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Abstract
Plants have evolved a lignin-based Casparian strip (CS) in roots that restricts passive diffusion of mineral elements from
the soil to the stele. However, the molecular mechanisms underlying CS formation in rice (Oryza sativa), which contains a
CS at both the exodermis and endodermis, are poorly understood. Here, we demonstrate that CS formation at the rice en-
dodermis is redundantly regulated by three MYELOBLASTOSIS (MYB) transcription factors, OsMYB36a, OsMYB36b, and
OsMYB36c, that are highly expressed in root tips. Knockout of all three genes resulted in a complete absence of CS at the
endodermis and retarded plant growth in hydroponic conditions and in soil. Compared with the wild-type, the triple
mutants showed higher calcium (Ca) levels and lower Mn, Fe, Zn, Cu, and Cd levels in shoots. High Ca supply further
inhibited mutant growth and increased Ca levels in shoots. Transcriptome analysis identified 1,093 downstream genes regu-
lated by OsMYB36a/b/c, including the key CS formation gene OsCASP1 and other genes that function in CS formation at
the endodermis. Three OsMYB36s regulate OsCASP1 and OsESB1 expression by directly binding to MYB-binding motifs in
their promoters. Our findings thus provide important insights into the mechanism of CS formation at the endodermis and
the selective uptake of mineral elements in roots.

Introduction
Plants rely on their roots to take up mineral nutrients from
the soil to ensure growth and development. The concentra-
tions of these nutrients in the soil fluctuate broadly during
plant growth. This fluctuation is especially pronounced in
paddy soil, where rice (Oryza sativa) is cultivated. Rice is
able to grow under both upland and flooded conditions,
where both the concentrations and chemical forms of min-
eral nutrients are quite different (Fageria et al., 2011). For

example, under upland conditions, manganese (Mn) and
iron (Fe) are present mainly in insoluble manganic and ferric
forms, whereas under flooded conditions, they exist in the
more reduced, soluble manganous (Mn2 + ) and ferrous
(Fe2 + ) forms at significantly higher concentrations
(Ponnamperuma, 1972). In response to these environmental
differences, plants have evolved diverse strategies that con-
trol nutrient uptake for optimal growth. One of these strate-
gies is the formation of a physical barrier called the
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Casparian strip (CS) at the endodermis and sometimes also
at the exodermis, depending on the species in roots. The CS
seals the cell wall space between neighboring endodermal
cells, thereby playing a key role in preventing the unfavor-
able inflow and backflow of nutrients between the soil and
the root stele (Robbins et al., 2014).

The CS is primarily composed of a hydrophobic lignin
polymer (Naseer et al., 2012; Geldner, 2013). Genetic and
molecular analyses have identified several key genes involved
in CS formation in the Arabidopsis thaliana endodermis.
Five CS domain proteins (CASPs) were initially reported to
function in CS formation (Roppolo et al., 2011). These
CASPs localize specifically at the CS membrane domain
(CSD) and form a stabilizing transmembrane scaffold that
assembles lignin-polymerizing proteins for CS lignification,
including ENHANCED SUBERIN 1 (ESB1), RESPIRATORY
BURST OXIDASE HOMOLOG F (RBOHF), and PEROXIDASE
64 (PER64) (Hosmani et al., 2013; Lee et al., 2013).
UCLACYANIN 1 (UCC1) was recently shown to be involved
in lignification in this central CS nanodomain (Reyt et al.,
2020). Genes including ESB1, CASPs, PER64, and UCC1 are
positively regulated by the R2R3-MYELOBLASTOSIS (MYB)
transcription factor AtMYB36 (Kamiya et al., 2015; Liberman
et al., 2015; Reyt et al., 2020). The expression of AtMYB36 is
activated by SHORTROOT (SHR) (Li et al., 2018; Barbosa
et al., 2019). Furthermore, SHR serves as a master regulator
to direct the subcellular CS positioning of these proteins via
SCARECROW (SCR) (Li et al., 2018). Both SHR and SCR be-
long to the GRAS-domain transcription factor family.

In Arabidopsis, CS integrity is under surveillance by the
CIF1/2-SGN3-SGN1 signaling pathway (Doblas et al., 2017;
Nakayama et al., 2017; Okuda et al., 2020). The leucine-rich
repeat receptor-like kinase SCHENGEN3 (SGN3) flanks the

CSD (Pfister et al., 2014), whereas the receptor-like kinase
SGN1 localizes to the cortex-facing plasma membrane of en-
dodermal cells (Alassimone et al., 2016). When the CS is de-
fective, two small peptides expressed in the stele,
CASPARIAN STRIP INTEGRITY FACTOR1 (CIF1) and CIF2,
diffuse to the outer face of the endodermis and bind to
SGN3, thereby activating the SGN3-SGN1 pathway to trigger
compensatory lignification in the cortex and pericycle cell
corners (Doblas et al., 2017; Nakayama et al., 2017). Once
the CS is sealed, the diffusion of CIF1/2 is inhibited and they
cannot interact with the co-receptor complex SGN3-SGN1.
Therefore, a network of transcription factors (SHR, SCR, and
AtMYB36) acts in parallel with the CIF1/2-SGN3-SGN1 sig-
naling pathway to control CS development in Arabidopsis.

Almost all Arabidopsis mutants with defects in CS forma-
tion reported to date exhibit ionomic alterations in shoot
tissues. For instance, the mutation of MYB36 led to lower
concentrations of Ca, Mn, and Fe and higher concentrations
of Na, Mg, and Zn in leaves (Kamiya et al., 2015). The iono-
mic alteration of the casp1-1 casp3-1 double mutant in
leaves was similar to that of myb36-1 (Kamiya et al., 2015).
The esb1 mutant showed decreased Ca, Mn, and Zn levels
and increased K, S, As, Na, Se, and Mo levels in leaves
(Hosmani et al., 2013). However, the concentrations of all
ions examined except Mg and K were unaltered in the sgn3
mutant (Pfister et al., 2014). The sgn3 mutant exhibited high
Mg and low K levels in leaves. Therefore, the CS plays a criti-
cal role in controlling the selective uptake of mineral ele-
ments into the stele for transfer to the shoot in Arabidopsis.

Unlike Arabidopsis roots, rice roots contain two CSs,
which are located at the exodermis and endodermis
(Enstone et al., 2002). OsCASP1 was recently shown to func-
tion in CS formation at the rice endodermis, but not at the

IN A NUTSHELL
Background: The Casparian strip (CS) is a ring-like lignin-rich structure in the anticlinal cell wall between endo-
dermal cells in the roots of vascular plants. The CS prevents unfavorable inflow and backflow of nutrients be-
tween the soil and stele. In Arabidopsis, AtMYB36 is the master regulator of CS formation at the endodermis.
However, little is known about the molecular mechanism of CS formation in rice, which has a CS at both the
exodermis and endodermis.

Question: Which homologs of Arabidopsis AtMYB36 are critical regulators of CS formation in rice? How do these
genes regulate CS formation? What is the difference in CS role between rice and Arabidopsis?

Finding: Loss of OsMYB36a/b/c interfered only with CS formation in the endodermis, but not the exodermis.
Three OsMYB36s redundantly regulate the expression of CS-associated genes. Knocking out all three genes
resulted in plants that lacked a CS in the endodermis and reduced growth under both soil and hydroponic con-
ditions. Furthermore, the severe growth inhibition in the triple mutants was mainly caused by over-accumulation
of calcium (Ca). The absence of a CS and compensatory lignin deposited at the endodermis in Osmyb36abc dis-
rupts the apoplastic flow of Ca to the stele, which was blocked by the CS at the endodermis in wild-type rice.
These changes were not observed in Atmyb36 and other CS mutants in Arabidopsis, indicating that the rice CS
defect has distinct effects on the selective uptake of mineral elements in roots.

Next steps: We will functionally characterize the downstream genes regulated by OsMYB36a/b/c, with the aim
of elucidating the molecular mechanisms of CS formation at the endodermis and the role of the CS in mineral
element uptake in rice.
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exodermis (Wang et al., 2019a). The loss of function of
OsCASP1 resulted in reduced growth, primarily due to the
overaccumulation of calcium (Ca) in shoots. In addition, CS
defects at the endodermis in the Oscasp1 mutant reduced
the abundance of the silicon (Si) transporter Low Si 1 (Lsi1),
leading to reduced Si uptake. These changes were not ob-
served in Atcasp1 and other CS mutants in Arabidopsis, in-
dicating that the CS plays different roles in selective mineral
element uptake in rice versus Arabidopsis (Wang et al.,
2019a). However, relatively little is known about the molecu-
lar mechanisms of rice CS formation and the role of the CS
in controlling mineral uptake in rice roots.

In this study, we functionally identified three rice MYB36-
like genes, OsMYB36a, OsMYB36b, and OsMYB36c, which are
homologs of Arabidopsis AtMYB36. Detailed functional
analysis revealed that OsMYB36s are critical transcription
factors that coordinately regulate the temporal and spatial
expression of genes essential for CS formation at the rice en-
dodermis. Finally, compared with AtMYB36, OsMYB36s, or
their encoded proteins showed distinct patterns of expres-
sion, cellular localization, effects on the selective uptake of
mineral elements in roots, and effects on the regulation of
CS-related genes.

