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Suberin is a hydrophobic biopolymer that can be deposited at the
periphery of cells, forming protective barriers against biotic and
abiotic stress. In roots, suberin forms lamellae at the periphery of
endodermal cells where it plays crucial roles in the control of water
and mineral transport. Suberin formation is highly regulated by
developmental and environmental cues. However, the mechanisms
controlling its spatiotemporal regulation are poorly understood.
Here, we show that endodermal suberin is regulated independently
by developmental and exogenous signals to fine-tune suberin de-
position in roots. We found a set of four MYB transcription factors
(MYB41, MYB53, MYB92, and MYB93), each of which is individu-
ally regulated by these two signals and is sufficient to promote
endodermal suberin. Mutation of these four transcription factors
simultaneously through genome editing leads to a dramatic reduc-
tion in suberin formation in response to both developmental and
environmental signals. Most suberin mutants analyzed at physio-
logical levels are also affected in another endodermal barrier made
of lignin (Casparian strips) through a compensatory mechanism.
Through the functional analysis of these four MYBs, we generated
plants allowing unbiased investigation of endodermal suberin func-
tion, without accounting for confounding effects due to Casparian
strip defects, and were able to unravel specific roles of suberin in
nutrient homeostasis.
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lant roots form an inverted epithelium responsible for the

selective acquisition of water and nutrients present in the
soil. When entering the root, water and nutrients need to be ra-
dially transported from the root periphery to the central vascula-
ture in order to be loaded to the xylem vessels and distributed to
the plant organs. This can be achieved through three different
transport scenarios: symplastic, apoplastic, or transcellular (1, 2).
The endodermis, the innermost cortical cell layer surrounding the
central vasculature, plays a particularly important role in these
transport routes as it forms barriers for the free diffusion of
water and nutrients. These barriers are formed in two sequential
differentiation stages with first, the formation of Casparian strips
(CSs), ring-like structures made of lignin forming an apoplastic
barrier (3-5), and then suberin lamellae deposited as secondary
cell walls around endodermal cells, forming a diffusion barrier
for the transcellular pathway (5-7). Recent efforts studying mu-
tants and lines affected for CSs and/or endodermal suberin in
Arabidopsis thaliana and in rice demonstrated that both barriers
play crucial roles in nutrient acquisition and homeostasis (6, 8-13).
Yet, the role of suberin in nutrient transport is still poorly un-
derstood and, in the absence of mutants with a constitutive, strong
reduction in suberization, is mainly corroborated by the analysis of
a synthetic suberin-deficient line (artificially expressing in the
endodermis the cutinase CDEF1, CUTICLE DESTRUCTING
FACTORLI, to degrade suberin) (6, 11, 14). To complicate matters,
most known enhanced suberin mutants are actually Casparian strip
defective mutants, with ectopic endodermal lignification and su-
berization acting as compensation (9-11). This syndrome occurs in
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response to Casparian strip defects and is triggered through the en-
dodermal integrity control system consisting of the leucine-rich-repeat
receptor-like kinase, SGN3/GSO1 (SCHENGEN3/GASSHOL1)
and its ligands CIF1/2 (CASPARIAN STRIP INTEGRITY
FACTORS 1/2) (12, 15-19). Suberin, however, is not only reg-
ulated by endogenous developmental factors surveilling Cas-
parian strip integrity. Pointing toward a very central role of suberin
in plants’ adaptation to their environment, endodermal suberiza-
tion is also highly regulated by nutrient availability and the hor-
mones ethylene and abscisic acid (ABA) (6, 14, 20-25), as well as
during biotic interactions (25-28). How suberin is regulated in
response to developmental and exogenous clues remains poorly
understood. Recently, several transcription factors were shown
to be sufficient to induce ectopic suberin formation when ectop-
ically overexpressed and for some to directly activate the expres-
sion of suberin biosynthesis genes (29-33). Suggesting a potential
role in controlling endodermal suberization the transcription fac-
tors MYB39, MYB93 (MYeloBlastosis family of transcription fac-
tors), and ANAC046 (A. thaliana NAM/ATAF/CUC protein) were
shown to be constitutively expressed in the endodermis and MYB41
to be expressed in the endodermis in response to ABA or salt, two
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conditions known to induce suberization (29, 31, 32, 34). How-
ever, in the absence of clear suberin phenotypes associated with
loss of function, their actual role in endodermal suberin forma-
tion and its regulation remains unclear.

Here by combining epistasis and pharmacological experi-
ments, we demonstrated that suberin is regulated independently
by the SGN3/CIFs pathway and ABA (previously shown to control
suberin induction in response to nutritional stresses). We next
undertook a systematic gene expression analysis and identified
four endodermal MYB transcription factors (MYB41, MYBS53,
MYB92, and MYB93) acting downstream of SGN3/CIFs and
ABA signaling, in the endodermis. These transcription factors are
sufficient to induce suberin biosynthesis in the endodermis. More-
over, we generated a quadruple mutant by CRISPR-Cas9 and could
show that several MYB transcription factors are necessary to
form endodermal suberin and/or to induce suberization in re-
sponse to developmental and exogenous signaling. Our work de-
veloped plants specifically and strongly impaired in endodermal
suberin, allowing us not only to probe the regulatory mechanisms of
suberin formation but also to characterize the function of suberin in
nutrient homeostasis independently of Casparian strip defects.

