
Diurnal Regulation of Plant Epidermal Wax Synthesis through
Antagonistic Roles of the Transcription Factors SPL9
and DEWAX

Rong-Jun Li,a,b,1 Lin-Mao Li,a,c,d,1 Xiu-Lin Liu,a,c Jang-Chol Kim,d Matthew A. Jenks,e and Shiyou Lüf,2

a Key Laboratory of Plant Germplasm Enhancement and Specialty Agriculture, Wuhan Botanical Garden, Chinese Academy of
Sciences, Wuhan 430074, China
b Sino-Africa Joint Research Center, Chinese Academy of Sciences, Wuhan, 430074, China
cUniversity of Chinese Academy of Sciences, Beijing 100049, China
dCollege of Life Sciences, Wuhan University, Wuhan 430072, China
e School of Plant Sciences, College of Agriculture and Life Sciences, The University of Arizona, Tucson, Arizona 85721
f State Key Laboratory of Biocatalysis and Enzyme Engineering, School of Life Sciences, Hubei University, Wuhan, 434200, China

ORCID IDs: 0000-0001-5684-7583 (R.-J.L.); 0000-0003-0330-917X (L.-M.L.); 0000-0002-8940-8162 (X.-L.L.); 0000-0001-6446-673X
(J.-C.K.); 0000-0003-1134-3925 (M.A.J.); 0000-0003-0449-2471 (S.L.)

Plant surface waxes form an outer barrier that protects the plant from many forms of environmental stress. The deposition of
cuticular waxes on the plant surface is regulated by external environmental changes, including light and dark cycles.
However, the underlying molecular mechanisms controlling light regulation of wax production are still poorly understood,
especially at the posttranscriptional level. In this paper, we report the regulation of cuticular wax production by the miR156-
SPL9 (SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9) module in Arabidopsis (Arabidopsis thaliana). When compared
with wild-type plants, miR156 and SPL9 mutants showed significantly altered cuticular wax amounts in both stems
and leaves. Furthermore, it was found that SPL9 positively regulates gene expression of the alkane-forming enzyme
ECERIFERUM1 (CER1), as well as the primary (1-) alcohol-forming enzyme ECERIFERUM4 (CER4), to enhance alkane and 1-
alcohol synthesis, respectively. Our results indicate that complex formation of SPL9 with a negative regulator of wax
synthesis, DEWAX, will hamper SPL9 DNA binding ability, possibly by interfering with SPL9 homodimerization. Combined with
their diurnal gene and protein expressions, this dynamic repression–activation transcriptional module defines a dynamic
mechanism that may allow plants to optimize wax synthesis during daily cycles. These findings provide a regulatory
framework for environmental signal integration in the regulation of wax synthesis.

INTRODUCTION

Thesurfaceofmost aerial plant organs is coveredwith acoatingof
cuticular waxes that provides protection against multiple stress
factors. Cuticular wax formation is tightly regulated by both de-
velopmental and environmental cues, which allows plants to
adapt to changing environmental conditions during their life cycle
(Shepherd and Wynne Griffiths, 2006; Samuels et al., 2008). For
example, multiple plant species show higher cuticular wax syn-
thesis in the light than in the dark (Baker, 1974; Giese, 1975;
Shepherd et al., 1995; Go et al., 2014). However, it is unclear how
wax synthesis is activated by light; nor is it clear whether light
induction of wax functions as a beneficial environmental adap-
tation or as a developmental regulator (Shepherd and Wynne
Griffiths, 2006).

Cuticular waxes comprise an admixture of very-long chain
aliphatic compounds including primary alcohols, alkyl esters,

alkanes, ketones, aldehydes, and secondary alcohols, which are
mainly synthesized in theendoplasmic reticulum (ER;Bernard and
Joubès 2013). Through characterizing the wax-deficient mutants
andanalyzing the transcriptomeofstemepidermalpeels,cuticular
wax biosynthetic pathways in the model plant Arabidopsis (Ara-
bidopsis thaliana) have been extensively studied (Jenks et al.,
1995; Suh et al., 2005;Nawrath et al., 2013). In the epidermal cells,
the wax precursor very long chain fatty acids (VLCFAs) are syn-
thesized in serial pathways. First, C16 or C18 fatty acids are
synthesized in the plastid from acetyl-CoA. Second, these LCFAs
are converted to LCFA-CoAs by long chain acyl-CoA synthetases
and then further elongated into VLCFA-CoAs (24 to 34 carbons in
length) in the ER through fatty acid elongase (Bernard and Joubès
2013). Third, different classes of cuticular wax component are
further produced from VLCFA-CoAs through enzymes either in-
volved in the alkane-forming pathway or the alcohol-forming
pathway (Aarts et al., 1995; Hannoufa et al., 1996; Rowland
et al., 2006; Li et al., 2008). Finally, wax compounds are trans-
ported to the plasma membrane and secreted outside cells, and
then deposited on the epidermis (Bernard and Joubès 2013).
Cuticular wax metabolic pathways are under a substantial

amount of transcriptional regulation, especially by members of
the MYB and AP2/EREBP families (Lee and Suh, 2015a). In
Arabidopsis, WAX INDUCER1/SHINE1, which belongs to the
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AP2/EREBP-type transcription factor (TF) family, and its homo-
logs SHN2 and SHN3, activates cuticular wax synthesis, im-
proving plant drought tolerance (Aharoni et al., 2004; Broun et al.,
2004). Recently, WRINKLED4 (WRI4, also a subfamily of AP2/
EREBP TF) was reported to be involved in direct activation of
genes in the wax synthesis pathway (Park et al., 2016). DEWAX,
another AP2/ERF TF, negatively regulates wax production in
Arabidopsis (Go et al., 2014). Besides AP2/EREBP families, cu-
ticular wax biosynthesis is also regulated by MYB TFs, such as
MYB16, MYB30, MYB96, MYB94, and MYB106 (Raffaele et al.,
2008; Seo et al., 2011; Oshima et al., 2013; Lee and Suh, 2015b).
The transcriptional regulation of wax metabolism by MYB96 and
MYB30 was also found to participate in plant tolerance to abiotic
and biotic stresses, respectively (Raffaele et al., 2008; Seo et al.,
2011). Based on the above findings, it is clear that even though
many TFs and their targets in wax synthesis have been identified,
a more complete understanding of the transcriptional network
regulating cuticular wax biosynthesis needs to be addressed (Lee
and Suh, 2015a).

Apart from transcriptional regulation, cuticular wax bio-
synthesis is also regulated at the posttranscriptional level by small
RNAs (sRNAs; Hooker et al. 2007; Lam et al. 2012, 2015). CER7
encodes an exoribonuclease, a core subunit of the RNA-
processing/degrading exosome complex, which was first re-
ported to regulate thewaxes synthesis on thedeveloping stemsof
Arabidopsis (Hooker et al. 2007). Through identifying the cer7
suppressor mutants, Lam et al. (2012) speculated that CER7-
mediatedexosomaldegradationalters the levelsof sRNAspecies,
which in turn controls CER3 expression by gene silencing at the
posttranscriptional level. Indeed, the authors further demon-
strated that trans-acting small interfering RNAs (tasiRNAs), one
type of plant sRNAs, directly control CER3 expression levels and
regulate stem wax deposition (Lam et al. 2015). In addition to
tasiRNAs, another type of sRNAs, micro RNAs (miRNAs), plays
important roles in gene expression regulatory networks, and af-
fects diverse aspects of plant growth and development at the
posttranscriptional level (Borges andMartienssen, 2015). miR156
is one of the fewmiRNAs that is highly conserved within the plant
kingdom (Chuck et al., 2007; Wang et al., 2009, 2011; Wu et al.,
2009). miR156 targets members of the plant-specific SQUA-
MOSA PROMOTER BINDING PROTEIN LIKE (SPL) transcription
factor gene family (Klein et al., 1996; Guo et al., 2008). In Arabi-
dopsis, 10 SPL genes have miR156 binding sites either in the
coding region or the 39-untranslated region. They can be further
classified into four taxonomic subgroups: SPL3/SPL4/SPL5,
SPL9/SPL15, SPL2/SPL10/SPL11, and SPL6/SPL13 (Cardon
et al., 1999; Wu and Poethig, 2006; Gandikota et al., 2007). The
miR156-SPL9 module has been found to be involved in multiple
biological processes, including phase transition, root and leaf
development, and flowering as well as stress responses (Wu and
Poethig, 2006;Wang et al., 2009; Gou et al., 2011; Cui et al., 2014;
Rubio-Somoza et al., 2014; Yu et al., 2015a). Specifically, the
miR156-SPL9 module is reported to regulate secondary metab-
olism. For example, SPL9 interacts with PRODUCTION OF AN-
THOCYANIN PIGMENT1 (PAP1) and decreases anthocyanin
biosynthesis through directly regulating DIHYDROFLAVONOL
4-REDUCTASE (DFR) expression (Gou et al., 2011). Furthermore,
Yu et al. (2015b) demonstrated that SPL9 directly binds to the

Terpene Synthase21 (TPS21) gene promoter and activates its
expression to regulate sesquiterpene production in Arabidopsis
and Patchouli (Pogostemon cablin). To date, however, whether
miR156 or SPLs are involved in wax synthesis is not known.
Aprevious study reported thatDEWAX is a negative regulator of

wax accumulation in the dark (Go et al., 2014). However, opti-
mization of the daily light/dark responses would require an ad-
ditional positive regulator in the light. In this paper, we have shown
that SPL9 acts as a positive light-induced regulator of wax syn-
thesis. Our research demonstrates that SPL9 controls CER1
expression, a rate limiting step in wax alkane synthesis. This is
achievedbydirectlybinding toGTACmotifs in theCER1promoter.
Our data also indicate that SPL9 and DEWAX act antagonistically
to control CER1 expression via direct protein–protein interaction.
The sophisticated combinatorial regulation exerted by the SPL9-
DEWAX loop constitutes a key molecular mechanism mediating
the light-dark on-off switch controlling wax synthesis.

RESULTS

The miR156-SPL9 Module Regulates Wax Synthesis

Alkanes are themajor components of cuticular wax, and previous
studies have shown that the alkane synthesizing gene CER1 is
expressed in a diurnal cycle (Go et al., 2014). To identify factors
responsible for light-regulated wax synthesis, we performed
a yeast one-hybrid screen with CER1 promoter DNA with a prey
library composed of ;1500 transcription factor cDNAs of Ara-
bidopsis (Mitsuda et al., 2010). Interestingly, this screen identified
a positive clone encodingSPL9. Using a full-length cDNAofSPL9
inserted into a pGADT7 plasmid, we demonstrated that SPL9
interactedwith theCER1promoter in a yeast one-hybrid assay via
the expression of the HIS reporter gene driven by the CER1
promoter (Figure 1A). SPL9 has been reported to be a miR156
target, and to participate in multiple plant developmental and
secondary metabolic regulatory pathways. However, whether
miR156 or SPL9 was involved in wax synthesis has not been
demonstrated.
We then obtained miR156- or SPL9-related genetic materials

that were previously used in other studies (Gou et al., 2011), in-
cluding Pro35S:MIR156, Pro35S:MIM156, ProSPL9:rSPL9, spl9-
4 spl15-1. Pro35S:MIR156 is a transgenic line overproducing
miR156, whereas Pro35S:MIM156 is a transgenic line in which
miR156activity is reducedvia targetmimicry (Franco-Zorrilla etal.,
2007). Pro35S:MIM156 was used because miR156 is generated
fromeight separate loci in theArabidopsisgenomeand it isdifficult
to obtain a complete knockout allele of miR156. ProSPL9:rSPL9
and spl9-4 spl15-1 were used as SPL9 gain-of-function and
loss-of-function lines, respectively. ProSPL9:rSPL9 expresses
a miR156-resistant SPL9 transcript; therefore, SPL9 was over-
expressed. The spl9-4 spl15-1 doublemutant was first chosen for
phenotype analysis because SPL15 is the closest paralog of
SPL9.As inpreviousstudies, theSPLgenesshowedahighdegree
of functional redundancy in development, and single mutants
werephenotypically normal aswild-typeplants (Wanget al., 2008;
Wu et al., 2009). We observed glossy green (Pro35S:MIR156
and spl9-4 spl15-1) or glaucous white (Pro35S:MIM156
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and ProSPL9:rSPL9) phenotypes in the stems, respectively
(Figure 1B).