Results

Sequence analysis of OsMYB36s
Using the amino acid sequence of AtMYB36 as a query, we
identified three rice MYB36-like genes in the rice genome
database, which we named OsMYB36a (LOC_Os08g15020),
OsMYB36b (LOC_Os02g54520), and OsMYB36c
(LOC_Os03g56090) (Supplemental Figure S1A and
Supplemental Data Set S1). We amplified the full-length
open-reading frames (ORFs) of three OsMYB36 genes from
root cDNA. Sequence analysis of the amplified ORFs showed
that the sequence of OsMYB36a and OsMYB36c is identical
to the predicted transcripts based on the Rice Genome
Annotation Project Database (http://rice.uga.edu/index.
shtml) while that of OsMYB36b is not. OsMYB36b consists
of three exons and two introns and encodes a protein of
316 amino acids (Supplemental Figure S1B). The N-terminal
regions of these three OsMYB36s contain a highly conserved
R2R3-type MYB domain that resembles that of AtMYB36,
while their C-terminal regions are highly divergent
(Supplemental Figure S1C). OsMYB36a shares the highest
similarity to AtMYB36, with 45.3% identity, while
OsMYB36b and OsMYB36c share 41.8% and 34.7% identity
with AtMYB36, respectively (Supplemental Data Set S1).

OsMYB36s are highly expressed in the roots and
their proteins together localize to the nuclei of root
cells in the elongation and differentiation zones
To examine the organ specificity of OsMYB36s expression in
rice, we performed reverse-transcription quantitative PCR
(RT-qPCR) to evaluate their transcript levels in various organs,
including roots, stems, leaf blades, and leaf sheath tissues. We
determined that all three OsMYB36 genes were more highly

expressed in roots than in other organs (Figure 1A). A more
detailed expression analysis of OsMYB36s in different root
regions showed that OsMYB36a expression was higher in the
root tip (0–1 cm from the root apex) and 3–4 cm from the
root apex than in other regions of the root. OsMYB36c tran-
scripts were most abundant in the root tip (0–1 cm from the
root apex), while OsMYB36b transcript levels were compara-
ble across different root segments (Figure 1B). Furthermore,
OsMYB36c showed higher expression in the roots than
OsMYB36a and OsMYB36b (Figure 1B).

To determine the subcellular localization of OsMYB36s in
rice cells, we co-expressed the OsMYB36s-GFP fusion protein
in rice protoplasts with the nuclear marker fusion protein
OsGhd7-RFP (a fusion between Grain number, plant height,
and heading date 7 [OsGhd7] and the fluorescent protein
RFP) (Fu et al., 2019). OsMYB36a/b/c fluorescent signals
strongly overlapped with signals from the nuclear marker
(Supplemental Figure S2, A–L), indicating that three
OsMYB36 members are nuclear proteins.

To investigate the cellular localization of OsMYB36s in
roots, we performed immunostaining of transgenic rice har-
boring ProOsMYB36s:OsMYB36s cDNA-GFP. Immunostaining
signals of an anti-GFP antibody in different root sections
showed that OsMYB36a/b/c was expressed in all root cells
examined, both at the root tip (where they were most
abundant) and within the elongation zone (Figure 1, C–J
and Supplemental Figures S3 and S4). To exclude the possi-
bility that OsMYB36a introns can affect its cellular localiza-
tion in roots, we also performed immunostaining of
transgenic rice carrying ProOsMYB36a:genomic OsMYB36a-
GFP. Again, we detected OsMYB36a in all root cells exam-
ined, suggesting that introns do not participate in regulating
the expression pattern of OsMYB36a in roots (Supplemental
Figure S3, A–A3 and B–B3). We also stained the nuclei with
40,6-diamidino-2-phenylindole (DAPI) during immunolocali-
zation with the anti-GFP antibody, which indicated that
OsMYB36a and OsMYB36c mainly localized to the nucleus
in the elongation and differentiation zones, but not in the
meristem zone, while OsMYB36b localized to the nuclei of
all root cells examined (Figure 1, C–J and Supplemental
Figures S3 and S4). There was no GFP signal observed in the
wild-type (WT) roots (Figure 1, K–N).

OsMYB36s redundantly control normal deposition
of lignin at the endodermis
To investigate the role of OsMYB36s in CS formation, we
generated single, double, and triple knockout lines of
OsMYB36s by clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated nuclease 9
(Cas9)-mediated gene editing: Osmyb36a-1, Osmyb36a-2,
Osmyb36b, Osmyb36c, Osmyb36ab, Osmyb36ac,
Osmyb36abc-1, and Osmyb36abc-2 (Supplemental Figure S5,
A–C). Among these mutant lines, root growth was slightly
affected only in Osmyb36abc triple mutants at the early
seedling stage (Supplemental Figure S5, D and E). Lignin
staining showed that the CS at the anticlinal side of the
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exodermal cells formed normally in both the WT and
Osmyb36s mutants (Supplemental Figure S6). However, a
defect in CS formation at the anticlinal side of endodermal
cells was observed in the mutants containing the Osmyb36a
mutations. In the root tip region (10 mm from the root
apex), lignin at the CS was incorrectly deposited, forming a
broad band in some anticlinal walls of endodermal cells in
root cross-sections from the Osmyb36a single and

Osmyb36ac double mutants and Oscasp1 (Supplemental
Figure S7, B–B2, C–C2, G–G2, J–J2, K, and L) rather than a
fine band, as observed in the WT and single mutants of
Osmyb36b and Osmyb36c (Supplemental Figure S7, A–A2,
D–D2, E–E2, K, and L). Strikingly, no lignin deposition at the
site of CS formation in the endodermis was detected in the
Osmyb36ab double and Osmyb36abc triple mutants
(Supplemental Figure S7, F–F2, H–H2, and I–I2). Further
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from the root apex (15 mm), endodermal CSs of the
Osmyb36a single and Osmyb36ac double mutants became
wider than that of the WT and the Osmyb36b and
Osmyb36c single mutants but narrower than that of the CS
mutant Oscasp1 (Figure 2, A–A2, B–B2, C–C2, D–D2, E–E2,

G–G2, J–J2, and K–M). Interestingly, we observed ectopic
lignin deposition at the corner/sides of the pericycle- and
cortex-facing cell walls in the Osmyb36ab double mutant
(Figure 2, F–F2). However, ectopic lignin deposition was
mainly detected at the cortex-facing cell corner/walls
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between the endodermis and the cortex in Osmyb36abc tri-
ple mutants (Figure 2, H–H2 and I–I2). We observed a simi-
lar deposition pattern for lignin in longitudinal root sections
from all lines (Supplemental Figure S8). These results indi-
cate that three OsMYB36 members redundantly regulate
the correct deposition of lignin at the anticlinal walls of en-
dodermal cells.

We also generated transgenic lines overexpressing
OsMYB36a or OsMYB36b under the control of the maize
(Zea mays) Ubiquitin 1 promoter. OsMYB36a or OsMYB36b
was expressed at high levels in their respective transgenic
lines (Supplemental Figure S9, A and B). Overexpression of
OsMYB36a or OsMYB36b did not affect the root growth of
the early seedlings (Supplemental Figure S9, C and D). Lignin
staining showed that CS formation at the endodermis in
OsMYB36a or OsMYB36b overexpression lines was similar to
that in WT rice (Supplemental Figures S10 and S11).
Furthermore, ectopic lignin deposition in nonendodermal
cells in the roots was not observed in the OsMYB36a- or
OsMYB36b-overexpressing lines (Supplemental Figures S10
and S11). These results indicate that increasing the expres-
sion level of OsMYB36a or OsMYB36b individually in roots is

not sufficient to induce lignin accumulation in root cells, in-
cluding at the site of CS formation.

Mutants possessing the Osmyb36a mutations lack a
functional apoplastic barrier at the endodermis
To determine whether the function of an apoplastic barrier
at the endodermis was damaged in these osmyb36s mutants,
we analyzed the permeability of the fluorescent dye propi-
dium iodide (PI), an apoplastic tracer, into the stele of roots
following incubation in PI for 40 min. At the root tip zone
(1 cm from the root apex), where the CS had not
completely formed at the exodermis, PI penetrated only
into the cortical side of the WT endodermis and was
blocked completely at the site of the CS (Figure 3, A and
A1). In contrast, PI was able to penetrate into the stele in all
the mutants except the Osmyb36b and Osmyb36c single
mutants, a pattern similar to that of Oscasp1 (Figure 3, B–J
and B1–J1). However, in the more mature region of the root
(2 cm from the apex), where the CS had formed at the exo-
dermis, the penetration of PI into the cortex was blocked at
the exodermis in all lines examined (Figure 3, A2–J2). These
results indicate that the functional apoplastic barrier at the
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endodermis was disrupted in the Osmyb36a, Osmyb36ab,
Osmyb36ac, and Osmyb36abc mutants and that OsMYB36a
played a more predominant role in the formation of a func-
tional apoplastic barrier than OsMYB36b or OsMYB36c.