Results

Suberin Is Induced by ABA and SGN3/CIFs Independently. Suberin
formation can be induced in response to nutrient availability
through ABA and in response to Casparian strip defects through
the receptor SGN3/GSO1 and its ligands CIF1/2 (6, 12, 16, 17).
In order to investigate the underlying molecular mechanism con-
trolling ectopic suberization, it was important to establish whether
ABA and SGN3/CIFs have a similar effect on suberin formation.
We compared the effects of exogenous applications of the hor-
mone ABA and the peptide CIF2 on root suberization. To this
end we used the suberin biosynthesis reporter line GPATS::m-
Citrine-SYP122 (driving the expression of a fluorescently tagged
plasma membrane anchor protein under the control of the
promoter of the suberin biosynthesis gene Glycerol-3-Phosphate
Acyl Transferase5) and whole-mount suberin staining using Flu-
orol Yellow (FY) (Fig. 1. 4-C). In untreated roots, we observed a
typical pattern of suberin formation (5, 6, 35) with a non-suberized
zone (state I of endodermal differentiation with Casparian strips)
followed by a suberizing zone where only patches of endodermal
cells are suberized (patchy zone) and finally a fully suberized zone
(Fig. 1 A-C). Exogenous treatments with ABA or CIF2 peptide led
to ectopic suberin formation at the proximity of the root tip,
without a patchy zone between non-suberized and fully suberized
zones (Fig. 1 A-C) with ABA additionally inducing further su-
berization in the fully differentiated endodermis and in cortical
cells, as described before (6). Both treatments had the same effect
on the onset of endodermal suberization, which begs the question
of whether these two signals are converging on the same mecha-
nism. This has been addressed before and independent work on
this suggests either an interaction between ABA and develop-
mental signals (36), or, on the contrary, an independence (14). In
light of these contradictions, we decided to clarify the relation
between ABA and SGN/CIFs as signals controlling endodermal
suberization. We first tested whether the CIF1/2 receptor SGN3/
GSO1 was needed for ABA-dependent suberization. We used
the CIF-insensitive mutant sgn3 and observed no difference be-
tween ABA-induced ectopic endodermal suberization in WT plants
and in sgn3 mutants (Fig. 1 C and D). This hints at ABA signaling
being active either downstream or independent of the SGN3/CIFs
pathway. To elucidate this further, we assessed whether exoge-
nous CIF2 application can induce suberization in the absence of
active ABA signaling. We used the previously described ELTP::abil-1
line, where ABA signaling is inhibited in the endodermis by expressing
the dominant-negative abil-1 (aba insensitive 1) allele specifically in
the endodermis using the ELTP/EDA4 promoter (Endodermal Lipid
Transfer Protein/EMBRYO SAC DEVELOPMENT ARREST 4) (6).
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As previously reported for ELTP:abil-1 plants, endodermal
suberization was severely delayed in nonstressed conditions (6,
35), but CIF2 application was able to induce suberin formation
similarly to the response observed in wild-type (WT) plants (Fig. 1E).
This indicates that ABA signaling is not acting downstream of SGN3/
CIFs and that both pathways control suberization independently.
To strengthen this conclusion, we tested the role of ABA sig-
naling in the SGN3/CIFs-dependent enhanced suberin pheno-
type observed in the Casparian strip defective mutant esbl
(enhanced suberin 1) (9, 12). We first expressed ELTP::abil-1 in
esbl mutant background and observed an enhanced suberin phe-
notype independent of endodermal ABA signaling (SI Appendix,
Fig. S14), confirming previous analysis (14). Next, we confirmed
this observation by pharmacological interference with ABA
biosynthesis using fluridone (an herbicide blocking the caroten-
oid biosynthesis indirectly and thus lowering the amount of ABA),
widely used as an ABA biosynthesis inhibitor (37-39). In the pres-
ence of fluridone, suberin is highly reduced in WT plants but the
esbl mutant still displays its enhanced suberin phenotype (SI Ap-
pendix, Fig. S1B). Altogether these data demonstrate that ABA and
SGN3/CIFs pathways can induce ectopic endodermal suberization
independently.

MYB41 Is a Primary Response Factor to Suberin-Inducing Signals.
Next, we focused on identifying transcription factors controlling
endodermal suberization downstream of ABA and SGN3/CIFs.
Several MYB transcription factors—MYB9, MYB39, MYB41,
MYB53, MYB92, MYB93, and MYB107—have been shown in
transient assays in Nicotiana benthamiana leaves, ectopic over-
expression in whole plant, and/or yeast one-hybrid experiments,
to be able to activate suberin biosynthesis (29-33). Among them,
MYB9 and MYB107 were shown to control suberin deposition
in seed coats (40, 41). Very recently, MYB39 has been proposed
as a regulator of endodermal suberization (31). However, the myb39
mutant showed only a partial delay in endodermal suberization, sug-
gesting the involvement of other transcriptional regulators. Moreover,
the primary factors regulating suberin biosynthesis in response to ex-
ogenous and developmental cues were still unknown. To identify
such factors, we narrowed our search to the MYBs whose ex-
pression was induced by both ABA and SGN3/CIFs pathways.
We mined publicly available transcriptomes in seedlings treated
with ABA for 1 h and 3 h (42) and roots treated with CIF2 peptide
for 2 h and 8 h (17) and found a moderate response of all the
selected MYBs (i.e., MYB39, -53, -92, and -93), with the exception
of MYB41 whose expression responded the fastest and strongest to
either stimuli (SI Appendix, Fig. S24). To validate this observation,
we performed a time-course experiment for transcript profiling of
roots after 3 h and 6 h of ABA or CIF2 applications in our growth
conditions (Fig. 24). We confirmed that MYB41 was indeed the
primary responsive factor for either stimuli. The other factors
MYB53, MYB92, and MYB93 were also induced by both stimuli in 3
to 6 h but at a lower levels, while MYB39 expression was not sig-
nificantly changed or reduced after ABA and CIF2 applications in
our conditions after short (3 or 6 h) or longer treatment (12 or 24
h) and was therefore not investigated further in this study (Fig. 24
and SI Appendix, Fig. S2B).

Since MYB41 reacted most prominently of all MYBs from
transcript profiling, we focused on this factor as the primary can-
didate for controlling endodermal suberization and its induction
by ABA and SGN3/CIFs. To test the spatiotemporal response of
MYB41 upon ABA and CIF2 applications, we developed a tran-
scriptional reporter line, MYB41::NLS-3xmVenus for live imaging
in roots. We found that MYB41 was specifically expressed in the
differentiated endodermis, matching the tissue specificity of the
suberin biosynthesis reporter GPATS5 (Fig. 2B). Applications
of ABA and CIF2 further validated the transcriptional re-
sponse observed in previous experiments of mRNA profiling as we
observed a strong activation of MYB41 promoter activity in the
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Fig. 1.

Independent suberin induction by ABA and SGN3/CIF. (A and B) GPAT5::mCITRINE-SYP122 expression (presented as Look Up Table, [LUT]) in untreated

(Unt.) or plants treated with 1 M ABA or 1 pM CIF2 for 16 h. Propidium iodide (PI, in gray) was used to highlight cells. Pictures are presented as maximum
intensity Z projections. (A) Observations from root tip to 4 to 5 mm. (Scale bars, 500 pm.) (B) Zoomed pictures from A in the patchy (Upper) and nonsuberized
zones (Lower), respectively. (Scale bars, 50 pm.) (C-E) FY staining for suberin. Whole-mount staining in full seedlings (Left) and quantifications of suberin
pattern along the root (Right), n > 10, error bars, SD, different letters indicate significant differences between conditions (P < 0.05). (Scale bars, 2 mm.) (C) FY
staining for suberin in Unt. or treated WT plants with 1 pM ABA or 1 pM CIF2 for 16 h. (D) FY staining in sgn3-3 and sgn3-4 mutants Unt. or treated with 1 M
ABA for 16 h. (E) FY staining for WT and ELTP::abi1-1 Unt. or treated with 1 pM CIF2 for 16 h.

endodermis with an ectopic expression close to the root tip (S
Appendix, Fig. S2 C and D). We combined this reporter with
GPAT5::NLS-3xmScarlet-I to generate a dual reporter for MYB41
and GPATS5 promoter activity and observed in untreated condi-
tions, that MYB41 expression preceded the expression of GPATS in
the endodermis, positioning MYB4! in a spatiotemporal context for
regulating endodermal suberization (Fig. 2C). Upon ABA and
CIF2 applications, MYB41 expression was strongly induced, and
its expression pattern extended to the proximity of the root tip.
Since MYB41 expression always preceded GPATS5 spatiotempo-
ral expression (Fig. 2C and SI Appendix, Fig. S2 E and G), this
could be indicative of MYB4I controlling the suberin biosyn-
thesis machinery in the endodermis.

