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Abstract
The AtMYB80 gene is expressed in the tapetum and developing microspores of
Arabidopsis anthers. Functional disruption of MYB80 results in complete male sterility
and the Programmed Cell Death of the tapetum occurs prematurely. The MYB80 gene is
highly conserved across the plant species so far studied.
The first aim of the work described in this thesis was to identify genes directly
activated in Arabidopsis by AtMYB80 in addition to the three already known. The second
aim was to determine whether other proteins bound to AtMYB80, facilitating its function
in gene activation.
Candidate MYB80 target genes were identified using dexamethasone in an
inducible system to activate expression of an AtMYB80: glucocorticoid receptor construct
and restore fertility in the myb80 mutant. Based on their expression patterns twelve genes
were selected from the 79 upregulated genes for further study. Chromatin
immunoprecipitation (ChIP) analysis identified two of these genes as being directly
regulated by AtMYB80, namely Less Adhesive Pollen6 (LAP6) and a Pathogen Related
Thaumatin-Like (PRT-L).
LAP6 was shown to be specifically expressed in developing anthers and pollen
wall formation was affected in a lap6 insertion mutant. However, work on the gene was
discontinued when other laboratories described a role for LAP6 in sporopollenin
synthesis.
The PRT-L gene was strongly expressed in the anther tapetum and developing
microspores. In a prt-l insertion mutant many pollen grains lacked cytoplasm, were
morphologically abnormal and partially collapsed. Although PRT-L belongs to a large
family of endo-1,3-β endoglucanases, callose dissolution around the microspore tetrad
did not appear to be affected in the mutant. The mutant phenotype was strongly enhanced
when developing anthers were exposed to mild heat stress, although pollen development
in wild type anthers was unaffected.
The Yeast Two-Hybrid system was employed to identify proteins binding to the
AtMYB80 protein. Three peptides were used as bait: the MYB domain, the Central region
and the 18 amino acid C-terminal activation domain. A large number of positives
xiv

(putative interacting proteins) were identified in the initial experiments. Further selection
was based on expression of a gene in anthers/pollen, function (where known) and
multiple isolations. Nine genes were chosen but the insertion mutant of only one of these,
Derlin2-2, had a “pollen phenotype” (aborted siliques). Derlin2-2 interacted with the 18
amino acid activation domain of AtMYB80. GUS reporter gene studies showed the
Derlin2-2 gene was weakly expressed in leaves and stems but expression was strong in
stage 10 and 11 developing anthers. Tapetum expression was found in stage 10 anthers
and microspores and persisted in the microspores at stage 12. In the derlin2-2 insertion
mutant silique elongation was affected and pollen grains (ca. 60%) were collapsed and
misshapen. When developing anthers were exposed to mild heat stress the mutants were
male sterile while wild type plants were unaffected.
The likely functions of the PRT-L and Derlin2-2 proteins in anther development
are discussed as are the future experiments required to confirm these functions. Currently,
there is no other information about the two proteins. It is suggested that the PRT-L
protein functions as an endo-1,3-β glucanase in a callase enzyme complex involved in
callose dissolution and pollen exine formation. Derlin2-2 is likely to participate in the
removal of unfolded/misfolded proteins from the ER of the tapetum and developing
microspores. It seems improbable that Derlin2-2 and AtMYB80 interact in vivo as they
would be mostly separated physically in the cell (ER vs. nucleus); however, additional
experiments are needed to confirm whether the interaction found in yeast is an artifact of
the Yeast Two-Hybrid system.
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Chapter 1 Introduction
1.1

MYB transcription factors
Specific regulation of gene expression at the transcriptional level is fundamental

to almost all aspects of cellular function and controls many crucial biological processes
(Stracke et al., 2001). This specificity is provided by the action of transcription factors
(TFs) which are modular proteins, composed of a DNA binding domain and an
activation/repressor domain, responsible for activation or repression of genes
(Baranowskij et al., 1994; Stegmaier et al., 2004). Most TFs control gene expression by
recognising specific DNA sequences referred to as cis-regulatory elements in gene
promoters, enhancers and/or other regulatory elements (Zimmermann et al., 2004). TFs
are therefore classified based on their DNA binding domains and can be assigned to
different families. The availability of genome sequences has enabled a comprehensive
description of transcription factor families, allowing similarities between members and
ultimately their functions to be identified (Zimmermann et al., 2004). Approximately 10%
of genes in the human genome encode TFs and the functionality of about one third has
been characterised. In Arabidopsis thaliana (Arabidopsis) approximately 6% of the genes
encode TFs. One of the largest plant TF families is composed of proteins characterised by
the MYB domain (Stegmaier et al., 2004; Zimmermann et al., 2004).
The first MYB gene identified was the v-myb oncogene isolated from the avian
myeloblastosis virus, followed by the discovery of three v-myb like genes, namely c-MYB,
A-MYB and B- MYB which are found in all vertebrates (Klempnaur et al., 1982). Similar
myb-related genes have also been identified in a variety of plants, mosses, fungi and
insects (Lipsick, 1996; Stracke et al., 2001).
An interesting aspect of transcriptional activation by MYB proteins is their
capacity to interact with regulatory proteins from other families (Lipstick, 1996). In some
promoters the binding of a MYB protein adjacent to a second TF is required for gene
activation. These latter TFs include members of the homeodomain and basic helix-loophelix protein families (Lipstick, 1996; Zimmermann et al., 2004). In Arabidopsis MYB
proteins and basic helix-loop-helix proteins work together with the WD40 family of TFs.
The complex formed regulates specific biosynthetic and cell differentiation pathways
(Zhang et al., 2003; Ramsay and Glover, 2005).
1

1.2

Plant MYBs
The first MYB gene identified in plants was the COLORED 1 (C1) gene in Zea

mays (maize) (Martin and Paz-Ares, 1997). C1 is similar to the proto-oncogene c-MYB
(Martin and Paz-Ares, 1997; Romero et al., 1998). The C1 gene encodes a c-MYB like
TFs and is involved in the anthocyanin biosynthetic pathway, required for the production
of pigment in corn kernels as well as floral organs (Martin and Paz-Ares, 1997). The C1
locus was discovered using transposon tagging and encodes a protein of approximately
29kDa. This protein has two distinct domains, an N-terminus from amino acids 1 to 114
and an acidic C-terminal region located between amino acids 234 and 261 (Paz-Ares et
al., 1987). The C-terminus of C1 functions as a transcriptional activation domain in yeast
when bound to the DNA-binding domain of the yeast GAL4 protein (Goff et al., 1997).
Following the discovery of the C1 gene, the P gene from maize was identified.
The gene encodes a MYB homologue controlling pericarp pigmentation and regulating
the expression of three genes involved in flavonoid biosynthesis (Groteworld et al., 1991).
The maize P gene activates the transcription of the maize DIHYDROFLAVONOL-4REDUCTASE (DFR), the A1 gene, required for flavonoid biosynthesis but is unable to
activate the expression of the Bronze1 (Bzl) gene necessary for anthocyanin production.
The C1 gene of maize, which also encodes a MYB homologue, activates the expression
of the A1 and Bzl genes but can only do so in the presence of a basic-helix-loop-helix
(bHLH) TF (Groteworld et al., 1994).
1.3

The MYB domain
MYB proteins are classified into three subfamilies depending on the number of

repeats in their MYB domain, namely R1R2R3, R2R3 and R1. Animal MYB proteins
generally contain three repeats (R1R2R3), whereas the majority of plant MYBs possess
two repeats (R2R3) (Stracke et al., 2001). Each repeat forms a helix-turn-helix structure
53 amino acids in length and contains three regularly spaced tryptophan residues (Figure
1.1) (Ness, 1996; Stracke et al., 2001). The tryptophan residues are critical for sequence
specific DNA binding as they are functionally significant and structurally unique (Oh and
Reddy, 1999). While the three repeats are conserved among MYB domains, in the R3
repeat the first tryptophan can be replaced with other aromatic residues (Stracke et al.,
2001).

2

Figure 1.1: Plant MYB transcription factors.
A schematic diagram showing different plant MYB protein classes, based on the number of
adjacent MYB repeats (R). The primary structure of a typical R2R3-MYB is indicated (Dubos et
al., 2010).

1.4

Functions of plant MYB genes
Plant MYB proteins are known to be involved in a variety of cellular processes

including the regulation of biosynthetic pathways, cell fate determination, signal
transduction pathways controlling plant growth, stress response and defence response
mechanisms (Martin and Paz-Ares, 1997; Meissner et al., 1999; Stracke et al., 2001;
Zimmermann et al., 2004; Yanhui et al., 2006). Approximately 126 plant MYBs have
been discovered in Arabidopsis, however, very little is known about the function of the
majority of these proteins (Dubos et al., 2010).
1.4.1

MYB genes regulating flavonoid biosynthesis
The flavonoid biosynthetic pathway (phenylpropanoid pathway) is responsible for

the synthesis of phlobaphenes, anthocyanins and condensed tannins (proanthocyanins)
(Yáñez et al., 2013). These compounds are derived from phenylalanine and the first step
is

the

conversion

of

phenylalanine

into

4-coumaryl-CoA

by

the

enzymes

PHENYLALANINE AMMONIA LYASE (PAL), CINNAMATE 4-HYDROXYLASE
(C4H) and 4-COUMAROYL-COENZYME A LIGASE (4CL). In Arabidopsis these
3

genes are regulated by MYB4 and PRODUCTION OF ANTHOCYANIN PIGMENT 1
(PAP1/MYB75) (Vom Endt et al., 2002). Overexpression of PAP1 in Arabidopsis gives
rise to the enhanced expression of the PAL and CHS (CHALCONE SYNTHASE) genes
(Sainz et al., 1997).
The AmMYB305 and AmMYB340 proteins of Antirrhinum majus (snapdragon)
flowers regulate phenylalanine biosynthesis when transformed into tobacco. AmMYB305
and AmMYB340 were also found to control phenylpropanoid metabolism in flowers of
snapdragon as well as the later steps of flavonol synthesis (Tamagnone et al., 1998).
ALTERED TYRPTOPHAN REGULATION1 (ATR1) of Arabidopsis encodes a
MYB-like TF and shares a similar homology with the MYB TFs from maize (Bender and
Fink, 1998). ATR1 is responsible for regulating the tryptophan pathway in Arabidopsis
by switching on target genes in response to wounding, pathogen attack or tryptophan
starvation (Bender and Fink, 1998). The gene is also responsible for the production of
secondary metabolites including the growth regulator indole-3-acetic acid and
antipathogenic compounds (Bender and Fink, 1998). The Eucalyptus EgMYB2 gene is
expressed in developing xylem cells and regulates lignin biosynthesis and secondary cell
wall formation (Goicoechea et al., 2005).
TRANSPARENT TESTA2 (TT2) is a MYB transcription factor expressed in
Arabidopsis seeds which forms a complex with TRANSPARENT TESTA8 (TT8) (a
bHLH) and TTG1 (a WD40) to promote the expression of the DFR and
ANTHOCYANIDIN REDUCTASE (BANYULS) genes which encode two enzymes
required for proanthocyanidin biosynthesis (Baudry et al., 2004).
In maize the MYB proteins C1 and P are 60% identical with PAP1 in their MYB
domains. Both C1 and P regulate the PAL, CHS and A1 genes, genes encoding enzymes
of the anthocyanin biosynthetic pathway (Vom Endt et al., 2002). C1 and P bind to the A1
promoter activating its expression. Figure 1.2 provides a simplified diagram of the
flavonoid biosynthetic pathway with the steps regulated by the MYB and bHLH TFs
identified in Arabidopsis and maize.

4

Figure 1.2: Simplified diagram of the flavonoid biosynthetic pathway (From Vom Endt et
al., 2002).
Enzymes that catalyse the reactions are shown in capital letters. Unbroken arrows indicate single
enzymatic conversions and broken arrows indicate multiple enzymatic steps. The color of the
arrow corresponds to the color of the TF(s), which regulate(s) the enzyme-encoding gene. TFs C1,
R and P are from maize, whereas MYB4, PAP1, TT2 and TT8 are from Arabidopsis. The black
arrow for the CHI step indicates that this reaction can occur spontaneously without enzymatic
intervention. Enzyme abbreviations: PAL: phenylalanine ammonia lyase, C4H: cinnamate 4hydroxylase, 4CL: 4-coumaroyl-coenzyme A ligase, CHS: chalcone synthase, CHI: chalconeflavanone isomerase; F3H: flavanone 3-hydroxylase, DFR: dihydroflavonol 4-reductase, LAR:
leucoanthocyanidin reductase, LDOX: leucoanthocyanidin dioxygenase, UFGT: UDP glucoseflavonol glucosyl transferase. Other abbreviations: At: Arabidopsis thaliana, bHLH: basic HelixLoop-Helix, PAP1: production of anthocyanin pigment1, TT: transparent test.
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1.4.2

Circadian clock
Circadian rhythms enable organisms to coordinate metabolic processes in

response to their external environment (Harmer et al., 2000; Lai et al., 2012). Examples
include photoperiodic induction during flowering and hypocotyl elongation (Harmer et
al., 2000). Photoperiodism refers to a plants ability to detect and respond to changes in the
duration of day and night, thereby controlling reproduction and ensuring plants flower at
appropriate times (Thomas and Vince-Prue, 1997). The Arabidopsis circadian clock
consists of a number of TFs responsible for these processes. Two such TFs are the MYB
related proteins CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE
ELONGATED HYPOCOLTYL (LHY) (Schaffer et al., 1998; Wang and Tobin, 1998;
Fujimori et al., 2005).
A number of studies suggest that CCA1 and LHY genes play a vital role in the
circadian clock in Arabidopsis. The CCA1 gene encodes a MYB-related TF and is
involved in phytochrome regulation of a light harvesting chlorophyll gene (Lhcb) (Sugano
et al., 1998; Wang and Tobin, 1998). In transgenic plants containing the constitutively
expressed CCA1 gene, abolishment of the circadian rhythm of several genes occurs.
Plants also exhibit phenotypic differences including longer hypocotyls and delayed
flowering (Wang and Tobin, 1998). LHY shares 60% sequence homology with CCA1 at
the amino acid level (Schaffer et al., 1998; Wang and Tobin, 1998). Overexpression of
LHY results in a phenotype similar to cca1 mutants. Studies have shown that these two
genes may be partially redundant as constitutive expression of CCA1 represses LHY
function (Wang and Tobin, 1998; Green and Tobin, 1999). Furthermore, Alabadi et al.
(2001) found that CCA1 and LHY negatively regulate TIMING OF CAB EXPRESSION 1
(TOC1) (also called PSEUDO-RESPONSE REGULATOR 1, (PRR1). TOC1 is a
member of the Arabidopsis PRR gene family which consists of five proteins, namely
PRR9, PRR7, PRR5, PRR3, TOC1 (Nakamichi et al., 2010). PRR9, PRR7, PRR5 have
been shown to be active transcriptional repressors of CCA1 and LHY expression
(Nakamichi et al., 2010). TOC1 appears to be a positive regulator of LHY and CCA1
expression, suggesting that these genes form a feedback loop (positive/negative) critical
for the correct functioning of the circadian clock in Arabidopsis (Alabadi et al., 2001).
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1.4.3

The MYB-bHLH-WD40 complex in trichome and seed coat development
TFs can form complexes with other TFs, thereby increasing the variety of genes

regulated by a specific TFs. MYB proteins, for example, can form a tri-protein complex
with the bHLH and WD40 TFs.
The WD40 protein family, the members of which share little sequence identity,
provide a scaffold for the two other TFs, thereby forming a trimeric complex that binds to
gene promoters. TRANSPARENT TESTA GLABRA1 (TTG1) is an Arabidopsis WD40
protein that facilitates the interaction between bHLH and MYB TFs.
bHLH TF possess a conserved basic domain that specifically binds to the
CANNTT sequence (E-box) in promoters (Voronova and Baltimore, 1990). The
formation of homo- and hetero-dimers involves the Helix-loop-Helix region (Murre et al.,
1994). The R family of maize bHLH proteins participates in tissue-specific anthocyanin
biosynthesis (Quattrochino et al., 1998) (See Section 1.4.1).
1.4.3.1 Trichome development
Trichomes are single-celled structures found on most plant aerial surfaces. In
Arabidopsis, for example, trichomes are believed to increase freezing tolerance and water
absorption as well as protecting against pathogen attack (Serna and Martin, 2006).
Specialised trichome precursor cells arise from epidermal cells and a patterning
mechanism is involved as adjacent cells rarely produce trichomes.
Trichome development is regulated by a MYB-WD40-bHLH transcription
complex. GLABRA 1 (GL1), MYB23 and MYB5 are the three MYB proteins that are
involved, while the bHLH proteins include GLABRA3 (GL3) and ENHANCEMENT OF
GLABRA3 (EGL3). Hence a number of different complexes can form with TTG1 (Figure
1.3).
The EGL3-TTG1-GL1 complex regulates trichome initiation and requires GL1
(Payne et al., 2000; Zhang et al., 2003). gl1 mutants lack trichomes on leaves, sepals and
stems (Koornneef et al., 1982). When trichome branching is initiated, GL1 expression has
ceased. AtMYB23 expression commences following trichome initiation (Kirik at al.,
2005b). In the absence of the two bHLH TFs trichome initiation fails to occur whereas
single mutants exhibit only a modest production in leaf trichomes (Zhang et al., 2003).
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ttg1 and gl1 mutants lack trichomes (Marks and Feldmann, 1989) while in the gl3
mutant trichomes are smaller and less branched. GL3 also regulates endoreduplication
(DNA replication in the absence of nuclear and cellular division) in the expanding
trichome (Esch et al., 2003). In the gl3/egl3 double mutant leaves are hairless, known as
glabrous (Esch et al., 2003; Zhang et al., 2003b). The target genes of the MYB23-TTG1GL3 complex are not yet known (Li et al., 2009).
In trichome development known targets of the MYB-WD40-bHLH complex
include TRANSPARENT TESTA GLABRA2 (TTG2) and the single repeat MYB genes
TRIPTYCHON (TRY), CAPRICE (CPC), ENHANCER OF TRY AND CPC (ETC1), ETC2
and TRICHOMELESS1 (TLC1). The single MYB proteins lack a transcriptional activation
domain and can compete with R2R3 MYB proteins for bHLH binding. Hence, the R2R3
MYBs such as GL1 are unable to activate gene expression. The single MYB proteins are
involved in initiating trichome cells and subsequently diffuse into adjacent cells where
they inhibit trichome cell formation by replacing GL1 in the trimeric complex (Kirik et
al., 2004a and b). The target genes of the MYB32-TTG1-GL3 complex are not known.
1.4.3.2 Seed coat development
The two outer cell layers of the outer integument of the developing Arabidopsis
seed coat give rise to two distinct cell types. The outer epidermal layer secretes mucilage
into the junction of the outer tangential and radial cell walls (Windsor et al., 2000).
Displacement and compression of the protoplasm by the mucilage results in the formation
of a column in the centre of each cell. A secondary cell wall is then deposited along the
radial and tangential sides of the plasma membrane forming the columella. The three
inner cell layers are crushed together and die (Haughn and Chadbury, 2005).
TFs regulating Arabidopsis seed coat development include TTG1 (Koorneef,
1981), EGL3, TTG2 and GL2. As discussed above TTG1 is a WD40 protein and forms a
complex with the MYB proteins MYB5 or TT2 and the bHLH proteins TT8 or EGL3 in
the seed coat (Zimmerman et al., 2004) (Figure 1.3). Mutation of any of these genes
results in a reduction in mucilage production and columella formation is disrupted. GL2 is
activated by the trimeric complex and regulates the seed coat specific genes CESA5 (a
cellulose synthase), PECTINMETHYLESTERASE, INHIBITOR6 (PMI6). All these genes
are involved in mucilage synthesis.
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Figure 1.3: Proposed models of the MYB5 Regulatory Network in Developing Seeds and
Trichomes.
In the developing seed (A), the MYB5/TTG1/TT8/EGL3 complex could directly regulate the
ABE1, ABE4, GH, GL2, and MYBL2 genes. The MYBL2 protein could repress the synthesis of
proanthocyanin (PA) biosynthesis in developing seeds except in the endothelium layer. MYBL2
could also constitute a negative feedback loop possibly by downregulating TT8. In developing
trichomes (B), the GL1 complex regulates trichome initiation via GL2 and activates TRY, CPC,
and the ETCs, which suppress trichome initiation in neighbouring cells. GL1 and MYB23
redundantly regulate trichome initiation on leaf margins. MYB5 and MYB23 regulate trichome
branching and extension in a partially redundant manner. All these genes are involved in mucilage
synthesis (From Li et al., 2009).

1.4.4

Response to pathogens
Pathogen response in plants involves a complex signaling and defence mechanism

controlled by many genes. Two pathogen defence responses in plants are the
hypersensitive response (HR) and systematic acquired resistance (Lee et al., 2001). The
HR is a rapid defence mechanism, characterised by localised host cell death and necrosis
at the infected site (Lee et al., 2001). The AtMYB30 gene is a positive regulator of the HR.
MYB30 directly activates fourteen genes associated with the synthesis of verylong-chain fatty acids (VLCFA), molecules that play a role in the signaling and induction
of the HR (Raffaele et al., 2008).
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AtMYB72 is critical to the early stages of induced systemic resistance (Van der
Ent et al., 2008).
When Arabidopsis is infected by bacterial pathogens AtMYB30 is rapidly and
transiently expressed (Vailleau et al., 2002). Overexpression of AtMYB30 confers an
accelerated as well as enhanced response to pathogen attack. Antisense downregulation of
the AtMYB30 gene results in inhibition of the HR response (Vailleau et al., 2002).
Lee et al. (2001) isolated a novel jasmonic acid (JA) induced rice gene (JAmyb)
that encodes a MYB TF. JAmyb is activated rapidly by JA or by wounding, resulting in
the activation of a complex defence signaling pathway leading to transcriptional
activation of plant defence genes
1.4.5

Transcriptional repressors
Some MYB proteins can act as repressors of transcription. AtMYB4, AtMYB7

and AtMYB32 all possess the EAR sequence, a 12 amino acid sequence which acts as a
dominant repressor and found in plant TFs (Hiratsu et al., 2003). AtMYB4, 7 and 32
negatively regulate their own and each other's transcription (Ko et al., 2007). All these
MYB proteins regulate the SECONDARY WALL-ASSOCIATED NAC DOMAIN
PROTEIN 1 (SND1) gene. AtMYB32 is activated directly and AtMYB4 and AtMYB7
indirectly by SND1. Hence, the system involves a negative feedback loop that keeps
SND1 activation in check, resulting in gradual target gene activation (Hussey et al., 2013).
The maize homologue of AtMYB4 downregulates the lignin pathway in
Arabidopsis (Sonbol et al., 2009). In Arabidopsis, MYB4 is a negative regulator of the
C4H gene. C4H encodes the enzyme responsible for sinipoylmate, a major sinapate ester
in leaves (Jin et al., 2000). MYB4 negatively regulates sinapate ester formation in the
absence of UV-B light. UV-B light downregulates MYB4 expression and the resulting
increased levels of sinapate esters lead to UV-B light tolerance.
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1.5

Anther development

1.5.1

Stages of anther development and pollen production
Anther development in Arabidopsis is divided into 14 stages and two phases.

Phase 1 includes stages 1 to 8 while phase 2 constitutes stages 9 to 14 of development
(Figure 1.4). At stage 1 the floral meristem divides resulting in the formation of the
stamen primordium. From stage 2 to 5 the surface area of the anther expands giving rise
to the epidermis. During this time connective and vascular tissues are also formed from
cells in the third layers. During stage 2 four clusters of archesporial cells are formed from
division of the L2 cells. Archesporial cells divide during stage 3 giving rise to the primary
parietal layer. Further cell division in the primary parietal layer leads to the formation of
the two secondary parietal layers. The outer secondary parietal layer further differentiates
into the endothecium and middle layers during stage 4. The inner secondary parietal layer
divides and develops into the tapetum layer. During stage 5 the anther takes on the
characteristic four-lobed morphology. Each lobe contains four nonreproductive layers
from the inner to the outermost layer, namely the epidermis, endothecium, middle layer
and tapetum. These somatic layers surround the reproductive microspore mother cells,
which at stage 6 undergo meiosis. During this time callose is deposited on the surface of
the meiotic cells which is followed by their dissociation from each other and from the
tapetum, giving rise to the locule located interior to the tapetum. The end of meiosis
occurs at stage 7 and results in the formation of a tetrad of four haploid microspores.
Microspores are released from the tetrad at stage 8 and the callose wall is degraded
followed by pollen grain formation from microspores during stages 9 to 12. At stages 10
to 11 the tapetum degenerates. Pollen mitotic divisions occur during stage 12, resulting in
tricellular pollen grains. At stage 13 the anther dehisces. Shrinkage of anther cells marks
the end of anther development during stage 14 (Ma, 2005).
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Figure 1.4: Arabidopsis wild type (Wt) anther developmental stages.
Floral buds were fixed and embedded in LR-white resin and 1µm sections cut and stained with toluidine blue. Ar, archesporial cell; C, connective tissue; E,
epidermis; En, endothecium; L1, L2, and L3, the three cell-layers in stamen primordia; MC, meiotic cell; ML, middle layer; MMC, microspore mother cells;
MSp, microspores; 1oP, primary parietal layer; 2oP, secondary parietal cell layers; 1oSp, primary sporogenous layer; Sp sporogenous cells; StR, stomium
region; T, tapetum; Tds, tetrads; V, vascular region; Fb, fibrous bands; PG, pollen grains; Sm, septum; St, stomium. Bar over stage 1=25μm is the scale for
anther stages 1 to 4. Bar over stage 6=25μm is the scale for stages 5 to 8. Bar over stage 9=50μm applies to stages 9 to 12 (Sanders et al., 1999).
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1.5.2

Genes/proteins regulating anther development in Arabidopsis
A number of TFs regulating anther development in Arabidopsis have been

identified. AGAMOUS (AG) is a MADS box gene expressed in stamens and carpels of
developing flowers and is required for the differentiation of those organs (Sieburth and
Meyerowitz, 1997). AG is expressed during stages 2 to 5 of meristem development and at
stages 7 to 9 is expressed in stamen and carpels. AG directly regulates
SPOROCYTELLESS/NOZZLE

(SPL/NZZ),

however,

SPL/NZZ

may

induce

microsporogenesis in the absence of AG (Ito et al., 2004). SPL/NZZ is a TF related to the
MADS box class of TFs (Yang et al., 1999). SPL/NZZ appears to be required for the
differentiation of microsporocytes and anther walls. Mutant plants do not produce
microsporocytes or anther walls, suggesting the gene promotes anther cell differentiation
but may also be involved in early stages of tapetum development (Figure 1. 5) (Liu et al.,
2009).
EXCESS MICROSPOROCYTES1 (EMS1)/ SPOROGENOUS CELLS (EXS)
encodes a putative leucine-rich repeat receptor-like protein kinase (LRR/RLK) (Zhao et
al., 2002). In situ RNA hybridization experiments show the gene is expressed in anthers
of young floral buds. Expression was first detected in stage 2 anthers in archesporial cells
and then in both sporogenous and perietal cells during stage 3. At stage 5 the gene was
expressed strongly in the tapetum (Zhao et al., 2002). The male sterile mutant produces
excess microsporocytes but lacks tapetal cells, suggesting that EMS1 may control both
somatic and reproductive cells (Figure 1.5) (Zhao et al., 2002).
TAPETUM DETERMINANT 1 (TPD1) encodes a small protein and is expressed
in developing microspores. This protein is secreted and may be a key signalling molecule
or ligand in the EMS1 pathway (Jia et al., 2008). The tpd1 mutant resembles the
phenotype of EMS1/EXS suggesting that TPD1 and EMS1/EXS may function in the
same pathway (Yang et el., 2005). Overexpression of TPD1 affects the tapetal layer
resulting in enlarged tapetal cells, which remain attached to the microspores.
Furthermore, in tpd1 mutants the tapetum does not degenerate at anther maturation (Yang
et al., 2005). Studies have shown that TPD1 expression is dependent on functional
expression of EMS. Yeast two-hybrid pull downs and co-immunoprecipitation
experiments have demonstrated that TPD1 and EMS1 interact, both in vitro and in vivo.
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Binding of TPD1 phosphorylates EMS1 (Jia et al., 2008). This interaction is required for
both somatic and reproductive cell development in anthers and is a result of TPD1 ligand
binding to the EMS1 receptor kinase (Jia et al., 2008).
There are a large number of LRR-RLK's involved in signalling during anther cell
differentiation. These include BARELY ANY MERISTEM 1, 2 and 3 (BAM1, BAM2
and, BAM3), SOMATIC EMBRYOGENESIS RECEPTOR LIKE PROTEIN KINASE 1
and 2 (SERK 1 and SERK2), and RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2)
(Alberecht et al., 2005; DeYoung et al., 2006; Kinoshita et al., 2010).
BAM1, BAM2 and BAM3 are CLAVATA1 related receptor like kinases. BAM1,
BAM2 and BAM3 are redundant, and are expressed in a number of tissues that have
various developmental roles (DeYoung et al., 2006). They are strongly expressed in the
inner layers of developing anthers and their mutants confer a male sterile phenotype.
bam1 and bam2 anthers are abnormal during early stages of development and are also
characterised by the lack of endothecium, middle and tapetum layers (DeYoung et al.,
2006; Hord et al., 2006).
SERK 1 and SERK2 are required for tapetal cell fate and microspore formation
(Albrecht et al., 2005). Single SERK1 and SERK2 mutants have a wild type (Wt)
phenotype. Double mutants are completely male sterile and do not form a tapetum. The
male sterile phenotype can be restored by a single copy of either gene, suggesting that
SERK1 and SERK2 are redundant in the signalling complex (Albrecht et al., 2005). The
same phenotype is also observed in exs/ems mutants (Canales et al., 2002; Zhao et al.,
2002). Furthermore, this phenotype is seen in atmyb33 and atmyb65 mutants (Millar and
Gubler, 2005).
AtMYB33 and AtMYB65 are closely related and share a high sequence similarity
with Hordeum vulgare (barley) HvGAMYB. AtMYB33 and AtMYB65 appear to be
partially redundant as single mutants do not differ from Wt. atmyb33/atmyb65 double
mutants have a male sterile phenotype and complementation experiments showed fertility
can be restored when MYB33 is introduced into the double mutant (Gocal et., 2001;
Millar and Gubler, 2005). Fertility was also restored when the mutant plants were grown
at lower temperatures and higher light intensity (Millar and Gubler, 2005). The double
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mutant phenotype occurs at stage 6 of anther development and is distinguished from the
Wt by an enlarged tapetum, absence of locules and irregularly shaped pollen mother cells
(Millar and Gubler, 2005).
DYSFUNCTIONAL TAPETUM1 (DYT1) encodes a putative bHLH TFs and is
highly expressed in the tapetum from stage 5 of anther development (Zhang et al., 2006).
DYT1 acts downstream of SPL/NZZ and EMS1/EXS and is required for the expression of
AMS and MS, plus other genes expressed specifically in the tapetum (Figure 1.5).