OsMYB36s regulate suberin deposition on the
exodermal and endodermal cells in roots
In Arabidopsis, CS mutants exhibit compensatory ectopic de-
position of suberin at the endodermis. To explore whether
the monogenic, digenic, and trigenic mutations of OsMYB36s
resulted in a similar phenotype, we examined the accumula-
tion of suberin in different root regions via suberin staining.
At the region 30 mm from the root apex, suberin accumula-
tion at several endodermal cells was observed in the WT as
well as the Osmyb36b and Osmyb36c single mutants
(Supplemental Figure S12, A, D, and E), whereas an increased
suberization of most endodermal cells in a discontinuous pat-
tern was observed in the Osmyb36a single and Osmyb36ac
double mutants (Supplemental Figure S12, B, C, and F). This
increase was not as strong as that in Oscasp1 (Supplemental
Figure S12, J, U, and W). In contrast, little suberin accumula-
tion at the endodermis was detected in the Osmyb36ab dou-
ble and Osmyb36abc triple mutants compared with the WT
(Supplemental Figure S12, G–I). Further from the root apex
(40 mm), the trend of different suberin deposition patterns
among them was not altered although endodermal suberiza-
tion was enhanced in all lines (Supplemental Figure S12,
K–T). Interestingly, we observed ectopic suberin deposition at
the cortex-facing cell corner/walls between the endodermis
and the cortex in both Osmyb36abc triple mutants
(Supplemental Figure S12, R and S). We observed a similar
pattern of suberin deposition in longitudinal root sections
from all lines (Supplemental Figure S13). These results suggest
that the single knockout of OsMYB36a, but not OsMYB36b or
OsMYB36c, induced earlier and stronger suberin accumulation
in the endodermis compared with the WT while the double
knockout of OsMYB36ab and triple knockout of OsMYB36abc
had the opposite effect.

In addition, suberin accumulation in the exodermis at dif-
ferent root regions was similar among all the lines except
the Osmyb36ab and Osmyb36abc mutants (Supplemental
Figures S12 and S13). More suberized cells at the exodermis
were observed in the Osmyb36ab and Osmyb36abc mutants
(Supplemental Figure S12, G, H, I, Q, R, S, Y, and Z). These
results indicate that simultaneous knockout of OsMYB36a/b
or OsMYB36a/b/c stimulates suberin deposition on the exo-
dermal cells in roots.

Mutants harboring the Osmyb36a mutations display
pleiotropic growth defects
When grown in paddy soil, mutants carrying the Osmyb36a
mutations showed necrosis of older leaves and inhibited
growth to different extents at the vegetative stage, as ob-
served in the previously described CS mutant Oscasp1
(Supplemental Figure S14). At maturity, the growth and yield
of the plants harboring the Osmyb36a mutations were

significantly reduced compared with WT plants, including
plant height, tiller number, and seed-setting rate in flooded
soils (Figure 4, B, C, F–I, and K–M). The Osmyb36ab double
and Osmyb36abc triple mutants exhibited stronger inhibitory
effects on rice growth than Oscasp1 (Figure 4, G–J). However,
knockout of single OsMYB36b or OsMYB36c hardly affected
growth. To validate the phenotype of the Osmyb36a mutants,
we performed a complementation experiment by introducing
a construct harboring the ProOsMYB36a:OsMYB36a into
Osmyb36a-2 plants. Transgenic plants carrying the
ProOsMYB36a:OsMYB36a construct exhibited phenotypes re-
sembling those of the WT (Supplemental Figure S15), indicat-
ing that the mutation in OsMYB36a was responsible for the
abnormal phenotype observed in the CRISPR-OsMYB36a lines.

Mutants containing the Osmyb36a mutations
exhibit ionomic alterations in shoots
To examine whether CS defects in the Osmyb36s mutants
had a significant effect on mineral element uptake, we per-
formed ionomic analysis of roots and shoots from the WT
and Osmyb36s knockout lines under different growth condi-
tions. When grown in hydroponic solution, Osmyb36a single
and Osmyb36ac double mutants showed increased Ca, Sr,
and P concentrations and reduced Mg, Fe, Cd, and Rb con-
centrations in shoots compared with the WT, while the sin-
gle knockout of OsMYB36b or OsMYB36c hardly affected the
ionome (Figure 5). The Osmyb36ab double and Osmyb36abc
triple mutants displayed large ionomic changes with a
higher accumulation of Ca, Sr, and P and a lower accumula-
tion of K, Mn, Fe, Rb, Ge, Zn, Cu, and Cd, which were simi-
lar to but more pronounced than the changes in Oscasp1
(Figure 5). The concentrations of most mineral elements in
roots were not altered in the Osmyb36ab and Osmyb36abc
mutants (Supplemental Figure S16), except that Cu and Cd
concentrations were lower in Osmyb36ab and Osmyb36abc
than in the WT (Supplemental Figure S16C). However, un-
der both flooded and upland soil conditions, the Ca concen-
trations in shoots of the mutants containing the Osmyb36a
mutation were the most affected among the mineral ele-
ments examined (Supplemental Figure S17). In particular,
both triple mutants showed an approximately seven-fold in-
crease in Ca concentrations in shoots compared with the
WT (Supplemental Figure S17A). These results indicate that
simultaneous mutation of three OsMYB36s led to large
changes in the concentrations of multiple mineral elements
in shoots, especially Ca.

Ca accumulation represses the growth of various
Osmyb36a mutants
We previously demonstrated that the growth of the CS-
defective mutant Oscasp1 is inhibited, primarily due to the
overaccumulation of Ca in shoots (Wang et al., 2019a).
Therefore, we compared Ca accumulation and growth in
the WT and Osmyb36s mutants as well as Oscasp1 as a con-
trol under different Ca concentrations. Similar to Oscasp1
plants, the growth of the mutants containing the Osmyb36a
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mutation was significantly inhibited by Ca treatment, and
older leaves exhibited necrosis with increasing Ca supply
(Figure 6A), which phenocopied the mutants grown in soil.
In contrast, the growth of WT plants was not affected by
any of the Ca concentrations tested (Figure 6, A–C).

Mineral analysis showed that the shoot Ca concentration
of the mutants containing the Osmyb36a mutation was sig-
nificantly higher than that of the WT under different Ca
concentrations (Figure 6D). Especially, the Osmyb36ab and
Osmyb36abc mutants contained approximately 2.5, 2.5, and
3.3 times the Ca concentration of WT plants in shoots in re-
sponse to 0.18, 1, and 5 mM Ca treatment, respectively
(Figure 6D). In contrast, there were no significant differences
in Ca concentrations in the roots of all the lines except the
Osmyb36ab and Osmyb36abc mutants in response to these
treatments (Supplemental Figure S18). Additionally, the Ca
concentrations in xylem sap from the mutants containing

the Osmyb36a mutation was sharply increased by up to
3–10-fold compared with those in the WT in response to
5 mM Ca treatment (Figure 6E). Furthermore, the Ca con-
centrations in the shoots and xylem sap of the Osmyb36ab
and Osmyb36abc mutants were markedly higher than those
of other lines under the same conditions (Figure 6, D and
E). These results suggest that the growth retardation of the
mutants possessing the Osmyb36a mutation is largely due
to high Ca accumulation in shoots and that OsMYB36a/b/c
have an important effect on Ca accumulation in rice.

OsMYB36s are transcriptional activators and
redundantly regulate multiple CS-associated genes
in roots
To examine whether OsMYB36s have transcriptional activity,
a yeast assay was employed. We fused the full-length, N ter-
minus, or C terminus of OsMYB36s to the DNA-binding
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domain of GAL4, producing the BD-OsMYB36s, BD-
OsMYB36s-N, and BD-OsMYB36s-C constructs, respectively.
Yeast cells transformed with the BD-OsMYB36s or BD-
OsMYB36s-C construct grew well and formed blue colonies
on selective growth medium, whereas those transformed
with BD-OsMYB36s-N or the negative control did not
(Supplemental Figure S19). These results suggest that three
OsMYB36s possess transcription activation activity in yeast
cells and that their activation domains are located at their C
termini.

To identify genes that are directly or indirectly regulated
by OsMYB36s, we analyzed the root transcriptomes of WT,
Osmyb36a-1, Osmyb36ab, and Osmyb36abc-1 plants by
RNA-seq. We found that the Osmyb36abc-1 triple mutant
had a larger number of upregulated or downregulated genes
than either the Osmyb36a-1 single or Osmyb36ab double
mutant compared with the WT. In total, we identified 5,587
differentially expressed genes (DEGs) between the WT and
Osmyb36abc-1 mutant. Among these, 2,540 and 3,047 DEGs
were upregulated and downregulated, respectively, in
Osmyb36abc-1 roots, and were therefore defined as candi-
date genes regulated by OsMYB36a/b/c (Figure 7A and
Supplemental Data Set S2). To rule out the genes whose ex-
pression in the Osmyb36abc mutant was indirectly affected
by a loss of functional CS and ectopic deposition of lignin

and suberin at the endodermis, we subtracted genes whose
expression was also altered in the Oscasp1 mutant, because
Oscasp1 also displayed the dysfunctional CS and ectopic lig-
nin and suberin accumulation at the endodermis, but
OsCASP1 is not a transcriptional regulator. Since Oscasp1 is
a CRISPR/Cas9 mutant, in which the mRNA accumulation
of mutated targeted gene sometimes is suppressed (Wang
et al., 2019b), OsCASP1 was not eliminated as a candidate,
although its expression level was reduced in the Oscasp1
mutant (Supplemental Data Sets S3–S5). Finally, 1,093
downregulated genes were detected in Osmyb36abc, which
were considered to be OsMYB36a/b/c-regulated candidate
genes implicated in CS formation at the endodermis
(Figure 7A and Supplemental Data Set S3).