We then tested whether MYB41 activity was sufficient to in-
duce endodermal suberization. To this end, we used the endodermis-
specific promoter CASPI (expressed in the differentiating en-
dodermis before suberization) to drive MYB4I expression. FY
staining of CASPI::MYB41 transgenic lines showed ectopic en-
dodermal suberization closer to the root tip, demonstrating that
MYB41 expression was sufficient for induction of endodermal
suberization (Fig. 2D). We confirmed this observation by per-
forming chemical analysis of suberin content in the roots of WT
and two independent CASPI::MYB41 lines. We found that both
CASPI::MYB41 lines displayed excess of suberin monomers with
an increase of ~140% for line #3 and ~170% for line #7 com-
pared with WT roots (Fig. 2E)). We simultaneously tested the same
by expressing a functional MYB41-mVenus under a chemically
inducible endodermal promoter, CASPIxve in WT (SI Appendix,
Fig. S2H) and GPAT5::NLS-RFP reporter backgrounds. Impor-
tantly after estradiol induction, we could observe a transient accu-
mulation of MYB41-mVenus in endodermal cells followed by the
induction of GPAT5 promoter activity, corroborating our supposi-
tion that MYB41 can induce suberin biosynthesis in the endodermis
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(Fig. 2F and SI Appendix, Fig. S2 I and J). In order to verify
whether this conditional induction of MYB41 was able to induce
the rest of the suberin biosynthetic pathway, we measured the
transcript levels of suberin biosynthesis genes and the other MYBs
of interest. A short treatment of 3 h with estradiol was enough to
strongly induce MYB41 expression as well as nearly all the genes
involved in suberin biosynthesis, including the recently character-
ized GELPs (GDSL-Type Esterase/Lipases) (43) coding for en-
zymes involved in the polymerization of suberin monomers in the
cell wall (Fig. 2G). Surprisingly we could also observe an increased
expression for ASFT, PAL1, PAL2, PAL4, and C4H while no sig-
nificant increase in ferulate content was detected (Fig. 2 E and G).
In addition, we observed that MYB41 did not induce the expres-
sion of most other MYBs studied with only a transient induction of
MYB93 expression and a reduction of the expression of MYB39,
MYBS53, and MYB9?2 after 6 h of estradiol induction (Fig. 2G). This
reduction of MYB39, MYB53, and MYB92 expression, being ob-
served only after 6 h while the expression of genes involved in
suberin biosynthesis was already induced after 3 h, likely reflects a
compensatory effect.

A Set of Four MYBs Controls Suberin Biosynthesis and Regulation.
After establishing that MYB41 was sufficient to induce endo-
dermal suberization, we wondered whether it was also required
to establish the endodermal suberin pattern observed under un-
stressed conditions in wild-type plants. We generated two CRISPR
alleles of MYB41: myb41_c1, obtained by a nearly full deletion of
the MYB41 coding region, and myb41_c2, obtained by introducing
a one-base pair frame shift in the beginning of the third and longest
exon of MYB41 gene (SI Appendix, Fig. S34). To confirm the
protein inactivity from the point mutation generated in myb41_c2,
the mutated MYB41_c2 complementary DNA (cDNA) was cloned
and expressed in plants using the CASPI promoter and, unlike the
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Fig. 2. MYB41, an endodermal transcription factor, inducing suberin biosynthesis. (A) Relative expression levels of the candidate MYBs and suberin bio-
synthesis and polymerization genes in WT roots treated with 1 uM ABA or 1 uM CIF2 for 3 and 6 h (n = 4 pools of 25 to 30 roots). Results are presented as fold
changes compared with the mock condition. Numeric values are presented in S/ Appendix, Table S3. Asterisks indicate statistically significant differences (P <
0.05). (B) Dual reporter for GPAT5::mCitrine-SYP122 and MYB41::NLS-3xmScarlet under untreated condition. Pictures are presented as maximum inten-
sity Z projections taken in the zone of continuous suberization (Upper) and patchy suberization (Lower). (Scale bars, 50 um.) (C) Dual reporter for
GPATS5::NLS-3xmScarlet and MYB41::NLS-3xmVenus upon 16-h treatments with 1 pM ABA or 1 uM CIF2. Pictures are presented as maximum intensity Z projections
from the root tip to 4 to 5 mm (Left) and zoomed views (Right) corresponding to the zone prior to suberization in untreated conditions. Arrows highlight the onset
of MYB41 (green) and GPAT5 (magenta) expression. (Scale bars, 500 pm.) Quantifications are shown in S/ Appendix, Fig. S2D. (D) FY staining of WT and two
independent CASP1::MYB41 lines. Whole-mount staining (Left) and quantifications of suberin pattern are presented (Right), n > 10, error bars, SD, different
letters indicate significant differences between conditions (P < 0.05). (Scale bars, 2 mm.) (E) Polyester composition in 5-d-old roots of WT and two inde-
pendent CASP1::MYB41 lines. Individual suberin monomer content (Upper) and the corresponding total amount of unsubstituted and oxygenated fatty acids
(Lowver) are presented. Data correspond to mean; error bars, SD (n = 4 pools of 200 to 300 roots). FA, fatty acid; DCA, dicarboxylic fatty acid; »-OH, o-hydroxy
fatty acid; DW, dry weight. Asterisks represent statistical significant differences compared with WT (P < 0.05). Results from WT are also shown in Fig. 4B. (F)
CASP1xve::MYB41-mVenus in GPAT5::NLS-RFP background for mock and 5 uM estradiol (Estra.) treatment for 16 h . Pictures are presented as Z projections
from the root tip to 4 to 5 mm (Left) and zoomed views (Right) taken in the corresponding zone for patchy suberization in mock conditions. Arrows highlight
the onset of MYB41 (green) and GPAT5 (magenta) expressions. (Scale bars, 500 um [Left] and 100 um [Right].) Quantifications are shown in S/ Appendix, Fig.
S2 H and I. (G) Relative expression levels of the MYBs candidates and suberin biosynthesis and polymerization genes in the roots of CASP1xve::MYB41-mVenus
treated with 5 uM estradiol for 3 and 6 h (n = 4 pools of 25 to 30 roots). Results are presented as fold changes compared with the mock condition. Numeric
values are presented in S/ Appendix, Table S3. Asterisks indicate statistically significant differences (P < 0.05).
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unmutated MYB41 ¢cDNA, was unable to induce suberization
(81 Appendix, Fig. S3B). Unexpectedly, FY staining showed that
suberin deposition in the endodermis was unaffected in these two
CRISPR mutants (Fig. 34). Moreover, ABA or CIF2 treatment
induced ectopic suberization in myb41_cI and myb41_c2 mutants
virtually indistinguishable from WT plants (Fig. 34). These ob-
servations led us to consider that though MYB4I was the primary
responsive factor to ABA and CIF2 and is sufficient to induce
suberization, other functionally redundant MYBs are probably
compensating in its absence.

