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ABSTRACT

In Arabidopsis roots, xylem-pole-pericycle (XPP) cells exhibit dual cell fates by contributing to both lateral
root (LR) and cambium formation. Despite the significant progress in understanding these processes indi-
vidually, the mechanism deciding between these two fates and its contribution on root architecture and
secondary growth remain unknown. In this study, we combined lineage tracing with molecular genetics
to study the regulation of fate plasticity of XPP cell lineage. We showed that developmentally arrested
lateral root primordium (LRP) that fails to emerge as a lateral root gradually obtains cambium identity,
thus contributing to secondary growth. Conversely, procambium identity within XPP cells can be reverted
to LR identity when simulated by auxin, a key player in LR development. This competence for auxin-induced
LR formation from XPP cells, termed LR potency, however, decreases as the root matures. We found that
key cambium regulators play critical roles in shaping LR potency not only by promoting cambium identity
and activation but also by inhibiting LR formation. Consistently, corresponding mutants with impaired cam-
bium activity display broader LR potency. Moreover, cytokinins, essential players in cambium develop-
ment, facilitate the identity transition of LRP to cambium and reduce LR potency through key cambium reg-
ulators. Taken together, these findings highlight the inherent fate plasticity of XPP cell lineage and elucidate
how plant hormones influence root architecture and secondary growth through balancing the two cell fates
of XPP cells.
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INTRODUCTION

In Arabidopsis roots, the xylem-pole-pericycle (XPP) cells are
regarded as an extended meristem (Beeckman et al., 2001;
Himanen et al., 2004; Parizot et al., 2008). In tissue culture
conditions, whole seedlings can be regenerated from XPP
cells (Atta et al., 2009; Sugimoto et al., 2010). Under the
normal conditions, XPP cells exhibit two distinct cell fates.
Within the root tip of Arabidopsis, a cluster of XPP cells are
designated as a prebranch site. This site is primed for the
subsequent formation of a lateral root primordium (LRP) (De
Smet et al., 2007; Moreno-Risueno et al., 2010; Van Norman
et al., 2013; Xuan et al., 2020), which contributes to root
architecture upon breaking overlying tissues and emerging as
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a lateral root (LR). XPP cells not participating in LRP formation
gradually adopt the identity of cambium (referred to as
cambium-fate XPP cells), contributing to secondary growth
(Smetana et al., 2019). Lineage tracing studies have shown
that XPP cells from their circumferential positions give rise to
both vascular cambium, which generates vascular tissues,
and cork cambium, which produces the protective periderm
layer (Smetana et al., 2019).

The key plant hormones, auxin and cytokinin, play antagonistic
roles in LR development. Auxin signaling influences every stage
of LR development, including prebranch site formation, founder
cell specification, LR initiation, as well as the subsequent patterned
cell divisions of LRP, culminating in the emergence of LR by
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Figure 1. Establishment of CRE-loxP-based LR-tracing systems
(A) Left, an overview of root architecture of an 8-day-old seedling with arrested LRPs. Right, a close-up view of developmentally arrested LRPs imaged by
confocal microscopy. Yellow asterisks indicate relative positions of arrested LRPs in the root.

Mature root region

Younger root region

(legend continued on next page)
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penetrating through overlying tissues (Du and Scheres, 2018; Jing
and Strader, 2019; Motte et al., 2019). Auxin treatment can induce
de novo LR formation from XPP cells in a manner independent of
the prebranching mechanism (Dubrovsky et al., 2008; Moreno-
Risueno et al.,, 2010). Conversely, cytokinins impede LRP
initiation, disrupt proper positioning along the primary root,
and impair subsequent development (Li et al., 2006; Laplaze
et al, 2007; Marhavy et al., 2011; Bielach et al., 2012;
Chang et al., 2013, 2015; Jing and Strader, 2019). While
cytokinins exhibit inhibitory effects on LR development, they
promote the cambium activation and serve as rate-limiting regula-
tors of cambial activity and secondary growth (Matsumoto-Kitano
et al., 2008; Ye et al., 2021). Cytokinin treatment can prematurely
activate cambium for secondary growth (Ye et al., 2021).
Therefore, while auxin promotes XPP cells to develop into LRs,
cytokinins favor cambium formation.

It has been shown that a significant portion of slowly developing
LRPs fail to progress into emergence and instead enter a silent
state (Dubrovsky et al., 2006). For these developmentally
arrested LRPs, their ultimate fate is uncertain. In addition, how
internal and external stimuli, such as auxin and cytokinin,
modulate the ratio of arrested LRPs to the number of emerged
LRs is also unknown. Although auxin treatment can induce de
novo LR formation from XPP cells (Dubrovsky et al., 2008,
2011), this auxin-induced LR formation potential, termed LR po-
tency here, decreases as root matures by an unknown mecha-
nism. Therefore, to fully understand cell fate plasticity of the
XPP lineage and its influence on root architecture and secondary
growth, these two developmental processes need to be investi-
gated in an integrated manner.

The CRE-loxP site-specific recombination system, in which CRE
recombinase recognizes a 34-bp DNA sequence known as loxP
and mediates recombination between two loxP sites, has been
widely used for lineage tracing by conditionally activating a re-
porter gene in a target cell, thereby enabling genetic labeling of
all its progeny (Kretzschmar and Watt, 2012). In this study,
assisted by the novel CRE-loxP-based lineage tracing systems
which specifically and permanently label an LRP, we revealed
the interchangeable nature of these two XPP cell fates and its
regulation. The developmentally arrested LRPs eventually
relinquish their original identity and adopt cambium identity.
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Conversely, the procambium identity within XPP cells can be
reverted into LR identity by auxin application. As the root
matures, the LR potency decreases, due to the inhibitory effect
of gradually accumulating cambium regulators. Cytokinins,
consistent with their key roles in cambium development,
promote the arrest of young LRPs and facilitate the transition
from LRP identity to cambium identity. Cytokinins also lower LR
potency via inducing key cambium regulators. These findings
not only underscore the notable cell fate plasticity of the XPP
lineage but also revealed how auxin and cytokinins balance
these two cell fates between LR and cambium, thereby
influencing root architecture and secondary growth.

RESULTS

Developing CRE-lox based LR-tracing systems

Currently, there is no system available that allows for LR-
specific, permanent labeling to facilitate the tracking of the
cell fate plasticity of developing LRP. Arrested LRPs, in partic-
ular, are challenging to detect and track, especially in the
more mature part of the root (Figure 1A). To overcome this, we
developed an inducible CRE-loxP-based LR-tracing system.
LR-specific inducible promoters were used to drive CRE recom-
binase expression, inducing DNA sequence recombination
between two loxP sites and thereby activating transcription of
a reporter gene under a constitutive promoter, which allows
the labeling of cells and their progeny in the LRP lineage
(Figure 1B). We first assessed two LR-specific promoters,
PGATA23 (De Rybel et al., 2010) and pHB53 (Gonzalez-
Grandio et al.,, 2017; Serrano-Ron et al., 2021), and made
estradiol inducible versions of them, pGATA23:XVE and
pHB53:XVE. We fused each inducible promoter with the CRE
recombinase coding sequence and introduced the constructs
into a prescreened 35S:loxP-erGUSpYFP background (Figure
1B). The erGUSpPYFP fusion contain endoplasmic reticulum
(ER)-localized GUSplus reporter fused with YFP reporter thus
allowing flexible analysis of the clones. As both promoters
exhibit activities in the stage | LRP, it is therefore possible the
whole LRP/LR can be marked after CRE-mediated recombina-
tion and reporter gene activation. In T1 transgenic plants, we
observed that after a 1-day estradiol treatment, YFP-labeled
LR/LRP clones were efficiently induced on the convex side of

(B) A schematic of LR-tracing systems. CRE recombinase variants are induced with two different inducible, LR-specific promoters. CRE catalyzes
recombination between two loxP sites leading to constitutive expression of reporters driven by 35S, pUBQ10, or pHTR5.

(C) A comparison of distinct LR-specific inducible promoters and CRE recombinase variants. Three-day-old T1 seedlings grown on standard half-
strength growth medium (2.GM) were transferred to induction medium for 1 day before stereo microscopy. Numbers represent the frequency of the
observed types of YFP clones in independent T1 samples. Roots are outlined with gray dashed lines. Combination of pHB53:XVE>>CYCB1;1-CRE and
358:loxP-erGUSpYFP, named iLR Tracker, was used in the subsequent experiments. We named the combination of pHB53:CYCB1;1-CRE and 35S:
loxP-erGUSpYFP as LR Tracker (Supplemental Figure 1). White arrows mark each YFP clone associated with an LRP.

(D) In the iLR Tracker, a detailed confocal inspection and GUS staining revealed that LRs/LRPs are faithfully marked at various stages. Three-day-old
seedlings grown on 2GM were induced for 1 day, followed by analysis using confocal microscopy or GUS staining. GUS staining revealed a total of
467 LRs/LRPs, of which 406 showed clear GUS signals. All 406 GUS-marked clones accurately labeled LRs/LRPs (n = 42). Yellow arrows indicate
unspecific clones associated with overlying LRs/LRPs.