ATMYB80

Figure 1.5: A proposed model of gene interactions required for Arabidopsis tapetal
development.
(From Zhang et al., 2006; Modified by Parish and Li, 2010).
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The Arabidopsis gene DEFECTIVE IN TAPETAL DEVELOPMENT AND
FUNCTION 1 (TDF1) acts downstream of DYT1 and upstream of AMS and
AtMYB103/80 in the tapetum developmental pathway (Zhu et al., 2008). TDF1 encodes a
putative R2R3 MYB TFs and its expression is restricted to the tapetum, meiocytes and
microspores during anther development (Zhu et al., 2008). The mutant is characterised by
a male sterile phenotype and severely impaired tapetal development. tdf1 mutants are also
defective in callose dissolution. Callose is normally present at later stages of development
and unlike Wt is not degraded after stage 8 in the tdf1 mutant (Zhu et al., 2008).
The ABORTED MICROSPORES (AMS) mutant fails to produce viable pollen and
is completely male sterile. Pollen degeneration occurs following the tetrad stage when the
microspores have been released (Sorensen et al., 2003). In the mutant, callose deposition
is not affected and the tetrads appear normal. Tapetal cells of the ams mutant are enlarged
and become vacuolated (Sorensen et al., 2003; Zhu et al., 2008). AMS encodes a bHLH
protein belonging to the MYC class of TFs that form a subfamily of bHLH genes
(Sorensen et al., 2003). AMS acts downstream of TDF1 and upstream of AtMYB103/80
(Zhu et al., 2008).
Using the yeast two-hybrid system AMS has been shown to interact with an
Arabidopsis SET-domain protein ASHR3, a member of the trithorax sub group (trxG)
(Thorstensen et al., 2008). ASHR3 expression is restricted to anthers and its
overexpression leads to degenerated anthers and male sterility. The phenotype of ashr3
resembles that of ams mutant plants (Thorstensen et al., 2008).
The AtMYB80 gene (originally designated AtMYB103) is essential for pollen
development. Identifying genes directly regulated by AtMYB80 is a major component of
this thesis and the transcription factor is discussed in detail later (Section 1.6).
The Arabidopsis MALE STERILITY (MS1) protein is a TF essential for anther
and pollen development. Mutants do not produce viable pollen but have a normal
phenotype. Degeneration of pollen occurs following microspore release from tetrads.
During this period the tapetum also becomes highly vacuolated (Wilson et al., 2001).
MS1 shares sequence homology with the PHD (Plant Homeo Domain) -finger family of
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TFs and also contains a putative leucine zipper motif, suggesting that MS1 may form
protein complexes (Liu et al., 1999; Wilson et al., 2001).
MYB99 encodes a R2R3 TF and may be involved in the regulation of
phenylpropanoid metabolism (Alves-Ferreira et al., 2007). T-DNA insertion mutants form
small siliques with few seeds. RT-PCR analysis showed that MYB99 expression is
restricted to floral tissue. SEM identified no morphological differences between Wt and
myb99 pollen (Alves-Ferreira et al., 2007). The tapetal cells are thinner in the myb99
mutant. In-situ hybridisation showed that MYB99 is expressed during stages 8 and 9 of
anther development. MYB99 belongs to the same phylogenetic subgroup as AtMYB80
and these two genes may be partially redundant during microsporogenesis (Li et al., 1999;
Higginson et al., 2003).
Many of the TFs are active in the tapetum and the times of their expression during
pollen development are shown in Figure 1.6.
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Figure 1.6: Transcription factors active in the tapetum of developing Arabidopsis anthers. Bars represent expression of each gene during a particular stage of development. High level of expression is shown in
filled bars, whereas low gene expression is indicated by the open bars. Arrows indicate the regulatory hierarchy, for example a gene is down-regulated if gene above is not active (Parish and Li, 2010).
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1.6

The AtMYB80/AtMYB103 transcription factor
AtMYB80 (previously AtMYB103) is a R2R3 TF isolated from a genomic library

of Arabidopsis using 38-mer primers covering the conserved region of the third repeats of
the MYB DNA binding amino acid sequence (Li et al., 1999). Sequence analysis of
AtMYB80 revealed 65% homology with the R2R3-MYB domains of the anther specific
genes ZmMYB38 and PhMYB1 from maize and Petnuia hybrida (petunia) (Li et al.,
1999). Expression patterns of AtMYB80 were first studied using 3.2kb and 1.0kb promoter
fragments fused in frame with the β-GLUCORONIDASE (GUS) reporter gene (Li et al.,
1999). GUS expression was detected in the developing anthers of AtMYB80::GUS plants.
The activity appeared in the anthers of young flowers, decreased as flowers matured and
could not be detected in the later stages of flower development (Li et al., 1999). Strong
GUS activity was restricted to the tapetum and middle layers of the anther while
expression in the microspores was weaker (Li et al., 1999).
The AtMYB80 TF plays a vital role in the development of the tapetal layer
(Higginson et al., 2003). Downregulation of AtMYB80 results in early tapetal
degeneration and abnormalities in pollen morphology (Higginson et al., 2003; Li et al.,
2007; Zhang et al., 2007). Zhang et al. (2007) has shown that the AtMYB80 protein also
controls callose dissolution and exine formation. In atmyb80 mutants callose degradation
is reduced and callose present from stage 7 to stage 12, whereas in Wt callose is not
detected in anther locules after stage 7. Exine deposition was inhibited in the mutant (Zhu
et al., 2008).
Phan et al. (2011) has identified three downstream targets of AtMYB80 using the
glucocorticoid (GR) inducible system. Microarray analysis was performed on pre and
post dexamehasome treated plants and expression of 79 genes was changed following
AtMYB80 induction in the atmyb80 mutant. Using the ChIP assay three genes were
identified as direct targets: a glyoxal oxidase (GLOX1), a pectin methylesterase
(VANGUARD1) and an A1 aspartic protease (UNDEAD), all of which are expressed in
the tapetum and microspores. Gene silencing studies show that downregulation of
UNDEAD results in 70% of transgenic lines displaying partial male sterility with a
reduction in silique elongation and seed set (Phan et al., 2011). Most of the anthers in
undead mutants have a reduced number of pollen grains and Alexander staining showed
19

the pollen is collapsed and lacks cytoplasmic content. The tapetal cell layer of the undead
mutant resembles the atmyb80 phenotype with vacuolisation starting at stage 7 of anther
development. By stage 8 the undead tapetum resembles a stage 10 Wt anther.
TUNEL assays were performed on atmyb80, undead and Wt anthers. DNA
fragmentation was observed at stage 10 of anther development in Wt plants. In the
atmyb80 mutant, fragmentation commenced at stage 9 and was visible in tapetal cells.
This early DNA fragmentation was also observed in the undead mutant. The TUNEL
signal in the undead mutant was still visible at stage 11 in collapsed pollen grains and in
remnant tapetal cells (Phan et al., 2011). AtMYB80 appears to delay programmed cell
death by activating UNDEAD (Parish and Li, 2010; Phan et al., 2011). When AtMYB80
expression ceases, UNDEAD is downregulated and the UNDEAD protein is presumably
rapidly degraded.
1.7

Heterosis: A system involving MYB80 regulation
Manipulation of AtMYB80 expression has been used to develop a system to

generate inducible male sterility for the production of hybrid crops (Li et al., 2007).
Heterosis or hybrid vigour is the superior performance of the heterozygous F1
hybrid progeny over both homozygous parents (Shull, 1948; Perez-Prat et al., 2002).
Hybrid varieties exhibit an increase in biomass, speed of development and productivity as
well as resistance to biotic and abiotic stresses when compared with both parents
(Williams, 1995; Meyer et al., 2004). The phenomenon of heterosis has been exploited
extensively in crop production and has been a force in plant evolution, however, little is
understood about the molecular basis of heterosis (Williams, 1995; Barth et al., 2003).
The importance of heterosis in agriculture has been highlighted by the increase in
crop yields. Hybrid varieties result in a yield increase anywhere between 15 to 50%
depending on the crop (Duvick, 1999). Maize yields for example have increased up to
15%. Hybrid rice has become popular in China with cultivation increasing from 2.1
million ha in 1977 to 15.7 ha in 1997. This has been accompanied by a 20 to 30% yield
increase over other inbred rice varieties (Budar and Pelletier, 2001). The benefits of
hybrid varieties has not been limited to an increase in yield but has also been attributed to
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other factors such as improved tolerance to abiotic stress, better root penetration and
higher response to fertilisers (de Vries, 2000; Bruce et al., 2002).
In order to produce hybrid seeds, a pollination control system is required to
prevent self pollination. Crop plants such as Oryza sativa (rice), maize and Triticum
aestivum (wheat) are self fertilising, providing a major challenge (Perez-Prat and
Campagne, 2002). In general, crop plants have small bisexual flowers making manual
removal not only labour intensive but also impractical (Mariani et al., 1990). Many
methods have been employed to produce hybrid seeds and include application of malespecific gametocides, mechanical removal of anthers or male flowers and the use of
genetic cytoplasmic or nuclear-encoded male sterility (Perez-Prat and Campagne, 2002).
Once self pollination has been prevented the female plant can be fertilised with
pollen from another donor line. However, a restorer is then required to ensure the hybrid
plant is fertile. AtMYB80 expression can be inhibited using a AtMYB80EAR chimeric
repressor (Li et al., 2007). The AtMYB80EAR gene, when placed under control of the
AtMYB80 promoter, results in complete male sterility and no seeds are produced. Pollen
was obtained from plants in which the AtMYB80 gene was driven by a strong anther
specific promoter (i.e. stronger than the endogenous AtMYB80 promoter). This pollen was
used to fertilise the male sterile AtMYB80EAR plants and the male fertility of the next
generation of plants was rescued. The AtMYB80 gene is highly conserved in major crop
plants such as wheat, barley, Brassica napus (canola), rice, maize and Gossypium
hirsutum (cotton) (Phan et al., 2012; Xu et al, 2014). Hence the system has wide
applications. The incorporation of an inducible component (activator) into the system
would produce a homozygous female line. The application of the system for hybrid seed
production is summarised in Figure 1.7.
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Figure 1.7: The potential application of the MYB103EAR chimeric repressor in hybrid seed
production.
(a) The inducible activator MYB103EcR and the chimeric repressor MYB103EAR are introduced
into a female line together or separately. The male sterility caused by 103EAR is reversed by the
agonist-activated MYB103EcR. The resultant male sterile and homozygous female line is then
pollinated by a male line containing a restorer MYB103RST. (b) The inducible chimeric repressor
MYB103EAREcR is transformed into a female line. Male sterility induced by an ecdysone
agonist enables the female line to be pollinated by a male line. No restorer is required. EcR
belongs to the steroid/retinoic acid/thyroid receptor superfamily, containing five well defined
domains. It is an important receptor target for inducible gene expression. (From Li et al., 2007).

1.8

Pollen grain exine synthesis
In the atmyb80/ mt88-1 mutant (previously called atmyb103) the surviving

microspores lack exine (Zhang et al., 2007). Hence, the following summarises current
knowledge on pollen grain exine synthesis.
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Pollen grains are surrounded by complex cell walls which are comprised of three
layers: (1) an outer exine composed of sporopollenin, (2) an inner intine made up of
cellulose, (3) a pollen coat containing lipids, proteins, pigments and aromatic compounds
(Edlund et al., 2004). The exine provides both structural and physical support to the
developing microspore and offers protection from high temperatures, dessication by
preveting water loss from pollen grains, as well as protection from microbial attack
(Scott, 1994; Scott et al., 2004). Exine is mainly made up of sporopollenin, consisting of
biopolymers which are derived from saturated precursors such as long chain fatty acids or
long aliphatic chains (Ariizumi and Toriyama, 2011). Exine also contains phenolic
compounds (Ariizumi and Toriyama, 2011). Its structure varies between plant species. In
Arabidopsis the exine resembles a reticulate structure whereas in rice the surface of the
exine is smooth in appearance (Ariizumi and Toriyama, 2011).
A number of genes have been identified relating to exine development. The
MALE STERILITY2 (MS2) has been shown to be essential for normal formation of
pollen. MS2 protein is expressed in the tapetum the during tetrad stage following
microspore release (Aarts et al., 1997). Mutants tend to have thin pollen walls and
premature pollen development resulting in a male sterile phenotype (Aarts et al., 1997).
MS2 shares high sequence similarity with a fatty acid reductase from Simmondsia
chinensis (jojoba), a protein that works together with a fatty-acyl-CoA: fatty alcohol acetyltransferase to synthesise wax esters in developing jojoba seeds (Metz et al., 1994
cited in Aarts et al., 1997). Aarts et al. (1997) suggest that ms2 mutants cannot reduce
pollen wall fatty acids to alcohols, implying MS2 is crucial for sporopollenin synthesis.
CYP703 is a cytochrome P450 whose expression is restricted to microspores and
the tapetum layer and is initiated during the tetrad stage. Knockout lines of CYP703A2 in
Arabidopsis show a partial male sterile phenotype. Mutants have impaired pollen wall
formation giving rise to a smooth pollen surface and the absence of exine (Morant et al.,
2007). The impaired exine formation in cyp703a2 mutants results from an inability to
catalyse in-chain monohydroxylation of medium-chain fatty acids which appear to be the
main precursors for sporopollenin synthesis and exine formation (Morant et al., 2007).
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NO EXINE FORMATION 1 (NEF1) is an Arabidopsis male sterile mutant whose
expression resembles Wt plants until early uninucleate microspore stage. Following the
dissociation of callose walls during the tetrad stage individual microspore are released
into locules where sporopollenin is significantly reduced in mutant plants or not deposited
onto microspores (Ariizumi et al., 2004). Compared to ms1, nef1 mutants lack an exine
entirely suggesting that NEF1 may play a crucial role in exine formation during early
developmental stages (Ariizumi et al., 2004). NEF1 is predicted to be a membrane protein
with a plastid targeting transit peptide and may be responsible for maintaining the
integrity of the plastid envelope (Ariizumi et al., 2004).
A novel fatty Acyl-CoA synthase (ACOS5) from Arabidopsis has been shown to
be required for sporopollenin biosynthesis. Pollen development in mutant plants is
arrested following the tetrad stage, and microspores lack exine. The acos5 mutant is
completely male sterile, and fails to produce mature pollen grains (de Azevedo Souza et
al., 2009). Hence, in Arabidopsis a number of genes that are required for exine production
participate in fatty acid metabolism. A number of exine mutants have been characterised.
This thesis will discuss the identification of a new exine mutant LESS ADHESIVE
POLLEN 6 (LAP6) involved in pollen exine development.

1. 9

Aims
The major aim of this research was to identify and determine the function of

additional genes directly regulated by AtMYB80 using:


The chromatin immunoprecipitation (ChIP) technique



A second aim was to identify proteins bound by AtMYB80 using the yeast
two hybrid system
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Chapter 2 Materials and Methods
2.1

Electrocompetent Escherichia coli cells
Escherichia coli (E. coli) competent cells were prepared using the following

procedure. A 50 mL falcon tube containing 50 mL of Luria Bertani (LB) broth was
inoculated with a single colony of E. coli and incubated overnight at 37°C with shaking. 5
mL of the overnight culture was then used to inoculate a flask containing 500 mL of LB
broth. The cells were grown in culture at 37°C, shaking at 300 rpm to an OD600 of
approximately 0.5 to 0.7. The cells were then chilled on ice for 20 minutes. For all
subsequent steps the cells were kept on ice.
The cells were harvested by transferring to 2 cold centrifuge bottles and
centrifuged at 5,000 g for 15 minutes at 4°C. The supernatant was carefully discarded,
and the pellet gently resuspended in 500 mL of ice cold glycerol solution (10% v/v
glycerol in de-ionised H20, autoclaved). The bottles were then centrifuged at 5,000 g for
15 minutes at 4°C, and the supernatant discarded. The cell pellet was resuspended in 250
mL of ice cold 10% glycerol and again centrifuged at 5,000 g for 15 minutes at 4°C and
the supernatant was once again discarded. 20 mL of ice cold 10% glycerol was used to
resuspend the pellet and transferred to two sterile 30 mL Oakridge tubes. The tubes were
centrifuged at 5,000 g for 15 minutes at 4°C and the supernatant discarded. The cell pellet
was resuspended in a final concentration of 1 mL of ice cold 10% glycerol. 40 μL aliquots
were transferred to 1.5 mL sterile microcentrifuge tubes. The cells were frozen in liquid
nitrogen and stored at -80°C.
2.2

Glycerol stocks for -80ºC storage of bacteria and yeast
A single positive colony of bacteria or yeast containing a desired construct was

inoculated into a 5 mL culture of 2YT containing the appropriate selection and grown
overnight at 37ºC with shaking. 700 µL of the fresh overnight culture was transferred to
labelled screw top tubes. 300 µL of 50% glycerol solution was added to the culture and
the lid placed on the tubes. The tubes were vortexed briefly and snap frozen in liquid
nitrogen, and placed in a -80°C freezer for long term storage.
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2.3

DNA transformation via electroporation (E. coli)
Electrocompetent cells (DH5-α) were taken from -80°C and thawed on ice for 3

minutes. 2 μL of DNA was added to the thawed cells and mixed gently by pipetting and
left on ice for 20 minutes. The mixture was then transferred into ice cold electroporation
cuvettes and tapped gently several times to ensure that no air bubbles were present that
would induce a current arc. The outside of the cuvette was wiped dry with a tissue before
placing into a Invitrogen Electroporator II and given an electric shock pulse at settings
EC1 or EC2 (EC1 for 0.1 cuvettes, and EC2 for 0.5 cuvettes). Cuvettes were immediately
placed on ice and 100 μL to 400 μL of 2YT broth added and mixed by pippeting. The
entire mixture was then transferred to a 1.5 mL microcentrifuge tube and incubated at
37°C for 50 minutes with shaking. 50 to 200 μL of the suspension was then plated onto
2YT agar plates containing appropriate antibiotic selection and incubated at 37°C
overnight.
2.4

DNA transformation via electroporation (Agrobacterium tumefaciens)
The protocol for DNA transformation into electrocompetent Agrobacterium

tumerfaciens (A. tumefaciens (AGL1) cells was similar to the protocol used for E. coli,
however, some changes were made. The pulse setting was changed to AGL1 and the
mixture incubated at 27°C without shaking. Only 5 to 10 μL was used to plate on 2YT
media with appropriate antibiotic selection and incubated over 2 nights.
2.5

DNA transformation via heat shock
XL1-Blue Supercompetent cells (Stratagene Cat # 200249) (40 μL aliquots) were

taken from -80°C freezer and thawed on ice for 3 minutes. 0.25 μL of β-mecaptoethanol
was added to the cells in addition 1 to 2 μL of TOPO or LR reaction and mixed gently by
pipetting with a large tip. The tubes were incubated on ice for 30 minutes, after which
heat shock was performed by placing the tubes in a water bath set at 42°C for 40 seconds.
100 μL of 2YT media was immediately added to the tubes and incubated in a 37°C shaker
for 60 minutes. The entire transformation was then plated on 2YT agar with appropriate
antibiotic selection and incubated overnight at 37°C. For blue/white colony screening
(pDrive vector), 20 μL of isopropylthio-ß-D-galactopyranoside (IPTG) and 18 μL of 5’bromo-4-chloro-3-indolyl-ß-D-galactopyranoside (X-GAL) were evenly spread onto agar
plates and allowed to dry prior to plating the transformation.
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2.6

Colony PCR of transformed E. coli or A. tumefaciens
Colony PCR was used to determine whether E. coli and A. tumefaciens colonies

were successfully transformed with the correct construct. A. tumefaciens colonies with the
correct insert are grown in culture and used for plant transformation. A sterile tip was
used to transfer half of an E .coli or A. tumefaciens colony into a sterile 200 μL PCR tube
containing 25 μL of GoTaq, 22 μL MQH20 and 1 μL of reverse and forward primers.

2.7

Bacterial DNA purification (miniprep)
Minipreps were performed using the AccuPrep® Plasmid Mini Extraction Kit

(Cat# K-3030). 1 to 5 mL of overnight E.coli culture was harvested by centrifugation for
2 minutes at 8,000 rpm. The supernatant was completely discarded by pipetting. 250 μL
of resuspension buffer for plasmid was added to collect the cells and resuspended by
vortexing. 250 μL of lysis buffer was then added to the cells and mixed by gently
inverting 3 to 4 times. 350 μL of neutralisation buffer was immediately added and mixed
by gently inverting 3 to 4 times. The tubes were then centrifuged at 13,000 rpm for 10
minutes at 4°C. The clear lysate was transferred to a DNA binding column tube and
centrifuged for 1 minute at 13,000 rpm. The flow through was discarded and the DNA
binding column reassembled with the 2.0 mL collection tube. 700 μL of washing buffer
was added to the DNA binding column and centrifuged for 1 minute at 13,000 rpm. The
elution was discarded and the column dried by additional centrifugation for 1 minute at
13,000 rpm. The DNA binding column was transferred to a new microcentrifuge tube and
50 μL of elution buffer was added and incubated at room temperature for 1 minute prior
to elution. The plasmid DNA was eluted by centrifugation for 1 minute at 13,000 rpm and
stored at -20°C.
2.8

DNA purification from agarose gels
DNA purification from agarose gels was performed using MO BIO’s

UltraClean™ 15 kit. Target DNA fragments were excised from 1% TBE gels and placed
into 1.5 mL microcentrifuge tubes. 50 μL of ULTRA TBE MELT and 450 μL of ULTRA
SALT were added to the tubes, mixed by inverting and incubating in a 55°C water bath
for 5 minutes with occasional shaking. ULTRA BIND was resuspended by vortexing
prior to 8 μL being added to each tube. The tubes were then mixed by shaking and
incubated at room temperature for 5 minutes. Tubes were then spun for 30 seconds at
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14,000 rpm and the supernatant discarded. The DNA pellet was resuspended in 1 mL of
ULTRA WASH by vortexing and was centrifuged at 14,000 rpm for 5 seconds, after
which the supernatant was discarded. The tubes were centrifuged for a further 5 seconds
and all ULTRA WASH removed using a pipette. Tubes were left to air dry at room
temperature for 60 minutes to ensure that all traces of ethanol from the ULTRA WASH
were removed. The pellet was then resuspended with 16 μL of MQH2O (twice the amount
of ULTRA BIND) and gently mixed by pipetting and incubated at room temperature for 5
minutes. Pure DNA was obtained by spinning the tubes at 14,000 rpm for 1 minute. The
supernatant was transferred to a new microcentrifuge tube and stored at -20°C.
2.9

Restriction digests
Restriction digests were performed using Promega’s range of restriction enzymes

and their corresponding buffer systems. All restriction digests were carried out in 1.5 mL
microcentrifuge tubes to a total volume of 30 μL. An example of a digest of pDrive to
prepare for ligation was as follows; 5 μL miniprep product, 3 μL Multicore buffer, 1 μL
of EcoRV, 1 μL of HindIII, 20 μL of sterilised de-ionised H20. Reactions were incubated
for 3 hours or overnight at 37°C.
2.10

Ligations
Ligations were carried out in a 1.5 mL microcentrifuge tube to a total volume of

10 μL and incubated overnight at room temperature. An example of a ligation is as
follows; 1 μL of T4 ligation buffer, 1 μL of T4 DNA Ligase enzyme, 4 μL of digested
plasmid, 4 μL of digested insert.
2.11

Gateway entry vector (TOPO) reaction
Invitrogen’s pENTR™/D-TOPO® Cloning Kit (Cat# K2400-20) was used to

create entry vector. Fresh PCR product (0.5 μL to 4 μL) was added to a 200 μL PCR tube
with 1 μL of Salt Solution, 1 μL of TOPO vector and sterile water to a final volume of 6
μL. The reaction was gently mixed with a pipette and incubated overnight at room
temperature. After incubation the tubes were placed on ice prior to transformation into
One Shot (Invitrogen) chemically competent E. coli.
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2.12

Gateway® Entry to Destination vector (LR reaction)
PENTR/D-TOPO entry vector with the correct fragment insert and in the right

orientation was selected to proceed ahead with the LR reaction into pGWB533
destination vector. Prior to setting up the reaction, the LR Clonase ™ II enzyme mix
(Invitrogen) was thawed on ice for 2 minutes and mixed gently by pipetting. 2 to 4 μL of
the entry clones and 2 μL of pGWB533 were added to a 1.5 mL microcentrifuge tube at
room temperature. TE (pH 8.0) was added to the reaction to bring the total volume to 8
μL. 2 μL of the LR Clonase™ II enzyme mix was added to each reaction and mixed by
vortexing. The LR reactions were incubated overnight at room temperature. After
incubation, the LR reaction was terminated by the addition of 1 μL of Proteinase K and
incubated for 10 minutes at 37°C. The LR reactions were transformed into One Shot®
chemically competent E. coli.
2.13

Polymerase chain reaction amplification protocol (PCR)
The standard PCR protocol used was as follows:

Initial denaturation 94 ºC, 2 min, 1 cycle
Amplification
Denaturation: 94ºC 30 sec
Annealing: 50ºC to 65ºC 20 sec- 1min

X 18 to 35 cycles

Extension: 72ºC 30 sec- 1 min
Final extension 72ºC 5min
The annealing duration and temperature steps were altered depending on the size of
amplicon and the melting (Tm) of the primer combinations used. PCR reactions were run
on 1 to 2% agarose gels containing 5 µL of ethidium bromide.
2.14

DNase digestion of total RNA
In order to ensure RNA is free from contaminating gDNA, 1 to 5 µg of total RNA

was DNase digested with Amplification Grade DNase I (Invitrogen, Cat# 18068015) and
performed according to manufactures protocol. PCR's were then performed using 1 µL of
DNase digested RNA using β-TUBULIN primers. A high cycle PCR was performed
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(approximately 40) to ensure no amplification. Those samples which did not produce a
product were used for cDNA synthesis.
2.15

