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Salinity is an environmental stress that causes decline in crop yield. Avicennia officinalis and other mangroves have adaptations
such as ultrafiltration at the roots aided by apoplastic cell wall barriers to thrive in saline conditions. We studied a cytochrome
P450 gene from A. officinalis, AoCYP94B1, and its putative ortholog in Arabidopsis (Arabidopsis thaliana), AtCYP94B1, which are
involved in apoplastic barrier formation. Both genes were induced by 30 min of salt treatment in the roots. Heterologous
expression of AoCYP94B1 in the atcyp94b1 Arabidopsis mutant and wild-type rice (Oryza sativa) conferred increased NaCl
tolerance to seedlings by enhancing root suberin deposition. Histochemical staining and gas chromatography-tandem mass
spectrometry quantification of suberin precursors confirmed the role of CYP94B1 in suberin biosynthesis. Using chromatin
immunoprecipitation and yeast one-hybrid and luciferase assays, we identified AtWRKY33 as the upstream regulator of
AtCYP94B1 in Arabidopsis. In addition, atwrky33 mutants exhibited reduced suberin and salt-sensitive phenotypes, which
were rescued by expressing 35S::AtCYP94B1 in the atwrky33 background. This further confirmed that AtWRKY33-mediated
regulation of AtCYP94B1 is part of the salt tolerance mechanism. Our findings may help efforts aimed at generating salt-
tolerant crops.

Salinity is a major environmental stress factor that
leads to reduced crop productivity. The progressive
increase in soil salinization exacerbates the already
damaging effect of steady reduction in the area of ara-
ble land worldwide (Parida and Das, 2005; Agarwal
et al., 2014). Na1 is the major toxic ion found in high
saline soils, and it imparts osmotic as well as ionic
stresses. It is imperative to limit the entry of excess Na1
into plant cells to maintain proper ion homeostasis and
normal metabolism. Mangroves have evolved various

adaptive strategies to flourish under high saline con-
ditions. One of the important adaptations exhibited by
most plants, and to a greater extent by mangroves, is
ultrafiltration at the roots by the presence of apoplastic
barriers in the roots (Scholander, 1968). In an earlier
study, we showed that a salt secretor mangrove, Avi-
cennia officinalis, restricts 90% to 95% salt at the roots
due to the presence of enhanced apoplastic barriers
(Krishnamurthy et al., 2014).
The main apoplastic diffusion barriers in roots are

epidermis, which is the outermost layer of young roots,
endodermis surrounding the vasculature of young
roots, and peridermis, which replaces both epidermis
and endodermis in the older roots upon secondary
thickening (Nawrath et al., 2013; Wunderling et al.,
2018). These apoplastic barriers mainly consisting of
Casparian strips (CSs) and suberin lamellae (SLs) block
the apoplastic and coupled transcellular leakage of ions
and water into the xylem, which is the major path of
Na1 uptake (Yeo et al., 1987; Ma and Peterson, 2003;
Krishnamurthy et al., 2011; Kronzucker and Britto,
2011; Schreiber and Franke, 2011; Andersen et al.,
2015; Barberon et al., 2016). While CSs are formed as
radial wall thickenings, SLs are secondary wall thick-
enings on the inner face of primary cell walls (Schreiber
et al., 1999; Naseer et al., 2012). Chemically, CSs are
made up of mainly lignin and SLs are made up of su-
berin and/or lignin depositions (Schreiber et al., 1999;
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Naseer et al., 2012). Together, these barriers function in
biotic and abiotic stress responses (Enstone et al., 2003;
Krishnamurthy et al., 2009; Chen et al., 2011; Ranathunge
et al., 2011a; Schreiber and Franke, 2011). Suberin is a bi-
opolymer consisting of aliphatic and aromatic domains,
with the aliphatic domain contributing mainly to its bar-
rier properties (Kolattukudy, 1984; Schreiber et al., 1999;
Ranathunge and Schreiber, 2011). Suberin biosynthesis is
a complex pathway involving elongases, hydroxylases,
and peroxidases (Bernards et al., 2004; Franke et al., 2005;
Höfer et al., 2008; Franke et al., 2009). Cytochrome P450s
(CYPs) are one of the largest superfamilies of peroxidases
and are well characterized and known to carry out
v-hydroxylation of the aliphatic constituent of suberin,
namely, v-hydroxy acids (Höfer et al., 2008; Compagnon
et al., 2009; Pinot and Beisson, 2011). Most of the CYPs
that act on fatty acids belong to CYP86 and CYP94 sub-
families (Pinot and Beisson, 2011). Some of the CYPs, such
as CYP86A1, CYP94A1, CYP94A2 and CYP94A5, have
been identified as v-hydroxylases (Franke and Schreiber,
2007; Höfer et al., 2008). Although the role of the CYP94B
subfamily in initialv-oxidation of jasmonoyl-Ile (JA-Ile) to
12-hydroxy-JA-Ile (12OH-JA-Ile), affecting JA signaling, is
known (Koo et al., 2014; Bruckhoff et al., 2016), their role
in suberin biosynthesis has not been explored so far and it
would be desirable to examine the association between
CYP94B members and root barrier formation.

There is limited information on the molecular
mechanisms controlling the genes that regulate suberin
biosynthesis. Overexpression of MYB41 increases su-
berin biosynthesis as well as expression of some CYP86
subfamily genes (Kosma et al., 2014). MYB39 regulates
suberin deposition (Cohen et al., 2020). In addition,
the promoter regions of CYP83 and CYP71 subfam-
ilies have the W-box, a WRKY transcription factor
(TF) binding domain (Xu et al., 2004; Birkenbihl et al.,
2017). However, to the best of our knowledge, iden-
tities of TF(s) that regulate CYP94B subfamily genes
are unknown.

In this study, we identified and functionally charac-
terized a CYP94B subfamily gene, AoCYP94B1, from
A. officinalis and its Arabidopsis (Arabidopsis thaliana)
ortholog, AtCYP94B1. Expression of these genes was
induced by salt treatment. We also show that heter-
ologous expression of AoCYP94B1 increased the salt
tolerance and root suberin deposition in Arabidopsis
and rice (Oryza sativa) seedlings. We visualized root
suberin using histochemical staining and quantified
suberin precursors in the atcyp94b1 mutant using
gas chromatography and tandem mass spectrometry
(GC-MS/MS). Using mutant analysis, chromatin immu-
noprecipitation (ChIP), and yeast one-hybrid (Y1H) and
luciferase assays, we demonstrated that AtWRKY33 reg-
ulatesAtCYP94B1. Additionally,we demonstrated rescue
of the reduced suberin and salt-sensitive phenotype by
expressing 35S::AtCYP94B1 in atwrky33. Collectively,
the data presented helped to identify the molecular
regulatory mechanism involving apoplastic barrier for-
mation through CYP94B1, which can be used as an im-
portant strategy for generating salt-tolerant crops.

RESULTS

Identification of AoCYP94B1, a CYP94B Subfamily
Member from A. officinalis, as a Salt-Induced Gene

Several cytochrome P450 genes in the CYP94B sub-
family, such as AoCYP94B1 and AoCYP94B3, were
identified in our earlier transcriptomic study of A. offi-
cinalis roots (Krishnamurthy et al., 2017). Since some
reports (Benveniste et al., 2006) suggest a role for genes
in this subfamily v-hydroxylation, an important step in
suberin biosynthesis, we chose AoCYP94B1 for further
characterization. A phylogenetic tree was constructed
based on the derived amino acid sequence ofAoCYP94B1
with other members of this subfamily (Supplemental Fig.
S1A). Rice OsCYP94B3 and Arabidopsis AtCYP94B1
were among the homologs that share a high level of se-
quence similarity with AoCYP94B1. AoCYP94B1 showed
60% identity and74%similaritywithAtCYP94B1, and 60%
identity and 71% similarity with OsCYP94B3. The Cyto-
chrome P450 Cys heme-iron ligand signature motif was
conserved across various plant species (Supplemental
Fig.S1B).

