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SUMMARY
Suberin is a lipid and phenolic cell wall heteropolymer found in the roots and other organs of all vascular
plants. Suberin plays a critical role in plant water relations and in protecting plants from biotic and abiotic
stresses. Here we describe a transcription factor, AtMYB41 (At4g28110), that can activate the steps necessary for aliphatic suberin synthesis and deposition of cell wall-associated suberin-like lamellae in both Arabidopsis thaliana and Nicotiana benthamiana. Overexpression of AtMYB41 increased the abundance of
suberin biosynthetic gene transcripts by orders of magnitude and resulted in the accumulation of up to 22
times more suberin-type than cutin-type aliphatic monomers in leaves. Overexpression of AtMYB41 also
resulted in elevated amounts of monolignols in leaves and an increase in the accumulation of phenylpropanoid and lignin biosynthetic gene transcripts. Surprisingly, ultrastructural data indicated that overexpression led to the formation of suberin-like lamellae in both epidermal and mesophyll cells of leaves. We
further implicate AtMYB41 in the production of aliphatic suberin under abiotic stress conditions. These
results provide insight into the molecular-genetic mechanisms of the biosynthesis and deposition of a
ubiquitous cell wall-associated plant structure and will serve as a basis for discovering the transcriptional
network behind one of the most abundant lipid-based polymers in nature.
Keywords: suberin, R2-R3 MYB, transcription factor, lignin, abiotic stress, Arabidopsis, Nicotiana
benthamiana.

INTRODUCTION
The colonization of land by plants required the acquisition
of specialized modifications to the cell wall. Structures like
lignified vasculature and suberized endodermal cells
allowed plants to develop a homoiohydric lifestyle (the
capacity to maintain a constant water status) required for
terrestrial habitats. Suberin, an aliphatic and phenolic heteropolymer, is synthesized in many tissues of higher plants
including seed coats, tree bark, periderms of mature roots
and tubers, endodermal cells of young roots, and abscission scars (Pollard et al., 2008; Schreiber, 2010; Beisson
et al., 2012; Franke et al., 2012). It is also deposited as a
response to environmental stresses such as high salinity
and wounding (Kolattukudy, 2001; Schreiber et al., 2005a,b;
Franke et al., 2009). As such, suberin represents a structure
vital to many physiological processes related to plant water
status and protection from biotic and abiotic stressors.
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Suberin is an acylglycerol polymer, generically termed a
polyester, deposited on the inner surface of the cell wall of
specific cell types such as endodermal and peridermal
cells. Suberin structures have been partially inferred from
chemical analyses of monomers or oligomers released by
either total or partial depolymerization, respectively (Holloway, 1972; Franke et al., 2005; Gracßa and Santos, 2006;
Santos and Gracßa, 2006). For example, root suberins are
typically dominated by 18:1 x-hydroxy fatty acids (x-OH
FAs) and 18:1 dicarboxylic fatty acids (DCA). Non-polymeric aliphatic waxes associated with suberized tissues
have also been described (Espelie et al., 1980; Li et al.,
2007a). Similar to suberin, plant cuticles comprise an aliphatic acylglycerol-based polyester matrix, cutin, with
associated waxes. In contrast to suberin, the cuticle is
deposited on the outermost surface of the epidermal cell
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wall of aerial plant organs. In Arabidopsis, cutin and suberin differ chemically in terms of degree of unsaturation,
carbon chain length, and phenolic content. Arabidopsis
cutin consists of approximately 50% 18:2 monomers. Conversely, 18:2 monomers only comprise about 2% of root
suberin. Instead, Arabidopsis root suberin is dominated by
18:1 monomers (>55%). Arabidopsis cutin comprises
almost exclusively 16- and 18-carbon monomers whereas
suberin consists of a range of 16- to 24-carbon monomers.
Suberin has a much higher phenolic content than cutin,
primarily in the form of the phenylpropanoid ferulic acid.
The genetic resources of Arabidopsis and potato (Solanum tuberosum) have provided for the discovery of a
number of suberin biosynthetic genes (Beisson et al., 2012;
Li-Beisson et al., 2013). Despite this progress, no transcriptional regulators of suberin synthesis have been definitively identified. However, several transcription factors
related to plant cuticle biosynthesis have been identified
and characterized. These include members of the AP2/EREBP, the HD-ZIP IV, the WW domain-containing, and the
R2-R3 MYB transcription factor or co-activator families
(Yeats and Rose, 2013). Regulators of cuticle biosynthesis
related to mRNA stability, RNA-mediated gene silencing,
and post-translational modification have also been identi€ et al., 2012).
fied (Hooker et al., 2007; Lam et al., 2012; Lu
These studies indicate that the regulatory network underlying cuticle biosynthesis is quite intricate. In contrast, only
two transcription factors have been implicated in suberin
synthesis (Lasserre et al., 2008; Almeida et al., 2013). However, these speculations were based primarily on gene
expression patterns (i.e. they are primarily expressed in suberizing tissues) – biochemical or ultrastructural evidence
of their involvement in suberin biosynthesis is lacking.
Given that no loss-of-function mutants have thus far
been identified, a gain-of-function strategy to induce ectopic suberin production offers an alternative approach to
deciphering the transcriptional network underlying suberin
synthesis. Knowledge of the transcriptional controls of the
suberization process has the potential to increase our
understanding of mechanisms that control suberin levels
and the role of suberin in response to stress, and to
enhance resistance to drought, salt, and pathogens in crop
plants. Because suberin is rich in unsaturated DCAs and xOH FAs, increasing its production may also allow the
development of renewable sources of bifunctional olefins
with potential for replacing petrochemicals in the production of bioplastics and other specialty biomaterials (Gandini, 2008).
Here we present the characterization of a transcription
factor, AtMYB41 (At4g28110), capable of activating the synthesis, export, assembly, and cell wall-localized deposition
of a suberin-like structure. We further implicate AtMYB41
in the activation of aliphatic suberin synthesis under conditions of abiotic stress.