Consistent with this observation, chemical analysis of wax
revealed that total wax loads were increased by;50% and 70%
on Pro35S:MIM156 and ProSPL9:rSPL9 stems, respectively,
relative to thewild type.Bycontrast, a substantial decrease in total
wax amountwasobserved onstemsofPro35S:MIR156 (;47%of
wild type, P < 0.01) and spl9-4 spl15-1 (;63% of wild type,
P < 0.01), relative to the wild type, with Pro35S:MIR156 dis-
playing the least severe wax defect (Figure 1C).

Using scanning electron microscopy (SEM), we examined the
deposition of epicuticular wax crystals on the stem surface of
these lines. Relative to wild type, we observed significantly fewer
epicuticularwaxcrystalson thePro35S:MIR156and spl9-4 spl15-
1 stems, and a significantly higher density of epicuticular wax
crystals on the Pro35S:MIM156 and ProSPL9:rSPL9 stems
(Figure 1D). Together, these results indicated that the miR156-
SPL9 module has a significant effect on the regulation of epi-
dermal wax synthesis.

To elucidate the role of SPL9 or SPL15 in wax biosynthesis, we
examined the stem wax contents of the spl9-4 or spl15-1
mutant. The total wax loads on spl9-4 stems were much
lower than those in the wild type, whereas spl15-1 exhibit

similar wax accumulation as the wild type (Figure 1C). Fur-
thermore, the wax content of spl9-4 was significantly higher
than that of the spl9-4 spl15-1 double mutant (Figure 1C),
whereas the Pro35S:MIR156 overexpression transgenic line
exhibited the lowest wax content. These data suggest that the
production of wax is apparently coordinately regulated by
multiple SPLs, with a major contribution of SPL9. Consistent
with this idea, several other SPLs including SPL3, SPL4, SPL5,
and SPL15 also could bind the CER1 promoter in yeast one-
hybrid assays (Figure 1A). In the following research, we focused
our analysis on SPL9. We found that essentially all individ-
ual wax constituents were increased in Pro35S:MIM156 and
ProSPL9:rSPL9 stems relative to the wild type. Particularly,
there was a prominent increase in the amounts of the C29 al-
kanes and C29 ketones in both Pro35S:MIM156 and
ProSPL9:rSPL9. Conversely, almost all wax constituents were
reduced in Pro35S:MIR156 and spl9-4 stems, especially the
C29 alkanes and C29 ketones (Figure 2).
To test whether the miR156-SPL9 module regulates wax syn-

thesis in the leaves, the total cuticular wax amounts and compo-
sitions on the surface of leaves of the above lineswere determined.
The total wax amounts on Pro35S:MIR156 and spl9-4 leaves were
reduced to ;30% and 60% of the wild-type level, respectively.

Figure 1. miR156-SPL9 Module Regulates Wax Synthesis.

(A)Yeast one-hybrid assay to dissect the binding of SPLs toCER1promoter DNA. For yeast one-hybrid experiment,CER1promoter DNA regionwas fused
to the HIS3 (auxotrophic marker) reporter gene in pHIS2 plasmid and tested for AD-SPLs binding. Empty pGADT7 vector was used as negative control.
(B) Glossy green and white waxy phenotypes of 6-week-old inflorescence stems of Pro35S:MIR156, Pro35S:MIM156, and SPL9 related lines compared
with thewild type (Col-0).Pro35S:MIR156 andPro35S:MIM156 are transgenic lines overexpressingmiR156 and its artificialmiRNA targetmimic construct,
respectively. ProSPL9:rSPL9 and spl9-4 spl15-1 represent SPL9 gain-of-function and loss-of-function plants, respectively.
(C)Cuticularwaxamountsof inflorescencestems from6-week-oldwild-type,Pro35S:MIR156,Pro35S:MIM156, andSPL9 relatedArabidopsis lines,which
were grown under long-day conditions (16 h of light/8 h of dark). Cuticular waxes were extracted with hexane and analyzed by GC-FID. Wax coverage is
expressed as wax amounts per stem surface area (mg.dm-2). Error bars indicate means from four replicate experiments, and their SD are shown. The
significant differences between samples labeledwith different lowercase letters were determined using ANOVAwith a post hoc TukeyHonestly Significant
Difference test.
(D) SEM images of epicuticular wax crystals on inflorescence stems of 6-week-old wild-type, Pro35S:MIR156, Pro35S:MIM156, and SPL9 related
Arabidopsis lines. Bars 5 5 mm.
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While in Pro35S:MIM156 and ProSPL9:rSPL9 leaves, wax loads
were increased by ;60% and ;150%, respectively, relative to
the wild type (Supplemental Figure 1). The alterations observed
in individual wax constituents were most prominent in the C26
and C28 primary alcohols, and the C29, C31, and C33 alkanes

(Supplemental Figure 2). Consistent with the higher wax accu-
mulation in ProSPL9:rSPL9 leaves, epicuticular wax crystals,
which are not normally present on wild-type leaves when viewed
using SEM, were observed on ProSPL9:rSPL9 leaf surfaces
(Supplemental Figure 3). Overall, these results demonstrate that

Figure 2. CuticularWaxComposition of Inflorescence Stems of 6-week-oldWild-Type, Pro35S:MIR156,Pro35S:MIM156, andSPL9Related Arabidopsis
Lines.

Wax coverage is expressed as wax amounts per stem surface area (mg.dm-2). Each wax constituent is designated by carbon chain length and is labeled by
chemical class along the x axis. Values shown are means6SD (n5 4). The differential significance between transgenic or mutant lines andwild-type plants
was determined with Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001).
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SPL9 positively regulates cuticular wax deposition on leaf and
stem surfaces.

SPL9 Directly Regulates CER1 Expression, but Indirectly
Regulates CER4 Expression

To investigate how SPL9 influences wax synthesis at the tran-
scriptional level, RT-qPCR was used to analyze the expression of
six representative genes previously associated with wax bio-
synthesis or transport. Among these genes,CER1 andCER3 (also
known as WAX2 or YRE ) as two components of a multiprotein
enzyme complex catalyze the conversion of very long chain acyl-
CoAs to very long chain alkanes, which are the most abundant
(more than 50% in all organs) wax components in Arabidopsis
(Bernard et al., 2012; Lee and Suh, 2015a). CER4 (also known as
FAR3) encoding a fatty acyl-CoA reductase converts the VLCFAs
into primary alcohols in the alcohol-forming pathway (Rowland
et al., 2006). Interestingly, alkane and 1-alcohol amounts were
much higher in the stems and leaves of ProSPL9:rSPL9 than in
those of the wild type (Supplemental Tables 1 and 2), indicating
both biosynthetic components are simultaneously affected in the
two tissues. CER6 (also known as KCS6, encoding a 3-ketoacyl-
CoA synthase) and CER10 (also known as ECR, encoding
an enoyl-CoA reductase) are important for VLCFA elongation
(Hooker et al., 2002; Zheng et al. 2005). CER5 (also known as
ABCG12, encoding an adenosine triphosphate binding cassette

transporter) is responsible for wax transportation to the epidermal
surface (Pighin et al., 2004). Among these genes,CER1 andCER4
showed significantly enhanced expression (>twofold) in Pro35S:
MIM156 and ProSPL9:rSPL9, but decreased expression in
Pro35S:MIR156 and spl9-4, in both leaves and stems (Figure 3),
which is consistent with the altered compositions of alkanes
and primary alcohols we report for these lines. To demonstrate
whether SPL9 could modulate CER1 and CER4 gene expression
in vivo, we constructed the CER1 and CER4 promoter luciferase
(LUC) reporter plasmids, and performed a transient expression
assay in tobacco (Nicotiana benthamiana). The results suggested
that coexpression of SPL9 protein strongly increased the LUC
reporter gene activities driven by the endogenous promoters of
CER1 and CER4 (Figure 4A). To test whether the differentially
expressed CER1 and CER4 were direct targets of SPL9, we
conducted experiments using transgenic lines expressing the
rSPL9 chimeric protein fused to the glucocorticoid receptor se-
quence (rSPL9-GR), and exogenous dexamethasone (DEX) ex-
posure to assess nuclear transport and biological activity (Gou
et al., 2011). For time-course analysis of gene expression, we
chose 0-, 10-, and 30-min and 1-, 3-, 6-, and 12-h treatments of
transgenicplantswithorwithoutDEX.AsCER1hasbeen reported
to show diurnal rhythmic expression (Go et al., 2014), we calcu-
lated the gene expression ratio with andwithout DEX treatment to
exclude other factors possibly affecting CER1 and CER4 ex-
pression. Interestingly, bothCER1 andCER4 could be induced by

Figure 3. Expression of Wax Synthesis Related Genes in the Stem and Leaf of Pro35S:MIR156, Pro35S:MIM156, and SPL9 Related Arabidopsis Lines.

For all the RT-qPCR experiments, the expression level in the wild type (WT) was set as 1. Expression of PP2A was used as internal control. Error bars
indicate 6SD (n 5 3). * and **Means differed significantly from WT at P < 0.05 and P < 0.01, respectively, according to Student’s t test.
(A) RT-qPCR analysis of wax biosynthetic genes from the stems of 5-week-old wild-type, ProSPL9:rSPL9, and spl9-4 plants.
(B) RT-qPCR analysis of wax biosynthetic genes from the leaves of 3-week-old wild-type, ProSPL9:rSPL9, and spl9-4 plants.
(C) RT-qPCR analysis of wax biosynthetic genes from the stems of 5-week-old wild-type, Pro35S:MIM156, and Pro35S:MIR156 plants.
(D) RT-qPCR analysis of wax biosynthetic genes from the leaves of 3-week-old wild-type, Pro35S:MIM156, and Pro35S:MIR156 plants.
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DEX treatment, but the induction times showed large differ-
ences. CER1 could be induced within 10 min and lasted 12 h.
However, CER4 was not induced until 6 h of DEX treatment
(Supplemental Figure 4). This result indicates that CER1 ex-
pression can be rapidly induced by sudden changes of SPL9
activity. Moreover, CER1, but not CER4 gene expression, could

be enhanced by SPL9 with exogenous exposure to cyclohexi-
mide (CHX) and DEX (Figure 4B), raising the possibility that in-
duction of CER4 expression by SPL9 requires synthesis of
additional downstream factors.
SPL9 is known to preferentially recognize DNA motifs with the

GTAC sequence (Yamasaki et al., 2009). We identified three and

Figure 4. SPL9 Directly Regulates CER1 Expression, but Indirectly Regulates CER4 Expression.