In A. officinalis seedlings without salt treatment,
AoCYP94B1 transcripts were constitutively expressed
in all tissues, but higher levels of expression were ob-
served in the leaves and stems compared to roots
(Fig. 1A). The transcript levels in the roots increased 18-
fold with 30 min of NaCl treatment and declined
thereafter over 48 h (Fig. 1B). In the leaves, a 14-fold
increase was seen after 4 h of NaCl treatment (Fig. 1B).
In a parallel exploratory study, the Arabidopsis ortho-
log AtCYP94B1 showed somewhat comparable ex-
pression patterns in all tissues tested except for flowers,
where the increase was;7-fold (Fig. 1C). The transcript
level of AtCYP94B1 was induced (;4-fold) by 30 min
after salt treatment in the roots and remained high up to
6 h after treatment. In leaves, the expression peaked to
;4-fold after 6 h of salt treatment (Fig. 1D). Mimicking
the reverse transcription quantitative PCR (RT-qPCR)
expression profile, pAtCYP94B1::GUS expression was
found in all tissues (Fig. 1, E and F) and increased by
30 min after salt treatment in the roots (Supplemental
Fig. S2A). While pAtCYP94B1::GUS expression was
mainly seen in the stele of the control roots, the ex-
pression significantly increased (;3-fold) in salt-treated
roots and was mainly found in the endodermis (Fig. 1G
and inset). Similarly, upon salt treatment, pAtCYP94B1-
driven AtCYP94B1-GFP (Fig. 1, H and I) fusion local-
ized to endodermal cells, where apoplastic barriers
are formed.

Heterologous Expression of AoCYP94B1 Increases Salt
Tolerance in Arabidopsis and Rice Seedlings

To functionally characterize AoCYP94B1, we heter-
ologously expressed the protein in the atcyp94b1 Ara-
bidopsis transfer DNA (T-DNA) insertional mutant
background. There was a reduction in seedling root
growth of all the genotypes tested after salt treatment
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Figure 1. CYP94B1 is induced by salt stress in both A. officinalis and Arabidopsis. A and B, Tissue-specific (A) and temporal (B)
gene expression analyses by RT-qPCR of AoCYP94B1 in roots and leaves of 2-month-old A. officinalis plants after 500 mM NaCl
treatment for varying time periods. C, Tissue-specific expression of AtCYP94B1 by RT-qPCR in 1-week-old Arabidopsis seedlings.
D, Temporal expression of AtCYP94B1 in roots and leaves after 50 mM NaCl treatment for varying time periods. Relative ex-
pression levels of transcripts with reference to AtUBIQUITIN10 and AoUBIQUITIN1 transcript levels are plotted in Arabidopsis
and A. officinalis, respectively. RT-qPCR data represent means 6 SD from three biological replicates each with three technical
replicates. E, pAtCYP94B1::GUS expression in various tissues of mature plants bearing siliques. Scale bar5 500 mm. F, Relative
quantification of pAtCYP94B1::GUS expression shown in E. G,Mature regions of roots showing pAtCYP94B1::GUS expression in
control and salt-treated (50 mM NaCl for 3 h) 1-week-old Arabidopsis seedlings. Scale bar 5 100 mm. Inset, Relative quantifi-
cation of GUS intensity using ImageJ software plotted with the mean gray values normalized to the area. Data are the means6 SE

of three biological replicates, each consisting of at least six plants. H and I, Median (H) and surface views (I) of pAtCYP94B1-
driven AtCYP94B1-GFP (pAtCYP94B1::AtCYP94B1-GFP) expression in the root endodermal cells of control and salt-treated
(50mMNaCl for 24 h) 1-week-old Arabidopsis seedlings viewed under a confocalmicroscope. En, Endodermis; st, stele. Scale bar
5 20 mm. Arrowheads in G to I show endodermal cells. Asterisks in graphs indicate statistically significant differences between
control and treated seedlings (*P , 0.05 and **P , 0.01) as determined by Student’s t test.
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with 50 and 75 mM NaCl. However, atcyp94b1 mutants
showed about 53% and 76% reduction in root growth,
respectively, compared to their untreated counterparts
(Fig. 2). Under the same salt conditions, all three
35S::AoCYP94B1 lines tested grew better than the
atcyp94b1 mutant and the wild type (34% and 52%
growth reduction with 50 and 75 mM salt treatment,
respectively), showing 28%, 21%, and 17% reduction at
50 mM and 43%, 43%, and 40% reduction at 75 mM, re-
spectively (Fig. 2). These data suggest that introduction
of 35S::AoCYP94B1 into atcyp94b1 increased its salt
tolerance.

In addition, we examined salt sensitivity of 4-week-old
plants grown in the soil to see if a similar salt response
was evident in older plants. Under untreated conditions,
there was no difference in the growth of the different
genotypes. UponNaCl treatment, 35S::AoCYP94B1 plants
displayed better growth compared to the atcyp94b1
plants (Fig. 3A; Supplemental Fig. S2B). Yellowing
and drying of atcyp94b1 leaves was evident, and they
did not recover to the extent that wild-type and
35S::AoCYP94B1 lines did after the stresswaswithdrawn.
While .80% of the wild-type and 35S::AoCYP94B1
lines showed survival (with more green and healthy
leaves) after recovery growth, only 33% of atcyp94b1
plants survived the treatment (Fig. 3B). There was no
significant difference in leaf area among the genotypes,
although a reduction in effective leaf area could be
seen due to curling up of leaves upon salt treatment in
all the genotypes (Fig. 3C). Other growth parameters,
such as chlorophyll content and the fresh weight-to-
dry weight (FW/DW) ratio, were generally reduced in
all the genotypes upon salt treatment. While atcyp94b1
mutants showed 3- and 4.5-fold reductions in chloro-
phyll content and the FW/DW ratio respectively,
these reductions occurred to a lesser extent (;1.5-fold)
in wild-type and 35S::AoCYP94B1 lines (Fig. 3, D and
E). These observations suggest that introduction of
35S::AoCYP94B1 into atcyp94b1 rescues its salt sensi-
tive phenotype even in older plants.

We next measured the total Na1 and K1 ion con-
tents in the leaves and roots of wild-type, mutant,
and 35S::AoCYP94B1 plants under untreated and salt-
treated (100 mM NaCl for 2 d) conditions to understand
ion accumulation and distribution. There were no dif-
ferences in the ion contents among the wild-type and
transgenic lines in the absence of salt treatment (Fig. 3,
F and G). Upon NaCl treatment, the amount of Na1
increased from 1 to 38 mg g21 DW in the leaves of
atcyp94b1mutants, while in the 35S::AoCYP94B1 leaves,
the amountwas significantly lower (6, 8, and 7mgg21DW
in lines 1, 2, and 3, respectively; Fig. 3F). No significant
differences were observed in the Na1 and K1 concen-
trations within the roots of the different genotypes
tested (Fig. 3, F and G). These data indicate that the
35S::AoCYP94B1 lines efficiently controlled endogenous
Na1 accumulation in leaves.

Based on the observation that heterologous expression
of 35S::AoCYP94B1 in Arabidopsis conferred increased
salt tolerance, we expressed pUBI::AoCYP94B1 in rice

to examine whether a similar increase in salt toler-
ance could be conferred to the model crop species.
There was no difference in the growth of wild-type and

Figure 2. Heterologous expression of AoCYP94B1 increases salt tol-
erance in Arabidopsis seedlings. A, Comparison of seedling growth
among the wild type (WT), atcyp94b1, and three independent lines of
35S::AoCYP94B1 heterologously expressed in the mutant background.
Scale bar 5 10 mm. B, Root growth under salt treatment in wild-type,
atcyp94b1, and 35S::AoCYP94B1 transgenic lines. Surface-sterilized
and cold-stratified seeds were sown on Murashige and Skoog agar
plates with or without NaCl (50 and 75 mM). Photographs and root
length measurements were taken 1 week after germination. Data rep-
resent means6 SE of three independent experiments, each with at least
15 replicates per experiment. Different lowercase letters indicate sta-
tistically significant differences between genotypes as determined by
ANOVA using Tukey-Kramer posthoc test (P, 0.01). Data sets without
letters indicate no statistical difference.
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Figure 3. Heterologous expression of AoCYP94B1 increases salt tolerance and regulates Na1 accumulation in Arabidopsis
plants. A, Growth response to salt (100 mM NaCl for 1 week) of the wild type (WT), atcyp94b1, and three independent lines of
35S::AoCYP94B1 heterologously expressed in the mutant background was monitored in 1-month-old, soil-grown Arabidopsis
plants in the untreated and salt-treated conditions and after 1 week (wk) of recovery in normal water. Scale bar5 10 mm. B to E,
Graphic representation of growth parameters such as survival rate (n5 12; B), leaf area (n5 12; C), FW/DW ratio (n5 12; D), and
chlorophyll content (n5 5; E) for the plants shown in A. FandG, Total Na1 content in the leaves and roots (F) and total K1 content
(G) in leaves and roots of 4-week-old wild-type, atcyp94b1, and three 35S::AoCYP94B1 lines. Data are means 6 SE of three
biological replicates, each consisting of at least three plants. Different lowercase letters indicate statistically significant differ-
ences between genotypes as determined byANOVAusing Tukey-Kramer posthoc test (P, 0.05). Data setswithout letters indicate
no statistical difference.
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pUBI::AoCYP94B1 seedlings under untreated conditions
(Fig. 4, A and B). However, the pUBI::AoCYP94B1
rice seedlings showed significantly higher shoot
and root growth compared to the wild-type after 3
and 6 d of 100 mM NaCl treatment on Murashige
and Skoog agar plates (Fig. 4, C and D). Although
growing the young seedlings is convenient on Mura-
shige and Skoog medium, we sought to test the rice
plants under hydroponic culture conditions normally
used to simulate its natural growing environment.
On salt treatment for 21 d, the hydroponically grown
1-month-old pUBI::AoCYP94B1 seedlings showed about

