
The life and legacy of the root endodermis:
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The root endodermis forms a selective interface between the 
soil environment and the vasculature, which is essential for 
radial transport. Traditionally defined by its barriers, it is 
increasingly understood that the endodermis is a dynamic 
tissue in which development, cell wall modification, and 
signaling are integrated. Moreover, evidence is emerging that 
this tissue contains several cell files with individual identity, 
which may play distinct physiological roles in integrating 
environmental responses. Based on this, we present here a 
spatiotemporal perspective on endodermal function, following 
its progression from early specification to eventual termination 
during secondary growth. We give an overview of the endo-
dermal life cycle, from early specification and barrier differ-
entiation to its eventual replacement during secondary growth. 
We propose that the endodermis functions as a transient 
regulatory interface in which cell identity programs, positional 
cues, barrier surveillance pathways, and environmental re-
sponses converge to control transport and signaling. In this 
view, the endodermis is not simply a passive diffusion barrier, 
but a developmentally patterned, tunable tissue that actively 
adjusts radial permeability during root growth. Its influence 
extends beyond its lifespan, shaping subsequent develop-
mental trajectories and plant–environment interactions.
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Birth in the meristem: taking pole position
Although Arabidopsis provides the main molecular 
framework for this review, endodermal anatomy and 
developmental progression vary across angiosperms, 
including tertiary wall thickening in many monocots and 
potentially distinct modes of endodermis-to-periderm 
replacement in woody plants. Nonetheless, the estab-

lishment of endodermal cell identity occurs in the root 
meristem and defines the developmental competence 
required for subsequent functions [1—4]. This identity 
is specified through the well-characterized non-cell-

autonomous interaction between the transcription fac-

tors SHORTROOT (SHR) and SCARECROW (SCR) 
[5] (Figures 1a and 1b). Moreover, even at this early 
stage, positional information derived from the vascula-

ture begins to impose additional layers of organization. 
Endodermal cells adjacent to xylem poles (the xylem 
pole-associated endodermis; XPE), are influenced by 
the movement of the cytokinin-signaling inhibitor 
ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER-

ASE 6 (AHP6) from the underlying protoxylem and 
pericycle [6,7] (Figure 1c). AHP6 plays a central role in 
establishing vascular bisymmetry within an 
auxin—cytokinin feedback loop [8,9]. Consequently, 
XPE cells differ from their phloem pole-associated 
endodermis (PPE) counterparts in hormonal respon-

siveness, growth dynamics, and developmental timing 
[6]. These observations indicate that endodermal 
identity is not uniform, but is spatially patterned already 
from its inception, or within the first few cell divisions. 
As a consequence, rather than a single defined cell type, 
the endodermis is specified along a radial axis that re-

flects its position relative to the vasculature. Impor-

tantly, this early positional asymmetry establishes 
distinct developmental trajectories, which in Arabi-

dopsis are associated with either the xylem pole, the 
phloem pole, or positions situated between the two 
poles (non-pole-associated endodermis; NPE) 
(Figure 1c). On average, XPE cells are shorter compared 
to PPE cells (Figure 1c). Fascinatingly, XPE cells can 
also give rise to passage cells (PCs) later in development 
(Figures 1 and 3a), indicating that this fate is specified 
early but only manifests during subsequent differenti-

ation stages [6,10,11]. However, how vascular-derived
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hormonal gradients are interpreted by individual endo-

dermal cells to generate stable XPE and PPE states 
remains unclear, particularly in the context of the core 
SHR—SCR transcriptional network. Resolving how po-

sitional cues are integrated with lineage-specifying 
programs will be key to understanding how these early 
differences are translated into later func-

tional specialization.