To identify other MYBs that might be active in the myb41
mutants, we compared the transcript levels of the other MYB
candidates in WT and myb41 cI mutant backgrounds and found
that the mRNA levels of MYB39, MYB53, MYB92, and MYB93
were slightly higher in myb41 cI compared with the WT in un-
treated conditions (SI Appendix, Fig. S3C). Upon ABA and CIF
applications, all the MYBs except MYB39, were further induced
in both backgrounds. Therefore, we decided to additionally char-
acterize MYB53, MYB92, and MYB93 in endodermal suberization.
Similarly to MYB41, the selected MYB candidates, MYBS53,
MYB92, and MYB93, are able to induce ectopic endoder-
mal suberization. FY staining of the lines CASPI::MYB53,
CASP1::MYB92, and CASP1::MYB93 along with CASP1::MYB41,
clearly showed that endodermis-specific precocious expression of
any of these MYBs was sufficient to induce suberization close to
the root tip similarly to MYB41 (Fig. 3B). Next, we wondered
which one of these MYBs was expressed in the endodermis and
generated promoter—reporter lines for MYB53, MYB92, and
MYB93 driving the expression of NLS-3xmVenus. We found that,
similarly to MYB41, MYB53, MYB92, and MYB93 were also
expressed in unstressed conditions in the endodermis with MYB53
and MYB92 expressed from the differentiated zone (Fig. 3 C-E).
However, MYB93 expression was observed only in a few cells,
most likely in the endodermis above the lateral root primordia
(Fig. 3E) as it was previously described (34). Additionally, MYB53
and MYB92 were also expressed in a few isolated cortical and
epidermal cells in unstressed conditions (Fig. 3 C and D). Impor-
tantly, all these promoters promptly responded to ABA and CIF2
resulting in a higher expression, with the expression of MYB93
extending to the endodermal cells close to the root tip as observed
for MYB41 (Fig. 3 C and D and SI Appendix, Fig. S3 D-F). Taken
together, we concluded that not a single MYB, but rather a group
of MYB transcription factors is likely controlling suberin biosyn-
thesis and regulation in the endodermis. To test this hypothesis we
first characterized with FY staining the pattern of suberin depo-
sition in myb53, myb92, and myb93 mutants in unstressed condi-
tions and in response to ABA and CIF2 treatments (Fig. 3F and S
Appendix, Fig. S3G). While myb53 and myb93 displayed no suberin
phenotype in all conditions tested (SI Appendix, Fig. S3G), myb92
showed a significant delay in suberin deposition in unstressed
conditions with suberin deposited later from the root tip and only
as patches of suberized cells (Fig. 3F). However, even in the myb92
mutant, ABA or CIF2 treatment induced ectopic suberization
similarly to the effect observed in WT plants (Fig. 3F). We
therefore decided to mutate all four MYBs simultaneously by using
multiplexed CRISPR technology (44) introducing frame shifts
leading to loss of function in MYB53, MYB92, and MYB93 in the
mutant background, myb41 c2 (SI Appendix, Fig. S4 A and B).
After FY staining of the resulting quadruple mutant, myb41-
myb53-myb92-myb93 (quad-myb), we observed nearly a total ab-
sence of suberin in roots (Fig. 44). Importantly, suberin induction
by ABA and CIF2 treatments was also severely compromised in
the quad-myb mutant where almost no induction was observed
after 3 or 6 h and only a weak effect was observed after 16 h
(Fig. 44 and SI Appendix, Fig. S4C). We confirmed this obser-
vation by performing chemical analysis of the suberin content
in the roots of the quad-myb mutant compared with WT roots
and found a strong reduction of both aliphatic and aromatic
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monomers (Fig. 4B). Dicarboxylic acids and w-hydroxy acids
were nearly absent with ~90% reductions, while reductions in
fatty alcohols ranged from 20 to 80%. Ferulate was reduced by
~80% and coumarate showed a ~50% reduction compared with
WT. On average, the quad-myb mutant showed an overall ~78%
decrease in suberin monomers compared with WT (Fig. 4B). We
also quantified the mRNA levels of suberin biosynthesis and po-
lymerization genes and found that most were accumulating at
lower levels, especially the genes involved in the fatty acid pathway
and polymerization (Fig. 4C). The expression of genes involved in
the phenylpropanoid biosynthesis were also affected with PAL2
and PAL4 expressed at higher levels but without leading to an
increase of aromatic suberin components (Fig. 4 B and C). These
genes being also expressed at higher levels in CASPIxve::MYB41
after estradiol induction, their change in expression (Fig. 2G) is
not directly affected by changes in the MYBs expression. The
expression of FACT (FATTY ALCOHOL:CAFFEOYL-CoA
CAFFEOYL TRANSFERASE), involved in the synthesis of root
waxes (45) was decreased in the quad-myb mutant (Fig. 4C) while
increased after ABA and CIF2 applications (Fig. 24) but not in
CASPIxve::MYB41 after estradiol induction (Fig. 2G). This might
suggest that root waxes could also be affected in suberin-inducing
conditions and that some of the MYBs studied here might be in-
volved in this regulation. Altogether, the analysis of the quad-myb
mutant strongly supports a central role of the transcription factors
MYB41, MYB53, MYB92, and MYB93 in the control of suberin
biosynthesis and its regulation by the two main signals inducing
endodermal suberization.

