
ORiGiNAL ARTiCLE

Electronic supplementary material  The online version of this 
article (doi:10.1007/s11240-016-1114-2) contains supplementary 
material, which is available to authorized users.



 Xiao-Dong Xie
xiex@tjau.edu.cn



 Shou-Jun Sun
sunshoujun@tjau.edu.cn

1	 Department of Agronomy, Tianjin Agricultural University, 
Tianjin 300384, China

2	 Department of Plant Biology and Ecology, College of Life 
Sciences, Nankai University, Tianjin 300071, China

3	 National Center for Molecular Characterization of 
Genetically Modified Organisms, School of Life Science and 
Biotechnology, Shanghai Jiao Tong University,  
Shanghai 200240, China

Received: 1 August 2016 / Accepted: 10 October 2016
© Springer Science+Business Media Dordrecht 2016

Overexpression of Sorghum WINL1 gene confers drought 
tolerance in Arabidopsis thaliana through the regulation  
of cuticular biosynthesis
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2.6-fold higher levels of total wax content or total cutin 
than counterparts from wild-type leaves. The drought tol-
erance of SbWINL1-OE plants was enhanced substantially 
compared with wild-type. Importantly, the expression of 
genes associated with wax and cutin synthesis pathways 
was significantly up-regulated in SbWINL1-OE plants. In 
summary, we demonstrate that the overexpression of sor-
ghum WINL1 gene in Arabidopsis promotes the accumula-
tion of wax and cutin and thus enhances drought tolerance.
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Abbreviations
WIN1	� WAX INDUCER1
ERF	� Ethylene response factor
SbWINL1	� Sorghum WIN1-Like 1 gene
VLCFAs	� Very-long-chain fatty acids
TFs	� Transcription factors
FA	� Fatty acid
ALK	� Alkane
OL	� Alcohols
ALD	� Aldehydes
2HFA	� 2-OH fatty acid
DFA	� Dioic acid
ω-HFA	� ω-OH fatty acid
LACS	� Long-chain acyl-CoA synthetase
CER	� ECERIFERUM

Introduction

Sorghum belongs to the family Poaceae and is a high quality 
food and forage crop. Sorghum has enriched wax and cutin 
structures, which play important roles in responses to stress 

Abstract  Plant cuticle plays a significant role in responses 
to various environmental stresses. Transcription factors 
were shown to regulate cuticular biosynthesis in many 
plants. However, no transcription factor genes involved in 
this biological process have been identified in wax- and 
cutin-rich sorghum so far. Here we clone and character-
ize a sorghum gene encoding an ethylene response fac-
tor (ERF) transcription factor. It consists of 204 amino 
acids and holds typically conserved ‘mm’, ‘cm’ and AP2 
domains of WIN protein family with higher similarity to its 
orthologues in monocot plants. We designated this gene as 
sorghum WIN1-Like 1 gene (SbWINL1). Our study showed 
that SbWINL1 gene was highly expressed in leaf, stem, 
seedling and sheath, compared to root and spikelet. Nota-
bly, rosette leaves of SbWINL1-overexpressed Arabidopsis 
(SbWINL1-OE) were more enriched in wax crystals and 
shinier than those of wild-type plants. Further biochemical 
analysis indicated that SbWINL1-OE leaves showed 2- or 
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to CoA process (Lu et al. 2009). In addition, ABCG11 and 
ABCG12(CER5) have been proposed to act in cuticular lipid 
export in Arabidopsis (Sieber et al. 2000; Bird et al. 2007; 
Panikashvili et al. 2007; Bird 2008).