RESULTS
Overexpression of AtMYB41 results in the ectopic
production of aliphatic suberin and the deposition of
suberin-like lamellae
Arabidopsis has more than 100 genes encoding R2-R3
MYB transcription factors known to regulate diverse plantspecific processes including the biosynthesis of anthocyanin, secondary cell walls, and lignin (Dubos et al., 2010).
R2-R3 MYBs also regulate cell fate and identity, plant
development, and responses to biotic and abiotic stresses
(Martin and Paz-Ares, 1997; Stracke et al., 2001; Davies and
Schwinn, 2003). AtMYB41 was previously described as a
regulator of accumulation of cuticle lipid, based primarily
on the observation that overexpression lines (AtMYB41
OE) exhibited phenotypes associated with a malformed
cuticle (Cominelli et al., 2008). However, chemical and ultrastructural analyses were not performed on these lines.
We extended these studies by further analyzing the published DNA microarray results from Arabidopsis plants
overexpressing AtMYB41 (Cominelli et al., 2008). We found
that many of the top 50 most up-regulated genes encoded
enzymes known for their involvement in suberin synthesis
[e.g. acyltransferases and reductases like ASFT
(At5g41040), GPAT5 (At3g11430), and FAR4 (At3g44540)]
(Beisson et al., 2007; Molina et al., 2009; Domergue et al.,
2010; Vishwanath et al., 2013) and included genes whose
expression highly correlates with the expression of suberin
biosynthetic genes.
Based on the above observations, we hypothesized that
AtMYB41 functions as a regulator of suberin biosynthesis.
Suberin is not normally produced in leaves. Instead, a biosynthetically related but distinct cuticle, comprising cutin
that is impregnated with waxes, covers the epidermal surfaces of leaves and other aerial plant organs. We postulated that overexpression of AtMYB41 might lead to the
ectopic accumulation of suberin in aerial organs such as
leaves where a cuticle is normally produced. Similar to a
previous report, we found that plants overexpressing AtMYB41 driven by the 35S promoter (AtMYB41 OE-9)
(Cominelli et al., 2008) had phenotypes associated with
surface defects including stunted growth, glossy leaf surfaces, elevated permeability to toluidine blue stain, and
altered pavement cell shape (Figures S1–S3). Analysis of
leaf cross sections of stably transformed AtMYB41 OE-9
Arabidopsis plants by transmission electron microscopy
(TEM) revealed the presence of lamellar structures, alternating light and dark bands deposited on the internal surfaces of the primary cell walls of epidermal cells
(Figures 1 and S4). These lamellar structures strongly
resemble the lamellae typical of suberized endodermal
and peridermal root cells (Figure S5) (Enstone et al.,
2002; Ma and Peterson, 2003; Franke and Schreiber, 2007;
Molina et al., 2009).
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Figure 1. Overexpression of AtMYB41 in Arabidopsis leads to the ectopic
deposition of lamellar structures in the cell walls of leaf epidermal cells and a
leaf polyester monomer composition dominated by suberin-type monomers.
(a) Transmission electron micrograph of a Col-0 (wild-type) leaf epidermal
cell showing the intact cuticle and primary cell wall. Cut, cuticle; PCW,
primary cell wall Scale bar = 100 nm.
(b) Transmission electron micrograph of a leaf epidermal cell of AtMYB41
OE-9 showing a lamellar structure abutting the primary cell wall and an intact
cuticle on the outer surface of the cell wall. Cut, cuticle; PCW, primary cell
wall; LS, lamellar structure. Scale bar = 100 nm.
(c) Leaf polyester monomer composition of wild type (Col-0) and AtMYB41
OE-9 from 6-week-old plants. Inset: total amounts of polyester grouped as
cutin- and suberin-type monomers. All data are presented in micrograms per
square centimeter of leaf area as mean values with SD (n = 4). FA, fatty acid;
x-OH, x-hydroxy fatty acid; DCA, dicarboxylic fatty acid; di-OH, 10(9),16-dihydroxy fatty acid; alcohol, primary fatty alcohol; PP, phenylpropanoid. This
experiment was performed twice with similar results. *Significant differences (P ≤ 0.01) as determined by Student’s t-tests or Satterthwaite t-tests.

Analysis of the leaf polyester composition of AtMYB41
OE-9 plants revealed aliphatic monomers typical of Arabidopsis suberin in addition to the cutin monomers normally
present (Figure 1). Particularly diagnostic of suberin aliphatics were the 7-, 36-, and 15-fold increases in 18:1 DCA,
18:1 x-OH FA, and ferulic acid content, respectively,
accompanied by greater than twofold increases in 16:0 and
18:0 x-OH FA and 16:0 and 18:0 DCA content (Figure 1).
The appearance of 18:0–22:0 primary fatty alcohols, 20:0–

