction of its transcription by auxin, WRKY23 
downstream of ARF7 and ARF19 directly activates PLT3 
and PLT7 transcription.

LBD-induced bHLH041 disappearance alleviates the 
transcriptional repression of PLT1, PLT2, and WOX5
Since CIM-induced disappearance of bHLH041 results in the ac-
tivation of PLT1, PLT2, and WOX5, which is suggested to contrib-
ute to LBD-triggered acquisition of callus pluripotency (Liu et al. 
2018), we reasoned that bHLH041 might act downstream of the 
ARF7/19–LBD module to repress the transcription of PLT1, 
PLT2, and WOX5. Indeed, we determined that disruption of 
ARF7 and ARF19 completely blocks the CIM-induced disappear-
ance of bHLH041 in the pericycle cells of root explants, strength-
ening the idea that bHLH041 is downstream of ARF7 and ARF19 
(Supplemental Fig. S6A). Next, we investigated whether dis-
appearance of bHLH041 is related to LBD accumulation. To 
this end, we coexpressed bHLH041-GFP with LBD16-FLAG, 
LBD29-FLAG, or WRKY23-FLAG in Nicotiana benthamiana 
leaves; we observed much lower GFP fluorescent signals for 
bHLH041-GFP in the presence of LBD16 or LBD29 but not 
WRKY23 (Fig. 5A). In agreement, the overexpression of LBD16 
or LBD29 in ProbHLH041:bHLH041-GFP plants largely abolished 
bHLH041 accumulation in multiple organs (Fig. 5B; 
Supplemental Fig. S6B), demonstrating that LBD accumulation 
leads to the disappearance of bHLH041. Moreover, we gener-
ated the lbd16-2 bhlh041-1 double mutant: we determined 
that the callus-forming and shoot-regenerating defect of 
lbd16-2 is partially rescued by the introduction of the 
bhlh041-1 mutation (Fig. 5C), supporting the notion that 
bHLH041 is downstream of LBDs in controlling callus formation 
and regeneration capacity.

To further test whether the PLT1, PLT2, and WOX5 are tar-
geted by bHLH041 during auxin-induced callus formation, 

we performed ChIP-qPCR analysis with bhlh041-1 ProbHLH 
041:bHLH041-GFP seedlings before and after incubation on 
CIM. We observed that bHLH041 can bind to specific regions 
of the PLT1, PLT2, and WOX5 promoters, with the binding 
enrichment decreasing after seedlings were incubated on 
CIM (Fig. 5D). We also conducted a transcriptional activity 
assay in Arabidopsis protoplasts incubated in CIM, using 
ProPLT1:LUC, ProPLT2:LUC, and ProWOX5:LUC reporter con-
structs and 35S:bHLH041 as effector construct. Cotransfecting 
each LUC reporter with the 35S:bHLH041 effector construct 
resulted in lower relative LUC activity from all reporters 
(Fig. 5E). Taken together, we conclude that LBD-induced dis-
appearance of bHLH041 derepresses the transcription of 
PLT1, PLT2, and WOX5, thus coordinating the establishment 
of callus pluripotency.

WRKY23 and bHLH041 synergize shoot-regenerating 
capacity of callus
Since both the WRKY23–PLT3/7 and LBD–bHLH041 
modules participate in the activation of PLT1, PLT2, and 
WOX5, we postulated that two modules synergize the 
shoot-regeneration capability of callus cells. To test this hy-
pothesis, we crossed the 35S:WRKY23 line to the bhlh041-1 
mutant and obtained bhlh041-1 35S:WRKY23 plants and ex-
amined the callus-forming phenotype of their root explants 
and the shoot-regenerating capability of their derived calli. 
When compared to those of 35S:WRKY23 and bhlh041-1, 
the callus-forming and shoot-forming phenotypes were addi-
tive in the bhlh041-1 35S:WRKY23 explants and derived calli 
(Fig. 6A). Consistent with this finding, the transcript levels of 
WOX5, SHR, PLT1, and PLT2 in the bhlh041-1 35S:WRKY23 
root explants were higher than those of 35S:WRKY23 or 
bhlh041-1 root explants after being incubated on CIM 
(Fig. 6B). Next, we generated the bhlh041-D wrky23-3 double 
mutant and discovered that both the callus-forming and 
shoot-regenerating defects in the wrky23-3 root explants 
and derived calli are further enhanced by introduction of 
bhlh041-D (Fig. 6C) and that the transcript levels of WOX5, 
PLT1, PLT2, and SHR in bhlh041-D wrky23-3 are substantially 
lower than in the wrky23-3 or bhlh041-D root explants incu-
bated on CIM (Fig. 6D). These observations demonstrate that 
transcriptional activation of WRKY23 and derepression by 
removal of bHLH041 synergistically establish callus pluripo-
tency during in vitro regeneration programs.