Transcription factors (TFs), including MYB and AP2/
ERF TFs, play an important role in the regulation of wax 
synthesis. AtMYB41 encodes a R2R3-type MYB involved 
in regulating wax transport, while AtMYB96 modulates 
wax accumulation through regulating wax biosynthetic 
enzymes such as KCS1, KCS2, KCS6, KCR1, ECER-
IFERUM1 (CER1) and CER3 (Seo et al. 2011). WAX 
INDUCER1 (WIN1)/SHINE1, containing an AP2 domain, 
is the first transcription factor identified as a cuticle biosyn-
thesis regulator in Arabidopsis (Broun et al. 2004). Overex-
pression of AtWIN1 results in significant accumulation of 
wax by up-regulating the expression of many genes in the 
wax biosynthetic pathway. Furthermore, AtWIN1 has been 
shown to trigger wax production, enhance drought tolerance 
and modulate cuticular permeability when it was overex-
pressed in Arabidopsis (Aharoni et al. 2004). Cutin was sig-
nificantly increased in vegetative and reproductive organs 
in Arabidopsis plants overexpressing AtWIN1, while the 
opposite effects were observed when AtWIN1 expression 
was down-regulated. Therefore, a two-step process was pro-
posed for the AtWIN1 regulation of cutin and wax produc-
tion (Kannangara et al. 2007). An in-depth study suggested 
that SHN1 (AtWIN1) and its other two SHINE (SHN) clade 
members act redundantly to shape the surface and morphol-
ogy of Arabidopsis flowers via controlling cuticular lipid 
metabolism and modifying the epidermis cell wall (Shi et 
al. 2011a, b). Recently, it has been demonstrated that WIN1 
regulates epidermal cell morphology and cuticle develop-
ment coordinately with MYB106 and MYB16 transcription 
factors in Arabidopsis and Torenia fournieri (Oshima et al. 
2013). More recently, it has been shown that the WIN1 gene 
is closely related to drought and defense responses in plants 
(Sela et al. 2013; Wang et al. 2012; Al-Abdallat et al. 2014).

However, no transcription factor responsible for cutic-
ular biosynthesis in sorghum has been identified so far 
and the mechanism underlying this process remains to be 
determined. Here, we isolate a transcription factor gene 
SbWINL1 from sorghum and investigate its function in 
Arabidopsis. Our study demonstrated that SbWINL1 gene 
is highly expressed in leaf, stem, seedling and sheath, 
particularly in leaf and stem of sorghum. Overexpress-
ing SbWINL1 in Arabidopsis substantially enhanced the 
drought tolerance via the accumulation of wax and cutin. 
Consistently, genes related to cutin and wax biosynthesis 
pathway were up-regulated in the transgenic plants. Our 
study will further facilitate the understanding of the bio-
logical role of WIN1 orthologous genes, and shed light on 
the biosynthetic and regulatory pathways of cutin and wax 
in sorghum.

and in its adaptability to the external environments, such 
as drought and water logging (Palmer 1992; Hwang et al. 
2002). The molecular mechanism underlying the synthesis 
and regulation of wax and cutin in sorghum remains largely 
elusive, although some key genes involved in this process 
have been identified in model species.

The cuticular layer is composed of cutin and wax and 
important to the land plants (Riederer 2006; Raffaele et al. 
2008; Schreiber 2010). The epidermal wax can be divided 
into epicuticular wax and intracuticular wax, which are 
deposited outside of the cuticle and in the cuticular mixtures, 
respectively (Pollard et al. 2008; Yeats and Rose 2013; Go 
et al. 2014). The compositions of cuticular cutin and wax 
vary among species, organs and tissues. Cuticular wax is a 
mixture of lipids mainly composed of very-long-chain fatty 
acids (VLCFAs), primary and secondary alcohols, alde-
hydes, ketone, alkanes and wax esters (Broun et al. 2004; 
Samuels et al. 2008), whereas cutin is largely composed of 
hydroxy, epoxy and dicarboxylic fatty acids (Pollard et al. 
2008; Go et al. 2014). Cutin and wax are vital elements for 
the regulation of epidermal permeability and non-stomatal 
water loss (Schreiber 2010; Burghardt and Riederer 2003), 
and play crucial roles in protecting plants against insects, 
pathogens, UV light, and frost (Fiebig et al. 2000). In addi-
tion, it was reported that the content of wax is associated 
with pollen fertility and other agronomic traits (Aarts et al. 
1995; Jung et al. 2006).

