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The root endodermis
A hub of developmental signals and nutrient flow
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The root endodermis is the cylindrical boundary that separates
the inner vascular tissue from the outer cortex and functions
as an apoplasmic barrier for selective nutrient uptake. Recent
developmental and cell biological studies have started to
reveal the mechanisms by which this single cell layer serves
as a key regulatory module of root growth, tissue patterning
and nutrient flow, which in concert support the plant’s ability
to survive in a terrestrial habitat. This review provides an
overview of the key factors that contribute to the functioning
of the root endodermis and discusses how this single cell layer
dictates root growth and tissue patterning.

The roots of vascular plants are composed of functionally dis-
tinct tissues organized into a concentric pattern of cell layers.!
Although both the number and morphology of each tissue
vary with plant species, the overall organization of root tis-
sue patterns are well conserved, indicating their importance
for basic root functions, such as anchorage of the plant and
nutritional uptake. Figure 1 shows a schematic view of the
Arabidopsis root tissue organization."? The roots of certain
plant species, such as rice, maize and tobacco, exhibit more
complex patterns, mainly due to the presence of additional
cortical layers.?

Laser ablation and mosaic analyses indicated that stem cell
maintenance and tissue patterning are regulated by cell-cell

communication.®®

Recent molecular genetic studies using the
Arabidopsis root as a model system have started to reveal the
molecular identity of the intercellular signals involved in root
growth and tissue patterning, and highlight the importance
of the endodermis as a central regulator of these processes.
Moreover, a search for genes specifically expressed in the endo-
dermis has led to the identification of the elusive components of
the Casparian strip (CS), the cell wall structure that serves as
an impermeable apoplasmic barrier to nutrients and water. This
minireview introduces recent advances in our understanding of
the mechanisms by which the root endodermis differentiates
and how this single-celled layer controls root growth and tissue
patterning,.
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Formation of the Root Endodermis

In Arabidopsis, the developmental origin of the root endoder-
mis can be traced back to triangular-stage embryos, where the
ground meristem, the progenitor of the ground tissue (endoder-
mis and cortex), divides periclinally to form two-layered ground
tissue primordia.” After germination, this two-layered ground
tissue organization is maintained by the stereotypical cell divi-
sion of the cortex/endodermis initials (CEIs) and their immedi-
ate daughter cells (CEIDs) (Figs. 1 and 2D).! An unidentified
signal that possibly emanates from the adjacent quiescent center
(QC) maintains the pluripotent stem cell capacity of the CEL®
The CEI divides transversely to give rise to a CEID at the distal
position from the QC, whereas the daughter cell abutting the
QC maintains its CEI identity. The CEID divides periclinally to
give rise to two daughter cells, each of which differentiates into
either an endodermis or cortex cell, depending on its position
relative to the stele:

Two GRAS-type transcription factors, SHORTROOT (SHR)
and SCARECROW (SCR), play key roles in the formation and
maintenance of the root endodermis. SHR proteins are produced
in the stele and move to the adjacent cell layer, which is composed
of the QC, CEIL, CEID and endodermis (Fig. 2D).*? In this layer,
SHR activates the transcription of several target genes, includ-
ing SCR, and the SCR protein thus formed physically interacts
with SHR, likely forming a transcription activation complex.'®!!
In the CEID, the SHR-SCR complex activates the transcription
of a cell cycle regulator, Cyclin D6;1, which in turn is required
for the periclinal division of CEID (Fig. 2D).!* Thus, loss-of-
function shr and scr mutants are unable to form the two-layered
ground tissue. The ground tissue of the sh» mutant does not pos-
sess the differentiated attributes of the endodermis, whereas that
of scr contains at least partial characteristics of the endodermis.®!?
Therefore, the functioning of SHR, but not of SCR, is required
for the differentiation of the endodermis. Consistent with this
observation, the forced expression of SHR outside the stele results
in the ectopic manifestation of endodermal characteristics.”

Whereas the number of cortical layers varies with plant species
and the age of the root, the endodermis is typically composed
of a single cell layer. This evolutionarily and developmentally
conserved property of the root endodermis is likely due to the
restricted cell-cell movement of SHR to one cell distance.” Loss
of SCR protein results in increased SHR movement and ectopic
periclinal divisions, indicating that SCR captures SHR protein in
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Figure 1. Schematic representation of Arabidopsis root tissue organiza-
tion (reproduced from ref. 2). Cell types are shown in different colors,
and their abbreviations are in parentheses.

the nucleus of the recipient cell layer, and thereby inhibits further
cell-cell movement of SHR. Interestingly, this regulatory mecha-
nism seems to be conserved in rice, indicating that the mecha-
nism that ensures the formation of the single endodermis layer is
evolutionarily conserved.'

