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ABSTRACT

HAWAIIAN SKIRT (HWS) is an F-box gene in Arabidopsis that plays a kéy
role in plant floral organ development. HWS has been identified due to sepal
fusion along their basal margins resulting in failure to shed its floral organs
(Gonzalez-Carranza et al., 2007). Similar phenotypic characteristics can be
seen in the ectopically expressed microRNA miR164 (Mallory et al., 2004,
Lauf et al., 2004) and in the double mutants cup-shaped cotyledon 1 cucl/cuc2
(Aida et al., 1997). Previous studies carried out by Gonzalez-Carranza et al.
‘(unpublished) using genetic crosses between hws-1 and other floral mutants has

revealed that HWS may play a crucial role in the microRNA biogenesis.

In an effort to identify potential substrates of HWS and to identify the role of
HWS in the miRNA pathway, a population of EMS mutagenized hws-1 was
used for isolation and characterization of suppressors of hws-I. Screening a
number of EMS mutagenized hws-1 populations has identified several
suppressor lines that are currently under study. From the identified mutants,
two lines 43.1 and 80.5 were selected for further characterization analysis.
These suppressor lines rescue the distinctive sepal fusion phenotype of Aws-1

as well as displaying other phenotypic characteristics.

Characterization of the suppressor lines has identified that 43.7 is an allele
of HST gene, which is involved in miRNA biogenesis, and 80.5 is an allele of
AS2 gene, which is an adaxial cell fate determinant. Expression analyses have
revealed that loss of HWS gene function leads to the repression of both 43.1
and 80.5. Genetic analyses have also confirmed that loss of HWS gene function
results in an upregulation of CUCI and CUC2 gene expression. The results
obtained in this project have shown that HWS is involved in miRNA, adaxial-
abaxial and Organ boundary signalling, concluding that HWS may have a wider

function in different signalling pathways than previously proposed.
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CHAPTER 1

General Introduction

1.1 Arabidopsis thaliana as a model plant

As a small dicotyledonous plant belonging to the Brassicaceae or
mustard family, Arabidopsis thaliana is well known for its research in paving
the way for development of many genetics approaches for gene function
determination (Meinke et al., 1998). Various ecotypes have been accumulated
from the natural population of Arabidopsis. The common ecotypes used for
molecular and genetic studies are the Columbia (Col-0) and the Landsberg
(Ler) ecotypes. The Arabidopsis life cycle takes six weeks to complete making
it easy to study over a short period of time. The life cycle includes the
germination of seeds, rosette plant formation, main stem bolting, floral
development and seed maturation. The wild type flowers have a length of 2
mm and have the capability to self pollinate. It can also be cross pollinated by
applying pollen from a donor plant to the stigma surface. Seed diameter is
known to be 0.5 mm and the plant generates siliques as it matures with
approximately 51 seeds per silique (Meinke et al., 1998; Crawford and
Yanofsky, 2011). Depending on the growth conditions, the standard rosette
plants have a diameter of 2-10 cm. The surface of Arabidopsis leaves is
populated with trichomes which are used in the study of cellular differentiation
and morphogenesis (Meinke et al.,, 1998). The understanding of plant
development and growth is made possible by focusing on the molecular
genetics of the Arabidopsis plant. In an effort to rapidly identify gene
functions, Boyes et al (2001) have created developmental landmarks and

triggers for the accumulation of morphological data (Table 1.1)



Stages of development Average day from sowing date Description

Stage 0 Seed germination
0.10 3 Seed imbibition
0.50 4.3 Radical emergence
0.70 5.5 Hypocotyl and cotyledon emergence
Stage 1 Leaf development
1.0 6 Cotyledons fully opened
1.02 12.5 2 rosette leaves>1mm in length
1.03 15.9 3 rosette leaves>1mm in length
1.04 16.5 4 rosette leaves>1mm in length
1.05 17.7 5 rosette leaves>1mm in length
1.06 18.4 6 rosette leaves>1mm in length
1.07 19.4 7 rosette leaves>1mm in length
1.08 20 8 rosette leaves>1mm in length
1.09 21.1 9 rosette leaves>1mm in length
1.10 21.6 10 rosette leaves>Imm in length
111 22.2 11 rosette leaves>1mm in length
1.12 23.3 12 rosette leaves>1mm in length
1.13 24.8 13 rosette leaves>1mm in length
1.14 25.5 14 rosette leaves>Imm in length
Stage 3 Rosette development
3.20 18.9 Rosette is 20% of final size
3.50 24 Rosette is 50% of final size
3.70 274 Rosette is 70% of final size
3.90 29.3 Rosette development is complete
Stage 5 Emergence of
inflorescence
5.10 26 First flower buds are visible
Stage 6 Production of flowers
6.0 31.8 First flower opens
6.10 359 10% of flower to be produced have opened
6.30 40.1 30% of flower to be produced have opened
6.50 43.5 50% of flower to be produced have opened
6.90 49.4 Flowering complete
Stage 8 Silique ripening
8.00 48 First silique shattered
Stage 9 Senescence
Senescence complete, ready for seed
9.70 harvest

Table 1.1 Stages of development of Arabidopsis thaliana Col-0 wild type plants
from seed germination to senescence showing a time course to reach each growth
stage. Each stage was noted by taking the average day from the date of sowing,
including 3 day stratification at 4°C in order to synchronize germination. The plants
were grown under standard environmental conditions during a 16 hour light cycle.

Ilustration from Boyes et al., 2001.
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Arabidopsis gene function can be determined through forward or reverse
genetics (Figure 1.1). Forward genetics is used in the identification of genes
that are associated with specific biological processes (@stergaard and
Yanofsky, 2004). It involves the use of mutagenesis via chemical, physical or
biological agents such as Ethyl methane sulfonate (EMS), fast neutron
bombardment and insertion elements (T-DNA) (Alonso and Ecke, 2006).
When the mutant possessing the desired phenotype is identified, the gene
responsible is isolated using map and clone based analysis. Chemical agents
such as EMS are highly efficient due to the high frequency of mutations
(approximately 400 mutations per genome) that can be obtained compared to
T-DNA transposon insertions which generate an average of 1.5 insertions per
T-DNA mutant. However one of the disadvantages of EMS is finding the
mutant phenotype DNA alteration, which is often a single base change in a
large genome (Alonso et al., 2003). T-DNA or transposon insertion alleles on
the other hand can easily be isolated through the sequence flanking the
insertion site simplifying the identification of the gene responsible for a mutant
phenotype (Alonso and Ecke, 2006). Fast neutron bombardment typically
induces chromosomal rearrangements and deletions. Comparative to EMS, fast
neutron bombardment also yields high mutagenicity resulting fewer plants
being screened to identify the desired mutant phenotype. However this would
require unrelated mutations being removed via backcrossing several times to
the non-mutagenized parental line prior to analysis of the mutant phenotype
(Alonso and Ecke, 2006). The aim of forward genetics is to identify all the

genes that are associated with a particular biological process.

Reverse genetics involves the study of the gene of interest and the
identification of mutations within it. This approach is useful in scrutinizing
gene families where functional redundancy of closely related gene members
obscures their phenotype. Reverse genetics allows detection of mutations in all
gene family members (Ostergaard and Yanofsky, 2004). Reverse genetics
approaches include T-DNA insertional mutagenesis; targeting induced local
lesions in genomes (TILLING), which allows loss-of-function allele
identification, and RNA-mediated interference (RNAi), which is involved in

generating a silencing signal throughout the plant resulting in a decrease in



transcription levels of genes in manner that is sequence specific (Reviewed in

Gilchrist and Haughn, 2010).
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Figure 1.1 Forward and reverse genetic approaches used to establish gene
function by mutagenesis. Illustration by @stergaard and Yanofsky (2004).

1.2 Regulation of floral development and cell division

The vegetative development of Arabidopsis involves the shoot apical
meristem (SAM) producing leaves on its flanks. During flower development,
the SAM converts to the inflorescence meristem (IM) (Alvarez-Buylla et al.,
2010). A flower can be produced by a sequence of developmental phases from

the floral meristem (FM). The transition from vegetative to reproductive



development results in the apical meristem generating the FM (Figure 1.2A),
subsequently activating floral-meristem identity genes such as LEAFY (LFY)
and APETALAI (API). LFY, a floral meristem identity gene in flower organ
development, interacts with AP to endorse the transition from inflorescence to
floral meristem. AP/ is associated with regulation of genes that are promoting
floral organ formation (Yu et al., 2004). Loss-of-function of LFY by mutation
results in severe effects on meristem identity. The [fy mutants persist to
generate leaves and associated lateral shoots when wild type plants generate
flowers, thus the inactivation of LFY gene results in conversion of flowers into
shoot like structures (Blazquez er al., 1997). The double mutant apl/lfy
demonstrates a more severe conversion of flowers into shoot-like structures
(Figure 1.2B) than the single mutants alone, indicating that LFY and API
encode transcription factors that have partly overlapping functions in
specifying a floral-meristem fate (Weigel et al., 1992). LFY and API are
known to repress expression of the inflorescence-meristem fate specifying gene
TERMINAL FLOWERI (TFLI) in the floral meristem. However TFLI 1is
known to repress expression of LFY and AP/ in the inflorescence meristem due

to their ectopic expression in the IM (Liljegren et al., 1999).

Figure 1.2 Floral meristem developments. (A) Scanning electron micrograph of the
wild type inflorescence meristem (im) and floral meristem (fm). Sepal primordia (se)
is indicated in the more mature flower. (B) Inflorescence apex of apl/Ify. Illustration
from Krizek, 2009.



Different stages in floral development include floral meristem identity,
floral organ identity and flowering time. Floral organ identity is characterized
by the ABC model of Arabidopsis (Figure 1.3), formulated by Coen and
Meyerowitz (1991), attributing the homeotic transformation of one floral organ
into another. There are four concentric whorls in an Arabidopsis flower which
consists of two carpels fused together, six stamens, four petals and four sepals
(Ni et al., 2004). There are various types of genes that regulate floral
architecture in Arabidopsis. The correct number of floral organs in the outer
three whorls during floral development is ensured by the Bzip transcription
factor gene PERIANTHIA (PAN). Mutants of pan result in five sepals, petals
and stamens (Running and Meyerowitz, 1996; Chuang et al., 1999). Floral
organ number also increases in mutants of clavata (clv) due to the broadened

floral meristem (Clark et al., 1993; Clark et al., 1995).

The ABC+E gene expression describes the type of floral organ that
differentiates in each whorl (Figure 1.3). Sepal identity is controlled by the
class A genes, AP!/ (Bowman et al., 1993) and APETALA 2 (AP2), containing
carpels where sepals are normally occupied and stamens in place of petals
(Kunst et al., 1989). Petal identity is specified by class A and B genes such as
APETALA 3 (AP3) (Jack et al., 1992), and PISTILLATA (PI) where loss-of-
function results in sepal formation in place of petals (Hill and Lord, 1989).
Stamen identity is controlled by both class B and C gene, AGAMOUS (AG)
(Drews et al., 1991; Bowman et al., 1989) where loss-of-function generates
stamens that are homeotically transformed into petals and sepals in place of
carpels. Carpel identity is controlled by class C gene, AG activity (Ni et al.,
2004; Krizek et al., 2006). Classes A, B and C genes act together with class E
genes, SEPALLATA (SEP) to confer sepal, petal, stamen and carpel identities
(Krizek et al., 2006) given that seplsep2sep3 triple mutant flowers consists of
just sepals. Sepal identity is conferred also by SEP4 along with the other three
SEP genes, thus indicating that the sep quadruple mutants (Figure 1.2) have
alterations of all four floral-organ types into leaf-like organs (Ditta er al., 2004;
Krizek and Fletcher, 2005). The ABC genes, except for AP2, are known to
encode MADs-box transcription factors (Yanofsky et al., 1990; Coen and
Meyerowitz, 1991; Jack et al., 1992; Mandel et al., 1992; Pelaz et al., 2000).



Figure 1.3 ABC+E model of Arabidopsis thaliana Model showing the four different whorls and some of the genes involved. Illustration modified
from Krizek and Fletcher (2005) and Riechmann and Meyerowitz (1997)



Various genes that regulate flower development have been identified.
These include genes involved in floral organ and floral meristem identity as
well as flowering time (reviewed in Irish, 2010). Genes such as the PRESSED
FLOWER (PRS) gene, functions by defining the flower primordium lateral
region. In mutants of prs, there is a deficiency in lateral sepals (Matsumoto and
Okada, 2001). The appropriate number of organs in the second and third
whorls is ensured by UNUSUAL FLORAL ORGAN (UFO), an F-box gene.
UFO also has the ability to promote the outgrowth of petals (Laufs et al., 2003;
Durfee et al., 2003). A zinc finger encoding gene, RABBIT EARS (RBE), has
the ability to promote petal growth given that petals are absent in plant mutants

that are null rbe (Takeda et al., 2004).

Other genes such as SUPERMAN (SUP), a zinc finger gene, have the
ability to manage cell proliferation in the boundary between carpels and
stamens (Sakai et al., 1995). The CUP-SHAPED COTYLEDON (CUC) gene
CUCI and CUC2, which encode NAM (no apical meristem)-ATAF
(Arabidopsis transcription activation factor)-CUC (NAC) transcription factors,
control individual organ boundaries. These genes enable adjacent floral organ

primordia to stay separate (Aida et al., 1997).

The UFO gene is involved in determining floral organ whorled pattern
and determining the floral meristem identity. It has the ability to control B
function gene AP3 expression in conjugation with LFY (Levin and
Meyerowitz, 1995; Samach et al., 1999). Aside from determining floral
meristem identity, UFO also has a role in controlling the propagation of cells in
a developing flower or determining the boundaries between floral organs. Thus
far, ten alleles of ufo have been identified in Arabidopsis and all of these alleles
are phenotypically similar to one another except for ufo-6, which has a less
severe phenotype than the others. The identification of a set of weak ufo
alleles where petals are absent or substituted by staminoid filaments or petals,
has indicated that UFO is a key regulator of second-whorl organ growth

(Durfee et al., 2003).



Petal loss (ptl) mutants also have similar defects to ufo mutants;
however they exhibit fusion between the first-whorl sepals and variations in
orientation of petal (Griffith et al., 1999). Even though in some circumstances,
petals do arise, their average size is less than normal petals and result in
trumpet-shaped petals. PTL is a trihelix transcription factor gene and has the
aptitude to regulate perianth morphogenesis (Griffith et al., 1999; Brewer et
al., 2004). The expression of PTL is mainly in the first-whorl sepals and is not
expressed in the second-whorl cells. This signifies that the second-whorl defect
may indirectly affect expansion in the first whorl (Brewer et al., 2004). The
distortion in petal primordia orientation leads to some petals in a reversed
orientation and others facing sideways resulting from the disturbance of
response to another signal in prl mutants (Griffith et al., 1999). In pt/ mutants,
the disturbance in petal orientation and initiation can result indirectly since
PTL is not expressed in developing petal primordia. This may be due to inter-
sepal zone overgrowth since expression of PTL is at its greatest in the inter-
sepal zones during premature development of flowers. PTL keeps sepals
separate by suppressing development between sepal primordia and permits
petal development signals to be properly distinguished (Griffith et al., 1999;
Brewer et al., 2004). Consistent with the theory that PTL maintains sepal
separation due to its expression between newly occurring sepals, ectopic
expression of PTL results in growth suppression between initiating sepals

(Brewer et al., 2004).

Even in the absence of PTL expression, four sepals still arise in the correct
location. This suggests that other genes are involved in this function. Genes
such as PINOID (PID) are expressed in developing sepal primordia; however it
is not expressed in the sepal boundaries. PID encodes a serine/threonine Kinase
that is involved in auxin signalling (Christensen et al., 2000). Expression of
PID in sepal primordia is initiated as sepals occur and develop. The initiation
of sepals is facilitated by auxin acting through PID, since the initiation site of
organ primordia is known to be defined by auxin involvement (Benjamins et
al., 2001; Reinhardt et al., 2003). The absence of PID expression allows PTL
to be expressed in the inter-sepal zones, therefore causing repression of growth

at these zones. The expression of PTL is not apparent in petal primordia until



their expansion at stage eight (Brewer et al., 2004). Although PTL is thought to
inhibit growth and provide more space for petals to arise, pt/ mutants show a
decrease in the number of petals per flower, suggesting that the petal initiation
signal may be weakened by the diffusion of overgrowth in inter-sepal zones.
Therefore they rarely appear (Griffith et al, 1999). So far there have been
twenty-eight plant-specific trihelix genes identified in the genome of
Arabidopsis. PTL is the first trihelix transcription factor gene that has been

shown to function in flower morphogenesis (Brewer et al., 2004).

1.3 Regulation of boundary formation throughout floral
development

Morphological boundary formation is a crucial step in plant development.
Such boundary formation occurs between whorls of organs and between organs
within whorls. The creation of boundaries involves the formation of lateral
organ primordia from the shoot apical meristem that separates the surrounding
tissue from the primordium. Morphological boundaries are formed between the
meristem and organs (M-O boundary), or between adjacent organs (O-O
boundary) due to suppression of local growth in the outermost region of the
primordium as development progresses (Aida and Tasaka, 2006a). Gene
expression and morphological studies have revealed a set of specialized cells
that are along the M-O and O-O boundaries (Aida and Tasaka, 2006b). DNA
synthesis and cell-cycle-related gene expression were imperceptible in these
cells (Breuil-Broyer et al., 2004). These cells display low proliferation rates
with distinctly elongated and narrow structures exhibiting decreased growth
activity. Thus giving rise to the separation between adjacent tissues or organs.
Cell division takes place at a lower frequency at the M-O boundary than at the

0-O boundary, indicating the different regulation levels of the cell division rate

(Aida and Tasaka, 2006a).
Such special coordination between boundary patterning events is

regulated by boundary-specific regulatory genes. Meristem and organ

development may be affected by genes expressed in the boundary through
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upregulation of cell differentiating genes and downregulation of meristematic
genes (Borghi er al.,, 2007). There are several genes that play a key role in
lateral organ separation in flowers and leaves of Arabidopsis. Mutations in
these genes causes fusion of adjacent organs and tissues which otherwise
would be separated. Such genes include PTL (Brewer et al., 2004), FUSED
FLORAL ORGANS (FFO) (Levin et al, 1998), LATERAL ORGAN
BOUNDARIES (LOB) (Shuai et al., 2002), RBE (Krizek et al., 2006) and
HANABA TARANU (Zhao et al., 2004). There are several other genes in
Arabidopsis where mutations show floral organ fusion, such as LFY, the CUC
mutants (CUCI, CUC2 and CUC3) (Aida et al., 1997; Takada et al., 2001),
UFO (Samach et al., 1999; Levin and Meyerowitz, 1995) and HAWAIIAN
SKIRT (HWS) (Gonzalez-Carranza et al., 2007).

The three different CUC genes, CUCI, CUC2 and CUC3, are members
of the NAC-transcription factor family. Mutations in CUCI and CUC2 genes
disrupt development of shoot apical meristems during embryogenesis as well
as causing defects in sepal, stamen and cotyledon partitioning. The phenotype
of cuc mutants results in the fusion of cotyledons along the boundaries of their
sides. Stronger abnormalities are known to be apparent in the double mutant
cuclcuc? indicating the formation of irregular boundary specifications during
embryonic development (Aida et al., 1997). There is an extensive amount of
sepal fusion in double mutants of ptl with either cucl or cuc2 (Brewer et al.,
2004). Lampugnani et al. (2012) have shown that CUC genes are involved in

suppressing sepal tissue growth within the boundaries while PTL keeps the

boundary size in check.

The RBE gene is a transcription factor that is accountable for
development of second whorl organ primordia at its early stages. The rbe
mutant results in petal development defects causing alterations in petal
morphology and fusion of sepals (Takeda et al., 2004; Krizek et al., 2006).
Similar morphological defects can be observed on the cuclcuc2 double mutant
(Aida et al., 1997). RBE encodes a SUPERMAN-like zinc-finger protein which
is expressed in cells of second whorl organs. This gene is known to act

downstream of API and PTL genes since it failed to be expressed in apl-1 and
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ptl-1 mutants (Takeda et al., 2004). Krizek et al (2006) have identified that
RBE maintains boundaries of homeotic gene expression between whorls as
well as maintaining boundaries within a whorl between organ primordia. RBE
expression is activated by UFO indicating that the development of second
whorl organs is promoted by UFO and RBE genes functioning in the same

pathway (Krizek et al., 2006).

FFO genes are derived from an EMS mutagenesis of the ufo-6 mutant in
the Landsberg (Ler) background. There are three FFO genes that have been
identified, FFOI, FFO2 and FFO3 and mutations in these genes cause fusion
of floral organs indicating that they are involved in sustaining floral boundaries
during plant development. The FFOI and FFO3 genes may perform at
different stages of plant development even though the phenotypes of ffol and
ffo3 (Figure 1.4A and C respectively) mutants are similar. The mutant ffo2
(Figure 1.4B) occurs mainly in the inflorescence contributing to the fact that
FFO2 acts at an early stage of flower development although organ fusion
between boundaries can also be seen elsewhere (Figure 1.4D). Crossing the
different ffo alleles among themselves to create double mutants resulted in a
phenotype that is additive. This signifies that the FFO genes may manipulate
floral organ separation by functioning in separate pathways. Double mutants of
ffo alleles with mutants such as [fy or ufo indicate that FFO may perform in a

similar procedure in initiation of floral meristem (Levin et al., 1998).

Figure 1.4 Fused floral organ (ffo) alleles. (A) Fused sepal margins (arrow) on ffol-
1 flower. (B) Variable defects in floral organs of ffo2-1 include characteristics such as
petal/sepal organs (arrow). (C) Entirely fused sepals (arrow) and a protuberance just
below the stigma head can be observed on ffo3-1. (D) Fusion of the cauline leaf to the
stem boundary (arrow) on ffol-1 plant. Illustration modified from Levin et al (1998).
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The sepal fusion of ffol and ffo3 mutant flowers resembles and occurs
at a higher frequency than that of cuc/ and cuc2 mutants. Sepal fusion in ffol is
partial to complete between neighbouring sepals whereas sepal fusion is
perceived at lower incidence level in cuc/ and cuc2 mutants. CUC genes
resemble FFOI in sustaining boundaries during plant development, but may
act at a later stage in development since fusion of sepals are detected at a later
phase in plant development in the cuclcuc2 double mutant compared to ffol

mutants (Levin et al., 1998).

The HWS gene encodes a putative F-box protein which is involved in
the development of sepal boundaries. It was isolated due to its failure to shed
its floral organs following silique desiccation (Figure 1.5C). The hAws-/ mutant
is also known to display sepal fusion (Figure 1.5B) along their margins as well
as fusion of basal margins, anthers (Figure 1.5D) and cauline leaf lamina

(Gonzalez-Carranza et al., 2007).

Figure 1.5 Flower phenotype of the Aws-I mutant Comparison between Col-0 wild
type (A) and hws-1 mutant (B) flowers shows (arrow) fusion on sepal margins in /ws-
/ mutant and clear sepal separation in Col-0 wild type flower. (C) Sepals, petals and
anthers remain attached as the plant matures. (D) Stamens fused together in the Aws-/
mutant. Bar = Imm.

Overexpression of the HWS gene results in a decrease in root and
vegetative shoot growth whereas loss-of-function of HWS contributes to an
increase in plant size. These analyses signify that the HWS degradation target
plays an important role in plant organ growth. The Aws-/ mutation results from
a 28 bp deletion positioned 966 bp downstream from the open reading frame
(ORF) translation start and this brings about a premature termination by an

amber stop codon. The hws-2 mutation, which phenocopies the hws-/
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mutation, results from two T-DNA insertions introduced in opposite directions
positioned 475bp and 491bp downstream from the start of the ORF (Figure
1.6A) (Gonzalez-Carranza et al., unpublished data). HWS is known to interact
with ASK1 and ASK4, Arabidopsis Skpl-like genesl and 4, in a yeast two-
hybrid library that is anther-specific (Zhang er al., unpublished data). Several
Arabidopsis Skp-1 like genes have been associated with At3¢g61590 (the gene
encoded by HWS) in a targeted yeast (Saccharomyces cerevisiae) two-hybrid
screen (Takahashi et al., 2004). This indicates evidence that HWS functions as
an F-box protein. HWS is expressed throughout the plant and the greatest
amount of expression is located in the inflorescence and floral organs (Figure
1.6B). It has been shown that ws-7 non-shedding phenomena is due to a delay
in timing of cell separation, therefore indicating that HWS may contribute to

the timing of abscission (Gonzalez-Carranza et al, 2007).
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Figure 1.6 The HWS gene and its expression. (A) The HWS gene consists of a 5°
UTR disrupted by 532bp intron, a 1,236bp ORF (Open Reading Frame) and a 181bp
3* UTR. The ORF shows the 28bp deletion which results in Aws-/ mutation and the 2
T-DNA insertions which lead to the hws-2 mutation. (B) RT-PCR analysis on Col-0
wild type showing the expression of HWS is strongest in inflorescence and flowers.
Ubiquitin is used as a control. Illustration from Gonzalez-Carranza et al., 2007.
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The mutant hAws-1 was crossed with ffol-1 and ffo3-1 as both ffoll-1
and ffo3-1 showed a fused sepal phenotype. The cross between hws-1 and ffol-
I resulted in an Aws phenotype in the F1 population, although FFOI has been
proposed to reside on chromosome 5 and HWS is located in chromosome 3.
The sequencing of the ffoll-IHWS locus showed that a single base pair
mutation alters the codon TGG to TGA which results in a premature
termination on chromosome 3. Therefore it was identified that ffol-1 is an allele
of HWS which was confirmed by sequencing (Gonzalez-Carranza et al.,
unpublished data). The cross between hws-1 and ffo3-1 resulted in wild type
phenotype in the F1 population (Zhang and Gonzalez-Carranza, unpublished
data). Fusion of sepals and basal margins can also be observed in the double
mutant cucl/cuc2 (Aida et al., 1997) and in ectopically expressed microRNA
miR164b which is involved in post-transcriptional downregulation of CUCI
and CUC2 mRNA (Laufs et al., 2004; Mallory et al., 2004b). These analyses

will be described in more detail in the following chapters.

1.4 Abscission of floral organs in Arabidopsis

Abscission is an important and complex process of cell separation by
which shedding of plant organs, such as leaves, fruits and flowers occur from
the main body through a programmed cell separation mechanism. Abscission
also enables the removal of infected or non-functional organs from the plant.
The process of shedding in plants requires the formation of a morphologically
distinct cell layer known as the abscission zone (AZ) (Addicott, 1982). The AZ
is determined by several layers of small densely packed cytoplasmic cells

between the floral organs and the flower receptacle (Bleecker and Patterson,

1997; van Nocker, 2009).

Cell separation is reported to take place throughout plant development in
regions which initiate cell elongation for growth (Cosgrove, 1998; Cosgrove,
2000), fruit ripening (Fisher and Bennett, 1991), dehiscence of anthers (Jenkins
et al., 1999) and pods (Meakin and Roberts, 1990), germination of seeds (Sitrit
et al., 1999), pollen tube growth (Clarke and Gleeson, 1981) and lateral root
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outgrowth (Peretto et al., 1992). The process of cell separation occurs only
after the formation of AZ at the floral organ boundary (Figure 1.7A) and after
the acquisition of abscission signals. Following this process, cell elongation
occurs at the AZ plant body area. The middle lamella between the AZ cells
undergoes enzymatic hydrolysis degradation and the AZ plant body region

separates followed by the formation of a protective layer (Figure 1.7B and C)

(Patterson, 2001; Butenko et al., 2003).

Figure 1.7 Abscission of floral organs in Arabidopsis. (A) Scanning electron
micrograph of the Arabidopsis flower showing floral organ separation at the AZ. (B)
electron micrograph of the Arabidopsis flower petal, sepal and stamen AZ. (C)
Scanning electron micrograph of the petal AZ fracture plane at the flower position 2
(top) showing broken cells, position 3 (middle) showing a fracture plane that is
flattened and position 9 (bottom) showing fully rounded cells. Illustration from
Patterson (2001).