(E) An example showing arrested LRPs (white arrows) in the upper region of a 10-day-old root, as visualized by the iLR Tracker under a fluorescence
stereo microscope. Three-day-old seedlings grown on 2GM were first given 1 day induction then transferred to estradiol-free medium for another 6 days.
(F) Comparison of LR Tracker with other LR-related reporters. Seedlings were grown on 2GM for 10 days before imaging both the younger root region
(below the first emerged LRP) and the mature root region (below the hypocotyl) using fluorescence stereo microscopy. For direct comparison, the LR
Tracker line was crossed with DR5:erRFP and analyzed in the F1 generation. The pHB53:erRFP construct was introduced into the LR Tracker back-
ground, and T1 transgenic seedlings were analyzed. For each comparison, 10-15 seedlings were examined.

Scale bars, 1 cm (A, left), 1 mm (C, E, and F), 50 um (A, right; D).
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the root curve. Comparative analysis revealed that, in contrast
to pHB53, the GATA23 inducible promoter induced continuous
YFP signals in the younger part of the root, resembling its native
promoter’s expression pattern (De Rybel et al., 2010; Vermeer
et al, 2014). Consequently, pHB53:XVE exhibited more
specific labeling of LRs/LRPs compared to pGATA23:XVE
(Figure 1C).

Despite being more specific for LRs/LRPs, YFP clones generated
by pHB53:XVE marked a relatively broad domain beyond the LR/
LRP itself (Figure 1C). We then tested the CYCB1;1-CRE
construct (Smetana et al., 2019) to restrict the recombinase
activity specifically to mitotic cells at the G2/M phase of the cell
cycle (Figure 1B) (Colon-Carmona et al., 1999; Marrocco et al.,
2009; Smetana et al, 2019). Compared with CRE, the
CYCB1;1-CRE enabled the generation of smaller yet LR/LRP-
specific clones (Figure 1C). Therefore, the CYCB1;1-CRE recom-
binase was used for all further studies. Detailed confocal exami-
nation revealed nearly 100% (359/360 clones in 38 roots) of YFP
clones specifically marked LRs/LRPs, with over 80% (250/298
clones in 36 roots) of analyzed LRs/LRPs exhibiting YFP signal
(Figure 1D). GUS reporter assay showed a similar result
(Figure 1D). With such an inducible LR-tracing system, the ar-
rested LRP can be easily detected and tracked just under a fluo-
rescence stereo microscope (Figure 1E). We named this
inducible LR-tracing system as iLR Tracker.

In addition, by utilizing the HB53 native promoter, we also estab-
lished a stable LR-tracing system (named LR Tracker) and vali-
dated its reliability in LR/LRP tracing (Supplemental Figure 1).
To demonstrate versatility of this system, we grew the LR
Tracker line under different nutritional, hormonal, or stress
conditions (Supplemental Figure 2). In addition to expected root
architecture phenotypes (Zhang et al., 1999; Duan et al., 2013;
Kim et al., 2022), the LRs/LRPs under each condition were clearly
labeled with YFP, indicating the wide compatibility of this system
with various growth conditions (Supplemental Figure 2). With the
LR Tracker, the root architecture can be easily visualized
and quantified under a fluorescence stereo microscope,
significantly simplifying LR-related quantification compared to
conventional methods. For example, quantifying the LR/LRP
number within a fixed region of a 7-day-old root took about 25s
with the LR Tracker, while for the same region of the same root,
standard microscopy required more than 5 min, without including
time spent for sample preparation (Supplemental Figure 3A).
Implementation of such a system also improves the accuracy of
LR/LRP quantification: an average of 30 LRs/LPRs could be de-
tected using the LR Tracker under a fluorescence stereo micro-
scope, compared with 25 LRs/LRPs with standard microscopy
(Supplemental Figure 3B). This is likely due to the tendency of
LRPs to be overlooked in the latter case.

Occasionally, we observed unspecific induction of YFP/GUS in
the vascular cells underneath an LR/LRP in both systems
(Figure 1D and Supplemental Figure 1). However, this did not
affect LR/LRP identification or quantification as these non-
specific expressions were consistently associated with the over-
laying YFP/GUS-marked LR/LRP. We also noticed that LRs/LRPs
were not always fully marked by YFP/GUS expression (Figure 1D
and Supplemental Figure 1). This might be due to either loss of
recombination events in some LRP cells, likely caused by the
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cell-cycle-dependent regulation of CYCB1;1-CRE stability, or
by the expression preference of the 35S promoter, which drives
the YFP/GUS expression after the recombination. Additionally,
the youngest LRPs near the root tip exhibited weak signal, likely
because these LRPs might not have enough time to accumulate
a sufficient amount of YFP/GUS for visualization after recent
recombination events (Supplemental Figure 1). Thus, we
typically quantified LRs/LRPs within a fixed region of the root
rather than the entire root. In the T2 generation of the LR Tracker
lines, we also noticed a small portion of seedlings (ranging from 0.
3%-2.8% for different lines) showing YFP expression in the whole
seedling, indicating unspecific recombination events in the germ
cell line. In conclusion, iLR Tracker and LR Tracker facilitate
convenient and high throughput, real-time LR development
observation and quantification in an intact root, just under a fluo-
rescence stereo microscope.

Comparison between the LR Tracker and conventional
LR reporters

We then compared the LR Tracker line with the known LR re-
porters, including DR5:erRFP, pGATA23:nIsGFPGUS, pLBD16:
erYFP, pPLT2:erYFP, and pHB53:erYFP (Figure 1F). In the
younger root regions where LRP initiation and development
occur, DR5, pGATA23, and pLBD16 exhibit broad transcriptional
activity that extends beyond the LRP itself. In contrast, pHB53
shows LRP-specific expression, while pPLT2 is restricted to the
later stages of LRP development (Figure 1F, lower panel).
However, none of these reporters show expressions in the
arrested LRPs in the mature root region during secondary
growth, as the LR Tracker does (Figure 1F, upper panel). These
results were further validated by a direct comparison with the
generated double reporter lines of LR Tracker x DR5:erRFP and
the pHB53:erRFP;LR Tracker. In the mature root region, the
same arrested LRPs show YFP signals but no RFP signals
(Figure 1F, upper right panel). Therefore, the LR Tracker
enables the specific and permanent labeling of LRs/LRPs, which
makes it a powerful tool for root architecture studies, especially
when arrested LRPs are of interest. Our results also indicate
that arrested LRPs will finally lose their LRP identity.

Arrested LRPs eventually acquire cambium identity

Taking advantage of the iLR Tracker, we were able to reliably
monitor the development of individual LRP over extended time
periods. We first gave a 1-day estradiol treatment to 3-day-old
seedlings to induce YFP expression in LRP then transferred the
seedlings to estradiol-free medium and tracked each YFP-
marked LRP (in the upper root region of about 1 cm) over the
following days, by using a fluorescence stereo microscope
(Figure 2A-2C). In our growth conditions, LR emergence
predominantly occurred between day 4 and day 7 in this root
region (Figure 2C). At day 7, approximately half of all LRPs
failed to grow out (Figure 2C). Intriguingly, the YFP sectors
originating from these developmentally arrested LRPs gradually
expanded radially along with the overall secondary growth
(Figure 2D). Further examination post-GUS staining revealed a
morphological shift of these LRP cells from cubic to thin-
shaped cells due to periclinal cell divisions. Thus, the morphology
and division pattern resemble cambial cells, although the cells
are shorter than in cambium due to their origin from the short
LRP cells (Figure 2E). Additionally, within the same observation
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Figure 2. Arrested LRPs gradually acquire cambium identity

(A) A schematic showing the strategy used for LR/LPR tracing with the iLR Tracker. Three-day-old seedlings grown on .GM were first induced for 1 day
before transferring them to estradiol-free medium with/without phytohormones. After transferring, each LR/LRP was tracked under a fluorescence stereo
microscope until the roots were 10 days old. Note, after a 1-day induction, the LRPs in the newly formed root region showing initially weak fluorescence
(marked by yellow ring) were not followed. Therefore, a fixed root region marked between dashed lines was traced.

(B) Examples showing LR/LRP tracing in each root (outlined with gray dashed lines) under various conditions. In each panel, the same number labels the
same LR/LRP when the root was 4 days old (left) and 10 days old (right).

(C) Quantifications of LRP emergence frequency over time in the presence of different concentrations of auxin (NAA) or cytokinin (BAP). In 4-day-old
seedlings, auxin promotes and cytokinins inhibit LRP outgrowth in a dose-dependent manner. The data are shown as mean values calculated from a total
LRP number of 146-313, based on 22 to 44 individual roots.

(D and E) Lateral view of an arrested LRP showing radially expanded YFP sector over time (D) and GUS sector in a 2-week-old root (E). Note the shorter
cells (yellow arrows) in the region that used to be an LRP compared to the longer cells (white arrows) in regions below and above (E). V marks the
vasculature region.

(F) While cambium markers showed their expression in arrested LRPs (outlined with gray dashed lines), DR5 expression was low, in the mature region of
7-day-old roots. The left schematic shows the region of the root where imaging was carried out. When the roots were 3 days old, their root tips were
labeled, and 4 days later, only the root region above this label were sampled for confocal observation, without considering the maturing LRs. Numbers
refer to the frequency of observed phenotypes.