(A) SPL9 upregulates CER1 and CER4 expression in a transient dual-luciferase reporter system. The coinfiltrations of empty vector (EV) or Pro35S:rSPL9
withProCER1:LUCorProCER4:LUC reporterswere simultaneously expressed inN.benthamiana leaves, and theplantswere first incubated in dark for 12 h
and then in light for 48h. The relative luciferase luminescence intensitieswerequantitatedusingRenilla luciferase (REN ) for normalization. Asterisks indicate
significant differences between the indicatedmeans with P < 0.01 by Student’s t test. Data are presented as themeans of three independent assays. Error
bars represent 6SD (n 5 3).
(B) Induction of expression of CER1 and CER4 in ProSPL9:rSPL9-GR plants. Seven-day-old, long day–grown seedlings were treated with either water or
DEXandCHX. Seedlingswere harvested 6h after treatment. Expressionwasnormalized relative to that ofPP2A. Each column represents themeanof three
independent assays, each based on over 20 seedlings. Errors bars indicate 6SD (**P < 0.01, Student’s t test). WT, wild type.
(C) EMSAs to test binding of SPL9 to the putative GTACmotifs in theCER1 (P1-P3) andCER4 (P4 and P5) promoters, respectively. The GTACmotifs in P1
and P3 were mutated to AAAA in mP1 and mP3 to test the sequence specificity.
(D) ChIP-qPCR confirmed direct binding of SPL9 in the CER1 promoter. Diagram depicts the putative promoters of CER1 and CER4. PCR amplicons
indicated asP1-P3 for theCER1promoter andP1/P2 for theCER4 promoter were used for ChIP-qPCR. Chromatin from3-week-old Arabidopsis seedlings
expressingProSPL9:GFP-rSPL9 (Gouet al., 2011)was extracted using anti-GFPantibodies.Wild-type seedlingswere used asnegative control. qPCRwas
used to quantify enrichment of SPL9 to promoter regions. SPL9 DNA binding ratio (as revealed by GFP enrichment in ChIP experiments) to the promoter
regions was assayed. DFR promoter was used as a positive control. Each column represents the mean of three biological repeats. Error bars denote6SD

(**P < 0.01, Student’s t test).
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two typical SPL9 binding sites (GTAC) in the CER1 and CER4
promoters, respectively. To test whether SPL9 directly binds to
these sequences, we conducted electrophoretic mobility shift
assays (EMSAs). For these experiments, complementary oligo-
nucleotides spanning the corresponding GTAC and flanking re-
gions from the CER1 promoter (P1–P3) and the CER4 promoter
(P4 and P5) were synthesized and labeledwith biotin. As shown in
Figure 4C, the recombinant GST-SPL9 protein caused a mobility
shift of the twoprobesP1andP3 in theCER1promoter (Figure4C).
However, the P2 probe in the CER1 promoter and P4 and P5
probes in the CER4 promoter showed no mobility shift. Further-
more, theprobesmP1andmP3, inwhich theGTACmotif hadbeen
removed by mutations, did not show any shifted band when in-
cubated with GST-SPL9 (Figure 4C), indicating that SPL9 bound
specifically to GTAC motifs. To further determine whether SPL9
directly associates with CER1 promoter in vivo, a chromatin
immunoprecipitation (ChIP) assay was performed using trans-
genic ProSPL9:GFP-rSPL9 lines (Gou et al., 2011). After the
protein–DNA complexes were immunoprecipitated by anti–GFP
antibody, the DNA fragments were quantified by qPCR. The
promoter region of DFR (a gene known to be a direct SPL9
target, Gou et al., 2011) was amplified as a positive control,
and the promoter ofACT2was amplified as a negative control.
Similar to the DFR positive control, the P1 and P3 regions of
the CER1 promoter, which include the GTAC motif, were
enriched in ProSPL9:GFP-rSPL9 when compared with the
wild type (Figure 4D), consistent with the EMSA results. By
contrast, there was no obvious enrichment for regions P2 in
CER1 and P1 and P2 in CER4 promoters. These results
confirmed that CER1 was a direct target of SPL9 (Figure 4D).
Therefore, we suggest that SPL9-mediated direct regulation
of CER1 and indirect regulation of CER4 expression repre-
sents a major regulatory pathway controlling epidermal wax
biosynthesis.

CER1 and CER4 are Independently Responsible for SPL9
Regulated Wax Synthesis

Although we have observed that both CER1 and CER4 are dif-
ferentially expressed in miR156-SPL9 related mutants, whether
changes in the expression of these genes is responsible for the
altered wax phenotype is unknown. To shed light on this, we
crossed the loss of function mutants cer1-2 and cer4-4 to
ProSPL9:rSPL9 and Pro35S:MIM156, respectively, to create the
genetic lines ProSPL9:rSPL9 cer1-2, ProSPL9:rSPL9 cer4-4,
Pro35S:MIM156 cer1-2, and Pro35S:MIM156 cer4-4. As an initial
observation, all of these lines exhibited a glossy phenotype
comparablewithcer1-2andcer4-4 (Supplemental Figure5).Next,
we performed SEM analysis to observe the distributions of epi-
cuticular wax crystals on the stem surface of these lines. Sur-
prisingly, the stem surfaces of all these lines exhibited a much
higher density of wax crystals than either cer1-2 or cer4-4, with
especially higher crystal density on ProSPL9:rSPL9 cer1-2 and
ProSPL9:rSPL9 cer4-4 (Figure 5A). To explore the basis for this,
we examined the stem wax amounts and wax chemical com-
positions of these lines using gas chromatography with flame
ionization detection (GC-FID). Interestingly, Pro35S:MIM156
cer1-2, Pro35S:MIM156 cer4-4, ProSPL9:rSPL9 cer1-2, and

ProSPL9:rSPL9 cer4-4 showed significantly higher wax accu-
mulation compared with the single cer1-2 or cer4-4 mutants,
with the accumulation being higher on ProSPL9:rSPL9 cer1-2
andProSPL9:rSPL9 cer4-4 than onPro35S:MIM156cer1-2 and
Pro35S:MIM156 cer4-4 (Figure 5B). When the wax chemical
compositions were considered, it was notable that in ProSPL9:
rSPL9 cer1-2 or Pro35S:MIM156 cer1-2, the synthesis of pri-
mary alcohols was greatly increased compared with the cer1-2
single mutant (Supplemental Table 1). By comparison, in
ProSPL9:rSPL9 cer4-4 and Pro35S:MIM156 cer4-4, the total
alkane content was much higher than in cer4-4 (Supplemental
Table 1). Interestingly, although the total wax loads in the stem
of Pro35S:MIM156 cer4-4 and ProSPL9:rSPL9 cer4-4 lines
were higher than in the wild-type plants, these two lines still
display a glossy phenotype. Moreover, the data obtained for
leaves was similar as in stems, in that ProSPL9:rSPL9 and
Pro35S:MIM156 exhibited increasedwax amounts in the cer1-2
and cer4-4 background, with specific upregulation of the pri-
mary alcohols or alkanes, respectively (Supplemental Figure 6;
Supplemental Table 2). These results indicate that independent
regulation of CER1 and CER4 by SPL9 are involved in the
regulation of wax synthesis. Based on this, we constructed
a cer1-2 cer4-4 double mutant, and ProSPL9:rSPL9 cer1-2
cer4-4 genetic line, and examined their wax phenotypes.
Consistent with our hypothesis, the wax amount in ProSPL9:
rSPL9 cer1-2 cer4-4 was the same as in cer1-2 cer4-4
(Figure 5C).

SPL9 Specifically Interacts with DEWAX In Vitro and In Vivo

To investigate mechanisms by which the SPL9-dependent
signaling cascade regulates wax synthesis, we performed
a yeast two-hybrid experiment using SPL9 as the bait against
a battery of genes, which have been reported to regulate wax
synthesis in Arabidopsis. These genes included positive
regulators WIN1, SHN3, MYB16, and MYB96 and a negative
regulator DEWAX. SPL9 interacted specifically with DEWAX
(Figure 6A). We next examined if DEWAX interact with other
SPLs using yeast two-hybrid assays, and the results showed
that DEWAX did not interact with SPL3, SPL4, SPL5, or SPL15
(Figure 6B), suggesting that DEWAX interacted specifically
with SPL9. Furthermore, we mapped the domain of SPL9 re-
quired for the interaction with DEWAX. Y2H assays showed
that the SPL9 N-terminal (1–160 amino acids), containing the
DNA binding domain, bound to the DEWAX N-terminal (1–100
amino acids) but not to the DEWAXC-terminal (101–201 amino
acids) containing the DNA binding domain (Supplemental
Figure 7).
Furthermore, the SPL9-DEWAX physical interaction was con-

firmed by in vitro pull-down assay using recombinant proteins
purified from E. coli. GST-DEWAX was precipitated with 6xHiS-
SPL9, but not with the control alone using Ni-NTA agarose.
Similarly, 6xHis-SPL9 was precipitated with GST-DEWAX but not
GST alone using anti-GST-beads (Figure 6C). To confirm the
SPL9-DEWAX interaction in vivo, we performed bimolecular
fluorescence complementation (BiFC) assays with N. ben-
thamiana epidermal leaf cells transiently coexpressing nYFP-
DEWAX and rSPL9-cYFP. Strong yellow fluorescent protein
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(YFP) fluorescence was observed in the nucleus of cells coex-
pressing nYFP-DEWAX and rSPL9-cYFP, but not in those co-
expressing nYFP and rSPL9-cYFP or nYFP-DEWAX and cYFP
(Figure6D), suggestingaspecific interactionofSPL9withDEWAX.
Furthermore, we performed a firefly LUC complementation (BiLC)
assay.We fused rSPL9 to theC-terminalhalf ofLUC(cLUC-rSPL9)

and DEWAX to the N-terminal half of LUC (DEWAX-nLUC) and
transiently introduced both fusion proteins into tobacco epider-
mal leaf cells. In the leaves infiltrated with combinations of
Pro35S:nLUC and Pro35S:cLUC-rSPL9, or Pro35S:cLUC and
Pro35S:DEWAX-nLUC, LUC activity was barely detectable. By
contrast, leaves that coexpressed Pro35S:cLUC- rSPL9 and

Figure 5. CER1 and CER4 Are Independently Responsible for SPL9 Regulated Wax Synthesis.

(A)SEMimagesof epicuticularwaxcrystals on inflorescencestemsof6-week-oldArabidopsis crossing linesbetween35S:rSPL9or35S:MIM156andcer1-
2 or cer4-4. Bars 5 5 mm.
(B) Cuticular wax amounts of inflorescence stems from 6-week-old Arabidopsis crossing lines between 35S:rSPL9 or 35S:MIM156 and cer1-2 or cer4-4
grown in long-day conditions. Cuticular waxeswere extractedwith hexane and analyzed byGC-FID.Wax coverage is expressed aswax amounts per stem
surface area (mg.dm-2). Error bars indicate 6SD (**P < 0.01, ***P < 0.001, Student’s t test) from four replicate experiments.
(C)Cuticular wax amounts of inflorescence stems from 6-week-old wild-type, cer1-2 cer4-4, and ProSPL9:rSPL9 cer1-2 cer4-4mutants. Cuticular waxes
were extractedwith hexane and analyzed byGC-FID.Wax coverage is expressed aswax amounts per stem surface area (mg.dm-2). Error bars indicate6SD

from four replicate experiments; n.s., no significance by Student’s t test.
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Pro35S:DEWX-nLUCproducedastrongLUCsignal (Figure 6E). In
addition, BiLC experimental results provided evidence that the
SPL9 N-terminal DNA binding domain and DEWAX N-terminal
domain interacted in vivo (Supplemental Figure 8). Finally, we
performedcoimmunoprecipitation (Co-IP) experiments to confirm

their interaction in vivo. To do this, we coexpressed FLAG-rSPL9
and HA-DEWAX fusion proteins in tobacco leaves. HA-DEWAX
coimmunoprecipitated with FLAG-rSPL9 (Figure 6F). Taken to-
gether, our data suggest that SPL9 directly binds toDEWAX, both
in vitro and in vivo.