Discussion
Although accumulating evidence demonstrates that several 
auxin-signaling components including IAA-ARFs and LBDs 
are critical regulators of auxin-induced callus formation 
(Fan et al. 2012; Shang et al. 2016; Xu, Cao, Zhang, et al. 
2018) and that ectopic activation of root stem cell factors in-
cluding PLTs and WOX5 are required for de novo shoot or 
root regeneration (Che et al. 2007; Atta et al. 2009; 
Sugimoto et al. 2010; Kareem et al. 2015), the molecular links 
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between these auxin-signaling components and activation of 
root pluripotent factors during in vitro plant regeneration is 
unknown. Here, we defined Arabidopsis WRKY23 and 
bHLH041 as a transcriptional activator and repressor, re-
spectively, as being responsible for activation of root stem 
cell factors to synergize the establishment of callus pluripo-
tency and thus conferring shoot-regenerating capability on 
callus cells. These findings uncover the transcriptional 
mechanism underlying the acquisition of cellular pluripo-
tency in auxin-induced callus formation, which links auxin 
signaling and cellular reprogramming during in vitro plant re-
generation. These findings, together with previous works, 
outline a molecular framework for how callus formation 
and cellular reprogramming are governed in Arabidopsis in 
vitro regeneration. It is likely that, upon CIM treatment, 
ARF7- and ARF19-directed LBD accumulation in the 

pericycle or pericycle-like cells not only triggers the callus- 
forming program but also leads to the removal of 
bHLH041, which alleviates the transcriptional repression of 
PLT1, PLT2, and WOX5. At the same time, auxin-induced 
WRKY23 downstream of ARF7 and ARF19 directly activates 
the transcription of PLT3 and PLT7, whose encoded proteins 
target their downstream genes PLT1, PLT2, and WOX5. The 
two transcriptional regulatory modules coordinately estab-
lish the shoot-regenerating capability of callus cells (Fig. 7).

Intriguingly, WRKY23 directly activates the transcription of 
PLT3 and PLT7 and thus indirectly that of PLT1, PLT2, and 
WOX5, while the LBD-induced removal of bHLH041 dere-
presses the transcription of PLT1, PLT2, and WOX5. Indeed, 
the WOX11–LBD16 module has been shown to promote 
the acquisition of pluripotency by callus cells via activation 
of PLT1 and PLT2 but not PLT3, PLT5, or PLT7 (Liu et al. 
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2018). The coexistence and coordination of transcriptional 
activation and derepression might be a mechanism to ensure 
that plant somatic cells acquire pluripotency during plant re-
generation. WRKY23 is a unique auxin-responsive member of 
the Arabidopsis WRKY family to regulate root development 
(Grunewald et al. 2008, 2012), while bHLH041 belongs to a 
large family of bHLH transcription factors present in both 
plants and animals. It has been shown that different bHLH 
members function as transcriptional activators or repressors 
in directing cell fate changes (Toledo-Ortiz et al. 2003). For 
example, heterodimers of the bHLH factors GhTCE1 and 
GhTCEE1 promote transcriptional reprogramming during 
wound-induced callus formation in cotton (Gossypium hirsu-
tum) (Deng et al. 2022). In animals, self-renewal, multipo-
tency, and fate choice of neural progenitor cells (NPCs) are 
controlled by multiple bHLH factors with contradictory func-
tions in promoting NPC proliferation and cell-cycle exit for 
differentiation (Imayoshi and Kageyama 2014). Importantly, 
callus formation in in vitro plant regeneration involves 
both reactivation of cellular mitotic activities and change 
of cell fates, which are concomitant (Zhao et al. 2001; 
Williams et al. 2003; Tessadori et al. 2007; Xu et al. 2012). It 
is likely that the regulatory mechanisms of callus formation 
and cell fate change are partly shared or overlap. In 
Arabidopsis, auxin-induced LBDs and their partner bZIP59 
are sufficient to trigger the formation of pluripotent callus 
by mediating multiple cellular events, including cell wall me-
tabolism and inhibition of the differentiation program (Fan 
et al. 2012; Xu, Cao, Xu, et al. 2018; Xu, Cao, Zhang, et al. 
2018). Our finding that overexpression or disruption of 
bHLH041 also causes callus-forming phenotypes suggests 
that bHLH041 is involved in LBD-directed cellular mitotic ac-
tivation. Similarly, although WRKY23 acts in parallel to 
bHLH041 by targeting PLT3 and PLT7, we also observed 

