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Abstract
As an integral part of plant cuticle, cuticular wax covers the primary aerial organs
of plants and provides protection against desiccation and environmental stresses. It has
been shown that cuticular wax biosynthesis is synchronized with the surface area
expansion during plant development and is associated with plant responses to biotic
and abiotic stresses. As the plant-environment interface, cuticular wax deposition is
tightly regulated. The major goal of my Ph.D. study was to investigate the regulatory
mechanisms that control cuticular wax accumulation during development and/or in
response to environmental cues by identifying and characterizing factors that are
involved in this process.
In this thesis, I investigated two types of regulation of wax accumulation. Firstly,
studies of the RING-type E3 ligase U37 demonstrated that U37-mediated ubiquitination
is involved in the regulation of wax biosynthesis (Chapter 3). U37 ubiquitinates wax
biosynthetic enzyme ECERIFERUM1 (CER1), and possibly also ECERIFERUM3
(CER3), and targets them for degradation via the 26S proteasome. Based on the U37
expression profile, I proposed that U37 might have a major function in turning off wax
biosynthesis in fully developed leaves. Secondly, the identification and partial
characterization of novel transcription factors that bind to the CER3 promoter revealed
that CER3 is an important regulatory determinant in transcriptional regulation of
cuticular wax biosynthesis (Chapter 4). Four transcription factors, MYB30, WIP5, AHL29
and AHL23, have been identified that likely control cuticular wax deposition by
regulating CER3 gene expression.
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Lay Summary

Cuticular wax covers the primary aerial organs of land plants and protects them
from excessive water loss, as well as from biotic and abiotic stresses. To survive under
diverse

environmental

conditions,

plants

have

developed

complex

regulatory

mechanisms to control the accumulation of cuticular waxes. In this dissertation, I
investigated how plants regulate the biosynthesis of cuticular wax by using the model
plant Arabidopsis. In the first study, I characterized a protein that controls wax formation
by triggering the degradation of wax biosynthetic enzymes. In the second study, I
identified several proteins that regulate the expression of wax-related genes. My results
reveal that diverse regulatory factors are involved in the regulation of wax accumulation
on the plant surface.

iv

Preface

The chapters in this dissertation describe the research results collected from
January 2013 through January 2018. The dissertation consists of two separate yet
related research projects corresponding to Chapter 3 and Chapter 4.
For Chapter 3, Prof. Ljerka Kunst and Shuang Liu identified the research
question and designed the experiments. Prof. Xin Li and Dr. Meixuezi Tong performed
plant E3 ligase reverse genetic screen and identified U37 overexpression lines (U37OX).
Shuang Liu conducted the scanning electron microscopy (SEM) of stem wax with the
help of Dr. Lifang Zhao. Shuang Liu generated constructs for GUS assay and examined
gene expression of U37 with the assistance of undergraduate student Felix Schonebeck.
Shuang Liu performed all the other experiments and analyzed the data with assistance
of Prof. Ljerka Kunst.
For Chapter 4, Prof. Ljerka Kunst and Dr. Patricia Lam identified the research
question. Dr. Patricia Lam initiated the yeast one-hybrid screen. Dr. Nobutaka Mitsuda
carried out the yeast one-hybrid screen and generated Chimeric REpressor gene
Silencing Technology (CRES-T) lines for selected transcription factors. Shuang Liu
conducted all the other experiments, analyzed the data under the supervision of Prof.
Ljerka Kunst.
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Chapter 1: Introduction

1.1

The plant cuticle
In all land plants, the outer surfaces of their primary aerial organs are

coated with a thin translucent barrier called the cuticle, which is generated by the
epidermal cell layer. Appeared in plants about 400 million years ago, this
hydrophobic barrier protects plants from water loss, allowing them to successfully
colonize a terrestrial environment (Riederer and Schreiber, 2001). As the plantenvironment interface, the cuticle also serves important functions in protecting
plants against biotic and abiotic stresses such as osmotic stress, UV light stress,
pathogen invasion, and insect attack (Yeats and Rose, 2013). The protective
properties of the cuticle depend on its two lipidic components, cutin and cuticular
waxes. Cutin is a plant-specific polyester, which is rich in oxygenated 16- and 18carbon-long (C16 and C18) fatty acids and glycerol monomers. Cutin forms a
structural scaffold across the plant surface that provides mechanical strength to
the cuticle and prevents the fusion of epidermal cells (Beisson et al., 2012).
Cuticular wax is a mixture of very-long-chain fatty acids (VLCFAs; C20-C34) and
their derivatives, which can be easily extracted with organic solvents.
The cuticle domain adjacent to the plant cell wall composed mostly of
cutin and polysaccharides is called the cuticular layer. Above the cuticular layer
is the cuticle proper, the domain made predominantly of cutin and cuticular wax
that is mostly free of polysaccharides. Waxes that are embedded within the cutin
polymer are called intracuticular waxes, while those that overlay the cutin matrix
1

and constitute the outmost layer of cuticle are called epicuticular waxes (Figure
1.1). Intracuticular waxes restrict transpiration, while epicuticular waxes, which
often form crystals and have distinct chemical compositions from intracuticular
waxes, are important for the cleaning of spores and pollutants and the refraction
of light from the plant surface (Samuels et al., 2008).

Figure 1.1 Schematic of a cross-section of the plant cuticle.
The cuticle covers the outer epidermal cell wall of primary aerial organs of plants
and consists of three domains; the cuticular layer (CL) is connected to the cell
wall and is composed of cutin, wax, and polysaccharides; the cuticle proper (CP)
is made up of cutin embedded with intracuticular wax; epicuticular wax (EW)
forms crystals or films on the plant surface. Reproduced with permission from
Bernard
et
al.,
2012;
©
Copyright
from
Elsevier
(www.journals.elsevier.com/progress-in-lipid-research)
2

1.2

Cuticular wax biosynthesis
As one of the key structural components of plant cuticles, wax represents

typically 20%-60% of the total cuticle mass (Heredia, 2003). In different plant
species and even different organs of the same species, the wax composition
varies dramatically. These variations in wax composition affect the biochemical
and physical properties of the plant surface, which helps plants to adapt to
different environments (Rashotte et al., 1997; Shepherd and Wynne Griffiths,
2006). To study cuticular wax biosynthesis, secretion, and the regulation of wax
production, mutants of Arabidopsis thaliana, as well as in other species such as
barley (Hordeum vulgare) and maize (Zea mays) that are defective in wax
accumulation, have been highly informative (Koornneef et al., 1989; Kunst and
Samuels, 2003). In particular, in the last two decades, reverse and forward
genetic analyses of wax-deficient

“eceriferum“ (cer) mutants of Arabidopsis

(Koornneef et al., 1989), have resulted in significant advances in establishing the
wax biosynthesis pathways and our overall understanding of wax deposition.

1.2.1

VLCFAs synthesis
Cuticular wax biosynthesis takes place in different cellular compartments

in several stages. The formation of diverse wax monomers involves the
modification of VLCFA (C20 and longer) precursors, which are generated by
elongation from C16 and C18 long-chain fatty acids (LCFAs). The de novo fatty
acid synthesis begins with the condensation of an acetyl-coenzyme A (CoA) with
a malonyl that is attached to the acyl carry protein (ACP) to produce a β3

ketoacyl-ACP, which subsequently undergoes reduction to a β-hydroxyacyl-ACP,
dehydration to trans-Δ2-enoyl-ACP, and an additional reduction to form an acylACP that is two-carbon longer than the initial substrate. After six or seven cycles
of elongation, C16 and C18 acyl-ACP are produced, respectively. In plants, these
reactions are catalyzed by the plastid-localized type II fatty acid synthase (FAS),
a complex of four monofunctional enzymes in the plastid stroma. Among the FAS
enzymes, only the condensing enzyme β-ketoacyl-ACP synthase (KAS) exhibits
distinct chain length specificity. Three KASs have been reported to catalyze fatty
acid synthesis in plants: KASIII converts C2 to C4 acyl chains, KASI shows
broader substrate specificity and uses C4 to C14 acyl groups, and KASII
participates in the final C16 to C18 acyl extension step. The other enzymes of the
FAS, two reductases and a dehydratase, do not exhibit an acyl chain length
preference and can be found in all plastidial FAS complexes (Ohlrogge and
Browse, 1995).
C16 and C18 fatty acids synthesized in the plastid need to be translocated
to the endoplasmic reticulum (ER) for further elongation to VLCFAs. For transport
to the ER, C16 and C18 acyl groups are liberated from ACP by an acyl-ACP
thioesterase and re-esterified to CoA by a long-chain acyl-CoA synthase (LACS).
In the ER, long-chain acyl-CoAs are elongated to C24-C36 VLCFAs by the ER
membrane-bound fatty acid elongase complex (FAE) (Ohlrogge and Browse,
1995; Post-Beittenmiller, 1996). FAE consists of four core enzymes: a βketoacyl-CoA synthase (KCS), a β-ketoacyl-CoA reductase (KCR), a βhydroxyacyl-CoA dehydratase (HCD), and an enoyl-CoA reductase (ECR).
4

Enzymes of the FAE complex catalyze a series of four reactions that result in a
two-carbon extension of the acyl chain per elongation cycle. This is similar to the
de novo fatty acid biosynthesis, except that malonyl-CoA, instead of malonylACP, is used as carbon donor for acyl chain extension. KCS, which catalyzes the
first elongation reaction, is tissue-specific, substrate-specific and rate-limiting,
whereas enzymes that catalyze the last three reactions of each cycle are
expressed throughout the plant and do not exhibit strict substrate specificity.
There are 21 homologous KCSs in Arabidopsis genome. The central KCS
associated with the VLCFA elongation for cuticular wax synthesis is CER6, which
is exclusively expressed in the epidermis and generates VLCFAs up to C28 in
length (Millar et al., 1999; Hooker et al., 2002; Tresch et al., 2012). It is well
established that the most abundant wax components in the Arabidopsis stem are
derived from C30 and C32 fatty acids. Thus, CER6 is not sufficient for their
production. Characterization of the cer2 mutant that has a severe wax-deficient
phenotype due to a dramatic reduction of all stem wax components longer than
C28 carbons (McNevin et al., 1993; Jenks et al., 1995) and heterologous
expression of CER2 in yeast (Saccharomyces cerevisiae) demonstrated that
efficient production of C30 VLCFAs requires both CER6 and CER2 (Haslam et
al., 2012). Furthermore, two Arabidopsis CER2 homologous, CER2-LIKE1 and
CER2-LIKE2, have been shown to work with CER6 and CER60/KCS5 to modify
the substrate specificity of these condensing enzymes. CER2-LIKE2 is similar to
CER2 and is required for C30 fatty acid formation, whereas CER2-LIKE1
uniquely supports fatty acids elongation up to C34 (Haslam et al., 2015).
5

Recently, more CER2-LIKEs have been discovered among the predicted
Arabidopsis BAHD acyltransferase superfamily members and their functions in
fatty acid elongation have been investigated (Haslam et al., 2017). BAHD
acyltransferase superfamily is found primarily in plants and fungi, and its name
comes from the first letter of the first four enzymes discovered in this family:
BEAT

(benzylalcohol

O-acetyltransferase),

AHCT

(anthocyanin

O-

hydroxycinnamoyltransferase), HCBT, (N-hydroxycinnamoyl/benzoyltransferase),
and DAT (deacetylvindoline 4-O-acetyltransferase). Members in this family have
acyl transfer activity and play various roles in plant metabolic pathways. CER2
and CER2-LIKEs form unique clade of BAHD and do not exhibit acyl transfer
function (Haslam et al., 2017). In addition to CER6 and CER2-LIKEs, the other
core FAE components in Arabidopsis includes KCR1 (Beaudoin et al., 2009),
PAS2 (Bach et al., 2008), and CER10 (Zheng et al., 2005). VLCFAs with 28
carbons or longer are exclusively utilized for cuticular wax biosynthesis (Bach
and Faure, 2010).
Following elongation, in the final stage of wax biosynthesis VLCFAs are
modified into wax products through two distinct pathways: the alcohol-forming
pathway (acyl-reduction pathway), which generates primary alcohols and wax
esters; and the alkane-forming pathway (decarbonylation pathway), which makes
aldehydes, alkanes, secondary alcohols, and ketones (Samuels et al., 2008).
Small amounts of free VLCFAs are exported to the cuticle directly, but these only
account for 1-3% of the Arabidopsis stem wax load. A simplified model of

6

VLCFAs elongation and wax biosynthesis in the Arabidopsis stems is presented
in Figure 1.2.

Figure 1.2 Pathways for wax biosynthesis in the Arabidopsis stem.
VLCFAs are generated by a series of four reactions catalyzed by the enzymes of
the fatty acid elongase complex. One round of elongation will add two carbons
donated by malonyl-CoA to the growing fatty acyl chain. After elongation,
VLCFAs are derivatized into wax products through two distinct pathways: the
alcohol-forming pathway, which generates primary alcohols and wax esters; and
the alkane-forming pathway, which produces aldehydes, alkanes, secondary
alcohols, and ketones. Enzymes that catalyze the VLCFAs elongation and wax
biosynthesis are labeled in red. KCS, β-ketoacyl-CoA synthase; KCR, βketoacyl-CoA reductase; HCD, β-hydroxyacyl-CoA dehydratase; ECR, enoyl7

CoA reductase; CER, ECERIFERUM; MAH1, mid-chain alkane hydroxylase;
WSD, bifunctional wax ester synthase/diacylglycerol acyltransferase

1.2.2

Alcohol-forming pathway
In the alcohol-forming pathway, fatty acyl-CoAs are reduced to primary

alcohols by the fatty acid acyl-CoA reductase (FAR) CER4 (Rowland et al., 2006),
and a small portion of primary alcohols can be further esterified to LCFAs to
produce wax esters (Lai et al., 2007). As a prominent wax component yielded
from alcohol-farming pathway, primary alcohols account for 10-15% of the total
wax load on wild-type Arabidopsis stems and 15-25% on Arabidopsis leaves
(Rowland et al., 2006). The cer4 mutant accumulates only trace amounts of
primary alcohols and wax esters and a slightly elevated amount of wax
components from the alkane-forming pathway. Heterologous expression of CER4
in yeast resulted in the production of C24 and C26 primary alcohols. In contrast
to the drastic reduction of C24, C26, C28 primary alcohols, a notable amount of
C30 primary alcohols still accumulated in the cer4 mutant stem wax. Considering
that there are eight FARs in Arabidopsis, another FAR is likely involved in the
C30 primary alcohol production (Rowland et al., 2006). Most of the primary
alcohols generated by CER4 are secreted to the Arabidopsis cuticle, while some
are esterified to long chain fatty acyl-CoA to produce wax esters by a wax ester
synthase/diacylglycerol acyltransferase (WS/DGAT) named WSD1 (Li et al.,
2008). The wsd1 mutant stem has a dramatically reduced amount of esters and
the biochemical function of WSD1 has been verified by activity assays in
Escherichia coli (E. coli) and yeast (Li et al., 2008).
8

1.2.3

Alkane-forming pathway
In Arabidopsis rosette leaves and inflorescence stems, 75-90% of the total

wax load is generated by the alkane-forming pathway (Bernard and Joubès,
2013). In Arabidopsis leaves, alkanes are the final products of the alkane-forming
pathway, while in stems alkanes can be further modified into secondary alcohols
and ketones by a cytochrome P450 enzyme, the mid-chain alkane hydroxylase1
(MAH1) (Greer et al., 2007).
Alkanes are key constituents of fossil-derived-fuels and are widely
distributed across diverse domains of life. Thus, many studies have been carried
out to elucidate alkane biosynthetic pathway. Early biochemical studies on pea
(Pisum sativum) and green colonial alga (Botryococcus braunuii.) have
suggested a two-step pathway of alkane biosynthesis, consisting of (1) reduction
of fatty acyl-CoA to the corresponding aldehyde catalyzed by a fatty acyl-CoA
reductase and (2) removal of the carbonyl group from aldehyde to yield n-1
alkane with a release of carbon monoxide (CO), catalyzed by an aldehyde
decarbonylase (Cheesbrough and Kolattukudy, 1984; Dennis and Kolattukudy,
1992). Recently, a two-step alkane biosynthetic pathway has been demonstrated
in cyanobacteria in which a soluble acyl-ACP reductase (AAR) catalyzed the
production of C18 aldehyde from a C18 acyl-ACP, whereas a soluble aldehydedeformylating oxygenase (ADO), converted aldehyde into C17 alkane with the
release of formic acid, instead of CO (Schirmer et al., 2010; Warui et al., 2011).
9

Moreover, in-depth biochemical studies of ADO showed that the in vitro activity of
ADO

requires

the

presence

of

a

reducing

system

provided

by

ferredoxin/ferredoxin reductase and NADPH (Schirmer et al., 2010), and H2O2 is
a potent inhibitor of ADO (Andre et al., 2013).

1.2.3.1

CER3 and CER1

In Arabidopsis, mutant eceriferum 3 (cer3) and eceriferum 1 (cer1) were
identified from wax-deficient mutant screens due to their glossy green stem and
silique phenotypes (Koornneef et al., 1989). The cer3 mutants exhibit an ~ 80%
reduction of the stem and leaf wax load compared to wild-type plants, and CER3
is allelic to YORE-YORE (YRE), WAX2, and FACELESS POLLEN1 (FLP1),
which have been independently identified (Ariizumi et al., 2003; Chen et al., 2003;
Kurata et al., 2003; Rowland et al., 2007). Wax compositional analysis showed
that cer3 mutants have dramatic reductions of all wax components synthesized
by the alkane-forming pathway and a corresponding increase in the primary
alcohol and ester levels (Chen et al., 2003; Kurata et al., 2003). In addition to
their glossy wax-deficient phenotype, some cer3 mutant alleles also display
organ fusions in the flower buds and leaves, and show male sterility in lowhumidity environment that can be rescued by growth in high humidity (Chen et al.,
2003; Kurata et al., 2003). The cer3 pollen grains have a smooth surface,
whereas the wild type pollen has a reticulate pattern on its surface (Ariizumi et al.,
2003). It is not surprising that both pollen coat structure and wax biosynthesis are
affected in cer3 mutants, since pollen coat is covered with tryphine that contains
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a large amount of very-long-chain (VLC) alkanes and their derivatives that are
essential for the pollen viability (Jessen et al., 2011). These results suggest that
CER3 is an important biosynthetic enzyme in the alkane-forming pathway and
may function as an acyl-CoA reductase catalyzing the reduction of VLCFAs to
aldehydes, but its biochemical activity has not been demonstrated.
The cer1 mutants show a 67-84% reduction in stem wax load, and CER1
is allelic to CER22 (Jenks et al., 1995; Sakuradani et al., 2013). Wax
compositional analysis revealed that cer1 alleles exhibit drastic decrease of
alkanes and their derivatives. In contrast to cer3, which has only a trace amount
of aldehydes of all chain lengths, cer1 accumulated twice as much C30 aldehyde
as the wild type in its stem wax (Jenks et al., 1995; Sakuradani et al., 2013). The
cer1 mutant also displays conditional male-sterility that is similar to cer3 mutants
(Aarts et al., 1995). Overexpression of CER1 resulted in an increase in VLC
alkane levels in stems (Bourdenx et al., 2011). These data suggest that CER1 is
another key enzymatic component in the alkane-forming pathway, likely involved
in conversion of aldehydes into alkanes.
In order to demonstrate the function of CER1 in alkane production, a yeast
two-hybrid assay has been conducted for screening of its interacting partner(s).
CER1 has been shown to interact physically with CER3 and ER-associated
cytochrome B5 reductases (CYTB5s) in yeast and Arabidopsis. Reconstitution of
plant alkane biosynthesis pathway in the heterologous yeast system confirmed
that CER3 and CER1 are able to generate VLC alkanes, and the presence of
11

CYTB5s enhanced the alkane production (Bernard et al., 2012). CER1 and
CER3 share 35% amino acid identity, and both of them are integral membrane
proteins with three His-rich motifs at their N-terminal domains (Aarts et al., 1995;
Chen et al., 2003), which are known to be essential for the di-iron catalytic site
found in many fatty acyl–related membrane-bound enzymes (Shanklin and
Cahoon, 1998). Site-directed mutagenesis of the His motifs in CER1 and CER3
revealed that His clusters are essential for CER1 catalytic activity, but are not
strictly required for CER3 (Bernard et al. 2012). Both CER1 and CER3 have an
uncharacterized WAX2 domain at their C-termini (Figure 1.3), and this domain
has been shown to be essential for the activity of the CER3 protein (Rowland et
al., 2007). Based on these results, Bernard et al. proposed a model, where CER1,
CER3 and CYTB5s form a complex that catalyzes the two-step conversion of
VLC acyl-CoAs to alkanes with aldehydes as intermediates (Figure 1.4). CYTB5
interacts with CER1 and provides electron(s) required for this redox-dependent
reaction. As mentioned above, the biochemical role of the CER3 protein in the
VLC alkane synthesis remains elusive. Since the soluble VLC fatty acyl-CoA
substrates C28 or longer are unavailable, the final biochemical proof for CER1
and CER3 enzymatic activities is lacking.
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Figure 1.3 Schematic of CER1 and CER3 protein structures.
The position of His-rich motifs, hydrophobic domains, and WAX2 domains are
indicated. L, long hydrophobic domain; aa, amino acides (Modified from Bernard
et al., 2012)

Figure 1.4 Proposed model in which CER1, CER3, and CYTB5 form a
complex to catalyze the formation of VLC alkanes in Arabidopsis.
CER1, CER3 and CYTB5 form a complex that catalyzes the two-step reaction
converting VLC acyl-CoAs to alkanes with aldehydes as intermediates. CYTB5
interacts with CER1, acting as an electron transfer component required for the
reaction, and CO or formic acid could be released (Modified from Bernard et al.,
2012).
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1.3

Regulation of wax biosynthesis
Wax biosynthesis is tightly controlled throughout plant development.