Scale bars, 50 um (B, E, and F) and 100 pm (D).

region, the auxin responsive reporter DR5 exhibited low in the overall secondary growth. To validate this, we examined
expression in most LRPs, suggesting reduced competence for the expression of key vascular cambium regulator genes in
continuing LR development (Figure 2F). LRPs, including the receptor kinase PHLOEM INTERCALATED

WITH XYLEM/TRACHEARY ELEMENT DIFFERENTIATION
Lineage tracing and histological analysis suggest the arrested INHIBITORY FACTOR RECEPTOR (PXY/TDR) (Fisher and
LRPs gradually acquire cambium-like properties to participate Turner, 2007; Hirakawa et al., 2008), transcription factors
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Figure 3. Cytokinins promote LRP to cambium identity transition
(A) Existing LRPs (outlined with gray dashed lines) acquired cambium identity with dampened expression of LR and root meristem reporters, after a 2-day

1-uM BAP treatment in 3-day-old seedlings. The LRPs from the newly grown part of the root after a 2-day growth were not included. Scale bar, 50 pm.
(B) Statistics of distinct reporter expression in LRPs with/without BAP treatment.

(legend continued on next page)
1764 Molecular Plant 18, 1759-1776, October 6 2025



Cell fate plasticity of XPP lineage

WUSCHEL RELATED HOMEOBOX 4 (WOX4) (Hirakawa et al.,
2010), LATERAL ORGAN BOUNDARIES DOMAIN 3 (LBDS3),
and LBD4 (Ye et al., 2021), as well as AINTEGUMENTA (ANT)
(Randall et al., 2015; Makila et al., 2023; Eswaran et al., 2024).
Additionally, we also included a cork cambium reporter driven
by PEROXIDASE15 (PER15) promoter (Xiao et al., 2020). While
expression of most of these reporters were absent in the
developing LRPs (see below, Figure 3), in the upper region of
7-day-old roots, most LRPs had obtained the expression of these
vascular cambium reporters in the basal part of the primordia,
adjacent to the protoxylem, as well as the PER15 expression in
the outmost layer, indicating a transition from LRP identity to
cambial identity (Figure 2F).

Next, we studied the mechanisms by which an LRP gets ar-
rested and obtain cambium identity. Given the importance of
auxin in LR development (Benkova et al., 2003; Bielach et al.,
2012), we first performed time-course observation of auxin
signaling changes in LRPs with the 3-day-old DR5:erRFP re-
porter line. While the normally developing LRPs quickly
emerged as LRs within the following 3 days, about half of
LRPs gradually lost the RFP signal (Supplemental Figure 4A).
We therefore proposed that the failure to maintain an
adequate auxin maximum in some LRPs may result in an
arrest. Supporting this, transient inhibition of auxin signaling
or its downstream targets involved in LR development
promotes LRP arrest. This was achieved by conditionally
expressing AXR3-1, a stable auxin signaling repressor (Rouse
et al., 1998; Smetana et al., 2019), or LBD16-SRDX, a
dominant-negative repressor of LBD16-mediated signaling
(Goh et al., 2012), under the pHB53:XVE promoter. Transient
inhibition of auxin transport using the auxin transport inhibitor
1-naphthylphthalamic acid (NPA) similarly promotes LRP ar-
rest. After recovery, these arrested LRPs ultimately acquire
cambium identity (Supplemental Figure 4B-4F). Moreover, our
lineage tracing studies with the iLR Tracker line indicated that
external auxin (naphthaleneacetic acid, NAA) supplementation
to 4-day-old roots accelerated LRP outgrowth and reduced
the number of arrested LRPs (Figure 2A-2C). Moreover,
despite slowly acquiring cambial identity, a considerable
portion (up to 20% depending on auxin levels) of arrested
LRPs from 7-day-old roots could still be reactivated by addi-
tional auxin supplementation. The auxin signaling maximum in
arrested LRPs could be rapidly reestablished within 12
h following 5 uM NAA application, leading to LR emergence
within 3 days. In contrast, arrested LRPs in the control
remained silent (Supplemental Figure 5). These results
emphasize the cell fate plasticity of LRPs in response to
internal and external stimuli (Supplemental Figure 5).

Arrested LRPs appeared to show increased resistance to
auxin-triggered reactivation as the root matures. For example,
relatively low levels of auxin (50 nM NAA) could efficiently
reduce arrested LRP numbers when applied to a 4-day-old
root (Figure 2B and 2C), but only reactivated a few of the
arrested LRPs of a 7-day-old root. In the latter case, higher
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levels of auxin (up to 5 pM) were required for reactivation
(Supplemental Figure 5A).

Cytokinins promote LRP to cambium identity transition

Cytokinins are known to inhibit LR initiation and development (Li
et al., 2006; Laplaze et al., 2007; Marhavy et al., 2011; Bielach
et al., 2012; Chang et al., 2013, 2015; Jing and Strader, 2019).
Utilizing the iLR Tracker, we demonstrated that cytokinin
treatment induces arrest of existing LRPs in a dose-dependent
manner (Figure 2A-2C). Since cytokinins also promote cambial
activation and secondary growth (Matsumoto-Kitano et al.,
2008; Ye et al.,, 2021), we investigated whether cytokinin
treatment facilitates the transition of LRP to cambium.
Following a 2-day BAP treatment in 3-day-old seedlings, we
observed morphological changes of LRP from a domed to flat-
tened shape, accompanied with the emergence of expression
of cambium reporters, including both vascular and cork cambium
reporters, which were inactive in most LRP in the mock-treated
roots (Figure 3). Unlike the other reporters, LBD4 exhibited a het-
erogeneous expression across LRP in the absence of cytokinin,
with stronger expression in the boundary domain. However,
following benzylaminopurine (BAP) treatment, this expression
pattern shifted to a uniform expression in the basal domain of
LRP. Similarly, we observed a shift of PER15 expression from
the LRP boundaries to the out layers, after BAP treatment.
Concurrently, LR and root meristem reporters tended to lose their
expressions in LRP (Figure 3). Thus, cytokinin promotes LRP
arrest and facilitates the acquisition of cambium identity. We
also noticed that cytokinin-mediated acquisition of cambium
identity in the LRP was accompanied by the cambial cell divisions
and expanded expression of cambium regulators in the neigh-
boring XPP cells (Supplemental Figure 6A), consistent with their
central role as promoters of cambium activity (Matsumoto-
Kitano et al., 2008; Ye et al., 2021).

In the 5-day-old roots with mock treatment, we found that a small
subset of LRPs (less than 17%) showed expression of cambium
regulators (except LRP-expressing LBD4), while approximately
twice as many LRPs (about 35%) showed reduced DRS5 reporter
activity. These findings suggest that arrested LRPs begin to ac-
quire cambium identity following a decline in auxin signaling
(Figure 3B and Supplemental Figure 6B). Developmental arrest
of LRP appears to take place during early stages, as suggested
by their morphology (Supplemental Figure 6B). LRPs in the
3-day-old roots seem to be highly sensitive to cytokinin treat-
ment, as indicated by efficient cytokinin-mediated LRP to cam-
bium identity transition (Figure 3). Similarly, a previous report
has shown that younger LRPs exhibit greater sensitivity to
cytokinin compared to developmentally more advanced LRPs
(Bielach et al., 2012). It is possible that in younger LRPs, the
auxin maximum has not been stabilized, making them more
susceptible to external interference. We also found that a 10-h
BAP treatment was insufficient to trigger PXY/TDR, WOX4, and
ANT expression in the most LRPs of 3-day-old seedlings,
except for LBD3, which is a direct target of cytokinin signaling

Note that LBD4 was expressed in the subdomain of LRPs (classified into the category “LRP showing undetectable reporter activity”) in the mock
treatment and throughout LPRs after BAP treatment (A). The boundary expression of LBD3 and PER15 in some LRPs with the mock treatment (A) were
classified into the category “LRP showing undetectable reporter activity.” The frequency is calculated from a total LR/LRP number of 33-83, based on 8

to 16 individual roots.
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(Ye et al., 2021) (Supplemental Figure 6C). For PXY/TDR, for
example, a 24-h treatment was required to induce its expression
in LRPs (Supplemental Figure 6D). In contrast, a time-course
observation revealed that cytokinins were able to rapidly damp-
ening auxin signaling in the LRPs of 3-day-old roots within
6 h (Supplemental Figure 6E). It has been shown that cytokinins
are able to rapidly (about 1.5 h) deplete the auxin efflux carrier
PINFORMED 1 (PIN1) from the plasma membranes through
modulating PIN1 endocytic recycling and thus redirect auxin
flow and inhibit LR organogenesis (Laplaze et al., 2007;
Marhavy et al., 2011). It is thus likely that cytokinins promote
the loss of LRP identity and the acquisition of cambium identity
in a sequential manner.