35% higher survival rate compared to the wild type
(Fig. 4, E and F). This further demonstrates that
AoCYP94B1 plays an important role in salt tolerance
and could serve as an important candidate for im-
proving salt tolerance of crops.

To gain further insight into the underlying mo-
lecular mode of action, we chose to work with the
Arabidopsis ortholog. This allowed more detailed
biochemical and molecular genetic analyses to be
performed, which were not feasible with A. officinalis, a
perennial tree species that is not amenable to genetic
transformation.

Figure 4. Heterologous expression of
AoCYP94B1 increases salt tolerance in
transgenic rice seedlings. A, Phenotype
of untreated 2-week-old wild-type (WT)
and pUBI::AoCYP94B1 seedlings. B,
Shoot length of untreated wild-type and
pUBI::AoCYP94B1 seedlings. C, Phe-
notype of 1-week-old wild-type and
pUBI::AoCYP94B1 seedlings 3 and 6 days
after treatment (DAT) with 100 mM NaCl.
D, Shoot and root lengths of wild-type
and pUBI::AoCYP94B1 seedlings 3 and
6 DAT. E, Survival rates of wild-type
and pUBI::AoCYP94B1 plants after
salt treatment and recovery growth.
F, Four-week-old hydroponically grown
wild-type and pUBI::AoCYP94B1 plants
before salt treatment, after 21 d of 100mM

NaCl treatment, and after an additional
10 d of recovery growth. Data in B, D,
and E are means 6 SD of three inde-
pendent experiments, with at least 15
seedlings per experiment. Asterisks indi-
cate statistically significant differences
(**P, 0.01) between pUBI::AoCYP94B1
and the wild type as measured by
Student’s t test. Scale bars 5 1 cm.
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AtCYP94B1 Increases Salt Tolerance as Well as SL
Formation in Arabidopsis Roots

Similar to the AoCYP94B1 heterologous expression
lines, pAtCYP94B1::AtCYP94B1 complementation lines
showed better seedling root growth compared to the
atcyp94b1 mutants when subjected to 50 and 75 mM

NaCl treatment (Fig. 5, A–D), indicating that the salt-
sensitivity phenotype of atcyp94b1 mutants was res-
cued in the pAtCYP94B1::AtCYP94B1 complementation
lines. Analysis was carried out in three pAtCYP94-
B1::AtCYP94B1 complementation lines, and two repre-
sentative lines are shown in Figure 5, A to C. However,
mannitol treatment, an alternative abiotic stress, did not
cause significant changes to the seedling root growth in
any of these genotypes (Supplemental Fig. S3).
In view of the suggested role for CYP94B family

genes in suberin biosynthesis, combined with our

observation of reduced Na1 accumulation in the shoots
of 35S::AoCYP94B1 lines, we carried out GC-MS/MS
quantification of several aliphatic components of the
root suberin monomers in the wild type, atcyp94b1,
pAtCYP94B1::AtCYP94B1 complementation lines, and
35S::AoCYP94B1 heterologous expression lines. The
atcyp94b1 mutant showed a significant reduction in
the amount of v-hydroxy acids and a,v-dicarboxylic
acid compared to the other genotypes tested (Fig. 5E).
No significant differences in the amounts of p-coumaric
acid, C-18 octadecanoic acid, and C-22 docosanol were
found between the genotypes tested. While atcyp94b1
showed ;50% reduction in the amounts of alcohols
(C-18 octadecanol and C-20 eicosanol), v-hydroxy acids
(C-16 and C-22), and C-16 a,v-dicarboxylic acid (Fig. 5E),
the levels of all except C-18 octadecanol were restored
to wild-type levels in pAtCYP94B1::AtCYP94B1 com-
plementation lines. The increase of C-18 octadecanol,

Figure 5. Complementation of atcyp94b1
withArabidopsisAtCYP94B1 increases salt
tolerance and suberin levels in Arabi-
dopsis roots. A to C, Comparison of seed-
ling growth among the wild type (WT),
atcyp94b1, and two independent com-
plementation lines of pAtCYP94B1::At-
CYP94B1 in the mutant background
grown in 0 (A), 50 (B), and 75mM (C) NaCl.
Scale bars5 10 mm. D, Root growth un-
der salt treatment inwild-type, atcyp94b1,
and pAtCYP94B1::AtCYP94B1 comple-
mentation lines. Surface-sterilized and
cold-stratified seeds were sown on
Murashige and Skoog agar plates with
or without NaCl (50 and 75 mM). Pho-
tographs and root length measurements
were taken 1 week after germination.
Data are means 6 SE of at least 15 bio-
logical replicates. Different letters indi-
cate statistically significant differences
between genotypes as determined by
ANOVA using Tukey-Kramer posthoc
test (P , 0.01). Data sets without
letters indicate no statistical differ-
ence. E, Suberin monomer composi-
tion in the roots of 4-week-oldwild-type,
atcyp94b1, pAtCYP94B1::AtCYP94B1,
and 35S::AoCYP94B1 seedlings was
quantified by GC-MS/MS. Data are
means 6 SD of three independent bio-
logical replicates, each with four to five
plants. Different lowercase letters indi-
cate statistically significant differences
between genotypes as determined by
ANOVA using the Tukey-Kramer post-
hoc test (P , 0.05). Data sets without
letters indicate no statistical differences. F,
Chromatogram (multiple reaction moni-
toring) of the standard suberin monomers
and the internal standard (adonitol).
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C-16 v-hydroxy acids, and C-16 a,v-dicarboxylic acid
seen in 35S::AoCYP94B1 lines was higher than that of
the wild type, which could be either due to the
strength of the 35S promoter or because AoCYP94B1
functions much more efficiently. The finding of sig-
nificantly higher amounts of C-16 v-hydroxy acid
and C-16 a,v-dicarboxylic acid in 35S::AoCYP94B1
lines compared to the wild type indicates a role for
CYP94B1 in their biosynthesis. All the standards quan-
tified for this study are shown in the chromatogram in
Figure 5F.