Among these, 52 genes are homologous to or belong to the
same gene family as known CS-related genes in Arabidopsis
(Figure 7B and Supplemental Data Set S4). To validate the
genes identified by RNA-seq, we performed RT-qPCR analysis.
We selected six genes with no known homologs in
Arabidopsis, as well as another 21 genes whose homologs
were identified as major players in CS formation in
Arabidopsis, such as OsCASPs, OsESBs, and OsSGN1- and
OsSGN3-like genes (Figure 7C and Supplemental Data Set S5).
The RT-qPCR data for most genes were in close agreement
with the transcriptome data, indicating that the RNA-seq data
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were highly reliable. We also found that in general, the double
mutant had a lower expression level of these CS-related genes
than the single mutant, with the lowest expression level

observed in the Osmyb36abc triple mutant. These data sug-
gest that OsMYB36a, OsMYB36b, and OsMYB36c redundantly
regulate the transcription of these genes.
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Figure 7 Regulation of CS-associated genes by OsMYB36a/b/c. A, Venn diagrams of OsMYB36a/b/c downregulated genes using the RNA-seq of the
roots compared the Osmyb36abc mutant with the WT, Osmyb36a, Osmyb36ab, and Oscasp1. B, Cluster analysis of CS associated genes regulated by
OsMYB36a/b/c based on z-score-normalized expression of genes. Red and blue indicate high and low expression level, respectively. Heatmap is con-
structed by R package. C, Cluster analysis of gene expression levels in various Osmyb36s mutants and Oscasp1 relative to the WT based on RT-qPCR
results (Supplemental Data Set S5). The color gradient from low (blue) to high (yellow) represents relative levels of gene expression. Heatmap was
generated by MeV software. D, Schematic diagram of the reporter and effector constructs used in the dual LUC assay system. E and F, Activation of
the promoters of OsCASP1 (E) and OsESB1 (F) by OsMYB36s in rice protoplasts. The LUC/REN ratio relative to the control (a basal signal without
OsMYB36s) is shown. Data are means± SD of three biological replicates. G and H, OsMYB36 proteins binding to the promoters of OsCASP1 (G) and
OsESB1 (H) in yeast. The truncated OsMYB36s cDNA (�360 bp) was fused to the GAL4 activation domain in the prey vector (pGAD-MYB36s-N). The
promoter sequences of OsCASP1 (2,082-bp fragment immediately upstream of the start codon) and OsESB1 (2,126-bp fragment immediately up-
stream of the start codon) were fused to the HIS reporter gene in the pHIS2.1 vector (pHIS-ProCASP1 and pHIS-ProOsESB1), respectively. Yeast cells
transformed with different pairs of plasmids were cultured on SD medium containing 0, 10, or 100 mM 3-amino-1,2,4-triazole, a competitor of HIS3 at
30�C for 3 days in the absence of His. I, EMSA showing binding of recombinant His-OsMYB36s-N to the MYB-binding motif of target promoters. The
sequence of the MYB-binding motif is indicated by red letters. FAM-labeled fragments of the OsCASP1and OsESB1 promoter (FAM-P1) are shown in
lanes 1–4. Unlabeled OsCASP1and OsESB1 promoter fragment competitors (Cold-P1) were used in 50-fold molar excess (lane 3). Unlabeled
OsCASP1fragment competitor without the MYB-binding motif (Cold-P2) was used in 50-fold molar excess (lane 4).
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To determine whether OsMYB36s can activate the pro-
moters of known or candidate CS-related genes, we per-
formed a transient transactivation assay in rice protoplasts
using the luciferase (LUC) gene as the reporter and CaMV35-
driven OsMYB36s as the effector (Figure 7D). LUC driven by
the promoter of eight individual genes (ProOsCASP1:LUC,
ProOsESB1:LUC, ProOs03g0245500:LUC, ProOs08g0515700:LUC,
ProOs09g0493400:LUC, ProOs09g0535400:LUC,
ProOs10g0155100:LUC, or ProOs11g0499600:LUC) was intro-
duced alone or co-introduced with Pro35S:OsMYB36s in rice
protoplasts. The luminescence intensity in cells carrying both
OsMYB36s and the promoter-LUC fusion was significantly
stronger than those in cells carrying the promoter-LUC fusion
alone (Figure 7, E and F and Supplemental Figure S20), sug-
gesting that OsMYB36a, OsMYB36b, or OsMYB36c does in-
deed activate the transcriptional activity of the promoters of
these eight genes, including the key CS formation gene
OsCASP1 and OsESB1.

To further test the notion that OsMYB36s transcriptionally
regulates OsCASP1 and OsESB1, we performed a yeast one-
hybrid (Y1H) assay. A fragment (�2.0 kb) upstream of
the OsCASP1 and OsESB1 start codon was used as bait for
the binding assays. Yeast cells carrying OsMYB36s and either
the OsCASP1 or OsESB1 promoter grew better on these selec-
tive media than yeast cells carrying the empty vector
pGADT7 and the promoter fragments (Figure 7, G and H),
indicating that OsMYB36a, OsMYB36b, or OsMYB36c di-
rectly interacts with the OsCASP1 and OsESB1 promoters.

We also performed an electrophoretic mobility shift assay
(EMSA) to determine whether OsMYB36s directly bind to
the MYB-binding motifs within the promoter regions of
OsCASP1 and OsESB1. The promoter sequences of OsCASP1
and OsESB1 contain several MYB-binding motifs, as deter-
mined by plantCARE (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) analysis. We designed two probes
covering the MYB-binding sites: OsCASP1 (–236 to –217 bp
from the start codon) and OsESB1 (–217 to –200 bp). We
detected the formation of a MYB36s/FAM-labeled probe
complex. The presence of the same probe lacking the FAM
label significantly inhibited the formation of this complex,
while the unlabeled probe without the MYB-binding motif
did not (Figure 7I). These results indicate that OsMYB36a,
OsMYB36b, or OsMYB36c physically interacts with the
promoter sequences of OsCASP1 and OsESB1 via their
MYB-binding motifs.

OsMYB36s affects the establishment of the OsCASP1
microdomain on endodermal cells
To examine whether OsMYB36s are involved in regulating
the localization of OsCASP1, we performed an immunos-
taining assay for GFP to observe the localization of OsCASP1
by introducing ProOsCASP1:OsCASP1-GFP into the WT,
Osmyb36a-1, OsMYB36a- and OsMYB36b- overexpressing
lines, and Osmyb36abc (Supplemental Figure S21). In the re-
gion 1 mm from the root apex, GFP signals were not

detected in any line (Figure 8, A–D and Supplemental
Figure S22, A–D). However, in the region 3 mm from the
root apex, OsCASP1-GFP was localized throughout the
plasma membrane and was enriched in the anticlinal sides
of endodermal cells in both the WT and Osmyb36a-1
(Figure 8, E, F, andU and Supplemental Figure S22, E and F).
In contrast, OsCASP1-GFP in the overexpressing line of
OsMYB36a but not OsMYB36b formed a fine band that was
specifically localized to the middle of the anticlinal sides of
endodermal cells, where the CS would be deposited
(Figure 8, G, K, O, S, andU–W and Supplemental Figures
S22, G, K, O, S and S23). Finally, a fine band of OsCASP1-
GFP signals was detected in the region 5 mm from the root
apex in the WT (Figure 8, J, N, R, andV and Supplemental
Figure S22, J, N, and R) and in the region 7 mm from the
root apex in Osmyb36a (Figure 8, I, M, Q, and W and
Supplemental Figure S22, I, M, and Q). However, no
OsCASP1-GFP accumulation in all the root sections was ob-
served in the Osmyb36abc triple mutant (Figure 8, H, L, P,
and T and Supplemental Figure S22, H, L, P, and T).
Additionally, RNA-seq and RT-qPCR analysis showed that
OsCASP1 transcript was hardly detected in the triple mutant
(Supplemental Data Sets S2 and S5). These results indicate
that the mutation of single OsMYB36a delayed the forma-
tion of the OsCASP1 microdomain on the anticlinal side of
the endodermal cells, whereas the overexpression of
OsMYB36a not OsMYB36b promoted this process, but they
did not alter the cellular or subcellular localization of
OsCASP1 in the root, and that OsMYB36a/b/c redundantly
affects the establishment of its microdomain through the
transcriptional regulation of OsCASP1.