We also investigated the cell fate transition of secondary LRPs
(arising from mature LRs) in response to auxin and cytokinin using
the iLR Tracker line. Ten-day-old seedlings grown on standard
medium were transferred to induction medium for 1 day to initiate
YFP clone formation, followed by auxin and cytokinin treatments
and tracking of secondary LRP emergence. Our results show that
secondary LRPs undergo cell fate transitions similar to those of
primary LRPs: auxin promotes their emergence, while cytokinin
promotes their arrest and transition toward cambium identity
(Supplemental Figure 7). These findings indicate that XPP cells
in mature LRs exhibit cell fate dynamics comparable to those in
the primary root.

All together, our findings revealed that the LRPs, a derivative of
the XPP cell lineage, display cell fate plasticity. When LRPs enter
arrested state, whether under normal conditions or due to cyto-
kinin treatment, they undergo a transition to acquire cambium
identity. This transformation enables them to contribute to root
secondary growth, thereby serving as an additional source for
cambium, alongside the cambium-fate XPP cells, from their
circumferential position in the vasculature.

LRP arrest occurs before root meristem identity is
established

Based on the morphology of LRPs that had lost DR5:erRFP
expression in 5-day-old roots, we inferred that LRP arrest occurs
at early developmental stages (Supplemental Figure 6B).
However, the precise stage at which an LRP becomes arrested
remains unclear. One potential approach to determine this
would be through live imaging. However, this method is time
consuming, low throughput, and highly dependent on
subjective morphological assessment. Therefore, we sought an
alternative strategy to determine the developmental stage of
arrested LRPs at the molecular level, rather than relying solely
on morphology.

To this end, we returned to the lineage tracing method. We
selected a series of LRP-stage-specific promoters, including
pPGATAZ23, active from founder cells to stage IllI/IV (De Rybel
et al., 2010); 1.5 kb PLETHORA? (PLT7), an LRP-specific pro-
moter showing expressing from stage | (Du and Scheres,
2017); SCARECROW (SCR), PLT2, and PLT4, root meristem
markers active from stages IlI-IV onwards (Du and Scheres,
2017); and WEREWOLF (WER), expressed in the later stages
of emerging LRPs (Du and Scheres, 2017). We generated
inducible promoters of them and used them to drive
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expression of CYCB1;1-CRE in the background of 35S-loxp-er-
GUSPYFP. In T1 generation, 4-day-old seedlings were trans-
ferred to the estradiol-containing medium to induced YFP
clones (Figure 4A). We then quantified the ratios of arrested
LRP clones with YFP labeling to the total YFP clones. We
found that for the transgenic lines carrying inducible promoter
PGATA23:XVE and pPLT7:XVE, nearly 35% and 40% YFP
clones, respectively, failed to emerge out (Figure 4B). In
contrast, for the transgenic lines with root meristem inducible
promoters, the ratio is much lower, especially for the pWER:
XVE. Together with the results from the iLR Tracker and the
LR Tracker, which rely on pHB53 promoter expressing from
stage | onwards, showing that about half of LRPs become
arrested (Figures 2C, 4C, and 4D), we conclude that LRP
arrest primarily occurs before establishment of root meristem
identity. Given that root meristem regulators are mostly
expressed at stage lll/IV (Du and Scheres, 2017), therefore, it
is likely that LRP arrest occurs at the stage I/Il. This
conclusion is further supported by a previous study showing
that excised LRP with at least 3-5 layers can develop
autonomously into LRs (Laskowski et al., 1995).

Cambium regulators do not control the cell fate of LRPs

Given that most cambium regulators are not expressed in devel-
oping LRPs (Figure 3), that cambium identity in arrested LRPs
emerges after the loss of auxin signaling (Supplemental
Figure 6B), and that LRP arrest likely occurs at early
developmental stages during primary root growth (Figure 4A
and 4B), these observations suggest that cambium regulators
do not play a role in determining the cell fate of LRPs. To test
this hypothesis, we used CRISPR-Cas9 to generate mutations
in two cambium regulators in the LR Tracker background:
LBD4, which is expressed in LRPs, and PXY/TDR, a key cambium
regulator with relatively strong and specific expression in XPP
cells just above the root tip, where LRP initiation occurs (see
below, Supplemental Figure 10B). In the resulting Ibd4 and pxy
mutants, the proportion of arrested LRPs was comparable to
that of the WT (Figure 4C). Furthermore, auxin signaling
reporter dynamics in developing LRPs of the strong cambium
mutant /bd3;4;tdr;wox4 were similar to those in the WT, with
approximately half of the LRPs gradually losing their auxin
signaling maximum over time (Supplemental Figure 4A).
Consistently, quantification of emerged LR distribution in 10-
day-old roots of cambium-related mutants showed no increase
of LR numbers compared with WT (see below, Supplemental
Figure 12D). Considering that cytokinin-induced depletion of
auxin signaling in LRPs occurs more rapidly than the upregulation
of cambium regulator expression (Supplemental Figure 6C and
6E), our findings collectively suggest that LRP arrest, cambium
identity acquisition in arrested LRPs, and cambium regulators
mediated secondary growth are spatiotemporally separated.
Therefore, cambium regulators do not contribute to the cell fate
determination of LRPs under either normal or cytokinin-treated
conditions.

Endogenous cytokinin signaling control the cell fate of
LRPs

It has been reported that reduced cytokinin levels, either
by mutating ISOPENTENYL TRANSFERASES (IPTs), the rate-
limiting enzymes in cytokinin biosynthesis or by overexpressing
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Figure 4. Determining the developmental stage at which LRPs become arrested and factors affecting LRP arrest

(A) LRPs primarily become arrested before root meristem identity is established. Various inducible promoters were used to drive CRE-CYCB1;1
expression in the 35S:loxP-erGUSpYFP background. T1 generation seedlings were analyzed. Four-day-old seedlings grown on 2GM were trans-
ferred to induction medium for 6 days, after which YFP clones were induced in LRPs (upper panel) and LRs (middle panel) in the transferred root region
(the root region growing on 2GM before transfer), or in the newly grown root tips (lower panel) for some transgenic lines. The unemerged LRPs were
regarded as arrested LRPs. Note that not all LRPs could be marked, as some may have become arrested before induction. Scale bar, 50 pm.

(B) Ratio quantification of arrested LRPs after 6 days of growth on induction medium. Data are presented as the percentage of YFP-labeled LRP clones
relative to the total number of clones (YFP-labeled LRs + LRPs). Numbers indicate total clones observed under each inducible promoter from 19 to 66
individual roots.

(C) Mutation of cambium regulators LBD4 and PXY/TDR resulted in a similar ratio of arrested LRPs compared to the WT control (LR Tracker).

(D and E) Reducing endogenous cytokinin levels or cytokinin signaling led to a lower proportion of arrested LRPs. Six-day-old seedlings grown on 2.GM
or mock/induction medium were transferred to fresh 12GM for another 6 days before quantification. The YFP-labeled LRP clones and LR clones were
quantified from the transferred root zone, where the unemerged LRPs were considered as arrested LRPs. The ratio of arrested LRPs was calculated as
the number of YFP-marked LRPs relative to the total clone numbers (YFP-marked LRs + LRPs)

(C-E) Significant differences (C and D) were identified at a = 0.05 using one-way ANOVA followed by Tukey’s HSD post hoc test, with different letters
indicating statistically distinct groups. A two-tailed Welch’s t-test was performed (*p < 0.05; E). The “n” indicates the number of samples analyzed (C-E).
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Figure 5. Cambium regulators shape the LR potency
(A and B) Auxin-induced LR potency characterization of WT roots and cambium defective mutant roots. Seven-day-old roots grown on standard 2GM
from distinct genotypes were treated for 3 days with 5 pM NAA without (A) or with (B) a 2-day 1-uM BAP pretreatment. The left schematic (A) shows the
strategy used to quantify emerged LRs in each root zone. Note, Ibd3;4 and Ibd3;4;wox4 (B) exhibited a significant increase in LR induction in the root zone
1-1.5 cm and 0.5-1 cm, respectively, where frequent cambium-like cell divisions occurred (Supplemental Figure 14). A total number of 20-35 root
samples were used for quantification in each genotype. Significant differences, indicated by different letters, were determined at an alpha level of
0.05 using a one-way ANOVA with either Tukey’s post hoc test (for equal homogeneous variance) or Tamhane’s post-test (for unequal variance).
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the cytokinin oxidase gene CKX1, increases LR and LRP density
(Chang et al, 2013). A similar effect is observed when
components of the cytokinin signaling pathway are disrupted
(Chang et al.,, 2013). In contrast, increased cytokinin levels
block LRP initiation and development (Li et al., 2006; Laplaze
et al.,, 2007; Chang et al., 2013). Using the iLR Tracker and
cambium reporters, we demonstrated that cytokinin treatment
promotes LRP arrest and the transition of cell identity to
cambium (Figures 2C and 3).