Further, to visualize the altered suberin deposition in
the roots, we carried out root histochemical studies in
the wild type, atcyp94b1, pAtCYP94B1::AtCYP94B1
complementation lines, and 35S::AoCYP94B1 heterolo-
gous expression lines. There was no difference in the
deposition of root CSs among the genotypes (Fig. 6B).
However, there was a significant reduction in the de-
position of suberin in the endodermal cell walls of
atcyp94b1 compared to wild-type, pAtCYP94B1::At-
CYP94B1, and 35S::AoCYP94B1 roots. While SLs were
found in;70% of the endodermal cells in the wild type,
pAtCYP94B1::AtCYP94B1, and 35S::AoCYP94B1, only
20% of cells in atcyp94b1 exhibited SLs (Fig. 6, C–E). The
patchy zones of 35S::AoCYP94B1_1 roots contained a
significantly higher number of endodermal cells with
suberin compared to wild type and atcyp94b1 (Fig. 6, C
and E). Furthermore, we examined the uptake of fluo-
rescein diacetate (FDA), which is used as a tracer to
check the barrier properties of SLs (Barberon et al.,
2016). In the undifferentiated (CSs not formed) and
nonsuberized (well-formedCSs) zones of the roots of all
the genotypes checked, FDA entered all endodermal
(100%) as well as pericycle cells after 1 min of incuba-
tion (Supplemental Fig. S4, A–D). However, in the su-
berized zones of the roots, FDA penetrated only ;10%
of endodermal cells in the wild type, pAtCYP94B1::At-
CYP94B1, and 35S::AoCYP94B1, while it entered ;80%
of atcyp94b1 endodermal cells (Fig. 5, F and G). In ad-
dition, to check whether the enhanced salt tolerance
in rice was caused by a similar mechanism, namely,
increased SL deposition as seen in Arabidopsis, we
examined the salt-treated roots of wild-type and
pUBI::AoCYP94B1 rice lines. In the apical regions,
SLs were visible in a higher number of endodermal cells
in pUBI::AoCYP94B1 than in the wild type. In the mid-
regions, SLs were clearly visible in pUBI::AoCYP94B1,
while several endodermal cells lacked SLs in the wild
type. In the basal regions, SLs were prominent in all the
endodermal cells of pUBI::AoCYP94B1, while many
passage cells without SLs were evident in the wild type
(Supplemental Fig. S5, A and B). SL deposition showed
a trend in the exodermal layer similar to that in the
endodermis (Supplemental Fig. S5, C and D). These
results not only suggest that AtCYP94B1 has a critical
role in the formation of SL as the apoplastic barrier
leading to salt tolerance, but also thatAoCYP94B1 could
function similarly to its Arabidopsis ortholog. There-
fore, the use ofAtCYP94B1 for further understanding of
its molecular regulatory mechanism can be justified.

Identification of the AtWRKY33 Transcription Factor as the
Upstream Regulator of AtCYP94B1

We sought to identify the upstream regulator of
AtCYP94B1 in Arabidopsis after establishing the fact
that AoCYP94B1 and AtCYP94B1 function in a similar
manner to regulate root apoplastic barrier formation,
leading to salt tolerance. Analysis of the 59-upstream
region of AtCYP94B1 showed various abiotic stress-
related cis-elements, such as WRKY, MYB, and MYC
TF binding domains, and especially an enrichment of
WRKY binding domains (Supplemental Fig. S6A). Co-
incidentally, in our earlier transcriptomic study,
WRKYs (e.g. AoWRKY6, AoWRKY9, and AoWRKY33)
were one of the major groups of TFs upregulated upon
salt treatment in the roots ofA. officinalis (Krishnamurthy
et al., 2017). Because the role ofWRKY33 in salt tolerance
of plants has emerged in several studies, we selected
AtWRKY33, which shares high sequence similarity to
AoWRKY33 (Supplemental Fig. S7, A and B), for fur-
ther study. Also, we used WRKY6 and WRKY9 be-
longing to Group I in ChIP and Y1H assays to ensure
that the interaction and regulation were specific to
WRKY33 (Group I WRKY).

We first conducted RT-qPCR analysis to check
whether induction of AtWRKY33 by salt treatment was
similar to that of AtCYP94B1. Under untreated control
conditions, we observed that AtWRKY33 expression
was comparable across tissue samples (Fig. 7A). In
contrast, as seen for AtCYP94B1 earlier, expression
levels of AtWRKY33 increased by 30 min after salt
treatment in the roots and remained high (4-fold after 3
h) for up to 6 h (Fig. 7B). Similarly, in leaves,AtWRKY33
expression increased 5-fold by 30 min after salt treat-
ment (Fig. 7B). Furthermore, similar to the RT-qPCR
expression profile, pAtWRKY33::GUS expression was
seen in all tissues in untreated seedlings (Supplemental
Fig. S8) and increased upon 50 mM NaCl treatment in
the roots (Fig. 7, C and D). pAtWRKY33::GUS was
mainly expressed in salt-treated Arabidopsis root
endodermal cells (Fig. 7E), similar to AtCYP94B1
expression.

To experimentally validate whether AtWRKY33
regulates AtCYP94B1, the expression level of AtCYP94B1
was quantified in atwrky33 mutants. AtCYP94B1 tran-
script levels decreased 14-fold in atwrky33 mutants
(Fig. 7F). In addition, ChIP-qPCR analysis was per-
formed to check for WRKY interaction with an
AtCYP94B1 promoter fragment. Consistent with the
presence of putative WRKY-binding cis-elements,.10-
fold enrichment of the AtCYP94B1 promoter fragment
was observed in AtWRKY33-HA pulldown samples
(Fig. 7G). AtWRKY6-HA and AtWRKY9-HA pulldown
was also carried out to check whether the interaction
was specific to AtWRKY33, and there was no signifi-
cant enrichment of AtCYP94B1 promoter fragments in
these pulldown samples. We independently verified
the interaction of AtWRKY33, AtWRKY6, andAtWRKY9
with the promoter fragment of AtCYP94B1 using the
Y1HGold system (Clontech). After introduction of

2206 Plant Physiol. Vol. 184, 2020

Krishnamurthy et al.

http://www.plantphysiol.org/cgi/content/full/pp.20.01054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.01054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.01054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.01054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.01054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.01054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.01054/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.01054/DC1


pGADT7 AtWRKY33, AtWRKY6, and AtWRKY9 plas-
mids into the Y1HGold cells harboring the AtCYP94B1
promoter fragment, AtWRKY33 grew better than its
control in the presence of Aureobasidin A (100 ng mL21),
indicating an interaction between AtWRKY33 and
the promoter ofAtCYP94B1 (Fig. 7H).While AtWRKY6
did not show any better growth compared to the con-
trol, there was very weak interaction with AtWRKY9
(Fig. 7H). Additionally, a luciferase assay using atwrky33

Arabidopsismutant protoplastswas carried out to check
the in vivo transcriptional activation of the AtCYP94B1
promoter by AtWRKY33. Protoplasts transfected with
pAtCYP94B1::LUC along with 35S::AtWRKY33 showed
;3-fold higher luminescence compared to those trans-
fected with the control, pAtCYP94B1::LUC (Fig. 7I).
The mutant pAtCYP94B1::LUC (with two WRKY
binding sites mutated) showed only ;1.5-fold higher
luminescence compared to the control, indicating that

Figure 6. CYP94B1 is involved in apoplastic barrier (SL) formation in Arabidopsis roots. For root anatomical studies, 1-week-old
Arabidopsis seedlings grown on Murashige and Skoog agar plates were used. Images were taken from similar parts of wild-type
(WT), atcyp94b1, pAtCYP94B1::AtCYP94B1, and 35S::AoCYP94B1 stained roots. Seedlings were stained with Auramine O to
visualize Casparian strips (CSs) and Nile Red to view suberin lamellae (SLs). Suberin patterns were counted as described in
“Materials andMethods”. A, Schematic of endodermal differentiation (adapted from Barberon et al., 2016). Three different zones
are shown: suberized (with distinct patchy and continuous zones), nonsuberized, and undifferentiated. B, Representative images
of CSs in the endodermis of nonsuberized zones of roots. C and D, Images showing SL deposition in the endodermal cells of
patchy (C) and continuous (D) suberized zones of roots. Ep, Epidermis; co, cortex; en, endodermis (in red). Arrowheads indicate
locations of CSs and SLs, except in F, where they show the endodermis. Scale bars 5 10 mm. E, Percentage of endodermal cells
with SLs in the suberized zones. n 5 10 seedlings. F, FDA penetration after 1 min in the suberized root zones of wild-type,
atcyp94b1, pAtCYP94B1::AtCYP94B1, and 35S::AoCYP94B1. G, Percentage of endodermal cells with FDA penetration in the
suberized zone. n5 10. Different lowercase letters indicate statistically significant differences between genotypes as determined
by ANOVA using Tukey-Kramer posthoc test (P , 0.01). Same letters indicate no statistical difference.
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Figure 7. The AtWRKY33 transcription factor acts as an upstream regulator of AtCYP94B1. A and B, Tissue-specific (A) and
temporal (B) gene expression analysis by RT-qPCR of AtWRKY33 in roots and leaves of 1-week-old Arabidopsis seedlings after
50 mM NaCl treatment for varying time periods. RQ/UBQ, Relative quantification toUBIQUITIN. C and D, Relative GUS (C) and
pAtWRKY33::GUS expression analysis (D) in 1-week-old seedling roots upon 50 mM NaCl treatment. Scale bar 5 500 mm.
Asterisks indicate statistically significant differences (*P, 0.05 and **P, 0.01) between 0 h and other time points asmeasured by
Student’s t test (n5 6). E, Root endodermal cells showing pAtWRKY33::GUS expression in control and salt-treated (50 mM NaCl
for 6 h) 1-week-old Arabidopsis seedlings. Scale bar5 100 mm. Arrowheads show endodermal cells. en, Endodermis; st, stele. F,
Transcript levels of AtCYP94B1 in atwrky33 T-DNA insertional mutant roots compared to wild-type (WT) roots. Asterisks indicate
statistically significant differences (**P , 0.01) between the wild type and atwrky33 as determined by Student’s t test. Data
represent means 6 SD from three biological replicates, each with three technical replicates. G, ChIP-qPCR of HA-tagged
AtWRKY33 in Arabidopsis protoplasts. AtWRKY6 and AtWRKY9 were used as negative controls. Fold change in the enrich-
ment of promoter fragments compared to the no-protein control is plotted. Data represent means 6 SD from three biological
replicates, each with three technical replicates. Asterisks indicate statistically significant differences (**P, 0.01) between the no-
protein control and AtWRKY33 as measured by Student’s t test. H, Y1H assay showing regulation of AtCYP94B1 by AtWRKY33.
AtWRKY6 and AtWRKY9 were used as additional controls. The representative growth status of yeast cells is shown on SD/-Leu
agar medium without and with 100 ng of aureobasidin A. Numbers above the photographs indicate relative densities of the cells
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the mutation in the TF binding sites indeed affects the
promoter activity. Collectively, these results show that
AtWRKY33 TF acts as the upstream regulator of
AtCYP94B1.
If the identified WRKY33 is indeed the upstream