The Endodermis Emits microRNAs
for Tissue Patterning

Whereas functional studies of SHR and SCR demonstrated that
a mobile transcription factor specifies endodermal cell fate in a
position-dependent manner, the signaling pathway that controls
root radial patterning also involves other non-cell-autonomous
factors that function downstream of the SHR-SCR module.
Recently, SHR was shown to activate the transcription of three
MICRORNAIG5/6 genes, MIRI65A, MIRI66A and MIRIG6B,
specifically in the single cell layer composed of the QC, CEl,
CEID and endodermis (Fig. 2D),*' an expression pattern pre-
cisely coinciding with that of SCR.®" As expected, levels of
mature miR165/6 were dramatically reduced in both shr and scr
mutants, suggesting that MIRI65/6 expression is regulated by
the SHR/SCR transcription factor complex.>™ Consistent with
this hypothesis, chromatin immunoprecipitation (ChIP) analysis
indicated that SHR binds to the 5" upstream regions of MIR165A
and MIR166B.*

MicroRNA165/166 (miR165/6) target the mRNA of five Class
111 HOMEODOMAIN LEUCINE ZIPPER (HD-ZIPIII) genes,
PHABULOSA (PHB), PHAVOLUTA (PHV), REVOLUTA/
INTERFASCICULAR FIBERLESSI (REV/IFLI), CORONA/
INCURVATA4 (CNA/ICU4) and ATHBS8."* In Arabidopsis
roots, the expression of all HD-ZIPIII mRNA is confined to
the vascular tissue by the action of miR165/6-dependent regu-
Loss-of-function mutants of a single HD-ZIP III gene
exhibit no discernible defect in root tissue pattern,

lation."
whereas
miR-resistant gain-of-function alleles, especially those of PHB
(phb-d alleles), exhibit severe patterning defects in a broad range
of root cell layers, including the cortex, endodermis, pericycle and
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xylem vessels.> Most notably, differentiation of the two xylem
cell types, protoxylem (Px) and metaxylem (Mx), is disturbed in
phb-d mutants, with Mx occupying the region where Px normally
forms. This same phenotype is also observed in shr and scr roots,
where the level of miR165/6 is reduced and hence HD-ZIPII]
expression is slightly expanded relative to the wild type. In con-
trast, quadruple loss-of-function mutants of the HD-ZIPIII
genes, as well as transgenic plants overexpressing miR165 in the
stele, form supernumerary Px files at the expense of Mx." These
data suggest that the differentiation of the two xylem cell types is
determined by the dosage of HD-ZIPIII TFs in the central stele,
which in turn is defined in a non-cell-autonomous fashion by the
miR165/6 derived from the endodermis.

The mode of non-cell-autonomous miR165 action has been
characterized quantitatively by manipulating the level of miR165
production in the ground tissue and correlating it with PHB
expression patterns and xylem differentiation in the stele.” The
level of miR165 in the ground tissue was indeed found to regu-
late the graded distribution of PHB across the stele, as well as the
differentiation of Px and Mx. Moreover, this study revealed that
the ground tissue-derived miR165 (and possibly also miR166)
suppresses the expression of PHB in the pericycle and cortex, and
that this suppression is essential for the correct differentiation of
the pericycle and cortex. Therefore, SHR/SCR-dependent acti-
vation of miR165/6 production in the endodermis not only speci-
fies xylem cell types in the stele, but also controls a broader range
of cell differentiation in Arabidopsis roots.?

It is noteworthy that the miR165/6-dependent suppression of
HD-ZIPIII has been suggested to play a key role in establish-
ingapical-basal polarity during embryogenesis, dorsoventral pat-
terning of leaf primordia and shoot vascular organization.””?%% A
particularly interesting research question is whether the non-cell-
autonomous function of miR165/6 also operates during these
developmental events, or whether it is a specific feature of the
root endodermis.