Knockout of all three OsMYB36s alters the
expression of the Si transporter Lsi1 in roots
The disruption of OsCASP1 significantly reduced the protein
abundance of Lsi1 in root endodermal cells but did not af-
fect its polar localization (Wang et al., 2019a). To determine
whether the knockout of OsMYB36s would affect the ex-
pression and/or polarity of Lsi1, we performed double stain-
ing for GFP and cellulose in the roots of transgenic plants
generated by introducing ProLsi1:Lsi1genomic-GFP into the
WT, Osmyb36a-2, and Osmyb36abc backgrounds
(Supplemental Figure S21). The protein abundance and po-
larity of Lsi1 at the distal side of the exodermis and endo-
dermis were similar between WT and Osmyb36a roots
(Supplemental Figure S24, A and B). However, Lsi1 was
polarly localized at the distal side of the exodermis, and its
expression was not detected at the endodermis in the
Osmyb36abc roots (Supplemental Figure S24, C and D).
Furthermore, its abundance at the exodermis was not
changed. These results indicated that simultaneous knock-
out of OsMYB36a/b/c resulted in undetectable Lsi1 expres-
sion at the endodermis, but did not affect its expression and
polarity at the exodermis.
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Discussion

Genes regulated by OsMYB36a/b/c function in
different aspects of CS formation at the endodermis
The rice genome contains three MYB36-like genes
(OsMYB36a, OsMYB36b, and OsMYB36c). These genes en-
code proteins with highly conserved R2R3-type MYB DNA
binding domains in their N-terminal regions, whereas their
C-terminal transcriptional activation domains are relatively

variable. Although all three OsMYB36 members can activate
the expression of CS-associated genes such as OsCASP1 and
OsESB1 in rice protoplasts, individually they have a weak or
no effect on the expression level of these genes in rice roots.
However, OsMYB36ab or OsMYB36abc possess a gradually
enhanced ability to modulate the expression of these genes.
A similar trend was observed for endodermal CS formation,
with the strongest effect on disrupting CS formation also
found in the Osmyb36abc mutants. These results indicate
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Figure 8 Spatial localization of OsCASP1 in WT rice, Osmyb36a, Osmyb36abc, and an OsMYB36a-overexpressing line. A–T, Double staining for GFP
(green) and cellulose (blue) was performed to observe OsCASP1 localization at different root positions (1, 3, 5, 7, and 10 mm from the apex) of WT
(A, E, I, M, and Q), Osmyb36a-1 (B, F, J, N, and R), OsMYB36a overexpressing line (C, G, K, O, and S) and Osmyb36abc-1 (D, H, L, P, and T). 1 mm (A–
D), 3 mm (E–H), 5 mm (I–L), 7 mm (M–P), and 10 mm (Q–T) from the root apex. en, Endodermis. Scale bars, 20 lm. (U–W) Quantification of pixel
intensity (0–255) across the OsCASP1 microdomain (distance in micrometer) at 3 mm (U), 5 mm (V), or 7 mm (W) from the root apex using surface
views of (E–O). Light curves represent individual replicates (n = 4). Data of each individual plant are the average pixel intensity of six OsCASP1 micro-
domains. Mean values for ProOsCASP1:OsCASP1-GFP in Osmyb36a-1 (red), WT (black), and ProUbi:OsMYB36a (OX, green).
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that three OsMYB36 members redundantly regulate CS for-
mation at the endodermis through activating the expression
of CS-associated genes.

Rice roots contain one CS at the endodermis and one at
the exodermis (Enstone et al., 2002). Although three
OsMYB36s were expressed in all types of root cells, the loss
of OsMYB36a/b/c interfered with CS formation at the endo-
dermis, but not at the exodermis (Supplemental Figure S6),
suggesting that CS formation at these tissues is regulated by
different mechanisms. Transcriptomic analysis revealed can-
didate downstream genes regulated by OsMYB36a/b/c that
are implicated in the positioning, lignification, and integrity
of endodermal CS formation (Supplemental Data Sets S3
and S4 and Supplemental Figure S25). For example, four
candidate genes, OsCASP1, OsCASP2, OsCASP3, and
OsCASP5, belong to the CASP family. OsCASP1 is thought to
interact with itself and OsCASP2 at the CSD (Wang et al.,
2020b) and to form a scaffold to mediate CS formation at
the endodermis (Wang et al., 2019a). Os01g0827600 is a sub-
unit of the Exo70 exocyst complex. In Arabidopsis, the exo-
cyst subunit AtEXO71A1 mediates the localization and
positioning of CASP1 at the CSD where the CS is to be de-
posited (Kalmbach et al., 2017). Eleven candidate genes ap-
pear to encode lignin-polymerizing proteins, including
peroxidase, laccase (LAC), uclacyanin, and dirigent proteins.
Os01g0263300 and Os01g0263000 are homologs of
Arabidopsis PER64, which is involved in monolignol oxida-
tion at the CSD (Lee et al., 2013; Barbosa et al., 2019).
Endodermis-enriched PERs are required for CS lignification
(Rojas-Murcia et al., 2020). Os03g0297900 encodes a LAC.
LACs are thought to function as secretory multicopper oxi-
dases that participate in lignin polymerization (Boerjan
et al., 2003; Barbosa et al., 2019; Zhuang et al., 2020).
Os06g0218600, Os04g0545400, Os07g0101000, Os04g0561900,
and Os02g0653200 encode uclacyanin proteins. Recently, this
family was reported to be required for the lignification of a
central CS nanodomain in Arabidopsis (Reyt et al., 2020).
Three genes encode the dirigent protein in rice, namely
Os03g0280750, Os01g0155300, and Os03g0143900. These
genes are homologous to the Arabidopsis gene encoding the
CS-localized protein ESB1, which is involved in CS lignifica-
tion (Hosmani et al., 2013).

Nine candidate genes encoding receptor-like kinases were
also identified as downstream genes of OsMYB36a/b/c such
as Os05g0170300, Os09g0513600, Os03g0556600, and
Os06g0544100 (Figure 7C and Supplemental Data Set S5).
These genes are homologous to Arabidopsis SGN1 or SGN3,
encoding a component of the CIF1/2-SGN3-SGN1 signaling
pathway (Doblas et al., 2017; Nakayama et al., 2017). This
signaling pathway controls CS integrity at the endodermis
by activating the compensatory lignification machinery.
These nine genes are likely involved in maintaining the in-
tegrity of the CS in rice. However, most candidate genes
that function downstream of OsMYB36a/b/c are uncharac-
terized, and their functions remain to be examined.

Interestingly, knockout of a single OsMYB36 gene did not
affect exodermal suberization, while simultaneous knockout
of OsMYB36a/b or OsMYB36a/b/c resulted in an increased
suberization of most exodermal cells. These results suggested
that three OsMYB36s might redundantly modulate suberin
accumulation at the exodermis. Alternatively, a compensa-
tory suberin accumulation at the exodermis might be indi-
rectly induced by the loss of CS at the endodermis in the
Osmyb36ab and Osmyb36abc mutants. Additionally, the
broad expression patterns of three OsMYB36 genes imply
that they may process other physiological functions in rice.
For instance, mutants containing the Osmyb36a mutation
exhibited multiple growth defects such as a reduced number
of tillers and low seed-setting rate. Further investigations are
needed to decipher the exact underlying mechanisms for
these.

The mechanisms underlying CS formation differ
between rice and Arabidopsis
In Arabidopsis, CS formation at the endodermis was shown
to be coordinately controlled by two distinct signaling path-
ways: SHR-SCR-AtMYB36 and CIF1/2-SGN3-SGN1 (Drapek
et al., 2018; Li et al., 2018; Barbosa et al., 2019). The SHR/
SCR pathway activates the transcription of AtMYB36, whose
protein product in turn induces the expression of genes in-
volved in CS lignification. Recently, AtMYB36 was also
reported to regulate the expression of the suberin biosyn-
thetic genes in roots (Wang et al., 2020a). The SGN3-SGN1
pathway contributes to CS integrity and triggers
compensatory lignification and suberization in CS-defective
mutants. In Atmyb36, ectopic lignification and an upregula-
tion of suberin are observed, although SGN3 and SGN1 ex-
pression was not significantly downregulated, indicating that
AtMYB36 is not directly involved in regulating the SGN3-
dependent activation of the compensatory mechanism
(Kamiya et al., 2015). Homologs for CIF1, CIF2, SGN3, and
SGN1 exist in the rice genome (Wang et al., 2019a).
Moreover, typical compensatory phenotypes such as ectopic
lignification and enhanced suberization at endodermal cells
were also observed in rice CS-defective mutants such as
Oscasp1, Osmyb36a, and Osmyb36ac, suggesting that the ac-
tivation of a similar SGN3-dependent pathway might occur
in rice upon CS disruption. Yet, different from Atmyb36 and
most other CS-defective mutants, the Osmyb36abc triple
mutants displayed a delayed and lower accumulation of lig-
nin and suberin at some cortex-facing cell corner/walls be-
tween endodermal and cortical cells (Figure 2 and
Supplemental Figures S7, S8, S12, and S13). RNA-seq and
RT-qPCR analyses showed that the expression levels of some
SGN1- and SGN3-like genes are markedly lower in
Osmyb36abc mutants, but not in the Osmyb36 single
mutants (Figure 7C and Supplemental Data Sets S4 and S5),
indicating that all three OsMYB36 transcription factors re-
dundantly regulate the expression of these genes. These
data suggest that a strong delay of the compensatory phe-
notype in Osmyb36abc may be due to a weak activation of
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the SGN3-dependent compensatory mechanism through
downregulating the expression of SGN1- and SGN3-like
genes by Osmyb36a/b/c. Therefore, OsMYB36a/b/c may reg-
ulate not only CS lignification but also compensatory lignifi-
cation and suberization at the endodermis in rice, perhaps
as regulators of the crosstalk between the CS biosynthetic
and CIF1/2-SGN3-SGN1 signaling pathways.