22:0 x-OH FAs, 20:0–22:0 DCAs, and 20:0-26:0 fatty acids
was also strongly indicative of suberin deposition. Inconsistent with the notion of AtMYB41 as a regulator of cutin
synthesis, we observed no substantial difference in 18:2
DCA content (on a surface area basis). Collectively, stable
overexpression of AtMYB41 in Arabidopsis led to the production of 4.5 times more suberin-type than cutin-type
monomers. As such, this represents a very large flux of
acyl-lipids and phenylpropanoid ferulic acid into suberin
synthesis without apparent perturbation of cutin synthesis.
Observation of young roots (endodermis), mature roots
(periderm), and seed coat suberin aliphatics from AtMYB41
OE-9 plants revealed little difference in composition compared with the wild type (WT) (Figure S6).
To confirm the chemical phenotypes observed in the
AtMYB41 OE-9 line, we generated additional, independent
AtMYB41 overexpression lines (Appendices S1 and S2).
Analysis of the leaves of T2 plants revealed polyesters
comprising substantial amounts of suberin-type monomers (Figure S7). The aliphatic suberin content of these
lines at 4 weeks of age ranged from roughly one to three
times that of their cutin monomer content. Total cutin
monomer amounts (normalized to dry mass) were similar
across all lines with the exception of line #63 which had
slightly less total cutin than the WT. Analysis of segregants
with a WT visual appearance from two independent lines
(negative controls) revealed no accumulation of suberintype monomers.
Overexpression of AtMYB41 in Arabidopsis also led to
the production of atypical leaf wax components: alkyl
hydroxycinnamates and monoacylglycerols (Figure 2).
Alkyl hydroxycinnamates and monoacylglycerols are waxes
normally associated with the suberized periderm of Arabidopsis taproots (Li et al., 2007a; Kosma et al., 2012). Other
notable changes in AtMYB41 OE-9 leaf waxes included substantial shifts in the chain-length distribution of primary
fatty alcohols and free fatty acids as well as a large increase
in b-sitosterol (C29:1 sterol) content; also consistent with
the wax composition of suberized Arabidopsis taproots.
Notably, AtMYB41 OE-9 plants had nearly double the
amount of wax found in WT plants but without a compensatory reduction in alkanes, the dominant class of Arabidopsis
cuticular waxes (Figure 2). These results implicate AtMYB41
in the induction suberin-associated wax production.
The chemical and ultrastructural phenotypes observed
in AtMYB41-overexpressing Arabidopsis plants were also
observed when AtMYB41 was transiently overexpressed in
Nicotiana benthamiana leaves under the control of the 35S
promoter (Figure 3). In total, leaves possessed 22 times
more suberin-type monomers than cutin-type monomers
after 6 days of AtMYB41 expression (Figure 3). This
included a 49-fold increase in ferulic acid, 17-fold increases
in 16:0 and 18:1 x-OH FAs, >85-fold increases in 20:0–24:0
DCAs and x-OH FAs, and 15- to 55-fold increases in
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Figure 2. Overexpression of AtMYB41 leads to the accumulation of suberin-associated wax-type compounds in Arabidopsis leaf waxes.
(a) Leaf wax class composition of Col-0 (wild-type) and AtMYB41 OE-9 Arabidopsis plants demonstrating the presence of atypical wax classes: alkyl hydroxycinnamates, monoacylglycerols (MAG), and phenylpropanoids (PP).
(b) Leaf wax compositions. All data are presented in micrograms per square centimeter of leaf area as mean values with SD (n = 4). Coumarate, alkyl coumarate;
Ferulate, alkyl ferulate; 1-Alcohol, primary fatty alcohol; FFA, free fatty acid; Ald, aldehyde. This experiment was performed twice with similar results. *Significant differences (P ≤ 0.01) as determined by Student’s t-tests or Satterthwaite t-tests.

20:0–24:0 fatty acids (Figure 3). Transmission electron
microscopy (TEM) images of leaf cross sections revealed
the presence of distinct lamellae abutting the internal surfaces of the primary cell walls of epidermal cells (Figure 3)
and mesophyll cells (Figure S8). These lamellar structures
bore a striking resemblance to the lamellae normally found
in the cell walls of suberized peridermis and endodermis
cells from mature and young roots, respectively (Figure S5). Transient expression of other candidate R2-R3
MYB transcription factors identified from transcriptional

co-expression analysis (Table S1), AtMYB45 (At3g48920)
and AtMYB67 (At3g12720), in leaves of N. benthamiana
did not result in the accumulation of suberin-type monomers (Figure S9). Similarly, the infiltration process did not
appear to induce the accumulation of suberin-type monomers as a response to the wounding that could potentially
occur during infiltration (Figure S9). Collectively, these
results show that AtMYB41 overexpression is sufficient to
induce a number of activities required to form suberin-like
lamellae with a full complement of aliphatic suberin-type
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components. The lack of suberin-type monomer production via expression of other candidate MYBs indicates that
AtMYB41 specifically induces aliphatic suberin production
and that the production of suberin aliphatics in N. benthamiana leaves is not a general consequence of overexpressing Arabidopsis MYB transcription factors. Similarly,
the observed induction of suberin-type monomers by transient overexpression of AtMYB41 is not a general consequence of wounding by the infiltration process.
Transient expression of AtMYB41 in N. benthamiana
also led to the production of atypical leaf surface waxes
(Figures 4 and S10). Similar to the results found with Arabidopsis plants overexpressing AtMYB41, alkyl hydroxycinnamates and monoacylglycerols were detected in extracts
of leaf surface wax from N. benthamiana plants after
6 days of transiently expressing AtMYB41. Other notable
changes in leaf waxes of N. benthamiana plants transiently
expressing AtMYB41 included elevated amounts of
straight-chain C22 and C24 fatty alcohols and free fatty
acids, a reduced amount of C18 free fatty acid, and the
appearance of free ferulic acid. The overall amount of fatty
alcohols in N. benthamiana transiently expressing
AtMYB41 was higher than in empty vector controls. Alkanes, the dominant class of N. benthamiana cuticular
waxes, and glandular trichome-related diterpenes and acyl
sugars (Slocombe et al., 2008) were generally unaffected
by transient expression of AtMYB41 (Figures 4 and S10).
Transient expression of GPAT5 (At3g11430) led to the production of sn-2 and sn-1(3) monoacylglycerols (b and a
MAGs, respectively), serving as a positive control for
induction of suberin-associated MAG synthesis (Figure S10). These results further implicate AtMYB41 in
induction of suberin-type wax production.
Overexpression of AtMYB41 increases the abundance of
suberin but not cuticle biosynthetic gene transcripts
The assembly of complex structures like suberin lamellae
requires the coordinated expression of many biosynthetic
genes encoding different enzyme activities. The accumulation of specific suberin-type monomers in Arabidopsis
plants overexpressing AtMYB41 was consistent with the
observed increases in suberin biosynthetic gene transcripts
(Table 1, Figure S11). For example, in agreement with the
massive increase and appearance of specific chain lengths
of x-OH FAs and DCAs, CYP86A1 and CYP86B1 transcripts
were elevated by more than 18 000- and 7000-fold, respectively. Cytochrome P450s CYP86A1 and CYP86B1 are
responsible for the x-hydroxylation (and possible further
oxidation) of 16:0, 18:1 and 22:0, 24:0 fatty acids, respectively, and CYP86A1 is critical for the establishment of a
€ fer
proper lamellar structure in suberized periderm cells (Ho
et al., 2008; Compagnon et al., 2009; Molina et al., 2009).
Similarly, the presence of suberin-type aliphatic monomers
and associated MAG waxes would probably not be possi-

(a)

(b)

(c)