The young endodermis: drawing the line
As endodermal cells exit the meristematic region, they 
enter the differentiation zone, typically defined by the 
formation of the Casparian strip (CS) [3,12] and the 
expression of distinct transporter proteins [13]. The CS

structure seals the apoplastic space between adjacent 
cells, thereby forcing solutes to cross the plasma mem-

brane (PM) [14]. In Arabidopsis, the CS is positioned at 
the median of the transverse and anticlinal endodermal 
cell walls [15] and is formed from lignin deposited 
adjacent to a specialized PM domain, the Casparian strip 
domain (CSD) [16,17]. Within the CSD, secreted 
scaffold proteins, including CASPARIAN STRIP 
MEMBRANE DOMAIN PROTEINS (CASPs) and 
associated lignification machinery, define a highly 
restricted site of wall modification that constitutes the 
CS proper [18]. Remarkably, CS formation is not merely 
a tightly organized construction process, but it is also 
actively monitored [19,20]. CASPARIAN STRIP 
INTEGRITY FACTOR (CIF) peptides, produced in

Figure 1
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c
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Defining the endodermis and its cellular diversity.
The figure summarizes three early steps in endodermal development. First, the cortex–endodermis initial (CEI) undergoes asymmetric divisions that 
generate separate cortex and endodermal cell fates. Second, endodermal identity is established through the transcription factors (TFs) SHORTROOT 
(SHR) and SCARECROW (SCR), which form a regulatory network. SHR is produced in the stele and moves through plasmodesmata into adjacent 
ground tissue cells, where it activates SCR expression by forming a transcriptional complex with SCR and additional TFs. Third, as endodermal cells 
differentiate, positional information from the stele generates radial heterogeneity within the endodermis, distinguishing xylem pole endodermis (XPE), 
phloem pole endodermal (PPE), and non-pole endodermis (NPE). XPE and PPE differ in morphology, most notably in cell length. This is proposed to 
reflect differential exposure to ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6), which moves from the xylem axis and inhibits 
cytokinin signaling. XPE later provide the developmental context from which passage cells emerge during suberin patterning, as shown in Figure 3a. In 
contrast, PPE cells are not exposed to AHP6, allowing cytokinin signaling to remain active and favor cell elongation. As a result, XPE cells undergo more 
divisions and are therefore shorter than PPE cells.
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the stele, diffuse outward through the apoplast and are 
perceived by the receptor kinase SCHENGEN3/ 
GASSHO1 (SGN3/GSO1) [21,22]. Upon successful CS 
formation, CIF diffusion is restricted, thereby closing 
the signaling pathway.

In contrast, defective CS formation permits continued 
CIF diffusion, which triggers compensatory reinforce-

ment responses (Figure 2a). CIF perception through 
SGN3 leads to transmission via phosphorylation to the 
downstream cytoplasmic kinase SCHENGEN1(SGN1). 
The SGN3-SGN1 receptor complex is additionally 
embedded within a postmeristematic K + -sensing niche 
that bifurcates signaling toward both barrier

reinforcement and nutrient sensing [23]. Under low-K + 

conditions, this pathway promotes phosphorylation of 
Respiratory Burst Oxidase Homologs (RBOHs), result-

ing in downstream activation of K + uptake systems 
(Figure 2b). In both Arabidopsis and Lotus, genetic 
uncoupling of CS formation from SGN signaling has 
recently also revealed that the SGN pathway can inte-

grate soil nitrogen status into systemic shoot responses 
[23—25] (Figure 2c). This indicates that barrier emer-

gence is functionally linked to whole-plant signaling 
rather than structural integrity alone [24,26]. Evidence 
for this comes from a recent study, which managed to 
uncouple the SGN signaling from CS formation by 
creating a semi-synthetic loop construct based on the