that WRKY23 has a regulatory effect on LBD transcript levels, 
suggesting that some extent of crosstalk exists between 
WRKY23 and LBD-regulated cellular mitotic activity 
(Fig. 7), which might explain why alteration of WRKY23 re-
sults in a callus-forming phenotype.

Although our work defines WRKY23 and bHLH041 as tran-
scriptional activator and repressor to coordinate the estab-
lishment of callus pluripotency, the detailed molecular 
regulations of cellular pluripotency acquisition during 
auxin-induced callus formation need to be further clarified. 
First, as LBD transcription factors execute their roles at a tran-
scriptional level, the molecular regulation behind 
LBD-induced removal of bHLH041 remains unclear. We 
speculate that other factors are involved in LBD-regulated 
bHLH041 stability in the forming callus. We also noticed 
that CIM treatment leads to a decrease in bHLH041 accumu-
lation in other somatic cells besides the pericycle and 
pericycle-like cells; the biochemical or molecular regulation 
of bHLH041 stability in these cells needs to be further investi-
gated. Second, we only characterized here how PLTs and 
WOX5 are regulated by WRKY23 and bHLH041, but we 
also observed that the transcript levels of SHR are regulated 
by WRKY23 and bHLH041 (Fig. 3). As the regulatory relation-
ship of the PLT–WOX5 and SHR–SCR modules in root 
stem cell maintenance is not fully defined, how WRKY23 
and bHLH041 regulate SHR and/or SCR remains to be 
elucidated. Furthermore, auxin-induced callus formation re-
presents a type of cellular reprogramming in plant regener-
ation, during which genome-wide modifications, such as 
chromatin reorganization, heterochromatin redistribution, 
and epigenetic modification occur during the callus forma-
tion program (Ikeuchi et al. 2013). How WRKY23- and 
bHLH041-mediated transcriptional regulations are incorpo-
rated with these genome-wide modifications would be 
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interesting. In addition, since WRKY23 and bHLH041 as well as 
the root stem cell factors are all transcription factors function-
ing in nuclei, whether they interact with any of these root 
stem cell factors remains unclear. It is also possible that 
some might function in a protein complex during the estab-
lishment and maintenance of callus pluripotency. Therefore, 
further work on these proteins will be helpful to understand 
the molecular basis of cellular reprogramming in in vitro plant 
regeneration.

Finally, as both WRKY23 and bHLH041 are involved in 
regulation of callus formation and shoot regeneration cap-
ability, it is likely that appropriate manipulation of their 
orthologs will be potential to improve the regeneration effi-
ciency of crops and horticultural plants. Therefore, it is worth 
identifying the orthologs of WRKY23 and bHLH041 to clarify 
whether such molecular regulations by WRKY23 and 
bHLH041 are conserved in other plant species, which would 
benefit plant regeneration-based gene-editing and biotech-
nological practices.

Materials and methods
Plant materials and growth conditions
The Arabidopsis (A. thaliana) accession Col-0 was used as a 
WT and for all transgenic lines. The T-DNA insertion mutants 
bhlh041-1 (SAIL_330_F04), bhlh041-D (SAIL_258_C03), 
lbd16-2 (SALK_040739) (Fan et al. 2012), air1-2 (SALK_ 
024459c) (Xu, Cao, Zhang, et al. 2018), plt3 (SALK_127417) 
(Kareem et al. 2015), and plt7 (SAIL_1167_C10) (Kareem 
et al. 2015) were obtained from the ABRC and verified by 
PCR analyses. The ProWOX5:GFP-ER and ProPLT1:PLT1-YFP 
marker lines and arf7 arf19 double mutant were described 
previously (Aida et al. 2004; Haecker et al. 2004; Fan et al. 
2012). All seeds were surface-sterilized in 1% (w/v) sodium 
hypochlorite, rinsed 3 times with sterile water, and germi-
nated on half-strength of MS medium (MS powder 
Coolaber, Beijing, China, 1% [w/v] sucrose, 0.55% [w/v] plant 
agar, and pH 5.7) at 22 ± 2 °C under long-day conditions 
(16-h light/8-h dark photoperiod) with incandescent lamps 
(spectrum: 400 to 700 nm; illumination intensity: 80 to 
90 µmol m−2s−1); 7-d-old seedlings were transferred to soil 
and grown in a greenhouse under the same conditions.