Figure 3. Transient expression of AtMYB41 in Nicotiana benthamiana
leaves leads to ectopic deposition of suberin-like lamellae and a polyester
monomer composition dominated by suberin-type monomers.
(a) Transmission electron micrograph of a leaf epidermal cell of an infiltrated control (pBIN19, empty vector) showing an intact cuticle and the
absence of a lamellar structure on the internal side of the primary cell wall.
PM, plasma membrane; Cut, cuticle; PCW, primary cell wall. Scale
bar = 100 nm.
(b) Transmission electron micrograph of a leaf epidermal cell infiltrated with
AtMYB41 showing a lamellar structure abutting the primary cell wall and an
intact cuticle on the outer surface of the primary cell wall. PM, plasma membrane; Cut, cuticle; PCW, primary cell wall; LS, lamellar structure. Scale
bar = 100 nm.
(c) Leaf polyester monomer composition of N. benthamiana plants from
infiltrated control plants (pBIN19 is the empty vector) and AtMYB41-infiltrated plants. Inset: total amounts of polyester grouped as cutin- or suberintype monomers. All data are presented in micrograms per square centimeter
of leaf surface area as mean values with SD (n = 3). Polyester determinations
were made with leaves harvested 6 days after infiltration. FA, fatty acid; xOH, x-hydroxy fatty acid; DCA, dicarboxylic fatty acid; di-OH, 10(9),16-dihydroxy; Alcohol, primary fatty alcohol; PP, phenylpropanoid. This experiment
was performed three times with similar results. *Significant differences
(P ≤ 0.01) as determined by Student’s t-tests or Satterthwaite t-tests.

ble without the more than 8000-fold induction of GPAT5
transcript abundance. GPAT5 is critical for the proper synthesis of suberin and associated waxes via the synthesis of
sn-2 MAG intermediates (Beisson et al., 2007; Li et al.,
2007b; Molina et al., 2008; Yang et al., 2010). The 10-fold
or greater elevation in FAR5, FAR4, and FAR1 transcript
levels (Table 1) was consistent with the appearance of specific chain lengths of primary fatty alcohols in both leaf
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Figure 4. Transient expression of AtMYB41 leads to the accumulation of suberin-associated wax-type compounds in Nicotiana benthamiana leaf waxes.
(a) Leaf wax class composition of infiltrated control (pBIN19; ev, empty vector) and AtMYB41-infiltrated N. benthamiana plants demonstrating the presence of
atypical wax classes: alkyl hydroxycinnamates, monoacylglycerols (MAG), and phenylpropanoids (PP).
(b) Leaf wax constituent compositions. All data are presented in micrograms per square centimeter as mean values with SD (n = 4). Waxes were extracted 6 days
after infiltration. MAG, monoacylglycerol; PP, phenylpropanoid; Ferulate, alkyl ferulate; Alcohol, primary fatty alcohol; FFA, free fatty acid; br, branched chain. This
experiment was performed three times with similar results. *Significant differences (P ≤ 0.01) as determined by Student’s t-tests or Satterthwaite t-tests.

polyesters and waxes (Figures 1 and 2). FAR5, FAR4, and
FAR1 are fatty acyl reductases responsible for the production of 18:0, 20:0, and 22:0 primary fatty alcohols, respectively, in suberized tissues (Domergue et al., 2010;
Vishwanath et al., 2013). Furthermore, the elevated transcript abundance of the ferulate transferase-encoding
ASFT and fatty acid elongase-encoding KCS2 correlated
well with the observed presence of ferulic acid (Gou et al.,
2009; Molina et al., 2009) and monomers with a chain

length of >20 carbons (Franke et al., 2009; Lee et al., 2009),
respectively.
The accumulation of cuticle biosynthetic gene transcripts
was either unaffected or slightly lower in AtMYB41 OE-9
leaves (Table 1). GPAT4 was the only exception, having
transcripts that were four times more abundant in
AtMYB41 OE-9 than in WT. This is not surprising, as
GPAT4 is thought to participate in both suberin and cutin
synthesis (Li-Beisson et al., 2013). Together, these data
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Table 1 Relative quantification of suberin, cuticle, and lignin biosynthetic and Casparian strip assembly gene expression in
AtMYB41 OE-9 leaves. Data are presented as mean fold change
values  SEM from three biological replicates. Fold change was
determined by the comparative CT (DDCT) method. Fold change is
defined as normalized gene transcript levels from AtMYB41 OE-9
mRNA relative to normalized gene transcript levels in wild-type
(WT) samples. Target gene transcript levels were normalized to
the transcript levels of the endogenous controls GAPC
(At3g04120), EIF4A1 (At3g13920), and UBIQUITIN5 (At3g62250).
The induction of suberin biosynthetic genes was verified by semiquantitative RT-PCR analysis (Figure S11)

Gene

Fold change
relative to WT

AGI

AtMYB41
At4g28110
Suberin biosynthetic genes
FAR1
At5g22500
FAR4
At3g44540
FAR5
At3g44550
GPAT5
At3g11430
ASFT
At5g41040
KCS2/DAISY
At1g04220
FACT
At5g63560
CYP86B1/RALPH
At5g23190
CYP86A1/HORST
At5g58860
Cuticle biosynthetic genes
CYP86A2/ATT1
At4g00360
CER1
At1g02205
FAR3/CER4
At4g33790
KCS6/CER6
At1g68530
HOTHEAD
At1g72970
GPAT4
At1g01610
GPAT8
At4g00400
Phenylpropanoid and lignin biosynthetic genes
PAL1
At2g37040
CCoAMT1
At4g34050
CAD5
At4g34230
C4H/REF3
At2g30490
PRXR9/PER30
At3g21770
Casparian strip assembly genes
CASP1
At2g36100
ESB1
At2g28670

743  79
10
1762
399
8230
3207
167
2226
7224
18 603











2
141
76
826
561
39
697
869
4950

0.8
0.6
0.1
1.1
0.2
4.5
0.4









0.1
0.2
0.1
0.5
0.1
1.7
0.2

8.6
3.8
36.1
5.3
27.5







1.3
0.7
7.7
1.7
6.8

2  0.2
1  0.3

indicate that overexpression of AtMYB41 leads to increases
in the accumulation of suberin-related but not cuticle biosynthetic gene transcripts.
Overexpression of AtMYB41 increases the abundance of
phenylpropanoid and lignin biosynthetic gene transcripts
and results in elevated lignin content
Suberin has been reported to possess both polyaliphatic
and a polyphenolic domains (Bernards and Razem, 2001;
Bernards, 2002). A number of studies on wound-induced
periderm production in potato (Solanum tuberosum)
tubers have indicated that the polyphenolic domain is similar to lignin but differs by containing a large proportion of
hydroxycinnamic acids (especially ferulate) in addition to
the hydroxycinnamyl alcohols normally found in lignin