During abscission, the cell wall is degraded at the AZ by the activity of
several hydrolytic enzymes such as polygalacturonases (PGs) (Taylor er al.,
1993; Kalaitzis et al., 1995; Brown, 1997), B-1, 4-endo-glucanases (cellulases)
(Bonghi er al., 1992; Lashbrook et al., 1994; Del Campillo, 1999) and proteins
such as expansins (Cho and Cosgrove, 2000). During leaf and floral organ
shedding, PG activity has been known to elevate in AZ tissue (Bonghi ef al.,
1992). It is known that PG family members are widely detected throughout

Arabidopsis plant development (Torki ez al., 2000).
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Arabidopsis does not shed leaves or fruits but it is known to shed intact
turgid floral organs (Patterson, 2001), thus identifying that abscission in
Arabidopsis is not associated with the process of senescence. Previous studies
on Arabidopsis thaliana have shown that abscission can be controlled due to
the involvement of several different genes. One of the first Arabidopsis
mutants identified that did not undergo abscission is inflorescence deficient in
abscission (ida), where floral organs do not abscise even after mature seed
shedding, yet the abscission zone does develop (Figure 1.8A-G) (Butenko ef
al., 2003). It has been demonstrated, by use of overexpressing 35S::1DA lines,
that the AZ is receptive to IDA following flower opening. Premature abscission
of floral organs can be observed in the 35S::IDA flowers due to cell
proliferation at the AZ (Stenvik et al., 2006). IDA overexpression also results
in ectopic abscission formation between the pedicel-stem junction and base of
siliques (Reviewed in Roberts and Gonzalez-Carranza, 2013). Another gene
involved in abscission, identified as HAESA (HAE) (previously known as
receptor-like protein kinase 5 (RLKS)) and HEASA-LIKE 2 (HSL2), is an
Arabidopsis leucine-rich repeat receptor kinase that controls floral organ
abscission. A study carried out by Jinn et al. (2000) using an antisense strategy
showed that the decrease in function of HAE in plants with an antisense
construct results in delayed floral organ abscission and the severity of the
phenotypic change depends on the HAE protein level. HAE-GUS construct
studies support these results by showing gene expression of HAE in the floral
organ AZ (Jinn et al., 2000). Double mutants of HEA and HSL2 have been

shown to phenocopy the ida mutant (Reviewed in Roberts and Gonzalez-

Carranza, 2013).

The process of abscission can be accelerated via the plant growth
regulator ethylene and delayed by the hormone auxin (IAA) (Osbourne, 1989).
However it is debated whether ethylene is entirely necessary for the process of
abscission. While the ethylene-insensitive Arabidopsis mutant, etrl-1
demonstrates a delay in abscission, the expression of HAESA does not change
in etrl-1 (Jinn et al., 2000). This implies that floral organ abscission is

regulated also via an ethylene independent development pathway.
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Figure 1.8 Different stages of development from IDA:GUS flowers. (A), (B) and
(C) B-glucuronidase (GUS) expression of IDA:GUS flowers from flower positions 1-8.
Flower position 8 showing clear GUS expression at the AZ where shedding of floral
organs has occurred. (C) The arrowheads at flower position 15 is showing nectary
outgrowth. (S, mature seed). (D) GUS expression in the nectarines (arrowheads) and
AZ (lines) can be observed between the anther filaments (af) and the sepal bases (se).
(O, ovule). (E) and (F) GUS expression at the AZs of the anther filament base and the
plant body (arrowhead). (G) GUS expression shown at the sepal base. Illustration from
Butenko et al. (2003).

1.5 Ubiquitin-mediated protein degradation

Various cellular events such as cell development, cell division, immune
response, signal transduction, transcriptional regulation, receptor down-
regulation, endocytosis and metabolism in eukaryotic organisms can be
regulated by the ubiquitin-mediated protein degradation pathway. This
pathway is important in controlling gene expression of plants and is a central
regulatory mechanism in a diversity of cellular process (Hershko and
Ciechanover, 1998). It consists of three enzymatic reactions known as
(Ubal/El), (Ubc/E2) and ubiquitin ligase (E3) (Figure 1.9) (Wang et al., 2002).
El is an ubiquitin activating enzyme which activates ubiquitin for conjugation

to other proteins. E1 couples ATP to form a high-energy thioester bond
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between the C-terminal residue of ubiquitin and specific Cys residue of El. El
linked ubiquitin moiety moves from El to the Cys residue of ubiquitin
conjugating enzyme E2. Sequentially it will move to a Lys residue by the use
of E3 (Varshavsky, 1997). The ubiquitin ligase (E3) is known to function in the
same pathway as the ubiquitin-conjugating enzymes (E2) and ubiquitin-
activating enzyme (E1) (Ni et al, 2004). There is usually one El species,
several E2 species and multiple families of E3 proteins. E3 is responsible for
the selectivity of ubiquitin protein ligation and therefore of protein degradation,
by binding specific protein substrates containing specific recognition signals.
Transfer of ubiquitin to substrate proteins may be carried out by two different
methods depending on the E3 type. In some E3 families, ubiquitin is
transferred from an E2 to an E3 enzyme Cys residue. The resulting E3-
ubiquitin thioester is the donor for amide (isopeptide) bond formation with the
protein substrate. In other E3 families, this E3-ubiquitine thioester formation
does not occur (Hershko et al., 1983; David et al., 2010). Ubiquitin is
transferred directly from E2 to the protein substrate enabling the formation of a
polyubiquitin chain, where the ubiquitins are linked to one another by their C-
terminus and a particular Lys residue (usually Lys 48) (Hochstrasser, 1996;
Deng et al., 2000). The polyubiquitin chain is subsequently predestined to the
26s proteosome, where degredation of the target protein occurs. Some E2s
have the ability to act with more than one E3 enzyme and some E3s are known
to act with several E2s (Hershko And Ciechanover, 1998). The diversity of
enzymes increases through the flow of ubiquitin transfer. There are four
distinct classes of E3 ubiquitin ligase that are known. These include HECT,
Vbrlp, (Apc/c) and the SCF complex (Varshavsky, 1997; Craig and Tyers,
1999; Lorick et al., 1999; Vierstra, 2003).
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Figure 1.9 The process of ubiquitination involves the degradation of proteins
carried out by three enzymatic reactions known as E1, E2 and E3 (SCF complex
comprising of Rbx1, Cullinl, Skpl and F-box proteins). El1 is involved in
activating ubiquitin by its C-terminal Gly residue. The linked ubiquitin moiety moves
from E1 to E2. E3 is responsible in the selectivity of ubiquitin protein ligation, by
binding specific protein substrates containing specific recognition signals. This
enables the formation of a polyubiquitin chain which is subsequently destined to 26S
proteosome for degradation of the target protein producing free peptides. Furthermore
26S proteosomes subsequently produce free and reusable ubiquitin. Illustration
modified from Welcker and Clurman (2008).

The SCF complex was first identified in yeast (Wang et al., 2002). It is
a major family of E3 ubiquitin protein ligases and it is composed of four
subunits known as RBX1, SKPI, CULI and F-box proteins (Figure 1.9)
(Patton et al., 1998; Ni et al., 2004). This complex aids protein ubiquitylation
that is subsequently the subject for degradation (Ni er al., 2004). Several
hormone signalling SCF complexes have been characterized in Arabidopsis
(Guo and Ecker, 2003; Potuschak et al., 2003; Dharmasiri et al., 2005;
Kepinski and Leyser, 2005; Chini et al., 2007, reviewed in Santner and Estelle,
2010). Plants use SCF complexes in order to control biological events. This is
predicted by observing the large number of F-box genes in the Arabidopsis
genome (Ni et al., 2004). It has been suggested that flower development

involves SCF complexes since genes encoding numerous protein components
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are expressed in the inflorescence. Arabidopsis Skp-1 related proteins, ASK1
and ASK2 have the ability to interact with a number of F-box proteins and both
ASKI and ASK2 genes are expressed in all major tissues (Zhao et al. 2003).
Thus it is possible that one of these genes is an element of several SCF
complexes and is able to share redundant functions, such as development of
flowers, during the plant life cycle. SCF complexes are able to control floral

meristem identity, floral organ number and organ separation (Ni et al., 2004).

The presence of F-box genes are widely distributed in eukaryotes such
as nematodes, flies, flowering plants, yeast and humans (The Arabidopsis
Genome Initiative, 2000). F-box, so called because of its basis of the presence
of motif in cyclin F, is necessary for protein-protein interaction. Approximately
40 to 50 amino acid F-box motifs were initially identified in the N-terminal
region cyclin F. The F-box protein, being part of the SCF complex, functions
by interacting with substrate proteins. F-box proteins have a key role in floral
organ formation, flowering, leaf senescence and auxin signal transduction.
These are identified mostly in Arabidopsis and Antirrhinum (Wang et al.,
2002). F-box proteins participate in Skpl interaction and this interaction
normally found on the protein amino-terminal half. In Arabidopsis, 20 different
F-box proteins were identified by the use of yeast (Saccharomyces cerevisiae)
two-hybrid screen with the Skp1- related protein ASK1 (Del Pozo et al.,2000).
Some F-box proteins can interact with substrates like Grrl showing that with
the use of the core SCF complex, phosphorylated G1 cyclins are captured by
Grrl for ubiquitination (Wang et al., 2002). F-box proteins have the capacity to
regulate processes such as transcriptional regulation, signal transduction and
cell cycle transition. This is achieved by interacting with SCF complexes and
non-SCF complexes. It has been identified that approximately 600-700 genes
encoding putative F-box proteins are present in the genome of Arabidopisis
thaliana (Gagne et al., 2002; Kuroda et al., 2002). It was shown that only 2 F-
box proteins consist of WD40 repeats, where as 29 F-box proteins contained
leucine rich repeats (LLR) and 67 F-box proteins contained Kelch repeats
(Kuroda et al., 2002). These repeats are associated with protein-protein
interactions (Kuroda et al., 2002). The F-box proteins can be characterized by

their protein—protein interaction domains, which are situated downstream of the
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F-box domain. Most F-box proteins in Arabidopsis are not classified using the
structure of their domain even though they contain WD40 repeats, LLRs or

Kelch repeats (Kuroda et al., 2002).

In Arabidopsis, the F-box proteins have been categorized into nineteen
subgroups (Kuroda et al., 2002) and nine F-box proteins have been identified
in Arabidopsis via mutant plant analysis. These are recognized as UFO, which
is involved in flower formation (Levin and Meyerowitz 1995); TIRI1,
containing LRRs, involved in auxin responses (Ruegger et al., 1998,
Dharmasiri et al., 2005); COIl, cont'aining LRRs, involved in regulating signal
transduction of jasmonic acid (Xie et al. 1998; Chini et al., 2007). F-box
proteins, FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKFl),
ZEITLUPE (ZTL) and (LOV KELCH PROTEIN 2) LKP2 consist of
PAS/PAC domains that are engaged in circadian rhythm regulation (Somers et
al., 2000; Kuroda et al., 2002). It was suggested that F-box protein EIDI,
containing a C-terminus leucine zipper motif, is crucial for light signal
transduction, which is phytochrome A-specific. It has been shown that F-box
protein ORES9 is involved in regulating leaf senescence and an identical protein
to ORED9, known as MAX2, is engaged in repressing auxiliary shoot formation.
It was also shown that SON1 regulated defense responses towards pathogens.
These reports signify the importance of F-box proteins in biological processes

of plant growth and development (Xiao and Jang 2000; Kuroda et al., 2002).

There are several SCF-type E3 ubiquitin ligase F-box proteins and UFO
is known to encode one of them. UFO may control inflorescence and floral
meristem via an SCFVF° complex which contains cullin AtCUL1. AtCUL1 has
the ability to encode core components of several Arabidopsis SCF complexes.
AtCULL1 also play a vital role throughout plant development. The SCFY®
complex may be involved in controlling flower meristem identity (Ni et al.,
2004). UFO is capable of limiting cell division in the central region by
interacting with ASK1 or ASK2. AtCUL1 as well as ASK1 and ASK2 may
interact with UFO in order to regulate floral development. The askl-1 null
mutant gives a weak floral phenotype compared to the strong phenotypes of ufo

alleles. Both ASK1 and ASK2 are known to be important for development of
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seedlings and of embryos (Ni et al., 2004; Liu et al., 2004). As mentioned
previously in section 1.3, HWS also interacts with ASK! in an anther-specific
yeast 2-hybrid library confirming regulatory similarities between HWS and
UFO genes. It has been identified that UFO has the highest sequence similarity
to the HWS amino acid pattern (Gonzalez-Carranza et al., 2007).

The mechanism of protein degradation is known to be a key post-
transcriptional regulatory process. It removes inefficient and mis-folded
proteins and allows living organisms to adapt to environmental changes by
supplying intracellular signals with fast and effective responses (Schumann er

al., 2011).

1.6 MicroRNAs in plants

The discovery of MicroRNAs (miRNAs), which direct several flower-
expressed genes, has shed new light into the regulation of genes during flower
development (Jones-Rhoades et al., 2006). MRNAs are small RNAs (sSRNAs)
of about 20-24 nucleotides that are present in both animals and plants.
Precursors of miRNAs have a stem-loop hairpin like structure with a low free
energy. In plants, miRNAs are involved in plant development and play a key
role in posttranscriptional regulation of eukaryotic gene expression (Bartel,
2004; Reinhart et al., 2002). These fundamental molecules are found alongside
19-24 nucleotides long short-interfering RNAs (siRNAs) that mediate both
transcriptional and posttranscriptional gene silencing (Zamore et al., 2000;
Elbashir et al., 2001). Silencing of gene expression in plants is mediated by
numerous sRNAs. In plants, the phenomenon of RNA-silencing involves
double stranded RNA (dsRNA) induction, conversion of dsRNA into 18-25
nucleotide long SRNA, sRNA 3’-O- methylation and the integration of SRNAs
into composites that correlate with fully or partially complementary target

RNA or DNA (Chapman and Carrington, 2007).

Mature miRNAs are produced through a series of steps (Figure 1.10A)
derived from long single stranded RNAs (ssRNAs) that form an imperfect
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foldback structure. This involves the miRNA gene being transcribed by RNA
polymerase II into polyadenylated and capped primary miRNA (pri-miRNA).
The pri-miRNA is cleaved by an enzyme known as Dicer-like 1 enzyme
(DCL1) to form precursor miRNA (pre-miRNA) (Bartel, 2004; Kurihara and
Watanabe, 2004). The resulting pre-miRNA is cleaved into a miRNA/miRNA
duplex by DCL1 and the dsRNA binding protein HYPONASTIC LEAVESI1
(HYL1) which interacts with the C;H; zinc-finger protein SERRATE (SE) in
the nuclear processing centres known as D-bodies (Yang et al., 2006; Kurihara
et al., 2006). Subsequently the 3’ end of the miRNA/miRNA* duplex is
methylated by the S-adenosylmethionine-dependent methyltransferase protein,
HUA ENHENCER1 (HEN1) (Park et al, 2002; Yu et al, 2005). This enables
the prevention of miRNA/miRNA duplex degradation and uridylation (Yang et
al., 2006). The duplex is translocated by a HASTY (HST), plant orthologue of
the importin f-like nucleocytoplasmic transport receptors, exportin 5 in
mammals, from the nucleus to the cytoplasm and transported by
ARGONAUTEI1 (AGOL1), one of the 10 members of ARGONUATE family in
Arabidopsis. AGO1 is known to slice targets of miRNAs (Baumberger and
Baulcombe, 2005) and is required for the suppression of miRNA translation
(reviewed in Brodersen and Voinnet, 2006). The miRNAs are unwound into
mature single stranded miRNAs and this leads to the miRNA guided cleavage
of mature mRNAs (Vaucheret et al, 2004; Park et al, 2005). The DCLI gene is
known to be crucial for the synthesis of mature miRNA and loss-of-function
dcll mutants lead to severe abnormalities in plant development (Figure 1.10B)
(Park et al, 2002; Bartel et al, 2004; Reinhart et al, 2002). Loss-of-function of
the HST gene and AGOI gene also show reduced miRNA accumulation
(Figure 1.10B) (Bollman et al, 2003, Vaucheret et al 2004). It has been
demonstrated that the boundaries between adjacent sepals are broadened in
mutants of dcll, hyll and henl (Figure 1.11E, F, I, J, M and N) compared to
wild type sepal boundaries (Figure 1.11A and B) (Jacobsen et al., 1999;
Kasschau et al., 2003; Laufs et al., 2004).
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Figure 1.10 MicroRNA biogenesis. (A) microRNA biogenesis pathway modified
from Mallory and Vaucheret (2006). (B) The phenotypic analysis of dcll, hyll, henl,
hst and agol mutants showing upward and downward curling of leaves. Illustration
from Garcia (2008).
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wild type

Figure 1.11 Flowers of miRNA pathway mutants. Loss-of-function hyl/-1 (E, F
arrow), dcll (I, J arrow) and henl (M, N arrow) mutants showing wider boundaries
between sepals compared to the wild type flower (A, B). Illustration from Laufs er al.

(2004).

It has been indicated that most miRNAs regulate plant development by
controlling the level of transcriptions factors which affects development
(Figure 1.12) (Rhoades et al., 2002). This can be observed in miR172 target
gene AP2, which is a class A gene that plays a key role in floral morphology
and flowering time (Figure 1.13a). Overexpression of miR172 results in early
flowering and an interruption of the floral organ identity specification by
restraining the AP2 gene translation. This regulates flowering time and floral

organ identity in Arabidopsis (Aukerman and Sakai, 2003).
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Figure 1.12 MicroRNAs gene regulation and their subsequent functions in
different systems are shown in the above pie chart. The inner circle showing
various miRNAs are arranged by their target genes that they regulate, shown by the
outer circle. The coloured areas are showing the consequent roles of miRNAs in stress
responses, miRNA pathway and in developmental stages Illustration from Mallory and

Vaucheret (2006).
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Figure 1.13 MiRNA gene regulations in leaf development. miRNA regulation of
genes associated with (a) development phase transition, (b) leaf senescence, (c) cell
proliferation and (d) adaxial-abaxial leaf polarity in Arabidopsis. Illustration from
Rubio-Somoza and Weigel (2011).

Another miRNA, miR319, is involved in suppressing the onset of senescence
by targeting the TEOSINTE BRANCHEDI CYCLOIDEA, PCF (TCP)
transcription ~ factor ~ members  (Figure 1.13b) and  regulating
LIPOXYGENASE2 (LOX2) activity which is a jasmonic acid (JA)
biosynthesis enzyme. This leads to an up-regulation of JA levels which affects
the timing of senescence. Overexpression of miR319 results in plants that
suppress the onset of senescence (Schommer et al., 2008). Senescence is also
controlled by miR164, where the expression of miR164 decreases as the leaf
ages leading to an increase in its targets NAC1 and ORE1 (AtNAC2) by use of
an ethylene dependent approach (Figure 1.13b) (Kim et al., 2009).

MicroRNAs are also known to affect shoot and root development. This can be
observed on five members of the NAC-domain transcription factor family
which includes CUCI and CUC2 (Aida et al., 1997). These are targets of
miR164 (Figure 1.13c) and an overexpression of miR164 results in a decrease

in lateral root emergence, unbalanced number of floral organs as well as
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vegetative and floral organ fusion (Figure 1.14F). In contrast, loss-of-function
of miR164 results in an increase in the number of lateral root formations (Laufs
et al., 2004; Mallory et al., 2004b). The overexpression of miRI164 leads to
post-transcriptional downregulation of CUC! and CUC2 mRNA levels and
phenocopies the double mutant cucl/cuc2 (Figure 1.14 B-E) and Aws-1 mutant

(Figure 1.14 G and H) (Laufs et al., 2004; Gonzalez-Carranza et al., 2007).

Figure 1.14 Col-0 wild type, Cuclcuc2 double mutant, ectopically expressing
miR164b and hws-1 mutant flower phenotype. (A) Col-0 wild type flower showing
clear separation of sepal margins (B) Cuc/cuc2 double mutant showing sepal fusion.
(C) Sepal removed to show fusion of stamens (shown by arrow) on cuc/cuc2 double
mutant. (D and E) fusion of stamens on cuc/cuc2 double mutant under scanning
electron microscope (SEM). On (D), fusion can be seen up to the anthers (a) whereas
on (E), fusion can be seen up to midway of the filaments (f). (F) Overexpressing
miR164b flower showing fusion of sepal margins. Illustration modified from Aida et
al. (1997) and Lauf ef al. (2004). (G) hws-1 mutant flower showing sepal fusion at
basal margins (shown by arrow). (H) Fusion of Aws-1 mutant filaments. Bars (D and

E) = 100 um, (A, G and H) = Imm.
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Genes such as PHABULOSA (PHB), PHAVOLUTA (PHV) and REVOLUTA
(REV), which are members of the Arabidopsis HD-ZIP (class-III homeodomain
leucine zipper) transcription factors are targets of miR165 and miR166 (Figure
1.13d). Dominant mutations in these transcription factor genes (phb-d, phv-d
and rev-d) results in radialized leaves due to polarity defects. It was identified
that the dominant mutation mapped to a complementary region of miR165/166
caused a reduction in miRNA-directed cleavage effectiveness and
developmental defects of the mutants (Mallory et al., 2004a; McConnell et al.,
2001). A HD-ZIP protein family member, ATHBIS, is a target of miR166 and
regulates plant vascular development (Kim et al., 2005). An altered vascular
system can be observed when miR166a is overexpressed resulting in reduction

in levels of ATHB15 mRNA (Kim et al., 2005).

The cuclcuc2 mutant phenotype is similar to the sepal fusion of Aws-I mutants
and these sepal boundary defects are also phenocopied by ectopic expression of
miR164b. It was discovered that floral buds of Aws-1 accumulated an increased
level of miR164 than Col-0 wild type plants and an overexpression of HWS
results in a greater reduction in miR164 accumulation (Zhang and Gonzalez-
Carranza, unpublished data). These findings will be discussed in more detail in

the following chapters.

1.7 Leaf formation and patterning in Arabidopsis

The success of a plant can be determined by its leaf shape and size. Leaf width
and flatness decides the success of absorbing adequate light energy and its
ability to facilitate gas exchange respectively. Mature leaf formation is
determined by cell division and cell expansion. Cell division takes place at the
early stages of leaf development (primary morphogenesis) and cell division
halts when the leaf has attained its basic shape. Cell expansion aids in leaf
growth and development throughout secondary morphogenesis (Donnelly er
al., 1999; Efroni et al, 2008). Leaf primordia initiate from the pheriphery of the
SAM and early leaf development and SAM signalling are tightly linked. The
SAM size is maintained by a signalling pathway that is influenced by the CLV
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loci, CLVI and CLV3, and the homeobox WUSCHEL (WUS‘) gene. Loss-of-
function mutations in CLVI and CLV3 result in accumulation of
undifferentiated cells in the SAM (Clark et al., 1996). Conversely WUS gene
mutants fail to maintain SAM formation. CLV loci are involved in repressing
WUS expression, however WUS is implicated in promoting CLV3 function,
producing a feedback loop system that regulate the size of the meristem (Figure
1.15A) (Schoof et al., 2000). It has been tested through microsurgical studies
that communication between the leaf primordia and SAM is essential for the
leaf adaxial-abaxial polarity (Sussex, 1955). Subsequent leaf growth and
asymmetric development is established by three primary axes of polarity
known as proximal-distal, adaxial-abaxial and medial-lateral axes (Hudson,
1999). The leaf morphology is such that the adaxial side of the leaf
differentiate into palisade mesophyll cells while the abaxial side of the leaf
differentiate into spongy mesophyll cells (Lin et al., 2003). Establishment of an
adaxial-abaxial leaf polarity requires a SAM-derived signal since the
interaction between leaf primordia and the SAM is significant for adaxial-

abaxial leaf patterning.

Leaf form is divided into two categories known as simple leaf forms and
compound leaf forms. Simple leaf forms, which include model plants such as
Antirrhinum majus, Zea mays and Arabidopsis, display relative margin
serration and the lamina is not subdivided into several units (leaflets).
Conversely, Compound leaf form plants, such as rose and tomato, exhibit
lamina that are subdivided into leaflets which is a consequence of frequent
leaflet organogenesis on the primordium (Bharathan and Sinha, 2001). The
variation between simple leaves and compound leaves is governed by the
pattern of expression of a plant-specific homeobox gene family termed class 1
KNOTTED-like homeobox (KNOX) genes. KNOX genes play a key role in
shoot meristem and axis development. These genes are transcribed in the SAM
and ectopic expression of KNOX genes result in leaf lobing suggestive of
ectopic UFO expression phenotype (Lee et al., 1997). KNOX genes are down-
regulated in simple leaf primordia, which is crucial for proper leaf development
(Lincoln et al., 1994; Bharathan et al., 2002). Four members of class 1 KNOX
gene have been identified in Arabidopsis as SHOOT MERISTEMLESS (STM),
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BREVIPEDICELLUS (BP)KNATI, KNAT2 and KNAT6. All four of these
genes are expressed in the SAM, reminiscent of CLV/WUS signalling pathway,
but not expressed in lateral organs (Lincoln et al., 1994; Pautot et al., 2001).
Arabidopsis leaf form is governed by the expression of several genes such as
ASYMMETRIC LEAVESI (ASI) and AS2, which repress the expression of BP
(also called KNATI) (Figure 1.15B), and KNAT2 and BLADE-ON-PETIOLEI1
(BOPI), which negatively regulate the expression of BP, KNAT2 and KNAT6
in developing leaf primordia (Byrne et al., 2000; Semiarti et al., 2001; Ha et
al., 2007). On the other hand gene expression of STM, represses the AS/ and
AS2 function preventing improper development of leaves (Figure 1.15B)

(Byrne et al., 2002).

Figure 1.15 SAM and leaf primordia signalling pathway. (A) Longitudinal shoot
apex showing the feedback loop system between CLV and WUS illustrating the CLV3
activation by WUS expression and WUS repression by CLV3 function. (B) Transverse
shoot apex showing the suppression of AS/ and AS2 function by STM activity.
Similarly AS/ and AS2 function is promoted by the downregulation of STM.
Subsequently AS/ and AS2 supress function of KNOX genes, KNATI, KNAT2 and
KNAT®6 leading to functional development of SAM and leaf primordia. Illustration

from Tsiantis and Hay (2003).
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Auxin, a key plant growth hormone, is an essential element in leaf formation
where by it is involved in regulating different stages of leaf development.
Evidence has been shown that auxin is involved in promoting leaf lamina
outgrowth and leaf margin development (Zgurski et al., 2005). Auxin is
transported from the epidermis to the young leaf primordia due to the
subcellular localization of the Arabidopsis auxin efflux carrier, PINFORMEDI
(PINI) becoming apically polarized. PINI is basally polarized within the
primordium and may contribute to the flow of auxin through the leaf centre
delineating the position of the midvein (Reinhardt et al., 2003; Heisler et al.,
2005). Loss-of-function pinl mutation leads to smooth leaf margins (Figure
1.16]) (Bilsborough et al., 2011). Following establishment of auxin in the leaf
primordia, auxin is transported back to the meristem for regulation of
subsequent leaf formations. Auxin production in leaf primordia is emphasized
by the regress of PINI polarity in the epidermis (Heisler et al., 2005). This
mechanism of auxin distribution via PINI polarization contributes to the
maintenance of leaf phyllotaxis in Arabidopsis (Reinhardt et al., 2003).
Following auxin establishment in young leaf primordia, auxin is distributed
symmetrically on both sides of the midvein from leaf margins (Aloni et al.,
2003; Benkovd et al., 2003). Evidence that auxin promotes leaf lamina
outgrowth was demonstrated by the YUCCA (YUC) genes. Members of this
gene family encode flavin monooxygenases, which play a key role in
biosynthesis of local auxin. Loss-of-function of at least four YUC genes
(YUCI, YUC2, YUC4 and YUC6) causes loss of leaf margin dispositions and
narrow leaves (Zhao et al., 2001; Cheng et al., 2007).

The regulatory mechanism of serration at leaf margins in Arabidopsis
development is important for correct special distribution as well as for accurate
protrusion levels of these serrations (Figure 1.16C-H). There are feedback loop
systems influencing this mechanism. First is the distribution of auxin via PINI
polarization and the second is the promotion of PINI-dependent auxin
induction by CUC2 expression subsequently leading to CUC2 repression by
auxin activity (Figure 1.16A). The pinpoint repression of CUC2 by auxin
regulates the auxin maxima and PINI point of convergence position on the

margin. The suppression of growth by CUC2 activity indicates the location of
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indentation. These mechanisms show that CUC2 expression is required for

indentation and protrusion positioning of leaf margin serrations (Figure 1.16K-

M) (Bilsborough et al., 2011).
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Figure 1.16 Theoretical model of 1 interaction between CUC2, PINI and auxin in
the leaf margins. (A) Feedback loop system of auxin distribution by PINI
polarization and PINI-dependent auxin induction by CUC2 expression subsequently
leading to CUC2 repression by auxin activity. (B) Trapezium representation of a cell
where decrease of auxin concentration is shown in black and augmentation is shown
in bright green. Leaf margin propagation is affected by cell wall movement and
readjustments of cell shapes. The average between normal directions N; and N; of
adjacent cells governs the normal direction N; at a cell wall. (C-H) Wild type leaf
development from primordium to mature stage. (I) pin/ mutant phenotype, (J) auxin
accumulation and (K) cuc2 mutant phenotype showing a lack of serration at leaf
margins. (L) Overexpression of CUC2 resulting in increased serration. (M)
standardized CUC2 expression showing reduced serration of leaf margins. Illustration
from Bilsborough er al. (2011). .