Genes associated with the cutin and wax pathways 
have been identified in the past decades (Kunst and Sam-
uels 2009; Borisjuk et al. 2014). Several genes encoding 
enzymes in wax biosynthesis were also characterized, such 
as CER1, CER4, CER6/CUT1, KCS1, WAX2, FATB, FAE1 
and FDH gene (Aarts et al. 1995; Rowland et al. 2006; Mil-
lar et al. 1999; Todd et al. 1999; Chen et al. 2003; Pruitt 
et al. 2000; Mao et al. 2012). For instance, the CER4 gene 
encoded a fatty acyl-CoA reductase, which catalyzes the 
two-step reduction of VLCFAs to primary alcohols (Aarts et 
al. 1995). CER6 gene has been shown to be essential for the 
formation of VLCFAs longer than 22 carbons in Arabidop-
sis stems (Fiebig et al. 2000), while CER1 and WAX2/CER3 
genes are involved in the decarbonylation pathway respon-
sible for the formation of aldehydes, alkanes, secondary 
alcohols and ketones (Chen et al. 2003; Bernard et al. 2012; 
Bourdenx et al. 2011; Rowland et al. 2007). Similarly, genes 
involved in cutin biosynthesis were reported in Arabidopsis, 
such as long-chain acyl-CoA synthetase 1 (LACS1), LACS2, 
cytochrome P450 monooxygenase (CYP86A8), CYP86A2, 
glycerol-3-phosphate acyltransferase 4 (GPAT4), GPAT8, 
BODYGUARD and HOTHEAD gene (Lu et al. 2009; 
Schnurr et al. 2004; Duan and Schuler 2005; Wellesen et 
al. 2001; Li et al. 2007; Kurdyukov et al. 2006a, b). Among 
them, LACS1 is a member of the long chain acyl-CoA syn-
thetase (LACS) family, which is involved in free fatty acids 
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Drought treatment

Seven-day-old seedlings of wild type and SbWINL1-OE, 
grown on 1/2 MS medium, were transplanted into nutrient 
soil for another 7 days, then drought treatment was carried 
out for 20 days (Zou et al. 2015; Liu et al. 2016; Wang et 
al. 2016). The survival rates of plant were measured 3 days 
after rewatering.

Gene expression analysis

For expression pattern analysis of SbWINL1 gene, quantita-
tive real time PCR (q RT-PCR) was performed as follows. 
Total RNA was extracted from root, 10-day-old seedling, 
stem, leaves, sheath and spikelet of sorghum, respectively. 
2 μg of total RNA was used for first-strand cDNA synthe-
sis by SuperScript III transcriptase (Invitrogen). Sorghum 
β-ACTIN gene acted as the internal control. For the expres-
sion analysis of wax and cutin related synthetic genes and 
SbWINL1 gene in SbWINL1-OE plants, 2 μg of total RNA 
was extracted from 4-week-old rosette leaves of SbWINL1-
OE and wild type Arabidopsis plants. The first-strand cDNA 
was then synthesized using SuperScript III transcriptase 
(Invitrogen). ACTIN2 gene was quantified as an internal 
control.

The resultant cDNA solution was used for semi-quanti-
tative PCR and qRT-PCR. The qRT-PCR analysis was per-
formed using an Applied Biosystems 7500 real-time PCR 
system. The SYBR Premix Ex Taq Kit (TakaRa) was used 
for reaction according to the manufacturer’s instruction.

Accession numbers

Sequence data from this article can be found in the Gen-
Bank/EMBL databases under the following accession 
numbers: X79378 for Sorghum β-ACTIN, At1g01600 
for CYP86A4, At1g63710 for CYP86A7, At1g12570 for 
HTH-like, At1g49430 for LACS2, At1g01610 for GPAT4, 
At1g02205 for CER1, At4g24510 for CER2, At5g57800 for 
WAX2, At1g01120 for KCS1 and At2g04570.