MYB-Dependent Suberization Reveals Specific Roles of Suberin in
Nutrient Homeostasis. Having identified a set of four MYB tran-
scription factors playing a central role in controlling suberin bio-
synthesis and regulation, we set out to use these MYBs as tools to
manipulate endodermal suberin specifically. Indeed, although su-
berin is known to play important roles for nutrient homeostasis we
often cannot distinguish its role from Casparian strips. Previous
efforts relied on mutants such as esb!, casplcasp3, or myb36 with
pleiotropic endodermal defects in Casparian strip formation (9,
10, 14). Here we generated MYB41 overexpressing plants as
potentially interesting tools to specifically enhance endodermal
suberin in plants. To our surprise, plants overexpressing MYB41
under the CASPI promoter displayed interrupted Casparian strips
accompanied by a delay in the establishment of their apoplastic
barrier (SI Appendix, Fig. S4 D and E) similar to the defects ob-
served in esbl or casplcasp3 mutants (9, 12). This may indicate
that a precocious suberin formation (concomitant with Casparian
strip formation) interferes with Casparian strip formation. Using
the ELTP promoter, whose endodermal expression is much
weaker than CASP! and is not affected by ABA and CIF2 (S
Appendix, Fig. S4 F and G), to trigger MYB41 expression, we
observed ectopic suberin formation close to the root tip in the
corresponding plants (SI Appendix, Fig. S4H) yet, importantly,
without affecting Casparian strips and the establishment of the
apoplastic barrier (SI Appendix, Fig. S4 D and E). We therefore
have now access to dominant genetic tools to either enhance
suberin specifically (ELTP::MYB41) or together with Casparian
strip defects (CASPI1::MYB41). In parallel we have generated in
this study a mutant, quad-myb, with a dramatic reduction of su-
berin with no Casparian strip defects and no delay in the estab-
lishment of the apoplastic barrier (SI Appendix, Fig. S4 D and E).
We therefore studied and compared the suberin-only affected plants
ELTP::MYB41, with the nonsuberized quad-myb mutant as well as
with the suberin and Casparian strip—affected CASP1::XMYB41 in
order to understand better the consequences of reduced or en-
hanced endodermal suberin, independent or coinciding with Cas-
parian strip defects. All plants generated were carefully studied for
their growth and development in plates and in soil conditions.
The corresponding seedlings were indistinguishable at early stages
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Fig. 3. MYB53, MYB92, and MYB93 regulation and function in suberin induction. (4, B, and F) FY staining for suberin. Whole-mount staining (Left) and
quantifications of suberin pattern along the root (Right), n > 10, error bars, SD. (Scale bars, 2 mm.) (A) FY staining of WT and two myb41 CRISPR mutant
alleles, myb41_c1 and myb41_c2 untreated or treated with 1 uM ABA or 1 uM CIF2 for 16 h. Different letters indicate significant differences between
conditions for a given genotype (P < 0.05). (B) FY staining of WT, CASP1::MYB41, CASP1::MYB53, CASP1::MYB92, and CASP1::MYB93 lines. Different letters
indicate significant differences between conditions (P < 0.05). (C) MYB53::NLS-3xmVenus, (D) MYB92::NLS-3xmVenus, and (E) MYB93::NLS-3xmVenus ex-
pression (in yellow) untreated or after treatments with 1 M ABA or 1 uM CIF2 for 16 h. (C-E) Pictures are presented as maximum intensity Z projections taken
from the root tip to 4 to 5 mm (Left) with zoomed views corresponding to the zone of patchy suberization in untreated plants (Right). Arrows highlight the
onset of expression. Propidium iodide (PI, in blue) was used to highlighted cells. (Scale bars, 500 um [Left] and 125 pm [Right].) Quantifications are shown in S/
Appendix, Fig. S3 D-F. (F) FY staining of WT, and myb92 mutants untreated or treated with 1 pM ABA or 1 pM CIF2 for 16 h. Different letters indicate
significant differences between conditions for a given genotype (P < 0.05).

of development in terms of growth, root length, or root hair den-
sity, where most of histological, chemical, expression and ionomic
analysis were performed (SI Appendix, Fig. S5 C and D). At later
stages we observed minor changes in primary root length, although
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the number and length of lateral roots was highly reduced in both
ELTP:MYB41 and CASPI::MYB4I lines and increased in the
ELTP::CDEFI line (SI Appendix, Fig. S54). The quad-myb mutant
was slightly affected in primary root length but not for lateral roots
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Fig. 4. Impaired suberin formation and regulation in quad-myb mutant associated with nutritional changes. (A and E) FY staining for suberin. Whole-mount
staining (Left) and quantifications of suberin pattern along the root (Right), n > 10, error bars, SD, different letters indicate significant differences between
conditions (P < 0.05). (Scale bars, 2 mm.) (A) FY staining of WT and myb41-myb53-myb92-myb93 (quad-myb) mutant untreated or treated with 1 pM ABA or 1
uM CIF2 for 16 h. (B) Polyester composition in 5-d-old roots of WT and two independent CASP1::MYB41 lines. Individual suberin monomer content (Upper)
and the corresponding total amount of unsubstituted and oxygenated fatty acids (Lower) are presented. Data are represented as mean; error bars, SD (n =4
pools of 200 to 300 roots). FA, fatty acid; DCA, dicarboxylic fatty acid; »-OH, w-hydroxy fatty acid; DW, dry weight. Asterisks represent statistically significant
differences (P < 0.05). Results from WT are also shown in Fig. 2E. (C) Relative expression levels of the suberin biosynthesis and polymerization genes in the
roots of quad-myb mutant compared with WT (n = 4 pools of 25 to 30 roots). Results are presented as fold changes compared with WT. Numeric values are
presented in S/ Appendix, Table S3. Asterisks indicate statistical significance (P < 0.05). (D) lonomic profiling of leaves of WT, ELTP::CDEF1, quad-myb,
ELTP::MYB41, and CASP1::MYB41 plants. Elements were determined by ICP-MS. Results are presented as average fold changes compared with WT. Results
from individual experiments are presented in S/ Appendix, Fig. S5E and numeric values in S/ Appendix, Table S4. (E) FY staining of WT and quad-myb mutant
untreated or treated with 75 mM NaCl for 16 h. (F) NaCl effect on quad-myb root shoot weight and root length. WT and quad-myb plants were grown 3 d
after which they were treated with 75 mM Nacl for next 10 d. Results are presented as pictures of plants at the end of day 13 (Left) and as quantifications
(Right). Data are presented as box plots with individual values overlaid, n > 30, error bars, different letters indicate significant differences between conditions
(P < 0.05). (Scale bars, 10 mm.)

in our conditions (SI Appendix, Fig. SSA). These changes in root  suggested (11), or indirectly as a consequence of changes in nu-
architecture could be associated with enhanced or reduced su- trient acquisition. In soil, after 2 to 3 wk of growth we could ob-
berization directly affecting root development, as it was previously  serve that all genotypes were comparable (SI Appendix, Fig. S5B).
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Therefore, manipulation of endodermal suberin had no dramatic
consequences on plant growth and development allowing further
physiological characterization of the corresponding plants.

