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Abstract The cuticle covers almost the entire aerial surface of terrestrial plants, and provides protection from abiotic
and biotic stresses. Cuticles basically consist of wax and cutin, and are produced with variable structures and thicknesses
depending on the plant and organ. The application of plant cuticles to improve stress tolerance and wax production requires
the deposition of the cuticle at specific times to avoid undesirable side effects. We previously showed that the MYB106 and
MYB16 MIXTA-like transcription factors regulate cuticle formation. However, MYBI06 over-expression results in severe
dwarfism. In this study, we identified genes downstream of these MYB transcription factors and used their promoters to
express MYBI106 and MYBI6 fused to the strong transcriptional activation domain, VP16. Comparisons of plant growth and
cuticle morphology revealed that MYB106 and MYB16 preferentially produced cuticles that are typically observed in petals
and leaves, respectively. Additionally, the CYP77A6 and CYP86A4 promoters effectively induced cuticle accumulation in
leaves and petals, respectively, without inhibiting plant growth. Our strategy may be useful for increasing or altering cuticles

in agronomically important plants.
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The cuticle of terrestrial plants inhibits organ fusion
during development and provides protection from
drought, rain, wind, high intensity light, insects, and
pathogens (Jeffree 2006). Plants and organs consist of
diverse kinds of cuticle that differ in thickness, and
their production is induced by developmental or stress-
responsive processes (Jeffree 2006). Plants growing in
the equatorial region accumulate considerable amounts
of wax in the cuticle for enhanced drought tolerance.
This type of wax is sometimes harvested by humans for
use as natural wax products (Jetter and Kunst 2008).
The cuticle covering specific plant tissues forms nano-
or micro-ordered structures with a striped pattern
called nanoridges. According to a theoretical model,
nanoridges form because of mechanical buckling of
the cuticle due to differential expansion of epidermal
cells and cuticles (Antoniou-Kourounioti et al. 2013).
In addition to the above-mentioned cuticle functions,
nanoridges influence plant reproduction by regulating
the production of structural colors and the “petal
effect”, which results in the glittering of water drops
and formation of ideal structures for insect pollinators.
These effects make flowers more attractive to insect
pollinators (Feng et al. 2008; Koch et al. 2008; Whitney
et al. 2009). Enhancing these functions by increasing or

altering the accumulation of cuticle components may
help generate plants that are more tolerant to drought,
pathogens, and predators, and that produce flowers that
are more attractive to humans and pollinators. Despite
the importance of the cuticle, the molecular mechanisms
underlying the production of different types of cuticle
depending on plant species, tissue, and situation have not
been fully characterized.

Plant cuticles consist of wax, cutin, and aromatic
compounds (Beisson et al. 2012; Jeffree 2006).
Mutations in genes encoding proteins associated with
cutin biosynthesis, including glycerol-3-phosphate
acyltransferase 6 and cytochrome P450 (CYP77A6),
which functions with a fatty acid w-hydroxylase
(CYP86A4) to synthesize dihydroxypalmitate, result
in cuticle and nanoridge deficiencies (Li-Beisson et al.
2009). In addition to the biosynthesis of cutin and wax
monomers, the proper transport of cuticular lipids
synthesized in the endoplasmic reticulum is necessary
for wax and cutin accumulation outside epidermal cells
(Bird et al. 2007; Pighin et al. 2004). An ABC transporter
homodimer (ABCG11) and heterodimer (ABCGI11-
ABCGI2) are responsible for the export of cutin and
wax, respectively (Bird et al. 2007; McFarlane et al. 2010).
Additionally, the genes encoding these transporters
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are expressed in epidermal cells (Bird et al. 2007; Luo
et al. 2007; Panikashvili et al. 2007; Pighin et al. 2004).
The expression of ABCGI12, CYP77A6, and CYP86A4
is suppressed in loss-of-function lines, but induced in
gain-of-function lines involving the MYB106/NOECK
MIXTA-like transcription factor (TF), which regulates
cuticle production (Oshima et al. 2013a).