Results

Cloning and structural analysis of SbWINL1  
from sorghum

The coding region of SbWINL1 was isolated from the sor-
ghum stem. It contains 615 bp and encodes 204 amino acids. 
Sequence analysis showed a highly conserved AP2 domain 
and two WIN protein characteristic ‘mm’ and ‘cm’ domains 
(Aharoni et al. 2004; Shi et al. 2013), suggesting SbWINL1 
from sorghum is a typical WIN protein, (Fig. 1a). Further 

Materials and methods

Plant materials

Arabidopsis plants (Col-0 ecotype) were grown 
under 22 °C, 75 % relative atmospheric humidity, and 
16/8  h photoperiod (day/night) with light intensity of 
200  µmol  m−2  s−1. Sorghum plants (line BTx622) were 
cultivated in a growth room with 25 °C, 50 % relative 
humidity, and 16/8  h photoperiod (day/night) with light 
intensity of 200 µmol m−2 s−1.

Construction of expression vector and screening  
of transgenic plants

The coding region of SbWINL1 gene was PCR-amplified 
from leaf cDNA of sorghum by using specific primer pair 
as follows: ATGGTACAGCCAAAGAAG and TCAGAT-
GATGAAGCGACC. To study the biological functions 
of SbWINL1, an overexpression vector was constructed 
through the Gateway cloning technology. Firstly, the tar-
get gene containing the AttB sites was obtained by PCR 
amplification with AttB sites added at the 5′ end of the 
primers. The PCR product was recombined into the entry 
vector pDONR221 (Amp) through BP reaction. Secondly, 
the target gene was replaced into overexpression vector 
pGWB14 (Kan) by LR reaction, and under the control of 
35S promoter. The resulting plasmid was introduced into 
Agrobacterium strain GV3101, and transformed into Ara-
bidopsis plants by the floral dip method. Positive transgenic 
plants were then selected on 1/2 MS medium containing 
50 mg L−1 = kanamycin.

Environment scanning electron microscopy (ESEM) 
analysis

For cuticular wax structure analysis, fresh leaves from four-
week-old wild type and transgenic Arabidopsis plants were 
placed in a clean petri dish and dried at room temperature 
for 2–3 days. Leaf samples were then treated with gold sput-
tering and examined by a Quanta250FEG (ESEM mode) 
scanning electron microscope (FEI).

Analysis of wax and cutin composition

For wax and cutin analysis, each sample with about ten 
mature rosette leaves of four-week-old Arabidopsis plants 
was used for extraction of wax and cutin. The analysis pro-
tocol of wax and cutin contents was described in detail in 
previous studies (Kurdyukov et al. 2006a; Shi et al. 2011; 
Franke et al. 2005). The main instruments for above analy-
sis are GC-MS (Agilent Technologies) and GC-FID (Agi-
lent Technologies).
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sheath and spikelet (Fig. 2a), with higher expression in leaf, 
stem, seedling and sheath than root and spikelet. To eluci-
date the physiological role of the SbWINL1 gene, we gen-
erated transgenic Arabidopsis plants (SbWINL1-OE) with 
the SbWINL1 gene controlled by the CAMV 35S promoter 
(Fig. 2b). After validation of the transgenic plants, we chose 
T2 transgenic Arabidopsis plants for subsequent studies. 
The expression levels of SbWINL1-OE-5# and SbWINL1-
OE-9# were analyzed using semi-quantitative RT-PCR 
methods and the results showed that SbWINL1 gene over-
expressed in transgenic Arabidopsis plants while there were 
no transcripts of foreign gene detected in wild type plants 
(Fig. 2c). Strikingly, SbWINL1-OE plants exhibited much 
glossier rosette leaves compared with control plants (Fig. 3), 
suggesting that the overexpression of SbWINL1 might influ-
ence the synthesis pathway of cuticular wax. Similar pheno-
types were found in AtWIN1-OE Arabidopsis plants (Broun 

sequence comparison indicated an 85 % sequence identity 
to OsWR1 of rice, 81 % to BdWIN1 of Brachypodium dis-
tachyon and 75 % to HvNud of Hordeum vulgare, though a 
much lower sequence identity to VvWIN1of Vitis vinifera 
(64 %). Overall, SbWINL1 presented higher homology with 
WIN1 proteins from the monocots than dicots. The phylo-
genetic tree analysis showed that SbWINL1 shared high 
similarity to orthologous proteins from rice and Brachypo-
dium distachyon (Fig. 1b).