Callus induction and shoot regeneration
For characterization of callus formation, cotyledon and root 
explants of 7-d-old seedlings were incubated on CIM (B5 me-
dium [Coolaber, Beijing, China] supplemented with 2% [w/v] 
glucose, 0.5 g L–1 MES, 2.2 µM 2,4-dichlorophenoxyacetic acid 
[2,4-D], 0.2 µM kinetin, 0.25% [w/v] phytagel, and pH 5.7) as 
described (Che et al. 2006) for 21 d, and the formed callus 
was photographed, and callus area for each explant was 
quantified with ImageJ software (Shang et al. 2016). For 
examination of shoot regeneration from callus, the explants 
incubated on CIM for 7 d with forming callus were trans-
ferred onto SIM (MS medium [Coolaber, Beijing, China] sup-
plemented with 1% [w/v] sucrose, 0.5 g L–1 MES, 0.25% [w/v] 

phytagel, 5.0 µM isopentenyladenine and 0.9 µM indole-3- 
acetic acid [IAA], and pH 5.7) (Che et al. 2006), and the leafy 
shoots produced from each callus were counted and photo-
graphed under a stereomicroscope at 14 d. To monitor tran-
script abundance of root stem cell marker genes, the root 
explants incubated CIM for 7 d were collected for RNA isola-
tion, and 5-d-old seedlings harboring a ProPLT1:PLT1-YFP or 
ProWOX5:GFP-ER construct were incubated on CIM for 4 d 
for determination of GFP fluorescent signals. All experiments 
above were carried out by at least 3 independent biological 
replicates with more than 20 plants each time.

Plasmid construction and Arabidopsis transformation
For generation of the ProWRKY23:gWRKY23-GFP, 
ProbHLH041:bHLH041-GFP, and ProARF7:ARF7-GFP con-
structs, a genomic WRKY23 fragment consisting of a 
4,983-bp promoter fragment and a 1,399-bp coding region 
segment, a bHLH041 fragment with 2,025 bp of promoter 
and 1,578 bp of coding region, and ARF7 fragments with 
2,489 bp of promoter and 3,498 bp of coding region fused in- 
frame and upstream of the GFP sequence were cloned into the 
pCAMBIA1300 vector by the multi-one-step seamless cloning 
approach, respectively. A 6-glycine linker sequence was in-
serted upstream of the GFP tag to minimize the influence 
of the tag on the fusion protein and optimize the stability 
of the target protein (Robinson and Sauer 1998; Funakoshi 
and Hochstrasser 2009). The full-length coding sequences of 
WRKY23 and bHLH041 were cloned into the pSuper1300 vec-
tor (Chinnusamy et al. 2003), to generate the 35S:WRKY23 and 
35S:bHLH041 constructs, respectively. The full-length coding 
sequences of LBD16 and LBD29 were cloned into the pVIP96 
vector to generate the 35S:LBD16 and 35S:LBD29 constructs, 
respectively (Hu et al. 2003). The coding sequence of 
WRKY23 was also cloned into the pER10 vector for generating 
the chemically inducible ProXVE:WRKY23 construct (Zuo 
et al. 2000). The primers used for the constructs are listed in 
Supplemental Data Set S1. All plasmids were verified by 
Sanger sequencing and introduced into Agrobacterium 
(Agrobacterium tumefaciens) strain EHA105 or ABI and trans-
formed into Arabidopsis using the floral dip method (Clough 
and Bent 1998). At least 10 independent transgenic lines with 
a single T-DNA insertion were generated for each construct, 
and at least 3 lines of the T3 homozygotes were used for ex-
perimental examination.