The Endodermis as an Integrator
of Growth-Regulating Hormonal Signals

Root growth is a consequence of two distinct processes that take
place in spatially distinct regions along the root; i.e., (1) the pro-
duction of new cells in the meristematic zone (MZ) at the root tip
and (2) the directional cell expansion that initiates in the transi-
tion zone (TZ) and accelerates in the fast elongation zone (FEZ)
(Fig. 2A).» The exit of root cells from the MZ is thought to
be controlled by the interplay between the two plant hormones,
auxin and cytokinin.?* The concerted action of several PIN-
FORMED (PIN) auxin efflux carriers establishes a cyclic flow of
auxin in the root tip region encompassing the MZ and TZ.?*»
A high concentration of auxin is thus maintained in the MZ and
promotes root cell division.”> Cytokinin antagonizes this auxin-
mediated cell division activity by promoting the expression of
SHY2, an inhibitor of auxin signaling in the TZ. This leads to
the repression of PIN expression, and hence promotes the transi-
tion from cell division to cell elongation.*
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Recently, another class of plant hor-
mone, the gibberellins (GAs), emerged
as a player in the hormonal network
that controls root growth.** A key
event in the GA signal transduction
pathway is the proteasome-dependent
degradation of DELLA repressor pro-
teins (reviewed in ref. 27). DELLA
proteins are members of the GRAS
family of transcription factors, and sup-

press GA-responsive gene expression by
interacting with other transcription
regulators. The Arabidopsis genome
encodes five DELLA proteins, ie.,
GAI RGA, RGLI, RGL2 and RGL3.
The conserved DELLA motif mediates
the interaction between these proteins
and the GA-bound form of the solu-
ble GA receptor, GA INSENSITIVE
DWARF1 (GID1), and thereby tar-
gets DELLA proteins for proteasome-
dependent degradation. Deletion of the
DELLA motif renders DELLA proteins
non-degradable -and hence constitu-
tively blocks GA signaling.
Ubeda-Tomas et al. (2008) analyzed
the effect of blocking GA signaling in
selected root tissues by the targeted
expression of non-degradable GAT (des-
ignated gai).”® They found that expres-

sion of gai in tissues that included the
endodermis (or the endodermis alone)
resulted in root growth retardation,
whereas gai expression in other root
tissues had no effect. The endodermis-
specific effect of gai expression on
the growth of the entire root is likely
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due to the highly responsive nature of

endodermal cells to modulation of GA
signaling. Because root cell layers are
interconnected by cell walls, reduced
endodermal cell elongation should
retard growth of the entire root. Based
on these observations, the authors pro-
posed that GA signaling in the endo-
dermis plays a key role in the regulation
of whole root growth (Fig. 2C).*

cell-cell trafficking.

Figure 2. Developmental zones of the Arabidopsis root and the signal transduction pathways and
nutrient flow in the region of the root endodermis. (A) A confocal section of an Arabidopsis root.

The four developmental zones, i.e., the meristematic zone (MZ), transition zone (TZ), fast elonga-
tion zone (FEZ), and growth terminating zone (GTZ) are labeled. (B-D) Magnified views of selected
root regions (left; blue color indicates endodermis) and schematic representations of water/solute
flow and developmental signaling in the endodermis (right). (B) Formation of the CS (represented as
orange dots) and its role in regulating water and solute uptake. (C) GA- and SCL3-mediated control
of endodermal cell elongation and its effect on the elongation of adjacent cell layers. (D) SHR- and
miR165/6-mediated intercellular signaling between the endodermis and surrounding tissues. Arrows
indicate activation/promotion and T bars represent inhibition/suppression. Thick red arrows indicate

These same authors later reported
another role of GA signaling in the
endodermis, namely the promotion of cell division in the MZ,
which is required to enlarge the MZ during the first few days after
germination.”” An independent study by Achard et al. (2009)
reached a similar conclusion as to the role of GA signaling in the
control of root meristem size.?® This latter study further reported
that two types of Cyclin-dependent kinase (CDK) inhibi-
tors (CDKIs), Kip-related protein2 (KRP2) and a SIAMESE
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(SIM) family protein, were upregulated in the GA-deficient gal
mutants, and that this phenotype was cancelled by quadruple-
DELLA mutations.?® It is currently unknown whether blocking
GA signaling in the endodermis affects the local expression of
CDKI in the endodermis or whether it modulates CDKI levels in
broader cell layers in the MZ.
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It is not clear why the endodermis exhibits increased sensitiv-
ity to the inhibition of GA signaling. Two recent studies iden-
tified a GRAS transcription factor, SCARECROW-LIKE3
(SCL3), as a key modulator of the GA response in the endodermis
(Fig. 2C).?"%? Transcription of SCL3 is spatially restricted to the
endodermis by the SHR/SCR transcription complex,'®!! whereas
the level of SCL3 is controlled by GA through a DELLA protein,
RGA % Genetic evidence indicated that SCL3 is a positive regula-
tor of the GA response and acts as an attenuator of DELLA repres-
sors; loss-of-function sc/3 and SCL3-overexpressing roots were,
respectively, more susceptible to and resistant against endoder-
mis-specific gai expression than were wild-type roots. Although a
detailed mechanistic understanding of the downstream signaling
pathways that translate endodermal GA signaling to growth of
the entire root awaits future studies, the preferential expression
of a DELLA attenuator, SCL3, in the endodermis suggests that
the root endodermis has increased sensitivity to GA-mediated
growth-regulating signaling, and is capable of integrating the hor-
mone signaling pathways that govern root growth.