Figure 6. SPL9 Specifically Interacts with DEWAX In Vitro and In Vivo.

(A) Yeast two-hybrid assay shows the specific interaction between SPL9 and DEWAX. SPL9 was in-frame fused to the GAL4 binding domain (BD) in
pGBKT7, whereas WIN1, SHN3, MYB16, MYB96, and DEWAX were fused to the GAL4 activation domain (AD) in pGADT7. Transformed yeast cells were
grown on SD-Trp-Leu (top). The direct protein interactions were assayed on a SD-Trp-Leu-His plate, supplemented with 5 mM 3-amino-1,2,4,-triazole
(3-AT; bottom). The empty pGADT7 were used as negative control.
(B) Interaction analysis of DEWAX with other SPL family proteins (SPL3, SPL4, SPL5, and SPL15) using yeast two-hybrid assays.
(C)An in vitro pull-downassay shows the interactionbetweenSPL9andDEWAX. 6xHis-SPL9proteinwas incubatedwith immobilizedGSTorGST-DEWAX
protein, and immunoprecipitated fractions were detected by anti-6xHis antibody. Alternatively, GST-DEWAX protein was incubated with immobilized
6xHis-SPL9 or control protein, and immunoprecipitated fractions were detected by anti-GST antibody.
(D) BiFC analysis of the interaction between SPL9 and DEWAX. Blue and green fluorescence represent 4’,6-diamidino-2-phenylindole (DAPI) and GFP
signals, respectively. The empty nYFP or cYFP vector was used as negative control.
(E) BiLC demonstrates SPL9 interacts with DEWAX in vivo. The leaves of N. benthamianawere infiltrated with agrobacteria as indicated. Constructs were
combined at a 1:1 ratio. The empty nLUC (N-terminal LUC) or cLUC (C-terminal LUC) vector was used as negative control.
(F) Co-IP assays showing that SPL9 physically associates with DEWAX in vivo. FLAG-SPL9 and HA-DEWAX proteins were transiently expressed in
N. benthamiana. Protein was immunoprecipitated with anti-FLAG antibody, and the IP fraction was analyzed in a protein blot with anti-HA antibody. The
input fraction was analyzed by immunoblotting using either anti-FLAG or anti-HA antibody.
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DEWAX Inhibits SPL9 Activity in Regulating
CER1 Expression

Although we demonstrated that SPL9 activated wax synthesis,
and that SPL9 interacted with the negative regulator DEWAX,
it was still uncertain how this interaction was involved in wax
synthesis. In transient gene expression assays using the Pro-
CER1:LUC construct as a reporter of Pro35:rSPL9 transcriptional
activity, rSPL9 expression alone resulted in an approximately
eightfold activation of the reporter, as anticipated (Figure 7A).
Consistentwithaprevious report (Goet al., 2014), coexpressionof
Pro35S:DEWAX alone inhibited CER1 expression. Interestingly,
coexpression of the SPL9 and the DEWAX proteins led to sig-
nificantly lower LUC reporter activity, than with SPL9 alone, in
a dosage-dependentmanner (Figure 7A), suggesting that DEWAX
interacts with SPL9 and hampers its transcription activating ac-
tivity. Additionally, althoughCER4 is an indirect target of SPL9, its
regulation by the SPL9 and DEWAX interaction appears similar as
with CER1 (Supplemental Figure 9).

Because DEWAX interacts with the SPL9 DNA binding do-
main (Supplemental Figures 7 and 8), it is possible that this
interaction may interfere with SPL9 DNA binding activity. In-
deed, in EMSAs, the signal generated by binding of SPL9 to the
P1 and P3 probes of the CER1 promoter was dramatically
decreased with increasing DEWAX level, even to a greater
extent than observed with exogenous 1003 cold competitor
probes (Figure 7B), providing evidence that the interaction
of the SPL9 DNA binding domain with the CER1 promoter
is attenuated by DEWAX. We next examined how DEWAX
regulates SPL9 activity. Intriguingly, BiLC assays showed
that expression of DEWAX substantially repressed the for-
mation of SPL9 homodimers (Figure 7C), demonstrating that

DEWAX possibly inhibits SPL9 protein activity by reducing its
DNA binding ability via the formation of nonfunctional
heterodimers.

SPL9 Acts Downstream of DEWAX in Regulating Epidermal
Wax Synthesis

To further explore the antagonistic genetic relationship between
SPL9 and DEWAX, we created a series of unique genetic lines by
crossing spl9-4, ProSPL9:rSPL9 and Pro35S:MIM156 with the
DEWAX loss of function mutant dewax or overexpression line
DXOE and analyzed their wax compositions. As expected, when
DEWAX was overexpressed in the ProSPL9:rSPL9 background,
the stem wax content of the DXOE ProSPL9:rSPL9 double mutant
was greatly decreased compared withProSPL9:rSPL9 (Figure 8A).
Similar resultswerealsoobserved in theDXOEPro35S:MIM156 line
when compared with the Pro35S:MIM156 line (Figure 8B). In ad-
dition,althoughthedewaxknockoutmutantshowedenhancedwax
synthesis compared with the wild type, when dewaxwas placed in
the ProSPL9:rSPL9 or Pro35S:MIM156 backgrounds, the wax
contents ofProSPL9:rSPL9dewax orPro35S:MIM156 dewax lines
exhibited no further increases in comparison with ProSPL9:rSPL9
or Pro35S:MIM156 (Figures 8A and 8B). More importantly, the
double mutant spl9-4 dewax displayed a similarly reduced wax
content phenotype as that of spl9-4, but different from the higher
wax content phenotype of dewax (Figure 8A). These results lend
further evidence that DEWAX suppresses SPL9 protein func-
tion. Consistent with the phenotype observed, CER1 expres-
sion ProSPL9:rSPL9Pro35S:MIM156 was reduced in the DXOE
Pro35S:MIM156andDXOEProSPL9:rSPL9 lines comparedwith
their parent lines Pro35S:MIM156 or ProSPL9:rSPL9, whereas
CER1 expression was similarly reduced in spl9-4 dewax and

Figure 7. DEWAX Represses DNA Binding Ability of SPL9.

(A)DEWAXrepresses theSPL9 transcriptional activity on theCER1promoter in the transient expressionsystem.Pro35S:rSPL9orPro35S:DEWAXalone, or
Pro35S:rSPL9/Pro35S:DEWAX in different ratios with the reporter ProCER1:LUC were coinfiltrated and simultaneously expressed in N. benthamiana
leaves. The relative LUC activity in the coexpressed samples was calculated by normalizing the LUC values against REN. Averages from three biological
replicates and their SD are shown. The values were statistically treated using Student’s t test (*P < 0.05, **P < 0.01).
(B)EMSAs show that SPL9-DEWAXprotein interaction attenuates theDNAbinding ability of SPL9 to theGTACmotifs in the promoter region ofCER1. GST
protein was used as negative control. Unlabeled cold competitor probes were used as positive control for attenuated DNA binding.
(C) DEWAX hampers SPL9 homodimer formation in a BiLC experiment. N. benthamiana leaves were infiltrated with agrobacteria as indicated.
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spl9-4 compared with wild-type plants (Figure 8C). These results,
combined with the above molecular data, support the idea that
SPL9 acts downstream of DEWAX in regulating wax synthesis.

SPL9 and DEWAX Expression Are Regulated by Diurnal
Cycle And Light/Dark Changes

Apreviousstudyhas found thatCER1expressionoccurs indiurnal
patterns and thatDEWAXmay inhibit its expression in thedark (Go

et al., 2014). However, howCER1 expression is activated in light is
unknown. With our findings that SPL9 interacts with DEWAX, and
that SPL9 activatesCER1 gene expression, we hypothesized that
SPL9-DEWAX may form a regulatory circuit for light/dark-medi-
ated wax synthesis. We analyzed 7 dold wild-type seedlings
grown on Murashige and Skoog agar plates in long day (LD)
conditions, collected the samples every 3 h in one diurnal cycle,
and then examined the gene expression of CER1, SPL9, and
DEWAX. In accordance with previous findings, CER1 expression

Figure 8. SPL9 Acts Downstream of DEWAX in Wax Synthesis.

(A) Genetic relationship analysis of SPL9 and DEWAX in wax synthesis with double mutant phenotype analysis. Cuticular wax amounts of inflorescence
stems from 6-week-old double mutants between Pro35S:rSPL9, spl9-4, dewax, andDXOE grown in long-day conditions were examined by GC-FID. Wax
coverage is expressedaswaxamounts per stemsurfacearea (mg.dm-2). Error bars indicate6SD (**P<0.01,Student’s t test) from four replicate experiments;
n.s. represents no significant difference.
(B)Genetic relationship analysis of miR156 andDEWAX in wax synthesis with double mutant phenotype analysis. Cuticular wax amounts of inflorescence
stems from 6-week-old double mutants between Pro35S:MIM156 and dewax or DXOE grown in long-day conditions were examined by GC-FID. Wax
coverage is expressedaswaxamounts per stemsurfacearea (mg.dm-2). Error bars indicate6SD (**P<0.01,Student’s t test) from four replicate experiments;
n.s. represents no significant difference.
(C)RT-qPCRanalysisofCER1expression in the indicatedmutants.Expressionwasnormalized relative to thatofPP2A.Expression level in thewild type (WT)
was set as 1. Each column represents themean of three independent assays, and the error bars indicate6SD (**P < 0.01, Student’s t test); n.s. represents no
significant difference.
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was higher in the day and lower in the night. Interestingly, SPL9
also showedadiurnal expressionpattern,with highest expression
in the light at Zeitgeber time (ZT)10, similar to CER1, suggesting
that SPL9 may be involved in the regulation of diurnal CER1 ex-
pression (Figure 9A). Furthermore, to explore whetherSPL9 diurnal
expression was regulated by miR156 at the posttranscriptional
level, we examined the expression of two major MIR156 primary
transcripts of MIR156A and MIR156C (pri-MIR156A and pri-
MIR156C) and mature miR156 at four time points (ZT4, 10, 16,
and 22) by RT-qPCR. The results suggested that the expression of
pri-MIR156A and pri-MIR156C were decreased in the day and
increasedduring thenight, opposite toCER1andSPL9expression.
Furthermore, theexpressionofmaturemiR156wassimilar to thatof
its precursors, consistent with its speculated role in the negative
regulation of SPL9 (Supplemental Figure 10). Surprisingly, SPL9
was still expressed diurnally in themiR156-resistant transgenic line
ProSPL9:rSPL9 (Figure 9B). Additionally, in Pro35S:MIR156 and
Pro35S:MIM156, thediurnal expressionpatternofSPL9wassimilar
to the ztwild type, although the oscillation amplitude differed
(Figure 9B). These results indicated that diurnal expression ofSPL9
is partially independent of miR156 at the transcriptional level.