(Bernards et al., 1995; Yan and Stark, 2000). Recent work
on understanding endodermis formation in Arabidopsis
roots has proposed that Casparian strips in young root
regions comprise exclusively the canonical lignin monomers (hydroxycinnamyl alcohols) typically associated with
xylem vessel elements (Naseer et al., 2012; Geldner, 2013;
Nawrath et al., 2013). Notwithstanding, it is clear that
derivatives of the phenylpropanoid pathway, be they
hydroxycinnamaic acids or the corresponding hydroxycinnamyl alcohols, are an important component of suberized tissues.
We sought to determine whether phenylpropanoid gene
expression and metabolism were affected by overexpression of AtMYB41. We analyzed the abundance of transcripts encoded by phenylpropanoid and lignin
biosynthetic genes and Casparian strip assembly genes in
the leaves of Arabidopsis plants stably overexpressing
AtMYB41. Nearly all gene transcripts analyzed showed a
pattern of accumulation substantially higher than WT
(Table 1). This was particularly apparent with gene transcripts encoding phenylpropanoid and lignin metabolic
genes. For example, PAL1 (At2g37040) transcripts were
present at levels nearly nine times greater than wild-type
levels. PAL1 encodes a phenylalanine ammonia lyase,
which catalyzes the deamination of phenylalanine to cinnamic acid (Fraser and Chapple, 2011). CCoAMT1
(At4g34050) and C4H/REF3 (At2g30490) transcripts were
present in amounts roughly four and five times greater
than WT, respectively. CCoAMT1 encodes an O-methyltransferase (CCoAMT1) that catalyzes the methylation of
the 30 hydroxyl group of caffeoyl-CoA to form feruloyl-CoA
(Humphreys and Chapple, 2002; Ibdah et al., 2003; Do
et al., 2007). C4H/REF3 encodes a cytochrome P450 monooxygenase that catalyzes the hydroxylation of cinnamoylCoA at the 40 carbon to form coumaroyl-CoA (Ruegger and
Chapple, 2001; Schilmiller et al., 2009).
Overexpression of AtMYB41 increased the steady-state
mRNA accumulation of two genes more specifically related
to monolignol and lignin synthesis. CAD5 encodes a cinnamyl alcohol dehydrogenase involved in the reduction of
cinnamaldehdyes to the corresponding cinnamyl alcohols
in Arabidopsis (Sibout et al., 2003, 2005). CAD5
(At4g34230) levels were 36 times higher than in the WT.
PRXR9/PER30 (At4g28110) encodes a class III peroxidase;
class III peroxidases are thought to be involved in the activation of phenylpropanoids to phenoxy or phenyl radicals
for oxidative coupling to form the lignin polymer (Boerjan
et al., 2003; Passardi et al., 2004). In AtMYB41 OE-9 leaves,
PRXR9/PER30 transcript levels were nearly 30 times higher
than in WT leaves. The steady-state mRNA levels of one of
the two genes tested related to Casparian strip assembly
(Roppolo et al., 2011) was slightly elevated by overexpression of AtMYB41; CASP1 transcript levels were two times
higher than WT in leaves of AtMYB41 OE-9. The transcript
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abundance of ESB1, which encodes a dirigent-domain-containing protein related to Casparian strip formation (Hosmani et al., 2013), was unaffected in AtMYB41 OE-9 leaves.
In order to correlate the increase in the abundance of
phenylpropanoid-related gene transcripts imparted by
overexpression of AtMYB41 with phenylpropanoid metabolites, we analyzed lignin by chromatographic analysis of
the monomers released by thioacidolysis. Thioacidolysis,
however, does present certain limitations; it is a degradative technique that only effectively releases monomers
from 8-O-40 ether linkages (Bernards, 2002). Nonetheless, it
can serve as a proxy for estimating affected phenylpropanoid metabolism as it relates to lignin or lignin-like polymers. Analysis of the monomers released by thioacidolysis
of AtMYB41 OE-9 leaf residues showed a doubling of syringyl (S) and guaiacyl (G) monomer amounts (Figure 5).
Similarly, analysis of N. benthamiana leaves transiently
overexpressing AtMYB41 revealed a near doubling in S
and G monomer amounts (Figure 5). These results were
also reflected in spectrophotometric determinations of the
percentage of dry weight comprising of acetyl bromidesoluble lignin (%ABSL; Appendices S1 and S2). Leaf tissues from N. benthamiana plants transiently expressing
AtMYB41 had roughly double the %ABSL compared with
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empty vector or uninfiltrated controls (Figure S12). Consistent with altered flux through the phenylpropanoid pathway, free sinapic acid was detected as a constituent of the
leaf waxes of Arabidopsis plants stably overexpressing AtMYB41 (Figure 2). Furthermore, ferulate dimers were identified in methanolysates (sodium-methoxide catalyzed
transmethylation) from leaf tissues of Arabidopsis AtMYB41 OE-9 and N. benthamiana transiently expressing
AtMYB41. A mass spectrum of one of the diferulates
encountered is illustrated in Figure S13. These ferulate
dimers are expected to be the products of the coupling of
phenyl and/or phenoxy radicals, similar to the reactions
proposed for the polymerization of lignin and the polyphenolic domain of suberin (Bernards, 2002; Razem and Bernards, 2002; Bernards et al., 2004).
The AtMYB41 promoter is activated in endodermal cells
by ABA and NaCl stress
AtMYB41 was previously implicated as playing a role in
responses to abiotic stress in an abscisic acid (ABA)-dependent and phosphorylation-dependent manner (via mitogen-activated protein kinase activity) (Cominelli et al.,
2008; Lippold et al., 2009; Hoang et al., 2012). Using AtMYB41promoter::GUS transcriptional fusions (AtMYB41p::
GUS), we observed that the AtMYB41 promoter drove
reporter gene expression in endodermal and surrounding
cortical cells under ABA and sodium chloride (NaCl) treatment, but not under unstressed growth conditions (Figure 6). Comparison with FAR4promoter::GUS (FAR4p::
GUS) lines confirmed endodermal expression. These
results demonstrate that the AtMYB41 promoter is active
in the endodermis during periods of abiotic stress but not
during normal growth.
DISCUSSION
AtMYB41 activates the synthesis and deposition of
suberin

Figure 5. Overexpression in Arabidopsis or transient expression in Nicotiana benthamiana of AtMYB41 leads to elevated leaf lignin monomer content (presented as monomers released by thioacidolysis treatment of
alcohol insoluble cell wall residue).
(a, b) Lignin monomer composition and content, respectively, of the leaves
from 6-week-old Col-0 (wild-type) and AtMYB41 OE-9 plants.
(c, d) Lignin monomer composition and content, respectively, of uninfiltrated (UI) control, infiltration control (pEAQ; ev, empty vector), and AtMYB41infiltrated N. benthamiana leaves. For N. benthamiana, leaves were harvested 6 days after infiltration. All data are presented in micromoles per
gram dry weight with SD (n = 3–4). Monomers are: S, syringyl; G, guaiacyl;
H, p-hydroxyphenyl. *Significant differences (P ≤ 0.01) when compared with
pEAQ empty vector controls as determined by Student’s t-tests or Satterthwaite t-tests.