CASPs are key organizers of a membrane scaffold that
contributes to CS formation (Roppolo et al., 2011). In
Arabidopsis, the expression and localization of CASPs are
primarily regulated by AtMYB36. In Atmyb36 plants,
AtCASP1-GFP and AtCASP2-GFP did not accumulate at the
endodermis (Kamiya et al., 2015; Liberman et al., 2015).
When AtCASP1 driven by the SCR promoter was specifically
expressed in Atmyb36 endodermal cells, AtCASP1 did not
localize to the sites of the CSD between endodermal cells;
instead, it uniformly localized to the plasma membrane and
cytosol (Kamiya et al., 2015). Compared with AtMYB36,
OsMYB36a, OsMYB36b, or OsMYB36c alone has a relatively
weak effect on the mRNA accumulation of OsCASP1. The
protein abundance of OsCASP1 in endodermal cells was
also not obviously altered in the Osmyb36a mutant.
However, knockout of OsMYB36a did delay the lateral con-
centration of OsCASP1 on the anticlinal sides of endodermal
cells, whereas overexpressing OsMYB36a but not OsMYB36b
promoted the premature localization of OsCASP1 at the en-
dodermis. These results indicate that (1) OsMYB36a regu-
lates the expression of genes involved in the lateral
concentration of OsCASP1 into the CSD and (2) OsMYB36a
function cannot be replaced by that of OsMYB36b.
However, simultaneous knockout of OsMYB36a/b/c resulted
in a complete lack of OsCASP1 accumulation at the endo-
dermis, suggesting that all three OsMYB36s regulate the ex-
pression and localization of OsCASP1 (Supplemental Figure
S25). Like Atmyb36 plants (Kamiya et al., 2015), Osmyb36abc
plants showed no CS lignification at the root endodermis.
These results indicate that three OsMYB36s and single
AtMYB36 play a similar function in the activation of CASP1
expression and CS lignification at the root endodermis. Yet,
their expression patterns in roots are quite different.
AtMYB36 is specifically expressed in endodermal cells,
whereas three OsMYB36s are expressed in both endodermal
and nonendodermal cells. In addition, the ectopic expression
of AtMYB36 was sufficient to activate the expression of
AtCASP1 and cause CS-like structures to form in the epider-
mis and cortex, whereas we failed to detect either OsCASP1
expression or CS-like structures in OsMYB36a/b/c-expressed
nonendodermal cells. Furthermore, overexpressing
OsMYB36a or OsMYB36b did not induce the expression of
OsCASP1 or the formation of CS-like structures in any non-
endodermal root cells. These differences indicate that
AtMYB36 is both necessary and sufficient for the activation
of CASP1 and CS lignification in Arabidopsis while
OsMYB36a/b/c are necessary but not sufficient in rice.

Other unknown factors might also participate in this regu-
latory cascade in rice. Importantly, the downstream genes

regulated by OsMYB36a/b/c versus AtMYB36 are different,
with the exceptions of CASP1, CASP2, CASP3, and ESB1
(Supplemental Data Set S6). We showed here that
OsMYB36a/b/c regulate many more candidate genes related
to CS formation than AtMYB36 does, with some being
unique to rice; for instance, Os03g0245500, Os09g0535400,
and Os10g0155100 were predicted to encode mannose-
specific plant lectins. Os08g0515700 and Os09g0493400
encoded putative proteins containing a domain of unknown
function, DUF547, implying that there are additional mecha-
nisms for endodermal CS formation in rice.

Osmyb36s mutations have a distinct effect on the
selective uptake of mineral elements from
Arabidopsis CS mutants
In Arabidopsis, the compensatory ectopic deposition of lig-
nin and suberin at the endodermis of CS mutants affects
both apoplastic and transmembrane ion transport across
the endodermis, resulting in complex changes in the shoot
ionome (Hosmani et al., 2013; Kamiya et al., 2015; Li et al.,
2017). We also observed ectopic deposition of lignin and su-
berin at the endodermis in the mutants possessing the
Osmyb36a mutations (Figure 2, B–B2, C–C2, F–F2, G–G2,
H–H2, and I–I2 and Supplemental Figures S12 and S13).
When grown in nutrient solution, the Osmyb36a single and
Osmyb36ac double mutants exhibited a weak effect on the
ionomic changes, while the Osmyb36ab double and
Osmyb36abc triple mutants showed a strong effect with
higher Ca, Sr, and P contents and lower K, Mn, Fe, Zn, Cu,
Ge, and Cd contents in shoots than the WT. However,
when grown in soil, Ca was the only element that showed a
major increase in concentration in the shoots of the
mutants possessing the Osmyb36a mutation versus the WT
(Supplemental Figure S17). In contrast, Atmyb36 and other
Arabidopsis CS mutants accumulated lower levels of Ca in
shoots than the WT.

We previously demonstrated that the CS has distinct
effects on controlling mineral element uptake in rice versus
Arabidopsis, which was attributed to their different uptake
systems and root structures (Wang et al., 2019a). In rice
roots, both the exodermis and endodermis contain a CS.
Moreover, mature rice roots contain a highly developed aer-
enchyma between the exodermis and endodermis (Kawai
et al., 1998). This root structure underlies the distinct uptake
system for mineral uptake in rice; this system is composed
of influx and efflux transporters that are polarly localized to
the distal and proximal sides of both the exodermis and en-
dodermis (Sasaki et al., 2016; Che et al., 2018). RNA-seq
analysis showed that the expression levels of almost all the
genes encoding plasma membrane-localized influx/efflux
transporters/channels for Ca were not significantly upregu-
lated in Osmyb36s and Oscasp1 roots (Supplemental Data
Set S7), indicating that Ca overaccumulation in the shoots
of these mutants was not caused by the changes in the
membrane transporter/channel-regulated symplastic trans-
port of Ca in roots. In rice, apoplastic Ca uptake mainly
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occurs in the root tip (less than 10 mm from the root apex),
which contains a fully formed CS at the endodermis, but
not at the exodermis (Wang et al., 2019a). Similar to
Oscasp1, it appears that defects in CS formation at the en-
dodermis of the mutants possessing the Osmyb36a muta-
tion impair the control of the apoplastic flow of Ca to the
stele, resulting in the overaccumulation of Ca in shoots
(Supplemental Figure S25). This notion is supported by an
analysis of the short-term uptake of Sr (a congener of Ca),
an apoplastic tracer (Figure 5A). However, Ca levels in the
shoots and xylem sap were higher in the Osmyb36ab double
and Osmyb36abc triple mutants than in Oscasp1 under the
same conditions, likely because knockout of OsMYB36ab or
OsMYB36abc has a stronger effect on disrupting CS forma-
tion at the endodermis compared with the mutation of
OsCASP1. This conclusion is supported by the finding that
the absence of CS and compensatory lignification occurred
between neighboring endodermal cells in Osmyb36ab and
Osmyb36abc, as revealed by lignin staining (Supplemental
Figure S7).

Unlike Arabidopsis, rice is a Si- and Mn-accumulating
plant. The uptake of Si/Ge and Mn in rice roots is mediated
by two pairs of polarly localized influx/efflux transporters:
Lsi1 (influx) and Lsi2 (efflux) for Si/Ge (Ma et al., 2006, 2007)
and OsNramp5 (influx) and OsMTP9 (efflux) for Mn (Sasaki
et al., 2012; Ueno et al., 2015). OsNramp5 also functions as
the major pathway for Cd entry to the rice roots (Sasaki
et al., 2012). Like Oscasp1, Osmyb36abc contained altered Ge
(a chemical analog of Si), Mn, and Cd levels in shoots. The
significant reduction in Si and Ge uptake in Oscasp1
mutants is caused by decreased Lsi1 protein abundance,
which is likely triggered by the CIF1/2-SGN3-SGN1 signaling
pathway (Wang et al., 2019a). Therefore, perhaps the loss of
function of OsMYB36abc affected the protein abundance of
Lsi1 due to its stronger defects in the CS. Indeed, immunos-
taining showed no accumulation of Lsi1 at the endodermis
in the Osmyb36abc plants (Supplemental Figure S24).
Decreased Mn and Cd accumulation in Osmyb36abc might
also be due to altered OsNramp5 mRNA or OsNramp5 pro-
tein abundance in this mutant. Indeed, the transcript abun-
dance of OsNramp5 was significantly reduced in the
Osmyb36abc roots relative to the WT (Supplemental Data
Set S7).

In conclusion, three OsMYB36 transcription factors are
critical regulators of CS formation at the endodermis of rice
roots and redundantly regulate multiple CS-associated genes.
Functional analysis of MYB36s revealed that rice controls CS
formation via a mechanism at least partly distinct from that
of Arabidopsis. In addition, compared with that of
Arabidopsis, the rice CS defect has distinct effects on the se-
lective uptake of mineral elements, especially Ca, in roots.