Expression profile analysis of SbWINL1 gene  
and functional evaluation in Arabidopsis

To investigate the spatial expression pattern of SbWINL1, 
we performed quantitative real-time PCR (qRT-PCR) anal-
ysis in different tissues from sorghum. Our data showed 
that SbWINL1 was expressed in root, seedling, leaf, stem, 

Fig. 1  Comparative analysis 
of WIN1 proteins in various 
plant species. a Multiple align-
ment analysis of WIN1 protein 
sequences. All nine proteins 
contain a single AP2 domain 
at their N termini, a conserved 
middl1e domain (termed mm), 
and a conserved C-terminal 
domain (termed cm). White let-
ters shaded indicate amino acids 
that are either 100 % identical 
(black) or identical in at least 
75 % (dark gray) or identical in 
at least 50 % (light gray) of all 
proteins. Vv Vitis vinifera; Mt 
Medicago truncatula; At Ara-
bidopsis thaliana; Bd Brachy-
podium distachyon; Os Oryza 
sativa Japonica Group; Sb 
Sorghum bicolor; Gm Glycine 
max; Pt Populus trichocarpa; 
Hv Hordeum vulgare. b Phylo-
genetic tree analysis of WIN1 
proteins

 

1 3

Plant Cell Tiss Organ Cult (2017) 128:347–356350



leaves (Fig.  4), supporting the idea that overexpressing 
SbWINL1 enhances the synthesis of wax. The chemical 
analysis of wax and cutin in 4-week-old rosette leaves 
by GC-FID and GC-MS revealed a significant difference 
in the amount of wax and cutin between SbWINL1-OE 
and wild type plants. The total content of wax in leaves 
from SbWINL1-OE plants was significantly increased up 
to twofold higher than control plants (Fig. 5a). The main 
components of wax such as fatty acids, alcohols, alkanes 
and aldehydes were increased significantly in SbWINL1-
OE plants, whereas 16:0 fatty acid, 18:0 fatty acid and 
32:0 alcohol were decreased, compared with wild-type 
controls (Fig. 5c).

It was reported that overexpressing AtWIN1 can dramati-
cally affect cutin biosynthesis in Arabidopsis leaves, so we 
next assessed whether SbWINL1 could exert the same effect 
on cutin biosynthesis. We analyzed the levels of cutin in 
SbWINL1-OE rosette leaves. The results showed that the 
total cutin content in transgenic plant leaves was about 2.6-
fold higher than control plants (Fig. 5b). Notably, most of the 
cutin monomers were dramatically increased in SbWINL1-
OE plants compared with wild-type controls (Fig. 5d). Also 
the overexpression of SbWINL1 significantly promoted the 
accumulation of C24:0 2-OH fatty acids, C16:0 and C18:2 
dioic acid. The contents of ω-hydroxy fatty acids, such as 
C16:0, C18:0, C18:1 and C18:2, were also substantially 
increased (Fig. 5d). These results indicated that overexpres-
sion of SbWINL1 contributed to the accumulation of wax 
and cutin.

Overexpression of SbWINL1 enhances drought 
tolerance in Arabidopsis

It was reported that WIN1 gene is involved in drought 
and defense responses (Sela et al. 2013; Wang et al. 2012; 
Al-Abdallat et al. 2014). OsWR1 and SlSHN1 transgenic 

et al. 2004; Kannangara et al. 2007), implying a functional 
similarity between SbWINL1 and AtWIN1.