The MIXTA-like TFs were originally reported to
regulate epidermal cell outgrowth in petal conical cells
and trichomes (Baumann et al. 2007; Folkers et al.
1997; Glover et al. 1998; Jaffé et al. 2007; Jakoby et al.
2008; Noda et al. 1994). We previously revealed that
MYB106 and MYBI16, which is the closest MYB106
paralog, regulate cuticle development in Arabidopsis
thaliana and Torenia fournieri (Oshima et al. 2013a;
Oshima and Mitsuda 2013b). In vegetative organs, the
null mutation of MYBI106 does not lead to cuticular
deficiencies except in trichomes. However, the double
knockout/down of MYBI06 and MYBI6 results in an
apparent leaf cuticle functional deficiency (Oshima
and Mitsuda 2013b). Using these mutant lines, we
showed that MYB106 and MYB16 are required for the
formation of cuticle nanoridges in petals and stamens.
Furthermore, we reported that MYB106 is sufficient
for the ectopic production of nanoridges (Oshima et al.
2013a). However, plants over-expressing MYB106 exhibit
severe dwarfism and are not suitable for commercial
production.

In this study, we generated transgenic plants with
a greater abundance of cuticle than the wild-type
controls. The transgenic plants exhibited fewer growth
defects because of the promoters of genes downstream
of MIXTA-like TFs. Analyses of cuticle morphology
indicated that MIXTA-like TFs induced the production
of different types of cuticle, which are usually only
observed in specific tissues.

Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia-0 was used as the plant
material in this study. The 355:MYB106:HSP A. thaliana line
was produced as previously described (Oshima et al. 2013a).
Seedlings were grown on solid Murashige and Skoog medium
and then transferred to soil approximately 3 weeks after
germination. Plants were grown at 22°C using a 16-h light/8-h
dark photoperiod.

Transient expression assay

The transient reporter—effector particle bombardment assay
was conducted as previously described (Mitsuda et al. 2011). To
produce the reporter constructs, DNA regions approximately
1,000 bp upstream from CYP77A6 and about 2,000 bp
upstream from ABCGI2 were amplified using a polymerase
chain reaction with the following primers: CYP77A6proF 5'-

GGGGACAACTTTGTATAGAAAAGTTGTTAT CTT CCC
GGAATTAGT GAAGACCC-3', CYP77A6proR 5'-GGG GAC
TGCTTTTTTGTACAAACTTGGCATTTTTAGCTTCTT
GTTTTTCTTCTT-3', ABCG12proF 5'-GGGGACAACTTT
GTATAGAAAAGTTGTTTTTCT GGGGTTTTT GTA GGG
TTT GG-3', and ABCGI12proR 5'-GGGGACTGCTTTTTT
GTACAAACTTGGCATTGTTTTTGTTTGATCTTGAAA
AAG-3'. The amplicons were cloned into the PDONRG_P4P1R
vector (Oshima et al., 2011) using the Gateway BP reaction. The
contents of each plasmid were inserted into the R4LIpDEST_
LUC_HSP vector (Oshima et al. 2013a) using the Gateway LR
reaction. The pDEST35S_MYB106_VP16 and pDEST35S_
MYB16_VP16 plasmids used as effectors and the pDEST35S_
VAMP722 vector used as the negative control have been
previously described (Oshima et al. 2013a). Rosette leaves from
A. thaliana plants grown under short-day conditions (i.e., 10-h
light/14-h dark cycle) were bombarded with the effector and
reporter plasmids. As an internal reference, rosette leaves were
bombarded with pRLHSP or phRLHSP (Oshima et al. 2013a) to
normalize the reporter activities.

Plasmid construction and plant transformation

The DNA regions upstream from CYP77A6, ABCGI12, and
CYP86A4 described above and in a published report (Oshima
et al. 2013a) were used to generate the following constructs:
CYP86A4pro:MYB106-VP16, CYP86A4pro:MYB16-VPI6,
CYP77A6pro:MYB106-VP16, CYP77A6pro:MYB16-VPI6,
ABCGI12pro:MYBI106-VP16, and ABCGI2pro:MYB16-VP16.
The cloned promoter fragments and MYB106 or MYBI16 coding
regions in the conventional entry clone were transferred using
the multisite Gateway LR reaction into the RépGWB5_VP16_
HSP T-DNA vector, which is based on the RpGWB5_SRDX_
HSP vector (Oshima et al. 2011). The SRDX of R4pGWB5_
SRDX_HSP was replaced with the herpes simplex virus VPI6
to produce the R4pGWB5_VP16_HSP vector. The above-listed
constructs were inserted into A. thaliana plants using a floral
dip method (Clough and Bent 1998).