Materials and methods

Plant materials and growth conditions
WT rice (cv. Nipponbare), single- and multiple-knockout
lines for three OsMYB36 genes, OsMYB36a- and OsMYB36b-

overexpression lines, and the Oscasp1-1 mutant (Wang et al,
2019a) were used in this study. The WT rice was obtained
from rice resources conservation center of Guangxi
University. The Oscasp1-1 mutant, OsMYB36-knockout and
OsMYB36-overexpression lines were constructed in our labo-
ratory. The seeds were soaked in water for 2 days in the
dark at 28�C and transferred to a net floating on 0.5 mM
CaCl2 solution. After 7 days, the seedlings were transferred
to a 4.0-L plastic pot filled with half-strength Kimura B solu-
tion (pH 5.6) as described previously (Yamaji and Ma, 2007)
and grown in a greenhouse at 25�C to 30�C. The solution
was changed every 2 days.

Phylogenetic analysis
The amino acid sequences of MYB36 proteins in different
species were obtained from Genbank (https://www.ncbi.nlm.
nih.gov) and aligned using the ClustalW program. The
MYB36 sequence alignment is provided as Supplemental
Data Set S1. The approximately maximum-likelihood phylo-
genetic trees were constructed using Jones–Taylor–
Thornton model and Gamma distributed with Invariant sites
(G + I) on MEGA version 6.

Generation of transgenic rice
Various CRISPR–Cas9 knockout mutants of OsMYB36s were
generated as described by Ma et al. (2015). The target
sequences of each gene (Supplemental Data Set S8) were in-
troduced into sgRNA expression cassettes via two rounds of
PCR with four primers (primer sequences are shown in
Supplemental Data Set S8). The amplified fragments were
cloned into pYLCRISPR/Cas9Pubi (Ma et al., 2015) in the
BsaI restriction enzyme site, producing the pCRISPR-
OsMYB36s constructs.

To generate the OsMYB36a or OsMYB36b overexpression
lines, the coding region of OsMYB36a or OsMYB36b was am-
plified by RT-PCR from total RNA from rice using specific
primers. The amplified fragment was inserted into the KpnI/
HindIII sites of the pYLox vector (Yu et al., 2010) under the
control of the maize Ubi promoter, producing the ProUbi-
OsMYB36a or ProUbi-OsMYB36b construct. All resulting vec-
tors were introduced into Agrobacterium tumefaciens (strain
EHA101), followed by introduction into rice (Nipponbare)
by Agrobacterium-mediated transformation.

Phenotypic analysis of the knockout lines
For hydroponic culture, single- and multiple-knockout lines
of OsMYB36s, Oscasp1-1, and the WT were grown in half-
strength Kimura B solution for 30 days. One day before har-
vest, the plants were transferred to a solution containing
0.2mM As and Cd and 1mM Ge, Rb, and Sr. The roots and
shoots were cut from the plants with a razor, separately col-
lected, and used to measure mineral elements as described
below.

For soil culture, 2-week-old seedlings of the lines described
above were transplanted to a 6-L plastic pot containing
paddy soil. The plants were grown in flooded or upland soil
supplied with tap water under natural light in a greenhouse.
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After 14 days, the plants were photographed and the shoots
collected for mineral element measurements as described
below.

Fourteen-day-old WT and Osmyb36s mutant seedlings
were also grown under flooded conditions in a 6.0-L pot
containing soil collected from Nanning, Guangxi province,
China, in a greenhouse. The plants were photographed at
the vegetative and reproductive growth stages. At harvest,
the agronomic traits were recorded.

Complementation test
For the complementation test of Osmyb36a-2, we amplified
the full-length genomic sequence of OsMYB36a containing
the 2.027-kb promoter sequence, 1.25-kb coding sequence,
and 0.5-kb downstream sequence (after the translational
stop site) from WT Nipponbare genomic DNA using primer
sets POsMYB36-F and UOsMYB36-R (primer sequences are
listed in Supplemental Data Set S8). The amplified fragment
was ligated into binary vector pCAMBIA1300 using a
ClonExpress II One Step Cloning Kit (Vazyme, Nanjing,
China) according to the manufacturer’s protocol. This con-
struct was introduced into Agrobacterium strain EHA101
and transformed into rice calli derived from the Osmyb36a-2
mutant lacking the pCRISPR-OsMYB36a construct, which
was obtained from the T2 population.

Growth at different Ca concentrations
For phenotypic analysis at different Ca concentrations, the
WT, single- and multiple-knockout lines of OsMYB36s, and
the Oscasp1-1 mutant were grown in half-strength Kimura B
solution under natural light in a greenhouse for 14 days, fol-
lowed by growth in a solution containing different concen-
trations of Ca (0.18, 1, and 5 mM) as CaCl2 for 12 days. The
plants were then photographed. The root and shoot tissues
were separately sampled for Ca measurement as described
below.

Measuring Ca content in xylem sap
The WT, single- and multiple-knockout lines of OsMYB36s,
and Oscasp1-1 were grown hydroponically for 40 days and
exposed to nutrient solution containing 5 mM Ca for 6 h.
The plants were cut to a height of 2 cm above the roots,
and xylem sap was continuously collected for 1 h with a mi-
cropipette. The Ca concentration of the xylem sap was de-
termined as described below.

Elemental analysis
The dried samples were digested with 65% HNO3. The metal
concentrations in the digested solution and xylem sap
were determined by ICP-MS (Plasma Quant MS; Analytik
Jena AG).

Gene expression analysis
To investigate the expression pattern of OsMYB36s, we sam-
pled diverse tissues including root, stem, leaf blade, and leaf
sheath tissue. The spatial expression pattern of OsMYB36s in
roots was examined using different root segments (0–1, 1–2,

2–3, and 3–4 cm from the root apex) that were separately
harvested from 5-day-old seedlings. Total RNA was extracted
from the samples using a TRIzol reagent kit (Life
Technologies, Carlsbad, CA, USA) and reverse-transcribed us-
ing a PrimeScript II 1st Strand cDNA Synthesis kit (Takara,
Shiga, Japan) according to the manufacturer’s instructions.
The expression of OsMYB36s was determined using ChanQ
SYBR Color qPCR Master Mix (Vazyme) in a qTOWER ver-
sion 2.0 system (Analytik Jena, Jena, Germany). Three biolog-
ical replicates were analyzed per sample. Histone H3 was
used as an internal control. The primers used for RT-qPCR
are shown in Supplemental Data Set S8.

Immunostaining with GFP antibody
To examine the cellular localization of OsMYB36s, we gener-
ated transgenic plants carrying the ProOsMYB36s:
OsMYB36scDNA-GFP or ProOsMYB36a:OsMYB36agenomic-GFP
fusion construct. The native promoter (�2.0-kb region up-
stream of the start codon) of each OsMYB36 gene was am-
plified from Nipponbare genomic DNA with the primer set
POsMYB36s-GFP-F and POsMYB36s-atg-R, and the
OsMYB36s ORF without the stop codon was amplified from
cDNA from Nipponbare roots with the primer set
POsMYB36s-atg-F and POsMYB36s-GFP-R. We also amplified
a 3.274-kb genomic DNA fragment containing the 2.0-kb
OsMYB36a promoter sequence and coding sequence with-
out the stop codon from WT genomic DNA by a PCR ap-
proach. The amplified fragments were cloned into
pCAMBIA1301-GFP using a ClonExpress II One Step Cloning
Kit (Vazyme) according to the manufacturer’s protocol, gen-
erating the ProOsMYB36s:OsMYB36s-GFP or ProOsMYB
36a:OsMYB36agenomic-GFP construct. Using a similar method,
we also generated the ProLsi1:Lsi1genomic-GFP construct. To
obtain the Osmyb36abc triple mutant carrying the
ProOsCASP1:OsCASP1-GFP or ProLsi1: Lsi1genomic-GFP con-
struct, sgRNA expression cassettes for three OsMYB36 genes,
together with ProOsCASP1:OsCASP1-GFP or ProLsi1:
Lsi1genomic-GFP expression cassettes, were cloned into
pYLCRISPR/Cas9Pubi in the BsaI restriction enzyme site, pro-
ducing the pCRISPR-OsMYB36s-ProOsCASP1:OsCASP1-GFP or
pCRISPR-OsMYB36s-ProLsi1:Lsi1genomic-GFP construct. These
constructs were transformed into calli derived from
Nipponbare or Osmyb36a-2 lacking the pCRISPR-OsMYB36a
construct via Agrobacterium (strain EHA101)-mediated
transformation. The primer sequences are listed in
Supplemental Data Set S8. The Osmyb36a-1, OsMYB36a-, or
OsMYB36b-overexpressing line carrying the ProOsCASP1:
OsCASP1-GFP construct was obtained from the F2 popula-
tion of the Osmyb36a-1, OsMYB36a- or OsMYB36b-overex-
pressing line crossed with the transgenic plant carrying the
ProOsCASP1:OsCASP1-GFP construct.

To observe the localization of OsMYB36s-GFP, OsCASP1-
GFP, or OsLsi1-GFP in roots, the roots of WT rice, and trans-
genic plants carrying ProOsMYB36s:OsMYB36s-GFP,
ProOsCASP1:OsCASP1-GFP, or ProLsi1:Lsi1genomic-GFP were
immunostained using an antibody against GFP (1:1,000 dilu-
tion; A11122; Molecular Probes). Following immunostaining
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as described previously (Wang et al., 2019a), GFP fluores-
cence was observed under a confocal laser-scanning micro-
scope (TCS SP8; Leica, Wetzlar, Germany).