The Establishment of Endodermal Cell Polarity
and Casparian Strip

The most distinetive feature of the root endodermis is the pres-
ence of the Casparian strip (CS), a focused deposition of cell
wall materials that prevents apoplasmic flow of water-soluble
substances between the cortex and stele (Fig. 2B).? Although the
chemical constituents of the CS have been known for over six
decades, little is known about the mechanism by which this cell
wall structure is formed along the equatorial position in the endo-
dermis.® A recent study provided the first molecular clue as to how
this process is controlled. Roppolo et al. (2011) sought to iden-
tify the genes that are specifically required for the development
of the root endodermis by consulting the gene expression map of
the Arabidopsis root.>>* This approach identified five genes (later
designated CASPI-CASP5) that encode members of an unchar-
acterized plant-specific protein family (UPF0497).** This gene
family consists of 38 members in Arabidopsis, among which only
CASPI-5 are expressed in a pattern consistent with their specific
involvement in root endodermal function. CASPI-5 are predicted
to be transmembrane proteins and share a conserved amino acid
sequence in their putative extracellular domains. GFP fusion pro-
teins of CASP1-5 localized to the membrane domain precisely
beneath the CS (designated CS membrane domain, CSD), and
their expression preceded the establishment of the apoplasmic bar-
rier of the endodermis, indicating that CASPs not merely mark
the preformed CS, but actively participate in CS formation. In
accordance with this view, caspl casp3 double mutants failed to
accumulate CS constituents at the predicted CSD positions.**
What is the function of CASPs in CS formation? CASPs
appear to cycle between the plasma membrane and endomem-
branes via BFA-sensitive trafficking pathways during the early
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phases of endodermis differentiation, but are later immobilized at
the CSD. Once immobilized, CASPs become insolubilized at the
CSD. At least some CASPs physically interact with each other,
and ectopic expression of CASP5-GFP altered the morphology
of the ER membrane. Roppolo et al. (2011) proposed that CASPs
form a scaffold at the CSD that serves as a platform for the local-
ization of the cell wall biosynthetic machinery that is required for
the formation of the CS.** The chemical nature of the predicted
CASP scaffold and the components of the wall-producing com-
plex, however, have yet to be identified.

The mechanisms by which CASPs are targeted to the CSD are
also unknown. When ectopically expressed outside the endoder-
mis, CASPs spread over the entire plasma membrane, indicating
that unknown endodermis-specific factors specify the CSD and/
or recruit CASPs.** Earlier, the group that conducted this study
had demonstrated that endodermal cells are intrinsically polar-
ized, by visualizing the polar localization of two boron trans-
porters, NIP5;1 and BORI, to the outer and inner PM domains
of the endodermis, respectively.”” Whereas these transporters
already exhibit partial polar localization in embryos and root
meristematic cells, which exist prior to CS formation, their polar
localization becomes more tightly regulated as the CS forms.***
These observations suggest that the CSD not only functions as
astructural platform for-the accumulation of cell wall materials,
but also serves as a membrane boundary that separates the inner
and outer surfaces of the endodermal cell.

Conclusions and Perspectives

Since the identification of SHR and SCR transcription factors as

813 consider-

master regulators of root ground tissue patterning,
able progress has been made in our understanding of how these
transcription factors and their downstream components act in
the formation of the endodermis, and in the specification of
remote cell types, such as xylem vessels. These studies revealed
the existence of a non-cell-autonomous signaling pathway that
is mediated by a mobile transcription factor and microRNAs.
In addition, the highly specific expression of SCR contrib-
uted to the construction of the reliable gene expression map of
Arabidopsis roots from which Roppolo et al. (2011) identified
CASPs, the first structural components of the CS.** However,
the molecular mechanisms that link the SHR/SCR module to
the expression of CASPs as well as the identity of the other genes
required for the functional specialization of the root endodermis
are unknown. As reported in the CASP study,*® structural pro-
teins are likely encoded by highly redundant genes. Therefore,
extensive reverse genetic studies are necessary to identify these
genes. The large number of downstream factors identified for the
SHR/SCR module and the public availability of the Arabidopsis
root expression map are useful tools for the identification of
novel factors required for the functional specialization of the
root endodermis.
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