Reverse transcription/ cDNA synthesis
The construction of Arabidopsis cDNA from RNA was performed using

Invitrogen’s Super Script III RNase H Reverse Transcriptase kit (Cat# 18080-044). The
following were added to a 1.5 mL microcentrifuge tube; 1 μL of oligo (dT)20 (50 μM), 5
μL of RNA (approximately 4 μg), 1 μL of dNTP (10 mM each), and 6 μL of sterile water.
The reaction was incubated at 65°C for 5 minutes and placed on ice for a further 1
minute. The following reagents were then added; 4 μL 5X First-Strand Buffer, 1 μL 0.1
M DTT, 1 μL RNaseOUT™ (Invitrogen Cat# 10777- 019), and 1 μL of Superscript ™ III
RT. The reaction was mixed by pipetting and incubated at room temperature for 5
minutes. The reaction was then placed into a PCR thermal cycler and incubated at 50°C
for 55 minutes; the reaction was then incubated for 15 minutes at 70°C to inactivate the
reaction. The samples were then placed in -80°C storage and used when needed. Control
PCR was performed using Arabidopsis ß-tubulin primers to analyse the quality of cDNA.
The following reagents were added to a 200 μL PCR tube; 25 μL of GoTaq Green Master
mix (Promega Cat # 7121), 1 μL of ß-tubulin forward and reverse primers (25 pmol/μL)
and 31 μL of sterile water. 2 μL of cDNA template was added during the hot start process
at 94°C to minimize non specific binding. The PCR conditions were as follows; Step 1:
94°C for 3 minutes, Step 2: 94°C for 30 seconds, Step 3: 56°C for 30 seconds, Step 4:
72°C for 30 seconds, Step 5: repeat steps 2 to 4, 32 times, Step 6: 72°C for 5 minutes,
Step 7: Hold at 4°C End. 25 μL of the PCR product was loaded, and visualized on a 1%
agarose/EtBr gel.
2.16

Yeast two-hybrid assay: Mating the yeast two-hybrid cDNA library
A fresh yeast colony containing either the AtMYB80 MYB domain, 18 amino

acid C-terminus or Central Region was grown in 50 mL SD/ -Trp liquid medium at 30ºC
with shaking until the OD600 reached 0.8 (16-20 hours). The culture was then
centrifuged for 5 minutes at 7,000 rpm. The supernatant was removed and the pellet
resuspended in 5 mL SC/ -Trp. The Y187 strain was then mated with the AD fusion
library host strain Y2HGold. A 1 mL aliquot of the Y2HGold strain was thawed at room
temperature. This was combined with the 5 mL Y187 bait culture in a sterile 2 L flask. 45
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mL of YPDA was added to the flask and swirled gently. The cells from the library vial
were rinsed twice with two 1 mL aliquots of YPDA and added to the 2 L flask. The
culture was incubated at 30°C for 20 to 24 hours with gentle swirling (30 to 50 rpm).
After 20 hours of mating, a drop of the mating culture was checked under a light
microscope (400 X). If zygotes are present, mating was allowed to continue for 4 more
hours. The mating culture was transferred into two 50 mL falcon tubes and centrifuged at
7,000 rpm for 10 minutes. The mating flask was rinsed twice with 50 mL of YPDA and
used to resuspend the pellet. The culture was again centrifuged at 7,000 rpm for 10
minutes. The supernatant was removed and the pellet resuspended in 10 mL of YPDA.
The matings were directly plated onto selection media containing X-α-gal and AeruA and
incubated at 30ºC for 3 to 5 days. All blue colonies growing on DDO/X/A were patched
onto higher stringency selection QDO/X/A using a sterile toothpick. Positive interactions
on QDO/X/A were further confirmed using PCR, rescue and isolation of the prey
plasmid, sequencing and bait dependency assays.
2.16.1 Small scale Lithium acetate (LiAc) yeast transformation
1 mL of YPDA culture was inoculated with several colonies and vortexed
vigorously to disperse clumps. The mixture was then transferred into a flask containing
50 mL of YPD and left to incubate at 30ºC for 16 to18 hours (OD600- >1.5). The
following day 30 mL of overnight culture was transferred to a flask containing 300 mL of
YPD, until the culture reached an OD600- 0.2-0.3 and were left to incubate at 30ºC for a
further 3 hours (OD600 - 0.4 to 0.6). Cells were placed in 50 mL tubes and centrifuged at
1,000 g for 5 min at room temperature. The supernatant was discarded and the cell pellet
resuspended in sterile TE or distilled H20. Cells were pooled into one tube with a final
volume 25 to 50 mL and were centrifuged at 1,000 g for 5 min at room temperature. The
pellet was resuspended in 1.5 mL of freshly prepared sterile 1X TE/1X LiAc. 0.1 µg of
plasmid DNA and 0.1 mg of herring testes carrier DNA was added to a fresh 1.5 mL tube
and mixed well via pipetting, and 0.1 mL of yeast competent cells added to each tube and
mixed by vortexing. 0.6 mL of sterile PEG/LiAc solution was added to each tube and
vortexed at high speed for 10 sec. Tubes were incubated at 30ºC for 30 minutes with
shaking at 200 rpm. 70 µL of DMSO was added and mixed well by gentle inversion. The
cells were then heat shocked for 15 min at 42ºC. Cells were then chilled on ice for 1 to 2
min and centrifuged for 5 sec at 14,000 rpm and the supernatant removed. Cells were
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resuspend in 0.5 mL of sterile 1X TE buffer and 100 µL plated on agar plates to select for
desired transformants. Dilutions of 1:1000, 1:100 and 1:10 were also plated on selection.
2.16.2 Plasmid extraction from yeast
Overnight yeast culture cells were transferred into 1.5 mL microcentrifuge tubes
and spun for 5 minutes at 14,000 rpm. The supernatant was discarded, and the pellet
resuspended in the residual liquid. 10 μL of lyticase solution was then added to each tube
and vortexed to resuspend the pellet. The tubes were then incubated at 37°C for 30 to 60
minutes with shaking. Following the incubation period the cells were frozen at -20°C for
20 to 30 minutes, and then thawed and vortexed. 10 μL of glass beads were added to each
tube and vortexed for 1 minute then placed on ice for 1 minute. The vortex and ice
incubation procedure was repeated three times and shaked vigorously each time. The
tubes were then spun at 14,000 rpm for 15 minutes. The supernatant was then removed.
The AccuPrep® Plasmid Mini Extraction Kit was used to proceed with the plasmid
extraction.
2.17

Chromatin Immunoprecipitation (ChIP)
The ChIP assay was performed using the protocol described by Saleh et al. (2008)

and the protocol modified due to the difference in plant input material.
2.17.1 Cross linking
Arabidopsis lines containing the AtMYB80:GR construct were germinated on
media containing hygromycin and sulfadiazine selection. Plants were then transferred to
soil and grown to maturity. 30 µm of dexamethasone (DEX) solution was applied
(sprayed) to fully matured inflorescences to activate AtMYB80 and translocate its protein
to the nucleus. Buds were harvested 24 hours after DEX - induction for cross linking.
Harvested buds were placed into a cross linking buffer (0.4 M sucrose, 10 mM Tris-HCl
pH 8, 1 mM EDTA, 2 mM PMSF added prior to use) and placed under vacuum for 15
minutes at room temperature. Cross-linking time is vital. A short period of time can result
in poor cross-linking, whereas a prolonged period may increase non-specific crosslinking. The cross-linking reaction was stopped after 15 minutes by the addition of 2 M
glycine with a final concentration of 100 mM. Vacuum infiltration was applied for a
further

5

minutes.
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2.17.2 Chromatin isolation and sonication
Cross-linking buffer was removed and the plant tissue washed 3 times with
deionised water. Excess water was removed using a pipette and the tissue transferred to a
pre-chilled mortar and pestle. Liquid nitrogen was poured over the plant tissue and
ground to a fine powder, and resuspended in 5 mL of ice cold Nuclei Isolation Buffer
(0.25 Sucrose, 15 mM PIPES pH 6.8, 5 mM MgCl2, 60 mM KCl, 15 mM NaCl, 1 mM
CaCl2, 0.9% Triton X-100 and 1 mM PMSF, 2 µg/mL pepstatin A and 2 µg/mL aprotinin
added before use). Samples were mixed briefly in the mortar using a pipette tip and left
on ice for 20 minutes to achieve complete homogenization. The homogenised slurry was
strained through four layers of Micracloth (Calbiochem Corporation, La Jolla, California)
using a sterile 10 mL plastic syringe into microcentrifuge tubes. The filtrate was
centrifuged at 11,000g for 2 minutes at 4°C forming a white pellet at the bottom of the
tube with a layer of chlorophyll on top which was discarded and the pellet resuspended in
250 µL of Nuclei Isolation Buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% SDS, 0.1% deoxycholate sodium, 1% Triton X-100. 1 µg/mL pepstatin A and 1
µg/mL aprotinin added before use). 10 µL of each sample was set aside for later
comparison with the extracted chromatin and the sonicated chromatin samples. The
remaining 240 µL of each sample was on ice for 15 sec and repeated 5 times at high
power (power rating of 8, Model 100 Sonic Dismembrator, Fisher Scientific). Samples
were kept on ice for 1 minute at each interval to prevent the samples from foaming or
heating. The samples were then centrifuged for 10 minutes at 13,800g at 4°C to pellet the
debris, and the samples pooled into a new microcentrifuge tube. Gel electrophoresis was
used to analyse the sonication efficiency by running 5 µL of sample on a 1% gel at 100V
for 50 minutes. A smear of 200 to 1,000 bp with a concentrated band of approximately
500 bp indicates good sample preparation. Sonicated material can be stored at -80°C for
up to 3 months.
2.17.3 Agarose gel electrophoresis of sheared DNA
To test the efficiency of sonication DNA samples were run on a gel (1% agarose
gel, 5 µL ethidium bromide). Electrophoresis was performed at 100 V for 30 minutes.
The gel was visualised under UV illumination with an approximately 500 bp smear
observed.
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2.17.4 Immunoprecipitation
Two 100 µL aliquots of sonicated sample were taken from the previous step and
diluted tenfold with 900 µL of Nuclei Lysis Buffer (1:10), one sample was used as a
control and treated in the same way as the sample without the addition of antibodies. 10
μg of anti-GR antibody was added to the other sample (Thermo Fisher Scientific, Catalog #
PA1-516). The diluted sonicated chromatin was precleared with the addition of 50 µL

Salmon Sperm DNA/ protein A agarose beads (pre-equilibrated slurry) for 2 hours with
gentle rotation at 4°C. Following the 2 hour incubation the agarose beads were washed
with a series of wash buffers (Low Salt and High Salt Buffers, LiCl Wash Buffer and a
TE Buffer, Appendix). All were washed for 5 minutes at 4ºC with gentle rotation.
Samples were eluted in 250 µL of freshly made Elution Buffer and the process repeated
to obtain a final elution volume of 500 µL.
2.17.5 Reverse cross-linking and protein digestion
20 µL of 5 M NacCl was added to each tube and incubated at 65°C overnight to
reverse the cross links. The following were added to the tubes after the overnight
incubation: 10 µL of 0.5 M EDTA, 20 µL of 1 M Tris-HCL pH 6.5, and 1 µL proteinase
K (20 mg ml-1) and incubated for 1.5 hours at 45ºC to digest the proteins.
2.17.6 DNA precipitation
Equal volumes (550 µL) of phenol/chloroform/isoamyl alcohol were added to
each tube and vortexed briefly. Samples were then centrifuged at 13,800g for 15 minutes
at 4ºC, and approximately 500 µL of sample transferred to a 2 mL microcentrifuge tube.
The following reagents were added to each sample (2.5 volume of 100 % EtOH, 1/10
volume of 3 M sodium acetate pH 5.2, 4 µL of glycogen (20 mg ml-1), and incubated at 80ºC for 1 hour to precipitate the DNA. Samples were then centrifuged at 13,800g at 4ºC
for 15 minutes and the supernatant discarded. The DNA pellet was washed in 500 µL of
70% EtOH and centrifuge for a further 10 minutes at the same conditions as mentioned
above. The EtOH was removed and the pellet left to air dry for 1 hour at room
temperature. The DNA was then dissolved in 50 µL of TE buffer and stored at -80ºC.
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2.17.7 PCR and data analysis
“Gene specific” primers were used to amplify the DNA using GoTaq Green
Master Mix and were carried out in a final volume of 50 µL containing either 1 µL of
sonicated chromation input, 1 µL of antibody plus and 1 µL antibody minus samples and
1 µL of a negative control sample containing water for each of the samples. PCR products
were amplified using standard conditions, Materials and Methods Section 2.13.
2.18

Plant transformation (Dripping method)
Wild type (Wt) Arabidopsis (Columbia) seeds were sown in plastic punnets

containing potting mix and vermiculite, 3:1 ratio respectively. The seeds were watered,
placed into plastic trays and sealed with GLAD® Cling wrap for one week to keep
humidity high. Once the seedlings germinated the GLAD® Cling wrap was removed and
the plants watered when needed. After four weeks, when flowers appeared, primary bolts
were removed to encourage secondary bolting in order to increase the number of florets
for transformation. A. tumefaciens (AGL1) colonies containing the appropriate construct
were used to inoculate 40 mL of 2YT broth containing the appropriate antibiotic
selection. Cultures were incubated at 27°C over two nights. The culture was then
centrifuged at 3,000 rpm for 15 minutes to pellet the cells, after which the supernatant
was discarded and the cell pellet resuspended in 20 mL of infiltration medium (1 g
sucrose, 6 μL Silwet-L77, and 20 mL of sterile water). Using a sterile pipette, a few drops
of the suspension was placed directly onto each bud. The procedure was repeated an hour
later and the plants incubated in the dark overnight. The following day plants were
returned to normal light conditions and grown until seeds were ready for harvest.
2.19

Seed surface sterilisation of Arabidopsis seeds and germination on growth

media
Seeds were surface sterilised by submerging in 200 µL of 70% ethanol for 2
minutes in a 1.5 mL microcentrifuge tube. The ethanol was replaced with 200 µL of seed
sterilisation solution (bleach, water and 5% SDS at an 8:15:1 ratio respectively). The
tubes were then vortexed for 5 seconds and left at room temperature for 10 minutes. They
were vortexed a few times during the incubation period. Most of the seed sterilisation
solution was removed and the seeds rinsed thoroughly with distilled water 5 times. The
water was then removed and the seeds plated onto growth media.
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2.20

Sample preparation for embedding and sectioning of floral buds
Florets were prefixed in 1% (v/v) gluteraldehye containing 50 mM sodium

phosphate buffer (pH 7.4) at room temperature for 5 minutes. Following incubation the
tissue was washed 4 times at 5 minute intervals with 50 mM sodium phosphate buffer.
For GUS staining the samples were immersed in X-gluc solution and incubated at 37°C
overnight. If GUS staining is not needed, proceed with protocol as normal. Tissue was
fixed in 6% gluteraldehyde and 4% paraformaldehyde in 50 mM sodium phosphate buffer
and vacuum infiltrated for 30 minutes and incubated at 4°C for 2 hours. Samples were
washed 3 times at 5 minute intervals with 50 mM sodium phosphate buffer. The tissues
were dehydrated using a series of increasing ethanol concentrations (15, 30, 50, 70, 80,
and 100%) for 30 minutes each, and were then transferred into a 1.5 mL tube containing
30% LR white/ 70% (v/v) ethanol and incubated for an hour at room temperature. The
following day, samples were placed into plastic boats pre - filled with 100% LR white
and covered with plastic strips and incubated overnight at 65°C. Embedded plant tissues
were cut using a razor blade under a dissecting microscope and mounted onto a
microtome and cut into 5 to 8 µm sections and mounted onto slides. To stain the sections
0.25% safranine dye was applied for 2 minutes with gentle heating. Excess dye was
washed using water and 50% ethanol. Sections were then rinsed with 100% ethanol and
dried gently. Clearene and eukitt were placed onto the sections, covered with a coverslip
and placed onto a slide heater. Slides were incubated overnight at 50°C with a small
weight (200 g) placed on top of the coverslip. The following day the sections were
viewed under a light microscope.
2.21

Callose staining
Floral buds at different developmental stages were fixed in FAA fixing solution

(ethanol 50%, acetic acid 5.0% and formaldehyde 3.7%). They were placed under
vacuum for 2 hours and incubated overnight at 4ºC. The following day they were
dehydrated in a graded ethanol series, 50% twice, 60%, 70%, 80%, 90% and 100% twice
for 30 minutes each. They were treated the same way as above (Section 2.20) but for
examination of callose they were stained with 0.05% (w/v) analine blue in 0.067 M
phosphate buffer (pH 8.5) and the sections viewed using a fluorescence microscope
under UV illumination (Nikon Eclipse).
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2.22

SEM analysis
Pollen morphology was examined on a JOEL JSM field emission scanning

electron microscope (Tokyo, Japan). Pollen grains were examined at room temperature,
placed on double sided tape and captured at a working distance of 28 mm at 2.0 kV.
2.23

Alexander's stain
Alexander's stain was used to distinguish between viable and non viable pollen.

The stain contains malachite green, staining cellulose in the pollen walls. It also contains
fuchin which stains the pollen protoplast. Different stages of Arabidopsis buds were
dissected to remove the anthers and placed onto microscope slides. A drop of Alexander's
stain was placed on the anthers and a cover slip placed on top. The preparations were
examined under a light microscope and images taken using the ODCM500 Digital
Camera.
2.24

GUS expression
Tissue samples (mainly floral buds, stems and leaves) were excised from plants

and placed into 1.5 mL microcentrifuge tubes and covered with X-gluc solution. Samples
were placed under vacuum for 1 hour to ensure sufficient infiltration of the solution
(Vacuum oven # 5831, Napco) and transferred into a 37ºC degree incubator overnight.
The following day the X-gluc solution was removed and replaced with 70% ethanol
solution to bleach the tissue and remove all traces of chlorophyll. This process was
repeated two times to perfectly bleach the tissue. The samples were then viewed under a
dissecting microscope and images taken using the ODCM500 Digital Camera. Once
photographed the samples were returned to the microcentrifuge tubes for storage.
2.25

Primers

Primer name

Sequence (5' - 3')

At5g51030F

ATG TGA GAG GAT GCA ACG TGA

At5g51030R

GTGGCCTCTCATTTCAAATTC

At1g02050F

CCC TCA GCA ATT AAG CAA GTT

At1g02050R

GGAAGGGTTGAGGGTTTTCTTGGGG

At4g30470F

GAA CCG ATG CCG ATA TCT AAT
37

At4g30470R

GCACGTTCCCAGCTACTCATC

At4g12920 F

CCC CTA CAT CAA ACC AAA CTA TAT CC

At4g12920 R

GTGAATGGAAGATTTGTGAAGTTG

At4g30040F

TTT CAA CAA AAA CAG TAC CAC GA

At4g30040R

CCAAAACAGGAAGGCCTAAA

At1g66460F

GTC ATG GGC TTT GGT CTT GT

At1g66460R

CCCCATTCTTTCTTCTCTGAAG

At2g35930F

CCG TTT GTT ACA ATC TCT CTT G

At2g35930R

GAGGAAGAGAGAAAGGAGGTTGGG

At2g16750F

GCC AAG ACC TCA TAA ACC TTT

At2g16750R

TGAGTTGGTTAGGAGAAAGTGGC

At1g23760F

CCT TGT CAC GTA TCG GTA ATG

At1g23760R

AGTTGGAAGTTGGAACCAAGG

At2g42940F

GGC ACA GGT CGA GGA CGA CAA GTC

At2g42940R

CTGGCAGCCTACTTCTCAACA

At1g75050F

CTC ACA CGT TCG TCT GGA AA

At1g75050R

GTCAGTTACTCGCACCAATCCTC

At5g54010F

AAG TTG GGG GTT AGC TTT CG

At5g54010R

TGTTCTTATGTTCCTCTGTTTTTATCC

At1g75030F

GAG TAG GTG CAG ATG AGC TCA GG

At1g75030R

GATGAATCTCTGGCACCGATTCTC

018 012 LP

CTGAACTGCAGAGGCTACTGG

018 012 RP

TGGGTTAGGGTTTCCAGAATC

086819LP

TGTGTCGGATGGTATAAAGCC

086819RP

CATATTGTTGCCTTGACAAAGG

040018LP

CCAGTTGACTCTAGTCGCTGG

040018RP

CTCTATCCTTGTTGGTGCCAG

14719LP

TTTCCCACAAATCTAAGTCGC

14719RP

GACTATGGCTTCAACTGCAGC

38573LP

ATTTGTTTGGCAACGATCAAC

38573RP

CCTCCGTTTGCTTTTATCTCC

38572LP

CTTGGTGATAGAGCTGGTTGG
38

38572RP

CCTGATTGGGAATATGTCACG

CS847953LP

TCCTCAGAAATACGATGTTATTTCC

CS847953RP

GGATTTGGAAGAAGATCGGAG

PKGWFS7R

CTTCACCTCGGCGCGGGTCTTGTAG

THF

CACCCCATGCTGTGTAAGTGAGAGATCATG

THR

ATGTCAGTTACTCGCACCAATCCTC

Bait44AAF

CTGCAGAATTCCGGACAGACAACGATGTGAA

Bait44AAR

AGGCTGGATCCCAACACGTTTCTTGGTGAGCA

β-TUB R3

GGCTCTGTATTGCTGTGATCCACG

β-TUB F2

GGACATACACTGAAGGTGCTGAG

pGADT7

TAATACGACTCACTATAGGGCG

BaitFMYBD

CTGCACAATTCCGGACAGACAACGATGTGAA

BaitRMYBD

AGGCTGGATCCCAACACGTTTCTTGGTGAGCA

THMP F

CACC CCA TGC TGT GTA AGT GAG AGA TCA TG

THMPR

ATG TCA GTT ACT CGC ACC AAT CCT C

LBb1

GCGTGGACCGTCTGCTGCAACT

LBb1.3

ATTTTGCCGATTTCGGAAC

LBa1

TGGTTCACGTAGTGGGCCATCG

CHSF

CACC GGA TAG ACC GTG CAT CTG GTT

CHSR

CTT CAG CAC CAA ACT CTC CCC

Bn700F1

AAA ACT TAT TGT TTG CGT AGA TAA TAT
TTG ACA GA

Bn700F3

CACC AAA ACT TAT TGT TTG CGT AGA TAA TAT
TTG ACAGA

Bn700R2

TCT GTC AAA TAT TAT CTA CGC AAA CAA TAA
GTT TTA ACA

Bn700R3

AAA ATT GAA ACG ATG AAA GTA GCA TCAA

Bn700R4

TCT TTC TTT CTA GTT TTT ATC TCTC

Bn700F(3)

CACC TGA TTC AAC CCC TAA TGT TAA ACT GCC

Bn1205F1

GTG GGG GTC CTG TAA TTG ACT CGGA

Bn1205F3

CACC GTG GGG GTC CTG TAA TTG ACT CGGA

Bn1205R2

TCC GAG TCA ATT ACA GGA CCC CCA CAA CAA
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AAA TTG AAA CGA TGA AAG TAG CAT CAA
Bn1205R4

TCT TTC TTT CTA GTT TTT ATC TCTC

Bn1205F(3)

CACC CGA ATT CCC GGG GAT CCT CAC GTG GGG
GTC CTG TA

BnF1

CGT AGG ATA TCG GTC CTG TAA TTG ACT
CGG AAG TCT

BnR1

GTG ACG GAT CCT CTT TCT TTC TAG TTT TTA
TCT CTC

BnF2

ACG TTA AGC TTA CGT GGG GGT CCT GTA
ATT GAC TCG

BnR2

ATT CCG ATA TCA ACG ATG AAA GTA
GCA TCA AAT GTG

Bn700F

CACCGTGGGGGTCCTGTAAATGACTCGGA

pGW533GUSF1

GTTACGTCCTGTAGAAACCC

GUSR1

TAGAGCATTACGCTGCGATGGA

GUSR2

GGGTTTCTACAGGACGTAAC

T7F

TAATACGACTCACTATAGGGC

050F

TCTGTTCGAAACGGAATTTTG

050R

TTCGCCATCTTTGTTTTAACG

087F

TATTTCTGAACCCATTCGTGG

087R

CGGTGTAAGGACAACTGTTCTG

127F

ATTCGTGGAATGGTGTACACG

127R

TTACATTTAAGAACACCGCCG

qPCR β FTubulin

TGCAGATGAGTGTATGGTTC

qPCR β RTubulin 8

GGATTAAATTCACTGCAAGC

ThQF1

GGATGGTCAGGACGGTTCTG

ThQR1

CCGTCGCCTACAAGTGTGAA

D1FD

CAG TGC TTG GGT GGA TCT TTT

D1RD

TGC AAC CAC AAC TGG TTC AT
CACCAAACGAGACGATGTCAATTTGTGTTTTGACACG

DR_F1

AATCAAAG

DR-RGUS

TTACAGCCTGAGCCATATCTTCTCCGTAATCG
40

CAATCGAT
103+856R

GCT GTC GAC CTT CTT CTT CAG CTT CGT GTT CCA

103+1F

AGC GAA TCC ATG GGT CGG ATT CCA TGT TGT GAA

2.26

Vectors and plants

2.26.1 Vectors

pENTR/D-TOPO 2.5 kb, Kanamycin resistance, Gateway entry vector (Catalog #
K2400-20)

pGWB533 12.9 kb, Kanamycin and Spectinomycin resistance, Gateway binary vector
with GFP-GUS gene fusion for promoter analysis studies (Department of Plant System
Biology, VIB-Ghent University, Belgium)

pBI101 12.2 kb Kanamycin resistance, binary vector, designed for cloning and testing
promoters in plants using β-glucuronidase expression (Clontech)

pGBKT7 7.3 kb, Kanamycin resistance, TRP1 nutritional marker, yeast two-hybrid bait
vector for protein fusion with GAL4 DNA binding domain (Clontech, # 630443)

pGADT7- Rec 8 kb, Ampicillin resistance, LEU2 nutritional marker, used in constructing
yeast GAL4AD/cDNA libraries by homologues recombination, SmaI linearised vector
(Clontech, # 630490)

pGADT7 AD 7.9 kb, Ampicillin resistance, yeast expression vector designed to express
protein of interest fused to the GAL4 activation domain, LEU2 nutritional marker
(Clontech # 630442)

pVA3-1 9.4 kb, Ampicillin resistance, TRP1 nutritional marker, positive control vector
used with pDT1-1 in yeast two-hybrid system, encoding a DNA-BD/murine p53 fusion
protein
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pDT1-1 9.9 kb, Ampicillin resistance, LEU2 nutritional marker, positive control vector
used with pVA3-1 in yeast two-hybrid system, encoding an AD/SV40 large T-antigen
fusion protein
pDrive 3.85 kb, Supplied in linear form the vector allows Ampicillin and kanamycin
selection and blue/white screening. The vector also contains several unique restriciton
endonucleases (Qiagen # 231122)

2.26.2 Plants
Wild type Arabidopsis thaliana Ecotype Columbia (Col-0)
T-DNA mutant seeds were obtained from the European Arabidopsis Stock Centre
(http://arabidopsis.info).
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Chapter 3 Identification of genes directly regulated by AtMYB80
3. 1

Background
The Chromatin Immunoprecipitation Assay (ChIP) is used to examine protein-