In contrast withCER1 and SPL9,DEWAX expression oscillated
twice a day, once in the day (ZT10) and again in the night (ZT16),
consistentwithapreviousreport (Goetal.,2014). Interestingly,SPL9
also showed highest expression at ZT10 (Figure 9A). Therefore, we
assessed the expression of DEWAX in ProSPL9:rSPL9 and spl9-4.
DEWAX expression was significantly elevated in ProSPL9:rSPL9
and decreased in spl9-4, especially at ZT10 (Figure 9C), suggesting
that SPL9 was involved in regulating DEWAX expression in the
day. By searching the DEWAX promoter region, we found two
potential SPL9 binding sites (GTAC at 21264 to 21261 and
21366 to21363 bp relative to the ATG start codon, respectively).
ChIP-qPCR results showed that the P1 and P2 regions containing
GTACmotifs intheDEWAXpromoterwereenrichedinProSPL9:GFP-
rSPL9 as compared with the wild type (Supplemental Figure 11).
Consistently, Y1Hexperimentsdemonstrated thatSPL9binds the
1.5-kb upstream promoter DNA with these two GTACmotifs, but
does not bind the 1.2-kb upstream promoter DNA without these
twomotifs, supporting the idea that the two siteswere required for
SPL9 binding. To determine whether SPL9 modulates DEWAX
expression, we performed transient expression assays with the
DEWAX promoter LUC reporter inN. benthamiana. Coexpression
of SPL9 strongly provoked the activity of the LUC reporter gene
driven by the 1.5-kb promoter of DEWAX. Interestingly, the LUC
reporter gene activity driven by the 1.2-kb promoter of DEWAX
was expressed at a lower level, which is not activated by SPL9
(Supplemental Figure 11). In sum, these results indicate that SPL9
directly binds DEWAX promoter DNA and activates its gene ex-
pression in vivo. SPL9 and DEWAX may operate in a negative
feedback loop important in moderating the light response in wax
synthesis.

To test whether the diurnal expression patterns of SPL9 or
DEWAX are regulated by the circadian clock, we performed ar-
tificially controlled light/dark change experiments. Wild-type
plants were grown in long-day conditions for 7 d, and at ZT4
(light) the seedlings were kept in light or transferred to dark
condition for 6 h. Both of the seedlings at ZT10were collected and
referred to as light–light and light–dark, respectively. Similarly,

seedlings at ZT16 (dark) were held in dark or transferred to light
conditions for 6 h. Both seedlings at ZT22 were collected and
referred to as dark–dark and dark–light, respectively. As shown in
Figure 9D, after the transfer, light treatment increased SPL9 ex-
pression and decreased DEWAX expression. By contrast, dark
treatment increased DEWAX expression and decreased SPL9
expression. Importantly, the diurnal expression pattern of SPL9
(higher at ZT10 for light–light comparedwith dark–dark at ZT22) or
DEWAX (higher at ZT22 for dark–dark comparedwith light–light at
ZT10) was totally conversed, as SPL9 showed higher expression
at ZT22 (dark–light) than at ZT10 (light–dark) and vice versa for
DEWAX. The results indicated that the oscillating expression
pattern ofSPL9orDEWAXwasmainly controlled by light anddark
exposure, but not the circadian clock. Furthermore, expression of
pri-MIR156A and pri-MIR156C and mature miR156 during light/
dark changes was examined by RT-qPCR. The results suggested
that the expressions of pri-MIR156A, pri-MIR156C, and mature
miR156 were inhibited by light and improved by dark treatment
(Supplemental Figure 12). Similar to the above diurnal cycle re-
sults, when we examined the expression of SPL9 in ProSPL9:
rSPL9, Pro35S:MIR156, and Pro35S:MIM156, the expression
alterations still appeared (Figure 9E). These results implied that
miR156-independent factor(s) may be involved in regulating
SPL9 expression levels during changes from light to dark, and
vice versa.
Finally, to test whether the light and dark changes of SPL9 or

DEWAX expression influenced CER1 expression, we examined
CER1 expression in ProSPL9:rSPL9, spl9-4, and dewax. CER1
expression still exhibited a strong response to light and dark
conditions in these lines (Figure 9F), suggesting that SPL9 and
DEWAX play a primary role in regulating the amplitude of light
responsiveness of wax synthesis.

Both SPL9 and DEWAX Protein Expression Is Regulated by
the Diurnal Cycle

The temporal expression patterns ofSPL transcripts do not always
reflect protein levels and function, as miR156 may regulate SPL
genes through translational repression. To examine the diurnal
expression of SPL9 protein, we took advantage of reporter lines
ProSPL9:SPL9-b-glucuronidase (GUS) and ProSPL9:rSPL9-GUS
containing miR156-sensitive or miR156-resistant genomic con-
structs of the gene fused toGUS, respectively. For comparison, we
also constructed a transgenic line ProDEWAX:DEWAX-GUS to
explore impacts of the in vivo protein level of DEWAX. Consistent
with the gene expression patterns, GUS staining was higher in the
light and lower in the dark in ProSPL9:SPL9-GUS. For ProDE-
WAX:DEWAX-GUS, the GUS staining was lower in the light and
higher in the dark. ProSPL9:rSPL9-GUS still showed higher GUS
staining in the light and lower in the dark (Figure 10A), consistent
with miR156-independent gene expression alterations (Figure 9B).
For the dark-to-light treatment of seedlings at ZT22, we observed
higherexpressionofSPL9and lowerexpressionofDEWAXprotein,
incomparisonwithseedlingsatZ22 in thenormalgrowthconditions
(Figure 10A). For the light-to-dark treatment seedlings at ZT10, we
observed higher expressionof theDEWAXand lower expressionof
the SPL9 protein, compared with the seedlings at Z10 in normal
growth conditions. The results further demonstrated that light and
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Figure 9. Diurnal Cycles or Light/Dark Changes Affect SPL9 and DEWAX Gene Expression at Multiple Levels.

(A) Diurnal expression of CER1, SPL9, and DEWAX. Gene expression was analyzed in 7-d-old Arabidopsis wild-type seedlings, which were grown under
long-day conditions (16 h of light/ 8 h of dark). The light is on at Zeitgeber time 0 (ZT0) and off at ZT16. Total RNA was extracted from at least 20 seedlings
(every 3 h from ZT1) and subjected to RT-qPCR analysis. Errors bars indicate 6SD with at least three replicates.
(B)Diurnal expression of SPL9 is at least partially independent of miR156. Seven-day-old seedlings at four time points (ZT4, ZT10, ZT16, and ZT22) in four
differentgeneticmaterials (Col-0,ProSPL9:rSPL9,Pro35S:MIR156, andPro35S:MIM156)werecollected, andSPL9expressionwasanalyzedbyRT-qPCR.
Error bars indicate 6SD with at least three replicates.
(C) SPL9 positively regulates DEWAX expression in the day. Seven-day-old seedlings at four time points (ZT4, ZT10, ZT16, and ZT22) in Col-0,
ProSPL9:rSPL9, and spl9-4 were collected, and DEWAX expression was analyzed by RT-qPCR. Errors bars indicate 6SD with at least three replicates.
***P < 0.001, Student’s t test.
(D)Light/darkchanges regulateSPL9andDEWAXexpression.For light-dark treatment, atZT4,7-d-oldseedlingswereplacedatdarkconditions (light-dark)
and thecontrolsweremaintainedat light (light-light). At ZT10, bothplantswerecollected. Fordark-light treatment, at ZT16, 7-d-old seedlingswereplacedat
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dark conditions, but not circadian signals, regulate SPL9 and
DEWAX protein levels. Moreover, to quantify GUS fusion protein
levels, 4-methylumbelliferyl b-D-glucuronide (MUG) assays were
performed. The quantification results were consistent with the
histochemical staining experiments (Figure 10B). Finally, it should
be noted that the expression levels of DEWAX in ZT10 and ZT16
were similar, but their protein levels showed significant differences
(Figure10A). This phenomenonpromptedus to think that theremay
be a posttranslational mechanism that regulates DEWAX protein
stability. Indeed, when the ProDEWAX:DEWAX-GUS seedlings
were treated with the 26S proteasome inhibitor MG132, the GUS
signals in ZT10 or dark-to-light samples were greatly increased
(Figure 10C). The results suggested that light may regulate DEWAX
protein level through protein degradation pathways.

SPL9-DEWAX Regulates Diurnal Wax Synthesis

Although we have demonstrated that SPL9-DEWAX modulated
diurnal CER1 expression, it is unknown whether this regulation
affects diurnal wax synthesis. To address this question, it would
theoretically be necessary to design an experiment to track sur-
facewax accumulation in a diurnal manner (within 24 h). However,
this might not be possible or practical. Some experiments by
Jenks et al. (1994) with Sorghum indicate that measurable wax
accumulation is delayed at least 24 h after induction by light. In
Arabidopsis, it would likely be even more difficult since there is
much less total wax than in Sorghum. Thus, we investigated the
long-term effects of the length of day or night, or photoperiod, on
wax accumulation. First, we examined the expression patterns of
CER1, SPL9, and DEWAX under short day (SD; 8/16) conditions.
Seven-day-old wild-type seedlings grown on MS-agar plates in
SDconditionswerecollectedevery3h inonediurnalcycle, and the
transcript levels were investigated by RT-qPCR. CER1 and SPL9
displayed a similar expression pattern as shown in LD conditions,
i.e., higher in the day and lower in the night in SD conditions
(Figure 11A). However, the expression levels of CER1 and SPL9
peaked between ZT4 and ZT7 under SD conditions, which ad-
vanced as compared with LD (the highest expression at ZT10). As
for DEWAX, expression was significantly increased (over 64-fold)
at thebeginningof thenight inSDandstillmaintainedahigher level
until light (from ZT10 to ZT22; Figure 11A). The altered expression
pattern of CER1, SPL9, and DEWAX motivated us to investigate
whether SDconditions change thewax accumulation. Indeed, the
short daylength greatly reduced the total wax loads on the stems
of wild-type plants (Figure 11B). In LD conditions, the total wax on
the stems of wild type was;2067.976 105.39 mg/dm2, whereas

in SD conditions, it was;47% lower (;1096.296 28.08 mg/dm2).
We also assessed the stem wax contents of mutant plants in SD
conditions. Like in LD,ProSPL9:rSPL9 and dewax in SD conditions
contain increasedwaxloads,whereasspl9-4andDXOEplantshave
reduced wax loads compared with wild type (Figure 11B). The
daylength also apparently affects the wax accumulation in these
mutants since the wax loads in thesemutants in SD conditions are
far lower than in LD conditions. However, we noticed that the re-
duction rate inProSPL9:rSPL9, spl9-4, andDXOE in SD conditions
is markedly lower than in wild-type plants (Figure 11C). These re-
sults reinforce the idea that SPL9-DEWAX participate in the diurnal
or daylength regulated wax accumulation.
Collectively, our results showed that, on one hand, SPL9 and

DEWAX protein levels exhibit strong diurnal shifts through tran-
scriptional, posttranscriptional, and/or posttranslational regula-
tion, and on the other hand, SPL9 protein activity was modulated
by DEWAX interaction. The two mechanisms may operate to-
gether to moderate CER1 rhythmic gene expression and wax
accumulation through the light/dark cycle.

DISCUSSION

Cuticular waxes form the plant’s outermost barrier between the
plant and its environment, and previous studies show that the
plant’s cuticle structure and chemical components can change
substantially in response to different environmental stimuli (such
as temperature, water, pathogen, and phytophagous insect),
resulting in a modified cuticle better able to protect the plant
(Shepherd and Wynne Griffiths, 2006; Bourdenx et al., 2011;
Bernard and Joubès 2013; Lee and Suh, 2015a). And yet, the
regulatory mechanisms that determine these precise cuticle re-
sponses remainmostly undefined. In this paper, we report a novel
mechanism for wax synthesis regulation by the miR156-SPL9
module, expanding knowledge of the environmental regulation of
the cuticle to the posttranscriptional level. These anddownstream
regulatory mechanisms were further described using molecular
and genetic approaches, and these results generate key findings
that shed light on the role of surfacewaxes andwax-related genes
in the plant environmental response.