regulator of AtCYP94B1 in vivo, root apoplastic barrier
deposition in the atwrky33mutants should be impaired
and expression of 35S::AtCYP94B1 in atwrky33 mutant
should rescue this phenotype. There were no visible
differences in the formation of CSs in the atwrky33
mutants compared to wild-type and 35S::AtCYP94B1
atwrky33 roots (Fig. 8A). However, suberin deposition
was reduced in the roots of atwrky33 compared to those
of the wild type and 35S::AtCYP94B1 atwrky33 (Fig. 8B).
While ;70% of wild-type and 60% of 35S::AtCYP94B1
atwrky33 endodermal cells showed SL deposition, only
25% of the corresponding atwrky33 cells exhibited SL
deposition (Fig. 8C). Further, the atwrky33 mutant
seedlings showed salt sensitivity similar to that shown
by atcyp94b1 mutants. However, this sensitivity was
rescued when 35S::AtCYP94B1 was expressed in the
atwrky33 mutant background (Fig. 8D). These results
strongly support our proposed working model where
AtWRKY33 regulates root apoplastic barrier formation
via AtCYP94B1 to confer enhanced salt tolerance in
plants (Fig. 8E).

DISCUSSION

It is imperative for researchers to understand the
mechanisms underlying salt tolerance and generate
salt-tolerant crops to meet the increasing demand for
food to support the predicted population growth.
Various studies have shown that apoplastic barrier
deposition (mainly CSs and SLs) in the root endodermis
and exodermis is critical to prevent unwanted loading
of ions into the xylem (Krishnamurthy et al., 2011;
Schreiber and Franke, 2011; Nawrath et al., 2013; Graça,
2015; Barberon, 2017; Kreszies et al., 2018). Although it
is known that mangroves possess highly efficient apo-
plastic barrier deposition (Krishnamurthy et al., 2014),
the underlying molecular mechanism is not well un-
derstood. The potential to learn from such adaptive
mechanisms to devise strategies for crop improvement
has been highlighted, but that is yet to be accomplished.
This study represents a successful example of discov-
ering and applying such mechanistic knowledge.
To understand the role of CYP94B1 in salt-stress

response, we used three plant species (A. officinalis,
Arabidopsis, and rice) of varying ages. Our earlier

transcriptomic study involving A. officinalis, which led
to the identification of AoCYP94B1, used 2-month-old
seedlings treated with 500 mM NaCl (Krishnamurthy
et al., 2017). Therefore, similar conditions were used
for A. officinalis in this study. Experiments in Arabi-
dopsis were carried out using young seedlings (1 week
old) and older plants (4 weeks old) to understand their
response to salt at two developmental stages. While
50 mM NaCl was used for most of the studies with
younger seedlings, as this did not damage the roots,
100 mM NaCl was used to challenge the older plants.
Similarly, two developmental stages in rice plants
(1 and 4 weeks old) were used for our studies.
Our findings have highlighted the role ofAtCYP94B1

from Arabidopsis in the salinity tolerance response.
This gene was identified as an ortholog of AoCYP94B1
based on our studies with the mangrove tree, A. offici-
nalis, which suggests that they may play similar roles in
the two species. Under untreated conditions, expres-
sion of AtCYP94B1 was lowest in roots, while it was
predominant in flowers (Fig. 1C). A similar expression
profile has been reported for AtCYP94B1 in earlier
studies (Bruckhoff et al., 2016; Widemann et al., 2016).
However, according to the BAR eFP Browser, the
highest expression occurs in petioles of mature leaves.
Also, the AtCYP94B1 gene family regulates flowering
time but not fertility (Bruckhoff et al., 2016), while
overexpression of AtCYP94B3 leads to partial loss of
male fertility in Arabidopsis (Koo et al., 2011). How-
ever, in our study, the ;4-fold upregulation of
AtCYP94B1 seen in the roots upon salt treatment
(Fig. 1D), along with its expression and localization to
the endodermis (Fig. 1, G–I) clearly indicates its key
function in root endodermis under salt stress. While
AoCYP94B1 showed the highest expression at 0.5 h after
salt treatment, AtCYP94B1 expression remained high
from 0.5 to 6 h. At this point, we are not sure whether
this difference is a reflection of inherent differences
between the two species or other factors.
Earlier studies suggest that CYP94B family genes,

including AtCYP94B1, play a role in sequential
v-oxidation of JA-Ile to 12OH-JA-Ile (Koo et al., 2014;
Aubert et al., 2015; Lunde et al., 2019), particularly after
flower opening (Bruckhoff et al., 2016;Widemann et al.,
2016). Those authors also highlight that a role for
members of this CYP94 subfamily in metabolism of
other substrates cannot be dismissed. Furthermore, in
an earlier study, Arabidopsis CYP94B1 expressed in
yeast carried out v-hydroxylation of fatty acids with
chain lengths of C12 to C18 (Benveniste et al., 2006).
Accordingly, our observation that the reduction in the

Figure 7. (Continued.)
4 d postinoculation. I, Luciferase assay carried out using the mesophyll protoplasts obtained from leaves of 4-week-old atwrky33
mutants. pAtCYP94B1::LUC was used as the control and 35S::AtWRKY33 was used as the test. The AtCYP94B1 promoter
fragment with mutatedWRKY binding sites was used as an additional control. Firefly luciferase activity was normalized to Renilla
luciferase activity and plotted. Data represent means 6 SD of four independent biological replicates, each with three technical
replicates. Asterisks indicate statistically significant differences between the control and the test (**P , 0.01) as measured by
Student’s t test.
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concentration of aliphatic suberin monomers (C16 and
C22 v-hydroxyacids) in the roots of atcyp94b1 mutants
compared to the wild type, complementation, and
heterologous expression lines (Fig. 5E) confirms the role
of CYP94B1 in biosynthesis of aliphatic suberin mono-
mers, leading to the formation of apoplastic barriers in
the roots. The induction of CYP94B1 gene expression by
salt treatment in Arabidopsis and A. offiicnalis (Fig. 1),
coupled with the observation of reduced apoplastic
barrier formation in the root endodermis (Fig. 6), as
well as salt sensitivity in the atcyp94b1 mutant (Figs.