Figure 2

a b c
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The SCHENGEN pathway integrates barrier integrity with nutrient signaling.
(a) Casparian strip (CS) formation is actively monitored by the SCHENGEN (SGN) pathway. This pathway comprises the leucine-rich repeat receptor 
kinase SGN3 (GSO1), its associated cytoplasmic kinase SGN1, and stele-derived CASPARIAN STRIP INTEGRITY FACTOR (CIF) peptides. When the 
CS barrier is disrupted, CIF peptides diffuse across the apoplast and are perceived by the SGN3–SGN1 receptor complex. This activates a downstream 

module consisting of RESPIRATORY BURST OXIDASE HOMOLOG F (RBOHF), dirigent proteins (DPs), and peroxidases, leading to localized reactive 
oxygen species (ROS) production and lignin polymerization to seal the barrier. Once the CS is restored, CIF diffusion is restricted, leading to attenuation 
of SGN signaling and closure of the feedback loop. (b) The CS barrier integrates nutrient responses via the SGN pathway. Under low-potassium 

conditions, CIF-mediated activation of SGN signaling enhances CS formation and induces downstream responses, including activation of the high-
affinity potassium transporter HAK5, thereby promoting K + uptake. (c) Under low-nitrogen conditions, CS formation is delayed, allowing increased CIF 
diffusion and sustained activation of the SGN pathway. This results in elevated ROS production and amplification of nitrogen-starvation responses. (d) 
An artificial positive feedback system was generated by driving MYB36 expression under the control of the CASP1 promoter (MYB36 Loop ). Because 
CASP1 is a direct downstream target of MYB36, this creates a self-reinforcing loop that leads to hyperactivation of the CS-forming machinery and 
precocious, expanded CS formation. In these lines, CIF diffusion is effectively abolished, resulting in constitutive inactivation of SGN signaling and thus 
formation of an SGN-independent CS barrier.
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endodermis-specific master regulator of CS formation, 
v-Myb MYELOBLASTOSIS VIRAL ONCOGENE 
HOMOLOGUE 36 (MYB36). Transgenic plants 
harboring a construct in which the promoter region of 
CASP1 drives MYB36 expression (pCASP1:MYB36) 
display wider and earlier CS formation, independent of 
SGN3. This creates a new tool to disentangle the role of 
the CS and its associated signaling (Figure 2c). 
Together, these findings broaden the functional signifi-

cance of early endodermal differentiation. From its 
onset, the developing CS acts not only as a selective 
diffusion barrier but also as a signaling-competent

interface whose structural status actively shapes physi-

ological responses beyond the endodermal cell itself.

The old endodermis: Sealing the deal
Following the definition of a controlled apoplastic 
boundary, endodermal cells undergo an additional dif-

ferentiation process characterized by the deposition of 
suberin lamellae as a secondary cell wall between the 
primary cell wall and the PM [27,28]. Suberin is a hy-

drophobic polymer composed of aliphatic and aromatic 
constituents [29]. These are synthesized in the

Figure 3

Developmental progression of suberin as a secondary barrier and its replacement by the periderm
(a) The second stage of endodermal differentiation is characterized by the deposition of suberin lamellae around endodermal cells, forming a hydro-
phobic secondary cell wall that remains developmentally dynamic. Suberin monomers are synthesized in the cytoplasm through the combined activity of 
the phenylpropanoid and fatty-acid biosynthetic pathways and are subsequently exported across the plasma membrane, where they are polymerized 
into lamellated structures adjacent to the cell wall. Suberin deposition follows a stereotypical pattern along the root axis, resulting in three distinct zones. 
In the region closest to the meristem, endodermal cells possess a functional Casparian strip but lack suberin lamellae, defining an unsuberized zone. 
Further along the axis, suberin is deposited in a discontinuous manner, preferentially in phloem pole endodermal (PPE) cells, forming a patchy zone. In 
the mature region, most endodermal cells are fully suberized, generating a continuously suberized zone, with the exception of a small number of xylem 