To study the consequences of endodermal suberin manipula-
tion for nutrient homeostasis, we performed inductively coupled
plasma-mass spectrometry (ICP-MS) for elemental profiling in
leaves (Fig. 4D and SI Appendix, Fig. S5D and Table S4). Con-
firming previous analysis in independent growth conditions (6),
ELTP::CDEF]I leaves accumulated arsenic, lithium, magnesium,
and sodium at higher levels and potassium and rubidium at lower
levels compared with WT plants. We observed additional iono-
mic changes in our growth conditions with a higher accumulation
of boron, calcium, manganese, strontium, and molybdenum and
a lower accumulation of phosphorous, iron, zinc, and cadmium
in ELTP::CDEFI compared with WT. The quad-myb mutant also
displayed multiple ionomic changes compared with WT plants
with similarities to several changes observed in ELTP::CDEFI
although more moderately (Fig. 4D and SI Appendix, Fig. SSE and
Table S4). Among all these ionomic changes the levels of lithium,
boron, sodium, calcium, manganese, arsenic, and strontium were
found higher and the levels of phosphorous, nickel, and cadmium
were found lower in both genotypes and could therefore be di-
rectly associated with an absence of endodermal suberin. On the
other hand, ELTP::MYB41 and CASPI1::MYB41 lines displayed
more differences, with manganese, cobalt, nickel, copper, and
cadmium accumulating in opposite manners (Fig. 4D). However,
lithium and zinc accumulated at higher levels and boron, sodium,
magnesium, phosphorous, potassium, calcium, iron, arsenic, ru-
bidium, and strontium accumulated at lower levels in both
ELTP::MYB41 and CASP1::MYB41 lines. To identify elements
potentially directly affected by suberin among all these changes,
we selected the elements commonly affected in the suberin-
deficient quad-myb and ELTP::CDEFI plants and oppositely,
but commonly, affected in the enhanced suberin ELTP::MYB41
and CASPI::MYB41 plants. Following this rationale, we found
only a few elements following this trend with boron, sodium,
calcium, arsenic, and strontium accumulating at higher levels in
suberin-deficient plants and at lower levels in enhanced suberin
plants (Fig. 4D). Importantly these ionomic changes were not
explained by compensations in the expression of genes encoding
transporters (SI Appendix, Fig. SSF). Among these elements, cal-
cium and sodium were previously proposed to be directly affected
by endodermal suberin and plants with reduced suberization were
shown to accumulate these elements at higher levels (6, 11, 22,
46-48). In the context of sodium, endodermal suberin induction
in response to salt stress was proposed to represent a protective
mechanism against sodium entrance in plants. We set out to
further test this hypothesis with the quad-myb mutant by studying
its response to salt. First, we performed suberin staining on quad-
myb treated with NaCl and observed that while this treatment
induced suberization close to the root tip in WT plants as previously
described (6), the quad-myb mutant was almost not responding
(Fig. 4F). Next, we tested the tolerance of the quad-myb mutant to
a mild salt treatment. When considering shoot weight and root
length, quad-myb plants were significantly more reduced compared
with WT plants when growing in the presence of salt (Fig. 4F) to
degrees similar to what was described before for ELTP::CDEFI
and the quintuple gelp22-38-49-51-96 mutant (6, 43). Combined,
our results further support the central role of suberin in plant ad-
aptation to the presence of salt.

Discussion

Suberin plasticity in response to abiotic stresses such as drought,
salt, waterlogging, or cadmium, while observed in roots in many
species (20, 47-49), only recently started to be characterized at
the molecular level. This topic gained increasing interest in the
past few years after observing that endodermal suberin is even
more plastic than previously thought, and not only overproduced
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in toxic environments but also tightly modulated in response to
mineral deficiencies (6, 14, 21-25), to Casparian strip defects (9,
10, 12, 14, 16, 17), and during biotic interactions (25-28). In light
of the plethora of signals controlling suberization, understanding
the interaction between these pathways is critical. The potential
interaction between ABA and SGN3/CIFs signaling has been
previously interrogated (14, 36), suggesting complex coordina-
tion between SHR-dependent (SHORT ROOT) root develop-
ment and ABA-mediated responses as well as between roots and
shoots to control suberization. Here, we demonstrate by phar-
macogenetic approaches that both pathways induce endodermal
suberization independently (Fig. 1 and ST Appendix, Fig. S1). Cor-
roborating our conclusion, a recent large-scale approach (combining
microbiome, ionome, and suberin analysis, and genetics) revealed
that the plant microbiome influences suberization through sup-
pression of ABA-mediated signaling but independent of the
SGNB3/CIFs pathway (25).

In our attempt to identify transcription factors that are in-
volved in ABA- and/or SGN3/CIFs-mediated suberization, we
expected to identify specific factors downstream of at least one
of these two pathways. We benefited from the impressive work
performed by the community in identifying MYB transcription
factors sufficient to induce suberization (29-33) and found four
MYB transcription factors (MYB41, MYB53, MYB92, and MYB93)
to be expressed in the endodermis at different degrees under
unstressed conditions (Figs. 2B and C and 3 C-E). To our sur-
prise all of them are induced in the endodermis in response to
both ABA and CIF2 application with MYB41 and MYB93 being
expressed close to the root tip after both treatment (Figs. 2C and
3 C-E and SI Appendix, Figs. S2 C-G and S3 D-F). This suggests
that these four MYBs form a point of convergence between ABA
and SGN3/CIFs signaling in the endodermis, with the signal spec-
ificity being established upstream of MYB41, MYB53, MYB92,
and MYB93.

Confirming previous work in heterologous systems or whole-
plant overexpression, we found that these four MYBs are suffi-
cient to induce ectopic suberization when strongly expressed one
by one in the endodermis prior to suberization (state I of en-
dodermal differentiation) (Figs. 2 D-G and 3B and SI Appendix,
Fig. S2H). Previous work showed in vitro that MYB41 can di-
rectly bind to the LTP20 promoter (LIPID TRANSFER PRO-
TEIN20, associated with functions in cutin and suberin export)
(50) and MYBY2 to the BCCP2 promoter (BIOTIN CARBOXYL
CARRIER PROTEIN2, involved in fatty acid synthesis) (33).
Moreover, MYB53, MYB92, and MYB93 (as well as MYB9Y,
MYB39, and MYB107) were shown in yeast one-hybrid and het-
erologous expression in tobacco leaves to activate the expression
of BCCP2 (33). In addition, MYB92 was shown to activate the
expression of two other genes involved in fatty acid biosynthesis,
ACPI (ACYL CARRIER PROTEINI) and LPD1 (LIPOAMIDE
DEHYDROGENASEI) (33). Our analysis of conditional endo-
dermal expression of MYB41 showed that the expression of genes
involved in suberin biosynthesis and polymerization is induced in
roots shortly after MYB41 production (Fig. 2G). Additionally, we
showed that endodermal accumulation of MYB41 protein can
trigger the expression of the suberin biosynthesis gene GPATS
shortly after (Fig. 2F and SI Appendix, Fig. S2 I and J). Unfor-
tunately, despite multiple attempts we were unable to immuno-
detect MYB41 protein from roots (either using the MYB41-Venus
version described in this study or by attempts to raise an anti-
MYB41 antibody), which would have allowed us to identify its
direct targets in planta. This is probably due to working in its en-
dogenous tissue (the late differentiated endodermis), which rep-
resents comparatively few cells of a whole root combined with a
low abundance of MYB41, the protein accumulating only tran-
siently in a few endodermal cells (Fig. 2F and SI Appendix, Fig.
S2J). However, considering the high number of evidence from
in vitro, yeast one-hybrid or transactivation assays in tobacco, we
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can hypothesize that most suberin-inducing MYBs, including the
four MYBs of interest in this study (MYB41, MYB53, MYB92,
and MYB93), could directly activate the expression not only of
genes involved in the primary fatty acid biosynthesis but also
suberin biosynthesis genes in planta.