Although suberin is one of the most abundant lipid polymers in nature, little is known about how its synthesis is
regulated. Recent efforts have been made to understand
the transcriptional control of periderm formation and have
yielded lists of transcripts that are enriched specifically in
the periderm of the cork oak (Quercus suber) or the periderm of potato (S. tuberosum) compared with other tissues (Soler et al., 2007, 2011). Recently, considerable
progress has been made on the biosynthesis of suberin
through the identification of a number of suberin-specific
enzymes using the genetic resources of Arabidopsis and
potato (Serra et al., 2009a,b, 2010; Ranathunge et al.,
2011). However, to date, no transcription factors involved
in regulating suberin synthesis have been identified.
AtMYB41 was originally described as a regulator of cuticle biosynthesis (Cominelli et al., 2008). However, our
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Figure 6. The GUS expression patterns in the primary root of transgenic, 5-day-old Arabidopsis seedlings harboring AtMYB41promoter::GUS (AtMYB41p::GUS)
and AtFAR4promoter::GUS (AtFAR4p::GUS) fusions.
(a, e) AtMYB41p::GUS untreated. (b, f) AtMYB41p::GUS in the presence of 10 lM abscisic acid (ABA) after 24 h. (c, g) AtMYB41p::GUS in the presence of 200 mM
NaCl after 24 h. (d, h) AtFAR4p::GUS untreated. E, epidermis; C, cortex; En, endodermis; v, vascular cylinder. Scale bar: 0.5 cm in (a–d); 100 mm in (e–h).

analysis of published DNA microarray data from AtMYB41
overexpression lines instead showed an extremely high
accumulation of suberin biosynthetic gene transcripts. This
prompted us to analyze the polyester compositions and
cell wall ultrastructure of Arabidopsis and N. benthamiana
cells overexpressing AtMYB41. The massive production of
characteristic suberin-type monomers (18:1, 20:0–24:0
x-OH FAs and DCAs) in both plant systems (Figures 1 and
3) clearly indicated acyl flux into suberin-type monomer

synthesis. Similarly, the presence of atypical waxes such
as monoacylglycerols and alkyl hydroxycinnmates signifies
the activation of suberin-associated wax biosynthesis.
These experiments confirmed that overexpression of
AtMYB41 activates the synthesis and deposition of both
aliphatic suberin-type polyester and non-polymeric suberin-associated waxes. While the role of AtMYB41 in activating the synthesis and deposition of the polyphenolic
domain of suberin (described by Bernards, 2002) was not
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definitively established, it was confirmed that overexpression of AtMYB41 has an effect on phenylpropanoid and lignin synthesis and related gene expression (Figure 5,
Table 1). Overexpression of AtMYB41 is thus sufficient for
the activation of both aliphatic and phenolic biosynthetic
pathways and related gene expression. Collectively, these
observations point to the dual chemical nature of suberin
and highlight the significance of the phenylpropanoid
pathway in suberin accumulation.
To date, only one report has described the transgenic
production of suberin-type monomers in tissues normally
covered with a cuticle (Li et al., 2007b). Co-overexpression
of the suberin biosynthetic genes GPAT5 and CYP86A1
resulted in the production of about half as many suberinlike monomers as cutin without apparent modification of
cutin content. In contrast, overexpression of AtMYB41
resulted in the production of 4.5 times more suberin-type
than cutin-type aliphatic monomers in Arabidopsis (Figure 1) and 22 times more suberin-type than cutin-type aliphatic monomers in N. benthamiana (Figure 3). TEM
analysis showed distinct lamellar structures abutting the
inner surfaces of cell walls in the leaves of both Arabidopsis and N. benthamiana overexpressing AtMYB41 (Figures 1 and 3), whereas ectopic co-overexpression of
GPAT5 and CYP86A1 did not result in the production of
lamellar structures abutting the primary cell wall nor a
lamellate cuticle. This indicates that overproduction of suberin monomers via co-overexpression of multiple genes
encoding activities for monomer synthesis alone is not sufficient to induce the ectopic assembly of suberin lamellae
anywhere in or adjacent to the cell wall. It is striking that
the overexpression of a single gene, AtMYB41, can activate
and coordinate the large number of activities required to
synthesize and assemble a complex macromolecular structure. Likewise, it is noteworthy that overexpression of AtMYB41 results in the assembly of lamellar structures at the
subcellular site where suberin is normally deposited,
adjoining the inner face of the primary cell wall.
The observation of leaf epidermal cells in AtMYB41-overexpressing plants that possess both a cuticle and suberinlike lamellae was intriguing. Few examples of plant cells
producing both a cuticle and suberin-like lamellae exist in
nature. The epidermal fiber cells from wild cotton species
(Gossypium sp.) and the non-fibrous epidermal cells of cotton seeds (wild and domesticated) may represent the few
cases in point, although it remains uncertain whether these
cells possess a true cuticle or not (Ryser and Holloway,
1985). In Arabidopsis, suberin and cutin synthesis are spatiotemporally separated (e.g. cutin in the epidermis of
expanding leaves and suberin in the endodermis of the root
elongation zone, zone of maturation, and root periderm). In
the case of AtMYB41 overexpression, this spatiotemporal
separation has been uncoupled, resulting in the production
of both aliphatic suberin and cutin in epidermal cells. Thus,