Roles of the miR156-SPLs Module in Wax
Synthesis Regulation

sRNAs (21 to 24 nucleotide) are noncoding signaling molecules
involved in multiple biological pathways (Samad et al., 2017).
sRNAs can be classified into two categories including miRNAs

Figure 9. (continued).

light conditions (dark-light) and thecontrolsweremaintainedat dark (dark-dark). At ZT22, bothplantswere collected. Total RNAswere extracted from these
seedlings collected from the above treatments, and SPL9 andDEWAX expression were analyzed by RT-qPCR. Errors bars indicate6SD with at least three
replicates.
(E)Light/dark changesalteredSPL9expressionat leastpartially independently ofmiR156. The treatmentprocesseswereas indicated in (D). Seven-day-old
seedlings from different genetic materials (Col-0, ProSPL9:rSPL9, Pro35S:MIR156, and Pro35S:MIM156) were collected, and SPL9 expression was
analyzed by RT-qPCR. Error bars indicate 6SD with at least three replicates.
(F) SPL9 only regulates the expression amplitude of CER1 under light/dark change conditions. CER1 expression in Col-0, ProSPL9:rSPL9, spl9-4, and
dewax is shown. Seven-day-old seedlings during light/dark change conditions were analyzed by RT-qPCR. Error bars indicate 6SD with at least three
replicates.
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and small interfering RNAs (siRNAs), based on their differences in
the biogenesis and mode of action. miRNAs are processed from
a single stranded noncoding RNA precursor that forms a hairpin
structure. By contrast, tasiRNAs biogenesis requires an initial
process of specific miRNA-mediated cleavage of their TAS RNA
precursors through the role of RNA-DEPENDENT-RNA-POLY-
MERASE-6 (RDR6). The biogenesis of miRNA and tasiRNA also
shares the same components, such as HUA ENHANCER1 and
ARGONAUTE1 (Borges andMartienssen, 2015). Lam et al. (2015)
demonstrated that tasiRNAs directly silence CER3 expression.
In this study, we found that the miR156-SPL9 module directly
regulates CER1 expression. Intriguingly, CER1, CER3/WAX2/YRE,
and the cytochrome b5 isoforms constitute a multiprotein

enzymecomplex in thealkane-formingpathway (Chenetal., 2003;
Rowland et al., 2007; Bourdenx et al., 2011; Bernard et al., 2012).
Whether there is crosstalk between the two classes of small RNAs
(miRNA and tasiRNA) in balancing CER1 and CER3 dosage for
their complex formation in wax synthesis is now something to be
considered further.
Previous studies have shown that CER1 is responsible for al-

kanebiosynthesis and is closely associatedwithbiotic andabiotic
stress responses (Aarts et al., 1995; Bourdenx et al., 2011; Bernard
et al., 2012). For example,CER1-overexpressing transgenic plants
showed reduced cuticle permeability and drought tolerance.
However, theseplantsalsohad increasedsusceptibility tomicrobial
pathogens (Bernard et al., 2012). Our results demonstrate that the

Figure 10. Diurnal Cycles or Light/Dark Changes Affect SPL9 and DEWAX Protein Accumulation.

(A)Diurnal expression of SPL9 andDEWAXprotein levels revealed byGUS reporter lines. Histochemical detection ofGUSactivity driven by the native gene
ProSPL9:SPL9-GUS or mutated miR156-resistant gene ProSPL9:rSPL9-GUS and the native protein ProDEWAX:DEWAX-GUS is shown. Seven-day-old
seedlings were collected every 6 h from ZT4 in long-day conditions. For light-dark treatment, at ZT4, 7-d-old seedlings were placed at dark conditions and
the controlsweremaintained at light. At ZT10, both plantswere collected andGUSactivitywas stained. For dark-light treatment, at ZT16, 7-d-old seedlings
wereplacedat light conditionsand thecontrolsweremaintainedat dark.AtZT22, bothplantswerecollectedandGUSactivitywasstained. Theexperiments
were repeated three times, and similar results were obtained.
(B)MUGassays for thequantitative analysis ofGUSactivity in extracts of the samples illustrated in (A). Errors bars indicate6SDwith at least three replicates.
(C) DEWAX protein stability was regulated at the posttranslational level. For MG132 treatment, at ZT4, 7-d-old seedlings were placed on an MS plate with
50 mM MG132 and the controls were maintained on an MS plate. At ZT10, both plants were collected and GUS activity was measured. For dark-light
treatment, at ZT16, 7-d-old seedlings were placed on an MS plate with 50 mMMG132 and the controls were maintained on anMS plate. Both plates were
placed in light conditions. At ZT22, both seedlings were collected and GUS activity was measured. The experiments were repeated three times, and
similar results were obtained.
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miR156-SPL9 module directly regulates CER1 expression and
wax synthesis, primarily alkane synthesis. Microarray analysis or
miRNA sequencing has provided evidence that miR156 expres-
sion is regulated by various abiotic stresses such as salt, drought,
and cold (Sunkar and Zhu, 2004; Liu et al., 2008; Zhou et al., 2008;
Lee et al., 2010) or biotic stresses (Joshi et al., 2016; Zhang et al.,
2019). Yet, we do not know howmiR156 perceives and responds
to these environmental signals, and whether the miR156-SPL9-
CER1 pathway defines a more commonly used or general stress
response mechanism involved in plant tolerance to many other
types of stress.

Transcriptional regulators of cuticle biosynthesis are classified
mainly by several families of TFs including MYB and AP2/EREBP
(Aharoni et al., 2004; Broun et al., 2004; Seo et al., 2011; Borisjuk
et al., 2014). Our results here provide the first identification of
a novel gene family, the SPLs in wax regulation. In plants, multiple
SPLs are targeted by miR156s through cleavage and/or trans-
lational repression. In our results, the spl9-4 spl15-1 double
mutant showed a lower wax load than the spl9 single mutant, and
the Pro35S:MIR156 transgenic line exhibited the lowest wax
amounts, which illustrated that members of the SPL family
may act redundantly, or otherwise have overlapping functions, in

regulating wax synthetic responses. Therefore, further experi-
ments to analyze the regulatory effects of other genes in the SPL
family are needed for a better understanding of their roles in wax
biosynthesis.
Besides some redundancy as indicated here, genes in the SPL

family also have distinct functions (Xu et al., 2016). SPL9 and
SPL15 are closely related homologs, and yet they exhibit distinct
mRNA expression patterns (Wang et al., 2009; Hyun et al., 2016).
Indeed, Arabidopsis gene expression analysis (http://bar.utoronto.
ca/efp/cgi-bin/efpWeb.cgi) showed that theSPL9 transcript level is
approximately three- to ninefold higher than SPL15 in epidermal
stems, which is consistent with the more distinct wax defects
exhibited by spl9-4 and spl15-1. These results suggest that SPL9
playsa larger role inepidermalwaxsynthesis thanSPL15, perhaps
determined by their different epidermal expression patterns.
Furthermore, among the examined five SPL genes, only SPL9
could be shown to interact with DEWAX, which suggested that
bothgeneexpressionandprotein interactiondifference led toSPL
functional diversification from the other family members in wax
synthesis regulation. Additionally, a recent paper demonstrated
that there was a significant decrease in alkane levels in DEWAX2
(a DEWAX homolog) overexpression leaves when compared with

Figure 11. SPL9-DEWAX Is Involved in the Diurnal Regulation of Wax Synthesis.

(A)Diurnal expression ofCER1,SPL9, andDEWAX genes in SD (8 h of light/16 h of dark) conditions. Gene expression was analyzed in 9-d-old Arabidopsis
wild-type seedlings, which were grown under SD conditions. The light is on at Zeitgeber time 0 (ZT0) and off at ZT8. Total RNA was extracted from each
sample (every 3 h fromZT1) and subjected toRT-qPCRanalysis. Error bars indicate6SDwith at least three replicates, with each replicate containing at least
20 seedlings.
(B) Cuticular wax amounts of stems from ;3-month-old wild-type, ProSPL9:rSPL9, spl9-4, dewax, and DXOE plants grown in SD conditions. Cuticular
waxes were extracted with hexane and analyzed by GC-FID. Wax coverage is expressed as wax amounts per stem surface area (mg.dm-2). Error bars
indicate6SD from three replicate experiments with samples independently harvested on different days. Letters denote statistically significant differences
between the indicated samples, as determined by ANOVA with post hoc Tukey Honestly Significant Difference.
(C) Total wax loads ratio between SD and LD conditions. Values from plants grown in SD conditions were divided by those from plants grown in LD
conditions, and the data were analyzed using Student’s t test (*P < 0.05). Error bars indicate 6SD from biological triplicate experiments.
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the wild type (Kim et al., 2018). Whether DEWAX2 interacts with
SPL9 remains to be determined.

Downstream Genes in Wax Synthesis Regulated
by miR156-SPL9

In previous studies, transcription factors involved in wax regu-
lation showed multiple targets (reviewed in Borisjuk et al., 2014;
Lee and Suh, 2015a). However, there is no direct evidence or
genetic analysis that reveals the causal relationship between
these genes and those associated with wax synthesis. In this
report, we examined a genetic line having one or more mutations,
and transgenes, in various combinations to test the regulatory role
of transcription factors on wax synthesis genes. The specific
significance for a single wax component in cuticle function during
environmental or developmental processes remains largely un-
known. Because the cuticle wax synthesis pathways are tightly
interconnected, it is challenging toexamine the roleof a singlewax
component using a loss of function approach (Goodwin et al.,
2005). For example, in the cer1-2mutant, besides the alkanes, the
amounts of 1-alcohols (primarily regulated by CER4) were also
decreased (Supplemental Table 1). Through genetic approaches,
wewere able to uncouple the CER1 andCER4 synthesis pathway
through overexpression of SPL9. In the ProSPL9:rSPL9 cer1-2
line, the alkane contents were similar to cer1-2. However, the
1-alcohol contents were increased. Conversely, in the ProSPL9:
rSPL9 cer4-4 line, the 1-alcohol contents were similar to cer4-4,
whereas the alkane contents were increased. It is of great interest
to note that thePro35S:MIM156 cer4-4 andProSPL9:rSPL9 cer4-
4 linesshowaglossyphenotypeas insomewaxdeficientmutants,
although their total wax loads are higher than in wild-type plants.
These results suggest that the different crystalline organization
but not the total content of the waxes determines the appearance
of the wax phenotype. This type of observation has also been
reported inseveral other studies (Rowlandetal., 2006;Pascal etal.
, 2013, 2019; Haslam et al., 2015). In the ProSPL9:rSPL9 cer1-2
cer4-4 line, both the alkane and 1-alcohol contents were de-
creased, similar to cer1-2 cer4-4. These unique genetic materials
shed light on gene control over wax metabolism, and ultimate
composition.

At the molecular level, we demonstrated that SPL9 directly
regulated CER1 expression, but also has a significant indirect
effect onCER4expression.Although thepromoter regionofCER4
contains a putative SPL9 binding cis-element, neither EMSA nor
ChIP-qPCR experiments revealed SPL9 binding. Thus, the CER4
promoter is likely not the immediate targetofSPL9.Furthermore, it
should be noted that almost all wax components in the stems of
ProSPL9:rSPL9 showed elevated levels in comparison with wild-
type plants (Figure 2; Supplemental Table 1). Until now, at least
tens of genes are reported to affect wax synthesis (Lee and Suh,
2015a). Althoughwedid not examine all of the genes, it is possible
that other wax synthesis-related genes are also differentially
expressed in the mutant. In the future, systematic analysis of the
transcriptome of themiR156-SPL9-related geneticmaterials may
help identify the immediate transcription factor(s) governing the
expressionofCER4andotherwaxbiosyntheticgenesaspotential
SPL9 targets.