2–4), collectively show that AtCYP94B1 plays a role in
the salinity response. The fact that the salt-sensitive
phenotype and the reduced levels of suberin in the
endodermis of atcyp94b1 are rescued in the transgenic
Arabidopsis lines (35S::AoCYP94B1 and pAtCYP94-
B1::AtCYP94B1) further confirms the role of CYP94B1
in salt tolerance via suberin deposition. It is also clear
from our data that the SLs in the endodermal cell walls
function to block the apoplastic flow (Fig. 6F) and
thereby limit the uptake of excess Na1 into the shoots
(Fig. 3F). Several prior studies have shown similar

Figure 8. AtWRKY33 regulates apoplastic barrier formation via AtCYP94B1. For root anatomical studies, 1-week-old wild-type
(WT), atwrky33, and 35S::AtCYP94B1 atwrky33 (in the atwrky33mutant background) Arabidopsis seedlings grownonMurashige
and Skoog agar plates were used. Images of stained roots were taken from the same regions for all genotypes. Seedlings were
stained with Auramin O for visualizing Casparian strips (CSs) and with Nile Red to view suberin lamellae (SLs). Suberin patterns
were counted as described in “Materials and Methods”. A, Representative images showing CS development in the nonsuberized
endodermal cells of the three genotypes. B, SL deposition in the suberized endodermal cells of all three genotypes. C, Percentage
of endodermal cells with SLs in the suberized zones of the roots. Arrowheads indicate locations of CSs and SLs. Scale bars5 10
mm, n5 10 seedlings. Different lowercase letters indicate statistically significant differences between genotypes as determined by
ANOVA using Tukey-Kramer posthoc test (P , 0.01). Same letters indicate no statistical differences. en, Endodermis. D, Com-
parison of seedling growth among the wild type, atwrky33, and three independent lines of 35S::AtCYP94B1 atwrky33 ectopic
expression lines. Surface-sterilized and cold-stratified seedswere sown onMurashige and Skoog agar plates with or without NaCl
(50 and 75 mM). Photographs were taken 1 week after germination. Scale bar 5 10 mm. E, Proposed model based on our data
showing regulation of root apoplastic barrier formation by WRKY33 through control of CYP94B1, leading to salt tolerance.
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increases in the concentration of aliphatic suberin
monomers in response to salt stress, which limits the
root apoplastic bypass flow (Ranathunge et al., 2005,
2008, 2011a; Krishnamurthy et al., 2009, 2011, 2014).
The increased salt tolerance exhibited by the heterolo-
gous expression lines (35S::AoCYP94B1) of rice (Fig. 4)
and Arabidopsis (Figs. 2 and 3) was directly associated
with increased apoplastic barrier formation in the roots
(Figs. 5 and 6; Supplemental Fig. S5), suggesting that
the mangrove AoCYP94B1 could be used to confer
enhanced salt tolerance to crop plants. JA-Ile degra-
dation/oxidation occurs under salt stress (Hazman
et al., 2019), and this leads to increased salinity toler-
ance in rice (Kurotani et al., 2015). Therefore, the role of
this pathway in contributing to salt tolerance in our
overexpression lines cannot be dismissed and de-
mands further study to understand the relationship
between JA catabolism and suberin biosynthesis un-
der salt stress.
Suberin deposition occurs not only in response to

abiotic stresses such as salinity and drought
(Ranathunge et al., 2011b; Franke et al., 2012), but also
to biotic stresses, where it serves to block pathogen
entry through the cell walls (Ranathunge et al., 2008).
Despite its pivotal role in conferring tolerance to mul-
tiple stresses, information on molecular regulation of
apoplastic barrier formation is still scarce. So far, some
of the MYB TFs have been shown to regulate CS de-
velopment (Kosma et al., 2014; Kamiya et al., 2015; Li
et al., 2018) and suberin biosynthesis (Gou et al., 2017)
by regulatingCYP86 subfamily genes. To the best of our
knowledge, no prior report on regulation of CYP94B
subfamily genes exists. Salt-mediated coinduction of
AtWRKY33 (Fig. 7, B–D) with AtCYP94B1 (Fig. 1D) and
the endodermal expression of both pAtCYP94B1::GUS
and pATWRKY33::GUS in the salt-treated roots (Figs.
1 and 7) suggest that they play a related role under
salt treatment. This, combined with enrichment of
AtCYP94B1 promoter fragments in our ChIP-qPCR,
Y1H analysis, and luciferase assay (Fig. 7) clearly show
that AtWRKY33 is the upstream regulator ofAtCYP94B1.
WRKY TFs are known to regulate biotic (Bakshi and
Oelmüller, 2014; Sarris et al., 2015) and abiotic stress
responses (He et al., 2016; Liang et al., 2017; Bai et al.,
2018), and several transcriptomic and microarray
studies have shown their response to salt and drought
stresses (Mahalingam et al., 2003; Narusaka et al.,
2004; Krishnamurthy et al., 2011; Okay et al., 2014;
Song et al., 2016). Additionally, overexpression of
WRKY25, WRKY33, WRKY41, and WRKY83 causes
enhanced salt tolerance (Jiang and Deyholos, 2009;
Chu et al., 2015; Wu et al., 2017), while many others
(WRKY46, WRKY54, WRKY68, and WRKY70) play a
role in drought tolerance (Chen et al., 2017). However,
the mechanism by which these WRKY TFs confer stress
tolerance is not known. Our observations of reduced
deposition of SLs in the endodermal cells of atwrky33
mutants, mimicking the atcyp94b1 mutant pheno-
type, along with the increase in SL deposition in the
35S::AtCYP94B1 atwrky33 lines (Fig. 8), further confirm

the regulatory role of the AtWRKY33 TF on AtCYP94B1.
Hence, we propose a working model where WRKY33
regulates root apoplastic barrier formation by con-
trolling CYP94B1, leading to increased salt tolerance
(Fig. 8E).
In conclusion, our study reveals part of an important

molecular regulatory mechanism of suberin deposition
that involves the control ofAtCYP94B1 by theAtWRKY33
TF, leading to increased salt tolerance of Arabidopsis
seedlings. We further showed that heterologous ex-
pression of AoCYP94B1 in both Arabidopsis and rice
seedlings confers salt tolerance by the same mode of
action. Therefore, our study opens new avenues for
engineering salt-tolerant crop plants.

MATERIALS AND METHODS

Cloning and Generation of Transgenic Lines

The full-length coding sequence (CDS) of AoCYP94B1 (Unigene99608_All)
was obtained from an earlier transcriptomic study of Avicennia officinalis roots
(Krishnamurthy et al., 2017). Wild-type Arabidopsis (Arabidopsis thaliana),
ecotype Columbia-0, along with the T-DNA insertional mutants atcyp94b1
(SALK_129672) and atwrky33 (SALK_064436), were purchased from the Ara-
bidopsis Biological Resource Center (http://www.abrc.osu.edu; Alonso et al.,
2003). Position of T-DNA insertion sites for atcyp94b1 and atwrky33mutants are
shown in Supplemental Figs. S9 and S10, respectively. Genomic DNA from the
mutants was extracted as described previously (Dellaporta et al., 1983). Plants
homozygous for the T-DNA insertion were selected by genotyping with
primers designed using the T-DNAprimer design tool (http://signal.salk.edu/
tdnaprimers.2.html). Also, RT-qPCR was carried out to check the suppression
of the tagged gene expression in mutants (Supplemental Figs. S9 and S10).
Seeds were collected only from those mutants that showed .70% reduction in
AtCYP94B1 as well as AtWRKY33 expression (Supplemental Figs. S9C and
S10C). For heterologous expression of AoCYP94B1 in Arabidopsis, the CDS of
AoCYP94B1was amplified and cloned into the pGreen binary vector under the
35S promoter using EcoRV and SpeI restriction sites. For construction of
translational fusion with GFP and complementation lines of AtCYP94B1, the
full-length cassette, including promoter, introns, and exons of AtCYP94B1
amplified from the genomic DNA of Arabidopsis, was cloned into pGreen-GFP
and pGreen binary vectors, respectively, using KpnI and XmaI restriction en-
zyme sites. For promoter GUS expression analysis, 1-kb upstream sequences of
AtCYP94B1 and AtWRKY33 were amplified from genomic DNA and cloned
into pGreen-GUS using PstI, XmaI and HindIII, XmaI restriction enzyme sites,
respectively. All the constructs generated were individually electroporated into
Agrobacterium tumefaciens strain GV3101:pMP90 and introduced into Arabi-
dopsis by the floral dip method (Clough and Bent, 1998). Basta-resistant T1
transgenic plants were selected and introduced gene expression was confirmed
by genotyping PCR and RT-qPCR analysis (Supplemental Fig. S9D). T3 gen-
eration plants were used for all the experiments. For ChIP, CDSs ofAtWRKY33,
AtWRKY9, and AtWRKY6 were cloned into pGreen binary vector with the
hemagglutinin (HA) fusion tag with the following restriction enzyme sites;
EcoRI, SpeI for AtWRKY33 and AtWRKY9, and XmaI, SpeI for AtWRKY6. For
heterologous expression in rice (Oryza sativa), the CDS of AoCYP94B1 was
amplified and cloned with AvrII and XmaI restriction enzyme sites into binary
vector pCAMBIA-1300 under the maize (Zea mays) UBIQUITIN promoter. The
constructs were introduced into rice byA. tumefaciens-mediated transformation
(Toki et al., 2006). Homozygous transgenic lines (3:1 segregation ratio on
hygromycin selection) at the T2 generation were selected for further analysis.
All primers used in this study are listed in Supplemental Table S1.