a major question of biological import is brought to light.
How do epidermal cells overexpressing AtMYB41 recognize
and distinguish specific monomers and direct them to the
external (for cutin) versus internal cell wall surfaces (for
suberin)? This question is not limited to the specific situation of AtMYB41 overexpression but instead is an extension
of a major unknown regarding normal cutin and suberin
synthesis; how are suberin and cutin directed to different
cell wall positions despite having similar compositions?
Clearly, a multifaceted level of regulation is at play here.
Another striking observation was that production of suberin-like lamellae via overexpression of AtMYB41 was not
limited to epidermal cells but was also evident in
mesophyll cells (Figure S3). This is in stark contrast to the
ectopic production of suberin-like monomers by co-overexpression of GPAT5 and CYP86A1 in which more than 90%
of the resultant suberin-like aliphatic monomers were produced in epidermal cells; cells that are dedicated to the
production of lipids for polyester synthesis in the form of
cutin. Overexpression of AtMYB41 was sufficient to reprogram mesophyll cells to synthesize, assemble, and specifically deposit structures that they would not normally
produce, namely extracellular lipids. In Arabidopsis and
N. benthamiana, cutin, produced exclusively in epidermal
cells, normally represents 0.3 and 0.7% of total leaf dry
weight, respectively. Membrane fatty acids (produced in all
leaf cells) on average comprise 4–5% of leaf dry weight
(Yang and Ohlrogge, 2009). Overexpression of AtMYB41
resulted in the accumulation of lipid polyesters to comprise 1.1 and 2.4% of leaf dry weight in Arabidopsis and
N. benthamiana leaves, respectively. This might be
explained by the production of suberin aliphatics in both
mesophyll and epidermal cells. Nonetheless, these are levels nearing those of membrane fatty acids, thereby representing a substantial flux of aliphatic acyl groups into
suberin via AtMYB41 overexpression.
Although suberin monomers were produced in the leaves
of Arabidopsis lines overexpressing AtMYB41, we did not
observe alterations in the aliphatic suberin content or composition of roots or seed coats (Figure S6). It is possible that
suberin deposition in these tissues is already at a maximal
level because these are tissues where suberin is normally
synthesized. Leaves represent a different situation, as they
are starting from a point of nearly no suberin. Partner transcription factors could also be important for the elevated
production of suberin by overexpression of AtMYB41. R2R3 MYB transcription factors typically work in conjunction
with bHLH, WD40, and other MYB transcription factors
(Ramsay and Glover, 2005; Dubos et al., 2010) and these
proteins could be differentially expressed or differentially
modified at the post-translational level in the various tissues. Also, the 35S promoter has widely varying activities
in different cell types; for example, the 35S promoter has
low or patchy activity in seed coats (Young et al., 2008).
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Biological function of AtMYB41
Collectively, our results demonstrate that overexpression
of AtMYB41 is sufficient for the ectopic production of suberin-like lamellae, including a full complement of suberintype aliphatics and elevated amounts of lignin monomers
(Figures 1–4, 6, S9, S10, and S12) with a concomitant
increase in the accumulation of gene transcripts related to
suberin, phenylpropanoid, and lignin biosynthesis
(Table 1). Furthermore, we found that the AtMYB41 promoter is active in the endodermis under conditions of abiotic stress but not under unstressed conditions (Figure 6).
This raises the question of the precise physiological role of
AtMYB41. Like Cominelli et al. (2008), we were unable to
obtain functional knock-out lines in Arabidopsis from publicly available T-DNA insertion mutant collections or by
gene silencing approaches, possibly indicative of lethality
or the involvement of genes with redundant function.
Based on our results, several possibilities exist for the
biological function of AtMYB41. First, production of suberin-type monomers and lamellar structures by AtMYB41
overexpression could be a pleiotropic effect of strong overexpression. However, the high degree of coordinated gene
expression encoding enzymatic, transporter, and polymerizing activities required to assemble a complex lamellar
structure like suberin strongly argues against this. Further,
the lack of induced suberin-type monomer production by
transient expression of other candidate MYBs (Figure S9)
corroborates a specific role for AtMYB41 in the synthesis
of suberin aliphatics. Overall, our results indicate that AtMYB41 acts as a component of the regulatory network
underlying stress-induced aliphatic suberin biosynthesis.
Several lines of evidence support this hypothesis: (i) AtMYB41 induces the deposition of suberin-like materials
when overexpressed; (ii) the AtMYB41 promoter is active
in suberizing tissues under abiotic stress but not
unstressed conditions; (iii) augmented root suberization is
a recognized response to NaCl and ABA treatment (Reinhardt and Rost, 1995; Karahara et al., 2004; Schreiber et al.,
2005a; Efetova et al., 2007; Franke et al., 2009); (iv) it is
well-documented that AtMYB41 transcripts accumulate in
roots and seedlings in response to various types of abiotic stress (Cominelli et al., 2008; Kosma et al., 2009; Lippold et al., 2009), and (v) stress-induced phosphorylation
of AtMYB41 by a mitogen-activated protein kinase (MPK6)
is required for the salt-tolerant phenotypes imparted by
AtMYB41 overexpression (Hoang et al., 2012). Whether or
not AtMYB41 acts via direct or indirect activation of suberin genes is not yet known. However, the coordination
of multiple activities required for the deposition of
such a lamellar structure (i.e. lipid and phenylpropanoid
metabolism, transport to the cell wall, assembly, etc.) is
reminiscent of the level of control exhibited by the
transcriptional networks defined for secondary cell wall

synthesis and seed maturation (Santos-Mendoza et al.,
2008; Zhong et al., 2010). Specific MYB and NAC transcription factors act as master switches that regulate a
downstream cascade of transcription factors more directly
involved in activating the synthesis of lignin, cellulose,
and hemicellulose components of secondary cell walls.
Similarly, LEC2 (more globally involved in seed maturation processes) regulates seed oil biosynthesis by targeting WRI1, which is a direct regulator of fatty acid
synthesis genes.
Here we have demonstrated that AtMYB41 is capable of
activating the synthesis and deposition of suberin-like
lamellae. While the exact biological function remains
unclear, evidence suggests that this transcription factor
plays a role in augmenting aliphatic suberization under
conditions of abiotic stress. The demonstration that AtMYB41 can stimulate the ectopic production and deposition of suberin-type material provides a tool for generating
plants with altered barrier properties. It also opens possibilities for the renewable production of bifunctional fatty
acids in plants. Bifunctional fatty acids have potential as
renewable chemical feedstocks for manufacturing bioplastics and other specialty chemicals normally synthesized
from petrochemical products (Gandini, 2008).
EXPERIMENTAL PROCEDURES
Plant materials
Arabidopsis thaliana Columbia-0 (Col-0) seeds were stratified at
4°C for 2–3 days and grown in a mixture of Promix PGX soil-less
media (Premier Horticulture, http://www.pthorticulture.com/) and
calcined clay granules (1:1, v/v; Profile Greens Grade). Nicotiana
benthamiana seeds were grown in Promix MPV potting mixture
(Premier Horticulture). All plants were grown in a growth chamber
at 22°C, 40–60% humidity, a 16-h/8-h light/dark cycle, and a fluorescent light intensity of 100 (Arabidopsis) or 150 (N. benthamiana) lE m2 sec1.