1.8 Aims and objectives of project

The main aim of this project was to identify potential targets of HWS and to
help identify the potential role of HWS in the miRNA pathway. This
investigation was conducted by analysing suppressor lines from an EMS (ethyl
methanesulfonate) mutagenized hws-1 population. Two of the suppressor lines,
43.1 and 80.5, identified from the EMS hws-1 populations were selected for

analysis of this project.

Phenotypical comparison analyses were conducted between Col-0 wild type,
hws-1 and both mutants in Col-0 background and hws-I background on

flowers, leaves and roots for characterisation of the genes involved.

A mapping population was constructed using F2 populations from a cross
between the suppressor line and ffol, an allele of HWS in the Landsberg
ecotype. The DNA from the mutant was used for the mapping process which
involves an InDel marker based genome-wide approach. Phenotypical
comparisons are also made with previously identified analogous genes

following the initial stage of mapping of the suppressor lines.

Once the gene(s) involved in the suppressor line was identified, further
analyses were carried out to determine the correlation between these genes and
HWS. These analyses will eventually support in understanding the role of HWS

during flower development.
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CHAPTER 2

Materials and methods

2.1 Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0), hasty, asymmetric leaves
2-1 (as2-1), as2-4, as2-101, ufo-2, and ufo-6 mutants were obtained from the
Nottingham Arabidopsis Stock Centre (NASC) for various crosses and
mapping populations (Table 2.1). The ffol-1 (Landsberg erecta ecotype)
mutant was kindly provided by the Meyerowitz group (California Institute of
Technology) and the EMS mutagenized hws-1 populations, hws-I and
35Spro::HWS seeds were kindly provided by Dr. Zinnia Gonzalez-Carranza
(University of Nottingham).

Allele Mutagen Ecotype

hst-1 Diepoxybutane Columbia

as2-1 X-ray ER

as2-4 Unknown En-2*

as2-101 EMS Landsberg erecta
ufo-2 EMS Landsberg erecta
ufo-6 EMS Landsberg erecta

Table 2.1 Mutant alleles used in this project obtained from NASC, * En-2
background coincided with the Col-0 ecotype.

The EMS mutant seed populations were sown on 308 well trays containing
Levington M3 (Scotts, UK Ltd): Vermiculite (2.0-5.0 mm, Sinclair) (3:1)
(w/w) combined with 0.2 g L' Intercept 70 WG (Scotts, Monro South) and
transferred to the glasshouse at 22 °C + 2 °C or the growth room at 22 °C £ |
C under 16 hours light and 8 hours dark photoperiod. Seeds were also sown in

9cm pots, 3 x 4 trays and 8 x 12 trays in Levington M3 treated with 0.2 g L!
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Intercept 70 WG (Scotts, Monro South) for various crosses and phenotypic

analysis.

Seedlings that were grown under sterile conditions were generated by
sowing sterilised seeds on 4.3 g L' Murashige and Skoog Basal salt mixture
(Sigma) and 0.8% Bacto™ Agar. Seed sterilisation was carried out in a
solution consisting of 50% (w/v) sodium hypochlorite. Sterilised seeds were
then rinsed three times in a solution consisting of 0.01% (v/v) Triton X-100
followed by a rinse in 70% (v/v) ethanol and three rinses in sterile distilled
water. The seeds were then placed onto the Murashige and Skoog agar Petri
plates in a sterile hood using a pipette tip. The plates were sealed with
micropore tape (3 M) and incubated at 4 °C for 48 hours to co-ordinate
germination. The plates were subsequently transferred to a growth room at 23
°C %= 1 °C under 16h light and 8h dark photoperiod. Seeds were sown in
Murashige and Skoog media for root measurements and for the selection of
transformants, which in addition contained 50 pg.ml"' Kanamycin as described

in section 2.10.7.

2.2 Phenotypic analysis and light microscopy

EMS hws-1 mutant M2 populations were screened for suppressors which
rescue the hws-1 sepal fusion phenotype. A selfed EMS hws-1 M2 population
consists of 308 M3 plants where those that shed its floral organs were isolated
as potential hAws-1 suppressors. Phenotypic comparisons were performed on
seedlings and flowers of Col-0 wild type, Aws-1 and the hws-1 suppressor lines
as well as using other mutant lines described in chapters three and four. Rosette
leaves were dissected from these genotypes and photographed using a Nikon
CoolPix P6000 camera. Flowers and floral organs were photographed using a
Kodak MDS290 digital camera mounted on a Stemi SV6 microscope.
Objectives used include S1.0x, S2.5x and S0.63x. The identified suppressor
lines were crossed with wild type Col-0 ecotype for segregation analysis and

the F1 progeny was allowed to self. The suppressor lines of the same
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population as well as those mutants from different populations that showed a

similar phenotype were crossed with each other to perform allelism tests.

2.2.1 Tissue fixation and embedding

Stage 1.06, 6 rosette leaves>Imm in length, leaves were embedded in
resin for analysis of cell size and number on dissected plant material. The plant
material was immersed in fixation solution (0.2M sodium phosphate (pH 7.2);
10% (v/v) paraformaldehyde; 50% (v/v) glutaraldehyde; 20% (w/v) caffeine;
0.5% (v/v) tween 20) and vacuum infiltrated for 50 minutes. The samples were
subsequently maintained at 4°C for 48 hours. Washes in, 50% (v/v) ethanol for
1 hour; 70% (v/v) ethanol overnight at 4°C; 70% (v/v) ethanol for 45 minutes;
90% (v/v) ethanol for 1 hour; 95% (v/v) ethanol for 1 hour; 100% (v/v) ethanol
for 1 hour; 50/50% (v/v) ethanol/butanol for 24 hours at 4°C, were then
performed. Consequently samples were immersed in 100% (v/v) butanol and
vacuum infiltrated for 30 minutes prior to incubation at 4°C for 4-5 days. Plant
material was then pre-impregnated in 50/50% (v/v) butanol/resin medium
(Technovit 7100 resin (500ml; Kulzer, Wehrheim, Germany); Technovit 7100
accelerator (5g); glycol dimethacrylate (10ml) diluted 2 X in ethanol at 4°C for
2 hours; Technovit polyethylene glycol (PEG 400; 2ml) and vacuum infiltrated
for 30 minutes. Samples were incubated at 4°C for 48 hours and embedded in
100% (v/v) resin in embedding moulds (Peel-A-Way® truncated T12,
Polysciences, Inc). Tissue embedding was carried out in collaboration with

Prof. Jean-Luc Verdeil, CIRAD, Montpellier.

2.2.2 Tissue sectioning

Resin embedded leaf material was sectioned using an ultra-microtome
(Historange LBK) into 50-70 nm thick ribbons. Sections of tissue samples were
placed on slides and covered with glass coverslips. Tissue sectioning was

carried out in collaboration with Prof. Jean-Luc Verdeil, CIRAD, Montpellier.
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2.2.3 Tissue staining

The sections were double stained with PAS (periodic acid-Schiff’s
reagent) and protein-specific NBB (Naphthol blue black) as described by
Buffard-Morel er al. (1992). PAS stains polysaccharides red and NBB stains
soluble and insoluble proteins blue (Fisher, 1968; Buffard-Morel et al., 1992;
Ribas et al., 2011).

2.3 DNA extraction

Genomic DNA from leaf tissues was extracted according to the
manufacturer’s instructions provided by GenElute™ Plant Genomic DNA
Miniprep Kit (Sigma) and The Extract-N-Amp Plant PCR (Sigma). For
Extract-N-Amp Plant PCR, approximately Smm leaf tissue samples were
isolated, incubated in 25 pl extraction solution (Sigma), at 95 °C for 10
minutes and subsequently 25 pl dilution solution (Sigma) was added. The
extracted DNA samples were stored at -20 °C until use. For GenElute™ Plant
Genomic DNA Miniprep Kit, the tissues were disrupted by grinding using a
mortar and pestle into a fine powder in liquid nitrogen. Up to a 100mg of
material was obtained per sample tissue. To lyse the cells, 350 pl of lysis
solution A and 50 pl of lysis solution B were added to the powdered material
followed by a brief inversion and vortexing. The mixture was incubated at 65
°C for 10 minutes with occasional inversion. Prior to incubation a 35 pl of
RNase A was added to the mixture to digest the RNA. In order to precipitate
the debris, 130 pl of precipitation solution was added and mixed completely by
inversion prior to incubating on ice for 5 minutes. The samples were then
centrifuged at 13,000 x g for 5 minutes to pelette the cellular debris,
polysaccharides and proteins. The supernatant was carefully pipetted onto a
GenElute filtration column and centrifuged at 13,000 x g for 1 minute. The
GenElute miniprep binding column was prepared by adding 500 pl of column
preparation solution and centrifuging at 12,000 x g for 1 minute to maximise

binding of DNA. Meanwhile 700 pl of binding solution was added directly to
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the flow through liquid from the GenElute filtration column and mixed by
inversion. This mixture was then loaded on to the prepared binding columns
and centrifuged at 13,000 x g for 1 minute. This process was repeated until all
the mixture was used. Subsequently 500 pl of Wash Solution, diluted with
100% (v/v) ethanol, was added to the binding column and centrifuged at
13,000 x g for 1 minute, followed by another addition of 500 pul of diluted wash
solution and centrifuged at 13,000 x g for 3 minutes to dry the column. The
DNA was eluted by adding 50 pl of elution solution pre-warmed at 65°C and
centrifuged at 13,000 x g for 1 minute. DNA was stored at -20°C until use for

PCR reaction.

2.4 RNA extraction

Total RNA was extracted from inflorescence and leaf tissues using
manufacturer’s instructions provided by Life Technologies with modifications
for First-strand cDNA synthesis. The cells were disrupted by grinding plant
tissue using a mortar and pestle into a fine powder in liquid nitrogen. Up to a
100mg of material was obtained per sample tissue. The samples were
homogenised in 1ml of TRIzol reagent, mixed by inversion and placed on ice.
Insoluble material was removed by centrifugation at 12,000 x g for 10 minutes
at 4°C. The supernatant, containing the RNA, was transferred to a fresh
Eppendorf tube and left at 25°C for S minutes to allow the total dissociation of
nucleoprotein complexes. Subsequently 200 pl of chloroform was added to the
sample, vigorously shaken for 15 seconds and incubated at 25°C for 3 minutes.
The sample was then centrifuged at 12,000 x g for 15 minutes at 4°C. The
aqueous phase, containing the RNA, was mixed with 10 pl of RQ1 RNase-Free
DNase 10X Reaction Buffer and 10 pl of RQ1 RNase-Free DNase. This was
subsequently incubated for 30 minutes at 37°C to purify the RNA from DNA
contaminants. The RNA was precipitated from the aqueous phase by mixing
the sample with 500 ul of 100% (v/v) isopropyl alcohol followed by incubation
at 25°C for 10 minutes and centrifugation at 12,000 x g for 10 minutes at 4°C.
The supernatant was removed and the RNA pellet washed with 1ml of 75%
(v/v) ethanol followed by vortexing and centrifugation at 7,500 x g for 5
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minutes at 4°C. The RNA pellet was dried for 5 to 10 minutes at room

temperature and dissolved in 100 pl of RNase-free water.

Total RNA was purified using 1X Vol phenol: (100%) chloroform pH 4.5
in 1X Vol of total RNA and centrifuging at 10,000 x g for 5 minutes at 4°C.
The solution separates into three phases, aqueous phase containing RNA,
interphase containing DNA and organic phase containing proteins and lipids.
The aqueous phase was extracted from the solution and transferred to a 1.5 ml
Eppendorf tube with 1 pl of 10% (w/v) dextran. A 3X Vol 100% (v/v) ethanol
was added to 1X Vol of solution and incubated overnight at -20°C.
Subsequently, the pellet was dried at room temperature and re-suspended in 65

pl RNase-free water.

2.5 Nucleic acid concentration measurement

Quantification of DNA, total RNA and ¢cDNA samples was conducted
using NanoDrop® ND-1000 spectrophotometer. Measurements consisted of

1.5 pl control solution and 1.5 pl samples, which were recorded in units of ng

ul™,
2.6 Image processing and statistical analysis

Images taken of MS media for root length measurements were analysed
using Image]. Statistical analyses were conducted on Microsoft Excel 2007 and

Genstat 15" edition for the standard error of the root growth graphs. Genstat

was also used for standard deviation calculations and for P value analysis.
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2.7 Polymerase Chain Reaction (PCR) amplification

2.7.1 PCR amplification via Taqg DNA polymerase

The PCR reactions were performed using a GeneAmp® PCR system
9700 (Applied Biosystems, USA). PCR reactions consisted of 5 pl 5X PCR
buffer (Bioline) (20mM Tris-HCl, pH 7.5, 100mM NaCl, 2mM DTT, 0.1mM
EDTA, and 50% (v/v) Glycerol), 1 ul 50mM MgCl, (Bioline), 1.5 pl SmM
dNTPs (Promega, UK), 0.5 pul forward primer (100ng/pl), 0.5 pl reverse primer
(100ng/pl), 0.15 pl (5 U/ul) Tag DNA Polymerase (Bioline), 1 pl (1-20 ng)
DNA template and the volume was adjusted to 25 pl with sterile distilled
water. The PCR reaction consisted of an activation step at 94°C for 3 minutes
(hot start), 30-35 cycles of denaturation at 94°C for 30 sec, primer annealing at
50-70°C for 30 sec, primer extension at 72°C for 30-90 sec, followed by a final
elongation step at 72°C for 7 minutes. Samples were chilled down to 4°C
thereafter. The PCR programme varied according to the primer pairs used for

different PCR reactions.

2.7.2 First-strand cDNA synthesis for reverse transcription-PCR

First-strand cDNA was synthesized from total RNA using
SuperScript™II  Reverse  Transcriptase kit  (Invitrogen) following
manufacturer’s instructions in a 20 pl reaction. This involved mixing 1 pg of
total RNA with 1 pl of 500 pg ml” oligo (dT)2.1s, 1 pl of ANTPs and 9 pl of
sterile distilled water and incubating at 65°C for 5 minutes prior to a quick chill
on ice. The mixture was then briefly centrifuged before adding 4 pl of 5X
First-Strand Buffer and 2 pl of 0.1M DTT. The contents were gently mixed and
incubated at 42°C for 2 minutes. Subsequently 1 pl (200 units) of
SuperScriptTMII Reverse Transcriptase was added and mixed gently by
pipetting. The mixture was then incubated at 42°C for 50 minutes, followed by

incubation at 70°C for 15 minutes to inactivate the reaction. All the primer
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sequences used in this project for PCR and RT-PCR are shown in the

Appendix.

2.7.3 Gel electrophoresis

Amplification products were separated by gel electrophoresis in a 1-2%
(w/v) gels consisting of 1-2g agarose, 50-100 ml 0.5 x TBE buffer (Tris-
Borate-EDTA, Fisher BioReagents UK Ltd) and 1-2 pl of 1% (w/v) ethidium
bromide (Fisher Scientific, UK Ltd) depending on the gel percentage. Gels
were immersed in 0.5 x TBE buffer and loaded with 5 pl marker (100 bp and 1
Kb DNA ladder; Promega, UK Ltd) as well as 15 ul of PCR product per well.
The gel was run at 100 V for 20-30 minutes and visualized via UV light using a

transilluminator (INGenius Bioimaging System, Syngene, Synoptics Ltd).

2.7.4 Purification of PCR product

PCR products were purified as shown on the manufacturer’s instructions
provided by QIAquick® PCR Purification (Qiagen). A 5X Vol of buffer PB
(Qiagen) was added to 1X Vol of PCR product and mixed. Subsequently the
sample was applied to a QIAquick column and centrifuged at 17,900 x g for 30
sec for DNA binding. The column was then washed with 750 pl of buffer PE
(Qiagen) and centrifuged at 17,900 x g for 30 sec. The column was yet again
centrifuged at 17,900 x g for 1 minute and the DNA eluted by adding 50 pl of
buffer EB (10 mM Tris-Cl, pH 8.5) (Qiagen) to the centre of the column

membrane. The column was incubated at room temperature for 1 minute before

centrifuging at 17,900 x g for 1 minute.

2.8 Gel extraction for DNA recovery

Gel extraction was carried out on 1% (w/v) agarose gel samples using

manufacturer’s instructions according to GenElute™ Gel Extraction (Sigma).
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The Gel band was extracted under UV light and weighed, prior to dissolving at
55°C for 10 minutes in three times the volume of solubilisation solution as the
gel band. The solution was vortexed briefly every 2-3 minutes. Once the gel
has dissolved, one gel volume of 100% (v/v) isopropanol was added to the gel
solution and mixed until homogenous. This mixture was then loaded to on
prepared GenElute Binding Column G (prepared using 500 pl Column
Preparation Solution to the column and centrifuged at 13,000 x g for 1 minute)
700 pl at a time and centrifuged at 13,000 x g for 1 minute. This process was
repeated until all the mixture was used. Subsequently 700 pl of Wash Solution,
diluted with 100% (v/v) ethanol, was added to the binding column and
centrifuged at 13,000 x g for 1 minute, followed by another centrifugation at
13,000 x g for 1 minute without adding any wash solution to dry the column.
The DNA was eluted by adding 50 pl of Elution Solution pre-warmed at 65°C

and centrifuged at 13,000 x g for 1 minute.

2.9 The hws-1 suppressor line mapping

The mapping of Aws-1 suppressor line was performed by Dr. Janny Peters,
University of Nijmegen, The Netherlands. The chosen hws-1 suppressor lines
were crossed with an allele of HWS in the Lansberg ecotype (ffol (Levin et al.,
1998)) for gene mapping. DNA was extracted, as indicated in section 2.3, from
the F2 progeny plants that display a phenotype similar to the suppressor lines
that were sent to Dr. Janny Peters for gene mapping using InDel marker
polymorphism. A brief description of the mechanism used for this mapping is

indicated in section 2.9.1.

2.9.1 InDel (insertion, deletion) marker polymorphism.

The F2 population of the cross between hws-1 suppressor line and ff0!
was screened with two flanking InDel markers using the Cereon collection of
InDel polymorphisms (Cereon, Cambridge, Mass, USA). For this PCR-based
marker polymorphism, primers were developed to recognise the flanking

marker in a co-dominant manner. For example, two InDel markers X and Y,
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flanking the region of interest from above and below respectively where a
larger fragment for Col-0 parent is shown compared to Ler parent in both InDel
markers (Figure 2.1 A). PCR amplification from both X and Y InDel markers
are simultaneously run on a polyacrylamide gel. A recombinant event within
the region flanked by X and Y in the F2 population samples can be identified
from the analysis of the polyacrylamide gel where three PCR fragments
indicate recombinants, two PCR fragments indicate homozygous F2 non-
recombinants and three PCR fragments indicate heterozygous non-
recombinants (Figure 2.1 B). These recombinants can be used in further fine-

mapping the region of gene of interest (Peters er al., 2004).

Col F
. <4
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‘ deletion
Non-recombinants Recombinants
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X
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Figure 2.1 InDel marker polymorphism with two flanking InDel markers. (A)
InDel markers flanking the region of interest amplified using specific primers with a
larger fragment for Col (Columbia) parent compared to Ler (Landsberg) parent. (B)
InDel marker examples X and Y, flanking the region of interest from above and below
respectively. Homozygous F2 non-recombinants are shown with two PCR fragments
and heterozygous non-recombinants indicated with three PCR fragments. WT: wild
type phenotype and m: mutant phenotype. Hlustration from Peters ef al., 2004.
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2.10 Plasmid construction and transformation

2.10.1 AS2,,,::AS2 line generation

Complementation analyses were carried out on the hws-1 and 80.5/hws-1
mutants by amplifying a genomic fragment of AS2 from Col-0 wild type DNA.
The genomic fragment consisted of 3,564 bp of the promoter region, 557 bp of
the S’UTR, 664 bp of the introns, 600 bp of the ORF and 224 bp of the 3’UTR.
The genomic fragment was amplified using the primers AS2compFor
5’GCAATAAGCCTACATCAGATTTTA3’ and AS2compRev 5S’TCAATTA
AGAGAGCAAGTCCATAA3’ (Figure 2.2) via Phusion™ (Finnzymes)
reaction. The reaction consisted of 10 pl of 5X Phusion HF buffer
(Finnzymes), 1 pl of 10mM dNTPs, 1 pl of 100 ngul” forward and reverse
primer, 50 ng of DNA template and 0.5 pl of Phusion DNA Polymerase
(Finnzymes). The reaction was adjusted to 50 pl with sterile distilled water.
The parameters used for the PCR reaction were 98°C for 30 sec, followed by
30 cycles of 98°C for 10 sec, 56°C for 30 sec and 72°C for 2.45 minutes,
finally an elongation at 72°C for 7 minutes. By using this PCR product as a
template, a second PCR reaction was carried out with forward and reverse
primers containing restriction enzyme sites Sall and BamH], AS2compSallFor
5’CGAGTCGACGCAATAAGCCTACATCAGATTTTA3’ and
AS2compBamHIRev 5’GTCGGATCCTCAATTAAGAGAGCAAGTCCATA
A3’ respectively, using Phusion™ (Finnzymes) reaction. The sites of the
restriction enzymes are shown in bold. The same PCR parameters as shown

above were used for amplification. The PCR product was PCR cleaned as

shown in section 2.7.4.
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24395301
24395501
24395701
24395901
24396101

24396301

24396701
24396901
24397101
24397301
24397501
24397701
24397901
24398101
24398301
24398501
24398701
24398901
24399101
24399301
24399501
24399701
24399901
24400101
24400301
24400501
24400701

24400901

gaaatatagaaaggatataaagagttctttttttctatggaaaaaataagaagtctacttaattttggttaatgatcggtgagagggattttattaaaga
qtgaqttqaccaaaaLtgggtCttaggaaatqqgaa:qatgtglctatattgtatattctaqtagaa[tqtaaquaa([{ttttatatLtutLagt!lq
aagact(grrYraaaraa(tttaatqtLtttLLttggcaaccaaacattaattaaaaaqcaaataatnttagtttattqatttttttttttgclltllgc

ct‘cltclgatttt&atLtgaatcgaatataactatatgtcctatg(atttttt(gqggcctaaaaqaaaaaaatatcaatgttttqg[aaatqacatqq\
ttatagcttggtttctacgttcaacaaaactcgggctacttgttgtataccttgacaagattctactaaatcttttttcagactteccagtcaagtettet

agggttcttaagtcgggtttttatttcgggttctgattgtctgattctaaagtctetttagagtttgtcatttgtttttgttggtgtgattgacgtecte
attcctaagtccgaacactatgactctgatatgttattgacagagacagagagtgataatatagtttctgatagggaggatttgataaaacagagtgatt
acataatgtttgtgttgatccttcttagttcttaccgtctatagtttcectatttttttaacacgaaatttcatagtttgtgtaacttgeggcagaaaat
atagatagctcacatagctatgatctaaatatgagcattcgtgtatatgattttatggtagctagegttgttgacaggctgcggtaaattggtetteget
agatgttgtgaagcgtatggaaaatactataatgagctaatatctattgggctttcatttagctttegetatttattaattgggcttgggecacccettea
caaactgtttattttgttccaaggatttttcagttgagagattatgtaagcaaattttgttttcttcacgtaacagaaattcgatctaacttatgtcegag
atgaattgctaaaagaaccattatcccaagtaaaatgtattagaaacctcatacttgaatgaggaaccctaaaatatgtatagaggattgtgataatgta
ctcactatcaatatagtcagttataagttagaattctgttaaaagtgttaaaataatgttttgtttcaaatacttagtttatcaaataaacttttttaat
ctttttatgtcaccatgagttatctgaataaagatgtttatatatccgcaagactagtcaaaagtggatagectccattaactgttatagtgtaactattce
tagtgtaacaattcttagaagtatttggttttactattttagtcttactttctatacttgattgttcaggtaacattttcaaaattggagatgattttac
ttaatcgtaaacttattacttatatactaaaaagcttgtaagtagggcccgaaatgtggaaaacattgtaatttaaatccaaactagttttagaagaaga
cgcaatgtatatataataatggaaaaatatgaaaacgatatcagccaaacatacttattatgaatattaattggagagaaggagtgtaaccatccatatg
gtgtgaattctatgatttttggacccattgttataaacgaaggaagaagacaaagaacatgaagacatgaatagttttatttcaaaagtaatgaataaat
atataaataaaaggaatggttgtcgtttgaaaatgggtacgagtaaatagtgttgcagactctgctccaacagtaattacaacaatgcaatatgcaacca
cgacccacttgcttctattcatttcccattcttgttctctctccaaattgactaatgttttaaatgttatatgatcatgataaccattettttttctett
tgcacgcttcttegttaggttaggtcgtacgtaaaaagtgatgacctaatcgtagagaccaactaaatttcggttcectgattacttaatcgagtgtttaaa
tttgcttaacttgacatttgttaccaagaaaggagaactagtagtgaaaaaagagagtttaaaaccttgacaatcgcttaacccaaagttttagaatatt
tctgctagtacataaggtaaatgtacacatttattgtagttgttgtattggttgaatttggctctgttggttgaggtttcagattcataaaaaaaagtac
tgtagttactagtaaaaatgaacttgaattatggttgtattgttgttatacaaaaatggcacactttatgaaaccaactaaaaacaagtatccatttctg
ataataacattttcgaggatttttaagatatacaacaaaatgcagaactatatacaaagtcttgtgtcttgagaatgtaacttcaattattaacaccaaa
atgtctaaaaacctaaagcatctaagaaacggtgccactgtctctaaccectttctcaacagttcgatacaaaacttecattaatgtttttctattecct
tcacatttggaaattcaaactaaaaatgcataaacaaaaaatactataacctcatcttaaaaattactaatgtcccagtaacattaatctcatagggtta
ctaatcatgggttatcttttaaactccaaaaacaaagtaggtatcattatataaacaagtttcatggtatatctectaattttccegtagaggaaagtat
gaagatatatatagagaagaaagacagagtccgtgatcactcactctctctctatctctatatatcgacacaccataaaagttgttctttctcteegttt
ccttagectetgecatctgggegattttetetttctatecteectacaccttagggagtactgatectaaactcatcatetttctatgecttectetttte
ttcacttattttcttttctattttttttetttettactttgegtaaaactagcgagtcaaaaataaagacacttgcatgatcctaatataatattatata
ttgtaattagagaaagagagagaagagaagaaagaaagtggcagtagattcttatggattttggtataaagaaacatgaaaaaatgggtttge gaaga
aathtgaqqacggtaacttcattatcaactttthactqtaLLLalatttta;ctLl[qLcaaachtaLcatataalat(aatqtquat[autag[aq)

agagtataataatagtaataacaaaatgcttggttactgtatgtaaatccctagacaaaaagaataagaataaaaagagcaaaattcttcatcccaagat
ccatcaggagagtcagagtcagaccccatctctcatttcccatctctecttt catttatttccttttttttctttctagatacttttttattttgaa
atttaatactaataactatacatttattgttattattgttgttagagtctatgctagggtccaagggttcatcccaatatcccttcttectccttagaaac
teg cttcttcacatggaaatcaattccctctagtaccaaatectattactattgaaggtatactctatagttatttatttagttaagtatatatatt
aaaaataaataacattaattagtactagtcttatcatatttattagctcattttcttataaaatactaatataataggaaatttaagcacaagatgagcet
ttgcccatcgagagcectcaaaacccaaaagtctettcettettcacgagatccaatettttgetttttagtaattaattacatcttcttecttetette

tcttecttecttcectetetcatacctacctataagcaacacaaagaacaccattgateccatetgttttgttecectatatttegttaatccatecatacge
attccaactacacggtacaaatttccatctctttttaatttgtttttataatgattttaaatctctcaggttgtetctagactcttaggtetagttacea
aaatttgactagcaatcatatagctacaagttcctctatatcatatagetacacatatctctaggtetgaaatgatettttatetcccaagecatatatta
tatatttggatgcatacctttatgtttgactttcgaaaagcaccttecatgttactcattttttectctatttgetttcaacagttgacaagaaggttgga
tcagtatatataagtatacatatacacttatgtgtgtgtgtagtgtatgtgcatatatagctcaccaaatatctttaatactactaattgecaaagtttet
cttactctacnqrttLLtqtatgcaaccccaaatagcaqcttaaagaaagcagagaqqatc[tcttLtatLLCLcrtClgagcaacaqaaqcrattattc

aaagaaagqcttctttaatttacthcag' gettt ttctatagag g g gattga

ey + v tgt +, +

«
.