To study whether endogenous cytokinin signaling regulates LRP
cell fate, we generated CRISPR-Cas9 knockout mutants in the LR
Tracker background by targeting key components mediating
cytokinin signaling and cytokinin biosynthesis. These include
type-B  ARABIDOPSIS RESPONSE REGULATORS (ARRs),
ARR1, ARR10, and ARR12 as well as cytokinin biosynthesis
gene IPT1, IPT3, IPT5, and IPT7. The combination with LR
Tracker allowed us to directly visualize arrested LRPs and quan-
tify the ratio of arrested LRPs to the total number of LRs/LRPs in
the mutants. A total of six mutant combinations were obtained,
arr10, arr10;12, arr1;12; ipt3;5, ipt1;7, and ipt1;3;5;7. Among
these mutants, arr1;72 and ipt1;3;5;7 exhibited a significantly
lower ratio of arrested LRPs, indicating that more LRPs success-
fully develop into LRs (Figure 4D). These results indicate that
endogenous cytokinin signaling indeed plays a role in regulating
the cell fate of LRPs, in addition to its known inhibitory
functions in LRP initiation and development. An examination of
cytokinin spatial distribution in roots revealed high levels of
active cytokinin in the LRP initiation zone (Bielach et al., 2012),
suggesting that endogenous cytokinins in this region likely play
a key role in determining LRP cell fate.

Furthermore, when cytokinin levels were conditionally reduced
inthearr1;12; LR Tracker background by expressing the cytokinin
oxidase gene CKX7 (Kollmer et al., 2014; Ye et al., 2021) under
the pGATA23:XVE promoter, a slightly but significantly lower
ratio of arrested LRPs was observed. However, a large
proportion of LRPs remained arrested (Figure 4E). This
observation suggests that additional unidentified factors also
contribute to the cell fate determination of LRPs.

Cambium regulators shape LR potency

The findings above demonstrated the fate plasticity of LRPs by
reversing LRP identity to cambium identity, under normal condi-
tions or by cytokinin treatment. Previous reports indicate that
cambium-fate XPP cells maintain the competence to form new
LRs when stimulated by auxin, but the competence decreases
in the segmented upper region of 10-day-old roots growing on
medium containing 10 pM NPA (Dubrovsky et al., 2008, 2011).
We therefore utilize the auxin-induced LR potency as a proxy to
evaluate the fate plasticity of cambium-fate XPP cells. To charac-
terize LR potency in an intact root at a higher resolution, we used
the LR Tracker for this purpose with various supplemented auxin
levels. We observed that 50 nM NAA triggered de novo LR forma-

Molecular Plant

tion (i.e., LR formation from the cambium-fate XPP cells) in the re-
gion primarily near the root tip; while above this region, only the
development of existing LRs/LRPs were affected (Supplemental
Figure 8A and 8B). When supplying 1 pM NAA, after a 3-day in-
duction, de novo LR formation was observed in a broader root re-
gion in the lower part of the root. In the upper part of the root, LR
initiation seemed to occur as well; however, in most cases, it did
not lead to LR outgrowth (Supplemental Figure 8A and 8B). We
then increased NAA level to 5 pM and found massive and
continuous de novo LR formation in the root region from about
1.5 cm below the hypocotyl toward the root tip, while the upper
root region (about 1 cm) remained less responsive despite such
a high level of auxin (Supplemental Figure 8A and 8B).
Decreased auxin-induced LR potency as root matures was also
observed by a detailed quantification of LR distribution in WT
roots after a 3-day 5-uM NAA treatment (Supplemental
Figure 8C). These results indicated that the fate plasticity of
cambium-fate XPP cells, as indicated by LR potency, is deter-
mined not only by the supplied auxin levels but also by the status
of root maturity.

We also developed an XPP cell lineage tracing system by using
an XPP-specific inducible promoter (Andersen et al., 2018)
driving CYCB1;1-CRE expression. With this system, we
confirmed first that the NAA-induced, newly formed LRs origi-
nated from XPP cell lineage, and second, the LR potency
decreased as root matures (Supplemental Figure 8D). Cytokinin
biosynthesis mutant ipt1;3;5;7, which lacks cambium activity
in the root and hypocotyl (Matsumoto-Kitano et al., 2008),
exhibited exceptional LR potency, with auxin treatment
triggering LR induction along the entire root length
(Supplemental Figures 8C and 9), thus confirming a previous
finding (Bielach et al., 2012). The decreased LR potency within
the WT roots and the differences in LR potency observed
between WT and ipt1;3;5;7 mutant roots suggest the presence
of regulators associated with cytokinin-induced secondary
growth governing LR potency as well as the fate plasticity of
cambium-fate XPP cells.

We proceeded to investigate the mechanism underlying our ob-
servations. Since cambium-fate XPP cells are destined for cam-
bium formation, we proposed that the gradual acquisition of cam-
bium identity may account for their decreased fate plasticity. To
test this, we first performed serial cross-sections to 7-day-old
WT roots to explore the relationship between LR potency and sta-
tus of maturity within XPP cell lineage. Statistical analysis showed
that cambium activation (i.e., initiation of the periclinal cell divi-
sions) predominantly occurred within the region spanning 1-1.
5 cm below the hypocotyl of 7-day-old seedlings. Above this re-
gion, cambium is typically fully activated, while below it, cambium
activation rarely occurred (Supplemental Figure 9A and 9B). This
gradual cambium activation pattern aligned well with LR potency
along the root: extensive LR induction was observed below this
region (Figure 5A and Supplemental Figures 8C and 9), while
LR induction was limited above it.

(C) Key cambium regulators are sufficient to inhibit LR development. The emerged LRs were quantified in each overexpression line after 8 days of
germination on mock or induction medium. n, number of independent roots analyzed. Two-tailed Welch's t-test was performed. **p < 0.01. Individual data

points are plotted as gray dots (A-C). Scale bar, 1 cm.

(D) A simplified model illustrating how auxin and cytokinin balance cambium and LR fates of XPP cell lineage. While auxin promotes LR fate acquisition,

cytokinins facilitate cambium fate acquisition.
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We then analyzed the expression dynamics of cambium regulator
genes within XPP cell lineage in 7-day-old roots. Our analysis re-
vealed a gradient expression pattern of cambium regulators
within cambium-fate XPP cells increasing toward the shoot,
except for PXY/TDR (Supplemental Figure 10A), which
displayed an opposite trend (Supplemental Figure 10B).
Reporter analysis indicated that once they exit the root apical
meristem, cambium-fate XPP cells gradually acquire procam-
bium identity before transforming into cambium when cambium
activation occurs, similar to the developmentally arrested LRPs
(Figures 2F, 3, and Supplemental Figure 6B). The procambium
identity can be conversely reverted to LR identity upon auxin
treatment. For example, the expression of cambium regulator
genes was clearly visible within the region 1.5-2 cm below the
hypocotyl, where cambium was not yet activated, and auxin
application is able to induce massive LR formation in this zone
(Supplemental Figures 8C, 9, and 10A). We also tracked this
identity transition through a time-course reporter analysis using
LR reporters pGATA23:nIsGFPGUS, pLBD16:erYFP, and a cam-
bium reporter pPXY:erYFP, each crossed with DR5:erRFP to
visualize auxin response dynamics. Following 5 uM NAA treat-
ment, transcriptional activity of DR5, pGATA23, and pLBD16
was rapidly induced along XPP cells within 4 h, with continued in-
crease observed alongside new LRP initiation from 8 h onward. In
contrast, in the young XPP cells without cambium activation,
PPXY exhibited a gradual decline in transcriptional activity during
this process (Supplemental Figure 11). However, when sustained
expression of cambium regulators finally cause cambium
activation, the reinforced cambium identity appears to inhibit
auxin-induced LR formation (Supplemental Figures 8C, 9A, 9B
and 10A).

To further explore the effects of cambium regulators on LR po-
tency, we investigated cambium mutants and examined the rela-
tionship between their cambium activation and LR potency. For
this purpose, we focused on mutants related to PXY/TDR,
WOX4, LBD3, and LBD4, which are known critical cambium
regulators (Wang et al., 2023) and loss-of-function mutants of
them show gradual increase in the severity of cambium activation
defects from single, double, triple, to quadruple mutants, as indi-
cated from serial cross-sections of these mutants (Supplemental
Figure 9A and 9B). While the mutants showed similar primary
root length as WT and LR distribution after mock treatment
(Supplemental Figure 12), we again discovered a strong
correlation between cambium activation defects and LR
potency along the root after auxin treatment (Figure 5A,
Supplemental Figure 9). For instance, the most severe mutant
combination, bd3;4;tdr;wox4, which exhibited no cambium
activation in 7-day-old roots, showed efficient LR induction along
the entire root length (Figure 5A, Supplemental Figure 9).
Therefore, cambium regulators shape the LR potency and cell
fate plasticity of cambium-fate XPP cells along the root.