Plant Materials and Growth Conditions

The propagules of A. officinalis were collected during fruiting seasons from
themangrove swamps in Singapore (Berlayer Creek and Sungei BulohWetland
Reserve). The seedlings were maintained in NaCl-free conditions by growing in
potting mixture (Far East Flora) until they reached the four-node stage (;2
months) in a greenhouse (25°C to 35°C, 60% to 90% relative humidity; 12-h
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photoperiod), after which they were carefully transferred to pots containing
sand and were allowed to adapt for 2 d by watering with one-half strength
Hoagland’s solution. The plants were then treated with one-half strength
Hoagland’s solution containing 500 mMNaCl for varying time periods (0, 0.5, 1,
2, 4, 8, 12, 24, and 48 h).

For growth on Murashige and Skoog agar plates, Arabidopsis seeds of the
required genotypeswere surface sterilized and cold stratified at 4°C for 3 d, then
sown on Murashige and Skoog agar plates and germinated at 22°C under
continuous light. One-week-old seedlings were carefully removed from the
plate and subjected to salt (50 mM NaCl) treatment. The plant tissues were
collected at various time periods (0, 0.5, 1, 3, 6, and 24 h) and frozen in liquid
nitrogen for total RNA isolation. For histochemical GUS expression analysis, 1-
week-old seedlingswere treatedwith 50mMNaCl for various time periods (0, 1,
3, 6, and 24 h). For root length studies, the sterilized and cold-stratified seeds
were sown on Murashige and Skoog agar plates with and without NaCl and
root length was measured and photographed 1 week after germination. For salt
treatment in older plants, 4-week-old plants were treated with 100 mMNaCl for
1 week. The pots were flushed with water twice to remove the soil-bound NaCl
followed by a recovery growth in NaCl-free water for 1 week. Survival rate,
chlorophyll contents, FW/DW ratio, and leaf area were measured from un-
treated and recovered plants. In addition, untreated plants bearing mature si-
liques were collected for RT-qPCR analysis and GUS staining.

Rice seeds of wild-type (ssp. japonica ‘Nipponbare’) and heterologous ex-
pression lines (pUbi::AoCYP94B1) were first germinated on plain Murashige and
Skoog or selection medium (MS 1 hygromycin) and then transferred to Mura-
shige and Skoog agar plates with andwithout NaCl (100mM NaCl). After 1 week
of growth in this medium, seedlings were photographed and the shoot and root
lengths were measured. The wild-type and transgenic lines generated were
grown hydroponically (Yoshida et al., 1971) for salt treatment of older seedlings.
Four-week-old seedlings were subjected to salt treatment (100mM NaCl) for 21 d.
After treatment, the rice seedlings were transferred back toNaCl-free hydroponic
solution for recovery. Survival rates were calculated after 10 d of recovery and are
shown (Fig. 4E) as the percentage of seedlings that were alive. Plants that did not
show any indication of recovery (no green shoots) were counted as dead.

In Silico Analysis

The NCBI database was used as a search engine for nucleotide and protein
sequences. The expasy tool (https://web.expasy.org/translate/) was used to
translate the CDS sequences to amino acid sequences, and multAlin (http://
multalin.toulouse.inra.fr/multalin/) was used to align the amino acid se-
quences. Phylogenetic analysis was carried out using Phylogeny.fr software
(http://www.phylogeny.fr/). Primers for RT-qPCRwere designed usingNCBI
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/).

RNA Isolation and RT-qPCR Analysis

RNAwas isolated fromvariousplant samples (A. officinalis, Arabidopsis, and
rice) using TRIzol reagent (Thermo Fisher) according to the manufacturer’s
instructions. An aliquot of this RNA (1 mg) was used to synthesize comple-
mentary DNA (cDNA) using a Maxima first-strand cDNA synthesis kit for RT-
qPCR (Thermo Fisher) and following the manufacturer’s instructions. For
genotyping of mutants and the heterologous expression lines, RNA was
extracted from leaves of 4-week-old seedlings. RT-qPCR was performed to
check expression of transcript levels using a StepOne Real-Time PCR machine
(Applied Biosystems) with the following program: 20 s at 95°C followed by 40
cycles of 3 s at 95°C and 30 s at 60°C. The SYBR Fast ABI Prism PCR kit (Kapa
Biosystems) was used for RT-qPCR analysis. The reaction mixture consisted of
5.2 mL master mix (provided in the kit), 0.2 mM each of forward and reverse
primers, 3.4 mL nuclease-free water, and 1 mL sample cDNA template for a final
volume of 10 mL. All data were analyzed using StepOne Software (version 2.1,
Applied Biosystems). The primers used for RT-qPCR analysis are listed in
Supplemental Table S1. Gene expression levels were calculated based on ΔΔCt
values and presented as expression levels (fold change) relative to the consti-
tutively expressed internal controls AtUBIQUITIN10 and AoUBIQUITIN1 for
Arabidopsis and A. officinalis, respectively.

Chlorophyll Estimation

Chlorophyll concentrations were determined spectrophotometrically using
100 mg FW of untreated and recovered (from NaCl treatment) leaf material

ground in 2mLof 80% (v/v) acetone. After complete extraction, themixturewas
filteredand thevolumeadjusted to5mLwithcoldacetone.Theabsorbanceof the
extract was read at 663 and 645 nm and pigment concentrations were calculated
as described previously (Arnon, 1949). The data represented are means 6 SD of
four biological replicates each with single plants.

Estimation of Total Ion Concentration (Na1 and K1)
from Plants

Control and salt-treated 4-week-old Arabidopsis seedlings were harvested
and rinsed briefly with distilled water to remove surface-contaminating Na1.
Three to four plants were pooled as one replicate, and three to four independent
replicates were used to generate the mean values reported. Leaves and roots
from plants were separated and left to dry at 50°C for 2 d. The dried tissue was
ground into a powder in liquid nitrogen, and acid digestion and ion estimation
were carried out as described earlier (Krishnamurthy et al., 2014). The amounts
of ions estimated are presented as milligrams per gram DW of plant sample.

Histochemical GUS Staining

Transgenic Arabidopsis seedlings containing pAtCYP94B1::GUS and
pAtWRKY33::GUS fusion constructs were treated as described above. GUS
histochemical staining was performed by vacuum infiltrating the seedlings
immersed in GUS staining solution (0.1 M sodium phosphate buffer [pH 7.0],
10 mM EDTA, 0.1% [w/v] Triton X-100, and 2 mM 5-bromo-4-chloro-3-indolyl
glucuronide) for 5 min followed by overnight incubation in the dark at 37°C
without shaking. Staining solution was removed, and several washes with 50%
(v/v) ethanol were performed until the chlorophyll was bleached and tissues
cleared. The images of stained whole seedlings with various salt treatments
were recorded using a stereo microscope (SMZ1500, Nikon), and other pAt-
CYP94B1::GUS images were taken using a CTR5000 DIC microscope (Leica)
with a Nikon DS-Ril camera. GUS-stained images presented here represent the
typical results of at least six independent plants for each treatment. GUS ex-
pressionwas quantified based on the relative intensities of blue coloration using
ImageJ software (https://imagej.nih.gov/ij/download.html). Data presented
are the means 6 SD of three biological replicates, each biological replicate con-
sisting of at least six plants.