ORF 559 bp

amutettttttmtmthuectuuceMcmtmeutuuuumantmn

gggaaaagagaaaaaattgaaaaactccattttcaagtcattaaa

gattttagggttttggtggtgttcatcttegtcgategettggtgatgagaaaac
tataattttaagaaaatatttgatgtggaaaaccaaaatattttaaacgtatggtacgtctctcttaatgacattaatttcggtttttattattattatt
acttagatatattatgatagtcacttttgtatttctttcaaattttatggacttgctctcttaattgatatcacatacttgcattatagagtatattatt

Promoter 3.564 bp

5T UTR1.221 bp

3 UTR 223 bp

Figure 2.2 AS2 promoter and gene sequence. The gene contains 3,564 bp promoter
region, 1,221bp of the 5’UTR, with two introns (intron 1 (390-788 bp) and intron 2
(905-1171 bp), 599 bp coding region, and 223 of 3’'UTR. Exons are highlighted in
light grey and the coding region is highlighted in dark grey. The primers AS2compFor
and AS2compRev are underlined. Sequence obtained from TAIR.
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2.10.2 AS2,,,::GUS line generation

GUS expression analyses were carried out on Col-0 wild type and hws-1
mutant by amplifying a genomic fragment of AS2 from Col-0 wild type DNA.
The genomic fragment consisted of 3,564 bp of the promoter region and 557
bp of the S’UTR. The forward primers (AS2compFor and AS2compSallFor)
used for amplification were the same as for complementation test as indicated
in section 2.10.1. However the reverse primers altered to AS2compRevpro
5’CATGTGAAGAAGTTGCGAGTT3’ and AS2compBamH1Rpro 5’GTCGG
ATCCCATGTGAAGAAGTTGCGAGTT3’.

|

2.10.3 DNA digestion using restriction enzymes

Restriction enzymes used in this project are Sall, BamHI and EcoRI-HF
(NEB). Each digestion consisted of 2 pl of 10X buffer (NEB), 0.2 pl of 100X
BSA, 1 pl of restriction enzyme(s) and adjusted to 20 pl using sterile distilled

water. The reaction was then incubated at 37°C for 2 hours.

2.10.4 AS2 gene fragment and pBI101.2 vector ligation

The pBI101.2 vector (Figure 2.3) was digested using Sall and BamHI
restriction enzymes prior to vector insert ligation. Ligation was carried out
using a ratio of 3:1, insert:vector. The ligation reaction involved 1 X T4 DNA
ligase buffer, 1pl of pBI101.2 vector (50 ng.ul™), 3 pl of AS2 insert (68 ng.pl’
') and I unit of T4 DNA ligase. The reaction was adjusted to a final volume of
10 pl using sterile distilled water. A control ligation reaction was also made

using pB1101.2 vector along with no added insert. The ligation reactions were

incubated overnight at 4°C.
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A AGC TTG CAT GCC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA GGT CAG TCC CTT ATG
Hind Il Sphi Pst] Sal 1 Xbal BamH | Smal GUS start

Figure 2.3 pBI101.2 T-DNA region. The polylinker cloning site is shown on the
illustration up-stream of GUS. (NOS-ter, nopaline synthase polyadenylation).
Ilustration modified from Jefferson et al. (1987).

2.10.5 Bacterial transformation using DH5a.

Following ligation overnight, 50 pl DHS5a competent cell suspension
was added to the 10 pl ligation reaction. The mixture was incubated on ice for
20 minutes, heat shocked for 45 seconds at 42 °C and immediately returned to
ice for a further 2 minutes. A 450 pl sample of pre-heated LB medium was
added to the mixture and incubated at 37 °C for 2 hours with shaking at 200
rpm. A sample of 50 pl and a sample of 100 pl of the culture was plated onto

LB agar medium containing 50 pg.ml? Kanamycin and incubated for 16-18

hours at 37 °C.

Colonies were tested using PCR with pBI101.2For 5’GAGTTAGC
TCACTCATTAGG3’ and AS2rev4 5’CAAGTAGCCCGAGTTTTGTT3’ as
well as AS2for4 5’GTCGATCGCTTGGTGATGAG3’ and reverse primer
GUSseq 5S’TCACGGGTTGGGGTTTCTAC3’. Positive bacterial colonies
were grown on LB agar medium containing 50 pg.ml” Kanamycin overnight
at 37 °C. Cultures made overnight at 37 °C from the positive colonies were

used for glycerol stock preparations and for DNA plasmid miniprep analysis.
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2.10.6 Agrobacterium transformation using C58

A 5pl aliquot of the AS2::AS2 plasmid and a C58 competent cell
aliquot of 50ul were mixed together by pipetting. This mixture was then
transferred to an electroporation cuvette that was pre-cooled at -70°C for 10
minutes. An electric pulse of 2.2 kilovolts was applied for 6 milliseconds to the
electroporation cuvette using a BioRad MicroPulser™ (Bio-Rad Lab Ltd).
Immediately 1 ml of LB medium was added to the electroporation cuvette and
incubated at 28°C for 3 hours before plating S0ul and 100ul of the incubated
culture to LB agar medium consisting of 50 pg.ml"! Kanamycin and 25 pg.ml’
of Rifampicin. These plates were incubated at 28°C for 2 days. Positive
colonies were selected by PCR using primers that were used for bacterial

transformation analysis as described in section 2.10.5.

2.10.7 Arabidopsis transformation using floral dip

Arabidopsis transformation involved the use of the floral dip technique as
described by Clough and Bent (1998). Col-0, hws-I and 80.5/hws-1 plants
were grown in the growth room until they started to flower. The first bolt was
excised to promote numerous secondary bolts. Four days after excising, an LB
liquid medium (200ml) consisting of 50 pg.ml” Kanamycin and 25 pg.ml” of
Rifampicin was inoculated with a positive colony that was identified by
Agrobacterium transformation. The culture was incubated with shaking (200
rpm) at 28°C overnight and until the ODggo measurement was evqual to 0.8. This
was then aliquoted to SOml centrifuge tubes and centrifuged at 6,000 rpm for 5

minutes. The resulting pellet was resuspended in 5% (w/v) sucrose solution to

ODg0 0.8.

Prior to floral dipping, 0.05% of Silwet L-77 was added to the
suspension. Above-ground areas of the plants were dipped, with gentle
agitation, in the Agrobacterium solution for 10 sec before covering the dipped

plants with plastic sleeves for 24 hours to sustain high humidity. The
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transformed plants were placed in the growth room and watered as normal.

Seeds were harvested once the plants had become dry.

2.10.8 Selecting for plant transformation

Harvested seeds were sterilized with distilled water containing 0.01%
(w/v) Triton X-100 in 1.5ml Eppendorf tubes. The solution was decanted and
sterilized with 50% (v/v) bleach prior to washing three times with the Triton
and distilled water solution. All solutions were decanted and washed with 70%
(v/v) Ethanol before being washed three times with SDW. All sterilized seeds

were placed on filter paper to dry.

Dried seeds were spread on % MS media consisting of 50 pg.ml’
Kanamycin and incubated at 4°C for 2 days prior to transferring the plates to a
growth room at 22.5°C with 24 hour daylight. The Kanamycin resistant
seedlings were washed of any media and transplanted on Levington M3 soil
with 0.2 g L! Intercept 70 WG (Scotts, Monro South) and transferred to the

glasshouse at 22 °C + 2 °C. The phenotypes of the transgenic plants were

analyzed.

2.10.9 Histochemical analysis of GUS activity

Two weeks old leaves, flower buds, flowers from positions 2 to 10 (stages
6.0 to 6.90 as shown on table 1.1, section 1.1) and incipient siliques from
positions 10 to 16 of AS2,,::GUS wild type and AS2,,::GUS hws-1 were
immersed into GUS staining solution (0.1M sodium phosphate buffer (pH 7.0);
10mM EDTA; 0.1% (v/v) Triton X-100; 0.5% (w/v) 5-Bromo-4-chloro-3-
indolyl B-D-glucuronide (X-Gluc) dissolved in 1ml of Dimethylformamide;
1mM potassium ferricyanide; 1mM potassium ferrocyanide (Sundaresan et al.,
1995)). Plant material immersed in GUS staining solution was incubated at
37°C overnight. GUS stained tissues were washed three times using 70% (v/v)

ethanol with 30 minutes to 1 hour intervals between washes. GUS stained
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tissue samples were photographed using a Kodak MDS290 digital camera

mounted on a Zeiss Stemi SV6 Stereo microscope.

2.11 Bioinformatic analysis

BLAST (TAIR and NCBI) searches were carried out using sequences of
hws-1 suppressor mutants to identify potential orthologues of the genes. The
sequences for primer designs were obtained from TAIR database. Nucleotide
and protein alignments were carried out using Clustal W and nucleotide
sequences were translated using ExPasy Translate tool. Gene expression levels
in different tissues of a plant were analysed using the gene expression search

engine, GENEVESTIGATOR.
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CHAPTER 3

Characterisation of 43.1

3.1 Introduction

3.1.1 Strategies to identify the substrate(s) of HWS

The hws-1 mutant was generated by LEHLE SEEDS (Round Rock, TX.,
USA) using fast neutron bombardment at a dose of 55 Gy in the BARN
(Biological Agriculture Reactor Netherlands) irradiation room. The
mutagenesis was carried out on M1 Arabidopsis seeds in the Col-0 wild type
background. These M1 plants were self-pollinated and the resulting
approximately 1000 M2 families were screened. The hws-I mutant was
identified amoung the M2 families due to its inability to shed its floral organs

following silique desiccation.

HWS is an F-box protein and has been shown to interaction with the
Skp1-like genes, ASKI and ASK4 in an anther-specific yeast two-hybrid library
(Gonzalez-Carranza et al, 2007). The HWS F-box domain is located in the
region of 40-85 amino acids downstream of the N-terminus. HWS also exhibits
a kelch-2 motif in its C-terminus. It has been identified in other F-box proteins
that the kelch repeat motif is important in recognising the substrate involved in
degradation (Jarillo et al., 2001). It is also known that F-box proteins which
contain C-terminal kelch repeats are multidomain proteins. In the SCF
complex, the C-terminal domains may employ target proteins that are intended
for degradation of proteasomes (Schumann et al., 2011). Analyses are

underway to identify the substrate(s) involved in the SCF complex where the

F-box protein, HWS is a key player.
There are several approaches involved in identification of F-box protein

substrates. These approaches commonly comprise the disruption of F-box

protein expression using shRNA hairpins, ubiquitination target stabilization
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using Cull-dominant negatives and the use of F-box protein collections as
biochemical reagents in order to detect interacting proteins that maybe
substrates. There are also strategies involved in the detection of F-box proteins
that identify particular phosphodegrons (these are phosphorylated motifs that
are formed from phosphorylation of ubiquitination target by pertinent kinases)
via the use of immobilized phosphopeptides. A majority of these techniques
depend on the prior knowledge of the turnover of a particular ubiquitylated
protein and the establishment of specific identities of sites of phosphorylation,

which are significant for turnover, within the protein (Jin et al., 2005).

There are many challenges involved in the identification of F-box protein
substrates. One of these challenges is the relatively weak and transitory
detection of the F-box protein-substrate interaction. Even though current
advances such as mass spectrometry have permitted the detection of these
weak interactions, the analysis of such detections remains problematic due to
the large number of proteins that need to undergo elimination binding non-

specifically to a bait protein (Yumimoto et al., 2012).

In an attempt to identify the substrate(s) associated with HWS for
degradation, yeast-two-hybrid assays and proteomics approaches was
developed. The yeast-two-hybrid system is a molecular genetic tool involving
the detection of protein-protein interactions. This system can be used to
identify prey proteins which interacts with the known bait protein or to
understand the interaction between two proteins that are predicted to interact
with each other (Young, 1998). If a protein interaction has been established, a
reporter gene is transcriptionally activated. The yeast-two-hybrid system
involves the expression of two chimeric proteins that interact and bring the
separate activation domain (AD) and the binding domain (BD) into contact.
This eventually drives the expression of a downstream reporter gene (Young,
1998). The yeast-two-hybrid assay did not identify the substrate(s) involved in
HWS since the affinity of substrates for the required F-box protein is

comparatively weak (Gonzalez-Carranza Z.H. and Zhang X., unpublished

data).
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For the isolation of HWS target proteins, a two dimensional (2D)-PAGE
protein gel electrophoresis system was employed by comparing the proteomes
of different plant genotypes. The 2D-PAGE gel electrophoresis technique was
carried out on extracts of protein from Aws-1 and wild type tissue samples with
the aim of identifying proteins that are present in hws-/ but not in wild type.
These techniques used to isolate target proteins for HWS have not yielded
information that can move us closer to identifying the substrate(s) involved in
the SCFuyws complex (Gonzalez-Carranza Z.H. and Zhang X., unpublished
data).

Due to the limited information on HWS substrate identification from
yeast-two-hybrid and proteomics approaches, another approach was undertaken
to isolate gene products that are interacting with HWS using a suppressor or
enhancer analysis strategy. The first phase of this was achieved by mutation of

hws-1 using EMS mutagenesis.

EMS involves the chemical modification of nucleotides which leads to
base mispairing. The principle behind EMS constitutes its capacity to alkylate a
guanine base that is able to pair with thymine base resulting in mainly G/C to
A/T substitution. This will eventually lead to an amino acid change or deletion
(Maple and Mgller, 2007). Most commonly EMS induces a base pair change
from C-to-T directing to a C/G to A/T transition. EMS generates mutations that
are randomly distributed throughout the Arabidopsis genome. This can
subsequently lead to the understanding of the role of specific amino acid
residues in protein function as well as producing loss- or gain-of-function
mutants (Kim et al., 2006). Unlike other mutagens which generally result in
loss-of-function, EMS generates point mutations that frequently result in
constitutive function, partially reduced function, qualitatively altered function
as well as loss-of-function (Maple and Mgller, 2007). The induction of
multiple point mutations by EMS is such that mutant alleles of a specific locus
are 1 in 2000-5000 M2 plants. This high rate in mutagenesis facilitates
screening of plants to find mutants with the desired phenotype by making the

screening process less laborious (Weigel and Glazebrook, 2002).
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Screening of the M2 population for suppressors of the hAws-1 phenotype
would enable the identification of specific proteins downstream of HWS that
are targeted for degradation. A null mutation of the target encoding gene would
result in hws-I phenotype rescue, leading to floral organ shedding.
Approximately 560 M1 plants were used to develop roughly 112,000 M2
plants and these M2 plants were selfed to generate 112,000 M2 populations for

screening of hws-1 suppressor lines.

3.1.2 Interaction of HWS and microRNA genes

Similar phenotypic characteristics to the sepal fusion phenotype of Aws-1
mutant can also be seen in the ectopically expressed microRNA miR164b
(Mallory et al., 2004b; Laufs et al.,, 2004). MicroRNA164 is a target of both
CUCI and CUC2 gene expression. Overexpression of miR164 (2x35S5:miR164)
demonstrates sepal fusion along their margins indicating that it phenocopies the
cuclcuc2 double mutant. This is achieved by post-transcriptional
downregulation of CUCI and CUC2 levels of mRNA via miR164. The sepal
fusion of 2x35S:miR164 is rescued by the expression of CUC2 mRNA that is
resistant to miR 164-guided cleavage (CUC2-m4) (Laufs et al., 2004). CUC2-
m4 expression also leads to enlargement of the boundary domain resulting in
an enhanced spacing between sepals indicating that the target degradation of
CUCI and CUC2 by miRNA restrict the enlargement of boundary domain
(Laufs et al., 2004). Laufs et al. (2004) have also shown that the boundary
domain expansion is constrained by miR164-dependent degradation of CUCI
and CUC2 transcripts due to boundary cell proliferation. These analyses
demonstrated that CUCI and CUC2 loss of function resulted in the sepal fusion
flower phenotype observed on miR164 overexpression. Furthermore the
cuclcuc2 double mutant consists of fused cotyledons that are similar to the
mutant phenotype of miR319 and TCP regulation. TCP genes, targeted by
miR319, are involved in regulation of leaf morphogenesis. MiR319 targeted
degradation of TCP results in crinkled larger leaves due to comprehensive leaf
margin cell proliferation (Palatnik et al., 2003). Similar regulation of cell

proliferation resulting in crinkled leaf phenotype was observed in ectopically
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expressed CUC2 (2x358::CUC2) lines (Laufs et al., 2004). TCP3 binds to the
promoter of miRI64a and modulates its expression leading to miRI64a
targeted degradation of CUC genes (Koyama et al, 2010). An EMS
mutagenized hws-1 suppressor, prb-1, which rescues the hws-1 sepal fusion
was isolated by Dr. Gonzalez-Carranza from the Aws-1 EMS populations. The
nature of this mutation results in a single nucleotide change in CUCI miR164
binding site (Gonzalez-Carranza Z.H., unpublished data). These results may
contribute to a relationship that shows a link between HWS and the miRNA

regulation in plant development.

Further research carried out by Dr. Gonzalez-Carranza has shown that the
hws-1 phenotype is rescued when crossed with mutants of the microRNA
pathway (Gonzalez-Carranza, unpublished data). This indicates that there may
be a link between ubiquitination and the microRNA pathway. To further
understand the role of the HWS gene in miRNA biogenesis, a number of EMS

mutagenized hws-1 suppressor lines were characterised.

3.1.3 Chapter aims and objectives

This Chapter involves the characterization of the EMS mutagenized hws-1
suppressor line 43.1. Phenotypic comparisons between Col-0 wild type, Aws-1
and 43.1 both in hws-1 background and Col-0 wild type background were
conducted on flowers, leaves and roots. This involved segregation of the

43.1/hws-1 double mutant into 43.1 single mutant.

Sequencing analyses were carried out to investigate the gene involved in the
mutation and to identify the nature of the mutation. This also entailed crossing
43.] with a mutant allele of the gene involved, for allelism tests. Furthermore

the interaction between HWS and the gene involved in the 43./ mutation was

investigated.
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3.2 Results

3.2.1 Morphological analysis of EMS populations

I have screened forty six (population shown on Table 3.1) EMS
mutagenized hws-1 M2 populations from 112,000 M2 populations. From the
forty six EMS mutagenized hws-1 M2 populations that were analysed, twenty
suppressor lines were isolated by their ability to rescue the distinctive hws-1
sepal fusion phenotype leading to the shedding of floral organs during
senescence. Each suppressor line identified was first named after the EMS hws-
I population number it was isolated from, then by its mutation number (i.e.
43.1 was the 43 EMS hws-I population and 1®* mutant selected from that
same population) (Table 3.1). The EMS population numbers shown in Table
3.1 indicate to the populations that were screened for this project from 112,000
M2 EMS hws-1 populations. All the suppressor lines were screened by PCR
analysis, using HWS specific primers, SSLPHSfor and SSLPHSrev (band
length 172 bp). Plants that amplified only Col-0 wild type (band length 200 bp)
were discarded as wild type contaminants (Figure 3.1). A 28 bp difference was
observed on the PCR analysis between wild type contaminants and suppressor
lines. These results were confirmed by performing PCR analysis on the F1
generation of each suppressor line. Various phenotypic characteristics can be

observed on each suppressor line aside from being able to rescue the hws-1

phenotype.

Other mutations in the EMS hAws-1 populations were also observed that
showed abnormal phenotypic characteristics (Figure 3.2) as well as rescuing of
the hws-1 sepal fusion mutation resulting in a pleiotropic effect. Some of these
mutations rendered the majority of inflorescences flowerless (Figure 3.2 A and
B) which made it difficult to determine whether the mutant plant was rescuing
the hws-1 phenotype. Another suppressor mutation observed was the lack of
floral anthers and carpels, which were replaced by petals and sepals (Figure 3.2
D) giving the effect of a secondary flower formation on top of initial flowers.
Other suppressor lines that showed abnormalities include mutations that lacked

petals (Figure 3.2 F), mutations that produced additional inflorescences at the
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proximal end of secondary inflorescence (Figure 3.2 E) and mutations that
displayed abnormal phyllotaxis (Figure 3.2 C). Reciprocal crosses were made
between suppressor lines obtained from the same EMS mutagenized
populations were found to be allelic. This indicates that suppressor mutations
identified from the same population are of the same gene hence providing only

one mutation type per population analysed.

EMS EMS
population | Suppressor | population Suppressor
37 66
38 67
39 68
40 69
41 70
42 71
43 43.1 72
44 73
45 45.1,45.4 74
46 75
49 76
50 77 7,71
53 53.4 78 78.1
54 54.6 79 79.1
55 80 80.1,80.2,80.4,80.5
56 81
57 82
58 83
59 84 84.1,84.3,84.5,84.6,84.7,84.10,84.12
60 85 85.1
61 86 86.1
62 87
65 88
: populations and mutant lines that failed to rescue the hws-1 phenotype
: Identified suppressor lines

Table 3.1 Forty six M2 EMS mutagenized hws-1 populations were analysed and
twenty suppressor lines have been isolated (shown in white). Each suppressor line
identified was first named after the EMS hws-/ pg})ulation number it was isolated
from, then by its mutation number (i.e. 43.1 is 43 EMS hws-1 population and 1*
mutant selected from that same population). EMS populations shown in grey are those
that did not show suppressor lines. Those suppressor lines from the same population
were tested for allelism by crossing to each other and were found to be allelic.
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EMS population lines

Col0  HWS  PCR
positive negative

454 534 546 711 78.1 79.1 80. 805 84.1 85.1 86,1 | .
control  control  control

100 bp
Ladder 43.1 45.1

500 bp
>

200bp 3 172bp

Figure 3.1 PCR analysis of some of the suppressor lines indicating the presence of
the HWS gene with a 172 bp band. Line 79.1 is showing to be a contaminant as it
amplifies a 200 bp fragment. These analyses aid to distinguish between true hws-1/

suppressor lines and wild type contaminants.
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Figure 3.2 The different types of suppressor mutations, showing an effect on floral
organ development. (A and B) Absence of floral organs in inflorescences. (C)
Abnormal phyllotactic pattern. (D) Reproductive organs anthers and carpels, replaced
by petals and sepals. (E) Presence of additional inflorescence at the proximal end of
secondary inflorescence. (F) Absence of petals. Bars (A, C, E and F) = lcm, Bars (B

and D) = Imm.
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From the twenty suppressor lines isolated, two suppressor lines, 43.1
and 80.5 were identified for detailed analysis in this project. These suppressor
lines rescue the distinctive sepal fusion phenotype of hws-1 as well as
displaying other phenotypic abnormalities. These abnormalities will be

discussed in more detail in this chapter for 43.1 and in chapter four for 80.5.

3.2.2 Phenotypic analysis of 43.1

Besides the ability to rescue the hws-1 phenotype (Figure 3.3 B) phenotypic
analysis of 43.1/hws-1 show that the mutant had elongated leaves (Figure 3.3
A) as well as abnormal phyllotactic arrangement along the internodes (Figure
3.3 C) and additional petals in some of the flowers (Figure 3.3 D). Disrupted
phyllotaxy can also be observed in hasty (hst) mutants (Bollman et al., 2003).
The loss of HST gene function also leads to mutants with similar elongated
leaves as 43.1. To further analyse the phenotypic similarities between 43.1 and

hst, comparisons were made between different plant organs of the mutants.
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Figure 3.3 Various phenotypic characteristics of 43.1/hws-1. (A) Elongated
adaxialized rosette leaves. (B) Rescuing of the hws-1 sepal fusion phenotype at the
basal margins (arrow). (C) Siliques developing at the same region (arrow) resulting in
disrupted phyllotaxis. (D) 43./hws-I demonstrating extra petals (five) whereas a normal
wild type Arabidopsis flower contains 4 petals. Bar (A) = 1cm, Bars (B-D) = Imm.

To identify whether the mutant phenotype is due to dominant or recessive
mutations and to analyse phenotypic characteristics of 43./ as a single mutant,
segregation analyses were carried out via a cross between 43.1/hws-1 double
mutant and Col-0 wild type. The Fl progeny showed a wild type phenotype
indicating that the mutation is nuclear and recessive. Ninety-six plants were
grown for the F2 population of the cross between 43.1/hws-1 and Col-0 wild
type. The F2 progeny displayed a segregation ratio of 3:1, Wild type:43./
phenotype. This confirms that 43.7 phenotype is caused by a single, recessive

nuclear mutation. The plants that demonstrated a phenotype similar to 43./
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were analysed by PCR using HWS specific primers (SSLPHSfor and
SSLPHSrev) to segregate 43.1 away from hws-1 background and to identify
43.1 single mutants. The analysis demonstrated that 26% of the segregation
population was 43.1/colwt (Figure 3.4). The suppressor line 43.7 in the Col-0
wild type background enables a phenotypic analysis of 43.7 in the absence of
hws-1.

43.1 F2 segregation progeny

100 bp

P a Lo B4 WE S 6 o7 & 81810 10 S11:12 5131814 11516117 187 19

500 bp

200 bp

Segregation analysis (sample number as shown on gel)

43.1/col wt 43.1/hws-1 Heterozygous for hws-1

5,6,11,16,19 4,9,12,14 1,2,3,7,8,10,13,15,17,18

Figure 3.4 F2 progeny PCR amplification of the cross between Col-0 wild type
and 43.1/hws-1. The F2 progeny of the cross between Col-0 wild type and 43.1/hws-1
showed a total of nineteen plants out of ninety-six that displayed similar phenotypic
characteristics as 43./. PCR amplification of these nineteen plants showed the
segregation pattern of 43.1/col wt, 43.1/hws-1 and heterozygous plants.




Flower comparisons between Col-0 wild type, hws-1, 43.1/hws-1 and
43.1/colwt have shown that 43.1/hws-1 demonstrates an increased number of
sepals and petals (Figure 3.5 C, G and M) compared to 43.1/col (Figure 3.5 D
and H) as well as hws-1 (Figure 3.5 B and F), which is known to exhibit a
standard number of floral organs comparable to Col-0 wild type (Figure 3.5 A
and E). There is a reduction in petal and sepal sizes on both 43.1/hws-1 and
43.1/colwt (Figure 3.5 N). The stigma of 43.1/hws-1 is also larger than that of
Col-0 wild type and hws-1. The petal orientation within the 43.1/hws-1 flower
is abnormal and there is an increase in the gap between adjacent petals of both
43.1/hws-1 (Figure 3.5 C) and 43.1/colwt (Figure 3.5 D). These gaps may be
due to the narrowing of petal bases and may also contribute to the slight
opening of floral buds prematurely as seen on inflorescence of both 43.1/hws-1
(Figure 3.5 K) and 43.1/colwt (Figure 3.5 L) compared to the closed buds
observed on Col-0 wild type (Figure 3.5 I) and hws-1 (Figure 3.5 J)

inflorescence.