CRISPR/Cas9 gene editing
To create the wrky23 allelic mutants, an Arabidopsis egg cell- 
specific promoter-controlled CRISPR/Cas9 gene-editing sys-
tem was used as previously described (Wang et al. 2015). 
Briefly, the specific primers containing the 23-bp sequences 
with 2 PAM sites (5′-N20NGG-3′) corresponding to simple 
guide RNAs (sgRNAs) were manually designed against the 
first exon of WRKY23 and then checked by BLAST for evalu-
ating their specificities on the TAIR website (https://www. 
arabidopsis.org/Blast/index.jsp). The pCBC-DT1T2 plasmid 
was used as a template to perform PCR amplification of 
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the sgRNA sequences. The PCR products were cloned into 
the pHEE401 vector and introduced into Arabidopsis 
via the floral dipping method as above. The genomic frag-
ments covering the mutation sites from the T1 and T2 trans-
genic plants were amplified by PCR and sequenced, and 
homozygous T3 plants without the editing vector were 
used for characterization. All primers used for generation 
of the constructs are listed in Supplemental Data Set S1.

Total RNA isolation and gene expression analysis
Total RNAs were isolated using an E.Z.N.A. Plant RNA Kit 
(OMEGA BioTek) according to the manufacturer’s instruc-
tions. First-strand cDNA was synthesized with TransScript II 
All-in-One First-Strand cDNA Synthesis SuperMix 
(Invitrogen). qPCR was conducted with a SYBR Premix Ex 
Taq II kit (Takara, Dalian, China) as described previously 
(Fan et al. 2012), the amplified ACTIN2 transcript abundance 
was used as a normalization control, and the relative expres-
sion values were calculated using a modified 2−ΔΔCT method 
(Livak and Schmittgen 2001). For RT-PCR analysis, the tran-
script abundance of GLYCERALDEHYDE-3-PHOSPHATE 
DEHYDROGENASE C SUBUNIT 1 (GAPC) was used as an in-
ternal control. All RT-qPCR and RT-PCR analyses were per-
formed with 3 independent biological replicates. The 
primers used are listed in Supplemental Data Set S1.

Protein extraction and immunoblotting
To monitor WRKY23 and bHLH041 accumulation during cal-
lus induction, total proteins from transgenic ProWRKY23: 
gWRKY23-GFP and ProbHLH041:bHLH041-GFP seedlings incu-
bated on CIM for the indicated times were extracted with a 
Plant Total Protein Extraction Kit (Cwbio, Beijing, China), ac-
cording to the manufacturer’s instructions. The proteins 
were separated by a 12% SDS-PAGE and immobilized onto 
nitrocellulose membranes, and immunoblotting was per-
formed with anti-GFP (MBL, lot: M048-3) (1:5000) and 
anti-ACTIN (EASYBIO, lot: 80790722) (1:5000) primary anti-
bodies followed by horseradish peroxidase-labeled secondary 
antibody (Bioeasy) (1:10000) and subsequently detected with 
an ECL Super Sensitive Kit (DiNing). The immunoblotting sig-
nals were scanned with a Tanon5200 imaging system.

Confocal microscopy
To visualize accumulation of WRKY23-GFP, bHLH041-GFP, 
and root meristem markers, 5-d-old seedlings harboring a 
specific construct or marker incubated on CIM or infiltrated 
N. benthamiana leaves were mounted in 10 mg L–1 propi-
dium iodide (Sigma) or distilled water, respectively, and 
GFP images were collected under an Olympus FV1000-MPE 
laser scanning microscope. The GFP signal was excited at 
488 nm, and the emission was acquired between 500 and 
550 nm. The propidium iodide signal was visualized by exci-
tation with an argon laser at 488 nm and detected with a 
spectral detector set at >585 nm for emission. The GFP 
fluorescent signals of root stem cell marker lines were deter-
mined with the parameters at laser transmissivity: 80%, 

photomultiplier tube Voltage: 490 V, pinhole: 125 µm, ob-
jective lens magnification: 20×. The GFP-positive loci in 
each image were quantified with ImageJ software.

ChIP-qPCR assay
About 1 g of 10-d-old WT and transgenic seedlings harboring 
the respective GFP-fusion construct or seedlings incubated in 
liquid CIM for 12 or 48 h were cross-linked in 1% (w/v) for-
maldehyde, and the ChIP-qPCR assay was performed as de-
scribed previously (Bowler et al. 2004), with minor 
modifications. Briefly, anti-GFP mAb-agarose (MBL) beads 
were used to immunoprecipitate the protein-DNA complex, 
and the precipitated DNA was purified for qPCR analysis. The 
isolated chromatin before precipitation was used as input 
control. Primers used for ChIP-qPCR are listed in 
Supplemental Data Set S1. The ChIP-qPCRs were performed 
with 3 biological and technical replicates.