Potential Upstream Factors Regulate miR156-SPL9

We observed that SPL9 protein levels oscillated in a diurnal
manner, with higher levels in the light and lower levels in the dark,
respectively, andcouldbe tieddirectly to the rhythmicsynthesisof
wax. By contrast, DEWAX accumulated in the dark (and inhibited
wax synthesis) and decreased after light illumination. The up-
stream regulatory factors of miR156-SPL9 or DEWAX are un-
known.Light/darkcycles influencephotosynthesis, andultimately
sugar metabolism in plants. Indeed, sugar levels could regulate
miR156 abundance, as reported by several groups (Wahl et al.,
2013; Yang et al., 2013; Yu et al., 2013). The expression ofmiR156
was repressed by exogenous sugar treatment, leading to an in-
crease in SPL gene expression and an early juvenile-adult phase
transition (Yang et al., 2013; Yu et al., 2013). In accordance with
this result, mutants with reduced endogenous sugars abundance
showed increased miR156 expression and delayed phase tran-
sition (Yang et al., 2013; Yu et al., 2013). Another set of experi-
ments demonstrated the role of trehalose 6-phosphate (T6P) in
repressingmiR156expressionduring flowering (Wahl et al., 2013).
T6P is considered to be a signalingmolecule because it is present
at lowconcentrations in plant cells. Therefore, further researchwill
be necessary to investigate whether sugar or T6P regulates wax
synthesis upstream of miR156.
As sessile organisms that rely on sunlight as themain source of

energy, plants have developed sophisticated systems to sense
and respond to light cues. Interestingly, light has been reported to
control miRNA accumulation and their biological function at
multiple layers, such as miRNA gene transcription, miRNA bio-
genesis, and RNA-induced silencing complex activity (Cho et al.,
2014; Tsai et al., 2014; Sanchez-Retuerta et al., 2018). Recently,
Xie et al. (2017) demonstrated that several PHYTOCHROME
INTERACTINGFACTORs (PIFs)directlybound to thepromotersof
five MIR156 genes and repress their transcription. Their results
established a direct link between the light–phytochrome–PIF
pathways and miR156-SPL modules. Furthermore, it was shown
that PIF4 integrates red light signaling and miRNA function
through interacting with a miRNA biogenesis component DICER-
LIKE1 and simultaneously regulates the expression of many
miRNA genes during dark-to-red-light or red-light-to-dark tran-
sitions (Sun et al., 2018). Taken together, these data could provide
apotentialmechanistic explanation, at themolecular level, onhow
thediurnal light cyclesmight be involved in regulating themiR156-
SPLmodule via genes involved in light signal transduction suchas
PIFs. The roles of such genes in wax synthesis await further in-
vestigation. It should also be noted that, in our results, we showed
that even inProSPL9:rSPL9plants, thediurnal expressionofSPL9
still exists (Figure 9), whichmay be independent of miR156. Thus,
theremay be an unknown direct regulator of SPL9 during the light
response.

Protein Interaction Regulation of SPL9 Activity

SPL9hasbeenknown tobe integrated intodiversedevelopmental
and metabolic pathways through either transcript cleavage or
translational repressionbymiR156at theposttranscriptional level.
However, whether its protein activity is regulated by other factors
remains to be fully elucidated. As shown by our EMSA results,
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SPL9 specifically bound to the GTAC motifs in the CER1 pro-
moter. Furthermore, the binding of SPL9 to the GTAC motif was
repressedwhen theDEWAXproteinwas present, demonstrating
that the DNA binding ability of SPL9 protein could be regulated
by DEWAX. Interestingly, previous studies found that although
DEWAX acts as a repressor of wax biosynthetic genes, it does
not contain the ERF-associated repression motif. Our results
provide a molecular explanation of DEWAX-mediated tran-
scriptional repression. This hypothesis is also supported by the
transient transcription assays in tobacco, which showed the
DEWAX sequestering activity of the SPL9 protein. Homo- or
heterodimerization of SPL9 and DEWAX might regulate the
target genes in response to the development and ever-changing
environment. Similarly, protein activity regulation through
heterodimerization has also been found in other light sig-
nal transduction pathways (Hornitschek et al., 2009; Hao
et al., 2012). For example, atypical basic helix-loop-helix (bHLH)
transcription factors, LONG HYPOCOTYL IN FAR-RED1 and
PHY RAPIDLY REGULATED1, could directly interact with PIF4/
PIF5, andpair with them to formanon-DNAbinding heterodimer.
This regulatory mechanism in plants may help to prevent an
exaggerated response to shade, affording plants the flexibly to
adapt to changeable light conditions. Alternatively, it should be
noted that DEWAX andDEWAX2 transcription factors are able to
bind directly to the canonical GCC or GCC-like motifs of the
CER1 promoter (Go et al., 2014; Kim et al., 2018). In our EMSA
experiment, the DNA probes used contained no canonical GCC
or GCC-like motifs, which preclude the possibility that DEWAX
competes with SPL9 to bind the CER1 promoter in vitro.
However, we cannot exclude the possibility that the DEWAX-
DNA interaction could compete with SPL9 and prevent its
binding to the CER1 promoter in vivo.

Working Model for SPL9-DEWAX Interaction

We report the regulation of SPL9 activity by the negative regulator
DEWAX, and linkdiurnal cycles inplants towaxsynthesis.DEWAX
interferes with the formation of SPL9 homodimers by forming
nonfunctional heterodimerswith reducedDNAbindingability. If all
these results together are considered, it is possible to propose
a hypothetical model that explains the roles of SPL9 and DEWAX
in mediating the diurnal regulation of wax synthesis (Figure 12).
Under lightconditions,SPL9binds toGTACmotifs in thepromoter
ofCER1 to regulate alkane synthesis, but also indirectly increases
CER4 gene expression for 1-alcohol production through hitherto
unknown mechanisms. Under dark conditions, DEWAX protein
accumulates and competeswith SPL9 to bind to theGTACmotifs
present in the promoters ofCER1, resulting in the downregulation
of CER1. Our findings illustrate an elegant SPL9-DEWAX module
that explains the antagonistic interactions between light and
dark signaling pathways, ostensibly as a means to optimize wax
synthesis in development and/or the environmental response in
Arabidopsis.

In Arabidopsis, the total wax amount in the stems is over
10 times higher than that in the leaves (Suh et al. 2005), but the
underlying mechanism of such organ-specific wax deposition
remains unknown.Goet al. (2014) suggested thatDEWAXmaybe
responsible for the repression ofwaxbiosynthesis in the leaves. In

their study, the DEWAX expression levels were ;10- to 75-fold
higher in leaves than in stems. Conversely, SPL9 expression has
been shown to be developmentally regulated, and to be higher in
stems than in leaves (Wu et al., 2009). Thus, SPL9-DEWAX may
function as a molecular switch in the integration of endogenous
developmental cues and external signals, notably varying light
levels, to coordinate plant development with epidermal wax
synthesis.

METHODS

Plant Materials and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) materials used in this study are of the
Columbia (Col-0) genetic background. All plants were grown under long
days (16-h light/8-h dark) at 23°C. The transgenic andmutant lines used in
this study including spl9-4 spl15-1, Pro35S:MIR156, Pro35S:MIM156,
ProSPL9:rSPL9, ProSPL9:rSPL9-GR, and ProSPL9:GFP-rSPL9 were
previously described by Gou et al. (2011), and were kindly provided
by Dr. Jia-Wei Wang. The reporter lines ProSPL9:SPL9-GUS and
ProSPL9:rSPL9-GUS (Xu et al., 2016) were supplied by Scott Poethig.
DXOE and dewaxwere kind gifts fromMi Chung Suh. The T-DNA insertion
mutants spl9-4 (SAIL_150_B05), spl15-1 (SALK_074426), cer1-2
(SALK_014839), and cer4-4 (SALK_000575) were obtained from the
Arabidopsis Biological ResourceCenter (http://www.arabidopsis.org). For
seedling experiments, seeds were sown on Murashige and Skoog agar
medium containing 2% (w/v) Suc after surface sterilization and stratified at

Figure 12. Proposed Working Model of the SPL9-DEWAX Signaling
Module.

SPL9andDEWAXgeneandprotein expression levelsoscillated in adiurnal
cycle, throughmultiple layersof transcriptional, posttranscriptional, and/or
posttranslational regulations.During thedayor in the lightconditions,SPL9
expression was transcriptionally activated in a miR156-resistant manner,
and miR156 and DEWAX expressions were inhibited. SPL9 also upregu-
latedDEWAX expression in the day, forming a negative feedback loop that
may be important in moderating the light response in wax synthesis.
Furthermore, DEWAXproteinwas degraded through the 26S proteasome-
dependent pathway in the light. During the night or in the dark conditions,
miR56 and DEWAX expressions were induced and SPL9 expression was
repressed. Furthermore, DEWAX directly interacts with SPL9 to form
aheterodimer and inhibit itsDNAbindingability. Thediurnal geneorprotein
expression of SPL9 and DEWAX, and SPL9 protein activity regulation by
DEWAX may operate together to modulate CER1 rhythmic gene expres-
sion and wax synthesis through the light/dark cycle.
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4°C in thedark for 3d. Then the seedlingswereplaced in agrowth chamber
and grown under white fluorescent light at light intensity of 100 mmol
photons/m2/s at 23°C (16-h light/8-h dark) for 7 d before further treatment.
For DEX induction, 1-week-old seedlings were sprayed with 10 mM DEX
plus 10 mM CHX, 10 mM DEX, or water (mock), respectively.

Cuticular Wax Analysis

The cuticular wax composition of leaves and stems of 6-week-old plants
was determined as described by Lü et al. (2009).

Constructs and Plant Transformation

DNA constructs used in the study were generated based on construction
methods following the classic molecular biology protocols and Gateway
technology (Invitrogen). ForGateway cloning, all the gene sequenceswere
cloned into the pDONR207 vector (Gateway) and subsequently introduced
into certain destination vectors. To generate Pro35S:HA-DEWAX or
Pro35S:FLAG-rSPL9 fusion constructs, the coding DNA sequence of
DEWAX or rSPL9 was cloned into pEarleyGate 201 or pEarleyGate 202,
respectively. For ProDEWAX:DEWAX-GUS transgene, a genomic frag-
ment spanning the 1.5-kb DEWAX promoter region upstream of the start
codon and the DEWAX genomic region without stop codon was PCR
amplified and cloned into the pMDC162 vector. For plant transformation,
The pMDC162 harboring the ProDEWAX:DEWAX-GUS construct was
introduced into Agrobacterium tumefaciens strain GV3101 by the freeze-
thaw method and further transformed into Arabidopsis plants using the
floral dip method (Clough and Bent, 1998).

RNA Extraction and Quantitative RT-PCR

Total RNA was extracted with the Plant RNeasy Mini kit (Qiagen). About
1 mg of total RNA was DNase I treated and further used for reverse
transcription with Moloney murine leukemia virus reverse transcriptase
(Promega). The cDNA was diluted to 100 mL with water, and 1 mL of the
diluted cDNA was used for RT-qPCR with the SYBR Premix ExTaq kit
(Takara, Japan) in a total volume of 25 mL on the Applied Biosystems
7500 real-time PCR system according to the manufacturer’s manual.
The level of PP2A (AT1G13320) transcript was used as an internal
control. The expression level of target genes are the ratio of expression
in samples compared with the controls by the 2-DDCt method. All the
experiments were performed independently three times. All the primers
used are listed in Supplemental Table 3. FormaturemiR156, a stem loop
RT-qPCR was performed according to a previous protocol (Varkonyi-
Gasic et al., 2007).