Next, we asked whether any of the cambial regulators are suffi-
cient to prevent LR formation. We induced ectopic over-
expressions of cambium regulator genes in the early LRP and
the young root region by using the GATA23 inducible promoter.
For this purpose, we included PXY/TDR, WOX4, LBD3, LBD4,
LBD11, ANT, and the HD-ZIP Il transcription factor ATHBS,
which acts downstream of auxin signaling in determining vascular
stem cell organizer (Smetana et al., 2019). Ectopic expression
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analysis revealed that all these tested cambium regulators
inhibited LR development to various degrees (Figure 5C and
Supplemental Figure 13A and 13B). PXY/TDR expression alone
had no obvious effects on LR development, however, when com-
bined with the treatment of its ligand, TRACHEARY ELEMENT
DIFFERENTIATION INHIBITORY FACTOR (TDIF) (Ito et al,
2006), a clear inhibitory effect was observed (Supplemental
Figure 13A and 13B). Over-expressions of WOX4, LBD3, and
LBD4 appeared to show stronger LR development inhibition
compared with other cambium regulators, in line with broader
LR potency in their corresponding mutants. Therefore, the inhib-
itory effects of cambium regulators on LR development explain
the restriction of LR potency exerted by cambium activation
within XPP cells. Despite the clear inhibitory effect on LRP devel-
opment, overexpression of LBD3 and LBD4 led to an enhanced
auxin signaling response in developing LRP following induction
(Supplemental Figure 13C-13E). This was accompanied by
ectopic anticlinal cell divisions in XPP cells, suggesting that
LBD3 and LBD4 primarily exert their inhibitory roles at post-
initiation stages. For different cambium regulators, it is possible
that they inhibit LR development in a different manner.

Overall, our results indicated that the procambium identity within
XPP cells can be reverted to LR identity stimulated by high levels
of auxin, further highlighting the fate plasticity of cambium-fate
XPP cells. However, gradual elevation of cambium regulator
expression within XPP cells, especially TDIF-PXY/TDR, WOX4,
LBD3, and LBD4, will lead to cambium activation and identity
reinforcement, thereby these cambium regulators serve as
limiting factors for the cell fate plasticity of cambium-fate XPP
cells.

Cambium regulators are required for cytokinin-
mediated inhibition of lateral root potency

The previous findings have shown that pretreatment with cyto-
kinin or expressing a cytokinin biosynthesis gene in the XPP cells
diminishes the effectiveness of auxin induced LR formation, sug-
gesting the compromised fate plasticity within cambium-fate XPP
cells in the presence of cytokinin. However, the underlying mech-
anism is unknown (Li et al., 2006; Laplaze et al., 2007). Given that
cytokinins prompt premature cambium activation (Ye et al., 2021)
and they promote LRP to cambium identity transition (Figure 3,
Supplemental Figure 7), we formulated a hypothesis that
cytokinins impede auxin-induced LR potency by facilitating cam-
bium activities within XPP cells. To investigate this hypothesis,
we conducted serial sections in the WT and cambium mutant
roots following cytokinin treatment and quantified cambium acti-
vation events within XPP cell lineage (Supplemental Figure 14).
Within the 0-2.4 cm root region below the hypocotyl, activation
of cambium in XPP cells was evident in the WT root, which
again correlated with the limited LR induction by auxin within
this region (Figure 5B, and Supplemental Figure 14). Notably,
cambium mutants exhibited an expanded auxin-induced LR po-
tency subsequent to cytokinin pretreatment, with the Ibd3;4;tdr;
wox4 mutant displaying the most pronounced LR potency
(Figure 5B and Supplemental Figure 14). Interestingly, different
from the WT, [bd3;4 and Ibd3;4,wox4 demonstrated a
significant increase in LR induction even from the root region
where a frequent cambium-like cell divisions occurred
(Figure 5B and Supplemental Figure 14). This finding suggests
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that not cambial cell divisions themselves, but reinforced
cambium identity rendered by key cambium regulators, serve
as a limiting factor restricting LR potency. We also observed
that cytokinin pretreatment reduced the number of induced
LRs, particularly in cambium-defective mutants lacking one or
two cambium regulators (Figure 5A and 5B). This is likely
because these mutants retain residual cambium activity,
enabling cytokinin to activate cambial divisions (Supplemental
Figure 14A and 14B), which in turn inhibits auxin-induced LR for-
mation. Together, our results indicated that cytokinins play their
inhibitory roles on auxin-mediated LR potency via promoting
cambium activity. During this process, key cambium regulators
are involved.

DISCUSSION

The developmental plasticity of plants ensures their ability to sus-
tain growth in response to fluctuating environments. In this study,
we delved into the fate plasticity of XPP cell lineage with respect
to their dual cell fates. First, we developed novel LR-tracing sys-
tems, iLR Tracker and LR Tracker, to enhance LR/LRP visualiza-
tion and demonstrated their broad applicability in various condi-
tions. In contrast to cambium-fate XPP cells, developing LRPs
exhibit distinct morphological features characterized by short
cell walls and a domed shape, attributed to patterned cell divi-
sions. Traditional quantification of LRs/LRPs rely heavily on stan-
dard wide-field microscopes (Malamy and Benfey, 1997), which
could lead to the oversight of LRPs in root zones undergoing
secondary growth or positioned non-orthogonally to the light
path. To address this limitation, researchers often use LR re-
porters, albeit with drawbacks such as nonspecific or transient,
stage-specific expression and faint or absent expression in ar-
rested LRPs (Figure 1F). Our newly developed systems, which
specifically, strongly, and permanently marks LRPs post-
recombination, enable direct visualization of LRs/LRPs in intact
roots under a fluorescence stereo microscope, therefore facili-
tating convenient and high-throughput LR-related quantification.
In addition to the 35S:loxP-erGUSpYFP construct used in this
study, we also provided five additional vectors for the research
community by replacing 35S promoter with other two frequently
used constitutive promoter UBIQUITIN10 (Norris et al., 1993)
and HTR5 (Ingouff et al., 2017) or by changing the coding
sequence of YFP to RFP (Figure 1B).

Using the iLR Tracker and cambium reporters, we revealed that
approximately half of the LRPs in the mature root zone became
arrested and eventually acquired cambium identity under our
growth conditions (Figures 2C, 2F and 5D). Furthermore, we
demonstrated that cytokinins promoted arrest of young LRPs
and the transition from LRP identity to cambium identity
(Figures 2B, 2C, 3 and 5D). Compromised cytokinin levels or
cytokinin signaling causes reduced proportion of arrested LRPs
(Figure 4C), consistent with their established inhibitory roles in
LR development (Li et al., 2006; Laplaze et al., 2007; Marhavy
et al., 2011; Bielach et al., 2012; Chang et al., 2013, 2015; Jing
and Strader, 2019). The occurrence of LRP arrest appears to be
independent of cambium regulators, as most of these genes
are not expressed in active LRPs (Figure 3). Furthermore, the
acquisition of cambium identity in arrested LRPs takes place
after the loss of the auxin signaling maximum (Supplemental
Figure 6B). Lineage tracing further revealed that LRP arrest
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occurs prior to the establishment of root meristem identity
(Figure 4A and 4B), most likely at stage I/Il, before the onset of
secondary growth. This explains why mutants of cambium
regulators show similar numbers of LRs and comparable ratios
of arrested LRPs relative to WT (Figure 4C, Supplemental
Figure 12D).

A well-established auxin signaling maximum is believed to play a
crucial role in the development of LRP (Benkova et al., 2003;
Bielach et al., 2012). Our results suggest that LRP arrest might
result from a failure to maintain this auxin maximum.
Supporting this, transiently disrupting auxin transport signaling
or downstream target involved in LR development promotes
arrest of LRPs and transition to cambium fate (Supplemental
Figure 4B-4F). And supplementing low concentrations of auxin
to a 4-day-old root was effective in stimulating the emergence
of most LRPs, while higher concentrations of auxin could awaken
arrested LRPs in a 7-day-old root (Figure 2B, 2C, and
Supplemental Figure 5A). However, as the root matures, the
capacity of auxin to reactivate arrested LRPs diminishes
(Supplemental Figures 5A, 8A, and 8B), because these LRPs
have already acquired and reinforced their cambium identity
(Figures 2F and 5D).

In this study, expression analysis of cambium regulators revealed
a gradual acquisition of cambium identity of cambium-fate
XPP cells, as root matures (Figure 5D and Supplemental
Figure 10A). When expressions of cambium regulator genes
reach a threshold level, cambium activation occurs. Even
though in this study only XPP cell lineage was followed, it is
likely that in the vascular region, procambium activation to
cambium occurs in a similar manner. With the LR Tracker,
cambium, and LR reporters, we showed that the procambium
identity within XPP cells could be reverted to LR identity by
auxin treatment (Figure 5A, Supplemental Figures 8-11). When
cambium activation occurs, the cells in XPP lineage become
less responsive to auxin-induced LR formation, likely due to their
strengthened cambium identity, boosted by the key cambium
regulators PXY/TDR, WOX4, LBD3, and LBD4. Supporting this,
induction of these regulators in early LRP cells strongly inhibited
LR development, and the corresponding knockouts displayed
expanded LR potency (Figure 5, Supplemental Figures 9C,
13A, and 13B). It is possible that other cambium regulators
also contribute to this process, such as ATHBS8, whose
ectopic expression showed strong LR development inhibition
(Supplemental Figure 13A and 13B).