Scanning electron microscopy

Fresh plant samples were examined using a Real 3D system
scanning electron microscope (models VE8800; Keyence) at an
accelerating voltage of 1 or 1.5kV.

Results and discussion

Constitutive expression of MIXTA-like transcription
factors

We previously analyzed transgenic plants constitutively
expressing MYB106 or MYB106-VP16 under the control
of the CaMV 35S promoter. We showed that MYB106
is able to induce the over-accumulation of cuticle
components and ectopic formation of nanoridges in
leaves and carpels (Oshima et al. 2013a). However, the
transgenic plants were much smaller than the wild-
type controls (Figure 1), and the induction of cuticle
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Figure 1. Phenotype of the 35S:MYBI106 plant. A 6-week-old
358:MYBI06 transgenic Arabidopsis thaliana plant and a wild-
type control are presented. The inset provides a close-up view of a
358:MYBI06 plant. Bar represents 5mm.

production by the TF was difficult to evaluate. In these
plants, the ectopic accumulation of a thick cuticle may
have prevented cellular growth, or the side effects may
have led to decreased plant growth. The inhibited growth
caused by the overexpression of TF genes regulating
cuticle formation was also observed in studies involving
WAX INDUCER 1 (WIN1)/SHINE! (SHN1) and Eutrema
salsugineum WAXI (EsWAX1), which is an ortholog of
the MYB96 stress-inducible cuticle regulator (Broun et
al. 2004; Zhu et al. 2014). However, the use of the stress-
inducible RD29A promoter and a chemical-inducible
promoter to express EsWAXI and WINI/SHNI,
respectively, improves drought tolerance (with no adverse
effects on growth) through increased accumulation of
cuticular wax and other effects not directly related to wax
accumulation (Yang et al. 2011; Zhu et al. 2014).

Regulation of promoter activity related to cuticle
formation

To produce healthy plants with a thick cuticle, the
genes influencing cuticle production should be under
the control of a promoter that is active during specific
periods. We hypothesized that the promoters of genes
downstream of the cascade regulating cuticle formation
should ideally control the expression of TF genes
influencing cuticle formation. This would ensure the
promoters are active at appropriate times, but would also
help boost promoter activity through a positive feedback
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Figure 2. Reporter—effector assay involving MIXTA-like transcription
factors and cuticle-related gene promoters. The LUC reporter gene
under the control of the CYP77A6 and ABCGI2 promoters was
transiently expressed along with VAMP722-VP16 (control), MYB106,
and MYBI6 alone (A) or fused to VP16 (B) as the effector. The LUC
activity level when the control was co-expressed was set to 1. Error
bars represent standard errors (n=5 or 6). Single and double asterisks
indicate p<<0.05 and p<<0.01 significance levels, respectively, according
to Welchs ¢ test.

loop (Yang et al. 2013). MYB106 functions during
epidermal cell maturation, as indicated by the fact the
trichomes of myb106 mutants remain morphologically
immature (Gilding and Marks 2010; Oshima et al.
2013a). Therefore, the genes downstream of MYB106
are likely expressed during cell maturation processes
associated with cuticle thickening. We previously
identified putative genes downstream of MYBI106 by
analyzing gene expression levels in plants carrying
358:MYBI106-SRDX and 35S:MYB106-VP16 (Oshima
et al. 2013a). We confirmed the CYP86A4 promoter is
activated by MYB106 and MYB16 using the reporter-
effector assay (Oshima et al. 2013a). In the current
study, we further examined the relationship between
promoters and TFs, and observed that MYB106 and
MYBI16 activate the CYP77A6 and ABCGI2 promoters
(Figure 2A). MYB106 activated CYP86A4 promoter
much more than CYP77A6 and ABCGI2 promoters
whereas MYB16 similarly activated three promoters
(Oshima et al. 2013a). CYP77A6 and ABCGI12 promoters
may have lower affinity with MYB106 or be regulated by
different activation mechanism from CYP86A4 promoter.
Additionally, a fusion protein consisting of these MYB
proteins and VP16 activated CYP77A6 and ABCGI12
promoters more effectively than the MYB proteins
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Phenotype of leaves from plants expressing MYB106-VP16 or MYB16-VPI16 under the control of the CYP86A4, CYP77A6, or ABCGI2