Yeast One-Hybrid and Yeast Two-Hybrid Assay

For yeast one-hybrid assay, the coding regions of SPL9 were PCR
amplified and ligated to the pGADT7 vector (Clontech) to produce AD-
SPL9, and a 1-kb promoter of CER1 was cloned into the pHIS2 vector
(Clontech) to produce pHIS2-CER1. For yeast two-hybrid assay, the
coding regionsofDEWAXandSPL9werePCRamplified fromcDNAsand
ligated to the pGADT7 and pGBKT7 vectors (Clontech) to generate
pGADT7-DEWAX and pGBKT7-SPL9, respectively. Plasmids were co-
transformed into yeast strain AH109 (Clontech) by the LiAc-PEG3350
method. Transformants were selected on SD-Leu-Trp plates. Inter-
actions were tested on SD-Leu-Trp-His plates supplemented with 5 mM
3-amino-1,2,4,-triazole . Three independent clones for each transformation
were tested.

ChIP-qPCR Assay

ChIP-qPCR assays was performed following the procedure de-
scribed previously (Gou et al., 2011). About 2 g of harvested
ProSPL9:rSPL9-GFP and the respective control (Col-0) samples were
subjected to vacuum infiltration andcross-linked in fixationbuffer [10mM
Tris–HCl (pH 8.0), 0.4 M Suc, 0.05% (v/v) Triton X-100, 1% (v/v)
formaldehyde] for 10 min, followed by neutralization with 0.25 M Gly.
Sonicationwas applied to break the genomic DNA into a size range from
200 to 1000 bp. Rabbit Anti-GFP antibody (use 5 mg antibody for 1 mg of
chromatin, Abcam ChIP grade, ab290) and protein G plus agarose
(Santa Cruz, sc-2002) were used for the immunoprecipitation. The
cross-linking was reversed at 65°C overnight, and DNA was extracted.
Finally, the GFP-specific enrichments of the fragments from CER1
promoters were analyzed by qPCR with specific primers, as shown in
Supplemental Table 3. The valueswere standardized to the inputDNA to
obtain the enrichment fold. All samples for ChIP were prepared with
three biological replicates (samples independently harvested on dif-
ferent days).

BiFC Analysis

For theBiFCassays, the full-lengthDEWAXwas fusedwithN-terminal YFP
(nYFP), and rSPL9 was fused with C-terminal YFP (cYFP; Walter et al.,
2004). A. tumefaciens bacteria strain GV3101 was transformed with the
above vectors or control empty vector and then coinjected into young
Nicotiana benthamiana leaves. Fluorescence signals were observed with
confocal microscopy (Leica TCS SP8).

Co-IP Analysis

Co-IP assay was performed as previously described (Gou et al., 2011). N.
benthamiana leaves were infiltrated with A. tumefaciens harboring
Pro35S:HA-DEWAX or Pro35S:FLAG-rSPL9 constructs.

Pull Down

To analyze in vitro protein interaction between SPL9 and DEWAX, Es-
cherichia coli BL21 (DE3) cells were transformed with GST-DEWAX and
6xHis-SPL9, respectively. An E.coli strain expressing GST was used as
a negative control.E. coliwas cultivated overnight and then diluted 1:100
the next morning to grow another 3 h at 37°C. isopropyl b-D-1-thio-
galactopyranoside (0.5 mM) was used to induce the expression of
proteins at 16°C when the cells reached the logarithmic phase. Then the
mixed 1mL of E. coli (0.5mLGST tagged plus 0.5 mL 6xHis tagged) cells
were resuspended in phosphate buffered saline1 Tween 20 and broken
with a sonicator on ice. After centrifugation at 15,000 g for 30 min at 4°C,
20 mL nickel-nitrilotriacetic acid agarose (Bio-Rad) or glutathione-
sepharose resin (GE Healthcare) was added to the supernatant mix-
ture sample and rotated at 4°C for 3 h. The beads were washed with
phosphate buffered saline1 Tween 20 at least 4 times. Then SDS-PAGE
gel-loading buffer was added to the beads and boiled for 5 min before
electrophoresis. The protein was detected with anti-GST (Abmart
M20007, 1/5000) or anti-6xHis (Abmart M30111, 1/5000) antibodies by
immunoblot analysis.

Transient Transcription Dual-LUC Assays

For the Dual-LUC assays, the 1-kb promoter region of CER1 was cloned
into the pGreenII 0800-LUC vector (Hellens et al., 2005). The
Pro35S:rSPL9 or ProCER1:LUC constructs were introduced into
Agrobacterium tumefaciens strain GV3101, and these GV3101 cells
harboring Pro35S:rSPL9 or ProCER1:LUC were coinjected into
N. benthamiana leaves and incubated at 25°C for 2 to 3 d. The
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Pro35S:REN gene (Renilla luciferase) in the vector was used as an
internal control. The ratio of firefly luciferase toRenilla luciferase (LUC/
REN) was measured using a Dual-Luciferase Reporter Assay System
(Promega) to reflect the activity of the promoter under various
conditions.

SEM Analysis

Cryogenic SEMwas used to view epicuticular wax crystallization patterns.
Stem (second internode above the rosette) sampleswere collected from6-
week-old plants. Samples were prepared and viewed by cryo-SEM as
described by Lü et al. (2009).

BiLC Assays

The BiLC assay was performed as described (Chen et al., 2008). The full-
length or truncated forms of SPL9 and DEWAX were cloned into
pCAMBIA1300-nLUC or pCAMBIA1300-cLUC vector. Agrobacterium
tumefaciens bacteria strain GV3101 carrying different constructs was
coinfiltrated into N. benthamiana leaves. After infiltration, plants were in-
cubated under dark conditions for 12 h and then transferred to light
conditions for 48 h. A low-light-cooled charge-coupled device imaging
apparatus (LAS 4000 mini) was used to capture the LUC image. In each
analysis, three independent leaveswere infiltrated and analyzed, and three
biological replications were performed by different transformations at
different days with similar results.

Recombinant Protein Purification

The full-length coding region of SPL9 or DEWAXwas PCR amplified and
cloned into the pGEX-2T vector (Amersham) to generate the pGEX-2T-
SPL9 or pGEX-2T-DEWAX constructs, respectively. The plasmid was
transformed into the E. coli BL21 (DE3) strain. Expression of the fusion
protein was induced by 0.5 mM IPTG and incubated at 16°C overnight.
The fusion protein was purified using glutathione-sepharose resin
(GE Healthcare).

EMSA

For EMSAs, two complementary 50-bp length oligonucleotides containing
the GTAC motif of the CER1 promoter were synthesized and labeled with
biotin. Double strand DNA probes were obtained by annealing two
complementary oligonucleotides. DNA gel mobility shift assay was per-
formed using the EMSA kit (Beyotime) following the manufacturer’s
protocol.

GUS Assays

For histochemical GUS staining, seedlings were pretreated in 90% (v/v)
acetone and then soaked and kept in the GUS staining buffer [50 mM
sodium phosphate (pH 5 7.2), 10 mM EDTA, 2.5 mM potassium ferri-
cyanide, 2.5 mM potassium ferrocyanide, and 0.1% (v/v) Triton X-100]
containing 1 mg/ml 5-bromo-4-chloro-3-indolylglucuronide at 37°C in
darkness for 3 h. The stained seedlings were decolorized in 70% (v/v)
ethanol and photographed using a SMZ25 dissecting microscope
(Nikon). Results shown are representative of 3-6 individual plants. For
quantifications of GUS protein levels, MUG activity was determined with
a fluorescence spectrophotometer as previously described (Wu and
Poethig, 2006).

Statistical Analyses

For statistical analysis, one-way analysis of variance (ANOVA) or
Student’s t test performed by GraphPad Prism 7.0 (GraphPad
Software, www.graphpad.com) was used as specified in each figure
and in Supplemental Data Set. Asterisks indicate statistical differ-
ences (*P < 0.05, **P < 0.01, ***P < 0.001). Different lowercase letters in
the graphs indicate significant differences. Data represent mean
values, and error bars are SD.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative database under the following accession numbers: SPL3
(AT2G33810),SPL4 (AT1G53160),SPL5 (AT3G15270),SPL9 (At2g42200),
SPL15 (AT3G57920), DFR (At5g42800), DEWAX (At5g61590), CER1
(At1g02205), CER3 (At5g57800), CER4 (At4g33790), CER5 (AT1G51500),
CER6 (AT1G68530), CER10 (AT3G55360), MIR156A (AT1G66783),
MIR156C (AT4G31877), PP2A (At1g13320).

Supplemental Data

Supplemental Figure 1. Cuticular wax amounts of leaves from
5-week-old wild-type, Pro35S:MIR156, Pro35S:MIM156 and SPL9
related Arabidopsis mutants grown in long day conditions.

Supplemental Figure 2. Cuticular wax compositions of leaves of wild-
type, Pro35S:MIR156, Pro35S:MIM156 and SPL9 related Arabidopsis
mutants grown in long day conditions.

Supplemental Figure 3. SEM images of epicuticular wax crystals on
leaves of 5-week-old wild-type and ProSPL9:rSPL9 plants grown in
long-day conditions.

Supplemental Figure 4. RT-qPCR analysis of time course induction of
CER1 and CER4 expression by dexamethasone (DEX) treatment in the
ProSPL9:rSPL9-GR line.

Supplemental Figure 5. Glossy green and white waxy phenotypes of
inflorescence stems of 6-week-old ProSPL9:rSPL9 cer1-2, ProSPL9:
rSPL9 cer4-4, Pro35S:MIM156 cer1-2 and Pro35S:MIM156 cer4-4
plants and their parents.

Supplemental Figure 6. Cuticular wax amounts of leaves from
5-week-old ProSPL9:rSPL9 cer1-2, ProSPL9:rSPL9 cer4-4, Pro35S:
MIM156 cer1-2, Pro35S:MIM156 cer4-4 plants and their parents
grown in long-day conditions.

Supplemental Figure 7. The N-terminal part of SPL9 and the
N-terminal part of DEWAX contribute to their interaction.

Supplemental Figure 8. SPL9 and DEWAX protein interaction domain
analysis in BiLC experiment.

Supplemental Figure 9. DEWAX represses the SPL9 transcriptional
activity on the CER4 promoter in the transient expression system.

Supplemental Figure 10. Diurnal expression of pri-MIR156A, pri-
MIR156C and mature miR156.

Supplemental Figure 11. SPL9 directly regulates DEWAX expression.

Supplemental Figure 12. Light/dark changes altered expression of
pri-MIR156A, pri-MIR156C and mature miR156.

Supplemental Table 1. Cuticular wax compositions in inflorescence
stems of 6-week-old ProSPL9:rSPL9 cer1-2, ProSPL9:rSPL9 cer4-4,
Pro35S:MIM156 cer1-2 and Pro35S:MIM156 cer4-4 plants and their
parents grown in long day conditions.

Supplemental Table 2. Cuticular wax compositions in leaves of
5-week-old ProSPL9:rSPL9 cer1-2, ProSPL9:rSPL9 cer4-4,
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Pro35S:MIM156 cer1-2 and Pro35S:MIM156 cer4-4 plants and their
parents grown in long day conditions.

Supplemental Table 3. Primers used in this study.

Supplemental Data Set. Summary of statistical tests.
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