DNA interactions in vivo. It has proved to be a powerful technique capable of determining
whether an interaction is present at a specific location of the genome. Chromatin is
composed of DNA, proteins and RNA and responds to intra and extracellular signals. A
number of processes are controlled by chromatin including gene expression, DNA
replication and DNA repair. ChIP has been widely used to uncover specific DNA-protein
interactions involved in these processes (Nelson et al., 2006; Saleh et al., 2008). For
example, ChIP has enabled the characterisation of covalent histone modifications and
DNA-histone interactions in vivo (reviewed in Saleh et al., 2008).
The ChIP procedure consists of a number of steps. Firstly, in vivo cross-linking of
proteins to DNA with formaldehyde is performed. Chromatin complexes are then isolated
and the protein bound DNA is sheared into smaller fragments (approximately 500 bp)
using sonication. DNA bound proteins are immunoprecipitated using antibodies specific
for the DNA binding protein of interest. Using specific primers, PCR is employed to
determine whether DNA sequences of interest have been precipitated (Figure 3.1) (Saleh
et al., 2008). Mock controls are also PCR amplified to ensure that enrichment of a
specific DNA locus in immunoprecipitated samples is within a linear range (Nelson et al.,
2006).
ChIP assays were initially used in mammalian, yeast and Drosophila research.
Plants were not studied, mainly due to the differences in structure and anatomy between
plant and animal cells. These differences include the high levels of lignin and cellulose
typically found in plant cell walls and the large intracellular vacuoles (Saleh et al., 2008).
To overcome these problems several plant-specific ChIP protocols have been developed.
A modified protocol was first employed by Ascenzi and Gantt (1999) to study the
subcellular distribution of linker histones in Arabidopsis.
Phan et al. (2011) used the ChIP assay to determine AtMYB80 downstream target
genes. Three genes were indentified, namely glyoxal oxidase (GLOX1), a pectin
methylesterase (VANGUARD1) and an A1 aspartic protease (UNDEAD). All three genes
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are expressed in the tapetum and microspores of developing Arabidopsis anthers. These
results were confirmed by conducting electrophoretic mobility shift assays which showed
that MYB80 bound to all three promoters and preferentially to the CCAACC motif.
UNDEAD was found to play a role in the timing of tapetal programmed cell death (PCD)
(Phan et al., 2011).
UNDEAD is an aspartic protease located in mitochondria and downregulation of
its expression (using siRNA) results in premature tapetal PCD. Hence, UNDEAD is
proposed to hydrolyse a protein in mitochondria that plays a role in tapetal PCD.
Downregulation of ATMYB80 means UNDEAD expression ceases and PCD can proceed.
VGD1 encodes a pectin methylesterase and the protein consists of a PME inhibitor
domain, a pectinesterase homologous domain and a secretion-related transmembrane
domain. vgd1 mutants are partially male sterile. VGD1 may modify material release from
the degenerating tapetum that is a constituent of the pollen coat. Pollen tube growth is
affected in the vgdl so the enzyme may be involved in strengthening pollen tube walls
(Jiang et al., 2005). The function of the GLOX1 gene in pollen development is unclear as
no homozygous mutants have been isolated (Phan et al., 2011).
GLOX1 encodes a glyoxal oxidase and the enzyme may regulate reactive oxygen
species (ROS) levels in the tapetum and developing microspores. GLOX1 expression is
inhibited by AtMYB80. The mechanism underlying the repression in not known. An
increase in GLOX1 expression correlates with the downregulation of MYB80 and so
GLOX1 may be involved in the subsequent tapetal PCD.
The aim of the work in this Chapter was to identify, using the ChIP assay, any
additional genes to which AtMYB80 binds in vivo. The strategy used was to first identify
other genes whose expression is changed following induction of AtMYB80 expression in a
atmyb80 mutant. Genes were selected whose expression is known to occur in the floral
organs from those upregulated following AtMYB80 induction. ChIP analysis was then
carried out to determine if AtMYB80 directly regulated any of those genes, i.e. bound to
their promoters in vivo.
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Figure 3.1: The steps involved in the ChIP protocol.
Plant tissue is harvested (Arabidopsis floral buds) and protein-DNA complexes cross-linked with
formaldehyde. Chromatin is then isolated and the DNA sheared using sonication. Protein-DNA
complexes are then immunoprecipitated employing a specific antibody. The reverse-cross linking
step is performed to release the DNA and to digest the proteins. The final step involves DNA
precipitation and PCR amplification of target genes. (Modified from Saleh et al., 2008).
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3.2

Results

3.2.1

Genes activated by AtMYB80
The inducible system employs the GR domain (glucocorticoid receptor) fused to

the C-terminus of AtMYB80. The construct was driven by the endogenous AtMYB80
promoter (Figure 3.2). Mature transgenic plants were sprayed with dexamethasome
(DEX) so the AtMYB80:GR fusion protein could enter the nucleus. Male fertility is then
fully restored. Microarray analysis was carried out by Dr Sylvana Iacuone and Dr Huy
Pham (LaTrobe University, Melbourne) to identify genes whose activity increases
following DEX application. The genes whose expression level increased are candidate
MYB targets. The microarray analysed mRNA pre-DEX and at 24 hours post-DEX
treatment. A total of 79 genes were differentially expressed in the atmyb80 mutant, plus
and minus DEX treatment. These included the three genes already studied namely,
UNDEAD, VANGUARD and GLOX1 (Phan et al., 2011).
Among the genes whose expression was upregulated following DEX treatment,
twelve genes were chosen for further study. The basis for their selection was their
expression pattern obtained from Genevestigator TAIR (Table 3.1) and the predicted
MYB binding sites in their promoters (Table 3.2) (www.dna.affrc.go.jp/PLACE/).

Figure 3.2: Schematic representation of the inducible system construct
Cloned into the pCAMBIA 1380 vector (AtMYB80:GR). The construct consists of a 1104 bp
region of the AtMYB80 promoter and a 1471 bp region of the AtMYB80 coding sequence fused
to the glucocorticoid receptor (GR) 1.5 kb (Created by Brendan McLaren, 2008).
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3.2.2

ChIP Analysis
Several ChIP protocols are available, however, a number of those protocols

require up to 200 g of plant material (Bowler et al., 2004; Haring et al., 2007). A protocol
from Saleh et al. (2008) was successfully used for this experiment as it required only 0.2
g of plant material for enrichment. Floral buds were used as input material as they are
simpler to collect than individual anthers, a process that is extremely time consuming
especially for the amount of material required for the ChIP essay. The detailed modified
ChIP protocol is outlined in Materials and Methods 2.17.

The promoters of the twelve genes were analysed using cis- place
(www.dna.affrc.go.jp/PLACE/) to identify potential MYB binding cis-regulatory
elements. Promoter sequence analysis revealed the presence of many MYB binding cis
elements which included GGATA (MYBST1), CNGTTR (MYBCORE), MACCWAMC
(MYBPLANT) and WAACCA (MYB1AT) (Table 3.2). Promoter regions containing a
number of MYB binding sites were used as the target region in the ChIP essay. Primers
were designed to flank these regions and generate an amplicon of 200 to 400 bp in length
(Figure 4.2, A and B of ChIP positive lap6 and pathogenesis related thaumatin-like).
Primer combinations for the ten genes not immunoprecipitated in the ChIP assay are
shown in Appendix I. All primer combinations were tested for their efficiency on wild
type genomic DNA prior to being used in the ChIP essay.
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Table 3.1: Genes selected for the ChIP immunoprecipitation.
Expression

profiles

were

checked

using

Genevestigator

Expression

Data

(www.genevestigator.com).
Locus

Name or annotation

number
1

2

3

At5g51030

At1g02050

At4g30470

Amplicon
size (bp)

Short-chain
dehydrogenase/reductase
(SDR) family protein

311

LESS ADHESIVE
POLLEN 6 (LAP6)

280

Cinnamoyl- CoA reductaserelated

359

Expressed
in/but not
restricted
to
Pollen, stamen,

24 hr post DEX
induction
3.4 fold down-

flower

regulated

Flower,

45.1 fold up

inflorescence

regulated -

Petal, sepal,

4.0 fold up

inflorescence,

regulated -

flower
4

5

6

7

8

9

At4g30040

At1g66460

At2g35930

At2g16750

At1g23760

At2g42940

Aspartyl protease family
protein

256

Protein kinase super family
protein

347

Encodes a cytoplasmically
localized U-box domain

322

Protein kinase family
protein with adenine
nucleotide alpha hydrolaseslike domain
POLYGALACTURONASE
3

367

Predicted AT-hook DNAbinding family protein

337

Inflorescence,

9.8 fold up

stamen, flower

regulated -

Seed

18.6 fold up
regulated -

Pollen

5.9 fold up
regulated -

Stamen, flower,
inflorescence

313

7.7 fold downregulated

Flower, stamen,

24.8 fold up

pollen

regulated -

Flower,

56.9 fold up

inflorescence,

regulated -

stamen, pollen
10

At1g75050

Pathogenesis related
thaumatin-like (PRT-L)

372

Stamen, pollen,

7.7 fold up

flower,

regulated -

inflorescence
11

12

At5g54010

At1g75030

UDP-Glycosyltransferase
superfamily protein

318

ATLP-3, THAUMATINLIKE PROTEIN 3

397

Pollen, stamen,

2.6 fold down-

flower

regulated

Flower,

6.5 fold up

inflorescence,

regulated -

stamen, pollen,
seed
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Table 3.2: Cis elements identified in the promoters of genes selected for ChIP analysis.
MYB binding sites were identified using cis-PLACE (www.dna.affrc.go.jp/PLACE/).
Locus
number
At5g51030

At1g02050

At4g30470
At4g30040
At1g66460
At2g35930
At2g16750

At1g23760
At2g42940
At1g75050
At5g54010
At1g75030

3.2.3

Name or annotation
Short-chain
dehydrogenase/reductase
(SDR) family protein
LESS ADHESIVE POLLEN
6 (LAP6)

Cinnamoyl- CoA reductaserelated
Aspartyl protease family
protein
Protein kinase superfamily
protein
Encodes a cytoplasmically
localized U-box domain
Protein kinase family protein
with adenine nucleotide alpha
hydrolases-like domain
POLYGALACTURONASE 3
Predicted AT-hook DNAbinding family protein
Pathogenesis-related
thaumatin-like (PRT-L)
UDP-Glycosyltransferase
superfamily protein
ATLP-3, THAUMATINLIKE PROTEIN 3

Predicted MYB binding sites

Chip
(+/-)

MYBCORE x3, MYB1AT x3,
MYBST1 x3,MYBPLANT

-

MYB1AT x2,MYBATRD22,
MYBCORE x2,
MYBCOREATCYCB1 x2,
MYBPLANTx2,MYBST1 x3
MYBCORE x9,MYBPLANTx4,
MYBST1 x4
MYBCORE x4,MYB1ATx5,
MYBST1 x5
MYBCORE x8,MYBST1 x5

+

MYB1AT x6,MYBCORE x13,
MYBST1 x6
MYB1AT x4,MYBCORE,
MYBST1 x5

-

MYBCORE,MYB1AT x2
MYBCORE x2,MYBPLANT

-

MYBCORE x6,MYB1AT x3
GTGANT10x 4
MYBCORE x3,MYBST1 x2,

+

MYB1AT x4,MYBCORE x4

-

-

-

-

Identification of AtMYB80 downstream direct target genes
In order to indentify which of the selected genes were enriched by the anti-GR

antibody, PCR was performed. Samples tested included a negative control (no template
water control), positive control (sonicated cross linked chromatin, input +; a non-enriched
sample AB -, lacking antibody; an enriched sample AB +, containing antibody). PCR was
used to compare the level of enrichment (if any) occurring in the AB+ samples. The
amplicon size of each gene tested is indicated in (Table 3.1). Strong enrichment of the
LAP6 (At1g02050) gene and the Pathogenesis related thaumatin-like (At1g75050) was
detected in the relevant AB + sample (Figure 3.3, H and L, respectively). The other ten
genes tested were not enriched in their AB+ samples (Figure 3.3, A-G, I-K).
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The putative MYB binding sites in the promoters of the two genes are shown in
Figure 3.4 A and B.

Figure 3.3: ChIP assay of the twelve genes
Shows that the LAP6 and Pathogenesis-related thaumatin superfamily gene were positively
enriched in the AB + sample. The remaining ten genes did not exhibit enrichment A) Cinnamoyl –
CoA reductase related, B) Protein kinase family protein, C) Short-chain dehydrogenase/reductase
(SDR) family protein, D) Aspartyl protease family protein, E) BURP domain containing protein,
F) Glycosyltransferase family protein, G) Thaumatin-like protein pathogenesis related
(At1g75030), H) LAP6, I) U-box domain containing protein, J) Protein kinase family protein, K)
DNA binding family protein, L) Pathogenesis related thaumatin-like (PRT-L) (At1g75050). Neg no template control, input + sonicated cross linked chromatin, AB - lacks antibody, AB + treated
with antibody.
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A
aggatagaccgtgcatctggtttctggtaaacaggatcctctctctttgttccgttttcaattctgtgtcta
aaattatccattggcaattgtaaaatttttggccctcagcaattaagcaagtttgtattcatcgtgtctgtt
acaggtctctatggacgttgcaactctctgttcctaactttcaccttcatggtacctatttcctaagtagat
taggcttatattacttatcccgggaaaataggtttcatggtgttttttgcatttctaaccaacacaggccaa
agaatcaccaaaccctaataaaataaccgtttctctctttacatgatcttcactcttcagcaccaaactctc
cccaagaaaaccctcaacccttcctttataatcctttgccatttgctgatattctgcatccaccatctttct
tcccaatatctaattgagttttttccttctgcgcttgaaaagaaATG

B
cacgattgtgggatgttcttgcgcaggatcatagttgtgggttgttttttttaacggaacctcacacgttcg
tctggaaaatagtacacgtgcggggatctcttcacgtctctttgattttttggtttttaagttaagaaaaat
attaactattgggcatgctctttcaccattactgttaaaaaaagaaaaatattaactatgacccacgatatt
tccttttaaccgtcaactttttaaaaaactttagtaaaataacgcaataaataccattactgccaataaact
tcacagagccaaagaacatgggttaacaataggcacaactacagtatatttttactgtaaactgaaaatatt
taccaaaattaaaaatgataacactacctcggaaaagcacttataaatagaggattggtgcgagtaactgac
attcatcatcatcatcatcatcatcatcatcattcacagaacacacacaaaactcgttaaaacaaagATG

Figure 3.4: Promoter sequences of the two genes identified as positive in the ChIP assay.
A. The 280 bp promoter region (upstream of ATG start site) of the LAP6 gene. The putative MYB
binding sites are highlighted: green- MYB core (CNGTTR), pink- MYB1AT (WAACCA), redMYB plant (MACCWAMC), blue- MYBST1 (GGATA). The forward and reverse primers used
to amplify the amplicon are highlighted in yellow and underlined. B. The 327 bp promoter region
(upstream of the ATG start site) of the Pathogenesis related thaumatin-like (PRT-L) (At1g75050).
The putative MYB binding sites are highlighted: green- MYB core (CNGTTR), pink- MYB1AT
(WAACCA), grey- GTGANT10. Forward and reverse primers are underlined and highlighted in
yellow.
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3.3 Temporal and spatial expression patterns of the LAP6 and Pathogenesis related
thaumatin-like genes

3.3.1

LAP6
In order to determine the expression pattern of LAP6 the GUS reporter gene was

used. A 362 bp promoter region of the LAP6 gene was amplified using primers LAP6F
and LAP6R and ligated into the TOPO Gateway vector (Figure 3.5). Clones growing on
kanamycin selection were isolated, the DNA purified and sequenced (AGRF). The clone
containing the insert in the correct orientation was cloned into the destination vector
pGWB533 using the Gateway LR recombination reaction. A. tumefaciens GV3101 cells
were transformed with the construct. Cells were placed on triple selection media
containing gentinomycin/spectinomycin/rifampicin and incubated for 48 hours in the dark
at 27ºC. Colony PCR was performed using CHSF and GUSR1 primers to confirm the
presence of the construct prior to transformation into Wt plants via the floral dripping
method. Seeds obtained from the dripped plants were grown on GM containing
hygromycin. Following 3 weeks on selection media, healthy putative transgenic plants
were transferred to soil and grown to the flowering stage. gDNA was extracted from leaf
tissue of ten lines and PCR used to confirm the presence of the transgene. PCR was
carried out using the LAP6F promoter specific primer and the GUSR1 vector specific
primer. All ten lines were positive for the transgene.

Figure 3.5: Schematic diagram of the pLAP6::GUS construct transformed into Arabidopsis.
Solid orange line represents the 5´ promoter region (362 bp) and the primer names used to
amplify the fragment shown with corresponding arrows. (Not to scale).
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Leaf, root, stem and floral tissue were incubated overnight at 37ºC in X-gluc
buffer, Materials and Methods, Section 2.2.4). Tissues were de-stained using a 70% EtOH
solution. GUS activity was restricted to developing anthers and expression levels
appeared to be similar across the ten lines. The expression pattern of the pLAP6::GUS
construct was similar to that of the AtMYB80 promoter::GUS construct (Li et al., 2007).
GUS activity was first detected in young anthers, and not observed in other tissues
(Figure 3.6).

Figure 3.6: GUS activity in anthers from Arabidopsis plants transformed with the
pLAP6::GUS construct.
A) to B) Floral buds from transgenic lines containing the LAP6 promoter::GUS construct. C) Leaf
tissue, GUS activity is absent.

3.3.2

PRT-L
In order to determine the expression profile of the PRT-L (At1g75050) promoter,

a 1093 bp region immediately upstream of the ATG start site was amplified from Wt
gDNA using the THF and THR primer combination (Figure 3.7). The purified PCR
product was cloned into the pENTR/D-TOPO entry vector and sequenced prior to being
transferred into the pGWB533 via the Gateway LR recombination reaction. The final
construct was transformed into A. tumefaciens GV3101 cells and Wt Arabidopsis plants
dripped with the construct using the floral drip method, Materials and Methods, Section
2.18. Mature seeds from the plants were harvested and plated on GM containing
kanamycin (50 mg/L).
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Figure 3.7: Schematic diagram of the pTh1093::GUS promoter::GUS construct transformed
into Arabidopsis.
The construct is in the pGWB533 destination vector and is 1093 bp in length. The solid orange
line represents the 5´ promoter region. The primers THF and THR are indicated. (Not to scale).

The seedlings surviving selection were transferred to soil and grown for three
weeks. sDNA was also extracted from leaves to further confirm the lines as transgenic.
The transgene was amplified using the THF and THR primer combination. The GUSR1
primer was also used to ensure the GUS gene was present.
Twelve individual lines were analysed by collecting material from stems, leaves
and whole florets and incubating overnight at 37ºC in X-gluc buffer. GUS activity was
restricted to anthers, and a line up of buds from stages 5 to 12 showed strong activity is
present between stages 7 and 10. GUS activity was not present in any other tissues
(Figure 3.8, B-C). Semi-thin sections of anthers from the pTh1093::GUS line shows GUS
expression in microspores and tapetal cells at stage 8 and 9 (Figure 3.9, B and C). Only
weak GUS activity was detected in other cell layers of the anther. The tapetum had
degraded by stage 12 and GUS activity was detected in the pollen grains (Figure 3.9, D).
Darkfield microscopy revealed GUS activity in tapetal cells and within pollen grains
(Figure 3.10).
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Figure 3.8: GUS activity in anthers from Arabidopsis plants transformed with the
pTh1093::GUS construct.
A) Buds from anther developmental stages 5 to 12 (left to right) Strong GUS expression is present
at stages 7 to 10 and absent from later stages of development. B) Whole floret. C) Leaf tissue. D)
Anthers dissected from developmental stage 10.

Figure 3.9: Semi-thin sections of anthers from the pTh1093::GUS line.
GUS expression was observed in the microspores and tapetal cells. Strong GUS expression is
present in stages 8 and 9. A) Early stage 7. B) Stage 8. C) Stage 9. D) Stage 12.
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B

Figure 3.10: Semi-thin sections of anthers from the pTh1093::GUS line under darkfield
microscopy.
A) Dark field microscopy of a stage 9 anther showing GUS expression in the tapetum and
microspores. B) Dark field microscopy of a stage 8 anther showing GUS activity in the tapetum
and microspores.
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3.4

Functions of the LAP6 and PRT-L genes in anther and pollen development

3.4.1

LAP6
A SALK insertion mutant was isolated to determine the effect of inhibiting LAP6

expression on pollen development (Figure 3.11). Seeds from the insertion mutant were
sterilised and plated on selection media containing kanamycin. Twenty plants were
transferred to soil and grown until florescence development. gDNA from each plant was
extracted from healthy leaf tissue and analysed using PCR to identify homozygous lines.

Figure 3.11: LAP6 T-DNA insertion site.
Exons are black rectangles, the intron a black line. The two insertions are indicated by black
triangles. The translational start site is indicated by an arrow. TAA stop codon. SALK line
134643 of At1g2050 was used.

Silique elongation in the SALK insertion mutant was normal. However,
Alexander staining showed clumping of pollen grains and pollen lacking cytoplasmic
content (Figure 3.12) (Alexander, 1969). Under SEM pollen grains exhibited a mutant
phenotype with pollen that was collapsed. Furthermore, the pollen coat lacked the
characteristic reticulate structure observed in Wt pollen (Figure 3.13).
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Figure 3.12: Phenotypic characterisation of Wt and lap6 T-DNA insertion mutant pollen.
A) to B) Alexanders stain of lap6 anthers. Pollen grains tend to clump together and some are
stained green, indicating absence of cytoplasmic content. C) Pollen grains released from lap6
anthers, most of which remain clumped. D) Silique elongation is not affected in the insertion
mutant and no aborted siliques are observed. E) lap6 anther lacking pollen. F) Wt anther.
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Figure 3.13: Scanning electron micrographs of pollen from Wt and the lap6 T-DNA
insertion mutant.
A) Wt pollen has a regular exine pattern. B) to F) The lap6 pollen exine pattern is irregular and
many of the pollen grains have partially collapsed.
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3.4.2

PRT-L

A SALK T-DNA insertion mutant of PRT-L was isolated to determine the effect
of inhibiting PRT-L gene expression on pollen development (Figure 3.14). Homozygous
lines were germinated on selection media containing hygromycin and transferred to soil
three weeks later. Following four weeks on soil the lines were examined for lack of
silique elongation and abnormal pollen development. Figure 3.15 shows a lack of silique
elongation in the T-DNA mutant when compared with Wt. Seed set is also affected in the
mutant.

TAA

Figure 3.14: prt-l T-DNA insertion site in the Salk_127353 line.
Exons are black rectangles, the intron a black line. The insertions are indicated by black triangles.
The translational start site is indicated by an arrow. TAA stop codon.

In order to assay pollen viability prt-l anthers were stained with Alexander's
solution. In the T-DNA insertion mutant anthers many of the pollen grains lack
cytoplasmic content and tend to clump together (Figure 3.16, A-B). Scanning electron
microscopy was used to further examine pollen morphology and showed that pollen
grains were morphologically abnormal and some had partially collapsed (Figure 3.17).
Some pollen grains were round in shape and deformed (Figure 3.16, C).
Since Thaumatin -like Proteins have been reported to bind β-1,3 glucans and so
far one TLP has been shown to digest the storage glucan laminarin (see Discussion), we
decided to examine whether the breakdown of the callose wall in the tetrads is affected in
the prt-l mutant. However, callose levels in the stage 7 tetrads were similar in wt and the
mutant (Figure 3.18, A and B). At stage 12, callose was absent from both wt and mutant
(Figure 3.18, C and D) and microspores had been released. Cross sections of anthers at
stage 7 and 10 showed no obvious differences between wt and mutant (Figure 3.19, A-D).
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Figure 3.15: Silique elongation is affected in the prt-l T-DNA insertion mutant.
A) Wt. B) to C) prt-l mutant. Arrows indicate aborted siliques.

Figure 3.16: Alexander's staining of prt-l T-DNA insertion mutant anthers.
A) to C) Pollen grains that are clumped together. Green indicates a lack of cytoplasmic content. F)
Wt anther.
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Figure 3.17: SEM micrographs of pollen grains from prt-l T-DNA insertion mutants and Wt.
A) Arabidopsis Wt pollen. B) to F) Pollen grains from the insertion mutant.

A

B
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B

C

D

Figure 3.18: Callose staining of Wt and prt-l mutant anthers at stages 7 and 12 of anther
development.
A and C) Wt anthers at stages 7 and 12, respectively. B and D) prt-l anthers at stages 7 and 12.
(Tetrads appear normal; the fluorescing callose wall surrounding the tetrads is indicated with
white arrows). (Scale bar, 50 µm).
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Wt

prt-l

Figure 3.19: Development of anthers in Wt and prt-l line.
Anthers were stained with saffron. Sections of stages 7 and 10 of Wt and mutant anthers show
identical development at these stages. A) Wt stage 10. C) Wt stage 7. B) prt-l stage 10. D) prt-l
stage 7. (Scale bar 25 µM).

3.4.3

Impact of heat stress on the prt-l mutant
To determine whether heat stress affects prt-l fertility wt and mutant plants were

grown under normal conditions for five weeks and transferred to 28ºC for ten days.
Alexander's stain was used to evaluate pollen viability in response to heat stress. Pollen
from the prt-l mutant was more severely affected by heat stress than Wt. Anthers from the
prt-l mutant contain only a few viable pollen grains in comparison to the wt anthers. The
remaining mutant anthers contain pollen that is completely unviable, (Figure 3.22). The
impact of heat stress was also observed on silique elongation in the prt-l mutant and Wt
plants (Figure 3.20). Figure 3.21 shows that 69% of siliques in the prt-l mutant were
aborted following heat stress while in the wt the majority of siliques (67%) were
elongated.
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Figure 3.20: Silique elongation between Wt and prt-l following heat stress.
Plants were grown at 22ºC for five weeks and were moved to 28ºC for ten days. A) prt-l plants
were severely affected, a number of lines exhibiting complete sterility (aborted siliques) B). There
is some impact on the Wt plant, showing only a few aborted siliques. The majority of siliques are
elongated.

Silique elongation in the prt-l T-DNA mutant following heat stress

Figure 3.21: Silique elongation in wt and prt-l plants following heat stress.
Plants were grown at 28ºC for ten days. Silique length was observed as elongated, aborted or half
length and expressed as a percentage.
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Figure 3.22: Alexander's staining of Wt and prt-l anthers following heat stress.
A) Wt pollen grains from plants grown at 22ºC. B) Wt pollen grains following heat stress
treatment at 28ºC for ten days showing a number of pollen grains that have been aborted (stained
green). C) prt-l anther prior to heat stress. D) prt-l mutant pollen following heat stress showing a
dramatic difference with the majority of pollen grains aborted.

3.5.

Discussion
Twelve genes whose expression is activated by AtMYB80 were selected for ChIP

analysis. The analysis found that two of these genes LAP6 and PRT-L were direct targets
of AtMYB80.
3.5.1. LESS ADHESIVE POLLEN 6
Using the GUS reporter gene LAP6 was found to be exclusively expressed in
anthers. In the lap6 mutant pollen grains tended to clump together. SEM showed many of
the pollen grains were deformed and partially collapsed. However, the plants were not
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male sterile and normal silique elongation occurred. Apparently the changes to the pollen
surface did not inhibit attachment to the stigma or pollen tube development.
Shortly after the commencement of this work two papers describing this LAP6 and
related genes appeared. Consequently, we discontinued our studies on LAP6.
Dobrista et al. (2010) identified LESS ADHESIVE POLLEN 5 AND LAP6 when
researching for Arabidopsis genes involved in pollen stigma adhesion. The lap6 mutant
exhibited defects in exine pattering, consistent with our results.
In the lap5 and lap6 mutants there was a reduced accumulation of flavonoids and
flavanoid precursors suggesting their expression may be involved in the synthesis of
phenolic components of sporopollenin. In vitro studies using fatty acyl-CoA gave rise to
medium-chain alkyl pyrous, suggesting that the two enzymes may also participate in the
synthesis of fatty acids found in the exine (Dobrista et al., 2010).
Kim et al. (2010) also identified the two genes but named them POLYKETIDE
SYNTHASE A (PKSA) and POLYKETIDE B (PKSB). These proteins are hydroxyalkyl αpyrone synthases, enzymes which produce triketides and tetraketide α-pyrones by
condensation with hydroxy fatty acyl-CoAs.
TETRAKETIDE α-PYRONE REDUCTASES (TKPR) and TKPR2 are also
involved in Arabidopsis sporopollenin biosynthesis (Lallemand et al., 2013). PKSA
(LAP5), PKSB (LAP6) and TKPR1 are localised together in the endoplasmic reticulum of
anther tapetal cells where they appear to interact and form a sporopollenin metabolon.