Analyses of petal and sepal numbers on the first twenty five flowers of six
43.1/hws-1 plants has revealed that an increase in these floral organs only
occurs within the first ten flowers of each plant (Figure 3.6). The subsequent
fifteen flowers of each plant demonstrated floral organ numbers comparable to
wild type flowers. Approximately 58% of the flowers that showed an increase
in petal and sepal number from the six plants displayed equal number of
increase in both petals and sepals within a single flower. The highest number of
sepals identified per flower is five sepals and the highest number of petals
identified per flower is six petals. This increase in petal and sepal number is
not observed consistently in flowers throughout plant development. These

floral organ changes only arise in flowers that are established during the early

phase of plant development
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Col-0 wild type hws-1 43.1/hws-1 43.1/colwt

(/] [{ ]

43. 1/hws-1 Col-0 wild type ~ hws-/ 43.1/hws-1 43, l/colwt

Figure 3.5 Phenotypic comparisons of flower at stage 6.90 (table 1.1, section 1.1)
and inflorescence morphology of Col-0 wild type, hws-1, 43.1/hws-1 and
43.1/colwt. (A, E and I) Col-0 wild type, (B, F and J) hws-1, (C, G and K) 43.1/hws-1
and (D, H and L) 43.1/colwt. (M) Dissected flower of 43.1/hws-1 showing presence of
extra sepals and petals; 5 sepals, 5 petals, 6 anther filaments and 2 fused carpel;
compared to Col-0 wild type which contained 4 sepals, 4 petals, 6 anther filaments and
2 fused carpel. (N) Comparisons between petal and sepal morphology of Col-0 wild
type, hws-1, 43.1/hws-1 and 43.1/colwt. Bars = Imm.
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Similar to 43.1/colwt (Figure 3.7 B and E) flower morphology, Ast-1
demonstrates a reduction in floral organ size (Figure 3.7 C and F) and does not
show extra petals and sepals unlike 43.1/hws-1 (Figure 3.7 A and D). However
hst-1 does show a decrease in seed set compared to wild type which is not

identified in either 43. 1/hws-1 or 43.1/colwt.

43.1/hws-1 43.1/colwt hst-1

Figure 3.7 Stage 6.5 flower comparisons between 43.1/hws-1, 43.1/colwt and hst-1
at stage 6.90 (table 1.1, section 1.1) (A and D) 43.1/hws-1 flower. (B and E)
43.1/colwt flower. (C and F) hst-1 flower. Bars = Imm

The phyllotactic pattern is disrupted in both 43.1/hws-1 and 43.1/colwt
compared to Col-0 wild type and hws-1 (Figure 3.8 A). This is indicated by the
clusters of siliques at certain regions of the stem which are separated by
internode size and phyllotaxis similar to Col-0 wild type. Elongation of
internodes within clusters of siliques is limited to little or no elongation.
Another abnormality seen on 43.1/hws-1 and 43.1/colwt is the reduction in
growth of first few siliques that establishes during plant development. These
changes in phyllotaxis are also observed in the Ast-/ mutant (Figure 3.8 B).

However the reductions in growth of the first few siliques are not seen in Asz-1.
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Col-0 wild hws-1 43.1/hws-1 43.1/colwt

Figure 3.8. Abnormal phyllotaxis in 43.1/hws-1, 43.1/colwt and hst-1 compared to
Col-0 wild type and hws-1. (A) Comparisons between the phyllotactic pattern of Col-
0 wild type, hws-1, 43.1/hws-1 and 43.1/colwt demonstrate a disrupted phyllotaxis in
both 43.1/hws-1 and 43.1/colwt (shown by arrows). (B) Disrupted phyllotaxis (shown
by arrows) is also seen in Ast-1. Bars = lcm

Comparisons between three week old plants of Col-0 wide type, hws-1,
43.1/hws-1 and 43.1/colwt revealed that 43.1/hws-1 has elongated cauline
leaves as well as rosettes with serrated margins (Figure 3.9 A and B). The
overall size of 43.1/hws-1 seedlings are similar to that of wild type. The
43.1/hws-1 double mutant seedlings also demonstrated slightly adaxialized
cauline leaves. This change in leaf phenotype can be observed from the fourth
leaf onwards. The leaf morphology of 43.1/colwt shows complete
adaxialization of cauline leaves from the third leaf onwards. It also displays a
reduction in seedling size compared to 43.1/hws-1. Phenotypical analysis

indicate there is a trend in reduction of the number of juvenile and adult leaves
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in 43.1/colwt compared to 43.1/hws-1 as well as Col-0 wild type and hws-1.
Similar phenotypic characteristics to 43.1/colwt can be observed on hst-1
mutants where the cauline leaves are completely adaxialized and reduced
number of juvenile and adult leaves compared to wild type (Figure 3.10 A and
B). The adaxialization of 43.1/hws-1 leaves seems to be rescued to a certain
degree by the Aws-1 mutation. The Aws-1 mutant may also restore the number
and size of juvenile and adult leaves in 43.1/hws-1, which is reduced in
43.1/colwt.

70



g
N .

Col-0 wild type 43.1/hws-1 43.1/colwt

43.1/hws-1

43.1/colwt

Figure 3.9 Comparison of the phenotypic characteristics between Col-0 wide
type, hws-1, 43.1/hws-1 and 43.1/colwt. (A) 22 days old seedlings. (B) Dissected

leaves of seedlings from (A). Bars = lcm
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43.1/hws-1 43.1/colwt

Figure 3.10 Seedling comparison between 43.1/hws-1, 43.1/colwt and hst-1. (A) 22
day old seedling of 43.1/hws-1 and 43.1/colwt. (B) 22 day old hst-1 mutant seedling
showing adaxialization of rosette leaves. Bars = lcm

Root comparisons between Col-0 wide type, hws-1 and 43.1/hws-1 on
six day old and twelve day old seedlings on MS media plates revealed that
43.1/hws-1 roots grow twice as fast as Col-0 wild type and Aws-1 (Figure 3.11
A and B). Comparisons between 43.1/colwt and hst-1 mutant alongside Col-0
wild type and hws-/ showed that both the 43.1/colwt and hst-1 mutant roots
grow at a similar rate (Figure 3.12). There are differences between 43.1/hws-1
and hst-1 rate of root growth in that 43.1/hws-1 average root growth is more
rapid than that of hst-1 and 43.1/colwt. The difference in significance between
Col-0 wild type, hws-1, 43.1/hws-1, 43.1/colwt and hst-1 was evaluated using
the ANOVA test. There is a significant difference between the rate of root
growth of the different genotypes on day 9 (F(s9= 16.82, P<0.001), 11
(F180= 13.42, P<0.001) and 15 (F(; 89= 12.36, P<0.001). The average rate of
root growth per day at its steepest for Col-0 wild type, hws-1, 43.1/hws-1,

43. 1/colwt and hst-1 is 3mm, 4mm, 3mm, 18mm and 3mm respectively.



Col-0 wild type hws-1 43.1/hws-1
A A A

(I BN £ Y (T &)

Figure 3.11 Comparison between Col-0 wild type, hws-1 and 43.1/hws-1 seedling
on MS media plates. This figure shows the comparisons of the three genotypes on
one plate out of six plates that were studied. All the other five plates showed similar
results. (A) Seedlings that are six days old. (B) Seedlings that are twelve days old.
Growth of 43.1 roots are twice as fast as Col-0 wild type and Aws-1. Those seedlings
that did not fully develop (Col-0 wild type 3, hws-1 3 and 43.1/hws-1 4 ) were

excluded from this analysis. Bar = lcm.
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Figure 3.12 Root growth over a time course of 10 days of Col-0 wild type, hws-1,
43.1/hws-1 and hst-1. The analysis shows that both 43.//hws-1 and hst-1 root growth
is faster than that of Col-0 wild type and hws-1. It appears that the root growth of
43.1/hws-1 is more rapid than that of hst-1. Bars indicate standard error and ***
indicate significance at P<0.001, n = 90.
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3.2.3 Identifying the nature of 43.] mutation

Reciprocal crosses were made between the suppressor line 43.1/hws-1
and some of the other suppressor lines (45.1/hws-1, 45.4/hws-1 and 54.6/hws-1,
23.1/hws-1), that were identified during the EMS mutant screening process, for
allelism tests. The suppressor line 43./ has undergone allelism tests to
determine whether it is allelic to another suppressor line 23.1/hws-1, identified
by Dr. Zinnia Gonzalez-Carranza, that are phenotypically similar to one
another. The allelism tests show that 43.1/hws-1 is allelic to 23.1/hws-1
indicating that they are of the same gene. The mapping analysis has shown the
suppressor line 23.1 is an allele of the HST gene, an orthologue of exportin
S/MSNS of Arabidopsis, which is located on chromosome three between
1401Kb and 1408Kb (Gonzalez-Carranza Z.H., unpublished data). This led to
the hypothesis that 43.1 may also be an allele of the HST gene. In order to
confirm this, 43.1/hws-1 was crossed with Asz-1 mutant and the F1 population
progressively showed they were allelic. To further evaluate this analysis,
sequencing analysis of 43.1/hws-1 was carried out using cDNA and genomic
DNA of HST to determine the nature of the genetic lesion via RT-PCR and
PCR analysis. By employing the ClustalW programme, multiple sequence
alignment was examined from 43.] mutants compared to the HST DNA
sequence (Figure 3.13). Sequencing of the 43.1 revealed that it contains a point
mutation from G to A single base transition at exon two 172 bp downstream
from the start of the open reading frame (ORF) translation. The point mutation
introduces an amber codon instead of a tryptophan residue which would result
in a premature termination of the gene and produce a truncated version of the

predicted HST protein (Figure 3.14). This indicates that 43.1 is an allele of the
HST gene.
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CLUSTAL 2.1 multiple sequence alignment

AEGGAAGATAGCAACTCCACGGCAAGTAATGTGGCTCGAGCGATTCTCGCCGTCGTCGAT 60

Hasty

43.1 = s e CGAGCGATTCTCGCCGTCGTCGAT 24
Kok ok ke ok sk sk ok ke ke sk ke ok ok ok sk ok ok ok ok ok ok ok

Hasty TTCAGCTCCACGTCCGACACTCGCAAATCGGCGGTCCAATTCCTGGATTCTGTAAAATCT 120

43.1 TTCAGCTCCACGTCCGACACTCGCAAATCGGCGGTCCAATTCCTGGATTCTGTAAAATCT 84

******k*t****************************‘k**********************i

Hasty GGAGATGTCAGGGTTTTGGCAAAGACTTCTTTTCATCTTGTGAAAAAAGAGTEGTCTTCA 180
43.1 GGAGATGTCAGGGTTTTGGCAAAGACTTCTTTTCATCTTGTGAAAAAAGAGTkGTCTTCA 144

Ihhkk ko k Ak ok kA kA A Ak Ak A A A A Ak A A kA A A Ak A A AR Ak Ak kA kkkhkkhk Ak hkkh ok

Hasty GAAATTCGTCTCCATGCTTTTAAGATGCTACAGCATTTGGTTAGACTACGATGGGACGAA 240
43.1 GAAATTCGTCTCCATGCTTTTAAGATGCTACAGCATTTGGTTAGACTACGATGGGACGAA 204

Kkkkhkhkhkhkkhkkkhkhhkkkkkkk ok khkkkkkkkhkkkkkkkkhk ok ok ok ok ok ok ok k ok ok ok k ok k k&

Hasty TTAAGTCCTCCGGAGTGCAGGGGTCTTGTTAATCTTTCTATCGAACTAATGTCAGAGGTT 300
43.1 TTAAGTCCTCCGGAGTGCAGGGGTCTTGTTAATCTTTCTATCGAACTAATGTCAGAGGTT 264

J gk sk ke ek ke ok ke ke ok ok ok ok ke ke ki ke ki ke gk ok ok ke ki ok ok ke Sk k ke ke ko ke ok sk sk sk e ke ke ke ok ok ok ok ke ke ke ke ko kR ke ok ok ok

Hasty GCTAATGCAAGCGAGAATTGGCCTCTTAAGAGTCAGTCTGCTGCCCTTGTAGCTGAGATT 360
43.1 GCTAATGCAAGCGAGAATTGGCCTCTTAAGAGTCAGTCTGCTGCCCTTGTAGCTGAGATT 305

Ahhhkhkhkkhhhhhhhkhhhhhhkhhkhkhkhkhkhhkkhhk kb sk khkhkkkkkk kb hkhhkhkhkhkhkkhkhkhk ki

Hasty GTTAGAAGAGAAGGCCCTGATCGTTGGCAAGAGATATTTACTTTATTAACTTCATTGTCT 420
43.1 GTTAGAAGAGAAGGCCCTGATCGTTGGCAAGAGATATTTACTTTATTAACTTCATTGTCT 365

Je ok ok ke ke k ok ok ke ke ke ke sk ok sk ke ok sk ok ok ke ok ke sk ke sk ok ok sk ok ok sk ok ok A sk ok sk ko ok ke ke ok ok ok ok ok sk ok ok ke ke ok ok ok ok ok ok

Hasty GCTCAGGGCCCCTTACAAGCTGAATTGGTATTGATGACTCTTAGATGGCTTCCTGAAGAT 480
43.1 GCTCAGGGCCCCTTACAAGCTGAATTGGTATTGATGACTCTTAGATGGCTTCCTGAAGAT 425

ek ok ke ke ek ok ok sk ke ok ok ok ok ke ke ok ke ok ke sk ok ok sk ok ok ok ok sk ok ok ok ke ok ok ok ke sk ok ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok

Hasty ATTACAATTTACAATGACGACTTGGAAGGTGACAGGCGTAGGCTATTGTTGCGGGGACTT 540
43.1 ATTACAATTTACAATGACGACTTGGAAGGTGACAGGCGTAGGCTATTGTTGCGGGGACTT 485

hhkkhkkhhkhkhkhhkhkhkhhkdhkhkhhhhkhkhhhdkhkhhk ok hkkhkkkhkkkkhkdk hdkkkk ko k ok ok ok ok k ok

Hasty ACTCAATCGTTGCCTGAGATTTTGCCTTTATTGTATAATCTTCTTGAGAGACACTTTGGA 600
43.1 ACTCAATCGTTGCCTGAGATTTTGCCTTTATTGTATAATCTTCTTGAGAGACACTTTGGA 545

ok ke ke ke ke ke ke ok ke ok ok ok ok ke ok ke ok ke ke ke ok ok sk ok ke ok ok ok ok ok ke ok sk ke ok ok ok ok sk sk ok ok ok ok ok ok ok ok sk ok ok ok ok ke ko ok ke

GCTGCAATGAGTGAAGCTGGTATGCAGCACTTTGACTTGGCAAAACAGCATGCAGATGTA 660
GCTGCAATGAGTGAAGCTGGTATGCAGCACTTTGACTTGGCAAAACAGCATGCAGATGTA 605

s sk ke ok ok ok ke ok ok ke ke ke ke ke ok sk ok ok ke ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ko ok ok ok ok ke ke ke ok ok ok ke ok ok ok ok ok ok ok ok ok

Hasty
43.1

Hasty GTTATAGCTTGCTTGAATGCCATCGTTGCATACACTGAGTGGGCTCCTGTTCCAGATCTT 720
43.1 GTTATAGCTTGCTTGAATGCCATCGTTGCATACACTGAGTGGGCTCCTGTTCCAGATCTT 635

Tk ke sk e ok ke ok ok ok sk ok ok ke ok ok sk ke ke o ok ke ok sk ok ok b ke ok Sk ok ok sk ok ok ok ok ok sk ok ok ke ok ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok ok ok

Hasty GCCAGATATGGAATTCTTAGTGGGTGCAGCTTCTTACTTTCTTCTTCTGACTTCCGTCTT 780
43.1 GCCAGATATGGAATTCTTAGTGGGTGCAGCTTCTTACTTTCTTCTTCTGACTTCCGTCTT 695

Kk ok ok Kk ok ok ok ke ke gk ok ok ok ok K ok ok sk ok ok ok ok ok ok ok ok ke sk ok ok ok ok ok sk ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

Figure 3.13 Part of the multiple sequence alignment of 43.1 and HST using
ClustalWW (EMBL-EBI) program. This sequence shows the premature termination of
43.1 mutant allele by an amber stop codon due to a point mutation of a single base
transition from G to A highlighted in grey 172 bp from the HST OREF start codon. The

start codon of the HST ORF, ATG is indicated in grey.
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HEE S At P L S ol s R GK RPN S DAL S ST
gcagagttcgattctgcaattagcaatttgtttcagattctgacgaatgcctccagagaa
R D s A Tt S N oL RO T L BTN A S R E
ttcttatgtagatcctcctcaagttctagcgttatagatgacaatgattatgattttgct
PR RS S shrs e s i G s Sl ASTER DS D B iD= Y D ErfgA
gtatgcatgtgtgagagtatggcctctttaggctcaactaacttgcaaagcatctcttct
R M RIS M A S LGS e T N L #Q S L S S
gatggtggtgttatggctgtttatcttcagcagatgcttggctttttccaacacttcaag
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ttgggccttcacttcgaggcacttctcttttggctgtcactgatgcgggatttacttcca
T G e R A e R P W SRS LT S MG R DL Lo s P
aaacccaaggctgcgacttatccaagtggtgggggatcatcaactggcggtgatgatagt
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tcaagccaggttgatagtgaaaagaaaaagactttaagtcttattaatgatgacatctcg
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Figure continues on page 78

Figure 3.14 Protein translation of HST coding region showing 43.1 stop codon.
This sequence shows the premature termination of 43.7 mutant by an amber stop
codon (tag) highlighted in grey. Courtesy of ExPASY Translate Tool, SIB

Bioinformatics Resource Portal.
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ctcatctccagtaccaaaatatctgaaagggtgattacactcattaagcacctattggcet
L I §$ s T K I S E R V I T L I K H L L A
tctccagcectectcecttcagcatgtagcagtgatggacageccagcaattagecacttgactgt
S P A P L Q HV A VMDD S Q Q L A L D C
attgtggcaacgctttttgatggatcaaatgagtttgctggtggaagttctgaagttcat
I v A TL F DG SN EF A G G S S E V H
tatgcattacgtggaatatttgagggattgcttcagcagecttctctctttgaaatggaat
Y A L R G I F E G L L Q9 Q@ L L S L K W N
gaaccagaacttatgaaagtgcatgtccactatctggatgcaatgggtccctttctcaag
E P E L M KV HV HY L D A MG P F L K
tattttccagatgcagttggaagtctcatcaataaattatttgagcttctcacctctctt
Yy F P DAV GG 5 L I NKUL F E L L T S L
ccacacgttgtgaaggatccagctactagtacatctagagctgcaagattgcagatttge
P H VYV K D P AT S T S R A ARUL QI C
acatctttcataagaatagccaaagctgcagaaaaaagtgttctgectcacatgaagggt
T § F I R I A K A A E K S V L P H M K G
attgctgatacaatggggtacttggcaaaagaaggaactttactccgtggggagcataac
I A D TMGY L A KE G TL L R G E H N
attctgggtgaagcatttcttgttatggcttcectcagcaggagectcaacagcagcaagaa
I L G E A F L VMAS S A G A Q Q O Q E
gttctggcttggttattggaaccattgagtcaacagtggatccaaccagagtggcagaac
vV L A W L L E P L S Q 0 W I Q P E W Q N
aattatctatcagacccgatgggtcttgttcgtttatgctccaacacatecttecatgtgg
N Y L §$ DPMGUL VU RILT CSNT S F MW
tccatataccacactgttacattctttgagaaagcactcaagcgaagtggatacagaaaa
s I Y H T v T F F E K A L K R S G Y R K
agcaatttgaacacgacctctgcgacaactccagcttcacatcctatggctcatcatcett
s NL N T T S A T T P A S H P M A H H L
tcttggatgttgccaccectecttaaaactactecegtgttettcattecctttggtetece
S W M L P P L L K L L RV L H S L W S P
tctgtatttcaaacattacccccagaaatgagggcggcaatgacaatgactgatgectgag
s vV F ¢ T L PP EMUPRAAMTMMTDAE
cgatacagtctccttggtgaagcaaatcctaaattgtcaaaaggcgtatcggtttatget
R ¥ 8§ L L G E A NP K L S K G V S V Y A
gatgggtcattcgaaggaactaaggaaggacaagccgaggcaagtgaatctgatatacga
D G §$ F E G T K E G Q A E A S E S D I R
aattggttgaaaggtatccgagattgtggatacaacgtgttgggcctatcaacaaccatce
N W L K 6 I R D CGY NV L 6GL s T T I
ggagagacattctttaaatgcttagatgctaactatgttgcaatggcactcatggaaaat
G E T F F K C L DANWY V A MATILMTE N
ttgcagtcgatggaattcaggcacattcggetgtttattcatacctttataacttatata
L Q S M E F R H I R L F I H T VF I T Y I
gtcaaatcttgtccggecggatatgtgggagtcatggctgggagtgettcectgcacccattg
vV K §$ ¢ P A DMMWE S WIUL G VL L H P L
tttatacactgtcagcaagctctcagctccgectggeccaggtcttctacaagagggcaga
F I H C Q 0 AL $S$ S A WUPGULUL Q E G R
gcaaaggttccggacttgtttggcatacaaagtggatcagacatgaaacttgaagtgatg
A K VvV P DL F G I Q S G s D M KL E V M

Figure continues on page 79

Figure 3.14 (Continuation) Protein translation of HST coding. Courtesy of
ExPASY Translate Tool, SIB Bioinformatics Resource Portal.

78



gaggaaaaactgttaagagatctaactcgggagattgcgactctcttttcaacaatgget
E E XK L L R DL TR E I A T UL F S T M A
tctcctggactaaacacaggagttccagttttggaacattcaggacatgttggtcgtgtg
s P G L NT GV P VL E H S G H V G R V
gacatgtccactctcacggatttgcatgecgttcagatccaactctatggtgggtttecte
DM S TLTD L HA AU FIRSNS MV G F L
ttgaatcacaaaagcgtagctctaccagecactgcagatctgtttagaaacttttacctgg
L N H K $ v A L P A L Q I C L E T F T W
acagatggagaagcgaccaccaaagtctgttacttttgtggtgttgttgttcttctaget
T D G EATT KV CY F CGV V V L L A
aaactaacaaataacgtggagctccgagaatttgtttcaaaagatatgttctcggecagtce
K L. T N NV E L REF V S K DMV F S A V
attcgtggcttgggcatggagtccaatgccattaacagceccectgatttagttaatatatge
I R 6 L GME S NATINS P DUL UV NI C
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v Q -

Figure 3.14 (continuation) Protein translation of HST coding region. Courtesy of
ExPASY Translate Tool, SIB Bioinformatics Resource Portal.
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3.3 Chapter discussion
3.3.1 Flower morphology of 43.1

The increase in petal and sepal number that is observed on 43.1/hws-1
mutant is absent in 43.1/colwt and hst-1 mutants. This extra petal and sepal
phenotype arises within the first ten flowers of the 43.1/hws-1 mutant. These
observations show that loss of HWS gene function on 43.1 leads to an increase
in the number of both petals and sepals. The extra petal phenotype of 43.1/hws-
I resembles the petal morphology of early extra petals] (eepl) mutant, which
is a loss-of-function MIR164c allele (Baker et al., 2005). Previous analysis of
the eepl/miR164b double mutant demonstrated that petal number is controlled
by miR164c in a non-redundant way by adjusting CUCI and CUC?2 transcript
accumulation. This showed that miRNA members that are closely associated in
targeting the same genes have various functions during development. MIR164c
negatively regulates CUCI and CUC2 to avert extra petal formation in
incipient flowers of Arabidopsis (Baker et al., 2005). Therefore the extra petal
phenotype of 43.1/hws-1 is similar to the loss-of-function of MIR164c, which
results in un-fused sepals whereas overexpression of MIR164c leads to sepal
boundary fusion similar to cuclcuc2 double mutants and Aws-I mutant. Aida et
al. (1997) demonstrated that besides sepal boundary fusion, cuclcuc2 double
mutants also had reduced number of petals and stamens. Although no missing
petals and stamens were observed in hws-1 mutants, the extra petal phenotype
of early flowers in 43.1/hws-1 double mutant may result from a depletion of
MIRI164 and an increase in CUCI and CUC2 accumulation. The 43.1/hws-1
double mutant also displayed a slightly open incipient buds compared to Col-0
wild type and hws-1. This phenotype may be a result of an increase in width of
boundary domain between adjacent sepals and petals as shown in Ast-1 mutant
by Laufs er al. (2004). Loss of HWS gene function in 43.1/hws-1 may restrict
HST expression to promote normal sepal separation leading to depletion in

MIR164 accumulation and an increase in expression of CUCI and CUC2

boundary specific genes.
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The phyllotactic pattern in the 43.1 mutant developing stem is abnormal
compared to Col-0 wild type and hws-1 pattern of mature inflorescence. The
43.1/hws-1 double mutant and 43.1/colwt mutant also displayed semi-sterile
incipient siliques. This aberrant phenotype is similar to that observed in hst-1
mutants. Close examination of the mature inflorescence pattern on the stem
between 43.1/hws-1 double mutant and 43./ mutant indicates a slight
difference in the phyllotactic pattern. Flowers of 43.1/hws-1 form clusters
which are spaced with longer internodes than 43.1/colwt. This clustering was
observed to a greater extent in miRl164-resistant CUC2 (CUC2g-m4) gene
expressing plants (Peaucelle et al., 2007). It was demonstrated that aberrant
phyllotaxy is established during stem development and growth and not at the
meristem similar to that observed in 43.1 and hst-1 (Peaucelle et al., 2007).
This supports further evidence that a depletion of MIR164 may lead to the

abnormal morphological characteristics seen on 43.1.

3.3.2 Leaf phenotype of 43.1

The supposed interaction between ubiquitination and the microRNA
pathway is more apparent in this hws-I suppressor line since it is an HST allele,
a gene involved in the microRNA pathway. One of the aspects involved in the
phenotype of 43.1 is the loss of tissue polarity in the leaf blade mesophyll. The
adaxialized phenotype of 43.1/colwt starts from the third rosette leaf whereas in
43.1/hws-1 adaxialization starts from the fifth rosette leaf and to a lesser extent.
This shows that loss of HWS function rescues adaxialization of 43.1 leaves and
to a certain extent restores leaf polarity. This may indicate that HWS is
involved in SAM-derived signalling as the interaction between leaf primordia
and the SAM is important for adaxial-abaxial leaf patterning. This is also
supported by the analysis that HST is necessary for SAM organization and
growth (Bollman et al., 2003). Bollman et al. (2003) demonstrated that a larger
and rounder SAM, as well as reduced leaf 1 and 2 primordia, was observed in

three day old Ast-1 seedlings compared to seedlings of wild type.
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Loss of HWS function also restores the rosette leaf number as
demonstrated by 43.1/hws-1 double mutant compared to the reduction in leaf
number of 43.1/colwt similar to hst-1 mutant. Overexpression of HWS also
results in decreased leaf size and number (Gonzalez-Carranza et al., 2007)
showing further evidence that loss of HWS gene function leads to repression of
HST. There is a slight serration in 43.1 leaf margins compared to Col-0 wild
type and hws-1 mutant leaf margins. Similar serration of leaf margins are also
observed on leaves of miR164a mutant seedlings. By contrast, overexpression
of miR164 developed smooth leaf margins. Furthermore enhanced expression
of miR164-resistant CUC2 results in serration of leaf margins and the degree of
serration is determined by the balance between CUC2 and MIRI64A co-
expression (Nikovics et al., 2006). Leaf serration is also exhibited by mutants
of SE, which interacts with HYLI to regulate miRNAs (Yang et al., 2006).
Early leaf serration and accelerated production of abaxial and adaxial
trichomes starts from the third leaf on hst-1 whereas in wild type plants the
onset of leaf serration and increase in abaxial and adaxial trichome production
starts from leaf five or six (Bollman et al.,2003). This observation of early leaf
serration from the third leaf can also be seen on 43.1/hws-1 mutant. The
serration observed on leaf margins of 43.1 may be due to a reduction in

MIR164 accumulation as mentioned before.

There has been close correlation between the phenotype of 43.1/hws-1
and that of mutants with depleted miR164 accumulation and upregulation of
CUC genes. Similar morphological defects to 43.1 such as reduction in leaf
number, serration of leaves, abnormal phyllotaxy and adaxialized leaves are
also seen in se mutants, which are involved in miRNA biogenesis (Lobbes et

al., 2006). These observations show the importance of HWS gene expression in

miRNA biogenesis.

3.3.3 Root growth of 43.1

Root growth analyses of 43.1/hws-1 have shown that the rate of root

elongation is much faster than that of Col-0 wild type and hws-1. Observations
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on hst-1 root growth is contrary to earlier findings by Bollman et al. (2003)
which demonstrates a reduction in primary root growth in comparison to wild
type root elongation. It has been shown that these reductions in root length of
hst-1 are not due to alterations in root cell identity as both cellular anatomy of
wild type and hst-1 were similar. It has also been demonstrated that sensitivity
of hst-1 to hormones such as abscisic acid, cytokinin and auxin, had no effect
on root elongation (Bollman et al., 2003). This may indicate that the results
obtained on root growth of Ast-1 in this project and that of Bollman et al.
(2003) may be due to differences in growth conditions. Bollman et al. (2003)
used ¥2 x MS salts, 0.5 g/l MES and 5% sucrose for the preparation of MS
media whereas this project consisted of 1 x MS salts and lacked MES and
sucrose in the MS media preparation. Although the differences in root growth
of Col-0 wild type and hAst-1 seen in this analysis are not significant there is a
slight increase in root growth of hst-1 compared to Col-O wild type. This is
further confirmed by the root growth pattern of 43.1/colwt, which is
comparable to the hst-1 root growth. It is unclear as to what exactly is causing
alterations in hst-1 root elongation; however the growth conditions may be a
factor contributing to these changes. The differences in results obtained from

the root growth of 43.1 may be also due to other genes affected by EMS

mutagenesis.