Chemical Analysis of Suberin in the Root

Isolation and depolymerization of suberized root cell walls from 4-week-old
Arabidopsis seedlings were carried out as described previously (Franke et al.,
2005; Höfer et al., 2008). Briefly, the samples were depolymerized by trans-
esterification with 2 mL 1 M MeOH/HCl for 2 h at 80°C followed by addition of
salt water. Ten micrograms of adonitol was added as an internal standard, and
aliphatic monomers were extracted three times in 0.5 mL of hexane. The com-
bined organic phase was dried using CentriVap Cold Traps (Labconco) and
derivatized using bis-(N,N,-trimethylsilyl)-trifluoroacetamide (Sigma-Aldrich)
as described previously (Franke et al., 2005; Höfer et al., 2008). Monomers were
identified from their electron ionization-MS spectra (75 eV, m/z 50–700) after
capillary GC (30 m3 0.32 mm, 0.1 mm, on column injection at 50°C, oven 2 min
at 50°C, 10°C min21 to 150°C, 1 min at 150°C, 5°C min21 to 310°C, 30 min at
310°C using 2 mL min21 He carrier gas) on a gas chromatograph (DB-5MS,
Shimadzu) combinedwith a quadrupolemass selective detector (GCMS-TQ80).
Quantitative analysis of suberin monomers was carried out based on normal-
ization to the internal standard. Three biological replicates, each consisting of
four to five plants from all the genotypes tested, were used for the analysis.
Suberin amounts are presented as micrograms per gram DW of the sample.

Histochemical Staining and Microscopy

For root histochemical studies, 1-week-old Arabidopsis seedlings grown on
Murashige and Skoog agarwere used. Seedlingswere stainedwithAuramineO
and Nile Red to visualize CSs and SLs, respectively, using the methods de-
scribed earlier (Ursache et al., 2018). For CS development, cells from the first CS
appearance to the first elongated cell were checked. As described previously
(Barberon et al., 2016), suberin patterns were counted from the hypocotyl
junction to the onset of endodermal cell elongation (i.e. the zone where an en-
dodermal cell length is clearly more than twice its width). The roots were di-
vided into various zones (Fig. 6A), such as the undifferentiated zone (young
part of the root with no CS or SL), nonsuberized zone (only CSs, no SLs), and
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suberized zone (patchy and continuous SLs). For FDA transport assay, seed-
lings were incubated for 1 min in one-half strength Murashige and Skoog FDA
(5 mg mL21), rinsed, and observed using a confocal laser scanning microscope
(FV3000, Olympus). Excitation and detection parameters were set as follows:
Auramine O, 488 nm and 505 to 530 nm; Nile Red, 561nm and 600 to 650 nm;
FDA, 488 nm and 620 to 640 nm. Imageswere taken from at least 10 Arabidopsis
seedlings of each genotype tested for all the analyses.

For microscopy of rice roots, freehand cross sections were prepared from
the adventitious roots of salt-treated rice plants grown in hydroponics.
Roots;100mm in lengthwere taken from the hydroponically grown, salt-treated
plants and sectioned at varying lengths from the root tip: apical (0–20 mm),
mid- (20–50 mm), and basal (50–80 mm). To check for SL deposition, sections
were stained for 1 h with Fluorol Yellow 088 (Brundrett et al., 1991). Stained
sections were viewed under a confocal laser scanning microscope (FV3000,
Olympus) with excitation at 514 nm and detection at 520 to 550 nm and a DAPI
filter (excitation at 405 nm, detection at 420–460 nm). Root images shown
represent the typical results of at least six independent rice plants.

ChIP Using Arabidopsis Protoplasts

Mesophyll protoplasts were isolated from leaves of 4-week-old wild-type
Arabidopsis ecotype Columbia plants and transfected according to the protocol
described earlier (Yoo et al., 2007), with minor modifications. For each trans-
fection, 8 to 15 mg of purified plasmid DNA (35S::AtWRKY33, 35S::AtWRKY6,
and 35S::AtWRKY9) was used. The threeWRKYswere chosen to ensure that the
interaction was specific toWRKY33 (Group IWRKY) and distinct fromWRKY6
and WRKY9, which also belong to Group I. A polyethylene glycol-calcium
chloride transfection solution was used as follows: 25% (w/v) polyethylene
glycol, 0.4 M mannitol, and 150 mM CaCl2. The transfected protoplasts were
incubated for 20 h at room temperature and fixed with formaldehyde. Pro-
toplasts transfected with empty vectors were treated as the negative control.
Anti-HAmonoclonal antibody (Santa Cruz Biotechnology) bound to Protein-
A agarose beads (Sigma) was used to immunoprecipitate the genomic DNA
fragments. ChIP-qPCR analysis was carried out to check for promoter fragment
enrichment in the final eluted chromatin from the ChIP experiment. Fold
change in the enrichment of promoter fragments compared to the control was
plotted. Results are based on data from three independent biological replicates
each with at least three technical replicates.

Luciferase Assay Using Arabidopsis Protoplasts

Mesophyll protoplastswere isolated from leaves of 4-week-old atwrky33mutant
seedlings and the luciferase assay was carried out as described earlier (Iwata et al.,
2011). A sequence 1 kb upstreamofAtCYP94B1was cloned into the pGreen II-0800-
LUC vector using SacI and XmaI restriction enzyme sites to generate the reporter.
The vector with the pAtCYP94B1 promoter (pATCYP94B1::LUC) was used as a
reference control (reporter), while 35S::AtWRKY33 was used as the effector. Two
WRKY binding sites in theAtCYP94B1 promoter fragment were mutated (TTGAC
to TTacC; Supplemental Fig. S6B) by site-directed mutagenesis, and the mutant
promoterwas cloned into the pGreen II-0800-LUCvector and used as an additional
control. The luciferase assay was carried out using the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s instructions. Lumines-
cence was measured using the GloMax discover (Promega). Firefly luciferase ac-
tivity was normalized to Renilla luciferase activity. Data shown were taken from
four independent biological replicates each with three technical replicates.

Y1H Assays

Y1H assays were performed using a Matchmaker Gold Y1H System
(Clontech) according to themanufacturer’s instructions. The promoter fragment
2 kb upstream of AtCYP94B1was cloned into the pAbAi vector upstream of the
AUR1-C reporter gene using SacI and XmaI restriction enzyme sites. CDSs of
AtWRKY33, AtWRKY6, and AtWRKY9 were cloned separately into the
pGADT7-AD vector. The primers used for cloning are listed in Supplemental
Table S1. The Saccharomyces cerevisiae strains were then allowed to grow for 2 to
3 d at 30°C to assess DNA–protein interactions.

Statistical Analysis

Data presented are the means 6 SE/SD. Binary comparisons of data were
statistically analyzed by Student’s t test (P , 0.05 and P , 0.01). For multiple

comparisons between wild-type, mutant, and transgenic lines, one-way
ANOVA was performed and Tukey-Kramer posthoc test was subsequently
used as a multiple comparison procedure (P , 0.05 and P , 0.01).

Accession Numbers

The accession numbers of genes used in this paper are provided in
Supplemental Table S2

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. AoCYP94B1 is highly similar to other plant
CYP94B subfamily members.

Supplemental Figure S2. pAtCYP94B1::GUS expression and growth of 4-
week-old wild-type, atcyp94b1, and 35S::AoCYP94B1 Arabidopsis plants.

Supplemental Figure S3. Wild-type, atcyp94b1, 35S::AoCYP94B1, and
AtCYP94B1::AtCYP94B1 complementation lines of Arabidopsis respond
similarly to mannitol treatment.

Supplemental Figure S4. FDA penetration into endodermal cells shows
functionality of suberin.

Supplemental Figure S5. Heterologous expression of AoCYP94B1 in-
creases deposition of an apoplastic barrier (SL) in the roots of transgenic
rice seedlings.

Supplemental Figure S6. Promoter analysis of AtCYP94B1.

Supplemental Figure S7. A. officinalis WRKY33 shares high sequence sim-
ilarity with Arabidopsis WRKY33.

Supplemental Figure S8. Tissue-specific expression of pAtWRKY33::GUS.

Supplemental Figure S9. Details of atcyp94b1 and heterologous expression
lines.

Supplemental Figure S10. Details of Arabidopsis wrky33.

Supplemental Table S1. Primer sequences used in the study.
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