Transient transcriptional activity assay
The promoter fragments of WRKY23 (4,983 bp), PLT3 
(3,919 bp), PLT7 (5,154 bp), PLT1 (5,611 bp), PLT2 
(5,315 bp), or WOX5 (4,534 bp) upstream of each translation 
start site were respectively amplified by PCR from Col-0 gen-
omic DNA and cloned upstream of LUC into the TQ379 vec-
tor (Zhang et al. 2017), which harbors the Pro35S:REN (Renilla 
luciferase) cassette, to create the reporter constructs 
ProWRKY23:LUC, ProPLT3:LUC, ProPLT7:LUC, ProPLT1:LUC, 
ProPLT2:LUC, and ProWOX5:LUC, respectively. The full-length 
coding sequences of ARF7, WRKY23, and bHLH041 fused with 
a 6-glycine linker were respectively cloned upstream of the 
GFP sequence into p326-35S-cGFP vector with a Ω transla-
tional enhancer as effectors (Lin et al. 2016). The Ω transla-
tional enhancer (Gallie et al. 1989; Gallie and Kado 1989) 
was cloned upstream of ARF7, WRKY23, and bHLH041 to in-
crease their final expression levels. All primers used for the 
generation of the constructs are listed in Supplemental 
Data Set S1.

Three-week-old Arabidopsis (Col-0) leaves were used for 
preparing protoplasts according to a published protocol 
(Yoo et al. 2007) for dual-luciferase reporter assays. The 
transfected protoplasts were cultured at 22 °C in the light 
for 4 h and then in the dark for 14 h. The protoplasts were 
then lysed with passive lysis buffer (Promega; E1910), and 
LUC and REN activities were quantified and measured with 
a luminometer (Promega GloMax Multi Jr). The relative 
LUC activity was calculated by normalizing to that of REN 
in 3 biological triplicates.

N. benthamiana infiltration
The full-length coding sequences of LBD16, LBD29, and WRKY23 
were cloned into the binary vector pSuper1300-FLAG vector, 
and the full-length coding sequence of bHLH041 was cloned 
into the vector pSuper1300-GFP to generate LBD16-FLAG, 
LBD29-FLAG, WRKY23-FLAG, and bHLH041-GFP constructs, 
respectively. A 6-glycine linker sequence was also inserted 
upstream of FLAG or GFP tags, and all primers used for 
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constructions are listed in Supplemental Data Set S1. 
Agrobacterium strain EHA105 harboring the different con-
structs cultured at 28 °C for 2 d was harvested by centrifugation 
at 3,500 rpm for 10 min at room temperature and resuspended 
in infiltration buffer (10 mM MES, 10 mM MgCl2, 150 μM aceto-
syringone, and pH 5.8) at a final OD600 = 1.0, and then mixed 
by the specific combination (v:v = 1:1) after 4 h. The mixed 
Agrobacterium cells were infiltrated into the leaves of 4-wk-old 
N. benthamiana plants using an injector as previously described 
(Sparkes et al. 2006). The fluorescent signals were examined un-
der an Olympus FV1000-MPE laser scanning microscope after 
plants were kept in dark for 24 h and then in the light for 
72 h. The signals were quantified by ImageJ software from 3 bio-
logical replicates.

Statistical analysis
All analyses were performed using GraphPad Prism v.8. 
Statistical analyses were performed using unpaired 
Student’s t-test with Welch’s correction (not assuming equal 
standard deviations) (*P < 0.05; **P < 0.01; ***P < 0.001). The 
values for N and the specific statistical test performed for 
each experiment are described in the figure legends and 
Supplemental Data Set S2.

Accession numbers
Sequence data in this article can be found in the Arabidopsis 
Genome initiative or GenBank/EMBL databases under the 
following accession numbers: WRKY23 (At2g47260), PLT1 
(At3g20840), PLT2 (At1g51190), PLT3 (At5g10510), PLT5 
(At5g57390), PLT7 (At5g65510), WOX5 (At3g11260), SHR 
(At4g37650), ARF7 (At5g20730), ARF19 (At1g19220), LBD16 
(At2g42430), LBD29 (At3g58190), bZIP59 (At2g31370), 
bHLH041 (At5g56960), ACTIN2 (At3g18780), GPAC 
(At3g04120), and UBQ10 (At4g05320).
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