promoters. (A) Rosette leaves of a wild-type plant. (B) Schematic representation of the construct used to express MIXTA-like MYB genes. The
promoter and gene were inserted into vectors using the combinations presented in (C). Open triangles indicate the right and left border sequences.
HSP, Arabidopsis thaliana HSP18.2 terminator; HPT, hygromycin B phosphotransferase. (C) Phenotype of transgenic plants expressing MYB106-VP16
or MYBI6-VP16 under the control of the CYP86A4, CYP77A6, or ABCG12 promoters. Plants produced shiny leaves (red arrow heads) or exhibited

dwarfism. Bars=5 mm.

alone (Figure 2B). These results suggest that CYP77A6
and ABCG12 as well as CYP86A4 are common targets of
MIXTA-like MYB TFs.

Effects of the CYP77A6, CYP86A4, and ABCG12
promoters on leaf phenotypes

We expressed MYB106 and MYBI6 fused to VP16 under
the control of the CYP77A6, CYP86A4, and ABCGI2
promoters to generate plants with a thick cuticle. We
analyzed the growth and cuticle types of the transgenic
plants. All six combinations of TF and promoter
induced the production of shiny leaves, suggesting
an excessive accumulation of cuticle components
(Figure 3). Generally, the smaller plants were shinier.
Additionally, the ABCGI2 promoter induced the
production of small and shiny leaves, and also led to
dwarfism and the generation of pale green epinastic
leaves (Figure 3C). This growth defect was similar to
or stronger than that observed in plants expressing
MYB106 and MYBI16 under the control of the CaMV 35S

promoter (Figure 1). The CYP86A4pro:MYB106-VP16
and CYP86A4pro:MYBI16-VP16 plants also generated
epinastic leaves (Figure 3C). In contrast, the shapes of
leaves in plants carrying the CYP77A6 promoter were
normal, suggesting this promoter did not adversely affect
plant growth during the vegetative stage (Figure 3C).

Cuticle accumulation on leaves

We analyzed the cuticle of shiny leaves from six
transgenic lines using a scanning electron microscope.
The cuticle of wild-type leaves was smooth with a very
faint spot or brush mark-like pattern, and its surface
became rough with a slightly indistinct cell margin
when the leaves aged (i.e., smooth cuticle; Figure
4G-I). In the MYBI106-VP16 lines, smooth cuticles
and ectopic nanoridges accumulated on leaves (Figure
4A-C). Additionally, MYB16-VP16 induced the
accumulation of epicuticular wax crystals (Figure 4D)
and a smooth cuticle with a marble pattern. There were
also more mass spots compared with wild-type leaves

Copyright © 2016 The Japanese Society for Plant Cell and Molecular Biology
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Surface of leaves from plants expressing MYB106-VP16 or MYB16-VP16 under the control of the CYP86A4, CYP77A6, or ABCGI2

promoters. Surface of rosette leaves observed using a scanning electron microscope. (A-F) Surface of shiny rosette leaves of transgenic plants
expressing MYB106-VP16 or MYB16-VP16 under the control of the CYP86A4, CYP77A6, or ABCGI2 promoters. Arrows indicate epicuticular wax
crystals (D). (G-I) Surface of wild-type rosette leaves. (J-L) Surface of shiny rosette leaves from plants expressing MYBI106-VPI16 (]) or MYB16-VP16
(K, L) under the control of the CYP77A6 promoter. (M, N) Surface of leaves from a dwarf plant expressing MYB16-VP16 (M) or MYB106-VP16 (N)
under the control of the ABCG12 promoter. (O) Surface of leaves of a CYP86A4pro:MYB106-VPI6 plant. Bars=10 ym.