During development and epidermal cell elongation in Arabidopsis stem, wax load
and composition remain constant (Suh et al., 2005). Microarray data shows that
the expression of many wax-related genes, such as CER2, CER3, CER5, CER6,
etc., is up-regulated in stem epidermal cells during inflorescence development
when epidermal-to-stem gene expression is calculated (Suh et al., 2005). In
addition, wax production is also known to be under environmental regulation.
Several environmental factors including dark, drought, pathogen attack, as well
as abscisic (ABA) treatment, were reported to regulate wax accumulation
(Hooker et al., 2002; Raffaele et al., 2008; Park et al., 2016). Wax biosynthesis is
negatively regulated by dark. It has been shown that de novo fatty acid synthesis
in Arabidopsis leaves is greatly inhibited in the dark and the limiting LCFAs and
VLCFAs are preferentially used by the plant for vital cellular process, such as
membrane assembly (Bao et al., 2000; Go et al., 2014). Drought stress increases
the wax load and may also modulate wax composition to further prevent water
loss from the plant. The drought-inducible transcription factor controlling wax
accumulation can also be ABA-dependent (Aharoni et al., 2004; Seo et al., 2011;
Lee and Suh, 2013). Under pathogen attack, hypersensitive response is
activated and genes involved in VLCFAs and wax biosynthesis are up-regulated,
suggesting a role of this pathway in plant defense responses (Raffaele et al.,
2008). While many details of complex regulatory pathways that control cuticular
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wax accumulation are still not well understood, forward and reverse genetic
studies in Arabidopsis have improved our understanding of these processes and
revealed that they are mediated by hormones, transcription factors, posttranscriptional and post-translational machineries.

1.3.1

Transcriptional regulation of wax biosynthesis
The first and the most intensively studied transcription factor that functions

in

cuticle

development

and

regulation

of

wax

production

is

WAX

INDUCER1/SHINE1 (WIN1/SHN1), one of the members of the SHINE Clade of
AP2 Domain Transcription Factors (Aharoni et al., 2004). Overexpression of
WIN1 led to a glossy-leaf phenotype due to the 4.5-fold increase in wax
accumulation compared to the wild type. The wax biosynthetic genes, including
CER1, KCS1 and CER2, are up-regulated in WIN1 overexpression plants (Broun
et al., 2004). However, subsequent research revealed that the up-regulation of
several genes involved in the cutin biosynthesis happened earlier than the
induction of wax-related genes, suggesting that WIN1/SHN1 has a primary role in
the regulation of cutin deposition and affects wax biosynthesis indirectly or in a
different manner (Kannangara et al., 2007). A study in alfalfa (Medicago sativa)
showed that overexpression of WAX PRODUCTION1 (WXP1), a homolog of
WIN1/SHN1, also increases cuticular wax accumulation and enhances drought
tolerance (Zhang et al., 2005). Many subsequent studies have shown that
overexpression of WIN1/SHN1 could enhance drought tolerance in Arabidopsis,
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tomato, and durum wheat (Yang et al., 2011; Al-Abdallat et al., 2014; Djemal and
Khoudi, 2015).
In addition to WIN1/SHI1, two MYB family transcription factors, MYB106
and MYB16, were reported to regulate cuticle development coordinately with
WIN1 during differentiation of epidermal cells. They both appear to directly
activate WIN1/SHN1 and positively regulate genes involved the biosynthesis of
VLCFAs, cutin, and cuticular wax, such as CER1, CER2, KCS1, LACS2, etc.
(Oshima et al., 2013).
Several other transcription factors have been shown to be involved in the
regulation of cuticular wax biosynthesis in response to environmental stresses.
MYB96 is an ABA-inducible transcriptional activator that specifically binds to the
promoters of wax-related genes such as CER3, KCS1, KCS2, KCS6, KCR and
WSD1, promoting wax accumulation in an ABA-dependent manner during
drought stress (Seo et al., 2011). Overexpression of MYB96 increases drought
tolerance in transgenic Arabidopsis and Camelina (Camelina sativa) by activating
ABA-responsive genes and genes involved in cuticular wax biosynthesis (Seo et
al., 2009; Seo et al., 2011; Lee et al., 2014). MYB30 is a positive regulator of wax
accumulation that is induced during bacterial pathogen attack. It positively
regulates programmed cell death associated with hypersensitive response and
directly activates genes involved in VLCFAs and wax biosynthesis like KCS1,
FDH, CER10, HCD1 and CER1, in response to pathogen attack (Raffaele et al.,
2008). MYB94 is an R2R3-type transcription factor that is highly induced in
response to drought, ABA, sodium chloride, and mannitol. It activates
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Arabidopsis cuticular wax biosynthesis by direct binding to the promoters of
WSD1, KCS2, CER2, FAR3, and ECR genes. Overexpression of MYB94 leads
to the increase of wax level (Lee and Suh, 2015). More recently, another two
AP2/ERF transcription factors have been shown to regulate wax biosynthesis in
response to stress. DECREASE WAX BIOSYNTHESIS (DEWAX) is a negative
regulator of cuticular wax biosynthesis in the dark. It represses wax-related
genes, including CER1, FAR6, ECR, and LACS2 via direct interactions with their
promoters (Go et al., 2014). WRINKELED4 (WRI4) is a positive regulator that is
induced by salt stress and activates the wax biosynthesis in Arabidopsis stem.
WRI4 directly binds to promoters of some key genes involved in the wax
biosynthesis, including LACS1 and KCR1 (Park et al., 2016).
Lastly, it has been shown that the CURLY FLAG LEAF1 (CFL1) gene,
encoding a WW domain protein, regulates cuticle development by interacting
with HOMEODOMAIN GLABROUS1 (HDG1), a class IV homeodomain-leucine
zipper transcription factor that controls two cuticle development-related genes,
BODYGUARD (BDG) and FIDDLEHEAD (FDH). Overexpression CFL1 in
Arabidopsis resulted in decreased epicuticular wax accumulation, organ fusion,
and defective cuticles. This regulation is conserved in Arabidopsis and rice (Wu
et al., 2011).

1.3.2

Post-transcriptional regulation of wax biosynthesis
In addition to the transcriptional regulation, wax biosynthesis is also

controlled post-transcriptionally. Characteraztion of the cer7 mutant and CER7
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gene, as well as suppressors of cer7, resulted in the discovery of the RNAmediated gene-silencing pathway that regulates the stem wax deposition during
inflorescence development in Arabidopsis. The cer7 mutant exhibits reduced
stem wax load and low seed viability. In cer7, the transcript level of CER3 is
significantly reduced, indicating that CER7 is a positive regulator of CER3
expression. CER7 encodes a core subunit of an exosome that carries out RNA
processing and degradation from 3’ to 5’. It has been proposed that CER7 may
play a role in CER3 regulation by degrading the mRNA encoding a CER3
repressor (Hooker et al., 2007). A screen for suppressors of the cer7 phenotype
has been carried out and two conserved components of small RNA-biosynthetic
machinery,

RNA-DEPENDENT

RNA

POLYMERASE1

(RDR1)

and

SUPPRESSOR OF GENE SILENCING3 (SGS3), have been identified (Lam et
al., 2012). Later studies by the same group resulted in the isolation of additional
factors, SILENCING DEFECTIVE5 (SDE5) and RNA-DEPENDENT RNA
POLYMERASE6 (RDR6), and identification of trans-acting small interferingRNAs (tasiRNAs) that control CER3 levels (Lam et al., 2015). Identification of two
additional components, SUPERKILLER3 (SKI3) and SUPERKILLER 2 (SKI2),
have revealed that the SKI complex, which recruits substrate RNAs to exosome
for degradation, is required for RNA exosome-mediated controlling of cuticular
wax biosynthesis (Zhao and Kunst, 2016).
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1.3.3

Post-translational regulation of wax biosynthesis
It has been suggested that wax biosynthesis may also be regulated post-

translationally, but evidence for such regulation has been inconclusive.
Characterization of wax-deficient cer9 mutant showed that cer9 displays reduced
wax load and altered wax composition, elevated cuticle thickness, and increased
amount of cutin monomers. Isolation of CER9 gene revealed that it encodes a
putative E3 ligase (Lü et al., 2012). However, the E3 activity of CER9 has not
been demonstrated and ubiquitination target(s) of CER9 have not been identified.
Most recently, a RING-type E3 ligase, MYB30-INTERACTING E3 LIGASE
1 (MIEL1), has been shown to be involved in cuticular wax regulation (Gil et al.,
2017). Previous studies showed that MYB96 and MYB30 are the ubiquitination
targets of MIEL1 (Marino et al., 2013; Lee and Seo, 2016). Since both MYB30
and MYB96 are positive regulators of wax biosynthesis under environmental
stress conditions (Raffaele et al., 2008; Seo et al., 2011), MIEL1 negatively
regulates wax accumulation by targeting MYB96 and MYB30 for degradation.
The miel1 mutant exhibits an increased amount of stem wax and wax
biosynthetic genes controlled by MYB96 and MYB30 are up-regulated in miel1
mutants (Gil et al., 2017). To reveal the precise roles of the genes/proteins
involved in post-translational regulation of wax formation, and to gain a more
complete understanding of wax regulatory mechanisms operating during plant
development and upon exposure to stresses, further work is needed.
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1.4

Ubiquitin 26S proteasome system
Plants utilize a variety of mechanisms to regulate effectively and efficiently

the synthesis of new polypeptides and the removal of specific existing proteins in
order to ensure developmental flexibility and environmental adaptation. The
ubiquitin 26S proteasome system (UPS) is a highly conserved degradation
pathway in eukaryotic cells that plays important roles in many cellular processes,
including cell division, immune responses, hormone signaling, etc. (Smalle and
Vierstra, 2004; Hershko, 2005). Nearly 6% of the Arabidopsis genome codes for
UPS components (Smalle and Vierstra, 2004). UPS-mediated degradation
involves two distinct steps: (1) a target protein is selected and Ubiquitin (Ub)
molecules are covalently attached to the target through a three-step enzymatic
cascade and (2) the resulting ubiquitinated substrate is directed to the proteolytic
complex, the 26S proteasome, for breakdown with the release and recycling of
Ub moieties.

1.4.1

Ubiquitination
As its name implies, ubiquitin (Ub) is a highly conserved 8 kDa

polypeptide, which has been found in most tissues of all eukaryotic species. This
small protein is so highly conserved that most of its 76 amino acids are identical
among higher plants, and only three amino acids differ among humans, yeast,
and plants (Callis et al., 1995). Ubiquitination is the process by which Ub is
covalently attached to the substrate via an isopeptide bond between the Cterminal glycine residue of Ub and a target lysine of the substrate. Three
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enzymes are responsible for ubiquitination: ubiquitin-activating enzyme (E1),
ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3). In the presence of
ATP, the ubiquitination process begins with an E1 catalyzing the adenylation of
the C-terminal carboxyl group of Ub and the binding of the activated Ub to E1 via
a thioester bond. The Ub is then transferred from the active-site cysteine of E1 to
the active-site cysteine of an E2. Finally, Ub-E2 interacts with E3, which
recognizes and binds substrate protein, to allow the transfer of the Ub from E2 to
the substrate (Glickman and Ciechanover, 2002). The Ub can be directly
transferred from E2 to the protein substrate, or it can form an E3-Ub intermediate
before being transferred to the protein substrate depending on the type of E3
ligase or E3 ligase complex that mediate ubiquitination (Mazzucotelli et al.,
2006).
There are seven lysine residues (K6, K11, K27, K29, K31, K48, and K63)
present in Ub, and there are different types of ubiquitinations due to the different
ways in which Ub is attached. An attachment of a single Ub to a lysine residue of
the substrate is called monoubiquitination, while attachments of multiple single
Ub

molecules

to

different

lysine

residues

of

the

target

is

termed

multimonoubiquitination. Polyubiquitination happens when a chain of Ub
molecules is attached to a specific lysine residue of the target. Ubiquitinated
proteins can have different fates depending on the nature of the target, the
number of the Ub molecules attached to the target, and the distinctive linkages
that are used for Ub-chain assembly (Li and Ye, 2008). It has been well-studied
that polyubiquitination of a substrate with at least four Ub molecules assembled
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via K48 linkage is required for 26S proteasome-mediated degradation, while
targets with K63-linked Ub chains display non-proteolytic functions in the
pathways such intracellular trafficking and signaling (Thrower et al., 2000; Li and
Ye, 2008). It has been reported that the K29-linked chains are involved in
gibberellic acid responses via DELLA receptor degradation (Wang et al., 2009).
In addition, monoubiquitination can alters the function of the modiﬁed protein by
changing

its

structure,

cellular

localization,

binding

partners,

etc.

Monoubiquitination via K63 linkage, in particular, is important for endocytic
internalization (Mukhopadhyay and Riezman, 2007; Dubeaux and Vert, 2017). A
ubiquitinated substrate targeted for degradation by the 26S proteasome is
normally recognized by ubiquitin receptors (UbR), which interpret the ubiquitin
signal and traffic ubiquitinated targets to the proteasome (Deshaies and Joazeiro,
2009). Ubiquitination process is reversible. Free Ub monomers can be
regenerated from the modified substrate by deubiquitinating enzymes (DUBs),
which hydrolyze the ubiquitin chain into active Ub moieties (Vierstra, 2009). A
simplified model showing the ubiquitin 26S proteasome system is presented in
Figure 1.5.
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Figure 1.5 The ubiquitin proteasome system.
(a) E1 (ubiquitin-activating enzyme) activates ubiquitin in an ATP-dependent
manner and (b) the ubiquitin molecule is then transferred to the E2 (ubiquitinconjugating enzyme). (c) The E2-ubiquitin intermediate interacts with the E3
ubiquitin ligase, so that the Ub can be further transferred from E2 onto the
substrate protein. (d) This multi-step process is repeated to form a polyubiquitin
chain. (e) Polyubiquitinated substrate is directed to the 26S proteasome for
degradation and free Ub molecules are released for reuse (Modified from
Deshaies and Joazeiro, 2009).
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1.4.2

E3 ubiquitin ligase
In Arabidopsis, there are two E1 isoforms, thirty-seven E2 isoforms, and

about 1,400 genes predicted to encode E3 ligases or components of E3
complexes (Smalle and Vierstra, 2004; Vierstra, 2009). The diversity of E3
ligases compared to the other components of ubiquitination pathway may be
explained by their function - they can specifically bind to diverse and abundant
substrates.
Ubiquitin ligases can be grouped into two structurally and functionally
distinct groups: the Really Interesting New Gene (RING)/U-box type ligases and
the Homology to E6-AP Carboxyl Terminus (HECT) type ligases (Smalle and
Vierstra, 2004). In Arabidopsis, HECT E3 ligases form a very small group with
only seven members. HECT is a large domain of 350 amino acids containing an
E2 binding site and a distinct ubiquitin binding site that is not present in RING/Ubox type E3 ligases. The unique ubiquitin binding site present in the HECT
domain resulted in the generation of E3-Ub intermediates prior to the transfer of
Ub to the substrate (Downes et al., 2003). In contrast, the RING/U-box mediates
the transferring of Ub by bringing a substrate and E2 into close proximity so that
Ub can be directly transferred from E2 to the target substrate (Smalle and
Vierstra, 2004; Deshaies and Joazeiro, 2009).
In Arabidopsis, the majority of the E3 ligases contain a RING/U-Box
domain. There are about 470 predicted RING domain-containing proteins and 64
predicted U-Box E3 ligases in Arabidopsis (Stone et al., 2005; Mudgil et al.,
2004). The RING domain has 70 amino acids, and includes eight conserved
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cysteine and/or histidine residues that coordinate two zinc ions (Borden and
Freemontt, 1996). The U-box domain shares a similar predicted 3D structure with
the RING domain, but lacks zinc-chelating cysteine and histidine residues (Yee
and Goring, 2009). There are two distinct types of RING domains based on the
different arrangement of histidine or cysteine: C3H2C3 (RING-H2) and C3HC4
(RING-HC) (Deshaies and Joazeiro, 2009). In addition to the RING-type E3
ligases that contain one RING domain, the RING-IBR (In Between Ring)-RINGtype E3 ligases that are predicted to have two RING domains and an IBR domain
were also identified. In contrast to the classical RING cross-brace structure, the
C-terminal RING of the member of this family binds only one zinc atom (Capili et
al., 2004). The RING E3 ligases can be further classed as simple or complex.
Simple RING E3 ligases possess both an E2-binding domain and a substratebinding domain, so they can bring a substrate and an E2 into close proximity for
the transfer of Ub. The multi-subunit E3 ligases, also known as Cullin (CUL)based RING E3 ligases, have special subunits for recruiting the substrate while
other subunits recognize the E2. CUL serves as a platform that connects the
substrate-recruiting subunits and E2-recruting subunits. Three types of CUL have
been identified in plants: CUL1, CUL3a/b, and CUL4, and three families of
substrate-recruiting proteins have been described: Broad complex Tramtrack
Bric-a-Brac, F-box, and DDB1 binding WD40 (DWD). Well-known multi-subunit
RING E3 ligases in Arabidopsis include SKP1-CULLIN-F-box (SCF), CULLIN3
(CUL3)-BTB/POZ, and Anaphase Promoting Complex (APC) (Hua and Vierstra,
2011; Stone, 2014).
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In Arabidopsis, E3 ligases have been shown to be involved in various
cellular processes and in responses to a variety of stimuli (Vierstra, 2009). For
example, a significant number of E3 ligases have been shown to play important
roles in plant development (Mazzucotelli et al., 2006), hormonal signaling
pathways (Stone and Callis, 2007; Vierstra, 2009; Sadanandom et al., 2012) and
immune signaling (Duplan and Rivas, 2014). Not many E3 ligases, however,
have been implicated in the regulation of metabolic pathways, including wax
biosynthesis. Based on the large number of E3s present in the Arabidopsis
genome, it is conceivable that additional E3 ligases that regulate the turnover of
key players involved in cuticular wax deposition remain to be discovered.

1.4.3

The 26S proteasome
After the protein gets modified with K48-linked ubiquitin chain, the

polyubiquitinated protein substrate is directed to the 26S proteasome for
degradation. The 26S proteasome is a 2.5MDa proteolytic complex that
degrades Ub modified substrate (Smell and Vierstra, 2004). The 26S proteasome
plays essential roles in the UPS system and has been found in both the nucleus
and the cytoplasm of the plant cell. The 26S proteasome contains a 20S central
core (CP) and a 19S regulatory particle (RP) on both ends of the CP. The CP is
made of 28 subunits with four seven-subunit rings stacked together to form a
tunnel-like structure, where protease catalytic sites are located on the internal
face of the cylinder. The RP consists of 17 subunits with a “Base” ring structure
and 11 units set on the top to form a “Lid” (Fu et al., 2001). The Lid complex,
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which has ubiquitin receptor proteins, recognizes ubiquitinated substrate and
cleaves off the covalently bound Ub chain, while the Base complex, consisting of
six ATPases, may undergo conformation change that helps with the substrate
unfolding and transporting polypeptide into the CP for degradation (Bedford et
al., 2011). The barrel-like CP has four stacked rings: α-ring, β-ring, β-ring, and αring. Only unfolded proteins can pass through the outer narrow α-ring and access
the β-ring. This structure of CP prevents the unnecessary protein degradation
(Smell and Vierstra, 2004). Substrate protein is broken down into small peptides
with 2-24 residues, which can be further hydrolyzed into amino acids (Saric et al.,
2004).

1.5

Research objectives
Cuticular wax is a key component of the plant cuticle and its accumulation

is tightly regulated in response to both developmental and environmental cues.
Plants have developed complex regulatory mechanisms of cuticular wax
deposition. The major goal of my Ph.D. study was to investigate the mechanism
of regulation of wax biosynthesis in Arabidopsis by identifying and characterizing
factors that are involved in regulating cuticular wax accumulation. My thesis is
divided into two major sections, each of which addresses a different aspect of the
regulation of cuticular wax biosynthesis. My two main objectives were:
1) To investigate the role of U37 in regulating wax accumulation (Chapter 3)
Recently, a reverse genetic screen of plant E3 ligase mutants by the Li lab
(Department of Botany, UBC) identified a novel RING-type ubiquitin E3 ligase,
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designated U37, which negatively regulated wax biosynthesis in Arabidopsis
thaliana. Plants overexpressing U37 displayed glossy stems and siliques, as well
as reduced fertility and fusion between aerial organs. Total stem wax load in U37
overexpression lines is reduced by 70%, with proportional deficiencies in the
alkanes, secondary alcohols, and ketones, and increased aldehydes, acids, and
primary alcohols, indicating that wax biosynthetic enzymes and/or positive
regulators in the alkane-forming pathway may be the potential targets of U37.
Therefore, the first objective of my research on wax regulation had two
subobjectives: (1) to characterize the U37 overexpression lines and u37 mutants
to identify downstream target(s) of the U37 protein and (2) to investigate under
what environmental condition and/or developmental stages U37-mediated protein
degradation is required for the regulation of wax accumulation.
2) To identify and characterize transcription factors that are involved in
regulation of CER3 gene expression and wax biosynthesis (Chapter 4)
As introduced above, CER3 is a critical wax biosynthetic enzyme that
catalyzes the first reaction of the alkane-forming pathway, and the level of CER3
expression greatly affects wax biosynthesis (Rowland et al., 2007). To determine
if CER3 is transcriptionally regulated during wax deposition on developing
inflorescence stems, our lab initiated a yeast one-hybrid screen that resulted in
the identification of 14 Arabidopsis transcription factors that bind to the promoter
region of CER3. The second objective of my research on regulation of wax was
to characterize the transcription factors that bind to the promoter region of CER3,
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and to investigate if and how these transcription factors regulate CER3
transcription and wax accumulation.
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Chapter 2: Materials and methods

2.1
2.1.1

Plant material and growth conditions
Arabidopsis thaliana
Arabidopsis ecotype Columbia-0 (Col-0) was used as wild-type plant in

this thesis. Arabidopsis T-DNA insertion lines were obtained from the Arabidopsis
Biological Resource Center (ABRC; http://www.arabidopsis.org/) and GABI-KAT
database (https://www.gabi-kat.de/). U37 overexpression lines, which are in Col0 background, were provided by our collaborator Dr. Xin Li (University of British
Columbia, Canada). The homozygous cer mutants cer1-4, cer3-6, and cer4-4
were obtained from the seed stocks of our lab, except cer3-6 which was a gift
from Dr. Takuji Wada (RIKEN, Japan). Chimeric REpressor gene Silencing
Technology (CRES-T) lines were provided by our collaborator Dr. Nobutaka
Mitsuda (National Institute of Advanced Industrial Science and Technology,
Japan). Mutants used in this thesis are summarized in Table 2-1 and Table 2-2.
Arabidopsis seeds were germinated on AT (Arabidopsis thaliana) medium
(Haughn and Somerville, 1986) supplemented with 1% (w/v) agar and
appropriate antibiotics for transgene selection. The 7- to 10-day-old seedlings
were transplanted to well-drained soil (Sunshine Mix 4 or 5, SunGro, Canada)
supplemented with liquid AT medium and grown in a plant growth chamber at 2022°C under continuous light (100 µmolm-2s-1 of photosynthetically active
radiation).