3.3.4 Isolation and mapping of the 43.1 locus

Sequencing of 43.1 showed that the mutation is caused by a single base
pair change from G to A at exon two 172 bp from the HST coding region. This
leads to a premature termination of the gene and produce a truncated version of
the predicted HST protein. Other alleles of HST that have been identified
previously are shown on Figure 3.15, alongside 43.1. The nature of the
mutation of hst-1 allele causes a stop codon 31 bp following the intron-exon
junction of intron 12, resulting in a splicing variant. It was identified by a
Diepoxybutane-induced mutation on Columbia ecotype. The fast neutron
induced hst-3 has a 3 bp deletion on exon one and hst-6 allele, caused by an

EMS mutagenesis on Columbia, is the result of a G to A single base transition
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resulting in a stop codon at position 107 of the predicted protein. It is also
indictaed that As?-6 may be a null allele since the gene fragment occupying hst-
6 is only about 9% of the full-length protein. The hsz-7 allele, induced by X-ray
on Columbia, is the result of a 7 bp deletion on exon 13 which initiates a stop
codon in the ORF 12 bp downstream of the mutation. hsz-8, resulting from a T-
DNA insertion in Wasilewskija, is due to a 24 bp deletion in exon 9 and hst-9,
an allele resulting from a fast neutron mutagenesis in Columbia, has a 300 kb
inversion with breakpoints on intron 15 (Bollman er al., 2003; Telfer and
Poethig, 1998). The phenotypes of hst-1, hst-2, hst-4, hst-6, hst-7, hst-8 and
hst-9 are comparable to one another in severity whereas Asz-3 is indicated to be
less severe. hst-1 mutants produce one to two juvenile leaves and variable
number of adult leaves in the Columbia ecotype. However hst-1 shoot
morphology is more severely effect in the Landsberg ecotype, which generally
produces a decreased number of juvenile and adult leaves than the Columbia
ecotype. This change in phenotype indicates that kst alleles influence traits that

also vary between ecotypes (Telfer and Poethig, 1998).

43.] hS”
ht-3 lhs{-é -8 W st 164

UK + . |

Figure 3.15 Genomic structure of HST showing the locations of various hst
alleles. The exons are represented by the black boxes. The location of 43.1 is indicated
in exon two. Illustration modified from Bollman et al. (2003).

3.3.5 Interaction between HWS and HST

The loss-of-HST gene function in hws-1 results in rescuing of the hws-1
sepal fusion phenotype and the loss-of-HWS function on 43./, which is a
mutant allele of Ast, results in rescuing of the decrease in seedling size, leaf

number, adaxial curling of leaves. These results reveal that an interaction
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between HWS and HST gene expression is taking place and indicate that HWS
may function in sepal primordia to repress HST gene expression for normal
development of sepal separation. The increase in petal number of 43.1/hws-1
double mutant suggests that there is a correlation between HWS gene function
and miRNA biogenesis. The increase in petal number of incipient flowers may
contribute to a depletion of MIRI64 and an increase in CUCI and CUC2
accumulation. HWS may be also involved in SAM-derived signalling as the
interaction between leaf primordia and the SAM is important for adaxial-
abaxial leaf patterning. HWS is expressed throughout plant development in
numerous plant tissues (Gonzalez-Carranza et al., 2007) and may be involved

in several signalling pathways other than ubiquitination and miRNA

biogenesis.
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CHAPTER 4

Characterisation of 80.5

4.1 Introduction

The EMS mutagenized hws-1 suppressor line, 80.5, suppresses the hws-1
sepal fusion phenotype as well as displaying other phenotypic abnormalities
such as lobe-shaped leaves and asymmetry of the leaf lamina as presented in

section 4.2. Several genes have been identified whose mutations lead to similar

phenotypic changes.

4.1.1 The LATERAL ORGAN BOUNDARIES DOMAIN (LBD)

gene family

The Arabidopsis LATERAL ORGAN BOUNDARIES (LOB) gene is
expressed at the boundaries of all lateral organs during vegetative and
reproductive development of plants as well as in the lateral root base (Shuai et
al., 2002). LOB encodes a protein that consists of a conserved plant-specific,
N-terminal DNA-binding domain (LOB domain). The LOB domain is present
in 43 Arabidopsis proteins known as LOB DOMAIN (LBD) genes, which are
also termed AS2-like (ASL). Loss of function of LOB does not provide an
obvious phenotypic change (Husbands et al., 2007). Currently there are two

reasonably well characterised LBD genes, LOB being one of them and the other

is ASYMMETRIC LEAVES?2 (AS2).

AS2 is involved in the repression of expression of class 1 KNOTTED-like
homeobox (KNOX) genes and the establishment of leaf adaxial-abaxial polarity
(Byrne et al., 2000; Semiarti et al., 2001). AS2 is known to be involved in the
development of a symmetric lamina and the formation of the venation system

in leaves which includes the generation of a prominent mid vein. AS2 represses
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the abaxial-determinant genes, ETTIN/ARF3, KANADI2 (KAN2) and YABBYS.
Characterisation of AS2 has revealed that it encodes a cystein repeat containing
protein and a leucine-zipper-like primary sequence (Semiarti et al, 2001;
Kojima et al., 2011). Analysis of AS2 transcript levels reveal that it is
expressed throughout plant development and that expression is at a high level
in the shoot apices (Figure 4.1 A and B) (Iwakawa et al., 2002). In the leaf,
AS?2 expression occurs in the adaxial surface of the leaf primordia (Iwakawa et
al., 2007). AS2 expression is down-regulated in the abaxial leaf domain by
KAN protein via interactions with a cis-element in the AS2 promoter region.
Conversely overexpression of AS2 results in a reduced level of KAN

expression, indicating that KAN and AS2 negatively regulate each other (Wu ez

al., 2008).
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Figure 4.1 Expression of AS2 various tissues of Arabidopsis. (A) Northern blot
analysis of AS2 expression of different tissues showing highest accumulation of
expression in shoot apices followed by expression in rosette leaves. Enhanced amount
of expression is also seen on flower buds. a-tubulin (TUBA) was used as a control and
the marker RNA molecule size is indicated on the right as 1.35 Kb. (B) In situ
hybridization analyses showing the expression of AS2 in different stages; (a) Globular,
(b) triangular, (c) heart-shaped, (d) torpedo. (e) shows sense control of (d). From

Iwakawa et al., 2002.
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4.1.2 Adaxial-abaxial polarity

The establishment of adaxial-abaxial polarity is crucial for the
development of lateral organs such as leaves and floral organs in plants
(Husbands et al., 2009). The mechanism of adaxial-abaxial patterning leads to
dramatic alterations in the morphology of leaves and may act as an inducer for
the creation of diverse leaf forms (Figure 4.2 A) (Gleissberg et al., 2005). The
MYB transcription factor encoding genes in Arabidopsis, Antirrhinum majus
and maize, AS], PHANTASTICA (PHAN) and ROUGH SHEATH2 (RS2)
respectively, are involved in lateral organ abaxial-adaxial determination and in
the early determination of proximal-distal axis. The relationship between
lamina outgrowth and adaxial-abaxial leaf polarity was determined by the phan
mutant, which demonstrated abaxial tissue patches on the adaxial side on weak
phan mutants and fully abaxialized phenotype on strong phan mutants failing
to laterally expand leading to radialized leaves (Figure 4.2 B). These studies
show that PHAN is involved in promoting leaf adaxial cell fate (Waites and
Hudson, 1995; Waites et al.,, 1998). In Arabidopsis, adaxial cell fate is
established by HOMEODOMAIN-LEUCINE ZIPPER IIl (HD-ZIPIII) genes,
PHB, PHV and REV, thus regulating lateral organ polarity (Emery et al., 2003;
McConnell et al., 2001). MicroRNA165 and/or microRNA166 negatively
regulate the function of HD-ZIPIIl genes by post-transcriptional gene
regulation to act as an abaxial determinant (Emery et al., 2003; Mallory et al.,
2004a). This microRNA binding process is disturbed by PHB and PHV gain-

of-function mutations resulting in adaxialized leaves (McConnell et al., 2001)

By contrast to adaxial cell fate establishment, members of the YABBY
and KANADI (KAN) gene families are involved in the determination of abaxial
cell fate (Emery et al., 2003; Kerstetter et al., 2001; Siegfried et al., 1999). The
Arabidopsis genome contains six YABBY genes where four (FILAMENTOUS
FLOWER (FIL), YABBY2 (YAB2), YAB3 and YABS5) are expressed in vegetative
leaf primordia and two, CRAB CLAW (CRC) and INNER NO OUTER (INO),
are expressed in floral organs (Bowman and Smyth, 1999; Siegfried et al.,

1999; Villanueva et al., 1999). YABBY genes are also involved in lamina
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growth since gradual loss of YABBY function leads to conspicuous loss of
lamina development (Siegfried et al., 1999). Gene expression analysis carried
out by Sarojam et al. (2010) using Arabidopsis YABBY quadruple mutants
revealed initial establishment of adaxial-abaxial polarity but this polarity is not
maintained. This shows that YABBY genes are required for polarity
maintenance as well as for lamina outgrowth, but are not necessary for initial
establishment of adaxial-abaxial polarity. YABBY gene function endorses
lamina outgrowth by incorporating polarity signals (Eshed et al., 2004). These
genes are also involved in the repression of SAM genetic programs in

developing leaves (Kumaran et al., 2002; Sarojam et al., 2010)
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Figure 4.2 An illustration of Abaxial-adaxial polarity. (A) Transverse section of
SAM showing the lamina outgrowth. Signalling from SAM directs adaxialization of
early leaf primordium and leaf primordium separation from the SAM leads to
abaxialized development of leaves. Junction between adaxial (Ad) and abaxial (Ab)
domains promotes lamina outgrowth. (B) The phan mutant showing transverse section
of abaxialized leaf in Antirrhinum majus. lllustration from Yamaguchi ez al. (2012).
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Abaxial identification also requires AUXIN RESPONSE
FACTORS3/ETTIN (ARF3/ETT) and (ARF4) since combined loss of both ARF3
and ARF4 function leads to abaxialized leaves similar to leaves in kanlkan2
double mutants. (Pekker er al., 2005). Both of these abaxial determinants,
ARF3/ETT and ARF4, are targeted by a trans-acting short interfering RNAs (ta-
siRNA) class, ta-siR2141 and ta-siR2142, derived from non-coding TAS3
precursor transcripts (Allen et al., 2005). TAS transcripts are initially targeted
by specific miRNAs for cleavage. Unlike regular miRNA directed cleavage,
TAS is processed into dsRNAs via SUPPRESSOR OF GENE SILENCING 3
(SGS3) and RNA-DEPENDENT RNA POLYMERASE 6 (RDR6). Subsequently
these dsRNAs are converted into 21 bp long ta-siRNAs via DICER-LIKE 4
(DCL4). As with miRNAs, these ta-siRNAs direct the cleavage of target
mRNAs (Yoshikawa et al., 2005). Synergic interaction between as! and as2
mutants and ta-siRNA pathway mutants, rdr6, dcl4 and sgs3 show defects in
leaf polarity, while these leaf polarity defects are absent in ta-siRNA pathway
mutants alone. Another gene that functions in the ta-siRNA pathway is AGO7
(also dubbed ZIPPY (ZIP)) and analysis of the double mutant ago7/as2 consists
of increased levels of FIL and miRNA165/166 as well as abnormal adaxial
identity, This indicates that AGO7 interacts with AS2 to negatively regulate
miR165/166 and FIL in leaf patterning. These observations suggest that
adaxial-abaxial polarity may also be regulated by the ta-siRNA pathway
(Figure 4.3) (Li et al., 2005; Xu et al., 2006).

MicroRNAs are known to regulate genes that are involved in directing
critical steps in plant development. Evidence of such regulation is observed on
miR165 and miR166, which targets HD-ZIPIII genes yielding defects in
adaxial-abaxial patterning (Rhoades et al., 2002). Further evidence of the
repression of HD-ZIPIII gene expression by miR166 is apparent through the
zinc finger protein SE, which is involved in the regulation of leaf polarity and
meristem activity via the HD-ZIPIII genes (Grigg et al., 2005). SE interacts
with HYL in the regulation of miRNA levels by cleaving pre-miRNA into a
miRNA/miRNA duplex along with DCLI (Yang et al., 2006; Kurihara et al.,
2006). Loss-of-function in HD-ZIPIII suppresses defects in the se specific
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mutant, se-3, which is consistent with the repression of HD-ZIPIII genes

expression mediated by miR166 (Grigg et al., 2005).
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Figure 4.3 Adaxial-abaxial genetic network in leaves. Illustration showing the
promoters and suppressors of adaxial and abaxial cell fate divided into regulators
entailed in protein constituents (A) and those in the biogenesis of sRNAs (B).
Illustration from Chitwood et al. (2007).

91



It has been established that loss of function in YUC genes, which
encode flavin monooxygenases that are involved in biogenesis of local auxin,
in leaf-abaxialized as2/rev and leaf-adaxialized kanl/kan2 double mutants
leads to a loss of ectopic lamina outgrowth. This demonstrates that the
expression of YUC genes occurs in response to adaxial-abaxial juxtaposition
and also suggests that auxin promotes lamina outgrowth by acting downstream

of adaxial-abaxial polarity pathway (Wang et al., 2011).

Floral organs are considered to be modified leaves which increase the
likelihood of them sharing common developmental programs. One floral organ
that is morphologically different to leaves is the stamen which consists of a
proximal filament and a distal anther (Goldberg et al., 1993). Toriba et al.
(2010) has demonstrated in rice that the basic structure of the stamen is defined
by the reorganization of the adaxial-abaxial polarity. It was demonstrated that
the OsPHB3 gene, an orthologue of PHB, is expressed in the adaxial domain
and the OsETTINI gene, an orthologue of ARF3/ETT, is expressed in the
abaxial domain during early stages of stamen establishment. Consequently
during stamen development, OsPHB3 is expressed in the lateral region of the
anther primordium while losing its original adaxial expression and OsETTINI
is expressed near the anther meristem along with its original abaxial
expression. This recently formed polarity appears to be established in a novel
development unit known as the theca primordium. Four outgrowths that
consequently differentiate into pollen sacs are formed at the boundaries
between the adaxial and the adaxial identities. Conversely, loss of expression
in OsPHB3 in the proximal filament results in abaxialized filament (Figure 4.4)
(Toriba et al., 2010). Thus identifying that adaxial-abaxial polarity

establishment in the stamen is distinctly different from that of leaves.
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Figure 4.4 Adaxial-abaxial polarity in stamen development. Juxtaposition between
adaxial-abaxial domains separate into pollen sacs. Abaxialization of the filament
creates an organ that is radially symmetrical. Illustration from Toriba et al. (2011).
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4.1.3 Chapter aims and objectives

This Chapter involves the characterization of the EMS mutagenized hws-I
suppressor line 80.5. Phenotypic comparisons between Col-0 wild type, hws-1
and 80.5 both in hws-1 background and Col-0 wild type background were
conducted on flowers, leaves and roots. This involved segregation of the

80.5/hws-1 double mutant into 80.5 single mutant.

Homozygous 80.5/hws-1 mutant plants were crossed with ffol, an allele of
HWS in the Landsberg ecotype (Gonzalez-Carranza, unpublished data), to
obtain a mapping population. The mapping was conducted using InDel
(insertion/deletion) markers polymorphism by Dr. Janny Peters (Radboud
University, Nijmegen). This work indicated on which chromosome 80.5 is
located and the gene involved in causing the mutation observed in 80.5.
Sequencing analyses were then carried out to identify the nature of the

mutation.

Complementation analyses were carried out to confirm that the gene involved
was truly causing the phenotypic characteristics of the 80.5 mutant. Gene
expression analysis was also conducted using GUS activity on Col-0 wild type
and hws-1 mutant as well as RT-PCR analysis on Col-0 wild type, hws-1,
80.5/hws-1, 80.5/colwt, Prosss::HWS and as2-1 using several genes involved in

organ identity and boundary specificity.

Interaction between 80.5 with UFO and Pro;ss::HWS was investigated using

double mutants. Furthermore the interaction between HWS and the gene

involved in the 80.5 mutation was explored.
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4.2 Results

4.2.1 Phenotypic characteristics of 80.5

The second suppressor line analysed in this project that rescues the
hws-1 phenotype was the 80.5 suppressor line. One of the distinctive features
of the 80.5/hws-1 mutant phenotype is its abnormal leaf morphology. The leaf
lamina shows a humped and dipped characteristic at its base demonstrating a
near heart shaped and deep lobed leaf structures. The leaves on 80.5 produce
an asymmetric lamina from the third rosette leaf compared to Col-0 wild type
and hws-1. This indicates that the 80.5 mutant could play a role in the

symmetry of lcaves.

To analyse the phenotype of 80.5 in a wild type background, an F2 population
of a cross between Col-0 wild type and 80.5/hws-1 was performed to segregate
80.5 from hws-1 background. This approach also determined whether the
phenotype of 80.5 is caused by a dominant or recessive mutation. Ninety-six
plants from the F2 population of the cross between Col-0 wild type and
80.5/lws-1 were generated of which were 23 plants were phenotypically
similar to the 80.5 mutant. The F1 population from the cross displayed a wild
type phenotype and the analysis of the F2 progeny showed a 3:1; wild type:
mutant scgregation ratio demonstrating that the 80.5 was a single recessive
nuclear mutation. The plants that demonstrated a phenotype similar to 80.5
were analysed by PCR wusing HWS specific primers (SSLPHSfor and
SSLPHSrev) to segregate 80.5 away from hws-1 background and to identify
80.5 single mutants. The analysis demonstrated that 35% of the segregation
population was 80.5/colwt (Figure 4.5). Those that showed a band of 200 bp
were 80.5 mutants in Col wild type background and those that showed a band
of 172 bp were 80.5 mutants in hws-1 background. The suppressor line 80.5 in
the Col-0 wild type background enabled a phenotypic analysis of 80.5 to be

determined in the absence of hws-1.
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80.5 F2 segregation progeny
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Segregation analysis (sample number as shown on gel)

80.5/colwt 80.5/hws-1 Heterozygous for hws-1

1,5,11,12,15,18,19,20 4,6,13,14,17,22 2,3,7,8,9,10,16,21,23

Figure 4.5 PCR amplifications of members of the F2 population from the cross
between Col-0 wild type and 80.5/hws-1 using HWS specific primers. The F2
population revealed a total of twenty three plants out of ninety-six that displayed
similar phenotypic characteristics to 80.5. PCR amplification of these twenty three
plants demonstrated that eight were homozygous for Col-0 wild type, six were
homozygous for Aws and nine were heterozygous. (L: 100 bp ladder)
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Twenty day old seedling comparisons between &80.5/hws-1 and
80.5/colwt indicated that the phenotype on 80.5/colwt was more severe than
that of 80.5/hws-1. The 80.5/hws-1 (Figure 4.6 C) seedlings were distinctively
smaller and had smaller rosette leaves compared to those of 80.5/colwt (Figure
4.6 D), which is similar to Col-0 wild type (Figure 4.6 A) and hws-1 leaf sizes
(Figure 4.6 B). The 80.5/colwt mutant produces short leaflet-like formations on
the petioles and leaf-lobes on the base of the rosette leaves (Figure 4.6 E and
F). Both 80.5/hws-1 and 80.5/colwt have a crimped leaf surface that shows
distinguishable deep venation (Figure 4.6 E and G). These leaflet-like
structures starts from the third leaf upwards and are less distinct in the
80.5/hws-1 mutant plants (Figure 4.6 E). Leaf petioles of both 80.5/hws-1 and
80.5/colwt are wider than that of Col-0 and hws-1 and those petioles of
80.5/colwt seem to be longer than that of 80.5/hws-1 (Figure 4.6 E). The
crimped and humped leaf surface seen in 80.5 results in asymmetry of the leaf
lamina. These 80.5 phenotypic characteristics such as leaflet-like structures,
deep venation, humped leaf lamina base and deep lobes at the side of the
leaves, can also be observed in asymmetric leaves2 (as2) mutants which are

involved in adaxial-abaxial leaf polarity (Semiarti et al., 2001).
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Col-0 wild tvpe hws-1 80.5/hws-1 80.5/colwt

Col-0 wild tvpe

hws-1

80.5/hws-1

80.5/colwt

[

80.5/colwt

Figure 4.6 Comparisons between 20 day old seedlings of Col-0 wild type, hws-1,
80.5/hws-1 and 80.5/colwt. (A) Col-0 wild type seedling. (B) Aws-1 seedling. (C)
80.5/hws-1 seedling. (D) 80.5/colwt seedling. (E) Dissected leaves of all four
genotypes. (F) Enhanced view of E 80.5/colwt indicating the presence of leaflet-like
structures (I) on the petiole and leaf lobes (II) on the base of the rosette leaf of
80.5/colwt mutant. (G) Distinctive humped leaf lamina base (arrow) and deep leaf
venation seen on 80.5/hws-1 mutants. Bars = lcm
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These distinctive morphological changes on leaves can be seen from the
third rosette leaf on as2. Such traits are known to be more severe on the allele
as2-1 than on as2-4 and as2-101, which are weak alleles of the as2 mutant
(Semiarti et al., 2001). To establish comparisons between 80.5 and as2 mutant
plants, three mutant alleles identified as as2-1, as2-4, and as2-10]1 were taken
for analysis of leaf morphology. It was identified that as2-1 (Figure 4.7 B)
phenocopies the characteristic leaf morphology of 80.5 (Figure 4.7 A) whereas
the rosette leaves of weak alleles as2-4 and as2-101 (Figure 4.7 B) are
distinctly different to 80.5. Seedling size of as2-1, as2-4 and as2-101 were all
similar to 80.5/colwt, however 80.5/hws-1 seedling size was much smaller in

comparison to the other mutants including 80.5/colwt.

as2-10] ==

80.5/hws-1 80 5/colwt

Figure 4.7 Comparisons between 24 day old seedlings of (A) 80.5/hws-1,
80.5/colwt and (B) as2-1, as2-4, as2-101. The leaf morphology of 80.5 photocopies
that of as2-1 compared to other alleles, as2-4 and as2-101. Bars = lcm

The floral architecture of 80.5/hws-1 (Figure 4.8 G) and 80.5/colwt
(Figure 4.8 H) shows that the width of the sepal and petal margin at the base is
narrower compared to Col-0 wild type (Figure 4.8 E) and hws-1 (Figure 4.8 F),
consequently giving rise to a gap between adjacent petals and sepals (Figure
4.8 M). The inflorescence of 80.5/hws-1 (Figure 4.8 K, N and O) and
80.5/colwt (Figure 4.8 L) demonstrates that the floral buds open earlier than the
wild type (Figure 4.8 I) and Ahws-1 (Figure 4.8 J) due to the outward curling of
sepals and due to the increase in width of boundary domain between adjacent
sepals. It has been reported that sepals and petals of as2-101 were narrower
than that of wild type thus leaving a gap between each organ similar to
80.5/hws-1. The premature opening of floral buds in 80.5/hws-1 has also been

documented on as2-10] mutants (Xu er al., 2008) whereas abaxialization of
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80.5/hws-1 sepals has not been reported before. The orientation of petals within
the flower of both 80.5/hws-1 and 80.5/colwt is irregular compared to Col-0
wild type and hws-1 petal orientation. The petals of 80.5/hws-1 ((Figure 4.8 C)
and 80.5/colwt (Figure 4.8 D) tend to be concentrated to one side of the flower
unlike petals of Col-0 (Figure 4.8 A) and hws-1 (Figure 4.8 B) which are
distributed symmetrically within the flower. The mis-orientation of petals in
80.5 is not due to twisting of petals within the flower. Therefore it may be due
to asymmetry within the petal primordium. This confirms that 80.5 mutant is

not only showing asymmetry in leaf morphology but also in petal orientation.
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80.5/hws-1 80.5/colwt

§

80.5/hsw-1 80.5/hsw-
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ColOwild type lws-! 805wl 805

Figure 4.8 Comparable phenotypic analysis of flower at stage 6.90 (table 1.1,
section 1.1) and inflorescence morphology of Col-0 wild type, hws-1, 80.5/hws-1
and 80.5/colwt. (A, E and I) Col-0 wild type, (B, F and J) Aws-1, (C, G and K)
80.5/hws-1 and (D, H and L) 80.5/colwt. (M) Petal and sepal morphology comparisons
of Col-0 wild type, hws-1, 80.5/hws-1 and 80.5/colwt. (N) 80.5/hws-1 inflorescence
from the side. (O) a close up view of 80.5/hws-1 inflorescence from the top. Bars =

Imm.
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Comparisons between floral architecture of 80.5/hws-1 and 80.5/colwt
with as2 mutant alleles, as2-1, as2-4 and as2-101 shows similar abnormalities
in petal orientation. The petal orientation in as2-1 (Figure 4.9 A) is more
similar to 80.5 than the other mutant alleles, as2-4 (Figure 4.9 B) and as2-101
(Figure 4.9 C). The morphology of the inflorescence is similar in all mutant
alleles except for the as2-101 (Figure 4.9 F) mutant allele since it is in the
Landsberg ecotype whereas as2-1 (Figure 4.9 D) and as2-4 (Figure 4.9 E) are

in the En-2 background which corresponds with the Col-0 ecotype.

ns?2-1 as?-4 as2-101

Figure 4.9 Flower at stage 690 (table 1.1, section 1.1) and inflorescence
morphology of (A and D) as2-1, (B and E) as2-4 and (C and F). as2-101). Bars =

Imm

102



Root analysis on MS media of Col-0 wild type, hws-1, 80.5/hws-1 and
80.5/colwt have shown that 80.5 root growth is faster than that of both Col-0
wild type and hws-1 (Figure 4.10). There are no significant differences
between the root growth of 80.5/colwt and 80.5/hws-1. The difference in
significance between Col-0 wild type, hws-1, 80.5/hws-1 and 80.5/colwt was
evaluated using the ANOVA test. There is a significant difference between the
rate of root growth of the different genotypes on day 8 (Fs0= 13.24,
P<0.001), 11 (Fs9= 13.16, P<0.001), 16 (F(59= 12.67, P<0.001) and 19
(Fq1.59= 13.65, P<0.001). The average rate of root growth per day at its steepest
for Col-0 wild type, hws-1, 80.5/hws-1 and 80.5/colwt is 2mm, 3mm, Smm and
Smm respectively. The average rate of root growth of the mutant is repressed in

the hws-1 background compared to the Col-0 wild type.