Overexpression of SbWINL1 significantly contributes to 
the accumulation of wax and cutin in Arabidopsis

To understand the structural alteration accounting for 
the observed phenotypes, we examined the leaf surface 
of SbWINL1-OE plants with ESEM. The results showed 
that there were more wax crystals and films distributed on 
the surface of transgenic plant leaves than on wild-type 

Fig. 3  Glossy leaves of SbWINL1-OE plant. aArabidopsis wild type (Col-0), b SbWINL1-OE-5# and c SbWINL1-OE-9#

 

Fig. 2  Expression level of SbWINL1 in Sorghum and transgenic Ara-
bidopsis. a Detection of expression levels of SbWINL1 gene in various 
tissues of sorghum using qRT-PCR. b Schematic representation of the 
SbWINL1 over-expression construction. 35S, 35S promoter; TNOS, 
NOS terminator. c Detection of expression levels of SbWINL1 gene in 
WT, SbWINL1-OE-5# and SbWINL1-OE-9#. Semi-quantitative RT-
PCR was also performed with AtACTIN2 primers as control. SbWINL1 
semi-quantitative RT-PCR products are shown after 35 PCR cycles, 
and actin products are shown after 25 PCR cycles. N negative control
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Discussion

Wax and cutin play important roles in plant growth, devel-
opment and in response to environmental stresses (Kunst 
and Samuels 2009, 2003; Borisjuk et al. 2014; Sieber et al. 
2000; Woloshuk and Kolattukudy 1986; Fauth et al. 1996; 
Preuss et al. 1993; Scott et al. 2004). WIN1 transcription 
factor has been shown to be a positive regulator of wax and 
cutin synthesis in some plant species (Broun et al. 2004; 
Kannangara et al. 2007; Shi et al. 2011; Wang et al. 2012; 
Al-Abdallat et al. 2014), however there is scarce report on 
the molecular mechanism of wax and cutin synthesis in sor-
ghum, a crop with enriched wax and cutin in the cuticular 
layer (Hwang et al. 2002; Lochte-Watson and Weller 1999; 
Burow et al. 2008; Peters et al. 2009; Lee et al. 2014). In this 
study, we cloned and characterized the SbWINL1gene from 
sorghum, which encodes an AP2 type transcription factor 
with high similarity to WIN1 proteins from other plant spe-
cies (Shi et al. 2011, 2013; Wang et al. 2012; Taketa et al. 
2008). It was reported that AtWIN1 transcription factor acti-
vates wax and cutin synthesis in Arabidopsis and thus con-
tributes to shiny plants (Broun et al. 2004; Kannangara et 
al. 2007). Here we demonstrated that the overexpression of 
SbWINL1 in Arabidopsis also increased the wax and cutin 
synthesis and resulted in glossy and shiny plants, consis-
tent with previous reports on its orthologues OsWR1 and 
AtWIN1 (Broun et al. 2004; Aharoni et al. 2004; Kannan-
gara et al. 2007; Wang et al. 2012).

Chemical analysis revealed that waxes such as C26:0, 
C30:0, C32:0 and C34:0 fatty acids, campesterol, B-sitos-
terol and C31:0 alkanes were dramatically increased in 
SbWINL1-OE plants. Interestingly, although cutin mono-
mers such as C16:0 and C18:2 dioic acids, and all of the 
ω-hydroxy fatty acids were increased dramatically in 
SbWINL1-OE plants, unlike AtWIN1, there was no sig-
nificant change in C16:0 and C18:0 fatty acids in cutin 
monomers, indicating that functional differences might 
exist between SbWINl and AtWIN1 and this merits further 
investigation.

plants were insensitive to drought stress. To examine the 
sensitivity of SbWINL1-OE plants to drought stress, we 
performed drought treatment on seedlings of transgenic 
and wild-type plants. The results showed that SbWINL1-
OE Arabidopsis was insensitive to drought stress compared 
with wild- type plants (Fig. 6a). Importantly, the survival 
rates of SbWINL1-OE Arabidopsis plants were signifi-
cantly higher than those of control plants (Fig. 6b), indi-
cating that overexpression of SbWINL1 enhances drought 
tolerance in Arabidopsis.

Overexpression of SbWINL1 up-regulates  
the expression of wax and cutin related genes  
in SbWINL1-OE plants

As reported previously, the transcription factor AtWIN1 
triggered the expression of genes involved in the bio-
synthesis of wax in 35S:WIN1 Arabidopsis (Broun et al. 
2004; Kannangara et al. 2007). To examine the effect of 
SbWINL1 on wax biosynthesis-related genes, we mea-
sured the expression of CER1, CER2, WAX2 and KCS1, 
which are important genes involved in wax biosynthe-
sis, in rosette leaves from 4-week-old Arabidopsis by 
quantitative RT-PCR. The results demonstrated that the 
expression of four genes related to wax biosynthesis 
was significantly increased, particularly for CER1 gene 
expression (Fig. 7a).