It has been shown that auxin application fails to rescue the defect
in LR initiation when a cytokinin biosynthesis enzyme, IPT, is ex-
pressed in XPP cells or following cytokinin pretreatment (Li et al.,
2006; Laplaze et al., 2007). In this study, our data showed that
cytokinin pretreatment lowers LR potency via premature
cambium activation within XPP cells in a process requiring at
least PXY/TDR, WOX4, LBD3, and LBD4 (Figure 5B, 5D and
Supplemental Figure 14). This represents another pathway
inhibiting LR development, which is likely different from their
direct inhibitory effects on LR development via modulating
PIN1-mediated auxin transport (Marhavy et al., 2011). Although
these cambium regulators are not involved in controlling cell
fate determination of LRPs under normal conditions, our
findings indicate that they contribute to shaping LR potency
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when auxin levels change. A prior study indicated that while LR
formation is the predominant response to auxin treatment in
4-day-old seedlings, for 6-day-old seedlings, auxin treatment in-
duces periderm formation instead, in the mature part of the root
(Xiao et al., 2020). This phenomenon has been observed earlier
as well (Dubrovsky et al., 2011). This dual role of auxin can
potentially be explained by our findings. Our data suggest that
once accumulation of cambium regulators establishes cambial
identities in XPP and the remaining pericycle cells, then auxin
has a new role in promoting further cambial development and
root maturation. This, in turn, limits the cell fate plasticity of
XPP lineage to form LRs. In conclusion, our findings
demonstrated the control of cell fate plasticity of XPP lineage in
Arabidopsis roots and elucidated how plant hormones auxin
and cytokinin influence root architecture and secondary growth
through balancing LR fate and cambium cell fate of XPP cells.
This regulation may reflect a biological strategy to balance
water and nutrient uptake with the mechanical support in the
natural environment. Although this study focused on the roles
of auxin and cytokinin in regulating the cell fate plasticity of LRP
and cambium-fate XPP cells (which we collectively name as
XPP cell lineage), it is likely that various internal and external
cues influencing LRP initiation and post-initiation development
also contribute to such plasticity.

METHODS

Vector construction and Arabidopsis transformation

To generate the pXPP:XVE inducible promoter, a 2.5-kb XPP-specific
promoter (Andersen et al., 2018) was cloned into the first box entry
vector 1R4a-ML-XVE (Siligato et al., 2016) by restriction enzyme
digestion and ligation. To facilitate the construction of inducible
promoters, we modified the 7R4a-35S-XVE vector (“a” denotes
ampicillin resistance) by adding Asc | and Fse | restriction enzyme
sites flanking the 35S promoter sequence through omega PCR (Chen
et al., 2013; Wang et al., 2020), yielding the 1R4a-Ascl-35S-Fsel-XVE
vector. Subsequently, a 1.1-kb GATA23 promoter sequence was intro-
duced by replacing the 35S promoter via digestion and ligation. The
1R4a-35S-XVE vector was further modified by incorporating multiple
cloning sites flanking the 35S promoter using omega PCR (Chen et al.,
2013; Wang et al., 2020) to generate a universal intermediate vector,
1R4a-MCS-35S-MCS-XVE. A 2-kb HB53 promoter sequence was first
integrated into the first box donor vector pDONR1R4z (“z” denotes zeo-
cin resistance) via BP reaction, to produce the 1R4z-pHB53 entry vector.
The HB53 promoter sequence was also cloned into the 1R4a-MCS-35S-
MCS-XVE vector through digestion and ligation to produce 1Ra-pHB53-
XVE. Promoter sequences of PLT2, PLT4,and PLT7 were cloned into the
1R4a-MCS-35S-MCS-XVE vector in a similar way. The RFP coding
sequence from the published 227z-erGUSpRFP entry vector (“z” de-
notes zeocin resistance) (Makila et al., 2023) was replaced with YFP
coding sequence via omega PCR (Chen et al., 2013; Wang et al,,
2020), to generate 221z-erGUSpYFP.

A longer version of 35S promoter (Hunter et al., 2019) and a 2-kb HTR5
promoter (Ingouff et al., 2017) were used to substitute for the shorter
version of 35S promoter in the published 71R4z-35S-Loxp entry vector
(Smetana et al., 2019) through omega PCR (Chen et al., 2013; Wang
et al., 2020), for the generation of 1R4z-p35S;,,4-loxP and 1R4z-pHTRS5-
loxP, respectively. To avoid misunderstanding, the 35S;,,4-l0XP in this pa-
per is presented as 35S-loxP. The construction of the 1R4z-pUBQ10-loxP
vector was performed with a different strategy. Initially, multiple cloning
sites were introduced into the flanking sites of the 35S promoter of the
published 1R4z-35S-loxP entry vector (Smetana et al., 2019) via omega

1772 Molecular Plant 18, 1759-1776, October 6 2025

Cell fate plasticity of XPP lineage

PCR (Chen et al.,, 2013; Wang et al., 2020) to produce a common
intermediate vector 1R4z-MCS-35S-MCS-loxP entry vector, which was
followed by the replacement of the 35S promoter with a 2-kb UBQ10 pro-
moter sequence through digestion and ligation.

All binary expression constructs were generated through multisite
gateway LR reactions. The promoters 71R4a-pGATA23-XVE, 1R4a-
pHB53-XVE, 1R4a-pHB53, 1R4a-pPLT2-XVE, 1R4a-pPLT4-XVE, 1R4a-
PPLT7-XVE, 1R4a-pSCR-XVE, and 1R4a-pWER-XV in the first boxes,
recombinase coding sequences 221z-CRE (Smetana et al., 2019) and
221a-CYCB1;1-CRE in the second boxes (Smetana et al., 2019), and
the terminator 2R3a-nosT in the third box were combined into the
destination vector FRm43GW (Wang et al., 2020). The first box entry
vectors 1R4z-35S-loxP, 1R4z-pHTR5-loxP, and 1R4z-pUBQ10-loxP, sec-
ond box entry vectors 221z-erGUSpYFP and 221z-erGUSpRFP (Makila
et al., 20283), and the third box entry vector 2R3a-nosT were integrated
into the destination vector pBM43GW (Karimi et al., 2002). In this study,
we tested the 35S-loxP-erGUSpYFP construct by first transforming it
into Col-0 background. Then in T2 generation, 15 independent, likely sin-
gle insertion lines (as indicated by Mendelian segregation ratio) were
screened and transformed with pGATA23:XVE>>CRE. The most suitable
35S:loxP-erGUSPpYFP line was selected based on performance (i.e.,
consistent and non-leaky clone formation) with pGATA23:XVE>>CRE,
and that line (without pGATA23:XVE>>CRE) was used as the background
for subsequent studies.

The reporter lines used in this study, DR5:erRFP (Siligato et al., 2016),
PpPXY:erYFP (Smetana et al., 2019), pWOX4:erYFP (Smetana et al.,
2019), pLBD3:erYFP (Ye et al., 2021), pLBD4:erYFP (Ye et al., 2021),
PANT:erRFP (Makila et al., 2023), pWOX5:erGFP (Blilou et al., 2005),
gPLT1YFP (Mahonen et al., 2014) have been published before. A 2-kb pro-
moter sequence of PER15 (Xiao et al., 2020) and a 4.5-kb promoter for
LBD16 were cloned into the first box donor vector 1R4z-Bsal-ccdB-Bsal
(Mékila et al., 2023) via Golden Gate Cloning to produce 1R4z-pPER15
and 1R4z-pLBD16. The first box entry vectors 1R4z-pPER15, 1R4a-
PPLT2 (Mahonen et al., 2014), 1R4z-pLBD16, 1R4a-pHB53, second box
entry vectors 221z-erYFP, 221z-erRFP (Siligato et al., 2016), and 2R3a-
nosT (Siligato et al., 2016) were combined into the destination vector
PHmM43GW or pBm43GW (Karimi et al., 2002) to generate the respective
reporter construct. The constructs pHB53:XVE>>axr3-1-RFP and
PpHB53:XVE>>axr3-1-YFP were generated by combining three modules,
1R4a-pHB53-XVE (first box), 221z-axr3-1 (second box) (Smetana et al.,
2019), and either 2R3z-4xgly-YFP or 2R3z-4xgly-RFP (third box) (Siligato
et al., 2016), into the destination vector pF7m34GW (Wang et al., 2020).
To create 221z-gLBD16-SRDX, we fused the SRDX coding sequence to
the genomic sequence of LBD16 using a two-step PCR approach. In
the first round, we used a forward primer with a full-length attB1 adapter
and a reverse primer containing the SRDX sequence. In the second round,
the same forward primer and a new reverse primer with a partial SRDX
sequence and full-length attB2 adapter were used, with the first PCR
product as the template. The final PCR product (attB7-gLBD16-SRDX-
attB2) was cloned into the donor vector pDONR221z via BP recombina-
tion, generating 221z-gLBD16-SRDX. Finally, to produce pHB53:
XVE>>gLBD16-SRDX, we assembled 1R4a-pHB53-XVE, 221z-gLBD16-
SRDX, and 2R3a-nosT (Siligato et al., 2016) into the destination vector
PFG7m34GW (Wang et al., 2020).