Arabidopsis

seeds

grown

for

Agrobacterium-mediated

plant

transformation were directly spread on the soil supplemented with liquid AT
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medium at a density of 100 seeds/6’’ pot. 100 seeds weigh approximately 2 mg.
Pots were covered with cling wrap for the first week of growth and plants were
grown under the same conditions as described above.

Table 2-1: Summary of T-DNA insertion lines used in the study of U37
ATG
AT5G66070
AT5G66070
AT5G66070
AT5G66070
AT1G02205
AT5G57800
AT4G33790

Gene
U37
U37
U37
U37
CER1
CER3
CER4

Line
SALK_034426
SALK_094303
GABI_383G01
SALK_148182C
SALK_008544
GL2-tagged T-DNA line
SALK_000575

Allele
u37-1
u37-2
u37-3
cer1-4
cer3-6/yre-1
cer4-4

Ecotype
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0

Table 2-2: Summary of T-DNA insertion lines used in the study of
transcription factors.
ATG
Gene
AT3G28910 MYB30
AT4G38900 bZIP29
AT4G34680 GATA3
AT1G51220 WIP5
AT1G76500
AT5G49700
AT1G14490
AT4G17800
AT3G61310
AT4G35390
AT1G20900
AT3G55560
AT1G14685

AHL29
AHL17
AHL28
AHL23
AHL11
AHL25
AHL27
AHL15
BPC2

Line
SALK_122884, SALK_127996
SALK_065254, SALK_018426,
SALK_059214
SALK_022107, SALK_034187
SALK_114838, SALK_011733
SALK_085216, SALK_089340,
SALK_151047
SALK_059717
SALK_022937, SAIL_646A02
SALK_004475
SALK_205237
SALK_059975, SALK_205161
SALK_202366
SALK_040729
SALK_090810

Ecotype
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
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2.1.2

Nicotiana benthamiana
Nicotiana benthamiana (tobacco) seeds were spread directly on soil

supplemented with liquid AT medium at a density of 1 seed/3.5’’ square pot.
Plants were grown under 16/8 hour day/night cycles at 20°C with 100 µmolm-2s-1
of photosynthetically active radiation. For transient expression assay, 4- to 5weel-old plants were taken out of the growth chamber and left at room
temperature for 3 to 4 hours before infiltration.

2.2

Genotyping
Plant DNA was preserved using the FTA cards (Whatman, GE) at room

temperature. DNA was extracted according to the protocol for supplied by the
manufacturer (GE). T-DNA insertion lines were genotyped using gene-specific
primer sets and insertion-specific primers, as listed in Table 2-3. T-DNA line
primers were designed and T-DNA lines were genotyped according to the T-DNA
primer design guide (http://signal.salk.edu/tdnaprimers.2.html).

2.3

RNA isolation, RT-PCR and qPCR
Plant tissues were collected and immediately frozen in liquid nitrogen.

RNA was extracted from Arabidopsis leaves, stems, flowers, seedlings, and roots
using TRIzol (Invitrogen) according to the manufacturer’s protocol. RNA was
isolated from Arabidopsis siliques using a phenol:chloroform:isoamyl extraction
and precipitated by lithium chloride and sodium acetate (Wilkins and Smart,
1996). RNA integrity was examined on a 1% standard agarose gel and RNA was
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quantified using a NanoDrop 8000 (Thermo Scientific). Genomic DNA was
removed by DNase I treatment (New England Biolabs) as per the manufacturer’s
protocol, and single-stranded cDNA was synthesized from equal amounts of
purified RNA using iScript RT supermix (Bio-Rad). ACTIN1 was used as a control
for constitutive expression. The iQ SYBR Green Supermix (Bio-Rad) was used in
20 µL reactions to perform qPCR in an iQ5 Multicolor Real-Time PCR Detection
System (Bio-Rad) as specified by the manufacturer. Four technical replicates
were applied for each sample and gene expression levels were analyzed using
the Pfaffl method (Pfaffl, 2001). Gene specific primers used in RT-PCR and
qPCR are listed in Table 2-3.

2.4
2.4.1

Plasmid constructs and plant transformation
Cloning of genes in plant expression vectors
To generate the 35S:HA-U37(H197Y,H200Y) construct for site-directed

mutagenesis, primers H197200Y_F and H197200Y_R (Table 2-3) were designed
based on the one-step site-directed mutagenesis method (Zheng et al., 2004).
The pGreenST/35S:HA-U37 construct, containing U37 gene (AT5G66070.1) was
provided by Dr. Meixuezi Tong (UBC, unpublished) and was used as the
mutagenesis template. There are five splice variants for gene AT5G66070 and
AT5G66070.1 was used for the work described in Chapter 3. The PCR
amplification was carried out using Phusion High Fidelity Polymerase (Invitrogen).
The PCR products were evaluated by gel electrophoresis, purified by PCR
Purification Kit (BioBasic), and were further treated with restriction enzyme DpnI
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(New England Biolabs). The mutations in the 35S:HA-U37(H197Y,H200Y) construct
were

confirmed

by

sequencing

(Macrogen,

USA)

using

the

primer

U37mutate_Seq (Table 2-3).
To generate the construct 35S:GFP-CER3, the GATEWAY cloning
strategy (Nakagawa et al., 2007) was applied. The coding sequence of CER3
gene was amplified from the WT Col-0 cDNA using the primer pair
CER3cDNA_attbF and CER3cDNA_attbR_WSTOP (Table 2-3). The PCR
fragment was recombined into the entry vector pDONR221 using BP Clonase
(Invitrogen), and the insert was then transferred into the destination vector
pGWB6, which has the 35S promoter and an N-terminal GFP tag, using LR
Clonase (Invitrogen) according to the GATEWAY protocol. The construct
pDONR221/CER3 was also transferred to the binary vector pGWB15 to generate
the construct pGWB15/35S:HA-CER3. An 1896 bp-long fragment of CER3
coding senquence without stop codon was amplified using the primer pair
CER3cDNA_attbF and CER3cDNA_attbR_NoSTOP (Table 2-3) and recombined
to pDONAR221, followed by the transfer of the insert into the destination vector
pGWB5 to generate the construct pGWB5/35S:CER3-GFP.
The construct 35S:CER1-GFP was generated and provided by Dr. Hugo
Zheng (McGill University, Canada). The coding region of the CER1 gene was
subcloned into the vector pVKH18/35S:GFPC (Dean et al., 2007) to produce the
C-terminal CER1-GFP fusion under the control of the enhanced 35S promoter.
The

35S

promoter

fragment

was

then

removed

from

the

vector

pVKH18/35S:CER1-GFP and replaced with the CER6 promoter using HindIII and
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XbaI to generate pVKH18/CER6p:CER1-GFP. The construct pBIN/35S:HDELmCherry was kindly provided by Dr. Mathias Schuetz (UBC), and the construct
pGreenST/35S:HA-U4 was kindly provided by Dr. Meixuezi Tong (UBC).
To generate the construct U37p:GUS, a fragment of 808 bp immediately
upstream of the putative U37 start codon was amplified from Col-0 genomic DNA
using the forward primer LP_attb1_u37 and the reverse primer RP1_attb2_u37
(Table 2-3). The PCR fragment was recombined into the pDONR221 and then
fused to the β-glucuronidase (GUS) reporter gene in the binary GUS vector
pGWB3 using GATEWAY cloning strategy (Invitrogen). To generate the
construct U37p:U37-GUS, a 1912 bp fragment that includes 808 bp immediately
upstream and 1108 bp of U37 genomic DNA was amplified from Col-0 genomic
DNA using the forward primer LP_attb1_u37 and the reverse primer
RP2_attb2_u37 (Table 2-3). The PCR product was recombined into the entry
vector and transferred into the destination vector as described above. The
construct was confirmed by sequencing using U37 specific primer and GUS gene
specific primer GUS_R_seq (Table 2-3).
To generate the construct for transcriptional activation assay, vectors
pFAST-mRFP, pFAST-eYFP, Gal4p:luciferase (kindly provided by Dr. Mi Chung
Suh, Chonnam National University, Korea) were used to generate reporter and
effector constructs. A DNA fragment of CER3 (~1,7 kb) promoter region was
amplified using the gene-specific primers (Table 2-3) and cloned into Gal4p:
luciferase binary vector using SalI and SpeI sites. The cDNAs of AHL23, AHL29,
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MYB30, and WIP5 were amplified using corresponding primers (Table 2-3) and
cloned into pFAST binary vector and used as effector vectors.

2.4.2

Cloning of genes in bacterial expression vectors
To generate the construct pET28b/U37-HIS for in vitro ubiquitination

assay,

a

326

bp fragment

of

coding

sequence

downstream

of

the

transmembrane domains and upstream of the stop codon of U37 was amplified
from Col-0 cDNA using primers U37TMdel_F_EcoRI_28b and U37TMdel_R_SalI
(Table 2-3). The PCR product was purified and ligated into the EcoRI and SalI
digested pET28b vector to generate pET28b/U37-HIS. The construct was
sequenced using primer T7terminator_R_Seq (Table 2-3).
To reconstitute the plant ubiquitination cascade in E. coli, Duet expression
vectors (kindly provided by Dr. Dongping Lu, Chinese Academy of Science,
China)

pCDFDuet/MBP-ABI3-HA-AtUBA1-S,

pCDFDuet/AtUBA1-S,

pACYCDue/AIP2-Myc-UBC8-S, and pET28a/FLAG-UBQ were used to generate
target co-expression constructs (Han et al., 2017). A 326 bp fragment of coding
sequence downstream of the transmembrane domains and upstream of the stop
codon of U37 was amplified from Col-0 cDNA, and was purified and ligated into
the BamHI and StuI-digested pACYCDue/AIP2-Myc-UBC8-S vector to generate
pACYCDue/U37-Myc-UBC8-S. A 837 bp fragment of coding sequence
downstream of the transmembrane domains and upstream of the stop codon of
CER1 was amplified from Col-0 cDNA, and was purified and ligated into the
EcoRI and StuI-digested pCDFDuet/MBP-ABI3-HA-AtUBA1-S vector to generate
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pCDFDuet/MBP-CER1-HA-AtUBA1-S. Primers used for this work are listed in
Table 2-3.

2.4.3

Agrobacterium-mediated plant transformation
To produce transgenic lines for E3 ubiquitin ligase activity test,

degradation assay, or GUS assay, purified plasmids 35S:HA-U37(H197Y,H200Y),
CER6p:CER1-GFP, U37p:GUS, or U37p:U37-GUS were electroporated into
electrocompetent Agrobacterium tumefaciens GV3101 cells carrying the pMP90
Ti plasmid. The pGreenST plasmid 35S:HA-U37(H197Y,H200Y) was transformed with
a helper plasmid pSOUP for efficient plant transformation. The transformed
Agrobacterial cells were grown to the log phase, and then the culture was
centrifuged, washed, and resuspended in 5% sucrose solution containing
0.025% silwet l-77. 4-week-old wild-type (Col-0) plants or cer1-4 plants were
sprayed with the Agrobacterial suspension, and were covered overnight and
moved into the growth chamber the next day. The T1 transgenic seeds were
harvested from the dry plants and screened on AT medium supplemented with 1
% (w/v) and appropriate antibiotics.

2.5

Transient expression in Nicotiana benthamiana
4- to 5-week-old tobacco (N. benthamiana) plants for transient expression

were grown as described in section 2.1.2. The Agrobacterial cells with
appropriate plasmids were grown in 3 mL of lysogeny broth (LB) medium
overnight under antibiotic selection, and diluted 1/20 in LB medium with antibiotic
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and 50 µM acetosyringone and incubated for 3-5 hrs. Cultures were centrifuged
and resuspended in resuspension medium (4.43 g/L MS, 10 mM MES, and 150
µM acetosyringone) at an optical density of 0.6 at 600 nm. For co-expression of
multiple constructs, suspensions were mixed in equal ratios. Agrobacterial
suspension mixtures were infiltrated using a 1 mL needleless syringe into the
abaxial side of tobacco leaves. A permanent marker was used to mark the
infiltrated area on the leaf. Infiltrated plants were incubated at room temperature
for 48 hours, and then leaf samples were collected for microscopic imaging
and/or protein extraction.

2.6

Cuticular wax extraction and analysis by GC-FID
Cuticular wax extraction was performed using the method described by

Haslam and Kunst, (2013). Top 10 cm of 4- to 6-week-old inflorescence stems
were cut and photographed for the determination of stem surface area. Surface
area was calculated by measuring the number of pixels of the two-dimensional
area in Adobe Photoshop, converting the values to cm2, and multiplying by π.
After imaging, stems were submerged for 30 sec in chloroform containing 10 µg
tetracosane as an internal standard. After wax extraction, chloroform was blown
off under a stream of nitrogen gas and wax components were silylated in 10 µL
N, O-bis (trimethylsilyl) trifluoroacetamide (BSTFA; Sigma) and 10 µL pyridine for
1 h at 80°C. After derivatization, the solvent was evaporated under nitrogen gas
and waxes were re-dissolved in 30 µL of chloroform for GC analysis. Samples
were analyzed on an Agilent 7890A gas chromatography equipped with a flame
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ionization detector (GC-FID) using an HP1 column (Agilent) in a 2.7:1 split mode
and H2 as the carrier gas with a flow rate of 30 mL/min. Gas chromatography
program used was as follows: oven temperature was set at 50°C for 2 min,
raised by 40°C/min to 200°C and held for 1 min, and then raised by 3°C/min to
320 °C and held for 15 min. Wax components were identified by comparing their
retention times with those of the internal standards; area under each peak
corresponds to the amount of each wax component. Four biological replicates
were processed for each line.

2.7

Microscopy

2.7.1

Confocal microscopy
Florescence signals of transiently expressed constructs in N. benthamiana

were detected using a Perkin Elmer Ultraview VoX Spinning Disk Confocal
Microscope with glycerol immersion lens for live imaging. For this purpose, N.
benthamiana leaf discs were mounted in distilled water and immediately imaged.
GFP was excited using a 488-nm laser, and mCherry was excited using a 561nm laser. Confocal images were processed using the Volocity software (Perkin
Elmer). GFP signal in infiltrated N. benthamiana leaf was also observed using a
Nikon Eclipse 80i Scanning Laser Confocal Microscope excited with a 488-nm
laser.
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2.7.2

Scanning Electron Microscopy (SEM)
Segments from the apical 1 cm of dry stem were mounted onto stubs and

sputter coated with gold particles for 10 min at 40 mA in a SEM Prep 2 sputter
coater (Nanotech). The coated samples were viewed under a Hitachi S4700 field
emission SEM (Hitachi) using an accelerating voltage of 5 kV and a working
distance of 12 mm.

2.8

GUS histochemical assay
Tissues at different developmental stages from transgenic lines containing

either U37p:GUS or U37p:U37-GUS constructs were immersed in the GUS
staining buffer (100 mM Na-phosphate, 10 mM EDTA, pH 7.0, 0.5 mM
K3[Fe(CN)6], 0.5 mM K4[Fe(CN)6], 0.1 % (v/v) Triton X-100 and 1 mM 5-bromo-4chloro-3-indolyl-β-D-glucuronide (X-gluc)) and incubated for 1 to 3 hours, or
overnight. The reaction was stopped by removing the GUS buffer and adding the
70 % (v/v) ethanol. Chlorophyll was removed by incubating samples in 70 % - 90
% (v/v) ethanol. Samples stained for GUS activity were examined under Nikon
SMZ18 Digital Microscope.

2.9

Protein extraction and western blotting
Plant tissue were ground in liquid nitrogen and total proteins were

extracted from plant tissues using extraction buffer containing 50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% (v/v) glycerol, 1% Triton X-100, 1 mM
PMSF, and 1X HaltTM protease inhibitor cocktail (Invitrogen). After centrifugation
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at 18,000g for 20 min at 4 °C, the supernatant was transferred to a new tube and
the concentration of protein extract was determined using the Bradford reagent
(Bio-Rad).
For SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 4X SDS
loading buffer (200 mM Tris-HCl, pH 6.8, 8% (w/v) SDS, 0.4% (w/v) bromophenol
blue, 40% glycerol, 400 mM DTT) was added to solubilized protein samples, and
10-35 µL of each protein sample was loaded in the 10 % acrylamide gel with 1 %
SDS. Proteins were separated at a constant voltage of 200 V for 50-60 min and
transferred to nitrocellulose membrane using a semi-dry blotting system (Bio-Rad)
with Bjerrum Schafer-Nielsen buffer (Bio-Rad). Transfer was carried out at a
constant voltage of 15 V for 50 min, and the membrane was stained with
Ponceau S, imaged, washed, and blocked with 5% skim milk powder in Tris
buffer saline with 0.1% tween 20 (TBST). For immunoblotting, membranes were
incubated with primary antibodies for 1 hr at room temperature. Different primary
antibodies, including anti-GFP (dilution 1:5000; mouse IgG; Roche), anti-HA
(dilution 1:2500; rat IgG; Roche), anti-HIS (dilution 1:1000; mouse IgG; Santa
Cruz Biotechnology), anti-FLAG (dilution 1:5000; mouse IgG; Sigma), anti-GST
(dilution 1:1000; rabbit IgG; Sigma), anti-Myc (dilution 1:1000; Invitrogen) and
anti-Ub (dilution 1:1000; mouse IgG; Sigma). Membranes were then washed for
three times with TBST and incubated with diverse secondary antibodies,
including anti-rabbit (dilution 1:10,000; Santa Cruz Biotechnology), anti-mouse
(dilution 1:25,000; Santa Cruz Biotechnology), and anti-rat (dilution 1:10,000;
Santa Cruz Biotechnology), for one hour at room temperature. The membrane
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was finally washed three times with TBST, and horseradish peroxidase was
detected with the ECL Prime western blotting detection kit (GE).

2.10 Cell-free degradation assay
The plant-derived protein degradation assay was performed as described
in Wang et al., (2009), with some modifications. Total proteins were extracted
from 8-day-old CER6pro:CER1-GFP/cer1-4 transgenic seedlings and quantified
as described in section 2.9. 80 μL protein extracts were then incubated with or
without 40 mM MG132 (Sigma) at 30°C. Samples were taken at select time
points, and the reaction was stopped by adding 5 μL 4X SDS loading buffer.
CER1-GFP

protein

abundance

in

each

sample

was

determined

by

immunoblotting using anti-GFP antibody.

2.11 In vitro ubiquitination assay
In vitro ubiquitination assay was performed as described in Zhao et al.,
(2013), with some modifications. The plasmid pET28b/U37-HIS was propagated
in E. coli DH5a cells, confirmed by sequencing, and transformed in E. coli strain
Rosetta™2 (DE3) for protein production. A 500 mL culture was grown in Terrific
Broth (TB) medium (1.2% (w/v) tryptone, 2.4% (w/v) yeast extract, 0.4% (v/v)
glycerol, 100 mM K-PO4) until the exponential phase (OD600 = 0.6-1.0), when it
was induced with 0.5 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG) and
grown overnight at 16-18°C. Cells were collected by centrifugation at 6,000 g for
5 min and frozen in liquid nitrogen and stored at -20°C. The lysis buffer (50 mM
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NaPO4, pH 7.5, 200 mM NaCl, 0.1% [v/v] Triton-X, 5% glycerol, 1 mM PMSF, 1X
HaltTM protease inhibitor cocktail, and 1 mg/mL lysozyme) was added to the
frozen sample pellets, the pellets were thawed at 37°C for 1 min and
resuspended in the lysis buffer. Lysate was cleared by centrifugation at 14,000g
for 15 min at 4°C followed by filtration through a 0.45 mM filter. The U37-HIS
recombinant proteins were purified using HisPur Ni-NTA Resin (Thermo Fisher)
according to the manufacturer’s protocol. Purified recombinant proteins AtUBA2His and GST-AtUBC8 were kindly provided by Dr. Oliver Xiaoou Dong (UBC).
Ubiquitination assays were performed in a total volume of 30 μL, in a
reaction mixture consisting of 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 10 mM
ATP (Sigma), 100 ng E1 (AtUBA2-His), 200 ng E2 (GST-AtUBC8), 375 ng of E3
(U37-HIS) and 2 μg ubiquitin (Boston Biochem). For negative control reactions,
the E1, E2, E3, or ubiquitin were omitted from the mixture. Reactions were
incubated at 30°C for 2 hours and stopped by adding 4x SDS loading buffer.
Samples were separated by SDS-PAGE followed by western blotting and
detection using appropriate antibodies.