Subcellular localization of OsMYB36 proteins
To construct the OsMYB36s-GFP fusion protein, each
OsMYB36 cDNA without the stop codon was amplified by
PCR using the primer set OsMYB36s-GFP-F and OsMYB36s-
GFP-R (Supplemental Data Set S8). The restriction sites for
subcloning were included in these primer sets. The amplified
cDNA fragment for each OsMYB36 gene was inserted into
the pYL322-GFP vector upstream of the GFP coding region,
producing the OsMYB36s-GFP construct.

The OsMYB36s-GFP construct, together with a nuclear
marker (Ghd7-RFP), was introduced into rice leaf protoplasts
by PEG-mediated transformation as previously described (Fu
et al., 2019). The transformed cells were cultured at room
temperature in the dark for 12–16 h. The fluorescence
images were captured using a confocal laser-scanning micro-
scope (TCS SP8; Leica).

Histochemical staining of roots
Five-day-old seedlings were used to prepare transverse or
longitudinal cross-sections of roots. The roots were embed-
ded in 5% (w/v) agar. Root samples at different positions
were sectioned (100-mm thick) with a Microslicer (VT1000 S;
Leica). The sections were treated with 0.2% (w/v) Basic
Fuchsin for lignin staining or 0.1% (w/v) Calcofluor White
for cellulose staining according to Wang et al. (2019a,
2019b). To observe suberin in the samples, Fluorol Yellow
088 fluorescence staining was performed as previously de-
scribed (Lux et al., 2005). A PI penetration assay was per-
formed as previously described (Wang et al., 2019a, 2019b).

Microscopy observation
Confocal laser-scanning microscopy was performed with a
Leica SP8. The following excitation and emission settings
were used: GFP, 488 nm/500–550 nm; Basic Fuchsin, 580 nm/
600–615 nm; Calcofluor White, 405 nm/415–440 nm; Fluorol
Yellow 088, 488 nm/510–525 nm; PI, 488 nm/600–650 nm.
The z-stack magnified images of CS and OsCASP1-GFP were
taken (�20 optical sections with 0.3–0.4mm intervals per
sample) and the 3D images were constructed with LAS AF
Lite software (Leica Microsystems). Confocal images were
processed and analyzed using the Leica Application Suite.

RNA-seq
The roots of 21-day-old WT rice cv. Nipponbare, Osmyb36a-
1, Osmyb36ab, Osmyb36abc-1, and oscasp1 seedlings were
sampled for RNA-seq analysis. RNA purification and cDNA
library preparation were performed as described by Fu et al.
(2019). The libraries were sequenced as 150-bp paired-end
reads using the Illumina NovaSeq platform (Illumina, Inc.,
San Diego, CA, USA). Sequence annotation was performed
using Hisat2 version 2.0.5 (https://daehwankimlab.github.io/
hisat2/) based on the released reference genome down-
loaded from the Rice Annotation Project Database directly

(https://rapdb.dna.affrc.go.jp/download/archive/irgsp1/IRGSP-
1.0_genome.fasta.gz). DEGs between the WT and mutants
were analyzed by DESeq2 (Love et al., 2014). The standard
of log2 fold change 4–1 and P-value 40.05 was used to se-
lect downregulated genes between two groups, while the
standard of log2 fold change 51 and P-value 40.05 was
used to select upregulated genes. Normalized RPKM (log2

values) of gene expression was used to generate heatmap
and hierarchical clustering by R package (https://cran.r-proj
ect.org/web/packages/pheatmap/index.html).

To verify the RNA-seq data, RT-qPCR analysis was per-
formed using RNA samples from roots as described above.
We examined the expression of six genes with no known
homologs in Arabidopsis and 21 genes homologous to
known CS-related genes in Arabidopsis. A heatmap of the
gene expression levels in various CS defective mutants rela-
tive to the WT was generated using MeV software (https://
sourceforge.net/projects/mev-tm4/files/mev-tm4/). The
primer sequences are listed in Supplemental Data Set S8.

Dual-LUC transient expression assays
Dual-LUC transient expression assays in rice protoplasts
were performed according to (Su et al., 2016). The promoter
sequences (�2,100-bp from the start codon) of eight tested
genes were amplified from Nipponbare genomic DNA and
inserted into pGreen II 0800-LUC upstream of the firefly
LUC gene, producing the ProOsCASP1:Luc, ProOsESB1:LUC,
ProOs03g0245500:LUC, ProOs08g0515700:LUC, ProOs09g
0493400:LUC, ProOs09g0535400:LUC, ProOs10g0155100:LUC,
or ProOs11g0499600:LUC vectors. The reporter vector con-
tained the Renilla LUC (REN) gene driven by the CaMV 35S
promoter as an internal control. To generate the effector
vector, the full-length coding sequence of each OsMYB36
gene was amplified and cloned into the pGreen II 62-SK vec-
tor downstream of the CaMV 35S promoter. The resulting
vectors were introduced into rice protoplasts as previously
described (Fu et al., 2019). LUC and REN LUC activities were
detected using a Dual-LUC Reporter Assay System
(Promega, Madison, WI, USA). The primer sets used for am-
plification are listed in Supplemental Data Set S8. All experi-
ments were performed with three biological replicates.

Transactivation activity and Y1H assay
The full-length or truncated coding region of each OsMYB36
gene was amplified and cloned into the NdeI/EcoRI or EcoRI/
BamHI sites of the pGBKT7 vector (Clontech, Shiga, Japan)
to generate the pGBK-OsMYB36s, pGBK-OsMYB36s-N, and
pGBK-OsMYB36s-C constructs. The resulting constructs or a
control vector were transformed into yeast strain AH109.
The yeast colonies were spotted on SD/Trp– and SD/Trp–/
His–/Ade– medium containing 40 mg/L–1 5-bromo-4-
chloro-3-indolyl-a-D-galactopyranoside, which was used to
detect the activity of the MEL1 reporter gene. The plates
were incubated at 30�C for 3 days. The primer sets used for
amplification are listed in Supplemental Data Set S8.

To investigate the interaction between OsMYB36s and
the OsCASP1 and OsESB1 promoters, we amplified the
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promoter sequences of OsCASP1 (2,082-bp fragment directly
upstream of the start codon) and OsESB1 (2,126-bp frag-
ment directly upstream of the start codon) from
Nipponbare genomic DNA by PCR. The amplified promoter
fragments were cloned into pHIS2.1 upstream of the HIS3
reporter gene in the pHIS2 vector (Clontech), producing the
pHIS-ProOsCASP1 and pHIS-ProOsESB1 constructs. The
truncated OsMYB36s ORF (1–360 bp) containing the MYB
domain was cloned in-frame after the transcriptional activa-
tion domain of the yeast GAL4 transcription factor (without
the DNA-binding domain) in pGADT7 (Clontech) to gener-
ate pGAD-MYB36s-N. A pair of these plasmids (pHIS2-
ProOsCASP1 and pGAD-MYB36s-N, pHIS2-ProOsESB1 and
pGAD-MYB36s-N, or control pHIS2 and pGADT7) was
transformed into yeast strain AH109. The yeast colonies
were cultured on SD/-Leu/-Trp and SD/-Leu/-Trp/-His me-
dium containing 0–100 mM 3-amino-1,2,4-triazole at 30�C
for 3 days.

EMSA
For the EMSA, the truncated ORF (1–360 bp) of each
OsMYB36 gene was cloned in-frame after the His tag in the
pRSFDuet-1 vector (Novagen, Beijing, China), generating the
pRSFDuetI-His-OsMYB36s-N construct. The resulting con-
struct was transformed into Escherichia coli (BL21). The His-
OsMYB36s-N fusion protein was purified using Ni Sepharose
6 Fast Flow columns (GE) according to the manufacturer’s
instructions. 50-carboxyfluorescein (FAM)-labeled oligonucle-
otide probes containing the MYB-binding motif were syn-
thesized. Probes with the same sequences or without the
MYB-binding motif that were not labeled with FAM were
used as competitors. EMSAs were performed using a Light
Shift Chemiluminescent EMSA Kit following the manufac-
turer’s protocol. The FAM-labeled probes were detected us-
ing the ChemDoc XRS imaging system (Bio-Rad, Hercules,
CA, USA). The probe sequences for EMSA are listed in
Supplemental Data Set S8.

Statistical analysis
GraphPad Prism version 8 software was used for statistical
analysis. Data were analyzed using one-way ANOVA fol-
lowed by Tukey’s test (Supplemental Data Set S9).
Significance of differences at P5 0.05 are indicated by differ-
ent letters. All experiments were carried out with at least
three biological replicates and independently repeated at
least twice.

Accession numbers
Sequence data from this article can be found MSU Rice
Genome Annotation Project data libraries under accession
numbers: OsMYB36a, LOC_Os08g15020; OsMYB36b;
LOC_Os02g54520; OsMYB36c, LOC_Os03g56090. The RNA-
sequencing raw data can be found in the Sequence Read
Archive at the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/sra) under acces-
sion number SRP345199.
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The following materials are available in the online version of
this article.
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