(Figure 4E, F). Unlike in wild-type leaves, which had
clear cell margins (Figure 4G-I), cuticle components
accumulated in the cell margins of transgenic leaves
(Figure 4A-C, E, F). Cellular outgrowth was observed
in lines carrying CYP86A4pro:MYBI16-VP16, suggesting
epinastic leaves were the result of morphological
changes to epidermal cells (Figure 40). There was a
greater abundance of cuticle in CYP77A6pro:MYBI6-
VP16 plants than in MYB106-VP16 lines, and the cell
margins were completely filled with cuticle (Figure 4E).

We also observed the occasional crack in the cuticle of
CYP77A6pro:MYBI16-VP16 plants (Figure 4L). In most
cases, these cracks appeared to be filled with newly
secreted cuticle, providing further evidence of the over-
accumulation of cuticle. Furthermore, the cracks may
have prevented the generation of severely epinastic
leaves similar to those of CYP86A4pro:MYB16-VP16
plants. We also sometimes observed the accumulation
of wax crystals in MYB106-VP16 and MYBI6-VP16
lines (Figure 4D, ], K). In contrast, the pale green dwarf
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lines carrying the ABCGI2 promoter accumulated a
high density of nanoridges (Figure 4M, N). Thus, the
accumulation of the smooth cuticle was believed to be
responsible for the production of shiny leaves following
the expression of MIXTA-like TF genes. These data
suggest that MYB106 and MYB16 predominantly induce
nanoridge formation and the accumulation of leaf-type
cuticles, respectively, although they have overlapping
roles in wax crystal production, cuticle accumulation,
and nanoridge formation. Finally, the CYP77A6
promoter appeared to induce the greatest production of
cuticle on leaves.

Cuticle accumulation on floral organs

To analyze flowers, we focused on the lines carrying the
CYP86A4 and CYP77A6 promoters because the ABCG12
promoter induced dwarfism. The expression of MYB106-
VP16 and MYBI16-VP16 under the control of the
CYP86A4 promoter commonly induced the production
of matte-white and short petals that glittered less than
the wild-type petals (Figure 5A-E). The petals of
CYP86A4pro:MYB106-VP16 and CYP86A4pro:MYB16-
VP16 plants had a hard and thick texture whereas wild-
type petals were soft (Figure 5A-C). Scanning electron
microscopy analysis revealed an increased density of
nanoridges on the adaxial surface of the petal epidermis,
which exhibited cellular outgrowth (Figure 5F-H).
The CYP77A6 promoter induced similar phenotypes
regarding the induction of outgrowth and short petals,
but did not increase nanoridge density (Figure 51, J) or
produce matte-white petals as much as the CYP86A4
promoter (Figure 5B-E, K, L). An increase in nanoridge
density and ectopic outgrowth was also observed in other
nanoridge-forming cells on the abaxial side of petals
and in stamens and sepals. However, the accumulation
of epicuticular wax crystals or leaf-type smooth cuticles
was not induced by MIXTA-like MYBs in these tissues
(Figure 6). These results suggest that the CYP86A4
promoter induces increase of cuticle nanoridges and
alters the resultant petal texture more effectively than the
CYP77A6 promoter in floral organs, and that MIXTA-
like TFs consistently induce nanoridge production in
nanoridge-forming cells. Our observations regarding the
petal adaxial surface are consistent with those of plants
expressing MYB106- VP16 under the control of the petal-
specific INMYB1_1kb promoter (Azuma et al. 2016).

Expression patterns of CYP86A4, CYP77A6, and
ABCG12

The activity levels of the CYP86A4, CYP77A6, and
ABCGI2 promoters may be predicted based on the
respective gene expression patterns. According to a
publicly available microarray database, CYP86A4 and
CYP77A6 have similar expression patterns, and are
highly expressed in growing floral organs, especially