2.12 In vivo ubiquitination assay in bacteria
In vivo ubiquitination assay in bacteria was carried out using the system
described by Han et al., (2017). E. coli strain BL21 (DE3) containing different
combinations of the expression vectors described in section 2.4.2 was grown in 2
mL of TB liquid medium with appropriate antibiotics at 37°C. When the culture
absorbance at 600 nm reached 0.4-0.6, 0.5 mM IPTG was added to induce the
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recombinant protein expression. After induction, bacteria were further grown at
28°C for 10-12 hrs, stored at 4°C overnight and then harvested from 300 μL of
culture by centrifugation at 12,000g for 5 min. The pellets were resuspended in
100 μL 1x SDS loading buffer, boiled at 95°C for 5 min followed by separation by
SDS-PAGE, western blotting and detection with antibodies.

2.13 Transcriptional activation assays
The cDNAs of selected transcription factors were amplified (Table 2-3)
from a cDNA pool of 4-week-old leaves of the WT Col-0 and inserted into the
binary plasmid pPZP212 (provided by Dr. Mi Chung Suh, Chonnam National
University), which contains the CaMV 35S promoter, eYFP, and Rbcs terminator.
The activity of the selected transcription factor was investigated using a transient
expression system with tobacco leaves, as modified from Go et al., (2014). The
control construct containing the GUS gene driven by the 35S promoter was cotransformed with effector construct and reporter construct into tobacco leaves.
The activity of luciferase was measured using a dual-luciferase reporter assay
system and a BioTekTMSynergyTM2 Multi-Mode Microplate Reader, and
normalized based on the level of GUS activity. The values reported represent the
means and SD of at least four independent measurements.
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Table 2-3: Primers used in chapter 3 and chapter 4
Primers used for genotyping T-DNA lines of mutants
Primer
Gene ID
Sequences (5'-3')
LB1.3 (Salk lines) -ATTTTGCCGATTTCGGAAC
TAGCATCTGAATTTCATAACCAATCTCGA
LB3 (Sail lines)
-TACAC
LBo 8474
-ATAATAACGCTGCGGACATCTACATTTT
034426 LP
CTGACTCTGGACGGCACTTAG
034426 RP
GTACAGGGAAAGGTGAGGAGG
094303 LP
AAGGCATCCAATTCCAGACTC
094303 RP
GTACAGGGAAAGGTGAGGAGG
GK383G01 LP
TGAGAAGTTGGGTGGTGTTTC
AT5G66070
GK383G01 RP
CAAACCTGAAGGCAGACAGAG
148182 LP
CATGACGACATCACTGTGGTC
148182 RP
CTAAGTGCCGTCCAGAGTCAG
148182 RP1
CTCTGTCTCCCATCTCTGTCC
148182 RP2
ACAGGGAAAGGTGAGGAGGT
122884LP
TCCTTGTTGTGACAAAGGAGG
AT3G28910
122884RP
ATGATCAGGTGAAACACCAGC
065254LP
CAAAGCTTGATCTTTTAGGGG
AT4G38900
065254RP
AGGCGGCTTTAGAGATTCATC
022107LP
TTCATGGGGATTTAACGAAATC
AT4G34680
022107RP
TTCTCCGTTGAGTGTTTCCTC
114838LP
TCGGAATAGAGACGTTGTTTTG
AT1G51220
114838RP
GCCATTTTGATTTAAGCTTGC
085216LP
CAGCATGTTTCTTCCATCTCC
AT1G76500
085216RP
TGGAGACTCCTCTTCCTCTCC
059717LP
CAGTCCTGCATGCATTACAAC
AT5G49700
059717RP
AGGAGAGGTGGAAGTGAGAGG
646A02LP
CACAAATTTCAAAGGCTCACG
AT1G14490
646A02RP
TTCCGTGGAAAGTAATGGTTG
004475LP
TCCAAATATTTCCCTTCACTGTG
AT4G17800
004475RP
AGCTTGGAGGAGGATCTAACG
205237LP
AATGAAGCTGCCAACAATGAC
AT3G61310
205237RP
TCAGGTGACACGTCTGTGAAG
059975LP
CACGTTCTTGAAGTCACCTCC
AT4G35390
059975RP
TAACGGATGTTCTGTAACGGC
202366LP
CGAACCCCTAGTTTTCTTTGG
AT1G20900
202366RP
TTACTATGATCGGTGGCTTGG
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Table 2-3: Primers used in chapter 3 and chapter 4 (continued)
Primers used for genotyping T-DNA lines of mutants (continued)
040729LP
CCCTGTTGGGTCTATCTTTCTC
AT3G55560
040729RP
CAACTTGACCTTGAGCTCCAG
090810LP
TGTTAGTTCCATGTCTTGCCC
AT1G14685
090810RP
TGGTGTTGCAATTCCCTAAAG
Primers used for genotyping transgenic lines of U37OX
TransU37_F
TGTTCCAGACTACGCTGTCG
AT5G66070
TransU37_R
TCCTCTGATGAAACCGCTCT
Primers used for RT-PCR & qPCR
ACT1-NF
-CTCAGTACCTTCCAGCAGATGT
ACT1-NR
-AAAAACCCGGCTTGAGAAAT
U37_RT-PCR_F
TCTTGCTCTGTCTGCCTTCA
AT5G66070
U37_RT-PCR_R
GCACAAGGGACAAGAAGCAT
CER1F-RT
AGTAGATTAGCAGCAGCTGTTG
AT1G02205
CER1R-RT
GCTCTTCTCTTGTTGTTCCTT
CER3-qPCR-F
CTCATCTCCTGTTCCACATCC
AT5G57800
CER3-qPCR-R
TCAATGGAACACCAGCTACG
Primers used for site-directed mutagenesis of U37OX lines (AT5G66070)
H197200Y_F
TATATGTTCTACCTACCATGCATCGAC
H197200Y_R
GGTAGGTAGAACATATAATGGCAGTGCGG
U37mutate_Seq
AGGCTTGTTCGTGAGCGTAT
Primer used for CER3 transient expression in tobacco leaves
(AT5G57800)
GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATGGT
CER3cDNA_attbF TGCTTTTTTATCAGCTTGG
CER3cDNA_attbR GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAATTT
_WSTOP
GTGAGTGAAGAAACAGCA
CER3cDNA_attbR GGGGACCACTTTGTACAAGAAAGCTGGGTCATTTGT
_NoSTOP
GAGTGAAGAAACAGCA
Primers used for GUS assay (AT5G66070)
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAGGG
LP_attb1_u37
ATGATTGAGGTAAGTTTAAG
GGGGACCACTTTGTACAAGAAAGCTGGGTTATCTGC
RP1_attb2_u37
AAAAGAGATGAAGAGGAGG
GGGGACCACTTTGTACAAGAAAGCTGGGTTAAGATG
RP2_attb2_u37
TCTTCTGCACAAGGGACAA
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Table 2-3: Primers used in chapter 3 and chapter 4 (continued)
Primers used for GUS assay (continued)
GUS_Rseq
-CTGTGGAATTGATCAGCGTTGG
Primers used for U37 and CER1 expression in bacteria
U37TMdel_F_Eco
RI _28b
AT5G66070 GACTGAATTCGAGGCTTGTTCGTGAGC
CTAGTCGACAAGATGTCTTCTGCACAA
U37TMdel_R_SalI
G
T7terminator_R_S
-eq
CTCAAGACCCGTTTAGAGGC
U37TMdel_BamHI
GAAGGATCCAGGCTTGTTCGTGAG
AT5G66070 GTCAGGCCTAAGATGTCTTCTGCACAA
U37TMdel_StuI
G
CER1TMdel_EcoR
AT1G02205
I_F
GACTTGAATTCCTCTTTGTCGCTGAG
Primers used for transactivation assay
CAGGTACCATGGCTGGTCTTGATCTAG
AHL23F
GC
AT4G17800
GACCCGGGGAAAGGACCTCTTCCACC
AHL23R
GG
CAGGTACCATGGACGGTGGTTACGATC
AHL29F
A
AT1G76500
GACCCGGGAAAGGCTGGTCTTGGTGG
AHL29R
TG
CAGGTACCATGTCTAATCCAGCTTGTTC
WIP5F
GA
AT1G51220
GACCCGGGTTGCTCGATATCAGAAGCA
WIP5R
GC
MYB30F
CAGGTACCATGGTGAGGCCTCCTTGTT
AT3G28910 GACCCGGGGAAGAAATTAGTGTTTTCA
MYB30R
TCCAAT
ACGGTCGACGTTCCCAACAAAAACGAA
CER3_1.7pro_F
TTG
AT5G57800
CGACTAGTTCTTTAGCTTGGTCTTCTTC
CER3_1.7pro_R
TTC
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Chapter 3: Identiﬁcation and characterization of an E3 ubiquitin
ligase that negatively regulates cuticular wax biosynthesis in
Arabidopsis

3.1

Introduction
Ubiquitination is an important post-translational modification that regulates

many cellular processes in eukaryotes. It involves the attachment of one or more
ubiquitin molecules to an internal lysine of a target protein resulting in changes of
protein activity, cellular localization, or stability (Vierstra, 2009). Polyubiquitination
of substrate proteins that marks them for subsequent degradation by 26S
proteasome is a major pathway for regulating protein abundance (Vierstra,
2009). Three types of enzymes, a ubiquitin activating enzyme (E1), a ubiquitin
conjugating enzyme (E2), and a ubiquitin ligase (E3) are required for protein
ubiquitination. The E3 ligase involved in the transfer of ubiquitin to the target
protein mostly determines the substrate specificity, and thus represents key
component of the ubiquitination pathway (Wang et al., 2009). In Arabidopsis,
more than 1400 genes encode E3 ubiquitin ligases. A large number of them
encode the Really Interesting New Gene (RING) type E3 ligases (Moon et al.,
2004; Stone et al., 2005; Vierstra, 2009) that play crucial roles in the regulation of
plant development and environment responses, including hormone signaling,
photomorphogenesis, ﬂower and seedling development, self-incompatibility, and
immune responses (Deng et al., 1991; Xie et al., 2002; Stone et al., 2003; Moon
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et al., 2004; Seo et al., 2004; Stone et al., 2005; Vierstra, 2009). However, due to
the potential genetic redundancy and lethality of loss-of-function mutations in
plant E3 ligase genes, functions of most E3 ligases remain undiscovered.
Cuticular wax on the surface of plants plays an important role in plant
development and plant/environment interactions. Cuticular wax production is
highly regulated transcriptionally and post-transcriptionally during development
and in response to environmental cues. It has been shown that during
Arabidopsis inflorescence growth, CER7-mediated RNA silencing controls the
expression of wax biosynthetic gene CER3 and therefore regulates the wax
deposition on the stem surface (Lam et al., 2012; 2015; Zhao et al., 2016). It has
also been shown that transcription factors, such as MYB30, MYB94, MYB96,
DEWAX, and WRI4 regulate wax-associated genes transcriptionally and affect
wax deposition during pathogen attack, drought stress, salt stress, and dark
(Raffaele et al., 2008; Seo et al., 2009; Go et al., 2014; Lee and Suh, 2015; Park
et al., 2016). Recently, it has been reported that post-translational regulation is
also involved in regulation of wax deposition. Analyses of wax-deficient
eceriferum 9 (cer9) mutants of Arabidopsis and map-based cloning of CER9
resulted in a discovery that CER9 encodes a putative RING-type E3 ligase
required for the cuticle formation. CER9 has been shown to control early steps of
both wax and cutin biosynthesis, but its E3 ligase activity working mechanism
remain to be determined (L et al., 2012). Another RING-type E3 ligase, MIEL1,
has been demonstrated to negatively regulate cuticular wax deposition by
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targeting MYB30 and MYB96 transcription factors that control wax biosynthesis
for degradation by the 26S proteasome (Gil et al., 2017).
Recently, a search for E3 ligases involved in regulation of plant immunity
by our collaborators Drs. Meixuezi Tong and Xin Li (Department of Botany, UBC)
(Tong et al., 2017) identified an E3 ligase, designated U37, whose
overexpression resulted in a stem wax deficiency suggesting that U37 negatively
regulates stem wax deposition in Arabidopsis. The objective of the research
described in this chapter was to characterize U37 overexpression phenotypes,
assess the U37 E3 ligase activity, determine the substrate of U37, and
investigate how U37 controls wax accumulation in Arabidopsis.

3.2

Results

3.2.1

Overexpression of U37 affects wax accumulation on Arabidopsis

stems
The snc1-influencing plant E3 ligase reverse (SNIPER) genetic screen
carried out by Dr. Tong et al., (2017) resulted in the identification of seven
independent transgenic plants with glossy bright green stems and siliques among
the T1 progeny (Figure 3.1A), suggestive of defective cuticles. In these plants, a
putative E3 ligase-encoding gene U37 (AT5G66070) was expressed under the
control of the cauliﬂower mosaic virus 35S promoter. There are five splice
variants for gene AT5G66070. Of those, AT5G66070.1 was used to generate
U37 overexpression lines. Four of these lines were selected for further study.
Analysis of stem wax load by gas chromatography with flame ionization detection
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(GC-FID) demonstrated that the U37OX lines accumulated only 10-50% of wild
type stem wax (Figure 3.1B). Stem wax-deficient phenotype was further verified
by SEM; wild-type stem surface was densely and uniformly covered with column, vertical plate-, and rod-shaped wax crystals, whereas U37OX lines displayed
considerably lower density of all crystalline structures (Figure 3.1C).

Figure 3.1 Characterization of the wax-deficient phenotypes of U37OX lines.
A, Images of stems from 6-week-old wild type Col-0 (WT) and four U37OX lines.
B, Total stem wax load of WT and U37OX lines as determined by GC-FID. Error
bars represent means ± SD (n=4). Student t test was applied to the data;
statistically significant differences of the stem wax load between the WT and
each U37OX line (p<0.01) were determined by Student’s t test and are indicated
by asterisks. C. SEM images of WT and U37OX inflorescence stem surfaces.
Scale bar = 5 µm.
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A comparison of U37OX and wild-type stem wax composition showed that
chain length of wax constituents was unchanged in the U37OX lines, but
considerable changes in the relative proportions of key wax components were
detected (Figure 3.2). The quantitative differences between U37OX lines and the
wild type are shown in Figure 3.2A. Specifically, alkanes, ketones and secondary
alcohols exhibited major reductions, whereas fatty acids, aldehydes, and primary
alcohols showed proportional increases in U37OX lines compared to wild-type
plants (Figure 3.2B). These data indicate that the observed decreases in alkane
pathway-derived compounds can be attributed primarily to C29 alkanes (68%98.7% decrease), C29 ketones (50%-97.6% decrease), and C29 secondary
alcohols (56%-97% decrease), but there is also a decrease in C28 and C30
alkane content. In addition, primary alcohols made by the acyl reduction pathway
were reduced in the U37OX lines, with C28 primary alcohols exhibiting the most
pronounced decrease (40%-70% decrease). The amounts of fatty acids, however,
increased to 115%-167% of the wild type, with C30 fatty acid reaching up to 760%
of the wild-type amounts. Collectively, these data demonstrate that wax
biosynthetic pathways, especially the alkane-forming pathway, have been
impaired in U37OX lines.
U37OX lines that showed the most severe wax-deficiency also displayed
sterility, organ fusion, and dwarfism in multiple generations (Figure 3.3). For
example, the inflorescence stems of T3 individual U37_2_2 were considerably
shorter than those of the wild type.
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Figure 3.2 Wax compositions of U37OX lines.
A, Stem wax composition of four U37OX lines and WT Col-0 as measured by
GC-FID. Wax coverage is expressed as μg/cm2 of stem surface area. Each wax
constituent is shown by carbon chain length and is labeled by chemical class
along the x axis. Values shown are means ± SD (n = 4). Statistically significant
differences in wax component amounts between the WT and each U37OX line
(p<0.05) were determined by Student’s t test and are indicated by asterisks. B,
The pie charts showing the proportion of each wax class of the WT Col-0 and
U37OX inflorescent stem wax.
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Several individuals from U37OX_12 and U37OX_2 T2 and T3 progeny
exhibited organ fusion phenotypes, and the fusion was observed between flower
buds, flowers and siliques, as well as flowers and leaves. Reduced fertility has
also been observed in U37OX lines. Fertility could be partially recovered under
high-humidity (Figure A.1), while those individuals that exhibited severe floral
organ fusions were completely sterile even when grown under high-humidity
conditions.
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Figure 3.3 Abnormal organ morphogenesis in the U37OX lines.
A, Dry stems of WT (left) and T3 U37OX_2_2 individual (right). B, Six-week-old
plants of WT (left) and T3 U37OX_12_4 plant (right). C, Flowers of WT Col-0. D,
Organ fusions between flower buds of a T3 U37OX_12_4 individual.
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3.2.2

Characterization of u37 T-DNA insertion mutants
To investigate the role of U37 in cuticular wax deposition, several T-DNA

insertion mutants of U37 in Col-0 ecotype were obtained from the Arabidopsis
Biological Resource Center (ABRC) and the GABI-KAT stock center.
Homozygous lines u37-1 (SALK_094303), u37-2 (SALK_034426C) and u37-3
(GABI_383G01) were identified by PCR-based genotyping. Sequencing of the
genomic DNA confirmed that T-DNA insertions in these mutants disrupted the 5’untranslated region of the U37 gene (Figure 3.4A).
U37 gene expression was analyzed in u37 mutant alleles by RT-PCR. The
primers used for RT-PCR are designed to span the first exon. A reduced level of
U37 transcript was detected in these lines (Figure 3.4B), suggesting that
expression of all splice variants of U37 was decreased. The total stem wax load
and composition of u37 T-DNA mutants have also been determined, but were
indistinguishable from the wild type with respect to their stem wax loads and
composition (Figure 3.4C,D). U37 has two close homologs in Arabidopsis, NEPinteracting protein1 (NIP1; AT4g35840) and NIP2 (AT2G17730). It has been
proposed that at least one of these NIP proteins mediates the fixation of phagetype enzymes to the thylakoid membranes (Azevedo et al., 2008). However,
whether these proteins have E3 ligase functions have not been determined yet.
The unchanged stem wax phenotype of u37 mutants may be due to functional
redundancy and/or this gene may be expressed only at certain times during
development, or induced by specific environmental conditions.
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Figure 3.4 Analysis of u37 T-DNA mutants.
A, Schematic representation of T-DNA insertions in u37-1, u37-2, u37-3 T-DNA
lines. Arrows represent the location of primers used to examine the U37
transcript levels in T-DNA mutants. B, RT-PCR of U37 expression in rosette
leaves of the wild type and in the u37 mutants. ACTIN was used as a control for
constitutive expression. 28 amplification cycles were used for ACTIN and 30
cycles were used for U37. C, Stem wax loads of u37 T-DNA mutants compared
to the wild type. Error bars represent means ± SD (n=3). Student’s t test was
applied and no significant differences of stem wax load between genotypes were
found. D, Stem wax composition of u37 T-DNA mutants compared to the wild
type.
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3.2.3

U37 is a RING-type E3 ligase in Arabidopsis
The U37 gene (AT5G66070) has five alternatively spliced forms of cDNA,

among which AT5G66070.1 contains five exons and four introns, and
AT5G66070.2 contains four exons and three introns. U37OX lines were
transformed with the construct pGST1/35S:HA-U37, which was modified from
pUni clone U63884, and contains the coding DNA sequence (CDS) of
AT5G66070.1. U37 encodes a predicted polypeptide of 221 amino acids with a
molecular mass of 27kDa. No signal peptide has been predicted for U37 by the
SOSUIsignal

(http://harrier.nagahama-i-bio.ac.jp/)

(http://www.cbs.dtu.dk

/services/SignalP).