pole endodermal cells that remain unsuberized and are referred to as passage cells (PCs), depicted in gray in the continuously suberized zone. All 
zones of suberization are depicted in cross-sectional view and longitudinal view, with endodermal cell files labeled in Roman numerals. At later 
developmental stages, this endodermal suberin barrier is replaced by a secondary growth-derived barrier, the periderm. The periderm consists of three 
cell layers: phelloderm, phellogen, and phellem, as illustrated in the transition zone. (b) Periderm integrity can be monitored through a gas-based 
diffusion mechanism involving ethylene and oxygen. This mechanism has been demonstrated during periderm regeneration after wounding, where 
barrier disruption alters local ethylene and oxygen dynamics and activates repair responses. Restoration of pre-wounding gas gradients provides 
feedback that barrier integrity has been re-established. Recent work further suggests that mechanical cues contribute to phellem differentiation during 
the developmental barrier transition, indicating that both physiological and mechanical inputs may help coordinate periderm formation.
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cytoplasm, transported across the PM, and polymerized 
in the cell wall to form a continuous lamellar layer 
[30,31] (Figure 3a). Whereas the CS restricts apoplastic 
flow at a narrow domain, suberin lamellae generate a 
broader, hydrophobic insulating barrier that limits 
transcellular movement [32,33].

In contrast to the tightly coordinated and spatially 
confined formation of the CS, suberization unfolds 
gradually along the longitudinal axis of the root. Cells 
near the meristem remain unsuberized, followed by a 
region of spatially patterned endodermal suberization 
that forms a patchy zone before the complete suberi-

zation of the endodermis in the mature zone of the 
root [27,34] (Figure 3a). This progression generates a 
root-tip-ward-moving gradient that reflects both devel-

opmental stage and environmental input [11]. Strik-

ingly, this later differentiation program does not erase 
the positional asymmetry established in the meristem, 
but instead reinforces it, resolving into spatially distinct 
cell states within the endodermis. Suberization is initi-

ated earlier and more consistently in PPE cells, whereas 
XPE and NPE counterparts display delayed and often 
incomplete suberization, giving rise to the characteristic 
patchy zone [11]. A subset of XPE cells adopts a distinct 
fate and remains persistently unsuberized, forming PCs 
(Figure 3a). These cells are positioned adjacent to xylem 
poles and probably define localized domains of perme-

ability within an otherwise sealed tissue. This may 
provide spatially restricted pathways for radial transport. 
Importantly, PCs are specified before the onset of su-

berization [6,10], indicating that they represent the 
execution of developmental trajectories established in 
the meristem rather than a failure to undergo suberi-

zation. In this view, the patchy suberization pattern 
reflects the readout of early positional information along 
the radial axis.

In Arabidopsis, suberization represents a distinct genetic 
developmental program [35]. While the molecular logic 
underlying CS formation is relatively well-defined, the 
regulatory framework controlling suberization remains 
fragmentary. A limited set of transcription factors, which 
also includes members of the MYB family [36—38], has 
been implicated in this process, but these likely repre-

sent only a subset of a much broader regulatory network. 
MYB68, for example, influences suberization in a cell-

file-specific manner [11,39], thereby linking radial 
identity to the decision to suberize. This suggests that 
the emergence of PCs reflects the controlled deploy-

ment of prepatterned identities rather than stochastic 
variation. Rather than merely reinforcing the CS, su-

berization thereby redefines the functional properties of 
the endodermis, shifting it from a selective checkpoint 
to a dynamically regulated interface. Understanding how

this program is initiated and how individual endodermal 
cells integrate positional information, developmental 
age, and environmental signals to control suberin 
deposition remains a central challenge.

Taken together, the active regulatory nature of the 
endodermis emerges from several molecular control 
layers acting across developmental time. SHR-SCR-

dependent specification establishes endodermal 
competence, vascular-derived cues such as AHP6 im-

poses radial positional information, SGN3/CIF signaling 
monitors CS integrity, and MYB-dependent pathways 
regulate cell file-specific and environmentally respon-

sive suberin deposition. These modules convert posi-

tion, developmental age, and external conditions into 
local changes in barrier architecture, allowing the 
endodermis to actively tune radial transport rather than 
merely restrict it.

The end of the endodermis: The changing 
of the guard
The functional integrity of the endodermis is not main-

tained indefinitely. As roots undergo secondary growth, 
radial expansion disrupts the spatial precision required 
for cell-resolved control of permeability. During this 
transition, endodermal cells lose their identity as a pri-

mary barrier and ultimately undergo programmed cell 
death [40], while the pericycle is reprogrammed to form 
the phellogen, initiating periderm development. The 
emerging periderm differs fundamentally from the 
endodermis in both its organization and mode of action. 
Rather than relying on cell-resolved domains of perme-

ability, it forms a multilayered, suberized, and lignified 
barrier optimized for protection and long-term stabil-

ity (Figure 3b).