Constructions of 227z-ANT and 221z-ATHBS8 entry vectors were
described elsewhere (Smetana et al., 2019). The coding sequences of
LBD3, LBD4, and LBD11 without stop codons and the genomic
sequence of PXY/TDR with the stop codon were cloned into the second
box donor vector 221z-Bsal-ccdB-Bsal (Wang et al., 2020) through
Golden Gate Cloning. The construction of 221z-Bsal-ccdB-Bsal was
performed as previously described (Wang et al., 2020). The coding
sequences of YFP and WOX4 were initially separately amplified in the
first round PCR and then combined into a fusion of YFP-WOX4 through
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a second round overlapping PCR, which was followed by a subsequent
BP reaction to produce the 227z-YFP-WOX4 entry vector. For cambium
regulator ectopic expression analysis, the inducible promoter 1R4a-
PGATA23-XVE, respective cambium regulator genes, and 2R3a-nosT
(for PXY/TDR and YFP-WOX4) or 2R3a-YFP (Siligato et al., 2016) (for
other cambium regulator genes) were integrated into either pBm43GW
(Karimi et al., 2002) or pFRm43GW (Wang et al., 2020) destination
vectors. All constructs were transformed into Arabidopsis Col-0 back-
ground. For each construction, more than 10 lines were analyzed, and
one representative line showing consistent expression or phenotype
with others was used for further analysis. All primers used in this study
are listed in the Supplemental Table 1. All constructs generated in this
study are listed in the Supplemental Table 2.

The cambium defective mutants used in this study, wox4, tdr, tdr;wox4,
1bd3;4, and Ibd3;4;wox4, were published elsewhere (Ye et al., 2021).
The mutant combination /bd3;4;tdr;wox4 was produced by crossing
Ibd3;4 with tdr;wox4.

Mutant generation by CRISPR-Cas9

To directly observe arrested LRP, CRISPR-Cas9 mutants were generated
in the LR Tracker background. The previously published CRISPR
construct targeting LBD4 was used to produce the /bd4 mutant (Ye
et al., 2021). For other mutants, we employed a CRISPR-Cas9 system
based on intronized Cas9 (iCas9) driven by the RPS5A promoter
(Grutzner et al., 2021), with minor modifications to make it compatible
with the Gateway cloning system. The RPS5A promoter and iCas9
coding sequence were cloned into the entry vectors 1R4z-Bsal-ccdB-
Bsal (Makila et al., 2023) and 221z-Bsal-ccdB-Bsal, respectively, via
Golden Gate cloning (Wang et al.,, 2020). The sgRNA expression
cassettes were assembled using a two-step overlapping PCR method.
In the first round PCR, the sgRNA promoter AtU6-26 and scaffold were
amplified separately together with the target sequences, using
PAGM55261 (Addgene #153210) (Grutzner et al., 2021) and pHEE2E TRI
(Addgene #71288) (Wang et al., 2015) as templates. The resulting two
PCR fragments were then combined into complete sgRNA expression
cassettes in the second round PCR. In our Golden Gate cloning
strategy, we assembled two expression cassettes. For the first
cassette, we used the primer pairs PUF-TG1/PUR-XX and PSF-XX/
PSR-TG1 in the first round PCR, followed by PUF-TG1/PSR-TG1 in the
second round. For the second cassette, the primers PUF-TG2/PUR-XX
and PSF-XX/PSR-TGR were used in the first round, followed by PUF-
TG2/PSR-TGR in the second round. Here, “xx” represents the gene of in-
terest. Two sgRNA expression cassettes were cloned into the third-box
entry vector 2R3z-Bsal-ccdB-Bsal (Wang et al., 2020) via Golden Gate
cloning. The sgRNA expression cassette targeting PXY/TDR using the
AtU3b promoter was cloned as previous described (Wang et al., 2020).
The resulting entry vector containing sgRNA expression cassette was
then assembled into the destination vector pFG7m34GW, together with
1R4z-pRPS5A and 221z-iCas9. All target sites were selected using
CHOPCHORP (Labun et al., 2019). For ARR12 editing, two different sgRNA
targets were used. All mutants were analyzed from at least the T2 gener-
ation, with the CRISPR construct segregated out. The CRISPR construct
targeting IPT3 and IPT5 was introduced into the ipt1;7;LR Tracker back-
ground to generate the ipt1;3;5;7;LR Tracker. All primers, constructs,
and mutant genotypes are listed in the Supplemental Tables 1-3,
respectively.

Plant growth and chemical treatment

Seeds were surface sterilized and stratified for 2 days at 4°C before
plating on half-strength MS growth medium containing 0.5 x MS salt
mixture with vitamins (Duchefa), 1% sucrose, 0,5g/L MES (pH 5.8),
and 0.8% agar. Transgenic seeds were screened either under a fluores-
cence stereo microscope (Leica M165 FC) or on growth medium con-
taining 20p/ml phosphinotricin (Sigma) or 20p/ml hygromycin (Sigma).
Plates were vertically positioned in the growth chamber at 23°C with
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long-day settings (16 h light and 8 h dark). Stock solutions of 10 mM
(NAA; Sigma), 10mM 6-benzylaminopurine (BAP; Sigma) and 10 mM
1-NPA (Sigma) were prepared in dimethyl sulfoxide (DMSO; Sigma)
and diluted into required working concentrations. Aqueous 10 mM stock
solution of TDIF peptides (GeneCust) was prepared and stored at —80°C
and diluted to 1 pM as working concentration. 20 mM 17-p-estradiol
(17-B; Sigma) was dissolved in DMSO as stock solution and diluted to
5 uM as working concentration. Potassium nitrate (Sigma), mannitol
(Sigma), and sodium chloride (Sigma) were added to the growth medium
to indicated concentrations. Auxin treatment in LR-tracing experiments
was performed on solid growth medium with 0.8% plant agar. For LR in-
duction experiments performed in WT and cambium defective mutants,
liquid growth medium with 0.2% plant agar was used. An equal volume
of DMSO solution was added to growth medium as mock treatment.

GUS staining and histological sections

GUS staining was performed as previously described (Smetana et al.,
2019). Serial longitudinal sections and serial cross-sections were carried
out as described previously (Kareem et al., 2016). For vibratome
sections, 7-day-old root samples were first fixed in 4% paraformaldehyde
solution (in 1x PBS, pH 7.2, Sigma) overnight, then rinsed twice with
1x PBS, aligned manually on a glass slide placed on ice, and cut every
0.5 cm. The segmented root samples were then embedded in 4% agar
(Sigma, dissolved in 1x PBS) for subsequent vibrotome sections. Vibra-
tome sections was carried out as described before (Smetana et al,,
2019). Root sections were stained in 1x PBS solution containing 0.1%
calcofluor for cell wall staining.

Microscopy and image processing

Intact LR/LRP observation and tracing in a time-course manner was per-
formed under the fluorescence stereo microscope (Leica M165 FC). GUS-
stained root samples were first fixed into 4% paraformaldehyde solution
overnight, followed by an incubation in ClearSee solution (Kurihara
et al., 2015) for at least 2 days before LRs/LRPs observation and quanti-
fication under a standard wild filed microscope (Leica 2500). Confocol mi-
croscopy (Leica SP8) of the lateral view of LRs/LRPs involves fixing root
samples in a 4% paraformaldehyde solution overnight, followed by incu-
bation in ClearSee for at least 2 days, and 1-day cell wall staining with
0.1% calcofluor dissolved in ClearSee. This method was also used for
lateral view observation of reporter expressions in LRP. The cross-sec-
tions of WT and cambium defective mutants were stained sequentially
in a 0.05% (w/v) ruthenium red solution (Fluka Biochemika) and a 0.05%
(w/v) toluidine blue solution (Smetana et al., 2019) in deionized water
before observation. The figures were organized in PowerPoint. Images
for LR tracing sometimes were adjusted in brightness and contrast for bet-
ter visualization. Images used for comparison were always captured and
displayed with the same settings.

Quantifications and statistics

Root length quantification in 7-day-old roots were performed by first scan-
ning the plates where the seedlings were grown then measuring root
length in scanned images with Fiji-imaged. Emerged LR numbers of WT
roots and cambium defective mutant roots after a 3-day auxin or mock
treatment were quantified by first subjecting the seedlings to a 70°C
oven for 2 h to prevent further growth, then placing roots on a glass slide
with a ruler underneath and counting root numbers every 0.5 cm. The
numbers of emerged LRs in ectopic overexpression lines of cambium reg-
ulators were counted under the stereo microscope, after an 8-day germi-
nation on mock or induction growth medium. Fluorescence intensity of
different cambium reporters within XPP cell lineage was quantified using
Fiji-imagedJ.

Plots were created using the boxplot function and the ggplot2 package in
RStudio (https://www.rstudio.com/) with R version 4.3.3 (https://www.
r-project.org/). The boxplots show the first quartile (bottom of the boxes),
median (middle line), and third quartile (top of the boxes). Individual
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samples are represented by dots. All experiments were conducted at least
twice. Statistical analyses were performed with SPSS Statistics version 29
and RStudio (https://www.rstudio.com/) using R version 4.3.3 (https://
www.r-project.org/). For comparing two groups, the Welch’s t-test was
applied following the performance of a Shapiro test. For multiple group
comparisons, one-way ANOVA was conducted in SPSS Statistics version
29. Levene’s test assessed the homogeneity of variances. Significant dif-
ferences between datasets were determined using either the Tukey post
hoc test (for equal homogeneous variance) or Tamhane’s post-test (for un-
equal variance) at a significance level of alpha = 0.05.
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