In

contrast,

and
the

SignalP
Signal-3L

(http://www.csbio.sjtu.edu.cn/ bioinf/Signal-3L/) program predicts that U37 has a
signal peptide from amino acid 1 to 49. The membrane protein prediction tool
Aramemnon (http://aramemnon.uni-koeln.de/) predicted that U37 has three
transmembrane domains, located from amino acids 28 to 48, 63 to 83, and 92 to
112, respectively (Figure 3.5A). Analysis with the protein domain prediction tool
SMART (http://smart.embl-heidelberg. de/) revealed that U37 has a RING
domain located between amino acids 200 and 221. According to a published
report (Kosarev et al., 2002), U37 belongs to Cys3-His2-Cys3 (C3H2C3)
canonical RING type (also named RING-H2) E3 ligase family, but U37 has not
previously been tested for E3 ligase activity. The protein sequence of the RING
domain of RING-H2 type is Cys-X2-Cys-X(9-39)-Cys-X(1-3)-His-X(2-3)-His-X2-Cys-X(448)-Cys-X2-Cys

(where X is any amino acid; Deshaies and Joazeiro, 2009). The

conserved cysteine and histidine residues are buried within the domain’s core
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and assist the binding of two zinc atoms in a “cross-brace” manner, necessary for
the biological activity of the RING domain (Figure 3.5B).
RING domains of E3 ligases are known to be involved in the interaction
with the E2 enzyme. This E2-E3 interaction is an essential step in the
ubiquitination pathway. Mutations of the conserved histidine or cysteine of the
C3H2C3 motif thus compromise the E3 ligase activity. To investigate the E3
ligase activity of U37, site-directed mutagenesis was used to alter the conserved
histidine residues 197 and 200 of the U37 RING domain. Histidines at both sites
were replaced with tyrosines (H197Y, H200Y). The construct with modified U37
RING domain was transformed into WT Col-0 background. The presence of the
transgene was confirmed by PCR-based genotyping and transgenic plants were
visually examined for wax-deficient phenotype. 40 plants were examined in total,
and no individuals with glossy stems or other phenotypes related to wax
deficiency were observed. The steady-state U37 transcript levels were
determined by RT-PCR, and elevated U37 transcript levels were detected in both
U37OX lines and U37OX lines with mutated RING domain (U37OX(H197YH200Y))
relative to the wild type (Figure 3.5C). Thus, the wax-deficient phenotypes
observed in U37OX lines were not a consequence of gene silencing. However, in
contrast to U37OX, overexpression of the U37OX(H197YH200Y) double mutant
protein had no effect on the wax load when it was expressed in the wild type
background, demonstrating that the function of U37 requires an intact RING
domain.
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Many RING-type E3 ligases have the capacity to undergo autoubiquitination (Lorick et al., 1999). To further determine whether U37 has E3
ligase activity, an in vitro auto-ubiquitination assay was conducted. Due to the
insolubility of the full-length U37 protein when it was expressed in E. coli, which
prohibited purification of sufficient protein for analysis, U37 protein fragment
without the N-terminal transmembrane domains was used to produce the
recombinant U37-HIS protein (Figure 3.5A). The purified U37-HIS recombinant
protein (14.4kDa) was incubated with E1 (HIS-AtUBA2; 140kDa), E2 (GSTAtUBC8; 44kDa), ubiquitin (FLAG-UBQ10; 9.5kDa), and ATP. Co-expression of
this U37-HIS protein with E1, E2, and ubiquitin resulted in a laddering pattern on
Western blot. The +1Ub (23.9kDa), +2Ub (32.4kDa), +3Ub (40.9kDa) bands, and
a higher molecular weight smear were detected with anti-Flag antibody. The
laddering pattern was also observed with anti-HIS antibody to probe U37-HIS,
while +1Ub and +3Ub bands were not detected; this may be due to the antibody
sensitivity or the abundance of these ubiquitination forms (Figure 3.5D). In the
presence of E1, E2 and ubiquitin, auto-ubiquitination of E2 (GST-AtUBC8;
44kDa) was also detected. An increased signal of auto-ubiquitinated E2 was
observed in the presence of E3, which may be an imaging artifact or perhaps the
truncated U37 may affect the E2-Ub transfer. The auto-ubiquitination of U37 was
not observed when E1, E2 or ubiquitin was omitted from the assays. These data
suggest that U37 exhibits E3 ligase activity and has the ability to undergo autoubiquitination in vitro.
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Figure 3.5 U37 exhibits E3 ubiquitin ligase activity.
A, Schematic representations of the full-length U37 protein (top left), full-length
U37 protein with mutated RING domain (top right) and truncated U37 protein
without transmembrane domains (bottom left). Arrows show the point mutations
in the RING domain (top right). B, The schematic structure of a RING-H2 domain
showing the “cross-brace” arrangement of cysteine and histidine residues and
the two zinc binding sites. C, Stems of 6-week-old WT Col-0, representative
U37OX (U37OX-12-4), and representative U37OX(H197YH200Y). U37 transcript
accumulation in each sample was measured by RT-PCR. ACTIN was used as an
internal control. D, In vitro ubiquitination assays were performed in the presence
or absence of AtUBA2 (E1), AtUBC8 (E2), U37 (E3), and ubiquitin. Ubiquitination
of U37 was detected by western blot with an anti-Flag antibody or anti-HIS
antibody. AtUBC8 and AtUBA2 were detected by western blot with anti-GST and
anti-HIS antibody, respectively. Molecular mass markers are indicated on the left.
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3.2.4

CER1 and CER3 are the potential targets of U37
To investigate the biological function of U37 and reveal how it is involved

in the regulation of wax deposition, it is essential to identify the ubiquitination
targets of U37. Based on the detected wax phenotypes of U37OX lines and
evidence that U37 functions as an E3 ligase, we hypothesized that U37
negatively regulates wax accumulation by targeting key player(s) of wax
biosynthesis for degradation.
To more carefully compare the wax composition of U37OX line with the
cer mutants that are deficient in wax biosynthesis, I grew U37OX, cer1-4
(Salk_008544; Col-0 ecotype), cer3-6 (yre/wax2; Col-0 ecotype) and cer4-4
(Salk_000575; Col-0 ecotype) under the same environmental conditions. The
cer1-4 and cer3-6 null mutants displayed dramatically reduced levels of alkanes
and their derivatives, secondary alcohols and ketones on their stem surfaces,
whereas the cer4-4 mutant exhibited severe reduction of primary alcohol levels.
The distinguishing feature between cer1 and cer3 was that cer1 had unchanged
or slightly increased amount of fatty acids and aldehydes and reduced primary
alcohol levels, while cer3 exhibited a major reduction in aldehyde levels and a
small reduction in fatty acids and primary alcohols relative to the wild type (Figure
3.6). Thus, the wax composition of U37OX lines is most similar to the cer1 wax
profile. In addition to cuticular wax alteration, some U37OX lines also display
dwarfism that has been observed in cer1 mutant alleles, reduced fertility that has
been observed in both cer1 and cer3 mutants, and an organ fusion phenotype,
which has been described for cer3 mutant alleles, but not for cer1. It has been
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reported that the cer1cer3 double mutant contains much lower primary alcohol
levels than the cer3 single mutant and lower aldehyde levels than the cer1 single
mutant (Goodwin et al., 2005). Although the published cer1cer3 double mutant
was in Wassilewskija ecotype, it is tempting to speculate that wax composition of
U37OX lines resembles the cer1cer3 double mutant wax profile.
It is well established that the UPS is redundant, and that individual
proteins may be targeted by multiple E3 ligases, as well as that a single E3
ligase may have the ability to target multiple substrates for degradation
(Iconomou and Saunders, 2016). CER1 and CER3 are two key biosynthetic
enzymes, which form a heterodimer to catalyze the production of alkanes in the
alkane-forming pathway. These two proteins share a 35% amino acid identity,
and both of them are integral membrane proteins with eight conserved His
clusters in their N-terminal domain and an uncharacterized WAX2 domain at their
C-terminus. Due to their sequence similarity, it is conceivable that both of these
proteins are targets of the U37 E3 ligase, as suggested by the similarity of the
stem wax and inflorescence fusion phenotypes of the U37OX, cer1, and cer3
mutants.
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Figure 3.6 Stem wax load and composition of U37OX lines, cer1-4, cer3-6,
and cer4-4 mutants.
Total stem wax load of 6-week-old WT Col-0, U37OX lines, cer1-4, cer3-6, and
cer4-4 were determined by GC-FID. Values are means of four biological
replicates and error bars represent SD. Statistically significant differences of wax
component amounts between the WT and different genotypes (p<0.05) were
determined by Student’s t test and are indicated by asterisks.
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3.2.5

CER1 degradation may be mediated by 26S proteasome
To determine whether CER1 is the ubiquitination target of U37 and to

facilitate further analysis of CER1, independent CER1-GFP transgenic lines were
generated. The construct CER6pro:CER1-GFP was used to complement the
cer1-4 mutant phenotypes (Figure 3.7A). The expression of CER1-GFP was
verified by western blotting using anti-GFP antibody. To examine whether CER1
is subject to 26S proteasome-dependent degradation in Arabidopsis, a modified
cell-free degradation assay was performed. Total proteins of 8-days-old
seedlings of the CER6pro:CER1-GFP/cer1-4 transgenic line were extracted and
incubated in the presence and absence of MG132, a specific inhibitor of the 26S
proteasome. Samples were taken at indicated time points and the abundance of
CER1-GFP was determined by western blotting using anti-GFP antibodies. As
shown in Figure 3.7B, the CER1-GFP amounts gradually decreased over time,
but the turnover of CER1-GFP was notably slower in the presence of MG132,
suggesting that the 26S proteasome-mediated proteolysis may be involved in the
degradation of CER1. The effect of protein translation has not been determined
here. Samples could be pre-treated with cycloheximide prior to MG132 treatment
to inhibit de novo protein synthesis and to eliminate the possible effect caused by
ongoing protein synthesis.
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Figure 3.7 CER1 is turned over by the 26S proteasome in planta.
A, Stems of the WT, cer1-4 mutant, and CER6pro:CER1-GFP/cer1-4 transgenic
line (top). CER1-GFP protein level in transgenic plants expressing
CER6pro:CER1-GFP examined by western blotting using anti-GFP antibody
(middle). Ponceau S staining was used to show the equal protein loading
(bottom). B, Total proteins were extracted from 8-day-old CER6pro:CER1GFP/cer1-4 transgenic plants and incubated with (+) or without (-) 40μm MG132.
CER1-GFP protein levels were detected over time by western blotting using antiGFP antibody. Ponceau S staining was used to show equal protein loading.
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3.2.6

CER1 degradation is dependent on U37
To determine whether the degradation of CER1 is promoted in the

presence of U37, an Agrobacterium-mediated transient expression assay in
Nicotiana

benthamiana

(tobacco)

was

carried

out.

Equal

volumes

of

individual Agrobacterium cultures (optical density at 600 nm of 0.6) expressing
35S:CER1-GFP and 35S:HA-U37 were mixed together and co-infiltrated on one
half of the tobacco leaf, while Agrobacterium cells expressing 35S:CER1-GFP
and an empty vector 35:HA were co-infiltrated symmetrically on the other half of
the same leaf as a negative control (Figure 3.8A). The leaf samples were
collected 48 hours, 72 hours, and 96 hours after infiltration, and GFP
fluorescence of each sample was visualized by confocal microscopy. The GFP
signal could be easily observed after 48 hours, persisted after 72 hours and was
undetectable 96 hours after infiltration in tobacco epidermal cells transformed
with CER1-GFP and an empty vector. In contrast, the fluorescence was much
weaker or even undetectable in cells co-expressing CER1-GFP and HA-U37,
suggesting that U37 promotes the turnover of CER1-GFP. Given that 35S:HA is
an empty vector control, which may lead to falsely negative results, 35S:CER1GFP was also co-expressed with 35S:HA-U4 in transient expression assay to
test whether the degradation of CER1 is U37-dependent. U4 is an E3 ligase that
has been identified from the same E3 reverse genetic screen as U37, and
preliminary data showed that U4 was not involved in the wax production (Dr.
Tong, unpublished). 35S:HDEL-mCherry was also included as the ER marker. 72
hours after infiltration, bright GFP fluorescence was detected in the cells co67

expressing CER1-GFP and HA-U4, but not in those co-expressing CER1-GFP
and HA-U37, whereas equivalent intensity of mCherry fluorescence was detected
on both sides of the leaf (Figure 3.8B). Western blotting in the presence of U37,
CER1-GFP protein level was much lower than that in the negative control.
Collectively,

these

results demonstrate that

U37

promotes CER1-GFP

degradation. To test whether the U37-mediated CER1 degradation is substrate
specific, CER1-GFP was replaced with CER2-GFP in the transient expression.
CER2 is a component of VLCFAs elongation machinery (Haslam et al., 2012). In
this experiment, the CER2-GFP signal intensity was found to be indistinguishable
in the presence and absence of HA-U37 (Figure 3.8C). Western blotting results
were consistent with microscopy data, and indicated that U37 specifically targets
CER1 for degradation by the 26S proteasome.
The U37-dependent turnover of CER1 has been further confirmed in the
stable transgenic lines of Arabidopsis. I crossed the transgenic plants harboring
CER1-GFP with U37OX lines, U37OX(H197YH200Y) lines with mutated RING domain,
and the wild type Col-0, respectively, and the abundance of the CER1-GFP in F1
progeny was examined by immunoblotting (Figure 3.9). Even though the level
of CER1-GFP transcript was similar in the F1 progeny from all the crosses, the
CER1-GFP protein level in the U37OX lines was much lower than that in the wild
type and in the U37OX(H197YH200Y) lines. These results are consistent with the
transient expression data, and demonstrate that U37 determines CER1 activity
by negatively regulating CER1 protein levels.
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Figure 3.8 The U37 promotes CER1 degradation in the N. benthamiana
transient expression system.
A, A schematic representation of the combination of constructs used for tobacco
leaf co-infiltration (upper panel). The leaf samples were collected at the indicated
time after infiltration, and the GFP fluorescence for each sample was examined
by confocal microscopy (lower panels). hpi, hours post infiltration. Scale bar =
100 μm. B, A schematic representation of the constructs used for co-infiltration
(upper panel). The leaf samples were collected 72 hours after infiltration and
examined by confocal microscopy (middle panel) for GFP fluorescence (green)
and mCherry fluorescence (red). Scale bar = 100 μm. CER1-GFP protein levels
were determined by western blotting using anti-GFP antibody. Ponceau S
staining shows equal protein loading. > 4 technical replicates and > 16 biological
replicates have been performed. C, A schematic representation of the constructs
used for co-infiltration (upper panel). GFP fluorescence was examined 72 hours
after infiltration (middle panel). Scale bar = 100 μm. CER2-GFP protein leves
were determined by western blotting using anti-GFP antibody. Ponceau S
staining shows equal protein loading. > 2 technical replicates and > 4 biological
replicates have been performed.
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Figure 3.9 The U37-dependent CER1 degradation in stable transgenic lines
of Arabidopsis.
The CER1-GFP steady-state transcript levels were determined by RT-PCR.
ACTIN was used as an internal control. Total protein was extracted from the 4week-old plant leaves. The CER1-GFP protein level was determined by western
blotting using anti-GFP antibody. Ponceau S shows the protein loading.
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3.2.7

CER1 is ubiquitinated by U37 in the reconstituted system in E. coli
To further test whether CER1 is a ubiquitination substrate of the U37 E3

ligase, an in vivo ubiquitination assay was performed in a heterologous E. coli
system expressing the Arabidopsis ubiquitination cascade (Han et al., 2017). In
this experiment, recombinant E1 (AtUBA1-S; 123kDa), E2 (AtUBC8-S; 19kDa),
E3 (U37-Myc; 24kDa), ubiquitin (His-Flag-AtUBQ10; 12kDa), and the CER1
substrate (MBP-CER1-HA; 76kDa) were co-expressed in E. coli using the duet
expression

vectors

(Figure

3.10A).

Bacterial

cells

containing

different

combination of the expression vectors were cultured and harvested, and the
ubiquitination components were separated by SDS-PAGE and analyzed by
western blotting using appropriate antibodies (Figure 3.10B). The results showed
that only when all ubiquitination components were present, a smear indicative of
the ubiquitination of CER1 was detected by anti-HA antibody. U37-Myc
recombinant proteins were all self-ubiquitinated in the presence of E1, E2, and
Ub, showing a laddering pattern detected by anti-Myc. This data is consistent
with the in vitro ubiquitination assay result. A triplet of bands was detected
around 45kDa, suggesting that the degradation or a different modification might
happen in E.coli. The absence of Ub resulted in no ubiquitination of CER1 or U37.
The anti-Flag antibody was used to detect all possible Ub conjugates in the
system. These data demonstrate that CER1 can be ubiquitinated by U37 in vivo.
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Figure 3.10 Ubiquitination of CER1 by U37 in the heterologous E. coli
system.
A, Schematic representation of the plasmids used. CER1 was MBP-tagged at its
N-terminus and HA-tagged at its C-terminus. U37 was Myc-tagged at its Cterminus. UBQ10 was His-Flag-tagged at its N-terminus. These constructs were
transformed into the E. coli Rosetta (DE3) strain to reconstitute the ubiquitination
cascade. MBP, maltose-binding protein; HA, hemagglutinin. B, The bacterial
lysates from E. coli strains expressing AtUBA1-S (E1), AtUBC8-S (E2), U37-Myc
(E3), His-FLAG-UBQ10 (Ub), and MBP-CER1-HA (substrate), and strains
missing Ub or CER1 were analyzed by western blotting. Anti-HA and anti-Myc
antibodies were used to detect ubiquitinated CER1 and auto-ubiquitinated U37,
respectively. Anti-Flag antibody was used to detect Ub conjugates. Two
replicates for each combination of constructs are shown.
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3.2.8

U37 may promote CER3-GFP degradation in N. benthamiana
Relatively high sequence similarity between CER1 and CER3 and the

inflorescence fusion phenotype observed in U37OX lines and also found in cer3
mutants suggested that in addition to CER1, CER3 may also be a substrate of
the U37 E3 ligase. To determine whether this is indeed the case, I tested if U37
affects the stability of CER3-GFP in a transient expression assay. Agrobacterial
cells expressing 35S:CER3-GFP, 35S:HA-U37, and the internal control
35S:HDEL-mCherry were co-expressed on one side of the N. benthamiana leaf,
while Agrobacteria harbouring 35S:CER3-GFP, 35S:HA-U4, and 35S:HDELmCherry, were co-expressed symmetrically on the other side of the same leaf as
a negative control (Figure 3.11). Fluorescence signals of leaf epidermal cells
were examined 72 hours post-infiltration. Similar to CER1-GFP, U37 promoted
CER3-GFP degradation as indicated by considerably reduced CER3-GFP
fluorescence in the presence of transiently co-expressed with U37 compared to
that of the control expressing CER3-GFP and HA-U4. In contrast, the signal of
the internal control HDEL-mCherry was prominent and indistinguishable on both
sides of the leaf. These results indicate that CER3 is likely also the target of U37.
Due to some technical problems, I have not been able to verify the U37dependent CER3-GFP degradation by immunoblotting. Other approaches, such
as in vivo ubiquitination assay in E. coli, will be used to further confirm if CER3 is
the target of U37.
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Figure 3.11 The U37 promotes CER3-GFP degradation in N. benthamiana
transient expression system.
A, A schematic representation of constructs used for Agrobacterium-mediated
transient expression. B, Confocal images of epidermal cells of tobacco leaves
taken 72 hours after co-infiltration. Scale bar = 100 μm.
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3.2.9

Analysis of U37 gene expression
The identification of the ubiquitination substrate of U37 E3 ligase

suggested that it negatively regulates wax accumulation by targeting two
important wax biosynthetic enzymes, CER1, and possibly CER3, for degradation.
However, when this U37-mediated protein degradation is required remains
elusive. To address this question, I investigated the expression pattern of U37
gene in various Arabidopsis tissues. U37 was expressed in all tissues examined,
with relatively higher expression in rosette leaves, and lower expression in
flowers and siliques (Figure 3.12). RNA-seq data (http://bar.utoronto.ca/eplant/,
Klepikova et al., 2016) reveal that U37 shows the highest expression in the
senescent first internode of the stem, while the developing first internode has
lower amounts of U37 transcripts (Figure A.2). U37 gene also exhibits higher
expression level in mature leaves, the petiole of senescent leaves, and fully
developed siliques than that in the young leaves and developing siliques (Fig.
A.2).

Microarray

data

(http://bar.utoronto.ca/eplant/,

Suh

et

al.,

2005)

demonstrate that higher expression of U37 was detected in the epidermal cell
layer at the bottom of the inflorescence stems than at the top of stem that actively
synthesizes wax (Figure A.3). These data suggest that U37 is preferentially
expressed in fully developed tissues and not in the young developing tissues of
the plant.
To further analyze the cell-type expression pattern of U37 at different
Arabidopsis developmental stages, an 808bp fragment of genomic sequence
immediately upstream of the U37 coding region was fused to the β-glucuronidase
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(GUS) reporter gene, and the generated construct U37p:GUS was transformed
into wild-type Arabidopsis. During seedling development, GUS activity was
detected in 3-day-old roots and also in 4- and 5-day-old cotyledons (Figure
3.13A). Relatively strong GUS signals were detected in cotyledons and true
leaves of 14- and 21-day-old seedlings (Figure 3.13B,C). U37 was preferentially
expressed in the fully expended rosette leaves and a longitudinal gradient of
GUS staining was observed in young leaves with strong signal at the leaf tip, the
oldest part of developing leaf, and weak staining at the base of the developing
leaf (Figure 3.13B,C). These results are in good agreement with the RNA-seq
data of U37 expression. Strong GUS signal was also detected, but not speciﬁc,
to the epidermal cells of rosette leaves (Figure 3.13D), as well as trichomes,
which are specialized epidermal cells. In mature plants, GUS activity was
detected in sepals, pollen grains, and siliques (Figure 3.13E-G). However, no
expression of U37 was detected in the epidermal cell layer of the stem (Figure
3.13H-J). This may due to the fact that U37p:GUS construct does not contain the
regulatory element required for the U37 expression in stem epidermal cell layer.
Taken together, expression profile of U37 indicates that U37 is
preferentially expressed in tissues that exhibit no or low wax production, such as
fully expanded leaves and senescent stem internodes. In contrast, in tissues and
cell types that actively produce cuticular wax, such as epidermal cells at the stem
top and expanding young leaves, U37 expression is low or not detectable. These
expression patterns fit the role of U37 as a negative regulator of wax
biosynthesis. It has been reported that both CER1 and CER3 genes are
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expressed in the epidermal cell of stems, leaves, flowers buds, siliques, and
trichomes (Bourdenx et al., 2011; Kurata et al., 2003). CER3 gene is also
expressed in the epidermal cell of the lateral root (Kurata et al., 2003). Thus, I
propose that U37 regulates cuticular wax production in these tissues during
development by determining the protein amounts of the CER1 and CER3 wax
biosynthetic enzymes. The reason why U37 is expressed in vascular tissues of
stems and the role that it plays within vascular tissues are unclear.