Plasmid construction for transient overexpression
The AtMYB41 cDNA clone (PYAT4G28110) in the Gateway pENTRâ/
D-TOPOâ vector was obtained from the Arabidopsis Biological
Resource Center (https://abrc.osu.edu/). The AtMYB41 open reading frame was then recombined into the Gateway plant binary vector pMDC32 (Curtis and Grossniklaus, 2003). The 35S::AtMYB41
plasmid was transformed into Rhizobium radiobacter (Agrobacterium tumifaciens; GV3101::pMP90). Five-week-old N. benthamiana
plants were used for all leaf infiltrations as previously described
(Sparkes et al., 2006). Leaves were harvested for lipid and microscopic analyses 6 days after infiltration. pBIN19- or pEAQ (empty
vector)-harboring R. radiobacter cultures were used for negative
control plant infiltrations (Peyret and Lomonossoff, 2013).

Microscopy
For TEM analysis, plant tissue samples were prepared and analyzed as described by Molina et al. (2009). A modified staining
procedure was used to enhance the contrast of suberin lamellae
(Heumann, 1990). Images were processed with Adobe Photoshop
CS6 (http://www.adobe.com/).

© 2014 The Authors
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2014), 80, 216–229

AtMYB41 activates deposition of suberin 227
Quantitative (q)RT-PCR
Total RNA was isolated from 4-week-old Arabidopsis rosette
leaves. RNA extraction, cDNA synthesis, and qRT-PCR were carried out as previously described (Vishwanath et al., 2013). The
qRT-PCR reactions were performed with three biological replicates, each with three technical replicates. Transcripts were quantified using the comparative CT (DDCT) method, and normalized
using three endogenous control genes, eIF4A-1 (At3g13920),
GAPC (At3g04120), and UBIQUITIN5 (At3g62250). The primers
used for qRT-PCR are listed in Table S2.

Lipid analyses
Waxes were extracted from leaf materials by immersion in chloroform for 30 sec and derivatized and analyzed as previously described
(Kosma et al., 2012). For polyester analysis, base-catalyzed depolymerization and GC-MS analysis were performed on ground delipidated leaves as previously described (Molina et al., 2006).

Lignin analysis
Lyophilized samples were ground into a fine powder with a ball
mill and treated with solvents to remove pigments, proteins, lipids, and DNA from the material to create alcohol insoluble residue
(AIR). Starch was removed from the residue with an amylase treatment. Thioacidolysis reactions were based on methodology
described by Robinson and Mansfield (2009). Bisphenol E was
used as an internal standard for quantification.

Promoter GUS construct design and analysis of GUSexpressing plants
To generate the AtMYB41promoter::GUS construct, the 1.35-kb 50
upstream sequence of the AtMYB41 gene was amplified by PCR
using genomic DNA as the template, cloned into pGEMâ-T Easy
vector (Promega Corporation, http://www.promega.com/), and
subcloned as a SalI–BamHI fragment into binary vector pBI101.
The binary construct was introduced into R. radiobacter (GV3101::
pMP90) for Arabidopsis (Col-0) transformation. Arabidopsis (Col0) plants were transformed by floral dipping (Clough and Bent,
1998). GUS expression was analyzed as previously described
(Domergue et al., 2010).
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Figure S1. Growth phenotype of AtMYB41 OE-9 plants.
Figure S2. Toluidine blue (TB) staining of AtMYB41 OE-9 leaves.
Figure S3. Scanning electron microscope images of wild-type
(WT) and AtMYB41 OE-9 leaf surfaces.
Figure S4. Transmission electron microscope images of rosette
leaf sections from AtMYB41 OE-9 plants.
Figure S5. Transmission electron microscope images of suberin
lamellae in the cell wall of root endodermal and peridermal cells
of wild-type (WT) Nicotiana benthamiana and WT (Col-0) root peridermal cells of Arabidopsis.
Figure S6. Root and seed suberin monomer compositions of AtMYB41 OE-9 and wild-type (WT) (Col-0) plants.
Figure S7. Amounts of leaf polyester, growth phenotypes, and leaf
polyester compositions from independently generated AtMYB41
overexpression lines (OE).
Figure S8. Transient expression of AtMYB41 in Nicotiana benthamiana leads to the accumulation of lamellar structures deposited
in the cell walls of mesophyll and epidermal cells 6 days after
infiltration.
Figure S9. Transient expression of candidate MYB transcription
factors AtMYB45 (At3g48920) and AtMYB67 (At3g12720) did not
result in the ectopic accumulation of suberin monomers in
N. benthamiana leaves and infiltration did not lead to woundinduced suberin production.
Figure S10. Transient expression of AtMYB41 leads to the accumulation of suberin-associated wax-like compounds in Nicotiana
benthamiana leaf waxes.
Figure S11. Semi-quantitative RT-PCR analysis of suberin gene
transcripts using cDNA prepared from leaves of wild-type (WT)
and AtMYB41 OE-9 plants.
Figure S12. Transient expression of AtMYB41 results in elevated
levels of lignin in Nicotiana benthamiana leaves.
Figure S13. Electron-impact (EI) mass spectrum of a trimethylsilylderivatized dimethyl diferulate released by sodium methoxidecatalyzed transmethylation of delipidated leaf tissue of AtMYB41
OE-9 Arabidopsis or AtMYB41-expressing Nicotiana benthamiana.
Table S1. Co-expression analysis of candidate suberin transcription factors.
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