Recent work has begun to reveal how periderm barrier 
integrity and differentiation are controlled. In Arabi-

dopsis, studies of periderm regeneration after wounding 
showed that plants monitor barrier disruption through 
changes in gas diffusion, involving altered ethylene and 
oxygen dynamics that promote periderm repair until 
barrier integrity is restored [41] (Figure 3b). Although 
this system was characterized in a regeneration context 
rather than during the normal developmental replace-

ment of the endodermis, it provides an important 
concept for understanding how plant roots sense and 
restore barrier function. Complementing this view, 
mechanical cues contribute to phellem differentiation 
during barrier transition [42], pointing to a role for tissue 
mechanics in coordinating the emergence of the sec-

ondary barrier. Together, these findings suggest that the 
shift from endodermis to periderm involves not only 
replacement of one barrier tissue with another, but also a
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change in barrier logic from a spatially precise, signaling-

competent interface to a mechanically and physiologi-

cally reinforced protective system.

Legacy: marked by division
Although the endodermis is ultimately displaced during 
secondary growth, its functional imprint persists 
through its role in shaping transport and signaling during 
earlier developmental stages. By controlling radial fluxes 
of water, nutrients, and metabolites, the endodermis 
establishes patterns of resource allocation that influence 
shoot physiology and long-distance communication. 
Recent high-resolution transcriptomic analyses of the 
maturing root have revealed that suberizing cell types 
undergo dynamic, staged differentiation programs, with 
distinct transcriptional states accompanying the transi-

tion from endodermal suberization to periderm forma-

tion [43—45]. These findings indicate that barrier-

associated processes are not isolated events, but are 
part of a broader developmental continuum in which 
early endodermal states influence subsequent tissue 
identities and functions. The endodermis can therefore 
be viewed as setting initial boundary conditions that 
propagate forward into later developmental programs. 
Beyond development, endodermal plasticity also shapes 
ecological interactions. Alterations in suberization pat-

terns in response to environmental cues―such as 
nutrient availability or biotic stress―can persist over 
extended periods [34,46]. By regulating the retention 
and release of metabolites, the endodermis influences 
the composition of root exudates and thereby contrib-

utes to microbial colonization [47]. Taken together, the 
influence of the endodermis extends beyond its physical 
presence, effectively encoding aspects of environmental 
history in root structure and function. It acts as an early 
integrator of developmental and environmental infor-

mation, whose effects are carried forward through both 
tissue differentiation trajectories and long-term physi-

ological and ecological outcomes.

Future directions
Despite recent advances, key gaps remain in our un-

derstanding of endodermal function. The regulatory 
networks that translate environmental signals into 
spatially defined patterns of suberin deposition are still 
incompletely resolved, and current models likely cap-

ture only a subset of the underlying mechanisms. 
Equally unclear is how and when endodermal function is 
actively terminated during the transition to secondary 
growth, and how this process is coordinated with the 
emergence of new barrier tissues such as the periderm. 
A central open question is the extent to which early 
endodermal states influence later developmental tra-

jectories, including the formation of suberized tissues 
derived from other cell types. At the organismal level, it 
remains unclear how endodermal barrier dynamics are 
integrated with long-distance signaling networks,

including nutrient signaling, hormonal regulation, and 
shoot—root communication. Similarly, the role of the 
endodermis in shaping metabolic fluxes and rhizosphere 
interactions over time is only beginning to be explored. 
Addressing these challenges will require combining ge-

netic perturbations with high-resolution spatial and 
temporal approaches, including quantitative modeling. 
Integrating these datasets across developmental stages 
will be essential to capture the endodermis as a dynamic 
system whose function emerges from the interplay be-

tween cell identity, position, and environment.
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