Figure 3.12 Expression of U37 in different tissues of wild-type Col-0.
Top panel, RT-PCR of steady-state U37 mRNA using total RNA prepared from
different tissues. Seedling and root tissue samples were derived from 10-day-old
wild-type seedlings, and all other aerial tissues samples were derived from 6week-old wild type. Bottom panel, Expression of ACTIN gene as internal control
for the corresponding lanes in the top image.
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Figure 3.13 Cell-type specific expression of U37 gene determined by GUS
activity assays in transgenic lines expressing U37p:GUS construct.
A, Tissue samples from ten independent transgenic lines were examined for
GUS activity, with four of these lines being analyzed in detail. Seedlings of four
U37p:GUS transgenic lines were harvested on the day indicated and placed in
GUS staining solution. Columns indicate days after imbibition, with 0 day
representing embryos from dry seed. B-J, Stained tissues expressing the
reporter gene: 14-day-old seedling after germination (B); 21-day-old seedling
after germination (C); cross-section of rosette leaf from a 6-week-old plant (D);
cauline leaf (E), silique (F), and flowers (G) of a 6-week-old plant; cross-section
from the top 3 cm (H) and the bottom 3 cm (I) of the inflorescence stem of a 6week-old plant; magnification of section in (I) showing the epidermal cell layer of
inflorescence stem (J).
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3.3

Discussion
Cuticular wax is a key component of the plant cuticle and its formation has

been extensively studied. The biosynthesis of VLCFA wax precursors and
cuticular wax components is fairly well understood. As the integral part of cuticle,
wax accumulation is tightly regulated developmentally and environmentally at
transcriptional, post-transcriptional, and post-translational levels (reviewed by
Samuels et al., 2008; Kunst and Samuels, 2009; Bernard and Joubès, 2013; Lee
and Suh, 2013; Haslam and Kunst, 2013b). It has been determined that CER7mediated RNA silencing is involved in regulating wax biosynthesis through
controlling CER3 expression during development, while several transcription
factors have been shown to regulate wax deposition through modulating waxassociated genes expressions transcriptionally in response to environment
stresses. In addition, an E3 ligase, MIEL1, has been shown to affects wax
accumulation by targeting positive regulators of wax biosynthesis for degradation
(Lam et al., 2012; Bernard and Joubès, 2013; Gil et al., 2017). However,
compared to the well-characterized wax biosynthesis processes, the regulatory
mechanisms of cuticular wax biosynthesis, especially the post-translational
regulation, remain poorly understood.
In this study, we identified and characterized a novel ubiquitin E3 ligase
U37, which negatively regulates cuticular wax accumulation. Unlike the
previously described E3 ligases that control wax accumulation by targeting key
wax-specific transcription factors MYB96 and MYB30 for degradation by the 26S
proteasome (Marino et al., 2013; Lee and Seo, 2016; Gil et al., 2017), the U37
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enzyme affects cuticular wax production by regulating the stability of the wax
biosynthetic enzymes CER1 and CER3.

3.3.1

U37 is an E3 ubiquitin ligase that negatively regulates wax

deposition
The novel U37 RING-type ubiquitin E3 ligase that affects wax deposition
was identified in a plant E3 ligase SNIPER reverse genetic screen, because
independent

transgenic

lines

overexpressing

U37

(U37OX)

displayed

phenotypes that are similar to wax-deficient mutants, such as glossy stems and
siliques, reduced fertility, semi-dwarfism, and fusions between aerial organs. The
total stem wax load in U37OX was dramatically reduced, and a lower density of
epicuticular wax crystals was observed on SEM images. The wax-deficient
phenotype was not observed when the conserved amino acids from the RING
domain were mutated, suggesting that E3 ligase activity is required. In vitro
ubiquitination

assay

results

confirmed

that

U37

exhibits

autocatalytic

ubiquitination activity. My work indicates that U37 is an active ubiquitin E3,
dependent on Zn chelating residues as previously observed for many RING-type
E3 ligases (Stone et al., 2005; Deshaies and Joazeiro, 2009). The wax
composition analysis shows that the wax biosynthesis has be largely impaired in
U37OX lines, with greatly reduced amounts of alkanes and their derivatives,
slightly reduced level of primary alcohols, and unchanged or increased level of
aldehydes and fatty acids. Overall, the wax phenotype of the U37OX lines most
resembles the cer1 mutant wax profile.
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3.3.2

CER1, and possibly also CER3, are ubiquitination targets of U37
Based on the phenotypes of U37OX lines and enzyme activity analysis of

U37, CER1 and CER3 were hypothesized as the potential U37 targets. CER1
and CER3 are wax biosynthetic enzymes that share 35% amino acid identity.
They were shown to heterodimerize and catalyze the initial reactions of the
alkane-forming pathway, with CER3 involved in the reduction of VLC acyl-CoAs
to VLC aldehydes that are subsequently converted to VLC alkanes by the CER1
(Bernard et al., 2012). My thesis work demonstrated that CER1 may be degraded
via the 26S proteasome pathway. Transient co-expression of U37 and CER1 in
N. benthamiana leaves results in U37-mediated degradation of CER1. The U37dependent turnover of CER1 has also been confirmed in stable transgenic lines
in Arabidopsis. Similar to CER1, the degradation of CER3 in presence of U37
has also been observed in the N. benthamiana transient expression system.
However, I was not able to detect the CER3-GFP on immunoblots using the antiGFP antibody. It is possible that CER3-GFP is degraded during sample
preparation, or that the folding of recombinant protein prevents the detection of
the epitope tag. Additional work that is ongoing should allow me to verify if is also
the substrate of U37.

3.3.3

How does U37 regulate wax deposition?
Even though I was able to establish that U37-dependent ubiquitination and

subsequent degradation of CER1 by the 26S proteasome plays a role in
regulating cuticular wax accumulation, it was not clear when this type of
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regulation is required. To investigate this, I determined when the U37 gene is
expressed. My RT-PCR data indicate that the U37 transcript is detectable
throughout the 6-week-old plant, in all tissues examined. GUS activity in
transgenic plants expressing the GUS reporter gene driven by the 5’ U37
promoter fragment was detected in cotyledons, leaves, trichomes, roots, sepals,
and pollen grains. Interestingly, U37 is preferentially expressed in mature leaves
rather than in young expanding leaves. RNA-seq data and microarray data also
demonstrate that U37 is preferentially expressed in fully developed and
senescent leaves and stems. These data reveal that U37 expression is under
developmental control and that this gene is expressed in tissues where wax
production needs to be terminated. CER1 and CER3 genes are also transcribed
in the stems, leaves, flowers buds, siliques, and trichomes. Thus, I propose that
U37 negatively regulates wax biosynthesis by targeting CER1 and CER3 for
degradation thereby turning off wax production in these tissues when necessary
during development. It has been reported that plants overexpressing CER1 show
leaf growth retardation compared with wild-type plants (Bourdenx et al., 2011),
demonstrating that it is important to maintain the proper amount of CER1 during
development.
The GUS staining assay showed that U37 is expressed in the epidermal
cell layer of leaves but not stems. This suggests that U37 may not mediate the
CER1 and CER3 degradation in the stem epidermis and that the glossy stem
phenotype of U37OX lines, which led to the identification of U37, may be due to
misexpression of U37 under 35S promoter. In contrast, the ePlant microarray
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data (http://bar.utoronto.ca/eplant) show the U37 is transcribed in the stem
epidermal cells, with lower expression at the top of the stem where wax is
actively produced and higher at the bottom where the wax biosynthesis has
ceased (Suh et al., 2005). This discrepancy between my GUS activity data and
the publicly available microarray data may be due to the fact that the 5’ promoter
fragment of U37 used in the U37p:GUS construct did not contain the regulatory
elements required for stem epidermal cell expression. Therefore the wax load
and composition of leaves and the bottoms of stems of U37OX and u37 mutants
should be examined to further investigate the function of U37. GUS reporter gene
activity was also detected in the vascular bundles of stems. CER1 and CER3
have not been reported to be expressed in vascular bundle of Arabidopsis stems
(Kurata et al., 2003; Bourdenx et al., 2011). However, it has been reported that
OsGL1-6, a homolog of CER1 in rice, is expressed in epidermal cells and
vascular tissues of the roots, stems, and leaves, but the role that it plays within
the vascular tissues has not been determined (Zhou et al., 2013). Further work is
needed to clarify whether U37 has a role in vascular tissues, or if the detected
GUS activity is due to artifacts of the GUS assay.
Maintaining proper wax load and composition in aerial tissues is essential
for plants interactions with their environment. For example, it has been shown
that alkane biosynthesis is often associated with plant responses to biotic and
abiotic stresses. Plants overexpressing CER1 show increased resistance to
drought stress, but increased susceptibility to bacterial and fungal pathogens
(Bourdenx et al., 2011). To further elucidate the function of U37 in cuticular wax
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production, it is worth investigating whether U37 expression is induced by
environmental stress. As a first step in this direction, U37 transcript levels in WT
Col-0 plants that have been grown under different stress conditions, such as
drought and/or pathogen affected, will be examined.
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Chapter 4: Investigating

the

regulation

of

cuticular

wax

biosynthesis through the control of ECERIFERUM3 expression
in Arabidopsis thaliana

4.1

Introduction
Cuticular wax is a key component of the plant cuticle, which covers the

outer surface of all primary aerial organs of plants and plays pivotal roles in plant
survival. To study cuticular wax biosynthesis, secretion, and the regulation of wax
accumulation, wax-deficient mutants such as “eceriferum” (“cer”) mutants of
Arabidopsis thaliana have been utilized, and proved extremely valuable in
dissecting these processes.
ECERIFERUM3 (CER3) is an important wax biosynthetic gene that has
been extensively studied (Chen et al., 2003; Kurata et al., 2003; Rowland et al.,
2007). Loss-of-function mutations in CER3 dramatically affect wax production via
the alkane-forming pathway, the major wax biosynthesis pathway in Arabidopsis
stems and leaves. For example, cer3 mutant alleles exhibit a 60% - 85%
reduction of the stem and leaf wax load compared to wild-type plants, and have
altered stem wax composition with dramatic reductions of all wax components
synthesized by the alkane-forming pathway and increases of wax constituents
generated by the alcohol-forming pathway (Kurata et al., 2003; Chen et al., 2003).
In addition, cer3 mutant alleles display organ fusions and show male sterility in
low-humidity environment that can be rescued by growing them in high humidity
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(Chen et al., 2003; Kurata et al., 2003). It has been reported that CER3
physically interacts with ECERIFERUM1 (CER1) and cytochrome B5 isoforms
(CYTB5s; Bernard et al., 2012). Co-expression of CER1 and CER3 in the
heterologous yeast system demonstrated that both these proteins are required
for alkane biosynthesis, and co-expression of CYTB5 co-factors with CER1 and
CER3 increases alkane yield. A model has been proposed in which CER1, CER3,
and CYTB5s form a complex that catalyzes a two-step reaction converting VLC
acyl-CoAs to VLC alkanes in a redox-dependent manner (Bernard et al., 2012).
However, the exact nature of this two-step reaction and the exact biochemical
roles of CER3 and CER1 proteins in alkane biosynthesis remain elusive.
The expression level of CER3 greatly affects cuticular wax accumulation
via the alkane-forming pathway (Rowland et al., 2007; Lam et al., 2012). A
number of studies demonstrated that its expression is regulated both
transcriptionally and post-transcriptionally during plant development and in
response to environmental stresses (Hooker et al., 2007; Lam et al., 2012; Seo
et al., 2013; Raffaele et al., 2008; Go et al., 2014). Characterization of
ECERIFERUM7 (CER7) revealed that CER3 transcript levels are regulated
through CER7-mediated RNA silencing by tasiRNAs as direct effectors of CER3
expression during development of Arabidopsis inflorescence stems (Hooker et al.,
2007; Lam et al., 2012; 2015). Recent work on the SUPERKILLER (SKI) complex
showed that in addition to CER7, the SKI complex is also necessary for the
CER7-dependent degradation of CER3 mRNA to regulate the wax biosynthesis
(Zhao and Kunst, 2016). In addition to the post-transcriptional regulation during
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development, CER3 expression is also regulated by several transcription factors
in

response

to

environmental

cues.

Studies

of

myb30

mutants

and

overexpression lines indicated that MYB30 positively regulates cuticular wax
deposition on Arabidopsis stems and leaves (Raffaele et al., 2008). However,
MYB30 is not a strong transcription activator, and it remains to be determined if
MYB30 directly binds to the promoter region of CER3 to regulate its expression.
CER3 is also under the control of MYB96, an ABA-responsive transcription factor
that positively regulates wax biosynthesis under drought conditions. MYB96 was
shown to directly bind to the consensus sequences in the promoter of CER3 and
other cuticular wax biosynthetic genes and activate their transcription (Seo et al.,
2011). Under dark conditions, CER3 is negatively regulated by the transcription
factor DECREASE WAX BIOSYNTHESIS (DEWAX)(Go et al., 2014). CER3
transcripts decreased by 5-fold in dark-treated stems relative to the control stems,
but no evidence has been presented for DEWAX binding to the promoter of
CER3 (Go et al., 2014).
To identify additional transcription factors involved in controlling CER3
expression and to obtain a more complete understanding of the transcriptional
regulation of wax biosynthesis, Dr. Patricia Lam (former Ph.D. student in the
Kunst lab) initiated a yeast one-hybrid screen for Arabidopsis transcription factors
that bind to the 1500 bp 5’ promoter fragment of CER3. The yeast one-hybrid
screen was carried out by our collaborator Dr. Nobutaka Mitsuda (National
Institute of Advanced Industrial Science and Technology, Japan) and resulted in
the identification of 14 transcription factors that bind to the CER3 5’ promoter
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region in yeast. In this chapter, I describe my characterization of several of these
transcription factors to determine if they are involved in modulating wax
biosynthesis and accumulation by regulating CER3 expression.

4.2
4.2.1

Results
Overexpression of MYB30-SRDX affects wax accumulation and

CER3 expression
The yeast one-hybrid screen carried out by Dr. Mitsuda using a prey
library composed of approximately 1,500 transcription factor cDNAs of
Arabidopsis (Mitsuda et al., 2010) resulted in the identification of 14 transcription
factors that bind to the 1500 bp 5’ promoter fragment of CER3 (Table 4-1). To
evaluate if these transcription factors control the CER3 expression and wax
accumulation, chimeric repressor gene-silencing technology (CRES-T) was
applied to convert the transcription factors of interest into repressors by fusion
with the plant-specific EAR-motif repression domain (SRDX; Mitsuda et al., 2011;
Figure 4.1A). The chimeric repressor for a specific transcription factor represses
the target gene in a dominant manner (Mitsuda et al., 2011). CRES-T lines for
ten transcription factors were provided by Dr. Mitsuda, while only four lines could
grow on selection plates. CRES-T lines for these four transcription factors have
been characterized (Table 4-1).
Analyses of independent transgenic CRES-T lines confirmed the
transgene in each individual (data not shown), and of the four transcription
factors, only plants expressing 35S:MYB30-SRDX showed cuticle related
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phenotypes (Figure 4.1). Independent 35S:MYB30-SRDX transgenic plants
exhibited organ-fusions and reduced fertility to varying degrees, similar to the
phenotypes of some cer3 mutant alleles (Chen et al., 2003; Kurata et al., 2003),
as well as bright green, shiny stems indicative of reduced wax deposition (Figure
4.1B).
The steady-state transcript level of MYB30-SRDX was examined in three
independent transgenic lines (Figure 4.1C). A comparison of 35S:MYB30-SRDX
plants and wild-type stem wax load and composition revealed that 35S:MYB30SRDX plants (line 1) had reduced stem wax accumulation by 36% (Figure 4.1D)
with major reductions of the wax components synthesized by the alkane-forming
pathway, while no significant changes of primary alcohols and fatty acids were
detected (Figure 4.1E). The total stem wax load of 35S:MYB30-SRDX transgenic
(lines 2 and 3) was also reduced (data not shown). Quantitative RT-PCR results
demonstrated that the amount of CER3 transcripts was reduced in 35S:MYB30SRDX plants, suggesting that the phenotypes of 35S:MYB30-SRDX plants are
related to the reduced CER3 transcription. Consistent with the previous studies
(Raffaele et al., 2008), my data suggest that MYB30 positively regulates CER3
expression, probably by direct binding to the promoter of CER3, and affects wax
accumulation under normal growth conditions. The overexpression of MYB30SRDX repressed the activity of MYB30, which led to the decrease of the CER3
transcripts levels and reduced production of cuticular waxes by the alkanepathway.
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Table 4-1: Identified transcription factors that bind to the 5’ promoter region of CER3 from the yeast one-hybrid
screen.
CRES-T lines

T-DNA mutant
allele

T-DNA Insertion
location

AT4G38900 bZIP family/bZIP29

35S:AtZIP29-SRDX

SALK_065254
SALK_018426
SALK_059214

1st Exon
1st Exon
1st Exon

AT3G28910 MYB family/MYB30

35S:MYB30-SRDX

SALK_122884
SALK_127996

3rd Exon
5’-UTR

AT4G34680 C2C2(Zn) GATA family/ CATA3

35S:GATA3-SRDX

SALK_022107
SALK_034187

2nd Exon
1st Exon

AT3G12820 MYB family/MYB10
AT4G17800 AT-hook motif nuclear-localized/AHL23

35S:MYB10-SRDX
N/A

SALK_120297

5’-UTR

SALK_004475

3’-UTR
1st Exon
5’-UTR
1st Exon

AT Name

Transcription Factor Family/ Name

AT1G76500 AT-hook motif nuclear-localized/AHL29

N/A

SALK_085216
SALK_089340
SALK_151047

AT3G61310 AT-hook motif nuclear-localized/AHL11

N/A

SALK_205237

1st Intron

AT1G51220 C2H2 zinc finger/ WIP5

N/A

SALK_114838
SALK_011733

2nd Exon
1000 promoter

AT5G49700 AT-hook motif nuclear-localized/AHL17

N/A

AT1G14490 AT-hook motif nuclear-localized/AHL28

N/A

1000 promoter
5’-UTR

AT1G14685 Basic Pentacysteine/BPC2
AT1G20900 AT-hook motif nuclear-localized/AHL27
AT3G55560 AT-hook motif nuclear-localized/AHL15

N/A
N/A
N/A

SALK_059717
SALK_022937
SAIL_646A02
SALK_090810
SALK_202366
SALK_040729

Exon

AT4G35390 AT-hook motif nuclear-localized/AHL25

N/A

SALK_059975
SALK_205161

Exon
3’-UTR

1st Exon
5’-UTR
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Figure 4.1 Characterization of the CRES-T lines.
A, A schematic representation of the 35S:MYB30-SRDX construct. SRDX, the
repression domain; 35S, the 35S promoter of cauliflower mosaic virus; NOSter,
terminator sequence. The locations of primers used for RT-PCR in C are
indicated with arrows. B, Abnormal organ morphogenesis of 6-weeks-old
35S:MYB30-SRDX (line1) plants compared to the WT. C, MYB30-SRDX
transgene expression in stems of the WT and independent MYB30-SRDX
transgenic lines examined by RT-PCR. GAPC was used as a control for
constitutive expression. Total stem wax loads of 6-week-old WT and CRES-T
transgenic lines are shown in D, and wax compositions are shown in E.
35S:MYB30-SRDX line 1 plants were used for wax analysis. Error bars represent
means ± SD (n=4). Student’s t-test was applied to the data and statistically
significant differences in wax loads between the WT and the 35S:MYB30-SRDX
line (p<0.05) are indicated by asterisks. F, Quantitative RT-PCR of the CER3
expression levels in the WT, cer3 mutants, and MYB30-SRDX transgenic lines.
GAPC was used as an internal control and control samples were normalized to 1.
Values represent means ± SD (n=3). Statistically significant differences in
transcript levels between the WT and each 35S:MYB30-SRDX line (p<0.05) are
determined by Student’s t test and are indicated by asterisks.
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4.2.2

Mutations in AHL23, WIP5, or AHL29 affect wax accumulation and

CER3 expression
In order to further investigate which of the 14 identified transcription
factors are involved in the regulation of wax deposition, T-DNA insertion lines of
transcription factors that bind the 5’ promoter region of the CER3 were obtained
from ABRC. Homozygous mutants were isolated by PCR-genotyping, and T-DNA
insertion locations were confirmed by sequencing. Table 4-1 summarizes which
T-DNA insertional mutant alleles were used in investigation of each transcription
factor. GC-FID stem wax analysis revealed that ahl23 mutants exhibited a 23%
increase of the total stem wax load, whereas wip5 and ahl29 mutants displayed a
20% and 26% decrease of the stem wax amount, respectively, compared with
the wild type (Figure 4.2A). No significant changes of stem wax load between
myb30 knock-out lines and the wild type were observed. No major changes in the
wax composition between the wild type and the T-DNA mutants were detected
(Figure 4.2B). To determine if changes in stem wax accumulation in these T-DNA
lines is a consequence of altered CER3 expression, steady-state CER3 transcript
levels were examined by quantitative PCR. As shown in Figure 4.2C, CER3 is
up-regulated in the ahl23 mutant and down-regulated in the wip5 and ahl29
mutants, suggesting that the altered wax load may indeed be due to the changes
in the CER3 expression in the mutants. Based on their wax profile and CER3
expression results, AHL23, WIP5, and AHL29 were chosen for further study.
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Figure 4.2 Characterization of the T-DNA insertion mutants in genes
encoding transcription factors that bind to the 1500 bp 5’ promoter region
of CER3.
A, Total stem wax load of 6-weeks-old WT and selected transcription factor TDNA insertion mutants. Error bars represent means ± SD (n=4). Statistically
significant differences between samples (p<0.01) were determined by Student’s
t-test and are indicated by asterisks. B. Stem wax composition of 6-weeks-old
WT and selected transcription factor T-DNA insertion mutants. C, Quantitative
RT-PCR of the CER3 expression levels in the WT and selected transcription
factor T-DNA insertion mutants. GAPC was used as an internal control and
control samples were normalized to 1. Values represent means ± SD (n=3).
Statistically significant differences between WT and different genotypes (p<0.05)
were determined by Student’s t test and are indicated by asterisks.

4.2.3

Expression of CER3 may be positively regulated by WIP5 and

MYB30 and negatively regulated by AHL23
To examine if the selected transcription factors regulate the expression of
CER3 directly, a transcriptional activation assay was performed. To make the
reporter

construct,

the

promoter

region

of

CER3

was

isolated

and

transcriptionally fused to the upstream region of the luciferase (LUC) gene. The
effector constructs with or without the selected transcription factor genes under
the control of the 35S promoter were also generated (Figure 4.3A). The reporter
gene construct was then co-transformed with different effector plasmids into N.
benthamiana (tobacco) leaves and the luciferase reporter expression levels were
determined.