Loss of function of single suberin-inducing MYBs was rarely
undertaken. Phenotypes were described only for myb9 and myb107
mutants, whose seed coats display a reduction in suberin mono-
mers and an increased permeability, and for myb39 mutant dis-
playing a reduction of suberin monomers in whole roots but only a
minor delay of a few cells in endodermal suberization (31, 40, 41).
The mutants myb41, myb53, and myb93 presented in this study,
are not affected by suberin deposition in unstressed condition or
in the presence of ABA or CIF2 (Fig. 34 and SI Appendix, Fig.
S3G). Interestingly the single mutant myb92 displayed a signifi-
cant delay in suberin deposition in unstressed condition but its
suberin was still strongly induced in response to ABA and CIF2
to levels similar to WT plants (Fig. 3F). We therefore took ad-
vantage of CRISPR-Cas9 gene editing to generate a quadruple
myb41-53-92-93 mutant (quad-myb). In nonstressed condition
this quad-myb displayed a dramatic reduction of endodermal
suberin with no suberin staining observed in endodermal cells
and a reduction by 78% of suberin monomers detected in its
roots (Fig. 4 A and B and SI Appendix, Fig. S4C). Mutants with
such low amounts of endodermal suberin are extremely rare and
most suberin biosynthesis mutants only moderately affect suberin
amounts or its monomeric composition. For example, the gpat5
mutant lacking a key enzyme for suberin biosynthesis displays
only a 30% reduction of suberin monomer accumulating in its
roots (51). To our knowledge, the only genotypes displaying a
range of reduction comparable to the quad-myb is the quintuple
gelp22-38-49-51-96 mutant (affected in suberin polymerization in
the cell wall), and the ELTP::MYB4 line (where inhibition of the
phenylpropanoid pathway in the endodermis leads to suberin
detachment), both displaying an 85% reduction of suberin mono-
mers in roots (43, 52). We are therefore confident that MYB41,
MYBS53, MYB92, and MYB93 are part of the core regulating
machinery controlling suberization in the endodermis. However,
the slight differences in their expression territories with only
MYB41, MYB53, and MYB92 expressed all along the suberizing
zone and the suberin reduction observed in myb92 but not in
other single mutants suggest a certain level of specificity among
these four MYBs in unstressed conditions (Figs. 2C and 3 C-F
and SI Appendix, Fig. S2C). Importantly, in response to ABA or
CIF2 the expression of all these MYBs was induced at different
degrees, resulting in all of them being highly expressed close to
the root tip and all along the endodermis (Figs. 2C and 3 C-E
and ST Appendix, Figs. S2 C-G and S3 D-F). Moreover, testing
the effect of ABA, salt stress (previously shown to be ABA depen-
dent) (6), and CIF2, we found that suberin is virtually nonaffected by
these three treatments in quad-myb (Fig. 4 A and E and SI Appendix,
Fig. S4C). Yet, the fact that we could still observe in quad-myb a
weak response (with few patches of suberized endodermal cells after
ABA, salt, or CIF2 treatment) (Fig. 44 and SI Appendix, Fig. S4C),
suggest that even more factors are either needed to fully regulate
suberization or are not involved in suberization per se but ca-
pable of weakly compensating for the quad-myb defects. Such
factors could be other endodermal MYBs (among which MYB39
is an interesting candidate) with an endodermal expression in-
duced by ABA and/or CIF2. Additionally, we could envision that
other transcription factors such as bHLH transcription factors
(basic helix-loop-helix) and/or a WD40-repeat protein (WD,
tryptophan-aspartic acid) could influence endodermal suberiza-
tion. It is known indeed that MYB-bHLH-WD40 protein com-
plexes play central roles in controlling multiple cell fates such as
root hair and trichome formation, anthocyanin biosynthesis, seed
coat mucilage, or pigmentation (53-55).
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As outlined in the introduction, suberin function for plant
nutrition has recently benefited from the identification of mu-
tants and lines affected in endodermal suberization and the wide
application of ionomic analysis (6, 8-11, 13, 25, 31). However,
even though all these studies are of fundamental interest to un-
ravel suberin function and its physiological relevance, they are
presently limited by the mutants and lines available at that time. In
fact, plants with enhanced endodermal suberin, often charac-
terized by their ionomic and physiological defects, are not spe-
cifically affected by this barrier. This is particularly the case for
the enhanced suberin phenotypes being the consequence of
Casparian strip defects, which activate SGN3/CIFs signaling and
in turn lead to ectopic lignin and suberin deposition in the en-
dodermis (9-12, 14, 16). In other words, the nutritional effect
described in currently available analyses likely represent the con-
sequence of multilevel defects in the endodermal barriers and of
the activation of SGN3/CIF signaling. Because of these tissue-
specific pleiotropic defects, the specific role played by suberin
has remained unclear. On the other hand, mutants with a strong
reduction of endodermal suberization were previously not avail-
able and studying a lack of suberin had been based on a synthetic
line, artificially expressing a cutinase in the endodermis to degrade
suberin (5, 6, 11, 14). While these lines showed a dramatic suberin
reduction and were extremely important to distinguish between
Casparian strip and suberin defects, we cannot exclude that arti-
ficially expressing the cutinase CDEFI in the endodermis would
not lead to additional defects. Moreover, being highly plastic in
response to nutrient availability (6, 14, 21-25), suberin defects
described in nonstressed conditions can in some case be exacer-
bated or absent in stressed conditions (25). To fully understand
suberin function in the endodermis we crucially need better and
more specific mutants and lines with constitutively enhanced and
reduced endodermal suberization. The lines presented here
(ELTP::MYB41 with constitutively enhanced suberization with-
out any Casparian strip defects, and the quad-myb mutant with
strongly reduced endodermal suberization and largely lacking
regulation by ABA and salt stress) (Fig. 4 4, B, and E and SI
Appendix, Fig. S4 C-E and H) provide such highly specific phe-
notypes. Their usefulness is highlighted by our ionomic analyses,
which show clear differences between the enhanced suberin line
ELTP::MYB41, a line combining enhanced suberin with Cas-
parian strip defects (CASPI::MYB41 line) and between the quad-
myb and ELTP::CDEF]I line (Fig. 4D). In summary our results
suggest that, in accordance with previous reports, suberin plays
crucial roles in nutrient homeostasis, likely directly affecting trans-
port through the endodermis. But its role might be more specific
than initially thought, affecting mainly the acquisition of boron, so-
dium, calcium, arsenic, and strontium in our experiments (Fig. 4D).
We are therefore convinced that the tools generated in this
study, especially the quad-myb and ELTP::MYB41 plants will be
of tremendous interest for the community in order to better
understand suberin function in relation to nutrient availability as
well as for its role in root development and biotic interactions.
Given the increasing interest beyond fundamental research in ma-
nipulating suberin, extending the genetic tool box to specifically
manipulate and fine tune suberization is highly relevant for applied
plant biology in crop improvement or carbon capture to combat
climate change.