0 1 wk ok

~o— col wt
~o— hws-1
~&— 80.5hws-1
~e— 80.5/col wt

Average of root length (mm)

0 ¥——r—v—rv———— v ~—r

IS 4R e 7 890 111219 1418 180y 18] 11920
Time course (days)

Figure 4.10 Root growth over a time course of 19 days of Col-0 wild type, hws-1,
80.5 /hws-1 and 80.5/colwt. The analysis shows that both 80.5/hws-1 and 80.5/colwt
root growth is faster than that of Col-0 wild type and Aws-/. It appears that the root
growth of 80.5/hws-1 is slightly more rapid than that of 80.5/colwt. The difference in
significance was analysed by ANOVA test. Bars indicate standard error and ***

indicate significance at P<0.001, n = 60.
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Vascular patterns of Col-0 wild type, hws-1, 80.5/hws-1 and 80.5/colwt
were analysed using transverse sections of 14 day old rosette leaves.
Comparisons between transverse sections of leaf lamina showed that the
central vascular bundle of 80.5/hws-1 (Figure 4.11 E) and 80.5/colwt (Figure
4.11 G) were thinner than that of Col-0 wild type (Figure 4.11 A) and hws-1
(Figure 4.11 C). It was also difficult to identify the central vascular bundle of
80.5/hws-1 and 80.5/colwt since the adjacent vascular bundles to the central
bundle were of the same thickness as that of the central vascular bundle. Xylem
and phloem tissues in Col-0 wild type (Figure 4.11 B, hws-1 (Figure 4.11 D),
80.5/hws-1 (Figure 4.11 F) and 80.5/colwt (Figure 4.11 H) were situated
respectively on the adaxial and abaxial sides of the vascular bundles. The leaf
lamina cell sizes of all three varieties were of a similar size and did not show

significant differences between them.
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Figure 4.11 Anatomy of transverse sections stage 1.06 (table 1.1, section 1.1), 6
rosette leaves>Imm in length, Col-0 wild type, hws-1, 80.5/hws-1 and 80.5/colwt
rosette leaves. (A and B) Transverse section of Col-0 wild type leaf lamina. (C and D)
Transverse section of Aws-1 leaf lamina. (E and F) Transverse section of 80.5/hws-1
leaf lamina. (G and H) Transverse section of 80.5/colwt leaf lamina. (I-L) Position of
leaf lamina transverse sections on Col-0 wild type, hws-1, 80.5/hws-1 and 80.5/colwt

respectively. X= xylem and P= phloem. Bars = 100 pM
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4.2.2 Mapping the gene responsible for the 80.5 phenotype

Homozygous 80.5/hws-1 mutant plants were crossed with ffol, an allele
of HWS in the Landsberg ecotype (Gonzalez-Carranza, unpublished data), to
obtain a mapping population. The cross obtained with ffol would ensure that
the resulting F1 and F2 population background is of hws-1 and is between Col-
0 and Landsberg. This would make it possible to use ecotype specific markers.
The F1 mapping population, from the cross between ffol and the mutant, was
selfed and the DNA of the resulting F2 population that exhibited a phenotype
similar to 80.5 was extracted from 288 F2 plants (Figure 4.12). The DNA was
used for mapping via InDel (insertion/deletion) markers by Dr. Janny Peters
(Radboud University, Nijmegen). InDel polymorphisms are variations in DNA
sequences that entail the insertion or deletion of one or more nucleotides. InDel
markers can be obtained from Cereon Arabidopsis polymorphism collection.
Primers can be developed for InDel polymorphism markers flanking the region
of interest (Peters et al., 2004). The 80.5 mutant was mapped to a 4.2Mb region
on chromosome 1 between markers nga280 (20,877,364 bp) and CER452443
(25,117,783 bp) using InDel markers (Figure 4.13). AS2 is located between
24,398143bp and 24,400969bp on chromosome 1, thus making AS2 a possible

candidate gene for 80.5.
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F2 80.5/hws-1 mutant mapping progeny
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Figure 4.12 Genomic DNA of plant tissue extracted from 64 F2 plants out of 288
of the cross between 80.5/hws-1 (Columbia ecotype) and ffol (Landsberg
ecotype). These 64 F2 plants displayed a phenotype similar to that of 80.5. The DNA
samples were run on a 1.5% (w/v) agarose gel.
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Figure 4.13 Mapping structure of 80.5. The illustration shows the mapping strategy
of InDel marker polymorphism displaying markers nga280 and CER452443. AS2

locus AT1G65620.

As AS2 was a likely candidate for 80.5, the gene in the suppressor line
was then sequenced. Sequencing of the AS2 ¢cDNA in 80.5 revealed a point
mutation of a single base pair transition from C to T, 61 bp downstream from
the start of the AS2 ORF (Figure 4.14). This point mutation introduces an ochre
stop codon resulting in a premature termination (Figure 4.15). The mutant 80.5
shows a truncated version of the predicted AS2 protein and supports the
hypothesis that 80.5 is an allele of the AS2 gene. For further confirmation that

80.5 as an allele of AS2, complementation tests were conducted as described in

section 4.2.3.
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AS2 GTTAAGTATATATATTAAAAATAAATAACATTAATTAGTACTAGTCTTATCATATTTATT 120
80.55'UTRfor GTTAAGTATATATATTAAAAATAAATAACATTAATTAGTACTAGTCTTATCATATTTATT 85
dhkhkkhhrhhh bk kb khhhhk bk kb kbbb sk hd ko ke kb kkkkhkkh ok kk
AS2 AGCTCATTTTCTTATAAAATACTAATATAATAGGAAATTTAAGCACAAGATGAGCTTTGC 180
80.55'UTRfor AGCTCATTTTCTTATAARATACTAATATAATAGGAAATTTAAGCACAAGATGAGCTTTGC 145
AR AT AR R AR AR AN R AR A AR A I AR ARRAA AL AR AN R R AR AR RARR R AN KKk kk ko
AS2 CCATCGAGAGCCTCAAAACCCARAAGTCTCTTCTTCTTCACGAGATCCAATCTTTTGCTT 240
80.55' UTRfor CCATCGAGAGCCTCAAAACCCAARAGTCTCTTCTTCTTCACGAGATCCAATCTTTTGCTT 205
LA AR RSS2 R Ry R R R T
AS2 TTTAGTAATTAATTACATCTTCTTCCTTCTCTTCTCTCTTCTTCTTCCCTCTCTCATACC 300
80.55'UTRfor TTTAGTAATTAATTACATCTTCTTCCTTCTCTTCTCTCTTCTTCTTCCCTCTCTCATACC 265
KT RN A AR AR A I AR K IR AT AR AR R KA AT NI A AR KA A AR AR AR AR AR kA AR ARk kR ok
AS2 TACCTATAAGCAACACARAGARCACCATTGATCCCATCTGTTTTGTTCCCTATATTTCGT 360
80.55'UTRfor TACCTATAAGCAACACAAAGAACACCATTGATCCCATCTGTTTTGTTCCCTATATTTCGT 325
KA A AT AR A AR AR AR AARRREKRA AR T AN AR AA R AR R A AR RN Ak ok ok ok kk
AS2 TAATCCATCCATACGCATTCCAACTACACGGTACAAATTTCCATCTCTTTTTAATTTGTT 420
80.55'UTRfor TAATCCATCCATACGCATTCCAACTACACGGTACAAATTTCCATCTCTTTTTAATTTGTT 385
22 SRS SRR R s s R RS RS R RS RE RS ERERS SRR 22 2
AS2 TTTATAATGATTTTARATCTCTCAGGTTGTCTCTAGACTCTTAGGTCTAGTTACCAAAAT 480
80.55'UTRfor TTTATAATGATTTTARATCTCTCAGGTTGTCTCTAGACTCTTAGGTCTAGTTACCARAAT 445
KA R AR R AR IR I A X R R AR A AR KA R AR AR kAR A A A AR kA Ak kbR kA Ak Kk ko kK
AS2 TTGACTAGCAATCATATAGCTACAAGT TCCTCTATATCATATAGCTACACATATCTCTAG 540
80.55'UTRfor TTGACTAGCAATCATATAGCTACAAGTTCCTCTATATCATATAGCTACACATATCTCTAG 505
KA AR AT AR AR IR R KA AR A AR AR A AR T AR R RAAKRARRAAA R AR TR A AN AR AR KK A
AS2 GTCTGAAATGATCTTTTATCTCCCAAGCATATATTATATATTTGGATGCATACCTTTATG 600
80.55'UTRfor GTCTGAAATGATCTTTTATCTCCCAAGCATATATTATATATTTGGATGCATACCTTTATG 565
AARKEIA A A AN A AR A AN R A AR AR R AR A A AR AR AR AR ARk Ak ko kokh
AS2 TTTGACTTTCGAAAAGCACCTTCATGTTACTCATTTTTTCCTCTATTTGCTTTCAACAGT 660
80.55'UTRfor TTTGACTTTCGAARAGCACCTTCATGTTACTCATTTTTTCCTCTATTTGCTTTCAACAGT 625
IR ZE 2RSSR SRRt s R YRSl l sl
AS2 TGACAAGAAGGTTGGATCAGTATATATAAGTATACATATACACTTATGTGTGTGTGTAGT 720
80.55'UTRfor TGACAAGAAGGTTGGATCAGTATATATAAGTATACATATACACTTATGTGTGTGTGTAGT 685
Y2222 S R R R R R 2 A2 A 2 R R RS R RS ESSTREZZ RSS2SR 2SS s Xl ds
AS2 GTATGTGCATATATAGCTCACCAAATATCTTTAATACTACTAATTGCARAGTTTCTCTTA 780
80.55'UTRfor GTATGTGCATATATAGCTCACCAAATATCTTTAATACTACTAATTGCAAAGTTTCTCTTA 745
S22 E23 X222 R 2RSSRt R Rtss s X222 2222202t l)
AS2 TTTTACAGCTTTTTGTATGCAACCCCAAATAGCAGCTTAAAGAAAGCAGAGAGGATCTTC 840
80.55'UTRfor TTTTACAGCTTTTTGTATGCAACCCCAAATAGCAGCTTAAAGARAGCAGAGAGGATCTTC 805
2 R R s R R R 2R R A R R R R AR AR SRR RS2SRRSRl lsd
AS2 TTTTATTTCCCCTCTGAGCAACAGAAGCCATTATTCAAAGAAAGGCTTCTTTAATTTACT 900
80.55'UTRfor TTTTATTTCCCCTCTGAGCAACAGAAGCCATTATTCAAAGAAAGGCTTCTTTAATTTACT 865
2222222223 222 228 R RS 2RSS RS2SR 2SRRI S22 22 s RSt
AS2 CGCAGGTARAAGCTTTCTTATTCTATAGAGATTGAACAACTTTTTTTTTTTTTTAATTGA 960
80.55'UTRfor CGCAGGTAAAAGCTTTCTTATTCTATAGAGATTGAACAACTTTTTTTTTTTTTTAATTGA 918
R 222822222k 22 2 R s R a2 R8s 2222 sl st
AS2 CAACAATAAAGATTGAGCAACTTCTCTACATTATTTCTTTCTTTATTTTCTCACTTAATT 1020
80.55'UTRrev CAACAATAAAGATTGAGCAACTTCTCTACATTATTTCTTTCTTTATTTTCTCACTTAATT 96
Y Y A 2322222222222 22 2222 S22 RS2 222222 Rl
AS2 TCATATTTGATTACAAAAACAGATAATGTAATATCTCCAAAATCACAATTGATTTCATAA 1080
80.55'UTRrev TCATATTTGATTACAAAAACAGATAATGTAATATCTCCAAAATCACAATTGATTTCATAA 156
2 2 22222222222 2222 A R R RS RS 22222222 220222 Rt tdd
Figure continues on page 110

Figure 4.14 Multiple sequence alignment of AS2 and 80.5 S’UTR using ClustalW
(EMBL-EBI) program.
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AS2 TATCTTTTTTTGTTTCCTTATACCTTCTACCTCCAAAAACTAAATTCAAAAACCCTTATT 1140
80.55'UTRrev TATCTTTTTTTGTTTCCTTATACCTTCTACCTCCAAAAACTAAATTCAAAAACCCTTATT 216

Khhkhkhkkhkhhhhkhhh bk khhdkhhhkhkkhkkkkkkkhk Ak bk ok hk kkkkkhh ok ok kkok ok kk

AS2 TCTCTCAATTTTCAATGGCGGCTTTGTGTAGGGAGAGGGAAAAGAGAAAAAATTGAAAAA 1200
80.55'UTRrev TCTCTCAATTTTCAATGGCGGCTTTGTGTAGGGAGAGGGAAAAGAGAAAAAATTGAAAAA 276

Khkhhhhhhhhkhkhhhhhhkh ok ok ko h ok ok kkk ko h kA ok ko k Ak hkkkkk kA k ok k

AS2 CTCCATTTTCAAGTCATTAAABI@GCATCTTCTTCAACAAACTCACCATGCGCCGCTTGC 1260
80.55'UTRrev CTCCATTTTCAAGTCATTAAAATGGCATCTTCTTCAACAAACTCACCATGCGCCGCTTGC 336

hhkkkhkkhhkhhkhkhkhkhhkhhkhkh Ak bk khk kA Ak Ak kb Ak khk Ak k ko d ok kd ok kkok kok

AS2 AAATTCCTCCGGCGAAAATGTCAACCGGAATGTGTATTCGCGCCCTATTTCCCACCGGAC 1320

80.50RFfor AAATTCCTCCGGCGAAAATGTTAACCGGAATGTGTATTCGCGCCCTATTTCCCACCGGAC 78
B O e S S L R L ]

AS2 CAGCCACAAAAATTCGCAAACGTTCACAAAGTGTTTGGAGCAAGTAACGTGACAAAGCTC 1380

80.50RFfor CAGCCACAAARATTCGCAAACGTTCACAAAGTGTTTGGAGCAAGTAACGTGACAAAGCTC 138
Jekhok dok ok h ko ok ko ko ko kA k kA k kA A Ak Ak kA ok k kR kA k ok kA Ak kk kA Ak

AS2 CTCAACGAGCTTCACCCTTCACAACGTGAAGACGCAGTGAACTCTTTGGCCTATGAAGCC 1440

80.50RFfor CTCAACGAGCTTCACCCTTCACAACGTGAAGACGCAGTGAACTCTTTGGCCTATGAAGCC 198
Kk ok ek ok ok ke k kA ok Rk kR R Kk Kk R kR K R KR Ak K kA K Rk Kk A kK Rk Rk Rk k k k Ak

AS2 GACATGCGCCTCCGTGACCCTGTCTACGGCTGCGTCGGCGTCATCTCTCTCCTCCAACAT 1500

80.50RFfor GACATGCGCCTCCGTGACCCTGTCTACGGCTGCGTCGGCGTCATCTCTCTCCTCCAACAT 258
B B

AS2 CAGCTTCGTCAGCTTCAGATAGATCTCAGCTGTGCTAAATCTGAGCTCTCTAAGTACCAA 1560

80.50RFfor CAGCTTCGTCAGCTTCAGATAGATCTCAGCTGTGCTAAATCTGAGCTCTCTAAGTACCAA 318
ek ke ke ok ok ko ko ke ke k ke ok ok ke ok ok ok ok ke k ok ke ok K ok ok ok ok ok ok ok k ok ok ok ok ok ok ok ok ke

AS2 AGCCTCGGTATCCTCGCCGCCACTCATCAGAGTCTTGGCATCAACTTACTCGCCGGAGCA 1620

80.50RFfor AGCCTCGGTATCCTCGCCGCCACTCATCAGAGTCTTGGCATCAACTTACTCGCCGGAGCA 378
ek ko ok ok ok ke ok ok ok ok ok ok ok ke ok ok ke kR Kk K ok Rk K ok ok ek ok K A K ok R ok K ok R ko kK ok Kk

AS2 GCAGATGGAACAGCCACCGCCGTGAGAGACCACTATCACCACCACCAGTTTTTTCCTAGA 1680

80.50RFfor GCAGATGGAACAGCCACCGCCGTGAGAGACCACTATCACCACCACCAGTTTTTTCCTAGA 438
Kk ok ke ok ke k Rk ke ke Rk ke ok ok ke k k k K ok ok K ek ok ok ok ok ko ok ok ok ok ok ok ok ok kK

AS2 GAACAAATGTTTGGTGGCTTGGATGTTCCGGCCGGTAACAACTACGACGGTGGGATTCTT 1740

80.50RFfor GAACAAATGTTTGGTGGCTTGGATGTTCCGGCCGGTAACAACTACGACGGTGGGATTCTT 498
ek ok ok ek ok ko ok ok Rk ok ok ok Ak ok ok ok ok K ok ok ok ok ok ok ok ok ok ok ok K ok ok ok ok ok ok K ok

AS2 GCCATTGGACAGATCACTCAGTTTCAGCAGCCGAGAGCCGCCGCTGGAGATGATGGTCGC 1800

80.50RFfor GCCATTGGACAGATCACTCAGTTTCAGCAGCCGAGAGCCGCCGCTGGAGATGATGGTCGC 558
Sk ok ke ok ok ok ok ok ok ke sk ok ok sk ke ek sk ok ke ok ok ok ek ok kR ko ek ok ok ko kk kb

AS2 CGTACTGTTGATCCGTCTTGAGATTTTAGGGTTTTGGTGGTGTTCATCTTCGTCGATCGC 1860

80.50RFfor CGTACTGTTGATCCGTCTTGAGATTTTAGGGTTTTGGTGGTGTTCATCTTCGTCGATCGC 618
ek ek ke ok ok ok ok ke ok ok ok ok K ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ok ko ok kR ok R kK ok k

AS2 TTGGTGATGAGAAAACTATAATTTTAAGAAAATATTTGATGTGGAAAACCAAAATATTTT 1920

80.50RFfor TTGGTGATGAGAAAACTATAATTTTAAGAAAATATTTGATGTGGAAAACCAAAATATTTT 678
Mk hk ok k ko ke ke k kA h ok ko ko ko ko kA ANk k ko k ok ko ke kk ok ko k ok ke k& ok k

AS2 AAACGTATGGTACGTCTCTCTTAATGACATTAATTTCGGTTTTTATTATTATTATTACTT 1980

80.50RFfor AAACGTATGGTACGTCTCTCTTAATGACATTAATTTCGGTTTTTATTATTATTATTACTT 738
ek ke ke ok ok ok ke ok ko ok ok ok ko ok ko ok ok ok ok ok ok ok ke ok ok ek ok ok ok ok ok ok ke ok ok ok ok kR Kk kK K

AS2 AGATATATTATGATAGTCACTTTTGTATTTCTTTCAAATTTTATGGACTTGCTCTCTTAA 2040

80.50RFfor AGATATATTATGATAGTCACTTTTGTATTTCTTTCAAATTTTATGGACTTGCTCTCTTAT 798

ek ke gk ke ke ok ok e ok e ok ok ok ok ke ke ok ok ok ke ok ke ok ok ke ok ke ke ok ke ke ok ok ok ok ok ko ok bk ok ok ko ke ke ko k ok ok

Figure 4.14 Multiple sequence alignment of AS2 and 80.5 5’UTR and ORF using
Clustal W (EMBL-EBI) program. This sequence alignment shows the premature
termination of 80.5 mutant allele by an ochre stop codon due to a point mutation of a
single base pair transition from C to T highlighted in grey 61 bp from the start of AS2

coding region, ATG (also indicated in grey).
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AS2 protein sequence
MASSSTNSPCAACKFLRRKCQPECVFAPYFPPDQPQKFANVHKVFGASNVTKLLNELHPS
QREDAVNSLAYEADMRLRDPVYGCVGVISLLQHQLRQLQIDLSCAKSELSKYQSLGILAA
THQSLGINLLAGAADGTATAVRDHYHHHQFFPREQMFGGLDVPAGNNYDGGILAIGQITQ
FQQPRAAAGDDGRRTVDPS-

80.5 protein sequence
MASSSTNSPCAACKFLRRKC-PECVFAPYFPPDQPQKFANVHKVFGASNVTKLLNELHPS
QREDAVNSLAYEADMRLRDPVYGCVGVISLLQHQLRQLQIDLSCAKSELSKYQSLGILAA
THQSLGINLLAGAADGTATAVRDHYHHHQFFPREQMFGGLDVPAGNNYDGGILAIGQITQ
FQQPRAAAGDDGRRTVDPS-

Figure 4.15 Protein translations of AS2 and 80.5. This sequence shows the
premature termination of 80.5 mutant 20 amino acids downstream of the start of AS2
coding region introducing an amino acid transition from Glutamine to an ochre stop
codon highlighted in grey. Courtesy of ClustalW (EMBL-EBI) program and ExPASY
Translate Tool, SIB Bioinformatics Resource Portal.

Other alleles of AS2 that have been identified previously including as2-
1, as2-4 and as2-10, which are described phenotypically in section 4.3.1, are
shown on (Figure 4.16) . The nature of the mutation of as2-/ and as2-4 causes
13 bp and 1 bp deletion respectively which results in a frame-shift mutation
(Iwakawa et al., 2002). The as2-101, as2-102, as2-103 and as2-5 alleles
causesa single base pair change from G to T, Cto T, C to T and G to A
respectively resulting in an amino acid change from arginine to leucine at
position 17, serine to phenylalanine at position 68, arginine to tryptophan at
position 17 and glycine to glutamate at position 46 respectively (Xu er al.,

2002; Iwakawa et al., 2002).
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(as2-103) TT (as2-101)
ATGGCATCTTCTTCAACAAACTCACCATGCGCCGCTTGCAAATTCCTCCGGCGAAAATGT
MESEATHE S vt S lnr ST TS N S S S P U A Aol U e S e T e R s p et e

T (80.5)
CAACCGGAATGTGTATTCGCGCCCTATTTCCCACCGGACCAGCCACAAAAATTCGCAAAC

RS EESEE St C VS PRSI S D e VR P P BIER DR O S f D e O K U T AL N

A(as2-5) —--—-—--- ---- (as2-1)
GTTCACAAAGTGTTTGEAGCAAGTARCGTGACARAGETCCTCAACGAGCTTCACCCTTCA
VESHESK SV G- A S N etvas iR R RN e S S i e e s

T (as2-102)
CAACGTGAAGACGCAGTGAACTCTTTGGCCTATGAAGCCGACATGCGCCTCCGTGACCCT
QRERMEESEE DS A SV N S S IO A S YL I s 2 [y M S RS T S R i = Eap

GTCTACGGCTGCGTCGGCGTCATCTCTCTCCTCCAACATCAGCTTCGTCAGCTTCAGATA
(VIR Y 86 Gl CAOREV Ui GBI Vs Tl 5 SGT T O S H B O ey S R O R TR QT

GATCTCAGCTGTGCTAAATCTGAGCTCTCTAAGTACCAAAGCCTCGGTATCCTCGCCGCC
DR eeS e CulA TS KO SEF ESST R eSS KR Yesen Q S STR TN L G BlEaly S AY A

ACTCATCAGAGTCTTGGCATCAACTTACTCGCCGGAGCAGCAGATGGAACAGCCACCGCC
FIREH IS QSR S E D Gare T N 2 T e TR AR GIREAR S A E D RN G SR T A LET e A

- (as2-4)
GTGAGAGACCACTATCACCACCACCAGTTTTTTCCTAGAGAACAAATGTTTGGTGGCTTG
(VR RS [ 0 H S Ve H S Hws HES O e Bl FE el PSR S AN O S M IS FiS G i G oo v

GATGTTCCGGCCGGTAACAACTACGACGGTGGGATTCTTGCCATTGGACAGATCACTCAG
DRV P AT (5 e N L N S el D e G e G S T [ R AT S G e O B T T s O

TTTCAGCAGCCGAGAGCCGCCGCTGGAGATGATGGTCGCCGTACTGTTGATCCGTCTTGA
OB O PSR G A S AR T AN Gt D =R DS G R4S RSV SS D SR PEi St

Figure 4.16 Protein translation of AS2. This sequence shows the single base pair
change from C to T which results in the premature termination of 80.5 mutant allele
by an ochre stop codon (taa). It also shows other mutant alleles of AS2. The mutant
alleles as2-101 (C to T transition causing amino acid change from arginine to leucine),
as2-102 (C to T transition causing amino acid change from serine to phenylalanine),
as2-103 (G to T transition causing amino acid change from argentine to tryptophan),
as2-5 (G to A transition causing amino acid change from glycine to glutamate). The
position of nucleotide deletions of as2-/ and as2-4 are indicated by -. Courtesy of
ExPASY Translate Tool, SIB Bioinformatics Resource Portal
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4.2.3 Complementation analysis of 80.5

4.2.3.1 Plasmid construction

There are several methods that could be adapted to confirm that AS2 is
responsible for the phenotypic characteristics of the 80.5 mutant. One way is to
cross the T-DNA insertion of the gene with hws-I and observe that the
phenotype acquired is that of the 80.5 mutant. The most definitive method is to
complement the mutation by creating a construct consisting of the AS2
promoter region and AS2 coding region and transform it into 80.5/hws-1, which

would lead to a T1 population with hws-1 phenotype.

For the purpose of complementation analysis of 80.5, the second
method was employed. The construct (AS2,,,::AS2) consisted of 3,333 bp of
AS2 promoter region, 1,221 bp of 5’UTR with two introns (intron 1 (398 bp)
and intron 2 (266 bp)), 599 bp of ORF and 223 bp of 3’'UTR (Figure 4.17). The
AS2pr::AS2 construct was transformed into 80.5/hws-1 mutant plants, using
Agrobacterium tumefaciens, as well as into hws-1 and Col-0 wild type plants
which were used as controls. The AS2 fragment consisting of the 5387 bp
fragment along with Sal/l and BamHI restriction enzymes was amplified from
wild type DNA by PCR using the primer set AS2compSal/lFor and
As2compBamHIRev (Figure 4.18). The PCR product was purified and digested
to produce sticky ends for ligation onto the digested and dephosphorylated
pBI101.2 vector (Figure 4.19 A). The construct was subsequently transformed
into DH5a cells and these were plated on to LB medium containing 50pg.ml™!
Kanamycin. The positive colonies obtained were amplified by PCR using a
forward primer located 315 bp from the start codon of the pBI101.2 vector
(pBI101.2for) and a reverse primer located at the promoter region of AS2,
3,202 bp upstream from the start of the 5’UTR (AS2rev4) (Figure 4.19 C). The
positive colonies were pooled in the first instance into 10 colonies per pool for
PCR amplification. Individual colonies of those pools that amplified an

expected band of 315 bp were amplified by PCR (Figure 4.19 B).

113



801
851
901

1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001

AATTCCCTCT
TATTTATTTA
CTAGTCTTAT
TAGGAAATTT
CAAAAGTCTC
AATTACATCT
TACCTATAAG

TATATTTCGT

AACCCCAAAT
CCTCTGAGCA
CGCAGGTAAA

CTCCATTTTC
CGCCGCTTGC
CGCCCTATTT
GTGTTTGGAG
ACAACGTGAA
TCCGTGACCC
CAGCTTCGTC
TAAGTACCAA
TCAACTTACT
CACTATCACC
GGATGTTCCG
AGATCACTCA
CGTACTGTTG
CGTCGATCGC
GTGGAAAACC
TAATTTCGGT
TTTTGTATTT

AGTACCAAAT CCTATTACTA TTGAAGGTAT
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1822-2045 bp

Figure 4.17 AS2 gene sequence. The gene contains 1,221bp of the 5’UTR, with two
introns (intron 1 (390-788 bp) and intron 2 (905-1171 bp), 599 bp coding region, and
223 of 3’UTR. Exons are shown in bold and the coding region is highlighted in grey.
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AS2pro::AS2 construct
ATG TGA
AS2compSallF \l/ \l/
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S'UTR 3'UTR
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Figure 4.18 The structure of the AS2pro::AS2 construct for complementation
analysis in 80.5/hws-1 including Col-0 wild type and Aws-1 as controls. The
construct included 3,333 bp of the promoter region of AS2 and 2,043 bp of the coding
region including the 5’UTR and 3’UTR. The primers used for the construct
(highlighted in grey) consisting of the restriction enzymes Sal/l and BamHI were used
for the amplification of AS2pro::AS2 from wild type DNA by PCR.

The chosen positive plasmid colony number 3 was digested and
sequenced following purification to determine whether the expected gene
fragment was present and in the correct orientation in the pBI101.2 vector. The
purified colony was digested with EcoRI restriction enzyme. The restriction
enzyme EcoRI has two cutting sites located within the AS2,,,::AS2 line and
one cutting site located within the pBI101.2 vector. The pattern of digestion
shows bands at 474bp (fragment between the two EcoRI cutting sites on the
AS2,,,::AS2 line), 6,122 bp (fragment between one cutting site on the
AS2,,,::AS2 line and the cutting site on pBI101.2 vector) and 10,574 bp
(fragment between the second cutting site on the AS2,,,::AS2 line and the
cutting site on pBI101.2 vector) indicating that the gene fragment was in the
correct orientation (Figure 4.20). To further confirm that the AS2,,,::AS2 gene
fragment was inserted in the correct orientation in to the pBI101.2 vector,
sequencing analysis was carried out. The purified colony was sequenced with
primers pBI101.2for and AS2rev4. This set of primers determined the
orientation of the AS2,,,::AS2 insert in the pBI101.2 vector as shown in Figure
4.20. The sequencing of AS2,,,::AS2::pBI1101.2 plasmid also identified the site

of digestion with Sall restriction enzyme where the AS2,,::AS2 insert is

ligated to the pBI101.2 vector (Figure 4.21).