As

shown

in

Figure

4.3B,

co-transformation

of

plasmids

overexpressing WIP5 or MYB30 with the CER3p:LUC reporter gene resulted in
significantly increased reporter gene expression relative to the empty effector
control, whereas co-transformation of plasmid overexpressing AHL23 with the
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reporter gene resulted in reduced reporter gene expression. No significant
changes of the luciferase activity was observed when co-transformed reporter
construct with effector contract expression AHL29. These data suggest that
WIP5 and MYB30 are likely transcriptional activators, while AHL23 may function
as a transcriptional repressor of the CER3 gene.

Figure 4.3 Transcriptional activation assay of the CER3 gene by the
selected transcription factors in tobacco leaves.
A, Schematic diagrams of the reporter and effector constructs for transcriptional
activation assay. Numbers in brackets indicate the length and location of the 5’
CER3 promoter fragment. Nos-T, Nos terminator. B, Luciferase activities in
tobacco leaves co-transformed with effector constructs [Empty effector,
35S:AHL23,
35S:AHL29,
35S:WIP5,
or
35S:MYB30]
and
the
CER3pro:Luciferase reporter construct. Control construct 35S:GUS was cotransformed into tobacco. Luciferase activity was determined and normalized
based on the level of GUS activity. Values represent means ± SD (n=4).
Statistically significant differences between samples (p<0.05) were determined
by Student’s t test and are indicated by asterisks.
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4.3

Discussion
As the integral part of the plant cuticle, cuticular wax plays important roles

in plant growth and survival under diverse environmental conditions. It is well
established that wax accumulation is tightly regulated during plant development
and in response to a number of environmental stimuli (Yeats and Rose, 2013).
CER3, a key wax biosynthetic enzyme that catalyzes the first reaction of alkaneforming pathway, is one of the key regulatory points of wax biosynthesis. It is
regulated post-transcriptionally by CER7-mediated RNA silencing during stem
wax deposition (Hooker et al., 2007; Lam et al., 2012; 2015), and is also under
transcriptional control in response to environmental cues, including dark, drought,
and pathogen attack with several transcription factors reported to be involved in
this process (Go et al., 2014; Seo et al., 2011; Raffaele et al., 2008). However,
with the exception of MYB96, it has not been established which transcription
factors bind to the promoter region of CER3 to control CER3 expression. We
therefore initiated a yeast one-hybrid screen for Arabidopsis transcription factors
that bind to the 5’ promoter fragment of CER3. This screen resulted in the
identification of 14 transcription factors. My further characterization of these 14
transcription factors suggest that at least four of them, MYB30, WIP5, AHL29 and
AHL23, likely control cuticular wax deposition by regulating CER3 expression.
MYB30 has previously been implicated in the regulation of VLCFA and
wax biosynthesis in response to pathogen attack (Raffaele et al., 2008), but the
mechanism of regulation has not been determined. My data described in this
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chapter demonstrate that MYB30 binds to the 5’ regulatory region of the CER3
gene and can activate CER3 gene transcription in planta. Furthermore,
overexpression of a chimeric repressor MYB30-SRDX led to a significant
decrease in CER3 expression and resulted in a 36% reduction in stem wax load,
providing further support to the notion that MYB30 is involved in regulation of
cuticular wax deposition. However, the importance of MYB30 as a regulator of
cuticular wax biosynthesis is not possible to assess from my work. Substantial
changes in CER3 expression and stem wax load observed in the CRES-T lines
have not been detected in myb30 knock-out mutants, which is consistent with the
previously published data (Raffaele et al., 2008). This suggests that the
introduction of a chimeric repressor MYB30-SRDX will affect the expression of
the target gene of MYB30 regardless of the presence of other functional
redundant transcription factors. This is not the case in the myb30 mutant where
in the absence of MYB30 activity, other wax biosynthesis regulators likely have
the ability to activate transcription of key wax biosynthetic genes including CER3.
Unlike MYB30, whose previously suggested role in the regulation of wax
deposition was demonstrated in this study using the CRES-T approach, evidence
for the involvement of WIP5, AHL29 and AHL23 in this process was obtained
using insertional T-DNA mutants. These transcriptional regulators have not been
previously associated with cuticular wax biosynthesis. Analyses of wip5 and
ahl29 mutants revealed that loss-of-function of WIP5 and AHL29 transcription
factors resulted in significantly reduced stem wax accumulation suggesting that
they may function as transcriptional activators of the CER3 gene. Transactivation
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assays carried out in tobacco further supported the hypothesis that WIP5 can
bind to the CER3 promoter and trigger CER3 transcription.
In contrast to wip5 and ahl29 that accumulated less stem wax, the ahl23
mutant had increased stem wax load and CER3 expression level. Cotransformation of 35S:AHL23 with the reporter construct CER3pro:luciferase in
tobacco leaves resulted in reduced luciferase expression. Collectively, these
results suggest that AHL23 may function as transcriptional repressor of the
CER3 gene and negatively affects wax accumulation.
It should be noted that among 14 transcription factors that were identified
from the yeast one-hybrid screen, eight transcription factors belong to AT-HOOK
MOTIF CONTAINING NUCLEAR LOCALIZED (AHL) gene family. This may be
due to the fact that the AHL genes modulate plant growth and development by
forming an AHL complex (Zhao et al., 2013a). The complex uses its AT-hook
motifs to bind to AT-rich DNA regions and recruit either transcription factors or
other non-AHL proteins to regulate different aspects of plant growth (Zhao et al.,
2013a). It has been reported that AHL29 and AHL27 localize in the nucleus and
interact with each other and function redundantly to regulate hypocotyl elongation
for seedlings grown in the light (Street et al., 2008; Zhao et al., 2013a). Whether
AHL29, AHL23, and other identified AHLs play a role in the direct regulation of
CER3 gene and how they are involved in the wax accumulation remains to be
determined.
It is surprising that MYB96, which was reported to directly bind to the
consensus sequence in the promoter region of CER3 (986 bp upstream of the
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CER3 coding sequence) (Seo et al., 2011) was not identified from our yeast onehybrid screen. This may due to the flaws of the yeast one-hybrid system, such as
high rates of false negatives, or the incomplete prey library of the transcription
factor cDNAs used in this study.
In summary, I have identified several transcription factors that may
regulate cuticular wax accumulation by activating or repressing CER3
transcription. Chromatin immunoprecipitation (ChIP) assays will now be
employed to investigate the in vivo interactions of these transcription factors with
the CER3 gene promoter. Additional characterization of these transcription
factors will allow us to determine their specific contributions to the regulation of
cuticular wax biosynthesis.
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Chapter 5: Conclusions and future directions

5.1

Conclusions
Cuticular wax covers the primary aerial organs of plants and is the

interface between the plant and its environment. It has been shown that cuticular
wax deposition is synchronized with the surface area expansion during plant
development (Suh et al., 2005), and that the wax production is associated with
plant responses to biotic and abiotic stresses (Bernard et al., 2013). Plants have
developed complex regulatory mechanisms of cuticular wax deposition. The
major goal of my Ph.D. study was to investigate how cuticular wax is regulated
during development and/or in responses to environmental cues by identifying and
characterizing factors that are involved in regulating cuticular wax accumulation.
The investigation of the E3 ligase U37 demonstrated that U37 controls wax
accumulation by negatively regulating biosynthetic enzymes CER1 and CER3.
The identification and partial characterization of novel transcription factors that
bind to the CER3 promoter, on the other hand, revealed that CER3 is an
important regulatory determinant in transcriptional regulation of cuticular wax
biosynthesis.

5.1.1

Post-translational modification is involved in regulating cuticular

wax biosynthesis
In chapter 3, I described my studies of the U37-mediated posttranslational regulation of wax accumulation. U37 is a RING-type E3 ligase.
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When it is overexpressed in the wild type, plants displayed wax-deficient
phenotypes. Characterization of the phenotypes of the U37OX lines showed that
they exhibit reduced stem wax load and altered wax composition. U37OX lines
also have reduced epicuticular wax crystal accumulation on stems, display partial
sterility and organ fusion phenotypes. Alterations in stem wax compositions and
fusion phenotypes provided clues that CER1 and CER3 wax biosynthetic
enzymes may be potential substrate(s) of U37 ubiquitination and proteolysis by
the 26S proteasome. Subsequent transient expression assays and ubiquitination
assays confirmed that U37 this is indeed the case. The expression pattern of
U37 gene indicates that it is preferentially expressed in tissues not actively
producing wax during plant development. My data demonstrated that U37 is
expressed in the epidermal cell layer of leaves but not stems, so I proposed that
U37 might have a major function in turning off wax biosynthesis in fully
developed leaves. To verify this, further studies such as detailed leaf wax
analysis of U37OX and u37 mutants during development and investigation of the
direct interactions between U37 and CER1 and/or CER3 will be carried out. In
addition, whether U37 expression is induced by environmental stress remains to
be determined.

5.1.2

Transcriptional regulation of CER3 is involved in regulating cuticular

wax biosynthesis
In chapter 4, I described my investigation of the transcription factors that
bind to the promoter region of the CER3 gene. Initial characterization of these 14
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transcription factors suggests that four of them, MYB30, WIP5, AHL29 and
AHL23, likely control cuticular wax deposition by regulating CER3 expression.
MYB30 has been previously implicated in regulating expression of CER3
(Raffaele et al., 2008). My studies of the myb30 mutant and the chimeric
repressor MYB30-SRDX in this thesis, support the hypothesis that MYB30
controls cuticular wax deposition by directly binding to the promoter of CER3,
and confirmed that overexpression of a chimeric repressor suppresses the target
gene transcription in a dominant manner. The AHL29 transcription factor has
previously been shown to be involved in regulating auxin biosynthesis during
hypocotyl elongation (Lee and Seo, 2017). Determining the role of AHL29, as
well as WIP5 and AHL23 in the regulation of wax biosynthesis requires further
investigation.

5.2
5.2.1

Future directions
The role of U37 in regulating cuticular wax biosynthesis
U37-dependent CER1 degradation was observed in both transient

expression system and Arabidopsis stable transgenic lines, and CER1 can be
ubiquitinated in the presence of U37 and ubiquitination components (Chapter 3).
Therefore, U37 appears to regulate wax biosynthesis by directly targeting CER1
for degradation. However, additional evidence, such as direct interaction
between U37 and CER1 protein, is needed to support this conclusion.
Furthermore, U37-dependent CER3 degradation was also detected in the
transient expression system. However, further work is required to establish with
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certainty that CER3 is the substrate of U37. Specifically, it needs to be
investigated whether CER3 can be polyubiquitinated by U37, and whether CER3
and U37 interact.
My studies showed that the U37 E3 ligase affects wax biosynthesis by
regulating CER1 and CER3 protein abundance. However, when, during the life of
the plant, this type of regulation is required is still not clear. My results to date
indicate that U37 has a role in controlling wax deposition during development. To
confirm this, U37, CER1, and CER3 protein abundance need to be carefully
examined in different tissues at different development stages. My data also
showed that U37 is highly expressed in the epidermal cells of leaves that have
ceased to expand. Wax analysis of leaves of different developmental stages of
U37 overexpression lines and u37 mutants will be performed to verify the
function of U37.
Whether U37 expression is inducible by environmental stresses is
currently unknown. It has been shown that U37 is up-regulated during plant
defense against pathogens (Libault et al., 2007). Whether U37 is involved in
regulating cuticular wax biosynthesis in response to pathogen attack, as well as
other environmental factors known to influence wax deposition including drought,
cold and light, remains to be investigated.
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5.2.2

Further characterization of transcription factors that regulate CER3

expression
During my Ph.D. research, I identified 14 transcription factors that bind to
the CER3 5’ promoter region and carried out the preliminary characterization of 4
transcription factors that are likely involved in regulating CER3 expression and
wax accumulation. However, further work is required to fully elucidate the
function of these transcription factors. Firstly, ChIP assays will need to be
performed to evaluate the in vivo interactions of these transcription factors with
the CER3 promoter. Secondly, because it has been shown that wax-related
transcription factors affect wax deposition by regulating a set of wax-associated
genes (Raffaele et al., 2008; Seo et al., 2011; Go et al., 2014), it will be
necessary to determine whether WIP5, AHL29, or AHL23 also control the
expression of wax biosynthetic genes other than CER3. Thirdly, whether the
identified transcription factors control wax accumulation in response to
environmental stresses is currently unknown. This could be assessed by
examining the gene expression patterns of the identified transcript factors.

5.2.3

Investigation of the regulation of wax accumulation by the control of

CER3 expression
CER3 is one of the key regulatory points of wax biosynthesis (Lam et al.,
2012; Raffaele et al., 2008; Seo et al., 2011). My studies, described in this thesis,
add to our overall understanding of CER3-mediated control of wax biosynthesis.
My data demonstrate that a network of transcription factors, more complex than
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previously thought, is involved in the transcriptional regulation of wax
accumulation, and reveal that wax biosynthesis is also controlled posttranslationally by an E3 ligase that determines the abundance of the CER3
protein during development. To further investigate the regulation of cuticular wax
deposition, additional studies targeting CER3 gene and/or protein may be fruitful.
It has been shown that MYB30 is regulated by post-transcriptional gene silencing
(PGST) involving small RNAs (Froidure et al., 2010), and that both MYB30 and
MYB96 are regulated by the MIEL1 E3 ligase (Gil et al., 2017), suggesting that
there are factors that indirectly regulate CER3 expression and wax deposition.
Additionally, our lab has recently identified a novel mutant that exhibits
decreased wax load due to reduced CER3 gene expression (data not published).
Identification and characterization of the mutated gene in this line, together with
studies on additional regulators that directly or indirectly regulate CER3 gene
expression will contribute to our overall understanding of wax biosynthesis in
Arabidopsis.

108

References

Aarts

MG,

Keijzer

CJ,

Stiekema

WJ,

Pereira

A (1995) Molecular

characterization of the CER1 gene of Arabidopsis involved in epicuticular
wax biosynthesis and pollen fertility. Plant Cell 7: 2115–2127
Aharoni A, Dixit S, Jetter R, Thoenes E, van Arkel G, Pereira A (2004) The
SHINE Clade of AP2 Domain Transcription Factors Activates Wax
Biosynthesis, Alters Cuticle Properties, and Confers Drought Tolerance
when Overexpressed in Arabidopsis. Plant Cell 16: 2463–2480
Al-Abdallat AM, Al-Debei HS, Ayad JY, Hasan S (2014) Over-expression of
SlSHN1 gene improves drought tolerance by increasing cuticular wax
accumulation in tomato. Int J Mol Sci 15: 19499–19515
Andre C, Kim SW, Yu XH, Shanklin J (2013) Fusing catalase to an alkaneproducing enzyme maintains enzymatic activity by converting the inhibitory
byproduct H2O2 to the cosubstrate O2. Proc Natl Acad Sci 110: 3191–3196
Ariizumi T, Hatakeyama K, Hinata K, Sato S, Kato T, Tabata S, Toriyama K
(2003) A novel male-sterile mutant of Arabidopsis thaliana, faceless pollen1, produces pollen with a smooth surface and an acetolysis-sensitive exine.
Plant Mol Biol 53: 107–116
Azevedo J, Courtois F, Hakimi M-A, Demarsy E, Lagrange T, Alcaraz J-P,
Jaiswal P, Maréchal-Drouard L, Lerbs-Mache S (2008) Intraplastidial
trafficking of a phage-type RNA polymerase is mediated by a thylakoid
RING-H2 protein. Proc Natl Acad Sci 105: 9123–9128
Bach L, Faure JD (2010) Role of very-long-chain fatty acids in plant
development, when chain length does matter. C R Biol 333: 361–370
Bach L, Michaelson L V., Haslam R, Bellec Y, Gissot L, Marion J, Da Costa
M, Boutin J-P, Miquel M, Tellier F, et al (2008) The very-long-chain
hydroxy fatty acyl-CoA dehydratase PASTICCINO2 is essential and limiting
for plant development. Proc Natl Acad Sci 105: 14727–14731
109

Bao X, Focke M, Pollard M, Ohlrogge J (2000) Understanding in vivo carbon
precursor supply for fatty acid synthesis in leaf tissue. Plant J. 22: 39–50.
Beaudoin F, Wu X, Li F, Haslam RP, Markham JE, Zheng H, Napier JA,
Kunst L (2009) Functional Characterization of the Arabidopsis β-KetoacylCoenzyme A Reductase Candidates of the Fatty Acid Elongase. Plant
Physiol 150: 1174–1191
Bedford L, Paine S, Sheppard PW, Mayer J, Roelofs J (2011) Assembly,
Structure and Function of the 26S proteasome. Trends Cell Biol 20:391-401
Beisson F, Li-Beisson Y, Pollard M (2012) Solving the puzzles of cutin and
suberin polymer biosynthesis. Curr Opin Plant Biol 15: 329–337
Bernard A, Domergue F, Pascal S, Jetter R, Renne C, Faure J-D, Haslam
RP, Napier JA, Lessire R, Joubès J (2012) Reconstitution of Plant Alkane
Biosynthesis in Yeast Demonstrates That Arabidopsis ECERIFERUM1 and
ECERIFERUM3 Are Core Components of a Very-Long-Chain Alkane
Synthesis Complex. Plant Cell 24: 3106–3118
Bernard A, Joubès J (2013) Arabidopsis cuticular waxes: Advances in
synthesis, export and regulation. Prog Lipid Res 52: 110–129
Borden KL, Freemontt PS (1996) The RING finger domain: a recent example of
a sequence-structure family. Curr Opin Struct Biol 6: 395–401
Bourdenx B, Bernard A, Domergue F, Pascal S, Leger A, Roby D, Pervent
M, Vile D, Haslam RP, Napier JA, et al (2011) Overexpression of
Arabidopsis ECERIFERUM1 Promotes Wax Very-Long-Chain Alkane
Biosynthesis and Influences Plant Response to Biotic and Abiotic Stresses.
Plant Physiol 156: 29–45
Broun P, Poindexter P, Osborne E, Jiang CZ, Riechmann JL (2004) WIN1, a
transcriptional activator of epidermal wax accumulation in Arabidopsis. Proc
Natl Acad Sci 101: 4706–4711
Callis J, Carpenter T, Sun CW, Vierstra RD (1995) Structure and evolution of
genes encoding polyubiquitin and ubiquitin-like proteins in Arabidopsis
thaliana ecotype Columbia. Genetics 139: 921–939
110

Capilli AD, Edghill EL, Wu K, Borden KL (2004) Structure of the C-terminal
RING finger from a RING-IBR-RING/TRIAD motif reveals a novel zincbinding domain distinct from RING domain. J Mol Biol 340: 1117-29
Cheesbrough

TM,

Kolattukudy

PE

(1984)

Alkane

biosynthesis

by

decarbonylation of aldehydes catalyzed by a particulate preparation from
Pisum sativum. Proc Natl Acad Sci 81: 6613–6617
Chen X, Goodwin SM, Boroff VL, Liu X, Jenks MA (2003) Cloning and
Characterization of the WAX2 Gene of Arabidopsis Involved in Cuticle
Membrane and Wax Production. Plant Cell 15: 1170–85
Dean GH, Zheng H, Tewari J, Huang J, Young DS, Hwang YT, Western TL,
Carpita NC, McCann MC, Mansfield SD, et al (2007) The Arabidopsis
MUM2 Gene Encodes a β-Galactosidase Required for the Production of
Seed Coat Mucilage with Correct Hydration Properties. Plant Cell 19: 4007–
4021
Deng XW, Caspar T, Quail PH (1991) cop1: a regulatory locus involved m hghtcontrolled development and gene expression in Arabidopsis. Genes Dev 5:
1172–1182
Dennis M, Kolattukudy PE (1992) A cobalt-porphyrin enzyme converts a fatty
aldehyde to a hydrocarbon and CO. Proc Natl Acad Sci 89: 5306–5310
Deshaies RJ, Joazeiro CAP (2009) RING Domain E3 Ubiquitin Ligases. Annu
Rev Biochem 78: 399–434
Djemal R, Khoudi H (2015) Isolation and molecular characterization of a novel
WIN1/SHN1 ethylene-responsive transcription factor TdSHN1 from durum
wheat (Triticum turgidum. L. subsp. durum). Protoplasma 252: 1461–1473
Downes BP, Stupar RM, Gingerich DJ, Vierstra RD (2003) The HECT
ubiquitin-protein ligase (UPL) family in Arabidopsis: UPL3 has a specific role
in trichome development. Plant J 35: 729-742
Dubeaux G, Vert G (2017) Zooming into plant ubiquitin-mediated endocytosis.
Curr Opin Plant Biol 40: 56–62
Duplan V, Rivas S (2014) E3 ubiquitin-ligases and their target proteins during
111

the regulation of plant innate immunity. Front Plant Sci 5: 1–6
Froidure S, Roby D, Rivas S (2010) Expression of the Arabidopsis transcription
factor AtMYB30 is post-transcriptionally regulated. Plant Physiol Biochem
48: 735–739
Fu H, Reis N, Lee Y, Glickman MH, Vierstra RD (2001) Subunit interaction
maps for the regulatory particle of the 26S proteasome and the COP9
signalosome. EMBO J 20:7096-107
Glickman MH, Ciechanover A (2002) The ubiquitin-proteasome proteolytic
pathway: destruction for the sake of construction. Physiol Rev 82: 373–428
Gil HL, Kim J, Chung MS, Joon PS (2017) The MIEL1 E3 Ubiquitin Ligase
Negatively Regulates Cuticular Wax Biosynthesis in Arabidopsis Stems.
Plant Cell Physiol 58: 1249–1259
Go YS, Kim H, Kim HJ, Suh MC (2014) Arabidopsis Cuticular Wax Biosynthesis
Is Negatively Regulated by the DEWAX Gene Encoding an AP2/ERF-Type
Transcription Factor. Plant Cell 26: 1666–1680
Goodwin SM, Rashotte AM, Rahman M, Feldmann KA, Jenks MA (2005)
Wax constituents on the inflorescence stems of double eceriferum mutants
in Arabidopsis reveal complex gene interactions. Phytochemistry 66: 771–
780
Greer S, Wen M, Bird D, Wu X, Samuels L, Kunst L, Jetter R (2007) The
Cytochrome P450 Enzyme CYP96A15 Is the Midchain Alkane Hydroxylase
Responsible for Formation of Secondary Alcohols and Ketones in Stem
Cuticular Wax of Arabidopsis. Plant Physiol 145: 653–667
Han Y, Sun J, Yang J, Tan Z, Luo J, Lu D (2017) Reconstitution of the plant
ubiquitination cascade in bacteria using a synthetic biology approach. Plant
J 91: 766–776
Haslam TM, Gerelle WK, Graham SW, Kunst L (2017) The Unique Role of the
ECERIFERUM2-LIKE Clade of the BAHD Acyltransferase Superfamily in
Cuticular Wax Metabolism. Plants 6: 23
Haslam TM, Kunst L (2013a) Wax analysis of stem and rosette leaves in
112