Materials and Methods

Plant Material. All experiments were performed in Columbia-0 (Col-0)
background. Previously published mutants and transgenic plants used in this
study are as follows: casp1-1 casp3-1; CASP1::NLS-GFP (56); esb1-1 (8); sgn3-3,
sgn3-4 (12); ELTP::CDEF1; ELTP::NLS-3xmVenus (6); and myb92-2 (33). The
mutants myb53-1 (SALK_076713), myb92-1 (SM_3.41690), and myb93-1
(SALK_131752) were obtained from NASC (Nottingham Arabidopsis
Stock Center). Primers used for genotyping are presented in S/ Appendix, Table
S1. Transgenic lines previously described and slightly modified in this study

PNAS | 9 of 11
https://doi.org/10.1073/pnas.2101730118

PLANT BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101730118/-/DCSupplemental
https://doi.org/10.1073/pnas.2101730118

are as follows: ELTP::abi1-1 (based on ref. 4, here with a FastRed selec-
tion), GPAT5::NLS-RFP (based on GPAT5::NLS-GFP from ref. 5), and
GPAT5::mCitrine-SYP122 (6). The following mutants were generated for this
study using CRISPR-Cas9 technology: myb41_c1, myb41_c2, myb53_cl,
myb93_c1, and myb41_c2-myb53_c1-myb92_c1-myb93_c1 (quad-myb, see
constructs description in S/ Appendix for more details). The following transgenic
lines were generated for this study (construct described in S/ Appendix):
MYB41::NLS-3xmVenus, MYB53::NLS-3xmVenus, MYB92::NLS-3xmVenus,
MYB93::NLS-3xmVenus, GPAT5::NLS-3xmScarlet, CASP1xve:MYB41-mVenus,
CASP1::MYB41, CASP1::MYB53, CASP1::MYB92, CASP1::MYB93, CASP1::myb41_c2,
ELTP::MYB41, CASP1::myb53_c1, CASP1::myb92_c1, and CASP1::myb93_c1.
Growth conditions are described in SI Appendix.

Pharmacological Treatments. For 16-h treatments, seedlings were transferred
on solid half-MS (Murashige and Skoog) media containing 1 uM ABA. For
shorter treatments such as 3 h/6 h for staining, microscopy or gene expres-
sion analysis, a stock solution of ABA was diluted to 1 pM in liquid half-MS
media applied directly onto roots without transfer of seedlings. The peptide
CIF2, described in refs. 16, 19, was used at 1 uM and treatments were per-
formed as described for the ABA treatment for short (3 h/6 h) and long (16 h)
treatments. For 48-h fluridone treatments, 3-d-old seedlings were trans-
ferred on the half-MS containing 10 uM fluridone. Estradiol treatments were
performed by diluting 5 mM of stock of estradiol to 5 pM in solid or liquid
half-MS for long (16 h) and short (3 h/6 h) treatments, respectively.

Suberin Staining. Whole-mount suberin staining was performed as previously
described in ref. 6. Five-day-old seedlings were incubated in FY 088 (0.01%
wt/vol, lactic acid) for 30 min at 70 °C, washed twice with water, and then
counterstained with Aniline Blue (0.5% wt/vol, water) for 30 min, washed
with water, and mounted on glass slides to be observed with an epifluor-
escence stereomicroscope: Zeiss Axio Zoom.V16 with a GFP filter exitation
(ex): 450 to 490 nm, emission (em): 500 to 550 nm. More details on image
acquisition, analysis, and quantification are described in SI Appendix.

Confocal Microscopy. Confocal laser scanning microscopy experiments were
performed either on a Zeiss LSM 780, a Zeiss LSM 800, or a Leica SP8 mi-
croscope. Excitation and detection windows were set as follows: Zeiss LSM
780: mVenus ex: 488 nm, em: 519 to 559 nm; RFP/mScarlet ex: 543 nm, em: 591
to 637 nm; Zeiss LSM 800: mCITRINE/mVenus ex: 488 nm, em: 500 to 546 nm;
RFP/mScarlet ex: 561 nm, em: 585 to 617 nm; propidium iodide (PI) ex: 561 nm,
em: 592 to 617 nm; and Leica SP8: Basic Fuchsin ex: 561 nm, em: 600 to 650 nm.

qRT-PCR. For gene expression analysis, 25 to 30 roots of 7-d-old seedlings were
harvested and pooled together to form one biological replicate. RNA
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extractions were performed using a TRIzol-adapted RNeasy MinElute Cleanup
Kit (Qiagen). RNA was reverse transcribed using a Thermo Scientific Maxima
First Strand cDNA Synthesis Kit following the manufacturer’s protocol. Real-
time PCR was performed on an Applied Biosystems QuantStudio5 thermo-
cycler using Applied Biosystems SYBR Green master mix. ACTIN-2 (At3g18780)
was used as the housekeeping gene and relative expression of each gene was
calculated using the 222 method (57). The list of primer used for qRT-PCR are
presented in S/ Appendix, Table S2.

Chemical Suberin Analysis. We used the protocol described in ref. 58 for the
analysis of ester-bound lipids, which likely belong only to suberin in the
described organ and developmental stage. Analyses were performed from
5-d-old roots (between 200 and 300 per replicate, corresponding to 200 mg
of seeds). More details are presented in SI Appendix.

lonomic Analysis. Leaf elemental content was measured using ICP-MS as
previously described (59). Nineteen elements were monitored (Li, B, Na, Mg,
P, S, K, Ca, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Mo, and Cd). More details are
provided in S/ Appendix.

Statistical Analyses. Statistical analyses were done with GraphPad Prism 8.0
software (https:/www.graphpad.com/) or with the R Environment (60). For
statistical analysis of multiple transgenic lines, genotypes, or parametric or
nonparametric treatments, one-way or two-way ANOVA and Tukey's test
were used as multiple comparison procedures. Binary comparisons were
performed using Student’s t test.

Data Availability. All study data are included in the article and/or S/ Appendix.
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