3.5.2. PATHOGENESIS RELATED THAUMATIN-LIKE
Thaumatin-like proteins (TLPs) share sequence similarity with thaumatin and
consist of about 200 amino acids (reviewed in Valazhahan et al., 1999; Liu et al., 2010).
Thaumatin is a sweet tasting protein originally found in the fruit of Thaumatococcus
daniellii, a West African rainforest shrub. TLPs are found in all plants and possess the
thaumatin family signature. They are also found in a wide variety of organisms including
fungi, animals, insects and nematodes. Plant TLPs are classified as the pathogenesis
related family 5 (PR5) because their expression is induced by environmental stresses such
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as pathogen and pest attack, wounding, drought and cold. The TLP family in Arabidopsis
consists of 28 genes.
TLP's have a wide spectrum of antifungal activity. Pathogen cell surface
components may be responsible for the target gene recognition. In yeast the TLP osmotin
signals via specific plasma membrane components in the fungal targets, suppressing the
stress response via the RAS2/cAMP pathway (Narasimhan et al., 2001). A G-protein
coupled receptor with seven transmembrane domains in the yeast plasma membrane binds
the TLP osmotin (Narasimhan et al., 2005). The plant TLP signalling pathways are not
known.
Expression patterns of TLPs vary. Some TLPs are constitutively expressed in
specific organs or have development-dependent patterns (Regalado and Ricardo, 1996).
For example, TLP gene expression in oats and barley seeds switches from the ovary wall
to the aleurone (Skadsen et al., 2000). A Japanese pear TLP is expressed specifically in
the pistil and at low levels in anthers but not in other tissues (Sassa et al., 2002). AtTLP1
expression is restricted to root vascular bundles in response to colonisation by nonpathogenic Pseudomonas species (Leon-Kloosterziel et al., 2005).
The PRT-L gene we have identified is directly regulated by AtMYB80 and
expressed exclusively in developing anthers. Activity was found in the tapetum from
stages 7 to 10. GUS reporter gene activity was also detected in the developing
microspores (pollen grains). Inhibiting expression of the gene resulted in abnormal pollen
development. The pollen grains were misshapen (partially collapsed).
The protein may be released from the degrading tapetum into the anther locule.
The antifungal activity of TLPs is believed to reflect their capacity to destroy cell walls.
TLPs have been described that bind to several water insoluble β-1,3 glucans (Trudel at al.,
1998; Grenier et al., 2000). Specific barley isoforms interact tightly with β-1,3-D-glucans
(Osmond et al., 2001) and one of them can digest the storage glucan laminarin, i.e.
possesses endo-glucanase activity. However, TLP β-1,3-glucanase activity is not always
related to antifungal activity (van Loon et al., 2006).
Each male meiocyte commences synthesizing a temporary wall consisting largely
of callose during early meiosis. The callose consists mainly of β-1,3-glucan. The
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deposition continues during meiosis and each microspore becomes enclosed in a thick
callose wall. Subsequently, the tapetum secretes a callase enzyme complex which
possesses β-1,3-glucanase activities (Scott et al., 2004). The microspores are then released
individually into the anther locule. The callose is also important in pollen wall formation
and in the mutants of a callose synthase (CalS5) the pollen exine wall is not properly
formed (Dong et al., 2005). Hence, callose is required for the "sculpted exine". The
mutants are male sterile.
AtMYB80 is a positive regulator of the A6 gene, a gene expressed in the tapetum
(Zhang et al., 2007). The A6 protein has a sequence similarity to other β-1,3-glucanases.
A6 may be a constituent of the callase enzyme complex (Hird et al., 1993). Lu et al.
(2014) have identified CALLOSE DEFECTIVE MICROSPORE1 (CDM1), a tandem
CCCH-type zinc finger protein which is strongly expressed in the tapetum and meiocytes
from anther stages 4 to 7. The cdm1 mutant is male sterile. Pollen exine formation is
severely affected. In stage 4 to 7 anthers MYB80 expression was increased 30-fold and
A6 expression 10-fold in the cdm1 mutant. The latter increase presumably reflects the
increased MYB80 levels. Lu et al. (2014) postulate the stage 4 to 7 overexpression of A6
precociously activates the callase activity, resulting in premature callose dissolution.
Thus, CDM1 may be a repressor of MYB80 and A6 at stages 4 to 7 or, alternatively,
represses upstream factors regulating MYB80 expression. The precise function of CDM1
is not known but Lu et al. (2014) suggest it is a TZF protein, as it has TZF domains,
which can bind and process mRNA, thereby mediating translational repression.
The results of Lu et al. (2014) and Dong et al. (2005) highlight the importance of
callose in anther development and of AtMYB80 in the timing of callose breakdown. The
callase mixture is thought to possess a number of enzymes including endo- and exoglucanases. The TLP we describe may be part of the callose mixture. In the cdm1 anther,
aniline blue staining showed the callose wall surrounding the meiocyte was similar to wt
up to cytokinesis. Subsequently, however, the callose wall was unable to form between
adjacent, newly formed microspores. Although we were unable to observe any such
changes in callose formation in the prt-l mutant, the SEM data suggests the protein plays
a role in pollen wall development.
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There are a number of clues to the role of PRT-L in pollen development. Firstly,
the protein possesses an N-terminal signal sequence (Fig.3.23) and hence is presumably
released into the extracellular space of the tapetum. Breakdown of the tapetal cell wall
would then facilitate transfer of PRT-L to the anther locule where callose breakdown was
commencing. Secondly, sequence analysis indicates PRT-L is a member of the glycoside
hydrolase 64 (GH64) family of β-1,3-glucanases (Marchler et al., 2015). (Fig.3.24). The
GH64

family

cleave

long-chain

polysaccharides

β-1,3-glucans

into

specific

pentasaccharide oligomers during cell wall degradation (Wu et al., 2009). However, as
discussed above, in the prt-l mutant no obvious changes in the dissolution of the callose
surrounding the tetrads were detected.

Figure 3.23: Hydropathy plot of PRT-L.
Transmembrane profiles of hydrophobicity (red) and helicity (blue). (Hooper et al. 2014).

Figure 3.24: The 226 amino acid sequence of TLP belongs to the glycoside hydrolase family
64 of β-1,3-glucanases.
(Marchler et al., 2015).
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The callose “wall” separating the developing microspores is critical for exine
formation on the developing pollen grains and for their fertility (Dong et al., 2005).
Callose may trap primexine subunits thereby facilitating their self-assembly into scaffold
at the microspore plasma membrane. Subsequent removal of callose walls is thought to
allow the rod-shaped baculae to form on the primexine template (Nishikawa et al., 2005).
Hence, the callose layer at the pollen mother cell periphery is key to exine structure.
Multiple β-1,3-glucanases are involved in the callose dissolution and the timing and
location of their activities is critical (Lu et al., 2014). Consequently, the absence of even
one of these enzymes may influence exine formation although no obvious changes in
gross callose breakdown can be observed. The partial collapse and surface abnormalities
of the prt-l pollen grains is consistent with a role for the protein in exine formation.
Since the prt-l gene appears to be expressed in developing pollen grains as well as
the tapetum, PRT-L is presumably released into the anther locule and may play a role in
callose dissolution immediately adjacent to (“within”) the developing exine.
When exposed to heat stress, pollen viability was significantly reduced in the prt-l
mutant although not in Wt. This also supports a role for PRT-L in pollen development,
probably callose breakdown, an effect that is “unmasked” in the mutant at the higher
temperature.
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Chapter 4 Yeast two-hybrid analysis of AtMYB80 protein-protein
interactions
4.1

Background
Protein-protein interactions play a role in many cellular processes including DNA

replication, transcription, translation, signal transduction and cell cycle control (Criekinge
and Beyaert, 1999; Mukherjee et al., 2001). Identifying interacting partners for proteins of
unknown function can provide clues about the molecular pathways they regulate (Ito et
al., 2002; Miernyk and Thelen, 2008). The availability of the entire genome sequences of
many organisms and high-throughput analysis tools are helping ascertain the functions of
novel genes (Ito et al., 2002; Cho et al., 2004).
Some plant MYB TFs have been shown to interact specifically with other proteins
in vivo. The interaction between specific MYB and bHLH transcription factors, for
example, regulates seed coat, trichome and root hair development in Arabidopsis
(Oppenheimer et al., 1991; Walker et al., 1999; Payne et al., 2000).The Yeast TwoHybrid (Y2H) system has shown that the R2R3 AtMYB protein GL1 physically interacts
with the bHLH protein GL3 and the WD40 repeat protein, an interaction important in
trichome development (Payne et al., 2000; Zhang et al., 2003). The Y2H system has
shown bHLH05 is an interacting partner of AtMYB51, a key regulator of glucosinolate
synthesis (Frerigmann et al., 2014).
AtMYB21 and AtMYB24 are direct targets of Jasmonate-ZIM (JAZ) domain
proteins (Song et al., 2011). The interaction of the two MYB proteins with JAZ appears to
attenuate their function and upon perception of the JA signal the FD-box protein CAI1
recruits JAZ to the SCF COI1 complex for ubiquitination and degradation via the 26S
proteasome. MYB21 and MYB24 are released and activate genes required for JAregulated anther development and filament elongation. KNAT7 and AtMYB75 interact in
the Y2H assay and the in vivo complex appears to be involved in modulating secondary
cell wall synthesis (Bhargava et al., 2013). Qi et al. (2011) have shown that JAZ proteins
directly interact with bHLH TF (GL3, EGL3 and TT8) and MYB proteins. The complex
represses anthocyanin biosynthesis and trichome initiation. The Arabidopsis abscisic acid
(ABA) receptor RCAR1/PYL9 binds MYB44 and can influence ABA signalling (Li et
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al., 2014). The interactions between three MYB transcription factors underlies
snapdragon flower asymmetry (Raimundo et al., 2013).
It is not known if MYB80 interacts with other proteins and so the aim of the work
described in this chapter is to identify possible partners.
Protein-protein interactions can be analysed using a number of different
biochemical techniques including co-immunoprecipitation, chromatography and affinity
blotting. However, these traditional methods are inadequate to analyze large scale
protein–protein interactions efficiently and are expensive and time consuming (Mukherjee
et al., 2001; Lalonde et al., 2008; Miernyk and Thalen, 2008). Furthermore, large
quantities of purified proteins or antibodies are needed for biochemical processes such as
co-immunoprecipitation. An additional difficulty associated with this approach is the
capacity to obtain antibodies of high specificity (Miernyk and Thalen, 2008).
The Y2H system has been extensively employed in addition to traditional
biochemical techniques to identify protein-protein interactions from many different
organisms (Fields and Song, 1989). The Y2H system is relatively inexpensive and
versatile. The system can be used for functional expression library cloning and is an
extremely powerful tool for analyzing and identifying novel proteins (Young, 1998;
Golemis et al., 1999; Kolonin et al., 2000; Causier and Davies, 2002) (Figure 4.1). The
system involves the expression of proteins in yeast (Saccharomyces cerevisiae) whose
interaction induces the expression of reporter genes (Young, 1998) (Figure 4.1). Since its
discovery over 20 years ago the Y2H system has been the method of choice for
identifying and analysing protein-protein interactions (Fields and Song, 1989). The
system is also capable of detecting weak and transient protein-protein interactions which
can often be important in the signalling cascade (Mukherjee et al., 2001; Cho et al.,
2004). The Y2H system has the advantage of speed, sensitivity and simplicity in
identifying protein-protein interactions in comparison to other methods which are not
only labour intensive but difficult when it comes to the identification and purification of
the protein.
The Y2H system utilises the arrangement of eukaryotic TFs. These possess
discrete and separable DNA-binding domains (DBD) that bind to specific DNA
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sequences and activation domains (AD) that activate transcription. These two domains
(DBD and AD) can be separated and exchanged between TFs without disrupting their
functions. Hence, the AD of the yeast GAL4 transcription factor can be fused to the DBD
of LexA, creating a functional transcriptional activator in yeast (Brent and Ptashne, 1985).
The separation of these two functional domains results in the loss of the TF activity
(Knudsen et al., 2002). The activity can be restored if the two domains are brought into
physical contact with one another (Cho et al., 2004).
In the classic Y2H system protein-protein interactions are analysed by fusing a
known protein to the DBD of the GAL4 TFs and fusing the test protein to the AD of
GAL4. Fusion of test proteins to each of the separate domains results in the reconstitution
of the TFs if a protein-protein interaction occurs (Chien et al., 1991; Causier and Davies,
2002).
Three components are required to assemble the Y2H system: 1) a plasmid
directing the synthesis of a bait, which is a known protein fused to the DBD from either
the GAL4 TFs from yeast or the LexA TFs from E. coli; 2) a plasmid directing expression
of cDNA encoded proteins fused to the AD; 3) reporter vectors containing reporter genes
downstream of the DBD sequence. Reporter genes that have been used with the classic
yeast two-hybrid system include lacZ for colour selection allowing visual screening, as
well as auxotrophic genes such as histidine (HIS3) for growth selection in the case of the
GAL4 system, and leucine (LEU2) in the LexA system (Mendelsohn and Brent, 1994;
James et al., 1996; Causier and Davies, 2002; Cho et al., 2004; Lalonde et al., 2008). The
transcriptional activation of GAL4 and LexA reporter genes in the appropriate yeast or E.
coli strains occurs when the bait and prey proteins interact in the nucleus (Causier and
Davies, 2002; Ito et al., 2002) (Figure 4.1).
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Figure 4.1: The Y2H system.
Two proteins are expressed separately with the bait protein (e.g. AtMYB80) fused to the GAL4
DNA-binding domain (BD) and the prey protein (cDNA library) fused to the GAL4
transcriptional activation domain (AD). The Y2HGold yeast strain has four reporter genes which
include AUR1-C, ADE2, HIS3, and MEL1. Activation of these reporter genes only occurs when
two proteins interact in the yeast cell and bind to the GAL4 promoter (Matchmaker™ Gold Yeast
Two-Hybrid System User Manual).

In this chapter, the Y2H assay was used to investigate potential AtMYB80 protein-protein
interactions.
4.2

Results

4.2.1. Cloning of the yeast two-hybrid bait constructs into pGBKT7 vector
Three different protein “fragments” (peptides) derived from the AtMYB80
sequence were used as baits in the Y2H experiment. The first sequence was the R2R3
Myb domain. The second sequence, designated Central Region included the 44 amino
acid sequence conserved in all MYB80 genes so far isolated (Xu et al., 2014) along with
the approximately 300 amino acid variable region adjacent to it. The third sequence was
the 18 amino acid sequence (AD) located at the C-terminus of all MYB80 proteins so far
identified (Phan et al., 2012; Xu et al., 2014).
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The AtMYB80 central region fragment was amplified from Wt Arabidopsis
cDNA (florets) using 44-aaF and 44-aaR primers. The fragment was cloned in frame with
the GAL4 DNA-BD of the pGBKT7 vector and released using BamHI and HindIII
restriction endonucleases. These cut sites were incorporated into the forward and reverse
primers, respectively. Plasmids were initially transformed into E.coli, purified and
sequenced. The clone containing the insert in the right orientation and in frame with the
GAL4 BD was chosen for transformation into the Y187 yeast strain for mating.
The AtMYB80 MYB domain construct was kindly donated by Dr. Sylvana
Iacuone, LaTrobe University, Melbourne. The construct was amplified using 103 + 1For
and 103 + 856R primers and the fragment cloned into the pDrive vector for sequencing.
The fragment was released using EcoR1 and Sal1 restriction endonucleases and cloned
into the yeast expression vector pGBKT7.
The 18 amino acid C-terminal construct cloned into the GAL4 DNA-BD of the
pGBKT7 was created by Dr. Yue Xu, La Trobe University, Melbourne.

Figure 4.2: The regions used for the bait constructs.
Highlighted: red (MYB domain), dark green (central region), yellow (18 amino acid C-terminal
region).
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Figure 4.3: Schematic diagram of the constructs used in the Y2H assay.
Used to identify putative AtMYB80 protein-protein interactions and cloned into the GAL4BD.
(Not to scale.) The restriction sites used for each construct are indicated above each fragment
cloned. The three constructs were the AtMYB80 MYB domain, the Central Region and the 18
amino acid C-terminal region. (ADH1-Alcohol Dehydrogenase promoter; GAL4BD - Binding
domain).

4.2.2

AtMYB80 auto-activation and toxicity
To determine the capacity of the bait constructs to autonomously activate the

reporter genes in the yeast two hybrid gold strain, the pGBKT7 vector with the gene of
interest cloned in-frame with the GAL4 DNA-BD was transformed into competent Y2H
gold cells. Cells were plated onto selection media to determine auto-activation in the
absence of a prey protein. Bait proteins did not appear to be toxic to the yeast cells which
grew normally in liquid and solid media (Table 4.1).
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Table 4.1: Bait auto-activation test on single drop-out media containing X-α-gal and/ or
A Aureobasidin. (See Materials and Methods, 2.16.1).
Bait construct

SDO

SDO/X

SDO/X/A

MYB Domain

Yes

Yes

No

White colonies

White colonies

Yes

Yes

White colonies

White/pale blue

Central Region

No

colonies
18 amino acid C-

Yes

Yes

White colonies

White colonies

No

terminal region

* SDO - Single drop-out, SDO/X (X-α-gal), SDO/X/A (X-α-gal/Aureobasidin).

4.2.3

Screening the Mate and Plate Universal Arabidopsis Normalised cDNA

library using the yeast two- hybrid system.

Initially a floral cDNA library was provided by the David Smyth Laboratory,
Monash University. A second cDNA library was constructed in our laboratory from RNA
isolated from the floret stages at which AtMYB80 expression is highest. However, a large
number of what appeared to be false positives were obtained. (Identification was based on
a list of commonly found false positive interactions, Appendix 6.1 and 6.2). Hence, new
constructs were created and screened using a Normalized Mate and Plate Library
(Arabidopsis) (Clontech# 630487). The potential for auto-activation and toxicity by
AtMYB80 were tested. No auto-activation or toxicity to the yeast strain Y187 occurred.
A Y2H cDNA library obtained from Clontech (Cat# 630487) was normalised and
was generated from a diverse collection of tissues which included flower buds from
Arabidopsis plants. In order to identify proteins that interact physically with AtMYB80,
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the three constructs, MYB DOMAIN, Central Region and 18 amino acid C-terminal
activation domain were transformed into the GAL4 DNA-BD of the pGBKT7 vector
(Figure 4.3). All three constructs were mated with the cDNA library. The mated yeast
culture was plated onto selection media containing selection for the bait vector and the
cDNA library vector -Leu/-Trp/-His/X-α-gal/AurA. This was done to ensure that only
cells containing both plasmids were able to grow in the presence of the selection markers,
including antibiotic, nutrient and colour reporters. Plates were incubated at 30ºC for 5
days. Blue colonies growing on selection media were PCR screened in order to amplify
the cDNA insert. PCR products were analysed by electrophoresis on a 1% TE
Agarose/EtBr gel. The PCR products were then purified and sequenced using the T7
primer. Sequences were analysed using VectorNTI and BLAST searchers performed to
identify the AD/library insert. Using the three bait constructs seventy seven proteins
(prey) were indentified which putatively interact with AtMYB80. The loci names,
functions and tissue expression patterns are shown in Tables 4.2, 4.3 and 4.4.
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Table 4.2: Putative positive clones obtained using GAL4 BD-18 amino acid C-terminal
region bait construct.
This was obtained from conjugation of yeast strain Y190 harbouring the GAL4 AD normalised
cDNA library with the Y2H Gold Strain transformed with the GAL4 BD-18 amino acid Cterminal region bait construct. Cultures were plated on synthetic dropout media, -Leu/-Trp/His/X-α-gal/AurA. cDNA library inserts were amplified using colony PCR using GAL4 AD
primers. Amplified products were purified and sequenced. BLAST searches were performed to
identify the cDNA insert.
Clone

Locus

Name

Function

39-1

At5g16800

N-acyltransferases activity

44-1

At2g35790

GCN5-related Nacetyltransferase (GNAT)
family protein
Unknown protein

44-2

At2g16630

Pollen Olee 1 allergen
and extension family
protein

Unknown

46-6

At4g04860

Derlin2-2

51-2

At3g10910

RING/U-box superfamily
protein

ER-associated protein
degradation (ERAD)
Zinc ion binding

52-1

At5g17290

AUTOPHAGY5

Nutrient recycling

53-1

At5g67500

Metabolite exchange
between organelle and
cytosol

58-1

At1g43890

ARABIDOPSIS
THALIANA VOLTAGE
DEPENDENT ANION
CHANNEL 2
ARABIDOPSIS RAB
GTPASE HOMOLOGUE
18

58-2

At5g17290

AUTOPHAGY5

Nutrient recycling

58-3

At5g42000

ORMDL family protein

Protein folding, located in
endoplasmic reticulum

60-1

At3g54800

Pleckstrin homology (PH)
and lipid-binding START

Signal transduction
phosphatidylinositol

RNA methlylation

GTP catabolic process

Expressed
in but not
restricted
to
High
expression
in pollen
Not
expressed
in pollen
and
anthers
Not
expressed
in pollen
and
anthers
Low levels
in pollen
Not
expressed
in pollen
and
anthers
High
expression
in pollen
Not
expressed
in anthers
and pollen
Not
expressed
in anthers
and pollen
High
expression
in pollen
High
expression
in pollen
High
expression

Bp
sequenced

435

750

583

647
584

367

492

349

729

456

225
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60-7

At1g06040

domain protein
B-BOX DOMAIN
PROTEIN24

binding
Protein binding, sequencespecific DNA binding
transcription factor activity

73-1

At3g10910

DAF-LIKE GENE 1

Zinc ion binding

91-1

At2g35790

Unknown protein

Unknown

25-1

At3g01650

RINGDOMAIN LIGASE1

Zinc ion binding

25-2

At5g55710

Protein transport

25-4

At1g13440

TRANSLOCON AT THE
INNERENVELOPE
MEMBRANE
GLYCERALDEHYDE-3PHOSPHATE
DEHYDROGENASE C2

40-2

At1g70760

CHLORORESPIRATORY
REDUCTION 23

PSI cyclicelectron
transport

40-3

At5g66055

ANKYRIN REPEAT
PROTEIN

63-1

At5g55710

TRANSLOCON AT THE
INNERENVELOPE
MEMBRANE

63-3

At2g04700

Maltose metabolic process

63-4

At3g11680

Ferredoxin thioredoxin
reductase catalytic beta
chain family protein
Aluminiumactivated
malate transporter family
protein

80-1

At5g13750

ZINCINDUCED
FACILITATOR-LIKE 1

Tetracyclinehydrogen
antiporter activity

88-1

At3g11650

LATE
EMBRYOGENESIS
ABUNDANT
HYDROXYPROLINE
RICH GLYCOPROTEIN
FAMILY

Unknown

Copper ion binding

Embryogenesis
Protein transport

Malate transport

in pollen
748
Not
expressed
in anthers
and pollen
Not
expressed
in anthers
and pollen
Low
expression
in pollen
High
expression
in pollen
anther
stamen
Low
expression
in pollen
Not
expressed
in pollen
and
anthers
Not
expressed
in pollen
and
anthers
Low in
pollen and
anthers
Stamen
anther
pollen
medium
expression
Low
expression
in anthers
No
expression
data
available
High
expression
in pollen
Low
expression
in anthers

883

147

136

742

310

338

712

765

229

412

105

643
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Table 4.3: Putative positive clones obtained from the GAL4 BD-MYB-domain bait
construct.
Obtained by the conjugation of yeast strain Y190 harbouring the GAL4 AD normalised cDNA
library with the Y2H Gold Strain transformed with the GAL4 BD-MYB domain bait construct.
Cultures were plated on synthetic dropout media, -Leu/-Trp/-His/X-α-gal/AurA. cDNA library
inserts were amplified using colony PCR using GAL4 AD primers. Amplified products were
purified and sequenced. BLAST searches were performed to identify the cDNA insert.
Clone

Locus

Name

Function

Expressed in but
not restricted to

Bp
sequenced

1

At4g22753

STEROL 4-ALPHA
METHYL OXIDASE 13

Fatty acid
biosynthetic
process

Not expressed
anthers and pollen

523

2

At2g37930

Unknown

Unknown

Unknown

364

3

At2g37940

ARABIDOPSIS
INOSITOL
PHOSPHORYLCERA
MIDE SYNTHASE 2

Negative
regulator of
programmed
cell death

Not expressed
anthers and pollen

490

4

At3g21350

MED6 RNA
polymerase II

Regulation of
transcription

Not expressed
anthers and pollen

405

5

At2g36530

ENOLASE 2

Copperion
binding

Not expressed
anthers and pollen

884

6

At3g61050

NTMC2TYPE4

Lipid binding

Not expressed
anthers and pollen

585

7

At2g37930

Unknown

Unknown

Unknown

687

8

At2g37940

ARABIDOPSIS
INOSITOL
PHOSPHORYLCERA
MIDE SYNTHASE 2

Negative
regulator of
programmed
cell death

Notexpressed
anthers and pollen

384

10

At1g68560

ALPHAXYLOSIDASE 1

Xyloglucan
metabolic
process

Not expressed
anthers and pollen

612

11

At2g37940

ARABIDOPSIS
INOSITOL
PHOSPHORYLCERA
MIDE SYNTHASE 2

Negative
regulator of
programmed
cell death

Not expressed
anthers and pollen

785

82

12

At2g37940

ARABIDOPSIS
INOSITOL
PHOSPHORYLCERA
MIDE SYNTHASE 2

Negative
regulator of
programmed
cell death

Not expressed
anthers and pollen

690

13

At2g36530

ENOLASE

Copper ion
binding

Not expressed
anthers and pollen

839

14

At2g37930

Unknown

Unknown

Unknown

398

J12

At3g25890

CYTOKININ
RESPONSE FACTOR
11

DNA binding

Expressed in
pollen and anthers

930

16

At5g41150

ULTRAVIOLET
HYPERSENSITIVE 1

DNA repair

Not expressed
anthers and pollen

554

18

At2g37940

ARABIDOPSIS
INOSITOL
PHOSPHORYLCERA
MIDE SYNTHASE 2

Negative
regulator of
programmed
cell death

Not expressed
anthers and pollen

637

19

At2g37940

ARABIDOPSIS
INOSITOL
PHOSPHORYLCERA
MIDE SYNTHASE

Negative
regulator of
programmed
cell death

Not expressed
anthers and pollen

897

J1

At4g24660

HOMEOBOX
PROTEIN 22

Regulation of
transcription

Low levels in
pollen

110

J3

At5g06370

NC domain containing
protein- related

Transferase
activity and
signal
transduction

Not expressed in
anthers and pollen

487

J4

At5g06370

NC domain-containing
protein-related

Transferase
activity and
signal
transduction

Not expressed in
anthers and pollen

343

J6

At3g16500

INDOLE-3-ACETIC
ACID INDUCIBLE 26

Auxin regulated
signalling
pathway

Not expressed in
anthers and pollen

300

J7

At3g16530

Lectin like protein

Carbohydrate
binding

Not expressed in
anthers and pollen

150

J9

At2g26300

ARABIDOPSIS
THALIANAG
PROTEINALPHA
SUBUNIT 1

GTP-binding
protein

Pollen and anther
low

374

83

J10

At1g55300

TBP-ASSOCIATED
FACTOR 7

Transcription
initiation

High expression
in pollen

383

J11

At5g59880

ACTIN
DEPOLYMERIZING
FACTOR 3

Actin binding

Not expressed in
anthers and pollen

590

15

At5g16540

ZINCFINGER
NUCLEASE 3

DNA binding

High expression
in pollen

640

R1

At5g59880

ACTIN
DEPOLYMERIZING
FACTOR 3

Actin binding

Not expressed in
anthers and pollen

590

R2

At4g29450

Leucine-richrepeat
proteinkinasefamily
protein

Protein
phosphorylation

High expression
in pollen

714

R3

At4g11260

ENHANCED DOWNY
MILDEW 1

Plant disease
resistance
signalling

Not expressed in
anthers and pollen

288

R4

At5g59880

ACTIN
DEPOLYMERIZING
FACTOR 3

Actin binding

Not expressed in
anthers and pollen

333

R6

At5g22790

RETICULATARELATED 1

Unknown

Not expressed in
anthers and pollen

320

R8

At5g03610

GDSL-like
Lipase/Acylhydrolase
superfamily protein

Hydrolase
activity

Not expressed in
anthers and pollen

571

R13

At2g30890

Cytochrome b561/ferric
reductase
transmembrane protein
family

Metal ion
binding

Not expressed in
anthers and pollen

512

84

Table 4.4: Putative positive clones obtained from the GAL4 BD-Central region bait
construct.
Obtained from the conjugation of yeast strain Y190 harbouring the GAL4 AD normalised cDNA
library with the Y2H Gold Strain transformed with the GAL4 BD-Central region bait construct.
Cultures were placed on synthetic dropout media, -Leu/-Trp/-His/X-α-gal/AurA. cDNA library
inserts were amplified using colony PCR using GAL4 AD primers. Amplified products were
purified and sequenced. BLAST searches were performed to identify the cDNA insert.
Clone