CYP86A4pro
MYB108-VP16 Wild type

CYP86A4pro:
MYB16-VP16

CYP77ABpro
MYB108-VP106

CYPT77A6pro:
MYB16-VP16

CYP77A6pro:
MYB16-VP16

CYP86A4pro:
MYB16-VP16

Wild type Wild type

Figure 5. Phenotype of petals from plants expressing MYBI06-
VP16 or MYBI16-VP16 under the control of the CYP86A4 or CYP77A6
promoters. Petals (A-E) and the adaxial surface of petals observed
using a scanning electron microscope (F-J) in wild-type plants (A, F)
and transgenic plants expressing MYB106-VP16 (B, D, G, I) or MYBI6-
VP16 (C, H, E, J) under the control of the CYP86A4 (B, C, G, H) or
CYP77A6 (D, E, 1, J) promoters. (K, L) Comparisons of petal color of
CYP86A4pro:MYB16-VP16 (K) and CYP77A6pro:MYBI16-VP16 (L)
with wild type. Bars=0.5mm (left column) and 10 ym (right column).
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CYP86A4pro:
MYB16-VP16

Surface of floral organs from plants expressing MYB106-VP16 or MYB16-VP16 under the control of the CYP86A4 promoter. The

surface of the abaxial side of a petal (A-C) as well as a stamen (D-F) and sepal (G-]) observed using a scanning electron microscope in wild-type
(A, D, G), CYP86A4pro:MYB106-VP16 (B, E, H), and CYP86A4pro:MYB16-VP16 (C, F, 1, J) plants. Images of two positions on a sepal from a

CYP86A4pro:MYB16-VP16 plant are presented (1, J). Bars=10ym.

the petals (Supplementary Figure 1; Aoki et al. 2016;
Winter et al. 2007). Duan and Schuler (2005) reported
that CYP86A4 is expressed most highly in flowers,
followed by stems and siliques, while its expression
level is low in seedlings and older rosette leaves. These
data are consistent with our results indicating CYP86A4
and CYP77A6 promoters induced the highest cuticle
accumulation in floral organs, and moderate levels in
leaves. The differences between CYP86A4 and CYP77A6
promoters regarding cuticle accumulation and plant
growth may be due to variabilities in the efficiency of
the positive feedback loop involving the MIXTA-like
MYBs and promoters rather than the organ specificity
of each promoter. The expression pattern of MYBI06
and MYBI6 is similar to that of CYP86A4 and CYP77A6
(Supplementary Figure 1C). This suggests that the
use of CYP86A4 and CYP77A6 promoter induced the
expression of MYBI06 and MYBI6 similarly to their
own expression, resulting in less growth defect. In
contrast, according to data available in a microarray
database, ABCGI2 is expressed in all stages and tissues
during plant development (Supplementary Figure
1A; Winter et al 2007). This is not correlated with the
expression of MYB106 and MYBI16 (Oshima et al. 2013a;
Supplementary Figure 1C). Therefore, the ABCGI2
promoter is likely responsible for inhibiting growth,
similar to the CaMV 35S promoter.

Conclusion

In this study, we generated transgenic plants expressing
MYBI106-VP16 or MYB16-VP16 under the control of the
CYP77A6 and CYP86A4 promoters to ensure uninhibited
growth. We revealed that MYB106 and MYBI6
preferentially induce the production of nanoridges
(which are usually only observed in floral organs) and
leaf-type cuticles, respectively, in vegetative organs. They
also commonly increase the abundance of nanoridges in
floral organs. Additionally, we established that CYP77A6
and CYP86A4 promoters are suitable for expressing
genes in vegetative and floral organs, respectively. Our
findings provide important insights related to cuticle
accumulation, molecular mechanisms regulating cuticle
formation, and biological functions of various cuticles.
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Supplemental Figure 1. Expression analysis based on public microarray data.
(A) Expression pattern of CYP86A44, CYP7746 and ABCGI2 in each developmental stage
analyzed by Arabidopsis eFP browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). The
color represents signal intensity. (B) One-by-one comparison of microarray data of CYP86A44
(Y axis) and CYP77A46 (X axis) along with developmental stages using ATTED-II database
(Aoki et al. 2016). (C) One-by-one comparison of microarray data of CYP8644, CYP77A6,
ABCGI12, MYB16, and MYB106 along with developmental stages using ATTED-II database. X
axis of upper and bottom panels represents MYBI16 and MYB106, respectively. Y axis of left,
central and right panels represents CYP86A44, CYP7746 and ABCG12, respectively. Each axis
represents signal intensity.
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