To further validate the notion that the overexpression 
of SbWINL1 gene might modulate the expression of genes 
associated with cutin synthesis in SbWINL1-OE plants, 
we examined the expression of six cutin synthesis relevant 
genes with quantitative RT-PCR. As expected, the tested 
genes were significantly up-regulated in SbWINL1 over-
expressing plants (Fig.  7b). These results indicated that 
SbWINL1 plays an important role in regulating the expres-
sion of genes involved in wax and cutin biosynthesis and 
thus enhancing the accumulation of wax and cutin, resulting 
in glossy and shiny leaves.

Fig. 4  Environmental Scanning Electron Microscopy analysis of epi-
cuticular wax deposition on the surfaces of rosette leaves in WT (a), 
SbWINL1-OE-5# (b) and SbWINL1-OE-9# (c). Images were taken at 

20,000 magnification (bar = 2 μm). The white arrows indicate the wax 
crystals and film
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Fig. 5  Changes of wax and cutin in WT and SbWINL1-OE rosette 
leaves. Rosette leaves of 4-week-old wild-type (Col-0) and SbWINL1-
OE plants grown in soil were used for analysis of wax and cutin com-
position. Each value represents the mean of five replicates. Statistically 
analyzed using a Student’s t test (*0.05 < p < 0.01, **p < 0.01). Bars 
indicate SD of the mean. FA fatty acid, ALK alkane, OL alcohols, ALD 

aldehydes, 2HFA 2-OH fatty acid, DFA dioic acid, ω-HFA ω-OH fatty 
acid, C16:0 9/10 16-DHFA, 9/10 16 di-OH C16 FA. a Total leaf wax 
of SbWINL1-OE and wild type plants. b Total leaf cutin of SbWINL1-
OE and wild type plants. c Wax profiles of SbWINL1-OE and wild 
type plants. d Cutin profiles of SbWINL1-OE and wild type plants
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SbWINL1 had the same effect on wax and cutin biosynthesis 
as its Arabidopsis orthologues AtWIN1 (Broun et al. 2004).

Taken together, our study showed that SbWINL1 func-
tions in a similar manner to its orthologous genes in other 
species (Broun et al. 2004; Oshima et al. 2013; Sela et 
al. 2013; Wang et al. 2012; Al-Abdallat et al. 2014) and 
enhanced the drought tolerance.
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It was reported that WIN1 overexpression enhanced 
drought tolerance and defense responses by increasing wax 
and cutin accumulation in plants (Sela et al. 2013; Wang 
et al. 2012; Al-Abdallat et al. 2014). Similarly, overexpres-
sion of SbWINL1 in Arabidopsis enhanced drought toler-
ance compared with wild-type. Statistical analysis showed 
that the survival rate of SbWINL1-OE was obviously higher 
than control plants in drought treatment experiments. These 
results demonstrated that SbWINL1 enhanced drought toler-
ance by accumulation of wax and cutin.

Transcription factors can promote or block the transcrip-
tion of target genes and thus control various biological pro-
cesses. Several transcription factors have been identified to 
regulate wax and cutin synthesis by directly or indirectly 
interacting with relevant target genes (Go et al. 2014; Seo et 
al. 2011; Kannangara et al. 2007; Oshima et al. 2013). Our 
study showed that genes known to be involved in the biosyn-
thesis pathway of cutin and wax were up-regulated. Among 
them, the expression of four wax biosynthetic genes and 
six cutin biosynthetic genes were dramatically increased in 
SbWINL1-OE plants. This indicated that overexpression of 

Fig. 6  Drought stress tolerance was enhanced in SbWINL1-OE 
plants. a Reponses of SbWINL1-OE and wild type plants to drought 
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