Arabidopsis thaliana. Bioprotocol 3: e782
Haslam TM, Kunst L (2013b) Extending The Story Of Very-Long-Chain Fatty
Acid Elongation. Plant Sci 210: 93–107
Haslam TM, Mañas-Fernández A, Zhao L, Kunst L (2012) Arabidopsis
ECERIFERUM2 Is a Component of the Fatty Acid Elongation Machinery
Required for Fatty Acid Extension to Exceptional Lengths. Plant Physiol 160:
1164–1174
Haughn GW, Somerville C (1986) Sulfonylurea-resistant mutants of Arabidopsis
thaliana. Mol Gen Genet 204: 430–434
Heredia A (2003) Biophysical and biochemical characteristics of cutin, a plant
barrier biopolymer. Biochim Biophys Acta 1620: 1–7
Hershko A (2005) The ubiquitin system for protein degradation and some of its
roles in the control of the cell division cycle. Cell Death Differ 12: 1191–1197
Hooker TS, Lam P, Zheng H, Kunst L (2007) A Core Subunit of the RNAProcessing/Degrading Exosome Specifically Influences Cuticular Wax
Biosynthesis in Arabidopsis. Plant Cell 19: 904–913
Hooker TS, Millar AA, Kunst L (2002) Significance of the Expression of the
CER6 Condensing Enzyme for Cuticular Wax Production in Arabidopsis.
Plant Physiol 129: 1568–1580
Hua Z, Vierstra RD (2011) The cullin-RING ubiquitin-protein ligases. Annu Rev
Plant Biol. 62:299-334.
Iconomou M, Saunders DN (2016) Systematic approaches to identify E3 ligase
substrates. Biochem J 473: 4083–4101
Jenks MA, Tuttle HA, Eigenbrode SD, Feldmann KA (1995) Leaf Epicuticular
Waxes of the Eceriferum Mutants in Arabidopsis. Plant Physiol 108: 369–
377
Jessen D, Olbrich A, Knüfer J, Krüger A, Hoppert M, Polle A, Fulda M (2011)
Combined activity of LACS1 and LACS4 is required for proper pollen coat
formation in Arabidopsis. Plant J 68: 715–726
Kannangara R, Branigan C, Liu Y, Penfield T, Rao V, Mouille G, Hofte H,
113

Pauly M, Riechmann JL, Broun P (2007) The Transcription Factor
WIN1/SHN1 Regulates Cutin Biosynthesis in Arabidopsis thaliana. Plant Cell
19: 1278–1294
Klepikova AV, Kasianov AS, Gerasimov ES, Logacheva MD, Penin AA
(2016) A high reslution map of the Arabidopsis thalina developmental
transcriptome based on RNA-seq profiling. Plant J 88: 1058-1070
Komander D, Rape M (2012) The Ubiquitin Code. Annu Rev Biochem 81: 203–
229
Koornneef M, Hanhart CJ, Thiel F (1989) A genetic and phenotypic description
of Eceriferum(cer) mutants in Arabidopsis thaliana. J Hered 80: 118–122
Kunst L, Samuels AL (2003) Biosynthesis and secretion of plant cuticular wax.
Prog Lipid Res 42: 51–80
Kunst L, Samuels L (2009) Plant cuticles shine: advances in wax biosynthesis
and export. Curr Opin Plant Biol 12: 721–727
Kurata T, Kawabata-Awai C, Sakuradani E, Shimizu S, Okada K, Wada T
(2003) The YORE-YORE gene regulates multiple aspects of epidermal cell
differentiation in Arabidopsis. Plant J 36: 55–66
Lai C, Kunst L, Jetter R (2007) Composition of alkyl esters in the cuticular wax
on inflorescence stems of Arabidopsis thaliana cer mutants. Plant J 50: 189–
196
Lam P, Zhao L, Eveleigh N, Yu Y, Chen X, Kunst L (2015) The Exosome and
Trans-Acting Small Interfering RNAs Regulate Cuticular Wax Biosynthesis
during Arabidopsis Inflorescence Stem Development. Plant Physiol 167:
323–336
Lam P, Zhao L, McFarlane HE, Aiga M, Lam V, Hooker TS, Kunst L (2012)
RDR1 and SGS3, Components of RNA-Mediated Gene Silencing, Are
Required for the Regulation of Cuticular Wax Biosynthesis in Developing
Inflorescence Stems of Arabidopsis. Plant Physiol 159: 1385–1395
Lee HG, Seo PJ (2016) The Arabidopsis MIEL1 E3 ligase negatively regulates
ABA signalling by promoting protein turnover of MYB96. Nat Commun 7:
114

12525
Lee K, Seo PJ (2017) Coordination of matrix attachment and ATP-dependent
chromatin remodeling regulate auxin biosynthesis and Arabidopsis hypocotyl
elongation. PLoS One 12: e0181804
Lee SB, Kim H, Kim RJ, Suh MC (2014) Overexpression of Arabidopsis MYB96
confers

drought

resistance

in

Camelina

sativa

via

cuticular

wax

accumulation. Plant Cell Rep 33: 1535–1546
Lee SB, Suh MC (2013) Recent advances in cuticular wax biosynthesis and its
regulation in Arabidopsis. Mol Plant 6: 246–249
Lee SB, Suh MC (2015) Cuticular wax biosynthesis is up-regulated by the
MYB94 transcription factor in Arabidopsis. Plant Cell Physiol 56: 48–60
Li F, Wu X, Lam P, Bird D, Zheng H, Samuels L, Jetter R, Kunst L (2008)
Identification of the Wax Ester Synthase/Acyl-Coenzyme A:Diacylglycerol
Acyltransferase WSD1 Required for Stem Wax Ester Biosynthesis in
Arabidopsis. Plant Physiol 148: 97–107
Li W, Ye Y (2008) Polyubiquitin chains: functions, structures, and mechanisms.
Cell Mol Life Sci 65: 2397–2406
Libault M, Wan J, Czechowski T, Udvardi M, Stacey G (2007) Identification of
118 Arabidopsis Transcription Factor and 30 Ubiquitin-Ligase Genes
Responding to Chitin, a Plant-Defense Elicitor. Mol Plant-Microbe Interact
20: 900–911
Lorick KL, Jensen JP, Fang S, Ong AM, Hatakeyama S, Weissman AM
(1999) RING fingers mediate ubiquitin-conjugating enzyme (E2)-dependent
ubiquitination. Proc Natl Acad Sci 96: 11364–11369
Lü S, Zhao H, Des Marais DL, Parsons EP, Wen X, Xu X, Bangarusamy DK,
Wang G, Rowland O, Juenger T, et al (2012) Arabidopsis ECERIFERUM9
Involvement in Cuticle Formation and Maintenance of Plant Water Status.
Plant Physiol 159: 930–944
Marino D, Froidure S, Canonne J, Khaled S Ben, Khafif M, Pouzet C,
Jauneau A, Roby D, Rivas S (2013) Arabidopsis ubiquitin ligase MIEL1
115

mediates degradation of the transcription factor MYB30 weakening plant
defence. Nat Commun 4: 1475
Mazzucotelli E, Belloni S, Marone D, De Leonardis A., Guerra D, Di Fonzo N,
Cattivelli L, Mastrangelo AM (2006) The E3 Ubiquitin Ligase Gene Family
in Plants: Regulation by Degradation. Curr Genomics 7: 509–522
McNevin JP, Woodward W, Hannoufa A, Feldmann KA, Lemieux B (1993)
Isolation and characterization of eceriferum (cer) mutants induced by T-DNA
insertions in Arabidopsis thaliana. Genome 36: 610–8
Millar AA, Clemens S, Sabine Z, Giblin EM, Taylor DC, Kunst L (1999) CUT1,
an Arabidopsis gene required for cuticular wax biosynthesis and pollen
fertility, encodes a very-long-chain fatty acid condensing enzyme. Plant Cell
11: 825–838
Mitsuda N, Matsui K, Ikeda M, Nakata M, Oshima Y, Nagatoshi Y, OhmeTakagi M (2011) CRES-T, An Effective Gene Silencing System Utilizing
Chimeric Repressors. In L Yuan, SE Perry, eds, Plant Transcr. Factors
Methods Protoc. Humana Press, Totowa, NJ, pp 87–105
Mitsuda N, Miho I, Takada S, Takiguchi Y, Kondou Y, Yoshizumi T, Fujita M,
Shinozaki K, Matsui M, Ohme-Takagi M (2010) Efficient yeast one-/twohybrid screening using a library composed only of transcription factors in
Arabidopsis thaliana. Plant Cell Physiol 51: 2145–2151
Moon J, Parry G, Estelle M (2004) The ubiquitin-proteasome pathway and plant
development. Plant Cell 16: 3181–3195
Mudgil Y, Shiu SH, Stone SL, Salt JN, Goring DR (2004) A large complement
of the predicted Arabidopsis ARM repeat proteins are members of the U-box
E3 ubiquitin ligase family. Plant Physiol 134:59-66.
Mukhopadhyay D, Riezman H (2007) Proteasome-Independent Functions of
Ubiquitin in Endocytosis and Signaling. Science 315: 201–205
Nakagawa T, Kurose T, Hino T, Tanaka K, Kawamukai M, Niwa Y, Toyooka
K, Matsuoka K, Jinbo T, Kimura T (2007) Development of series of
gateway binary vectors, pGWBs, for realizing efficient construction of fusion
116

genes for plant transformation. J Biosci Bioeng 104: 34–41
Ohlrogge J, Browse J (1995) Lipid Biosynthesis. Plant Cell 7: 957–70
Oshima Y, Shikata M, Koyama T, Ohtsubo N, Mitsuda N, Ohme-Takagi M
(2013) MIXTA-Like Transcription Factors and WAX INDUCER1/SHINE1
Coordinately Regulate Cuticle Development in Arabidopsis and Torenia
fournieri. Plant Cell 25: 1609–1624
Park CS, Go YS, Suh MC (2016) Cuticular wax biosynthesis is positively
regulated by WRINKLED4, an AP2/ERF-type transcription factor, in
Arabidopsis stems. Plant J 88: 257–270
Pfaffl MW (2001) A new mathematical model for relative quantification in realtime RT-PCR. Nucleic Acids Res 29: 2002–2007
Post-beittenmiller D (1996) Biochemistry and Molecular Biology of Wax
Production in Plants. Annu Rev Plant Biol 47: 405–430
Raffaele S, Vailleau F, Leger A, Joubes J, Miersch O, Huard C, Blee E,
Mongrand S, Domergue F, Roby D (2008) A MYB Transcription Factor
Regulates Very-Long-Chain Fatty Acid Biosynthesis for Activation of the
Hypersensitive Cell Death Response in Arabidopsis. Plant Cell 20: 752–767
Rashotte AM, Jenks MA, Nguyen TD, Feldmann KA (1997) Epicuticular wax
variation in ecotypes of Arabidopsis thaliana. Phytochemistry 45: 251–255
Riederer M, Schreiber L (2001) Protecting against water loss: analysis of the
barrier properties of plant cuticles. J Exp Bot 52: 2023–2032
Rowland O, Lee R, Franke R, Schreiber L, Kunst L (2007) The CER3 wax
biosynthetic gene from Arabidopsis thaliana is allelic to WAX2/YRE/FLP1.
FEBS Lett 581: 3538–3544
Rowland O, Zheng H, Hepworth SR, Lam P, Jetter R, Kunst L (2006) CER4
Encodes an Alcohol-Forming Fatty Acyl-Coenzyme A Reductase Involved in
Cuticular Wax Production in Arabidopsis. Plant Physiol 142: 866–877
Sadanandom A, Bailey M, Ewan R, Lee J, Nelis S (2012) The ubiquitinproteasome system: Central modifier of plant signalling. New Phytol 196:
13–28
117

Sakuradani E, Zhao L, Haslam TM, Kunst L (2013) The CER22 gene required
for the synthesis of cuticular wax alkanes in Arabidopsis thaliana is allelic to
CER1. Planta 237: 731–738
Samuels L, Kunst L, Jetter R (2008) Sealing Plant Surfaces: Cuticular Wax
Formation by Epidermal Cells. Annu Rev Plant Biol 59: 683–707
Saric Tomo, Greaf CI, Goldberg AL (2004) Pathway for degradation of
peprides generated by proteasomes: A key role for thimet oligopeptidase
and other metallopeptidases J Biol Chem 279: 46723-46732
Schirmer A, Rude MA, Li X, Popova E, del Cardayre SB (2010) Microbial
biosynthesis of alkanes. Science 329: 559–562
Seo HS, Watanabe E, Tokutomi S, Nagatani A, Chua N-H (2004)
Photoreceptor ubiquitination by COP1 E3 ligase desensitizes phytochrome A
signaling. Genes Dev 18: 617–622
Seo PJ, Lee SB, Suh MC, Park MJ, Go YS, Park CM (2011) The MYB96
Transcription Factor Regulates Cuticular Wax Biosynthesis under Drought
Conditions in Arabidopsis. Plant Cell 23: 1138–1152
Seo PJ, Xiang F, Qiao M, Park JY, Lee YN, Kim SG, Lee YH, Park WJ, Park
CM (2009) The MYB96 Transcription Factor Mediates Abscisic Acid
Signaling during Drought Stress Response in Arabidopsis. Plant Physiol
151: 275–289
Shanklin J, Cahoon EB (1998) Desaturation and Related Modifications of Fatty
Acids. Annu Rev Plant Physiol Plant Mol Biol 49: 611–641
Shepherd T, Griffiths DW (2006) The effects of stress on plant cuticular waxes.
New Phytol 171: 469–499
Smalle J, Vierstra RD (2004) The Ubiquitin 26S Proteasome Proteolytic
Pathway. Annu Rev Plant Biol 55: 555–590
Stone SL, Anderson EM, Mullen RT, Goring DR (2003) ARC1 is an E3
ubiquitin ligase and promotes the ubiquitination of protein during the
rejection of selt-incompatible Brassica pollen. Plant Cell 15: 885–898
Stone SL, Callis J (2007) Ubiquitin ligases mediate growth and development by
118

promoting protein death. Curr Opin Plant Biol 10: 624–632
Stone SL, Troy A, Herschleb J, Kraft E, Callis J, Hauksdo H (2005)
Functional Analysis of the RING-Type Ubiquitin Ligase Family of
Arabidopsis. Plant Physiol 137: 13–30
Stone SL (2014) The role of ubiquitin and 26S proteasome in plant abiotic stress
signaling. Front Plant Sci 5: 135
Street IH, Shah PK, Smith AM, Avery N, Neff MM (2008) The AT-hookcontaining proteins SOB3/AHL29 and ESC/AHL27 are negative modulators
of hypocotyl growth in Arabidopsis. Plant J 54: 1–14
Suh MC, Samuels AL, Jetter R, Kunst L, Pollard M, Ohlrogge J, Beisson F
(2005) Cuticular lipid composition, surface structure, and gene expression in
Arabidopsis stem epidermis. Plant Physiol 139: 1649–1665
Thrower JS, Hoffman L, Rechsteiner M, Pickart CM (2000) Recognition of the
polyubiquitin proteolytic signal. EMBO J 19: 94–102
Tong M, Kotur T, Liang W, Vogelmann K, Kleine T, Leister D, Brieske C,
Yang S, Lüdke D, Wiermer M, et al (2017) E3 ligase SAUL1 serves as a
positive regulator of PAMP-triggered immunity and its homeostasis is
monitored by immune receptor SOC3. New Phytol 215: 1516–1532
Tresch S, Heilmann M, Christiansen N, Looser R, Grossmann K (2012)
Inhibition of saturated very-long-chain fatty acid biosynthesis by mefluidide
and

perfluidone,

selective

inhibitors

of

3-ketoacyl-CoA

synthases.

Phytochemistry 76: 162–171
Vierstra RD (2009) The ubiquitin-26S proteasome system at the nexus of plant
biology. Nat Rev 10: 385–397
Waese J, Fan J, Pasha A, Yu H, Fucile G, Shi R, Cumming M, Kelley
L, Sternberg M et al (2017) ePlant: Visualizing and Exploring Multiple
Levels of Data for Hypothesis Generation in Plant Biology. Plant Cell 29: 186-1821
Wang F, Zhu D, Huang X, Li S, Gong Y, Yao Q, Fu X, Fan LM, Deng XW
(2009) Biochemical Insights on Degradation of Arabidopsis DELLA Proteins
119

Gained From a Cell-Free Assay System. Plant Cell 21: 2378–2390
Warui DM, Li N, Nørgaard H, Krebs C, Bollinger JM, Booker SJ (2011)
Detection of formate, rather than carbon monoxide, as the stoichiometric
coproduct in conversion of fatty aldehydes to alkanes by a cyanobacterial
aldehyde decarbonylase. J Am Chem Soc 133: 3316–3319
Wilkins TA, Smart LB (1996) Isolation of RNA from Plant Tissue. In PA Krieg,
ed, A Lab. Guid. to RNA Isol. Anal. Synth. Wiley-Liss New York, pp 21–41
Wu R, Li S, He S, Wassmann F, Yu C, Qin G, Schreiber L, Qu LJ, Gu H
(2011) CFL1, a WW Domain Protein, Regulates Cuticle Development by
Modulating the Function of HDG1, a Class IV Homeodomain Transcription
Factor, in Rice and Arabidopsis. Plant Cell 23: 3392–3411
Xie Q, Guo HS, Dallman G, Fang S, Weissman AM, Chua NH (2002) SINAT5
promotes ubiquitin-related degradation of NAC1 to attenuate auxin signals.
Nature 419: 167
Yang J, Ordiz IM, Jaworski JG, Beachy RN (2011) Induced accumulation of
cuticular waxes enhances drought tolerance in Arabidopsis by changes in
development of stomata. Plant Physiol Biochem 49: 1448–1455
Yeats TH, Rose JKC (2013) The Formation and Function of Plant Cuticles. Plant
Physiol 163: 5–20
Yee D, Goring DR (2009) The diversity of plant U-box E3 ubiquitin ligases: from
upstream activators to downstream target substrates. J Exp Bot 60: 1109–
1121
Zhang JY, Broeckling CD, Blancaflor EB, Sledge MK, Sumner LW, Wang ZY
(2005) Overexpression of WXP1, a putative Medicago truncatula AP2
domain-containing transcription factor gene, increases cuticular wax
accumulation and enhances drought tolerance in transgenic alfalfa
(Medicago sativa). Plant J 42: 689–707
Zhao J, Favero DS, Peng H, Neff MM (2013a) Arabidopsis thaliana AHL family
modulates hypocotyl growth redundantly by interacting with each other via
the PPC/DUF296 domain. Proc Natl Acad Sci 110: E4688–E4697
120

Zhao L, Kunst L (2016) SUPERKILLER complex components are required for
the RNA exosome-mediated control of cuticular wax biosynthesis in
Arabidopsis inflorescence stems. Plant Physiol 171: pp.00450.2016
Zhao Q, Tian M, Li Q, Cui F, Liu L, Yin B, Xie Q (2013b) A plant-specific in vitro
ubiquitination analysis system. Plant J 74: 524–533
Zheng H, Rowland O, Kunst L (2005) Disruptions of the Arabidopsis Enoyl-CoA
reductase gene reveal an essential role for very-long-chain fatty acid
synthesis in cell expansion during plant morphogenesis. Plant Cell 17:
1467–81
Zheng L, Baumann U, Reymond J-L (2004) An efficient one-step site-directed
and site-saturation mutagenesis protocol. Nucleic Acids Res 32: e115–e115
Zhou LY, Ni E, Yang JW, Zhou H, Liang H, Li J, Jiang DG, Wang ZH, Liu ZL,
Zhuang CX (2013) Rice OsGL1-6 Is Involved in Leaf Cuticular Wax
Accumulation and Drought Resistance. Plos One 8: e65139

121

Appendix

Supplemental material for Chapter 3

Figure A.1 Fertility of U37OX lines can be restored by high humidity.
Dry stems of WT Col-0 (left), U37OX_2_1 (middle), and U37OX_12_3 (right). WT
was grown under normal conditions; U37OX lines were grown under normal
(below dashed line) and high-humidity conditions (above dashed line). Highhumidity environment was created by covering the plants with plastic bags.
U37OX_12_3 line showed a severe organ fusion phenotype and fertility could not
be fully recovered by growth in high humidity.
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Figure A.2 eFP (RNA-Seq) view of U37 gene expression during Arabidopsis
development.
Expression strength coded by colour: yellow = low, red = high. The Arabidopsis
eFP browser is located at http://bar.utoronto.ca/eplant, and the image was
generated by Waese et al., (2017). Data for a high-resolution map of the
Arabidopsis thaliana developmental transcriptome were obtained by RNA-seq
profiling by Klepikova et al., (2016).
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Figure A.3 Tissue specific stem epidemis eFP view of U37 gene expression.
Expression strength coded by colour: yellow = low, red = high. The Arabidopsis
tissue
specific
stem
epidermis
eFP
browser
is
located
at
http://bar.utoronto.ca/eplant, and the image was generated by Waese et al.
(2017). Data for the eFP view of U37 expression were obtained by the Affymetrix
ATH1 array by Suh et al., (2005).
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