Locus

Name

Function

31-4

At3g50480

Homologue of RPW8

Plant type
hypersensitive
response

37-1

At4g26530

Aldolase superfamily protein

41-3

At4g37040

METHIONINE
AMINOPEPTIDASE 1D

Fructose biphosphate
aldolase
activity
Amino acid
modification

49-3

At5g15090

54-2

At5g24420

A.thalianaVOLTAGE
DEPENDANTANION
CHANNEL 3
6PHOSPHOGLUCONOLACTO
NASE 5

54-3

At3g60870

AT-HOOKMOTIF NUCLEARLOCALIZED PROTEIN 18

54-4

At5g07220

BCL-2-ASSOCIATED
ATHANOGENE 3

57-1

At3g15630

Unknown protein

Regulates
apoptotic like
processes
Unknown

69-1

At5g45390

NUCLEAR ENCODED CLP
PROTEASE P4

Chloroplast
organisation

81-1

At1g70760

CHLORORESPIRATORY
REDUCTION 23

Involved in
PSIcyclic
electron
transport

Plant type
hypersensitive
response
Oxidative
pentosephosphate
pathway
DNA binding

Expressed
in but not
restricted to
Not
expressed in
anthers and
pollen
Not
expressed in
pollen and
anthers
Not
expressed in
anthers and
pollen
Low in
pollen

Bp
sequenced
603

955

794

831

Low in
anthers and
pollen

686

No
expression
data
Low in
anthers and
pollen
High
expression
in pollen
Low in
anthers and
pollen
Lowin
pollen and
anthers

314

802

751

712

822

85

82-2

At1g13440

GLYCERALDEHYDE-3PHOSPHATE
DEHYDROGENASE
C-2

Response to
oxidative
stress

92-1

At1g65480

FLOWERING LOCUS T

Cell
differentiation

21-1

At4g24780

Pectin-lyase superfamily protein

Pectin
catabolic
process

21-3

At4g34720

VACUOLAR H+ PUMPING
ATPASE C1

ATP
hydrolysis

24-1

At5g37740

Calcium dependent lipid binding
family protein

Unknown

41-2

At4g04860

Derlin2-2

ERAD

4.2.4

692
Lowin
anthers and
pollen
Low
expression
inanthers
and pollen

184

481
Not
expressed in
anthers and
pollen
High
expression
in pollen and
anthers
Not
expressed in
anthers and
pollen
Low in
pollen

782

790

574

Bait dependency assay of potential AtMYB80 protein interactions
In order to confirm whether the putative interacting proteins were dependent on

the bait protein, bait dependency assays were performed to further confirm that both the
bait and prey are required to activate the four reporter genes (AUR1-C, HIS3, ADE2, and
MEL1).
The basis for the selection of the genes for the bait dependency assay was their
level of expression in pollen and/or anthers, or when the gene was obtained multiple times
(e.g. Derlin2-2). Proteins that were likely to be false positives (e.g. AUTOPHAGY 5,
VACUOLAR ATPase C1) were not pursued.
To ensure that the yeast cells contain only one prey vector that expresses the
protein responsible for the positive interaction, positive prey plasmids were re-streaked
five times on DDO/ X to ensure segregation from any potential non-interacting plasmids.
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The library plasmids were then rescued from those clones by growing the yeast cells on
QDO/ X and purifying the plasmids using the Easy Yeast Plasmid Isolation Kit (Cat #
630467). Purified plasmids were then transformed into E.coli cells and grown on
selection media containing kanamycin which selects for the prey plasmid. The prey
plasmids were sequenced with the DNA isolated from E. coli using the T7 sequencing
primer to ensure the ORF was fused in frame with the GAL4AD.
The small scale lithium acetate transformation procedure was used to co-transform
vector combinations outlined in Table 4.4, in the bait dependency assay (Materials and
Methods 2.16.1). Transformation of the empty bait vector pGBKT7 with each of the prey
candidates is crucial to ensure that the reporter genes are activated only in the presence of
the bait (Figure 4.4). The bait dependency assay of the putative positive clones is shown
in Table 4.6. Six of the nine genes tested were found to be bait dependent. The
“Unknown” (At2g37930) which was a putative positive (MYB domain, Table 4.2) but
whose expression pattern is not available was used as a negative control.
Derlin2-2 was a putative positive and interacted with both the 18 amino acid AD
and Central region of AtMYB80 in the initial experiment (Tables 4.2 and 4.4). However,
when bait-dependency was tested interaction with the central domain was no longer
detected (data not shown) while interaction with the 18 amino acid domain was confirmed
(Figure 4.4).
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Table 4.5: The pairs of vectors were co-transformed into the Y2H Gold competent cells and
plated onto DDO* and QDO* selection media.
Bait and prey plasmids were co-transformed to confirm the interactions. The empty bait vector
pGBKT7 was also co-transformed to ensure that the prey does not activate the reporter genes
without the presence of the bait protein.

Co-transform

a) pGBKT7/bait

b) Empty pGBKT7

+

+

candidate prey

candidate prey

a) DDO / X

Growth (blue colonies)

Growth (white colonies)

b) QDO / X / A

Growth (blue colonies)

No growth

Plate on selection

*DDO/X- Double dropout medium: SD /– Leu /–Trp / supplemented with X-α-Gal
*QDO/X/A-Quadruple dropout medium: SD /–Ade /–His /–Leu /–Trp supplemented with
X-α-Gal and Aureobasidin
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Figure 4.4: Bait dependency assay on putative clones obtained in the Y2H screen.
Confirmation of positive interactions on quadruple selection media (-Leu/, -Trp/, X-α-gal/
Aureobasidin A (AbA). Positive control plasmids used were pVA3/pTD1 which have been shown
to interact strongly in the yeast two-hybrid assay. pGBKT7 vector with the 18 amino acid Cterminus and MYB domain bait constructs were co-transformed with the six prey plasmids
containing the following genes (At5g42000: ORMDL family protein, At3g54800: Pleckstrin
homology (PH) and lipid-binding START domains-containing protein, At5g16800: GCN5-related
N-acetyltransferase, At4g04860: Derlin2-2, At3g25890: CYTOKININ RESPONSE FACTOR 11,
At4g29450: Leucine -rich repeat protien kinase family protein). Plates were incubated at 27ºC for
3 days.
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Table 4.6: Summary of the bait dependency assay of putative positive clones.
The following were obtained from the mating using the 18 amino acid C-terminal region and
MYB domain constructs fused to the GAL4 BD. Six genes were bait dependent.

4.2.5

Screening of SALK insertion mutants
T-DNA SALK insertion mutants were obtained for the six bait dependent genes.

Three insertion mutants for the GNAT gene were available. Phenotypic analysis of the
mutants concentrated on pollen development and silique elongation. Only the derlin2-2
mutant had a silique phenotype (Table 4.7).
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Table 4.7: SALK T-DNA insertion mutants of the six bait dependant genes were analysed.
Homozygous lines were confirmed and characterised. Phenotypes are listed in the table below.
Locus

Gene name

T-DNA

Homozygous

Gene

T-

Pollen

Silique

Primer

DNA

Phenotype

Phenotype

LBb1.3

Wt

Wt

LBb1.3

Wt

Wt

LBb1.3

Aborted

Not
elongated

LBb1.3

Wt

Wt

LBb1.3

Wt

Wt

LBb1.3

Wt

Wt

primer
At5g16800 GCN5-

SALK_018012

Yes

related N-

012 F,
R

acetyltransfer
At3g54800 Pleckstrin

SALK_086819

Yes

homology

819 F,
R

(PH)
At4g04860 Derlin2-2

SALK_014719

Yes

719 F,
R

At5g16800 GCN5-

SALK_038573

Yes

related N-

573 F,
R

acetyltransfer
At5g16800 GCN5-

SALK_038572

Yes

related N-

572 F,
R

acetyltransfer
At5g42000 ORMDL

CS847953

Yes

family

953 F,
R

protein
At4g29450 Leucine rich

CS477918

Yes

918F,R

LBb1.3

Wt

Wt

SALK_015331

Yes

331F,R

LBb1.3

Wt

Wt

repeat protein
At3g25890 CYTOKININ
RESPONSE
FACTOR11
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In the derlin2-2, At4g04860 SALK insertion mutant 014719 (Figure 4.5)
approximately 50% of siliques failed to elongate or elongation was reduced compared to
Wt (Figure 4.6) and partial male sterility resulted. The T-DNA insertion is approximately
223 bp upstream from the STOP codon. None of the other five mutants exhibited any
obvious differences to Wt.

Figure 4.5: The derlin2-2 T-DNA insertion mutant.
Black boxes are exons, black lines introns. T-DNA is shown as a triangle. (ATG start site, CTA
stop codon).

4.2.6

Derlin2-2 gene
The Derlin2-2 promoter was analysed for the presence of putative MYB cis-

regulatory binding elements and anther specific motifs. The promoter contains four MYB
core sites (CANNTG) two MYB1AT sites (WAACCA), and five MYBST1 sites
(GGATA). It also contains thirteen POLLEN1LELAT52 sites (AGAAA) which have
been well characterised. AGAAA is one of two co-dependent regulatory elements
responsible for the activation of the pollen specific lat52 gene in Solanum lycopersicum
(tomato) (Muschietti et al., 1994).
In order to determine the spatial expression of the Derlin2-2 gene a 1680 bp
promoter region was amplified using the DR_F1 and DR_R primer combination from Wt
gDNA (Figure 4.6). The PCR product was purified and ligated into the pENTR/D-TOPO
entry vector and sequenced prior to being transformed into the pGWB533 vector via the
Gateway LR recombination reaction. The final construct was transformed into A.
tumefaciens GV3101 cells and Wt Arabidopsis plants dripped with the construct using the
floral drip method (Materials and Methods, Section 2.18). Mature seeds from the plants
were harvested and plated onto hygromycin selection media. Resistant plants were
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transferred to soil and grown until maturity. Whole florets were collected from ten lines
and incubated overnight at 37ºC in X-gluc buffer.

Figure 4.6: Silique elongation in Arabidopsis derlin2-2 T-DNA mutant lines.
A) to C) Three individual lines showing partial male sterility as indicated by the aborted siliques
(black arrows). D) Wt with normal silique elongation.

Low level GUS activity was detected in leaves and stems (Figure 4.8, A and B).
During later stages of anther development anthers were strongly stained (Figure 4.8, C-E).
Figure 4.8 shows a floral bud line up of a pDr1680::GUS line. Anther development stages
stages 6 to 8 exhibit only weak GUS activity (Figure 4.9). However, strong GUS activity
appeared in anthers at stages 10 and 11 and in the pollen grains at stage 12 (Figure 4.10).
Semi-thin anther sections showed GUS activity in the tapetal cells at stage 10 (Figure
4.11, A and B). In stage 11 anthers the tapetum had been degraded and GUS activity was
present in the developing pollen grains (Figure 4.11, C and D).
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Figure 4.7: Schematic diagram of the pDr1680::GUS promoter::GUS construct transformed
into Arabidopsis.
The construct is in the pGWB533 destination vector. The solid orange line represents the 5´
promoter region. The primers used DR_F1 and DR_GUSR are indicated. (Not to scale).

Figure 4.8: GUS expression in Wt Arabidopsis plants transformed with the pDr1680::GUS
construct.
A) to B) Whole leaf tissue and stem with low levels of expression. C) to E) Strong GUS
expression is present during late stages of anther development. GUS expression was restricted to
anthers.
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Figure 4.9: Early stage floral bud line up of the pDr1680::GUS line.
Expression was not observed during stages 5, 6, 7, and 8 of anther development. Only weak GUS
activity is present.

Figure 4.10: Floral bud line up of the pDr1680::GUS line.
Buds at stages 10, 11, and 12 (left to right) of anther development are shown. GUS activity in
anthers (stages 10 and 11) and pollen grains (stage 12) is present. (Scale bar 20 µm).
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Figure 4.11: Semi-thin sections of anthers from the pDr1680::GUS line.
A) and B) GUS expression was observed in the tapetum and microspores during stage 10 of
anther development. (Black arrows). C) and D) GUS expression was visible in pollen grains
during stage 11. Expression was also present in tapetal remnants. (Scale bars 50 μm).

The morphology of pollen derived from the derlin2-2 mutant was determined
using SEM (Figure 4.12). Mutant pollen morphology is abnormal with approximately
60% of pollen grains appearing to have partially misshapen/collapsed (Figure 4.13). The
remaining pollen appears normal, consistent with the partially male sterile phenotype.
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Figure 4.12: SEM micrographs of pollen grains from the derlin2-2 T-DNA insertion mutant
and Wt Arabidopsis.
A) to B) Wt pollen grains. C) to F) Mutant pollen grains, many pollen grains appear partially
collapsed and are misshapen. The surface structures are not significantly different.
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Percentage of normal and misshapen pollen in the derlin2-2 mutant

Figure 4.13: The percentage of normal and misshapen pollen grains in the derlin2-2 mutant.
Pollen grains were counted using SEM images.

We have found that mutants of some genes regulated by AtMYB80 are sensitive to
mild heat stress (unpublished results). To investigate whether male fertility in derlin2-2 is
affected by mild heat stress, mutant plants were grown at 22ºC until several siliques
developed. Plants were then grown at 28ºC for a further ten days. Silique elongation
failed to occur almost completely in the derlin2-2 mutant (Figure 4.14A). In the Wt the
majority of the siliques still elongated normally (Figure 4.14B). Approximately 25% of
siliques were aborted in Wt as a consequence of heat treatment and 67% of siliques in the
derlin2-2 mutant (Figure 4.15). Hence, the increased temperature appears to affect pollen
development in the derlin2-2 mutant.
Alexander staining showed that some pollen grains lacked cytoplasm in the Wt
(Figure 4.16B) while in the derlin2-2 mutant the majority of pollen grains were affected
(Figure 4.16D). The absence of silique elongation indicates the majority of pollen grains
are non-viable. Indeed, the percentage of pollen grains in the mutant lacking cytoplasm as
a consequence of heat treatment increased from 27% to 86% in the derlin2-2 mutant
following heat treatment (Figure 4.17). In Wt the increase was from zero to 7%.
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Figure 4.14: Silique elongation in Wt and derlin2-2 mutant following mild heat stress.
Plants were grown at 22ºC until several siliques had developed. Plants were then grown at 28ºC
for ten days. A) derlin2-2 plants; silique elongation failed to occur. B) Wt plant; the majority of
siliques have elongated normally.
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Figure 4.15: Alexander's staining of Wt and derlin2-2 anthers showing that heat stress leads
to a more severe pollen phenotype in the derlin2-2 mutant.
A) Wt pollen grains from plants grown at 22ºC. B) Wt pollen grains following heat stress
treatment at 28ºC for ten days, some of the pollen grains have been aborted (stained green). C)
derlin2-2 anther from a plant gown at 22ºC. D) derlin2-2 anthers following heat stress treatment.
The majority of pollen grains lack cytoplasmic content.
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Silique elongation in derlin2-2 T-DNA mutant following heat stress

Figure 4.16: Silique elongation in Wt and derlin2-2 plants following heat stress.
Plants were grown at 28ºC for ten days. Silique length was designated elongated, aborted or half
length.

Percentage of viable pollen in the derlin2-2 mutant and wild type plants following
heat stress

Figure 4.17: Percentage of pollen grains lacking cytoplasm (unviable) in Wt and derlin2-2
mutant plants following heat stress.
Plants were grown at 22 °C prior to being transferred to 28 °C for ten days. Pollen viability was
assayed using Alexander's stain.
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4.3

Discussion
The aim of the work described in this chapter was to identify proteins binding to

AtMYB80. A number of plant MYB proteins interact with other proteins in the cell and
these interactions are important in regulating function (see 4.1).
Three AtMYB80 protein “fragments” were used as bait in the Y2H experiment. A
total of seventy six proteins were identified as prey binding to one or more of the MYB80
fragments. Based on the expression patterns of the genes encoding these prey proteins, i.e.
whether they are expressed in developing anthers, nine genes were selected for further
study. Six were found to be bait-dependent, four of which had bound the 18 amino acid
C-terminal sequence of AtMYB80 and two the MYB domain. Insertion mutants of the six
genes were obtained and heterozygosity confirmed. However, only one of these lines
exhibited a phenotype. In the derlin2-2 mutant elongation was reduced in approx. 50% of
developing siliques. SEM indicated approx. 60% of the pollen grains were misshapen and
had partially collapsed. When exposed to mild heat stress the percentage of nonviable
pollen grains (determined by Alexander’s staining) rose from 27% to 86%.
The interaction between AtMYB80 and Derlin2-2 is surprising. Derlin2-2 is a
transmembrane protein (see below) and most probably associated with the Endoplasmic
Reticulum (ER) in the Arabidopsis cell. Precisely how Derlin2-2 would come into contact
with the C-terminus of MYB80 in the cell is unclear.
The following describes what is known about derlins in plants and animals and
provides a possible explanation for our results.
4.3.1

Derlins in plants and animals
Derlins are a family of membrane proteins involved in ER-associated protein

degradation (ERAD) in many organisms including yeast, animals and plants (Lilley at al.,
2004; Ye et al., 2004; Kirst et al., 2005). The cell copes with the accumulation of
misfolded proteins by initiating an ER stress response (Zhang and Kaufman, 2004).
Misfolded proteins are removed from the secretory pathway by retrotranslocation through
the ER membrane to the cytosol. In the cytosol the unfolded proteins undergo
ubiquitination and degradation by the proteasome (McCracken and Brodsky, 2003). A
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derl1 deletion mutant of yeast accumulates a misfolded reporter protein in the lumen of
the ER (Knop et al., 1996).
In mammalian cells three derlins, DERL1, DERL2 and DERL3, have been
identified. DERL1 and DER2 are essential proteins. The mammalian derlins appear to be
functionally different and may act with different E3 ligase partners. DERL1 and DERL2
have very different interactions (Christianson et al., 2012). DERL2 may have several
roles in ERAD including being part of an essential retro-translocon. The protein might
prime ERAD substrates for subsequent retranslocation or serve as a gating factor
controlling the entry of substrates into the putative ubiquitin ligase (HRD1)-containing
retro-translocon (Huang et al., 2013). DERL2 appears to interact with the AAA (ATPase
associated with diverse cellular functions) ATPase through its terminal SHP box on the
cytosolic side of the ER membrane. This is a function conserved among human derlins
(Ye et al., 2005). The transmembrane domain of the HRD1 complex appears to mediate
the association with DERL2.
The retrotranslocons in mammalian cells require many factors, including DERL2,
working together with HRD1. However, derlins are unlikely to form the elusive pore of
the retrotranslocon as they do not possess a pore-like structure (Greenblatt et al., 2011).
These authors have also shown that the dislocation of an ERAD luminal substrate can be
divided into two coupled steps. Firstly, the substrate is transferred from the ER lumen to
the cytosolic face of the ER membrane. Secondly, the dislocated substrate is released
from the membrane into the cytosol, ie. “handed off” to the proteasome. DERL1-bound
p97 (an ATPase) appears to be involved in the latter step.
To date, only one publication has described Derlins in plants (Kirst et al., 2005).
The authors used three maize endosperm mutants that exhibit ER stress responses specific
to the endosperm which coincide with the deposition of defective storage proteins in the
seed. RNA profiling led to the isolation of two up-regulated transcripts in the mutant lines
and the deduced amino acid sequences showed homology with the yeast DERLIN1
protein. Blast searches identified two additional genes. The four maize Derlins fell into
two groups (Derlin1 and Derlin2). The deduced amino acid sequences showed >90%
identity within each subfamily and approximately 30% overall identity between
subfamilies. Four maize derlins were identified, namely ZmDerlin1-1, Zm Derlin1-2,
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ZmDerlin2-1 and ZmDerlin2-2. Two rice Derlins were also found: OsDerlin1-1 and
OsDerlin2-2. In Arabidopsis three Derlins were identified: AtDerlin1-1, AtDerlin2-1 and
AtDerlin2-2.
Plant Derlin1 and 2 sequences showed 25 to 30% identity to derlin proteins from
other species. However, an eleven amino region in plant Derlin2 did not align with other
organisms. Multiple transmembrane domains are present in all Derlins; four in ZmDerlin1
and five in ZmDerlin2. GFP fusion constructs in living cells (microprojectile
bombardment into maize callus tissue) indicated an ER location of ZmDerlin1-1 and
ZmDerlin2-2. The ZmDerlin genes were expressed throughout the plant.
CCACG is a core sequence present in the promoters of genes induced by ER
stress in mammals. Expression of ZmDerlin1-1 was significantly induced by ER stress
and the promoter possesses multiple ER stress cis-elements close to the coding region
(Kirst et al., 2005). ZmDerlin1-2 lacks recognizable ER stress elements but is ER stress
induced, although less than ZmDerl1-1. ZmDerlin2-1 is weakly upregulated by ER stress
and has a single ER stress cis-element 1910 bp upstream of the coding region. No such
cis-elements are present in the ZmDerlin2-2 promoter. The Derlin2-2 gene has one
CCACG element located 278 bp upstream of the translational start site. No further
CCACG elements were found in the 2644 bp upstream to the stop codon of the next gene.
Since only ZmDerlin1-1 is strongly induced by ER stress, Kirst et al. (2005)
suggest the other two maize derlins may have undergone some functional divergence,
perhaps having “functions in normal cellular metabolism “such as protein degradation.
Due to their induction by stress ZmDerlin1 proteins are thought to participate in the
ERAD pathway.
4.3.2

Function of Derlin2-2 in anthers
The interaction of AtMYB80 and Derlin2-2 was unexpected as the latter is an

integral membrane protein likely to be located in the ER membrane. How an interaction
could occur in the cell between a TF and an ER membrane protein is, to say the least,
unclear. Part of the Derlin2-2 protein is probably exposed at the cytosolic surface of the
ER and so could, in theory, interact with MYB80 before it entered the nucleus. However,
derlins remove denatured (mis- or unfolded) proteins from the ER by retranslocation to
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the cytosol where they are ubiquitinylated and degraded by the proteasome. MYB80 is
not targeted to the ER.
Some proteins are “sticky” and give rise to “false positives” in the Y2H assay
although transcription factors do not belong to the groups of common false positive
proteins. In the initial Y2H experiment Derlin2-2 was a positive prey when the MYB80
central region was used as bait. However, this bait-dependency could not be confirmed.
However, confirmation of an interaction between Derlin2-2 and the MYB80 18 amino
acid C-terminus was shown. Nonetheless, the interaction between AtMYB80 and
Derlin2-2 would need to be confirmed by at least one non-yeast-based assay. However,
since nothing is known about Derlin2-2, we decided to investigate its function in anthers.
Although derlins are expressed at low levels throughout plants (TAIR), expression
is “prevalent” in tissues with high levels of secretory protein accumulation such as
developing endosperm cells in maize (Kirst et al., 2005). However, no specific
information about plant Derlin2-2 has so far been published. The hydropathy plot shows a
protein with a number of putative transmembrane regions (Figure 4.18). A string analysis
indicates that the Derlin2-2 protein could interact with proteins such as a RING finger E3
ligase, two UBX domain containing proteins, the yeast protein Hrd1 involved in ERAD, a
protein involved in EM-associated degradation, two ubiquitin-like proteins and a
RING/U-box superfamily protein (Figure 4.19) (Franceschini et al., 2013). All of these
putative interactions are consistent with a role in ERAD.

Figure 4.16: Hydrophobicity plot of Derlin2-2.
The Derl2.2 protein has a number of putative transmembrane regions. Hydrophobicity is indicated
in red and helicity in blue (Hooper et al., 2014).

105

Figure 4.17: A string analysis of Derlin2-2.
A string analysis showing that the Derlin2-2 protein could interact with proteins such as a RING
finger E3 ligase (AT2G23780), UBX domain containing proteins (AT4G23040, AT4G10790,
AT4G00752, AT2G43210), the yeast protein Hrd1 (SAY1), a protein involved in EM-associated
degradation, two ubiquitin-like proteins and a RING/U-box superfamily protein (RIN2).
(Franceschini et al., 2013).

The Derlin2-2::GUS reporter gene experiment indicated the gene is strongly
expressed in the anther tapetum during anther development stages 10 and 11. These are
the stages when the tapetum is preparing to release proteins required for pollen
development into the anther locule. These proteins are located in intracellular vesicles
which fuse with the tapetum plasma membrane. Such secretory proteins would initially be
transported through the ER system into the vesicles. An effective mechanism would be
required to remove any misfolded proteins from the ER. We suggest that Derlin2-2 plays
a major role in this system in the tapetum and the increase in derlin2-2 gene activity at
anther developmental stages 10 and 11 reflects that importance. Hence, in the derlin2-2
mutant the process would malfunction and microspore (pollen grain) development be
affected.
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The GUS reporter gene study also identified GUS activity in the developing pollen
grains. This result suggests Derlin2-2 is also involved in microspore ERAD. Like the
tapetum, microspores (developing pollen grains) also represent a secretory system in
which proteins are released into the anther locule and/or onto the microspore surface.
Mild heat stress increased the percentage of non-viable pollen in the derlin2-2
mutant from 27% to 86%; wt 7% and 18%. Heat stress would increase the level of
aberrant proteins in the secretory system and the absence of functional Derlin2-2 in the
mutant could be expected to result in an even more severe phenotype.
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Chapter 5: Final Discussion and Future Work
5.1

Genes directly activated by AtMYB80
Twelve of the seventy nine genes found to be downstream targets of AtMYB80

were chosen for ChIP analysis. The analysis identified two of these genes, Less Adhesion
Pollen 6 (LAP6) and Pathogenesis-related thaumatin-like protein (PRT-L), were directly
activated by MYB80 (Figure 5.3).
The LAP6 gene was found to be specifically expressed in developing anthers.
Expression was mainly restricted to the tapetum and microspores. In the lap6 mutant
pollen development was affected, many pollen grains collapsing and possessing irregular
exine patterns. The gene was also being studied in other labs where the LAP6 enzyme
was shown to be part of the metabolon responsible for sporopollenin formation.
Specifically, LAP6 is involved in the synthesis of the triketide and tetraketide pyrones. At
this point we did not pursue our studies on LAP6 further. The steps and enzymes involved
in pollen wall formation are shown in Figure 5.1 and the role of LAP6 indicated.

Figure 5.1: Genes involved in pollen wall formation in Arabidopsis.
(Genes indentified in rice*) (Ariizumi and Toriyama, 2011).
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The PRT-L protein belongs to the pathogenesis related PR5 family of proteins.
The genes encoding these proteins are responsive to biotic and abiotic stress. Most
thaumatin-like proteins share a conserved acidic cleft which is usually associated with
antifungal activity. The major property of thaumatin-like proteins is considered to be their
endo-β-1,3-glucanase activity. Plant thaumatin-like proteins have “undergone drastic
evolutionary diversification” (Petre et al., 2011).
Arabidopsis has 28 thaumatin like proteins including PRT-L (Figure 5.2). The
protein most closely related to PRT-L is encoded by the gene At1g75030. This protein has
been named ATLP-3. It has a putative amino-terminal signal sequence and the purified
protein shows antifungal activity (Hu and Reddy, 1997).
The function of the AtMYB80-regulated PRT-L protein in anther development is
not known. Since β-1,3-glucanase activity is likely, we hypothesized the protein may be
involved with callose dissolution in the developing anther. Callose dissolution is essential
for the formation of functional microspores. However, in the prt-l mutant we were unable
to detect any difference from wt in callose breakdown. However, the timing of prt-l
expression and its activity in the tapetum are consistent with such a function. Pollen
development was affected in the prt-l mutant. Moreover, under mild heat stress pollen
viability was significantly reduced in the mutant but not in Wt.
The PRT-L gene is also expressed in developing pollen grains. The protein is
presumably released into the anther locule where it may again participate in callose
dissolution or play an additional role in exine formation.
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Figure 5.2: Phylogenetic analysis of the relationship between the PRT-L genes in
Arabidopsis.
Dendogram Tree was constructed based on amino acid alignment of TLP sequences by the
ClustalW2 program (Larkin et al., 2007). The tree includes all 28 genes found in Arabidopsis.
At1g75050 is most closely related to At1g75030, but the latter gene was not positively enriched in
the ChIP assay.
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Future experiments aimed at clarifying the function of PRT-L in pollen
development could include the following.
1.

The subcellular localization of PRT-L during anther development could be

ascertained by transforming plants with a prt-l promoter::Prt-L-GFP chimera. Green
Fluorescent Protein-tagged luminal and membrane ER markers have been successfully
used to study protein translocation in the secretory system (Lippincott-Schwartz et al.,
2000). The predicted release of PRT-L into the anther locule could then also be
visualized. In addition, the stability of the enzyme could also be determined (assuming
this is not affected by the GFP tag).
2.

Pollen was non-viable when the prt-l mutant had been exposed to mild heat

treatment (28°C) for ten days. Changes in pollen wall structure can be determined using
SEM. The callose staining experiments can be repeated to ascertain the timing or extent
of callose dissolution changes in the anther locule of the heat-stressed mutant. The GFP
system (see 1, above) can be used to study the effects of heat on the translocation of the
PRT-L protein in the anther.
3.

Arabidopsis has more than fifty genes encoding β-1,3-Glucanases and multiple β-

1,3-glucanase genes are believed to participate in callose dissolution. The A6 enzyme
was previously believed to be the major component of the callose enzyme complex (Hird
et al., 1993). In the callose defective microspore (cdm1) mutant the expression of two
anther specific β-1,3-glucanase genes as well as A6 is reduced (Lu et al., 2014).
However, at anther developmental stages 4 to 7 one of the β-1,3- glucanase genes was
down-regulated in the mutant while the other was upregulated. The authors suggest this
indicates the precise timing and place of the activities of these genes are critical for pollen
development.
Double mutants of prt-l and each of the three other β-1,3-glucanase genes (Lu et
al., 2014) can be isolated and callose breakdown examined. The results may then provide
direct evidence that PRT-L is involved in callose dissolution.

We have found, for

example, that double mutants of glox1 and glox2 have a strong anther phenotype whereas
single mutants do not (unpublished results).
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4.

Examination of cross-sections of pollen from the prt-l mutant using TEM may

identify specific changes to the exine structure. Pollen from the heat-stressed prt-l mutant
can also be examined.
5.

The PRT-L gene could be expressed in E. coli, the protein purified and its in vitro

β-1,3- glucanase activity determined using laminarin as substrate.
The experiments described above should help determine whether PRT-L is indeed
a component of the callase enzyme complex involved in callose dissolution in the anther
locule.
The AtMYB80 TF regulates PRT-L expression. A number of MYB binding sites
are present in the MYB80 promoter and an Electromobility Shift Assay (EMSA) could be
carried out to determine which of these elements bind the MYB80 protein in vitro (Phan
et al., 2011).
5.2

Derlin2-2
Although the binding of the AtMYB80 18 amino acid C-terminal sequence to

Derlin2-2 was shown to be bait-dependent in the Y2H system, the interaction may well
represent a false positive (see Section 4.2.4). Irrelevant interactions between a prey
peptide fragment and the bait are not infrequent as some proteins are “inherently sticky”
(Stephen and Banting, 2000).
There are a number of ways to check for false positives which need to be carried out with
AtMYB80 and Derlin2-2.
1.

Reverse the positions of bait and prey.

2.

A “pull down” assay. The AtMYB80 and Derlin2-2 proteins would be produced in

E. coli, one of them being expressed as a glutathione-S-transferase (GST) fusion and the
other as a maltose binding protein (MBP) fusion. Should an interaction between the two
proteins occur the complex can be isolated using a glutathione-agarose column. Ideally
stoichiometric amounts of the MBP fusion protein and the GST fusion protein can be
“pulled down”. A problem with this approach is that mixing together of two proteins at
high concentrations may not be a true reflection of what happens in the cell.
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3.

The Bimolecular Fluorescence Complementation Assay (BiFC) can be used in

order to validate the Derlin2-2 and AtMYB80 interaction and also determine the
localisation of that interaction in vivo using fluorescence microscopy of living cells.
Transient overexpression of the fusion proteins in, for example, tobacco leaves could help
determine if the proteins can interact in cells. Kerppola (2006) describes a BiFC protocol
which could be applied to test the interaction.
Until these kinds of experiments have been carried out it will not be reasonable to propose
an interaction between AtMYB80 and Derlin2-2 takes place in vivo.
The hypothesis that Derlin2-2 is involved in the ERAD process in the tapetum can
be tested in a number of ways.
1.

The derlin2-2::GFP reporter gene driven by the Derlin2-2 promoter can be

transformed into plants. GFP tagging has long been successfully employed as a reporter
for protein transportation within the secretory system (Lippincott-Schwartz et al., 2000).
In such an experiment one would expect the Derlin2-2 protein to be detected in the ER of
tapetum cells in significant levels at anther stages 10 and 11 when Derlin2-2
promoter::GUS expression is at its highest.
2.

In the derlin2-2 mutant protein transport through the ER of the tapetum is

predicted to be disturbed. Transmission Electron Microscopy of the mutant tapetum at
stages 10 and 11 of anther development might show ER deformation in the mutant.
Vesicle formation in the tapetum may also be affected. The effect on ER function in the
mutant following mild heat treatment would be predicted to be more severe. Since the
gene is also expressed in the developing microspores, TEM of these in the mutant (plus
and minus heat treatment) would be of interest.
3.

ZmDerlin2-2 does not appear to respond to ER stress (Kirst et al., 2005). Hence,

the response of Derlin2-2 expression to ER stress should be determined. DTT and
tunicamycin have been used to induce ER stress in plants (Martinez and Chrispeels,
2003). Tunicamycin prevents glycosylation of newly synthesized proteins in the ER. The
non-glycosylated and malfolded proteins are then thought to be retrotransported out of the
ER and degraded by the proteasome (ERAD system). As an antioxidant DTT disrupts
disulphide bonds and thereby disrupts protein tertiary and quaternary shape, affecting
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both completed proteins and those being synthesized. Tunicamycin and DTT both
upregulate genes related to ERAD and amino acid synthesis in animals.

Figure 5.3: Genes directly regulated by AtMYB80 and the pathways they regulate.
Arrows indicate positive and lines negative regulation. GLOX1 and GLOX2 (glyoxal oxidase 1
and 2); UND (UNDEAD, an A1 aspartic protease); UNDL (UNDEAD-Like); PRT-L
(Pathogenesis related thaumatin–like protein); (VGD1 (a pectin methylesterase); LAP6 (Less
Adhesion Pollen6).
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Chapter 6 Appendix
Appendix 6.1 Proteins most commonly giving rise to false positives in the yeast twohybrid system. (Adapted from Van Criekinge and Beyaert, 1999).

Proteins

Found as false

Believed to date

Positives

to be real interactions

hsps

16

5

ribosomal proteins

14

1

cytochrome oxidase

5

-

mitochondrial proteins

3

1

proteasome subunits

4

3

Ferritin

4

-

tRNA synthase

3

-

collagen-related proteins

3

-

Zn finger proteins

3

4

Vimentin

2

-
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Appendix 6.2 Clones obtained from conjugation of yeast strain Y190 harbouring the
GAL4 AD floral cDNA library and/or anther specific library with the Y187 yeast strain
transformed with the GAL4 BD-MYB domain bait construct.

Colony lift filter assays were performed on colonies growing on triple dropout
media containing 25 mM 3-AT. For each plate of transformants to be assayed, sterile
Whatman filter paper was pre-soaked in 2.5-5 mL of Z buffer/X-gal solution in a sterile
150mm plate and placed over the colonies and transferred into a clean 150 mm plate and
incubated overnight at 37º C. X-gal positive clones were amplified using colony PCR
using GAL4 AD primers. Amplified products were purified and sequenced. BLAST
searches were performed to identify the cDNA inserts. Some proteins appear to be
common false positives and have been detected interacting with a variety of bait proteins.
These former proteins include heat shock proteins, ribosomal subunits and components of
the cellular oxidative phosphorylation pathway (Golemis et al., 1999).The majority of the
proteins identified in the cDNA library screening using the MYB domain bait construct
are unlikely to be true positives that interact with AtMYB80 based on their similarity to
the current list of commonly found false positives and their expression profiles (Appendix
6.1).
Ribosomal proteins - A. thaliana clone, putative ribosomal protein S29 (At3g44010) and
A. thaliana ribosomal protein S6 family protein (At1g64510)
Enzymes- A. thaliana PAI1 (PHOSPHORIBOSYLANTHRA NILATE ISOMERASE 1),
A. thaliana FAD2 (FATTY ACID DESATURASE 2), A. thaliana PRXR1 peroxidase 42
Mitochondrial proteins - A. thaliana plant mitochondrial ATPase (At2g07707), A.
thaliana unknown protein, (At3g12930)
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Ferretin ion binding- A. thaliana TRANSKETOLASE 1, (At3g60750)
Zn finger- BIG BROTHER protein protein binding /zinc ion binding, (At3g1990)

Clone

cDNA insert

bp sequenced

1.3

Arabidopsis thaliana unknownprotein At3g12930

872

2.3

Arabidopsis thaliana mRNA for hypothetical protein

956

3.3

Arabidopsis

1297

thaliana

FAD2

(FATTY

ACID

DESATURASE 2)
4.3

Arabidopsis thaliana genomic DNA chromosome 5

960

5.3

Arabidopsis thaliana clone 7835 mRNA, complete

735

sequence
6.3

Arabidopsis

thaliana

PAI1

1084

(PHOSPHORIBOSYLANTHRA NILATE ISOMERASE
1)
7.3

Arabidopsis thaliana plasma membrane intrinsic protein

883

(SIMIP)
8.3

Arabidopsis thaliana proton dependent oligopeptide

745

transport (POT) family protein
9.3

Arabidopsis

thaliana

PAI1

1107

(PHOSPHORIBOSYLANTHRA NILATE ISOMERASE
1)
10.3

Arabidopsis

thaliana

PAI1

1054
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(PHOSPHORIBOSYLANTHRA NILATE ISOMERASE
1)
11.3

Arabidopsis thaliana proton dependent oligopeptide

839

transport (POT) family protein
12.3

Arabidopsis thaliana At2g07707 mRNA sequence

Clone

cDNA insert

754

bp sequenced

1.1

Arabidopsis thaliana unknown protein At3g12930

872

2.1

Arabidopsis thaliana mRNA for hypothetical protein

956

3.1

Arabidopsis thaliana FAD2 (FATTY ACID DESATURASE

1297

2)
4.1

Arabidopsis thaliana genomic DNA chromosome 5

960

5.1

Arabidopsis thaliana clone 7835 mRNA, complete sequence

735

6.1

Arabidopsis thaliana PAI1 (PHOSPHORIBOSYLANTHRA

1084

NILATE ISOMERASE 1)
7.1

Arabidopsis thaliana plasma membrane intrinsic protein

883

(SIMIP)
8.1

Arabidopsis

thaliana

proton

dependent

oligopeptide

745

Arabidopsis thaliana PAI1 (PHOSPHORIBOSYLANTHRA

1107

transport (POT) family protein
9.1

NILATE ISOMERASE 1)
10.1

Arabidopsis thaliana PAI1 (PHOSPHORIBOSYLANTHRA

1054

NILATE ISOMERASE 1)
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11.1

Arabidopsis

thaliana

proton

dependent

oligopeptide

839

transport (POT) family protein
12.1

Arabidopsis thaliana At2g07707 mRNA sequence

754

Clone

cDNA insert

bp sequenced

1.1.1

Arabidopsis thaliana unknown protein(AT3G12930)

1025

mRNA, complete cds
2.2.2

Arabidopsis thaliana BAC F4C21 from chromosome

845

IV, top arm, near 17 cM, complete sequence
3.3.3

Arabidopsis thaliana genomic DNA, chromosome 5

687

4.4.4

Arabidopsis thaliana At2g07707 mRNA sequence

1547

Clone

cDNA insert

Amplicon size
bp

1a

Arabidopsis thaliana BIG BROTHER protein protein

1000

binding /zinc ion binding
2b

Arabidopsis thaliana PHOTOSYSTEM II SUBUNIT Q-2

1000

calcium ion binding
3c

Arabidopsis thaliana PRXR1 peroxidase 42

2000

4d

Arabidopsis thaliana chromosome 1

2000

5e

At3g60750 Arabidopsis thaliana transketolase, putative

1500
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6f

At5g30495 Arabidopsis thaliana unknown protein

2000

7g

At1g58807 Arabidopsis thaliana disease resistance protein

1500

8h

At3g44010 Arabidopsis thaliana clone, putative ribosomal

800

protein S29
9i

At1g64510 Arabidopsis thaliana ribosomal protein S6

1000

family protein
10j

At1g64510 Arabidopsis thaliana ribosomal protein S6

1000

family protein
11k

Arabidopsis thaliana ATPHS2/PHS2 ALPHA GLUCAN

1500

PHOSPHORYLASE 2
12l

Arabidopsis thaliana myrosinase-binding protein

Clone

cDNA insert

1500

Amplicon size
bp

1.2

Arabidopsis thaliana ATX1; metal ion binding mRNA

800

2.2

At5g55450 Arabidopsis thaliana protease inhibitor/seed

1500

storage /lipid transfer protein
3.2

Arabidopsis thaliana mRNA for splicing factor SC35

1000

4.2

Arabidopsis thaliana EIF4A1 eukaryotic translation initiation

1000

factor, ATP dependent helicase
5.2

At5g38560 Arabidopsis thaliana protein kinase family

1500

protein
6.2

At4g14760 Arabidopsis thaliana M protein repeat-containing

1500

protein

142

7.2

At5g40770 Arabidopsis thaliana PROHIBITIN 3

800

8.2

Arabidopsis thaliana 40S ribosomal protein S2

1500

9.2

Arabidopsis thaliana DNA chromosome 3

1500

10.2

Arabidopsis thaliana ATGSTF2 Glutathione S-transferase

800

11.2

Arabidopsis thaliana genomic DNA chromosome 5

1000

12.2

At3g41768 Arabidopsis thaliana rRNA

800

13.2

At4g15420 Arabidopsis thaliana UFD1d mRNA

1000

14.2

Arabidopsis thaliana mRNA for splicing factor SC35

1000

15.2

Arabidopsis thaliana UBQ1 EARLY RESPONSIVE TO

1000

DEHYDRATION 16, UBIQUITI EXTENSION PROTEIN
16.2

Arabidopsis thaliana mitochondrial genome

1000

17.2

Arabidopsis thaliana ATX1; metal ion binding mRNA

800

143

Appendix 6.3 Promoter sequences of potential AtMYB80 target genes analysed using
ChIP. Primers used to amplify the ChIP PCR products are highlighted in yellow.
Promoters were analysed using cis-PLACE database for the presence of MYB binding
sites. The size of each amplicon is noted for each gene.

At5g51030 promoter (Short-chain dehydrogenase/reductase (SDR) family protein)
(311 bp)

gttgttctgtaatgaaagtgggtacttatggacccattaatgggcctatacttgtcgtggccttctcttgatcacatatgattataactaa
tttttattctttttggcttagatatgtacaacagtacaaattgatatgacgagccgaaagtagacataaaatcttgaggaatagagaact
acatattcttttagatgatttgattgttgattcaatattatgccagagttaaaaactgtagtaggatatttagtttaattgttttttgtcaattgt
ttttagggttgactaattgcaactaataaaattatatgtatttttggatttattcttaaaactatgtttctaattgaatcgatcagtaaataga
caatattttctatttatccagaatttaaccaaacttactcgattttaactatattttaatctaatattaatcccaaaaatatgtgaaagaaaa
aatatcttatcttatctattcaaaatatatttatttacttttgataaaaataataaatataacataattttacctataaaaaataatataccaaa
aataaatataccacaattaaaaaaagtttagttgataaaaataattagtatatggaattaatagtgtttggcaaaaaaagatattagaat
taaatatataataaataagaaaaattagaataattgtggatatgacacattgaaactaattaatttcttcattatatatatctaaaccagaa
taagaacgttatcttagctgttatatgagagattgtgagccttgagctatataccgaaaatgtcccaaataaattttatcaaaatgtgag
aggatgcaacgtgacatgcatgtggtcatgtggatcatagattcgtagtgagagtgtgtaacacgagagactcttaaataagattgt
tttctcaattttaaaccgccacaaaaccaaatggtcgaattattatttttttttgttaagaaatggtcgaattattaataggaactaaaaca
gaatgaacaaaactttggttcgtattgagagcccacaccctagctaggccccagctaatttatgttcccataacagatgctataacta
aaaataggaatcagatgaatttgaaatgagaggccacaaaaaaattacgcagaaagtgggggattgcaccttttgacccacaaaa
aggatgagaaaattatgtgagagggagatgagaacgacgacgaagctctgtgttctttcttgcctcctcttatcgtgaaaataaaca
tacttaggatcgtagaagagagaaaataagaagaaagATG

At1g02050 (Chalcone and stilbene synthase family protein) (280 bp)
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Aggatagaccgtgcatctggtttctggtaaacaggatcctctctctttgttccgttttcaattctgtgtctaaaattatccattggcaatt
gtaaaatttttggccctcagcaattaagcaagtttgtattcatcgtgtctgttacaggtctctatggacgttgcaactctctgttcctaac
tttcaccttcatggtacctatttcctaagtagattaggcttatattacttatcccgggaaaataggtttcatggtgttttttgcatttctaacc
aacacaggccaaagaatcaccaaaccctaataaaataaccgtttctctctttacatgatcttcactcttcagcaccaaactctcccca
agaaaaccctcaacccttcctttataatcctttgccatttgctgatattctgcatccaccatctttcttcccaatatctaattgagttttttcc
ttctgcgcttgaaaagaaATG

At4g30470 (Cinnamoyl- CoA reductase-related) (359 bp)

atgacacaatatgtatgttgaaggtatttataggcgttccagagcatattaatatggtagtgaaaatcctacaagtcaaaagttgtttc
cacatcataatcgttacaatattggttattaatcacaactcagcacgttatttctaaaaaaataaaaaaatagaaatcattcttttcaatc
aacattaaaatcaaatgattaataattctttttaaacgcaactattaacttcattttgcctttgctcgaatcctccaaatctacatccagtc
gaaattgatctcaggtttcttgacgaaccctaaatttgattttcacccaaatcgatttctattctagttttgaagttgttgtcacgaatttgg
tattcattgaaaagtattaaaaaaattcgctgtatttggtttgaagtctttggacctttaaatttttggagtaacgggcgtagccatcaat
aattaatcattaaatctcttcattctgtttcaaagagccagaatctttgatatggaacattgcttcatttagccttagctctcgtacgtcaa
acatagtttgcagatcattattgtagagaatagttagggtttaagcgaggttggagagaaatcgagaatgtctaagtatgacgatga
accgtcggaacgtaaacagaaactggaatgctaatcctcccttgaaccaatttcaacattaaaccaaactaaagtagagaagttct
ggttgcttccatccacgtaatgttttttacttcaaagatgaagagagagatcgagaagaaaatgataaacgtgtaaatgattgtttttg
cacgaaaataaatatgtggattcaaacatgtccaacgttgcaatgaacagtccttcggtgtctgatccactatctatctctccgtaagt
ggacctatagtaggtcggtcatgctcatgcatctaattttaatatttaacaattattttgtaagaattgtttttcttaacagttttttttctttca
caaaaatgattcggagttttagtttaatctcatcaaaaaaaaattgtactaaaattaaaaacatcatctaattatataattttttcctctaaa
aacatcttatattatataatggatgataaatcttgatggattgatcgctcagaaagtttttttttttcttcgtagttatatcattttattagcac
cttacatatatttgaacatggtttaagtttaactgggcttacagaccgatcttattataaacttactgaattaattactaatctttgtcgattt
agaactagcccctggttggaagttaataccacgtattttacccaaaaaaagacaattaataccacgtaaattcggtggctataaatat
atgcatggacttgacccagagatatttgggccgaacaatgttgaaacaataataaggccttgagatggttggccggtgatactttct
catgcctccactatctttcttttctcatcagaaccaatttggtacacaagaatctactgcaagtgcatattcctcaaaggattttgttttca
tgttaatttattggcgtatctcggtctaaatgtaaccagcaaactatctgccttgttcaatatgtacttccactaaactattttgcattccat
tggaaagtgacctccatgaaatgccgctcatgaatactcttaatcaatcatccaccaaatgttgcaggatctttttcgcacagaacca
gaaaatgttgcatatctcattctcatctcttagtccgcactccacaccctacgccactcactttggagtctgctcttaaaatgatgttatg
acatagtaagatatgaccaacataaaccctttcacactcacgacatcttcttatattgcttatttcttaggatcatgaatgaattgtttcga
caatactgagaacgatacacgtcttcaatattctgcataaaggccaacatggaagtagctatattttatcgtggaactagccataatg
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cttgaaataaacaatgttatactcataatatcaattaaatgtttgtgatatactactatataattaaccactagtaacttcatcatcatccttt
ttattatttttgggtcaactatatcattatccttattcaaccaattttattcttatataagaggaaaatcgaattaggtaaacggaaaatgc
gattactttctgaactcaaaagaaggaatcgaaacaatttttgttataatattaacaattttcgtgtggtctttatcaaattacgatcctga
tttatgaacacgtggcgctaagttagttcagtttcattcattgagcttttaattgaacaatgagcgttaccaattttgtgttttttttctcgca
aaatgattttttcttgttcagaaggacacgaagtgttcatcatcttcttacatggcaaaagtacgaaaacatctgagattgtggcacgt
gtgttaccctgacgactctcttctcgtccctttttcacttttccagtttcaagttaacacgcggattgggcccggaggtttcttgattcgt
caatcgttagccacacacaagttttattctttaaccttttattttctttagttagtttcattgtaaacaatttttttttaaaaacaaaaaaaaac
agaggttgacctagaaaagaaataaatgcagcggtattgaattgttttcttctcaacagtcatcatcatcatcaataaaagaaacatc
aaatcaaatagttgaatcactgtatgaaattaagagccagaatttcacagctcaattgcaactttgcaaccgaatggctaaaaaccct
tacaaaaaaaaagacgaatgattgcaaacttgcggaattaaatgcaaatgcacttataacaagccgcagtacttaatcatcagtatt
agagtgacgctaaaaaatttgtatttgaaagaattatgttcattctcattaaaataagagtaggatacatgttatctctagacctaacat
gtaacctaattttataactaatgaattcacattaaagcacgtacaagtcaatacaacatctccataacattcaagacatctttaatttgg
atctttttagggttgataatcacaacttttcgatcaaaaagatatatagatcgttcgttaattacaaaaaagtatgtaaagagtataatgg
aaacattttaagagtaaatttcacaattaaaaaaaactatagattatacaaaatgaagtgtctagagacgtggtaggttgtgtggcttg
tgatgaaacttccccacgtaaattctcatcccaccacaatctctacctactaactgctaactactttacgtccagcgccctttcgctgtt
ttgcttttattagttcttctcttatattttctcctagtttttctacttttttttatttatttattttagttttacaaatcttgaaattctatattatagttaa
attttagaaagccacctttgtgtgagttttgcttatgcaattgccgaccgaagtttgttccattctggcgttctcaaacctaacaactgta
actacatctttcattcataatcagattgttttaataatatactcatatctaacaatatcaggagagttccagcagttttattcatataactgg
tgtagtttgaacgataaatagaacttattatagaattaccatcacccaaattttagtattgaactattcgatgagaattttgacatattcat
ggagctaaagaaatatgacgacgcatcacattttgatatgtacagtctctacattttttcaaatacatttttttctttttcaaatctagtatc
aagtacaaacgaatgtctaaattcgcttggatttattaaaaaagtatctttaagtttggtgtacagtttgggttaaagtactgtgtaatat
aggtggattgttttgaaaaactttgaaccgatgccgatatctaattgattttcttgtttttttttggtaatttgaaaaccattttaatttatttgg
ttacatatatttgtagtattcagtaagtaagaaacaacataagaagattggaatttgatattagctggtgctactaattttggagtgtttct
gaaagaagacacacgttccaaaattgtcaacacgtaaacaaaaaccaataagggattgacttgtggatattggataaccaagcaa
ttaattaagatggtttagagacgtaaaatgattaattaagaaatagtactaatactttattggaaaataagagatgaggtataataaaa
gatgagtagctgggaacgtgcaacagaaaaatagttcacccaactttctcctattaatacttgcctcttctctcttcctacttctaacctt
ctttttctccttcatcacacacatatacacacgctttcgtttaaactctctctgtttcaatcattaatcagaaagaagcaacacaaatAT
G

At4g12920 (Aspartyl protease family protein) (377 bp)
ggggaagtttctcaagtttgttttgtaatctcatctgttcaaactgttaatatccgactgccttcctttcttaataaccactcattttaaatc
gtaagtgataactgttatttttaaaccaatttgatcgaaactaatgatcggtttggagtgatatctgggattgaatttgagagggtatatt
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tgtcctttttactccaaaaataagggaaagtgcctctagttttaaaagtgtctataatgcttaaagtttttcggaaagtgcctcaatatgg
tatattcctttttatttataccctctttaattttttaatgatcattttacccctatttagaaattgttttaggttaacaaaatgaaatattaatatttt
ttgcctaaaatattccaaaataaatttcccgccaaaaattttcgaaaaaaatatttttcccgcaaaaacttttttttggcgggaaaaagat
ttacaagtgattttaaaagggttttaaaagatttacaagagattttcaaaagattttaaaatatttacaagggattttaaaaggattttaaa
agatttacaagggattttaaaaggggtttaaaatatttacaagtgattttaaaaaggttttaaaagatttacaagagattttaaaagggtt
ttaaaatatttacaaaggattttaaagggctttaaaagatttacaaaggtttttaagtgattttaaaagggtttcaaagtcttttaaaagat
ttacaagggattttaaaagggttttaaagatttacaagaaattttaaaagggttttaaaagatgtacaaggatttttaaaagacttttaaa
gaatttacaagaagaccctttaaaaactcttgtaaattttattaaaaccttttaaaatctcttgtaaatcttgtaaaacatttttaaaatctct
tgtaaatcttgtaaaacacttttaaaatcccttgtaaatattttaaaacccttttaaaatcccttataaatcttttaaaacacttttaaaccctt
taaaaatctttaaaaaacctttataaattttttaaagcccattaaaatcccttgtaaatatttttaaacccttttaaaatcgcttgtaaatcttt
taaaacacttttaaaatcccttgtaaatctatttcccgctaaaaaaaattacaaggatttttaaaagcatttttttggctgagaaaaaattt
gttacgaaaaagttttgacgggaaaaaagttttgcggaatatttttttggcgggaaaaataaattttgtcgccaaaacatttggcggg
aatatttcagtttccaattacatgttcctattagatgagggtaatttggtcattctgttcaatggaagaggtattttaaaaaatggacaac
acaaaagggtattattgcaaaaaggtggtaaaaaaagagtagttttgcaaatctccccaagaacaacgagggcaccaaatttttat
agaccaaaatttgacatttacttgttaccaaattggctgcattaatgatataccaaattttccttacaaagaactcaaacttcatactcttt
agttctctttttgcatatcggctcattccctaagaaatgataaggaaaaaatatattctgtaaatacagttcaaacaatgtaaaaataag
atttaaaaaacatataattaattattaaaaatatggaaaaaatatcagacttttaattaaaacatgttaaaaaatgcacactaaaaaaga
aaatataattgacttttttgtacagtaagagacatgcgataattacaatttttctatattgatggaaacatttagtattttatgaatgtaatat
tgtaatataggtttgtgtatgatctttgttcaaaaaaaaaaaaaaaaggtttgtgtatgataagttgataacacataatggtttgtgtgtg
gtagcacaaaataaattagaagtagttctatatttttcatcctatattctaagagtcattttttttctttggagaatacttttaatgcactgca
tattggtaaatttgaaaactgaaacagccccaaaattgtctagagaatgttttctaatgtaaacactattgccgttgctcttactcatag
aggaatcatcacaattttctctagttcatcattttgtgagacatggcataaagcttattccctataaaatgaaaacgagaagaaattcat
gttacaaaataaattatgtaaatattatcaaagaaagtaaaaaacatgtaactaatagttaaacatgttgcggattattcccatctgaaa
ttgaagcatgttgaaaattacgcactagaaagaaaaaaaaaagagaatttaccttttcttacaatttgtttttatattgataaaaagattc
atcattatgtgagcatagtagagtaatgcaggtttgtgtatggttacggaaaagaaactaaatgtttatagcaaatgagaacaaacta
aaaggatttataagaagcataatcagttttaatatgattaattatctcatcttaacaatttaatactttaaaaattataatcgaaataattcg
ttattgcattaatttgcatggccctaaagttttaatagattgatgagacaacagacagtaccttatatgtttatttgtttataagtctaatga
ttctcaatacaattaatgtagtaaatgtgcatatataacttttgtttgtcattcagttttttttttctttacgtctgatttattttgtgtaaagcac
ctatgataacattatgtgaatttcatttttttaacaagatttcttatcaaaaacaaaattagtttttaagtaaggaataaagagaaaatattc
attaaaataaaaatacatacatgttttaagttatcataaaattatatcgttaggtattttagtataattattttaattatattttaagtgagcaa
aaatagatagcatttgtcaaaaatcaaacattatacatattttatgttgtcaaaaaattatgactttaggtattttagtataatgatataatta
atttagtgaaaatggataataagatatttagatttaaacgtaaaagacacatgtcaaatcagaaagtgttcggtgtaagcttctaagaa
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cttgtttttagaaagaaaccttactttattattatatatatatattttattggtttagttccgcaagtatctcagataaaacctaatatttctggt
ttgaatagttcacttagagaaaactatattaaatatatggtatctaatgcaagaggatggggcttaaactgagaaactcttagtaatta
aaaaaaaaagattttggtaaaaccgtacaacttgacttagcaaaggcataagtatttttatcaacatgcacttgatttgatttgaatacg
aataaataacttgaataaaaattcataaatttttaaacatcatttacatataatttaaaacgaaaaaaaaaatagaaagaaaatatggct
tcaagtcatggcagagaaaaagattagaagtgaaatatagaaattaaaatgaaactaacacatgatttgctttataatgtttttagtctc
gtaacaagatttcaaattaaaataccaagaatgaagatcatttcttctttgcaaatattgaaataagccttttaaatagcaacgggagc
atttacttttctctaacgaaagcatttttaatttctatcgttactggtttgtcacataatgccatacatacaactataacctacatcaaactat
aacctacatacataccaataataatttctactatcatatcctttcctgaccctttttatatttcttttttggaattgatctttccttactctttaaa
catttaaccaacttatctcttactttgactaacttcttaatatgaagaaccattaaaccaatttatacccttctttcatgtgatattagatgat
ctaataaaatattttattggtgttacatacttttatatcccctacatcaaaccaaactatatcctatatacattaccaacaagaatttctatta
actaacaaacttcttctatctttcctcactatttaaccattaaaccaacacatctcttacttatacaattaaattaacttattatgaagaacc
actaaaccaacttgtacccttatttgatatgatattagatgatctacatattttattattacatactcaaaatccccacatcaaaccaaact
atatcccaacatacattaccaataagaatttctactaactaacctacttcttctttcttccctcactctttaaccattaaaccaacttttctct
tactttagtgtcaaactacaacttcacaaatcttccattcactattataatatcaccacatcttaaaaaacaaatcacatccttaattaata
actctaaaaacagtttaaATG

At4g30040 (Aspartyl protease family) (256 bp)

ttgataatcaagaatgtggttttcttccaatcctttaaatatgagtctaaagaagaatggcattgatcactctttgtgtgaactttttttacg
tatgcaaggtttcttttctagcatgattcattgattttactaacacaacttcaacacataccaatctgattatattctagctaggcaaaaag
attacgttaatgtgtatctcacgtgtttagtctagtgtagaataagatatcaaaactctgttgattttattgattcacaaactattggtattta
tatacaatgatctctgataaacataaatccctaaaatataggttataaactctatcaccaaagatattgtacgaatcctaagatattaat
atctcaagaattaccaacagctaaacgaaataatattgtttacatcgcttggacaggtctatattattcaaaagaaattagcactaatc
agaagaaaaaaagtttcaaacaacactgatttgaataatccaactaaacaataagaaaagaaatcaagtctcaaacaaattttgaaa
acctagcagaaaacctgcttgcgatgcaaaagaaagctctaaaagataaatggctaatcaaaaaagagagacctaatagaatca
aaaggacatcaatcctccatagccaatcggtgccgtatatgtttagacgcttggtattcaagtaactatagtaggctgatttcgcattc
tcgttgattaggttaccaaagcaagccgatttggcaacctggttgattaagtcatcattatcctcaactttgacatgacctctttggact
tgttgactggttccgtcaatgaagtctgatagatcaatattaagcatgcgagcctgtgaagctcctaccaaaagcaagacgaggaa
gacgaaaaagaagaagaagctgaaatttctcaatcgagtgcacatagctggagataaggctagttagggtttgtttttctgacgca
attgatcatacaatgagtactttttatttatttatagtttcctttgtctgttagggatttgctttatcacaaaaattaaaaattgttaggaatttg
gtttatcacaaaaattaacaattgttttattcgattttattttttatatatgacatatagcacaattttattggttaaatagttttcgatacatca
aatatttggataactttttaactatcttttatgatttagttttttttttttttgataatatttatgatttggctaagatcttttttctttaataataccttt
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atgatttagtattgagtatataaaccgcaagtcaaatcgaaattggacggcaccgtcaatgttcacccaccgctgatcaaatcccct
gcaccctcaagaaaaccaagtcaaaccgaaatatgaaaaaacaaattaggttatgatctgataaaaatcccctgaccaaacttgtc
acgcaaggaatggagaaaggctaaaaagatttttttgaaactaacagcttccccattcctttcggataccaacatatcttcaaacac
gatttaactcattttgataaatgtatatcttcaaacacaatttaattcagcaaaaagaggaatacgttcatggatctcatgtgtttagtctt
gattccattttttttatcaacgtatcacgatcatggatattgactctttgtgtgaacttctttttcgtatggaaggtttctttcttgcatgattc
aatattttaggcaaaatgatactttcatgaatctcacgtgtttagtcagattcaaatatgttttcaacaaaaacagtaccacgattatatct
caacttttgtttcgttgttttctatattttcaaagaataataatcatagtatcatgatcatggataccacataggtgttttcagtaaactaaa
caaacagttcttgccaaagatgctcttcacacctcaacacttcatgctcagctaagaatgtaaagatccttttgcacctaaaattctaa
atggaatatgttattgcatcttctttaggccttcctgttttggttataacatcattgtttcgaacttataaacactctcttcgttactcatatag
tcaatgtgtatgtgaagtgtttcaaagATG

At1g66460 (Protein kinase family protein) (347 bp)
gtgtagttatgttatgataaaggtttatataagtggtttatgtctaatattttatttaagctagtgacgtattcttaagatttttttttaatttatt
gagtttgattaaactgattagaaaaagaagctggcattagatcaaattcaatattttacgtcattttttaaactcttatcagtttgaagctt
cgaagttatgaatgcatagaattctagctagacatatgttattttttgtacatttccttaactgggaatattggactagcatgcctaaaac
gtatggttactaaaaatgcttgtatttgttttgtttttttgtagtcattgtctccttgtaatgttgttagtaacaacttgttactctgcctatgga
cactcatatttcttagttctttcaagataatgacatccattttactccgatgttcatcgacagacactacacaacatttttttttttttttttaat
gtgatacttgaagataatgacaatcacttttctactagatgaatagttctaataaacacaaccttacatgttttctgatactttttagatcct
ctttaaaaagatagctaaaattttggtattctaacttttaaattttacatatttatgatacttccacatattctttcatttcgtactaactgcact
ggttccattatttgcttctatcccactattttctcacagttaaatttgttccattttttttttttttggacaaaaaatttgttccattgttattatttg
aaaccttactctatacaatagttcttaaccaaaaaaaagttgtatgtttaatatatcgtaaaatctactacatttttatttaaccaataaaac
atattcacattattattttatttttaattttcaattaactgaatggataaatataaatatgaaaaatgtaaattaagtattaattaattataaattt
cgatatttattgaaaattgtagtaagaatactgagttttcattagttctttttcacttttaatttgttaaactcaaatgaacccaaattaaggt
atttttttttttaaaaaaagaatattgtaaaagattgtctatagacagaattatcttttatggtatttaatcaattgaatcgagtcggtaccat
atatgttatataaaaaatactccaaacatagaccactaatactggtgaggaaaaattatataagttatttgtattgtatataattttagcaa
ctaatgtggcactgtaaaaccacatgatcaacaatgtaaataataagaactcattttaaaaaatggcatagaaaaaatcttgacgtcg
gggaaaaatatggatcgcatatcaaatacatcattatctttttggagtgataaaaaaaatgaatgaacgtaaattaaagtgttgtatta
caatatttatgagtaattgttgtattacaatatttatgagtaattcatcgggattgttagctggcagtaaggtgaaattaatggactgaga
ctttataaccccaaaaatagtttattaattaagagaagcgaaaaacatagaagcaaaatcatcgccgtatcttccgctaatctacacg
tctttttgattcccatatatatgatcgattctaatatatatcaattctttcgatgattcattttcattgtttattttgtttcgatgattcatttttccta
agaacctgcttcttactttcatttctttagccgacacgtcgacttataagtaatatactccataatatagttgttttaggctaacttgttttat
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ttattttatcttcgttaatatctttgtatataatcttttttttttgttgaagttttggacattcggcccattctttgggtttagagaccaaaacatg
ctaaaacctttttttttttggtagaaataaaattcaaactagttcgatactaatttatgttttgtacaatccgtctttattgaaataacgttcttt
tttattccttttttaaatcattttgaggatttttttcgacaaaaaaaagttaggattttttttgctttcaaataaaacattcacaccttatcaaac
cagttaacatttactcatttttgatgggccgagcgagtaaagtgggagcaaagcccacgcccaacattattgtgaaataaattattga
tgaaactgtgaaaataatataatcatataagttagtaagataaaaatctagaatttagagaatcgaaatcatttaatgaaattatctaac
aaaaaatattatatattgtattatccatcatcgaaattgttagtaacagataatattgtttacaaacacactaactttaaatatggaccaa
gaccatgatccaagtaaatagccatacgattatatatgttaaccatctagagagaatgatccctcattactttataagaaacacatcc
gacagctaatttaaccagtttgtgaacgacgacacatatatactaagaaacattaccgggaaaaaaacaaagagatataatacttg
gacactctagtcaacacaatgtgtagataactaaagcagctggtctttctaatccatttttagataaattattctttacttcaaaaagtaa
aatatcttaactctacttatataagccttttggtatatctttcactatcgattcctctaaatatctatagatattactatggtgtataatagcta
tgaaaatcatttacttctcacataaatagagaaatatagaaccatcagatggaaacatacatcaacatctccaatttctttcacacaaa
ataaacttattttgtggtcatgggctttggtcttgtccctctttgagcatttaacaacaactttaccaactaatcttcttatattaaatatgaa
ttaatcgctctaacaatatttcaaataattaattataattatatcctccaactgttatcctaacaataattcaaaaataattaattaattcaca
attatttcccccctcctctgttttctttttcttgctcaacaatacattgacggttttagttcatgttctttgagttttaaaatacacttttccaaa
attgaaagagaattgttgttgtcactttccctcttacctttctttttctttagatatcttcagagaagaaagaatggggttatatgttcatca
acgaaacccaaatacaaatcctcaggacaacaatctagaaataaaaactcatttgaaaaaaATG

At2g35930 (U-box domain containing protein) (322 bp)
taagctgtatagattccgaatatgacatgtatgcttaagcggctggaaacttataatattttttgaggagtgtttatgtgttaaaagcata
ttaaataaaattctacacattcacaatacaaatataaaaaaaaacaaagaaagcaatctctgaaataagatcttacgaactgttgaatt
gaattcagatttcaaactttgtgtatagtttttttttttaaatcaattaagattaacgtttataaaacttgttataaattttcttttcaagatatat
aaaaatgaaaatgttcaaatcattttgtagaatagcgtcacctgctgagagataaacttacaataacagtaacaattttttttttctgttat
taaagacattgacagaatatttatatgaagactgcgtgagagtgtgagactaatttcggagaggtttgtaagaaaaaagtttacaaa
aacatatgcgaatatttaatatatattttactcattttcggcccataactttttttgggcccaaatacctttctatagatattaataaataatg
aaatttagtgaaacacatgaaatatgttgcgactatcggagccaaattcatgagtcaaaagttgaaaaacacaacaaatttgaattc
attatttaaaactgaggcccagaatctaataaaatttccgattttgttacccaaattactcattttaagcttcccttcaacatcactttgttt
aggcccaacgcaacaacccttttttaaattataaaaaataaaattctattgtccaaaaagaaaaacaataataagaaaaaagttcttta
cagagaggttttttcatgggtaaactattgattgaatgttaaggtcatgtaaaaacaaaaaggtttggtaggaatataatcaactatta
agtcctcgaaatatatgttcagaagttgtccacttcaacaacttccacactgtatttaacgactaccttatttgaatgtgtaacgtttaag
cccttcttcttacttacagcaacagtctgtacaagaacaaaccagctctaaccggactggtttgctttttcatacctgaaccagattag
ttatggtgcttatcagatagataaacggaatactagttagtatacatcatgttgcattctacaatcattttaattgactatattatcgatatg
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cagaaacggcatgaaatgctttaatttgtgacatttccttgaaatattgaaacacttatgtaatgaaaataaaaaggaagttcttaaact
attttaaaattgctagaagagctttagatgcattgtacctagcaattacaattgttagtcgtaaagtaagatcacattgtttaatatatcta
aaaagagtgtggtcaaatgaattagtgaattactttgtatgagtatagaataatatattagtttcatacacgcatgctccattcatgcat
atatggtggtaatatcttttaaaccgtgttatattttgcgtcggtggcattagttgttgaagctccacactgctgatcacttgcagttttgc
acccatgcatatccctgatgtgatacgttttgccattgatcgatctctactaaactaattcctttatcaaaatttcatcccaatgtatgtaa
catcatcatacctcattaagtacctcctaaggaaatgactgctcctaagagaaatccgtttcttgtcgattttttcataagtttttttatatg
ttgatggtatacttctacaaattttctattgatagataattctgaagtagatgttattgacatgttacgttgagaattggaaatttttgagtg
ggagtcgagtaatatgtatgatttgattaattaatcatacaatttttactaaagcatgagtaaattcctgtcagaaactcaataatacga
gacgcgatttaacaatgatcgatacacaaattatatttttacgtcaaatttatatatgaagaagatgtttctcataataatcaaatatattc
cagtttttaagactttgacttttagatagagagccattgacaattatatcatgcatgattcacgtcgtcaaagtaagtatgaaaaaccac
gaaaaacgatttaacgaaatgtcaatattcaaacaattgtagaagagcctagaaaaaagttgaacataattatatagttcgtttgggt
ccaagaggaccgttaatggcatttaattaggttttgtcggtaacaaaagaagaaataatcaaaagagaacaacgttttttaatttaatt
agaagtaagaggctacccataacttataactgcgatcgtggaaaatgtaaacgaagtataggatgatgaaattgaaaatttgggtc
acccacccatatcgcaggggcaaagaagaagaactttaaaaagatgcttcgtcatcaagtcaaactaataagtttaaccgagaaa
aatgtgaagaatcaaatcctgatagccggttgttccgtcgtcggtcgaatgatctaaataatgtaattgtctaacagagattgattttat
cgtgtcggcatgctcagttctgcctaaaacacaagagcattaatgcattttattatacgaaacaaaggcaagcaaaataatgtcaaa
acaaatattaaagactgttgattataagaatatatccgaataacgacttattttgaagcgttggttccagataactcttactctactcttta
tatcaattgtcaatacaaagcaatgaaaaaactatttaggcaacgaagcagacgactaaaaacaaaagagttctaatcaaacaaaa
aataaactccaaagccaaccagagagagcagtatagcaatgtaaaacataaataaaacaaatatgttactgaaaaatcatgttttct
gatacttgaaaaaaagaaagatcaaatcatataaaaatcatttttaactttttattatttatatatagagctgtctccacataattactattat
tccaaaaataattgttcaaattttatgtaaacaaacgtcatcaaactattccatgaataaaattgttcaaattatgtctattcgcttacgtta
aatatgtaacaatatgttacatgtatgatacatcagaaacgaaacgacgacaacaatctcgtggtaacaatgtaaatgatagtgaatt
agtgatgaggagccaactataaagatttatcatatcgtggaaaatactttaataagaaattgtatgctaatgtttatgtataatttctgaa
aataattaacaaaaataaaaggagatatttttttaaataacaaagtgattttgaaaaataaagagaggataataccattttggcaaaatt
gtatattgtgatattcatgaagaccataaacaaaattatcctcgaacgagatgccatatcatcaaagtcgagaaacgatgggttaga
gatttgtagttttgttgatcgtgtgatgttgccaaactacgggttcgaaagtcttaaagacctttataaaggaaatgcgtcgagtatttt
gctcgagagcctcggttgggtcagtgtcaacatgttgagtgataagctcgaggacattagtatctatgaaagtggaaatggttatg
aagtacatgtatgagggtattggttacagggatatgaaagacccatgtgcgttatatggttatagtattcatatatcaatagtaaagcg
acatcacgtgatattttttcttaatgtatcaaaattccaccaatttctattttcatttttgattaataaatacatttcactttgatagtatttagta
aatattgatgaataatcaacagaaacaaggccgtacgagaaaagttgtatactctcactattatattttattttacgacacaacaaaat
ggaaaatcttaagtcaaaacgggtggcaaaaatgtgtaaaaagagaggaagaatcaatcaattaaaagacacaaagcagacag
tagacactcttgtcttcaccaccgccacgatcgcgaccaaatggctctctttatattttatcacaattttcttatccgtttgttacaatctct
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ctttgaaaagtcaaaccttttcatacgtctcacgtgttcttttttcttcacccaactcatcagcgaaaataaaaggtcaaatctatgttcct
cgttcgttccttctatgagtaaataatactaataaactttattaaataggggcagattttttctttttttagcatatagttatagggacagctt
tacaaagagtgtgtaataactaataatatttgtattttccgtgttttgacttttttaataattgtgaatttttgacatctcctttatatttaaacc
caacctcctttctctcttcctcctaacttattcaaaccaattcacatcttcccaaacccaactactacaacttgtattaagaaaaagatat
attcccttagcttctttgatcaatatattcgtcagggttctcgtcaaagtcctcagcatcttcatcatATG
At2g16750 (Protein kinase family protein) (367 bp)
tatcgggaaaataaaatatatacataaatcacaaaaattatttatataatcaaaaaatttaattatattttatataataaaataattcatatta
ttagcgaatttgttttttttaaaggaccgttcaaatatgtttttttgtgtattttgtcgaaatttttgttatttttctttttattttgttaaaataactct
aaaatatagatttcaaacaacacataaaatagtgagatgcatagataaaggttataatgggaaaactcaatagtatcaaagataaat
gagaattaattatagtcatgtttgtgtaaaaaatttaggacaagttactaatatttaaagtttaagcctagttatttagtaaacaacaaaa
ataacttacgttatctaacgatatttttggagaatagatagattgaaataagagttagaacactaaatattgaaaacgtgtgtgggtta
ctatttaaaatttaaatatcataaagaattaaaacacgaagatgaaatatgtagaaatattttttcagctcttatccattaaaatgaaatat
atagaattaaaattcagtatattttcatgaaatatatagttaaattattgcaaaatagaatggataaaattaaattttggttttaaaatattta
gataaaatgaaaaagtgtacattgctattagaattcaattattatttgaaaaattatatatgttttttatattcgcctatttaaacggggttta
tctaatatatatatatatatatatatatatatatatatatatatatatatatatgatcttataaagaaataattaaaagatagagaggaatgg
acgagaaagcaacatgacagttctctcttattaactttcactcctcttcttcttattaatactgagatccaccagaaaagggttattgcta
ttgattgatgaagatgatccattgctttacgagtacgattataacttctaagcttttttatatggtttcccatagatattcttagctttaactg
accaaggtagttatatgttgtagtcggaatagccattaatatctcaggtgcatcgcagcactgtaaacgccttgcaagcctggacag
gtggacagtcatggtctagaagaagatcatgttcatagcttttttggagactttggcttttatagaaatcaaggaataagaaagtatttt
aaagtatagaggctttaggtattttaagtcatgctagaagtgaacaattggcatgggaggctgctcaattgaatcttgtaggagaga
taaaggaaagagaagtacttccaatgttttctccaataattttgtgccagacgagttgtttttaggaagatgcaaaagtagtacttttaa
ggcaaaatgtcacaggaggaggagtctctcaccgattcacttggaaatggaagccttattatatgagccatgaataataatatccta
tcaagacggataaattatcagctttttgaaatacattgtgtagaacttgtcttaatagtggaattccttgagaattaaaccattttctctaa
tcttttcgatgaatttgcttcgagttaagttttttatttattttcaaagctaattatttctcgttcttgtaacttcaagttgattgtttagccaaga
cctcataaacctttactttcagaagtttcttatgtacacactctttctcctaattggattaccaatcaaaaagtgaatttttaactagtacaa
gattgaaaaaagaaacatttatataatatccgtttagattgaaagaatttttcttttgttaatctttatctcttttttatatttcgatataagccg
tttctcggaaaattaaaaattctaagccgtttatatggccataagtaatgaggcagctctaagcccgaaatagccggtggccacaca
tattcacttgggacttggcccttttaaaacacctaatttcatgccttttcccgctaaacttgccactttctcctaaccaactcatttcttcat
ataaaaccaacaacatcacacaaaaagagccctcatttattcacctttcttttcccttaaatataatctttataaaaaaaattaaaaatta
aaaaaaggaagtaaattgaaaaaacaaaattggtcccctgtcttcttttgttcactggacccttttcttggcttcgctaaatcatactatc
tctatcttctcaccgacactttcttcttctttgatcatatcatatttatcttcactacaaaaaaaacaagtaaaataaagccaatcttcttaa
atatctccagaagatctatcagcatttacgtattcaggtcctccaatgtaagtttcttttttactttcttattctatttgtgtcaatctggtttc
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attagtcgtggcagctgggcaggtacaaatgctgatggcacatggcatcaaaactatcaatttatttatgtcctaaagacaaaattta
atgataaaatacaaaggatttaggtgatactatgttgtctcttaatgctcatcgtgtatctcttaaaaatccaaaatcttcttattttccttat
atttaattaaatgtgtcttgaattttcaagtgtgtctctctctcaatactctggagtttttgtttgtttgtatctgatagttgttacaacatcaat
tttctgattattctatctttcaacttccctataaaataattatttagagaacaacataaagtttgtattttaaaaatatttaatagccattgatt
acttttgtaattgcgttttctattagttcttctcacaaagaaaaaggaagaaaaaaaagaagttgtgagagcaaaaaaaaaATG
At1g23760 (BURP domain- containing protein) (313 bp)

tctgttgatcaacgaccataatgattatctttctattttggggttatatataaaaatagaagtttaaccaaaatgcaactcgagatgggc
ttgaatcactttgttaatgattgtggagaagaaatgttgtcgtgtgaagtgatgggacttcaaatgtgtgtcatcattgcgtcatgactg
atggcttcttggtttcctttgtcttttaatatgtttatcttcttacatttttatatgtttgtccttgtcacgtatcggtaatgaaacttcaaacttg
atataataaacgaataataggtatgaatactaaaatagttagtgaagaaacagtttctaccaacaaaaagtaatgtatcttttcatgag
tgttaagtgggcaatgtttagtgcgtttagtcctttttagtctttagagctgtttccttatctcttcctcttaatcaaaattttctaatacgattt
attcagagattttaatagagtaaaatgtgacatttcggtattgattgattcatagattaaaaactatataagccttggttccaacttccaa
cttccaacttagaaatgtgtatatacacacatttgcatcgataataactcaccaacactctctctgtctccatcgaatgtttcctctaact
ctcaacaaaaATG

At2g42940 (DNA binding family protein) (337 bp)

ggcacaggtcgaggacgacaagtcaaggctaagaaccaaccacacgtgtacatttacatattttgggccttattggaccttctctgt
aggaccaa
tttaaaagcccaataagagtcgagtatggaaggcgataaaatacagagcagtggacgactctcattttttgttgtttctcaactctcg
atcagtatttgattttagttttggtcccaaaaagggtataaatttggttgtaaatagctacaagatgtttaagcattattatgaatctctctg
ttaaagaagacaattgtcatgaatcaaatacttaatcatctgttgagaagtaggctgccagaaacttttcttttttttctttttttgcaaaat
aaatttgttaactattaatcacaatttttggtgacaacttaaccatctcctactcctcacaatcattcttttggtgtctctaccatttaataatt
caccaaaatctccttacttaaactcacaaactcctcacaaattttctgaatctttcagttgaacatataacaacattcataacaATG

At1g75050 (Thaumatin-like-protein pathogenesis related) (372 bp)
Tatctattgcattccatgctgtgtaagtgagagatcatgtatctttctgttcgaaacggaattttgaacgttctttaccaaagaaaaagt
ctatagatacatttttcatcaactcacttaaaagaaaacttaacagctattaatacctgataaaaccatggccgcatatatagattaaaa
ccgtgtggacgatgtaaactctgatttaagaaacaaatagaattctgattagttaacattgagcgagccattaatgaaatggccctaa
gataatgaaaagttcaaggaaattaatcgtcacgaccgtttacaaataataaaaaccatttactactccgacacacagttaagtaaat
ttatgaaacttgattctatgtttaaggtactcttctcaccttttaaatttcaaagtctcccctctgtactatttctgaacccattcgtggaatg
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gtgtacacgaattttagacgacatgtttgtttttgttttagagattaaaacaaaaacgtattttagagattagacgacatgaaacgtattt
ttgtaaagaaaaaaggaatgctaaaagaaactaccagggaataaaaataatgaaaatagaaagtccaaaacaaaataataaagg
aaaatacaagacacaattgatggaatcatgagattggaagaccatcacacgattgtgggatgttcttgcgcaggatcatagttgtg
ggttgttttttttaacggaacctcacacgttcgtctggaaaatagtacacgtgcggggatctcttcacgtctctttgattttttggtttttaa
gttaagaaaaatattaactattgggcatgctctttcaccattactgttaaaaaaagaaaaatattaactatgacccacgatatttcctttt
aaccgtcaactttttaaaaaactttagtaaaataacgcaataaataccattactgccaataaacttcacagagccaaagaacatgggt
taacaataggcacaactacagtatatttttactgtaaactgaaaatatttaccaaaattaaaaatgataacactacctcggaaaagca
cttataaatagaggattggtgcgagtaactgacattcatcatcatcatcatcatcatcatcatcattcacagaacacacacacacaaa
actcgttaaaacaaagATG

At5g54010 (Glycosyltransferase family protein) (318 bp)

ggtctagttgttactattcgaattcatgttttacattctctgtctaaattgtaaaacagtgtgctttaaaagtctttcaacattttctgttaag
aaccatttccaattattatttttatttgtctcgcatggtaatttttattgagaatataattgggttttaagaatatttgatgccatacttattgtt
cttttacgtcggattatgaataatgagaatatttattcataaccgttgtggacctaaaaaaacaaagaatcacataacataatctcttta
gttgcagttttattcgtaacaaaccttgaatgtcatgatctttgcaatttccataagttgggggttagctttcggaagctagatgatctac
atagattagggaataatttccggaacttacataacaaaaggaaactacagaatataaacaactggcgaaaaaaagaaaggattatt
aacataacttaaatagatagtaaattagtaatcaaaaaaacaatttgggatattttcgtaacagacttgactcattcaatttaaaccagt
actctcctaaacttcaggtaatctgaaacagaattctcacaaacagaaacacaagaaccttaagaacaagactataaggataaaaa
cagaggaacataagaacatattttattttattttccccgaagaacatatATG

At1g75030 (Pathogenesis-related thaumatin family protein) (397 bp)

Cattgtaagttctttgatcttcagttagttaaaattgtattccatgttgttctcttgaaagttgaaactcacatagatagtttgtgtagtcttt
agtcacattttggttatgtcaaattgtttgagtcttgcaagtgccactgttagcacttttcattcaaaactgtcacggagcaaacagaat
ttggaaggaaaagttgatatgttggaactgtagaactcttgtgtttattgagttagaaacaacaacaggtcactaaaccatcttgtcaa
aaggtgttcttacttctgaatcagtcaagtaaaggaagtttccatctgagcaaaactttgtcggtgatcgacaaagcatagtagaacc
cactttgtcccaaaagaatgttaccttctttttgcaggtgatgaaaaagagagtaagaaggccgttgctcagcaccctttcactgata
cattggatcatctttttcaggtagagcatagcatctcctgttttctttatatgcatatctataacttgtccacgtgtcatcttatctctttatat
gagtaggtgcagatgagctcaggttagttttgactaaaccaactttcatgaactttctttacttttttggttgggaaagatttgagaggc
acaaaacaaaacaatgtctattgatacatttctcttaggacaatacaagctcatgtagaattgtaattctatatctaaccacacaaaga
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cacatgtacaattgtaatcgataactatgagacataatcttctttttattaacgcaagaaaaaaaaaatcatcaaggcaaataaatgtt
acactgacaaagaaaatgggctaacagagtaggcacagaaaattataattaattgaagttgataaccctaactttaaacctctgagt
ctccagcacttataaatagagaatcggtgccagagattcatcatcatccacatcacataaacacaaaatccggtttttaataATG
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