115



4.2.3.2 Agrobacterium and Arabidopsis transformation

Following the determination of the presence of AS2,,::AS2 line
fragment in the pBI101.2 vector, the AS2,,::AS2::pBI101.2 plasmids were

transformed into Agrobacterium tumefaciens C58 cells and plated onto LB
medium containing 50pug.ml”' Kanamycin and 25pg.ml”' Rifampicin. Some of
the resulting positive colonies analysed by PCR using the same primers that
were used to amplify the AS2,,,::A52::pBI101.2 plasmids in DH5a cells. From
the positive clones that showed an expected band of 315 bp, positive clone 1

(Figure 4.22) was used for transformation via floral dip (Clough and Bent,

1998) into Col-0 wild type, hws-1 and 80.5/hws-1.
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Figure 4.19 Ligation and transformation of the AS2,,,::AS2::pBI101.2 construct.
(A) Restriction enzyme (Sall and BamHI) digestion of the pBI101.2 vector and the
AS2pro::AS2 insert. (B) Individual colonies obtained from DHS5a cell transformation
showing the PCR amplification positive colony 3 using primers pBI101.2for and
AS2rev4. (C) The AS2,,::AS2::pBI101.2 construct showing the ligation between
AS2,,,::AS2 insert and pBI101.2 vector by restriction enzymes Sall and BamHI. The
positive colonies obtained from the DH5a cell transformation were amplified by PCR
using primers pBI101.2for and AS2rev4 (shown in grey).
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Figure 4.20 The pattern of AS2,,,::A52::pBI101.2 construct (positive colony 3)
digestion. The digestion shows bands at 474bp (fragment between the two EcoRI
cutting sites on the AS2,,,::AS2 line), 6,122 bp (fragment between one cutting site on
the AS2,,,::AS2 line and the cutting site on pBI101.2 vector) and 10,574 bp (fragment
between the second cutting site on the AS2,,::AS2 line and the cutting site on
pBI101.2 vector) indicating that the gene fragment is in the correct orientation.
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PBIlOl.Z_ASZ CCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATA 2220
AS2revd e
PBI101.2_AS2 TTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTGGCCCAATACGCAA 2280
AS2revd4 = mmem e e
PBI101.2_As2 ACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGA 2340
AS2rev4 0 s e
PBI101.2_AS2 CTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACC 2400
AS2rev4 0 mmmee e e
PBI101.2 AS2 CCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACA 2460
AS2rev4 = memmmmmmeeeeme——ee GCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACA 42
hkkkhhdkhkhkkhkkkhh ok ko hhh kb h kb khhkhk ok ko khok ok k&
PBI101.2 AS2 ATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTTGCATGCCTGCAGG———f 2516
AS2rev4 ATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTTGCATGCCTGCAGGTCGA 102
R T b b S S S S S S G G S ey
PBI101.2_AS2 --CAATAAGCCTACATCAGATTTTAATTTGAATCGAATATAACTATATGTCCTATGTATT 2574
AS2rev4 CGCAATAAGCCTACATCAGATTTTAATTTGAATCGAATATAACTATATGTCCTATGTATT 162
LA R R R R R R R L R R R R R R R R R R R R R R 2222223
PBI101.2 AS2 TTTTTGGGGCCTAAAAGAAAAAAATATCAATGTTTTGGTAAATGACATGGTTATAGCTTG 2634
AS2rev4 TTTTTGGGGCCTAAAAGAAAAAAATATCAATGTTTTGGTAAATGACATGGTTATAGCTTG 222
LR R R R R R R R R R R R R R R R RS
PBIlOl.Z_ASZ GTTTCTACGTTCAACAAAACTCGGGCTACTTGTTGTATACCTTGACAAGATTCTACTAAA 2694
AS2revi GTTTCTACGTTCAACAAAACTCGGGCTACT Tm= === == e e e e e e e AAA 256
R * ok ok
PBI101.2_AS2 TCTTTTTTCAGACTTCCAGTCAAGTCTTCTAGGGTTCTTAAGTCGGGTTTTTATTTCGGG 2754
AS2rev4 Ll as et m e et e e st an e st e e e e e e s e e e s s 260
LR
PBI101.2 AS2 TTCTGATTGTCTGATTCTAAAGTCTCTTTAGAGT TTGTCATTTGTTTTTGTTGGTGTGAT 2814
DS ZT OV e R i e e e e et e e e e e e e e e e e e e e = e e = S e e
PBI101.2_AS2 TGACGTCCTCATTCCTAAGTCCGAACACTATGACTCTGATATGTTATTGACAGAGACAGA 2874
S 2 104 IR S i i i g i e e e e e b T o e 1 Pt e e A 2 e
PBI101.2_AS2 GAGTGATAATATAGTTTCTGATAGGGAGGATTTGATAAAACAGAGTGATTACATAATGTT 2934
AL 2 POV B e e =i e e e e e e e e e e e e s e e e = S e
PBI101.2 AS2 TGTGTTGATCCTTCTTAGTTCTTACCGTCTATAGTTTCCCTATTTTTTTAACACGAAATT 2994
A A Y R e i i T e et e e S e = e e e S e R s SR e S e
PBI101.2 AS2 TCATAGTTTGTGTAACTTGCGGCAGAAAATATAGATAGCTCACATAGCTATGATCTAAAT 3054
AS2revd = emem e e
PBI101.2 AS2 ATGAGCATTCGTGTATATGATTTTATGGTAGCTAGCGTTGTTGACAGGCTGCGGTAAATT 3114
RS2 L0 VP IR RN PR NI o oot oo o o o i ot o o S O S S S S SR e A A e e

Figure 4.21 Sequence alignment of AS2,,::AS2::pBI101.2 construct with the
primers used for PCR amplification of purified positive colony 3. The primers
pBI101.2for and As2rev4 are underlined and the site of Sall restriction enzyme
digestion is shown in grey. The conserved region on the sequence alignment shows
that the AS2,,,::AS2::pBI101.2 construct is in the correct orientation. Courtesy of

ClustalW (EMBL-EBI) program.
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Figure 4.22 PCR amplification of the positive colonies from the
AS2,,::AS2::pBI101.2 plasmid transformation via Agrobacterium tumefaciens
C58. Primers used for the PCR amplification were pBI101.2for and As2rev4. From
the positive clones that showed an expected band of 315 bp, positive clone 1 was used
for transformation via floral dip into Col-0 wild type, hws-1 and 80.5/hws-1.

4.2.3.3 Screening for plant transformants

Following floral dip transformation, sterilized seeds of AS2,,::AS2
from the transformation were grown on 2 MS media containing 50pg.ml”’
Kanamycin. The Kanamycin resistant seedlings were transferred to the growth
room following the development of at least 4 rosette leaves. The hws-/ and the
80.5/hws-1 transformed plants both exhibited a hws-1 phenotype and the Col-0
wild type transformed plants, which were used as a control, demonstrated a
wild type phenotype in the T1 population. To confirm the success of the
transformation, genomic DNA was isolated from the transformed TI
population and amplified by PCR using AS2,,::AS2::pBI101.2 plasmid
primers (pBI101.2for and AS2rev4) (Figure 4.23 A), HWS primers
(SSLPHSfor and SSLPHSrev) ((Figure 4.23 B), and specific primers designed
to amplify wild type (WTfor and MISMATCHrev) ((Figure 4.23 C) and 80.5
mutant (MUTANTfor and MISMATCHrev) ((Figure 4.23 D). The four PCR
reactions amplified bands of 315 bp, 200 bp and 172 bp and 564 bp
respectively. The analysis of the PCR amplifications showed that the
AS2,,,::AS2 plasmid construct was present in all the transgenics, confirming

that the floral dip transformation was successful. HWS specific primers
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confirmed that the transformants were of the correct genotype (ie: 200 bp band
length for AS2,,,::AS2 plasmid transformation into Col-0 wild type and 172 bp
band length for AS2,,::AS2 plasmid transformation into hws-1 and 80.5/hws-
1). AS2,,,::AS2/Colwt and AS2,,::AS2/hws-1 transformants recognises wild
type and the transgene whereas AS2,,,::AS2/80.5/hws-1 transformants
recognises only the transgene. T2 population analysis of AS2,,::AS2
transformation into 80.5/hws-1 showed a segregation ratio of 3:1, hws-1:80.5
phenotype, which confirms that the transformation has worked. This

experiment provides further evidence that 80.5 is an allele of the AS2 gene.
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Figure 4.23 PCR amplification of the T1 transformants. Primers used for PCR
amplification include (A) AS2,,::AS2::pBI101.2 plasmid primers (pBI101.2for and
AS2rev4), (B) HWS primers (SSLPHSfor and SSLPHSrev), (C) specific primers
designed to amplify wild type (WTfor and MISMATCHrev) and (D) 80.5 mutant
(MUTANTfor and MISMATCHrev). PCR products 1-3 represent AS2,,::AS2
transformed into colwt, 4-9 represent AS2,,,::AS2 transformed into Aws-/ and 10 and
11 represent AS2,,,::AS2 transformed into 80.5/hws-1.




4.2.4 Expression analysis of AS2,,,::GUS transgenic lines

Since the hAws-1 phenotype is rescued in 80.5/hws-1, the expression
pattern of AS2 in the Aws-1 mutant was examined. Expression analysis of the
GUS reporter gene fused to AS2 promoter was undertaken in both Col-0 wild
type and hws-1 plants. The same strategy for plasmid construction and
transformation were used as previously indicated in section 4.2.3. The plasmid
construct for GUS reporter gene fusion consisted of 3,333 bp of the AS2
promoter and 1,221 bp of the 5S’UTR. This DNA fragment was amplified from
wild type DNA wusing PCR with primers AS2compSallFor and
As2compBamHIRpro which consisted of restriction enzymes Sal/l and BamHI
respectively (Figure 4.24 A). The PCR product was purified and digested to
produce sticky ends for ligation onto the digested and dephosphorylated
pBI101.2 vector. The construct was subsequently transformed into DHSa cells
and these were plated onto LB medium containing 50pg.ml"! Kanamycin. The
positive colonies obtained were amplified by PCR using a forward primer
located 315 bp from the start codon of the pBI101.2 vector (pBI101.2for) and a
reverse primer located at the promoter region of AS2, 3,202 bp upstream from
the start of the 5’UTR (AS2rev4). Positive colonies were pooled in the first
instance into 10 colonies per pool for PCR amplification (Figure 4.24 B).
Individual colonies of the pool (colonies 21-30) that amplified an expected
band of 315 bp were amplified again by PCR and colony 22 was found to be a
positive colony (Figure 4.24 C). Sequencing of purified colony 22 revealed that
the plasmid construct was ligated in the correct orientation (Figure 4.25). The
AS2pro::GUS construct was transformed into Agrobacterium tumefaciens C58
cells and plated onto LB medium containing 50pg.ml”’ Kanamycin and
25ug.ml” Rifampicin. The resulting positive colonies were confirmed by PCR
amplification (Figure 4.26). Positive colony 4 was used for transformation via
floral dip (Clough and Bent, 1998) into Col-0 wild type and Aws-I. PCR
amplification using primers pBI101.2for and AS2rev4 was used to confirm the
presence of the transgene in the T1 population of Col-0 wild type transformants

(Figure 4.27 A) and hws-1 transformants (Figure 4.27 B).
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Figure 4.24 The structure of the AS2,,,::GUS construct and PCR amplification of
the DH5a cell transformation. (A) The AS2pro::GUS construct structure indicating
Sall and BamHI restriction enzyme digestion site. The construct consists of 3,333 bp
of AS2 promoter region, 1,221 bp of 5’UTR along with 1,800 bp of GUS coding
region. (B) DH5a cell transformation colony pools. The PCR amplification consisted
of 10 individual colonies per pool sample and colony pool 21-30 amplified a 315 bp
band. (C) Individual colonies from the pool 21-30 were amplified for positive

colonies.
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pBI101.2 AAACATGAAAAAATGGGTTTGACCGAAGAAACTTTGAGGACGGTAACTTCATTATCAACT 2940
GuSSeq = e e ——————
AS2fOr5 0 e e
pBI101.2 TTTCGACTGTATTTATATTTTAGCTTTTGTCAAACCGTATCATATAATATTAATGCGAAT 3000
GuSSeq = =00 s e
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ek ke ek ke ko k ok ok ok ok ok ok ke ok ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok sk ok ok b ok b ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
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S 8 O ) SRR ine oo oo b w72 S i o v s v Sl e it 5 o e xRy s e S S e S S ST B S
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Figure 4.25 Sequence alignment of AS2,,,::GUS construct with the primers used
for PCR amplification of purified positive colony 22 using ClustalW (EMBL-
EBI) program. The primers used for the PCR amplification, As2for4 and
GUSsequencing, are underlined and the site of BamHI restriction enzyme digestion is
shown in grey. The conserved region on the sequence alignment shows that the
AS2,,::GUS construct is in the correct orientation.
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Colonies of AS2,,,::GUS in Agrobacterium
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Figure 4.26 PCR amplification of the positive colonies from the AS2,,::GUS
plasmid transformation via Agrobacterium tumefaciens C58. Primers used for the
PCR amplification were pBI101.2for and As2rev4. From the positive clones that
showed an expected band of 315 bp, positive clone 4 was used for transformation via

floral dip into Col-0 wild type, hws-1.
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AS2pro::GUS transgenic lines amplification
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Figure 4.27 PCR amplification of the T1 transformants. Primers used for transgene
amplification include pBI101.2for and AS2rev4, (A) Amplification of transgene in T1
progeny of the hws-1 transformed plants. (B) Amplification of transgene in TI
progeny of the Col-0 wild type transformed plants. The T1 progeny has yielded 12
hws-1 positively transformed plants and 9 Col-0 wild type positively transformed

plants.

Fourteen day old AS2,,,::GUS transformed Col-0 wild type and hws-1 young
buds and flowers (position 2-6, 9, 11, 16 (where position 1 is the first flower
when petals are visible)) were GUS stained and the pattern of expression was
identified after 24 h incubation at 37°C in GUS substrate. Analysis of the
expression of GUS reporter gene fused to AS2 promoter revealed that
AS2pro::GUS expression is detected in the anther filaments and at the base of

floral organs of young buds of Col-0 wild type (Figure 4.28). At flower
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positions 2-6 and 9, expression is detected not only in the filaments and floral
organ base, but also in petal venation. GUS expression is observed along the
floral pedicels and more strongly in the axils of the pedicels. Flower positions
12 and 16 show strong GUS expression at the abscission zone and the flower
pedicel. Expression is also detected in the silique valve margins at positions 12
and 16. AS2pro::GUS expression is detected in both flowers and leaves of hws-
1. In young buds of hws-1, AS2pro::GUS expression is observed in anther
filaments and the floral organ base (Figure 4.29). Flower positions 2-6 show
expression at the filaments and strong expression the base of floral organs.
Expression is also seen in the axils of floral pedicels. At position 9, the
expression level at the filament was diminished and more specifically
expressed at the abscission zone of floral organs. This expression in the
abscission zone is more visible at positions 12 and 16. These observations
show that AS2 expression in the floral pedicels and the petals is not detected in
hws-1. As the flower matures, the expression of AS2 in Aws-1 is limited to the

floral abscission zone.
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Figure 4.28 Expression analysis of AS2,,::GUS transformed Col-0 wild type T1
progeny. GUS expression pattern on young buds and at flower position 2-6, 9, 12 and
16, where position 1 is the first flower when petals are visible. Bars = Imm.
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Figure 4.29 Expression analysis of AS2,,::GUS transformed hws-1 T1 progeny.
GUS expression pattern on young buds and at flower position 2-6, 9, 12 and 16, where
position 1 is the first flower when petals are visible. Bars = Imm.

GUS expression was also analysed in AS2,,,::GUS transformed Col-0
wild type and hws-1 two week old seedlings. The analysis has shown that AS2
is expressed in leaf meristem and in the petioles of young leaves in both Col-0
wild type (Figure 4.30 A and B) and hws-1 (Figure 4.30 C and D). GUS
expression is stronger in Col-0 wild type incipient leaves compared to Aws-1
incipient leaves where expression was more restricted to the leaf petioles and
veins. Expression was also observed on the seedling stem in Col-0 wild type
and was absent in hws-1 seedling stem. The GUS expression analysis shows

that in the absence of HWS, AS2:GUS expression level is much more discrete.
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Col-0 wild type

hws-1

Figure 430 GUS expression in two week old seedlings of AS2,,::GUS
transformed Col-0 wild type and hws-1. (A and B) AS2,,,::GUS expression on Col-0
wild type. (C and D) AS2pro::GUS expression on hws-1.

4.2.5 Gene expression analysis of 80.5

Gene expression analysis of several genes in Col-0 wild type, hws-1,
Proyss::HWS, 80.5/hws-1, 80.5/colwt and as2-1 were investigated using RT-
PCR analysis. cDNA was obtained from leaf and inflorescence tissue samples
and amplified using RT-PCR with specific primer of HWS, ASI, AS2, CUCI,
CUC2, LFY, AP and PTL. CBP (cap-binding protein) was used as a positive
control for the gene expression analysis (Figure 4.31). Expression of HWS, AS1
and AS2 is detected in all the genotypes both in inflorescence and in leaves.
Expression level of HWS is greatly increased in Prosss::HWS due to the HWS
gene overexpression. The expression level of CUCI and CUC2 is reduced in
80.5/hws-1 and up-regulated in Pross::HWS inflorescence compared to the
others. CUC!I and CUC2 are not expressed in the leaves of these plants. LFY is

also expressed in the inflorescence of all the genotypes, but expression is not
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detected in the leaves except for 80.5/hws-1. The loss of gene function of either
hws-1 or 80.5 did not yield any LFY expression in the leaves. However the loss
of gene function of both hAws-I and 80.5 has resulted in the expression of LFY.
Gene expression of AP/ is detected in inflorescence of all varieties however
expression is absent in the leaves. Weak expression of PTL can be observed in

the inflorescence of Prosss::HWS and 80.5/hws-1 as well as in the leaves of

hws-1 and 80.5/hws-1.
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Figure 4.31 Gene expression analysis of inflorescence and leaves of Col-0 wild
type, hws-1, Pro;ss::HWS, 80.5/hws-1, 80.5/colwt and as2-1 cDNA using RT-PCR

analysis. CBP is used as a positive control.

4.2.6 Genetic interactions of 80.5 and Pro;ss::HWS

A cross between 80.5/colwt and Projss::HWS was conducted to identify
80.5/Projzss::HWS double mutant phenotype. A population of 24 F2 plants were
analysed for the identification of the double mutant. The F2 progeny
demonstrated a segregation ratio of 3:1, Prosss::HWS:80.5. This was expected

since the Prozss::HWS was dominant and 80.5 is a recessive mutation.
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Genomic DNA from the 24 F2 progeny plants was obtained for PCR
amplification using Pro;ss::HWS specific primers (Figure 4.32 A). Those that
displayed a double mutant phenotype (4, 6, 8. 9, 15 and 23) were amplified
using 80.5 specific primers, MUTANTfor and MISMATCHrev (Figure 4.32
B). These primer sets identify Proiss::HWS:80.5 homozygous plants and 80.5
homozygous plants. The PCR amplification shows that plants 4, 8 and 15

demonstrates a penotype characteristic of 80.5/Pro;ss::HWS double mutant.

S00 bp

B

100bp Positive Negative

Ladder 4 6 8 9 15

N
(S

control control

564 bp

500 bpg

A
F2 population of Pro;ss::HWS x 80.5/colwt
005 4 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 P Nepine
Ladder cantrol control

1,677 bp

Figure 4.32 PCR amplification for the selection of 80.5/Pro;ss::HWS double
mutant. (A) The genomic DNA of a population of 24 F2 progeny plants as amplified
by PCR using Pro,ss::HWS specific primers. (B) 80.5 specific primers used to amply
plants 4, 6, 8, 9, 15 and 23 which showed a phenotype that could of on double mutant.



Phenotypic analysis of the &80.5/Prosss::HWS double mutant
demonstrated an overall phenotype similar to 80.5. The 80.5/Prosss::HWS
double mutant also showed a greater and a more distinctive width between
boundary domains of adjacent sepals and petals than 80.5 (Figure 4.33 E) as
well as Prosss::HWS (Figure 4.33 D) due to increased narrowing of the sepal
and petal base margins (Figure 4.33 F). The double mutant has a disrupted
petal orientation ((Figure 4.33 C) equivalent to 80.5 (Figure 4.33 B) unlike
Prosss::HWS (Figure 4.33 A). However the petals of the double mutant are
smaller in size compared to Prozss::HWS and 80.5 resulting in increased width
between petal boundaries. The leaf morphology of 80.5/Prosss::HWS double
mutant is similar to 80.5 (Figure 4.33 H) compared to Prosss::HWS (Figure
4.33 G), but the rosette leaves are more serrated (Figure 4.33 I) and it has an
increase in leaflet-like structure (Figure 4.33 J). The overall phyllotactic pattern

of 80.5/Pro;ss::HWS (Figure 4.33 K) double mutant is normal.
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Figure 4.33 Phenotypic characteristics of Pro35S::HWS, 80.5/colwt and 80.5/
Proiss::HWS double mutant. (A, D and G) Flower and seedling phenotype of
Prosss::HWS. (B, E and H) Flower and seedling phenotype of 80.5/colwt. (C, F and I)
Flower and seedling phenotype of 80.5/Pro35S::HWS double mutant. (J) 22 day old
leaf morphology of 80.5/Pro;ss::HWS double mutant showing the leaflet-like structure
(arrow). (K) six weeks old 80.5/Prosss::HWS double mutant plant showing a

phenotype similar to 80.5. Bars (A-F) = lmm, Bars (G-K) = lcm
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4.2.7 Genetic interactions of 80.5 and UFO

A cross between 80.5/colwt and ufo-2 was conducted to identify
80.5/ufo-2 double mutant phenotype. This was carried out since UFO is the
closest F-box gene to HWS and to see whether the floral organ phenotype is
affected by a double mutation leading to correlation between floral meristem
identity and adaxial-abaxial identity. Previous analysis on the Aws/ufo double
mutant showed a flowerless filamentous phenotype (Zhang et al., unpublished
data). The ufo-2 mutant was used since it is stronger allele of UFO than other
UFO alleles. A population of 24 F2 plants were analysed for the identification
of the double mutant. Genomic DNA from the 24 F2 progeny plants was
obtained for PCR amplification using UFO-2 specific primers, (Figure 4.34 A),
80.5 specific primers (Figure 4.34 B) and specific primers design to detect wild
type (Figure 4.34 C). These primer sets identify ufo-2 homozygous plants and
80.5 homozygous plants. The PCR amplification shows that plants 4 and 13

demonstrate a genotype characteristic of 80.5/ufo-2 double mutant.
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Figure 4.34 PCR amplification for the selection of 80.5/ufo-2 double mutant. (A)
PCR amplification of the 24 F2 progeny plant tissue with UFO-2 specific primers. (B)
PCR amplification of plants 4 and 13, which displayed a double mutant phenotype,
using 80.5 specific primers. (C) Amplification of wild type genomic DNA using
specific primers designed to detect wild type of 80.5 mutant.

In Comparison to ufo-2, which lacks flower petals (Figure 4.35 D), and
80.5 (Figure 4.35 A), 80.5/ufo-2 doubles mutant display flowerless filamentous
phenotype at the primary and secondary inflorescences (Figure 4.35 E and F).
Approximately 95% of the 80.5/ufo2 double mutant flowers displayed
flowerless inflorescences. Therefore the double mutant did not produce any
viable seeds. The leaf morphology of 80.5/ufo-2 double mutant was similar to
wild type (Figure 4.35 E) whereas 80.5/colwt show abaxialized rosette leaves
(Figure 4.35 B) and ufo-2 show rounder and slightly adaxialized leaves (Figure
4.35 C). The 80.5/ufo2 double mutant rescue the distinctive abaxialization of

80.5 single mutant leaves.
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Figure 4.35 Phenotypic characteristics of 80.5/colwt, ufo-2 and 80.5/ufo-2 double
mutant. (A and B) Flower and seedling morphology of 80.5/colwt. (C and D) Flower
and seedling morphology of ufo-2. (E) 80.5/ufo-2 double mutant demonstrating a
flowerless and filamentous structure at the inflorescence. (F) A closer view of the
filamentous inflorescence of 80.5/ufo-2 double mutant. Bars (A) and (D) = Imm, Bars

(B), (C), (E) = 1cm, Bar (F) = 5mm




4.3 Chapter discussion

4.3.1 Phenotype of the 80.5 mutant

The 80.5 mutant was isolated from an EMS mutagenized population of
hws-1, due to its ability to rescue the hws-1 mutant phenotype. The 80.5 mutant
phenotype also displays asymmetric leaf morphology and floral organ
orientation. The downward curling of 80.5 leaf lamina indicates that the leaves
are abaxialized and the asymmetric leaf shape of 80.5 compared to Col-0 wild
type and hws-1 demonstrates that it may be involved in establishing lcaf
symmetry. Several rosette leaves of 80.5 also demonstrate the lack of a distinct
midvein and asymmetric leaf venations compared to Col-0 and hws-1 rosettes.
Similar characteristics in leaf phenotype can be observed in as2 mutants. Loss
of function of the AS2 gene induces abaxial domain growth indicating that AS2
is involved in adaxial domain suppression (Semiarti et al., 2001). The
phenotype of 80.5 in Col-0 wild type background is more severe than that of
80.5 in hws-1 background. Leaf phenotype of 80.5/colwt displays more leaflet-
like structures on the petiole and leaf lobes than that of 80.5/hws-1. The leaf
lobes are only visible from the eighth leaf in 80.5/hws-1, whereas leaf lobes
can be identified from the third rosette leaf in 80.5/colwt. The general rosette
leaf size of 80.5/hws-1 is smaller from the cotyledons onwards with shorter
petioles than that of 80.5/colwt. 80.5/hws-1 leaf morphology exhibit traits that
are less distinct than 80.5/colwt. It has been shown that ectopic expression of
class-1 KNOX genes in as2 mutants can result from a decrease in leaf size due
to a repression of the gibberellin (GA) pathway in as2 mutants (Ikezaki et al.,
2010). Loss of HWS gene function may be repressing the expression of AS2
gene, since the hws-I sepal fusion phenotype is rescued in the 80.5/hws-1
double mutant. The repression of AS2 may lead to a further increase in
expression of class-1 KNOX genes, therefore resulting in increased reduction in
80.5/hws-1 leaf size compared to 80.5/colwt. HWS gene loss-of-function may
also control the effect of leaf lobes and leaflet-like structures in 80.5/hws-1
double mutant. However this may be an indirect process since the effect of leaf

lobes and leaflet-like structures are not completely eliminated in 80.5/hws-1.
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The leaf morphology of 80.5/colwt is characteristically similar to the
as2-1 leaf phenotype, which is a strong allele of as2 that consists of a 13 bp
deletion resulting in frame shift leading to a premature termination of the
protein (Iwakawa et al., 2002). Comparisons between 80.5 and weak as2
alleles, as2-4 and as2-101, seedlings show that the leaf phenotype is distinctly
different indicating that 80.5 may be a strong allele of as2. The difference
between seedling size of 80.5/hws-1 and 80.5/colwt may be a factor influenced
by the loss of the HWS gene function. The differences in seedling sizes are

contributed by the differences in leaf size as mentioned before.

Floral organs of 80.5 demonstrated several defects in sepal and petal
phenotype. Both sepals and petals of 80.5 showed narrowed sizes resulting in
open spaces between flanking sepals and petals. Unlike the Aws-I mutant
sepals, 80.5 did not show any fusion of adjacent sepals and petals confirming
the rescue of the hws-I mutant phenotype. Floral architecture of 80.5 also
demonstrated abnormal orientation of the petals within mutant flowers similar
to the as2 floral morphology (Xu et al., 2008). The inward facing concave
adaxial pattern of Col-0 wild type and hws-I mutant petals was not observed in
the 80.5 petals causing mis-orientation of petal primordium. Compared to Col-
0 wild type and hws-1, the inflorescence of 80.5 generates floral buds that
experience premature opening. Similar characteristics in floral architecture of
80.5 can be observed in as2 mutant flowers. The petal orientation of 80.5 is
comparable to as2-1 unlike as2-4 and as2-101. It has been reported using in
situ hybridisation that AS2 conveys a pattern of polar expression in floral
organs and that AS2 function is spatially and temporally regulated throughout
floral development (Xu et al., 2008). One distinctive trait between 80.5/hws-1
and 80.5/colwt is the partially abaxialized 80.5/hws-1 sepal phenotype that is
absent in 80.5/colwt. This downward bending of sepals may be a factor
contributed by the loss of HWS function resulting in further abaxialization of
80.5 mutants compared to as2 mutants. This indicates that HWS may be

directly or indirectly involved in the adaxial-abaxial pathway.

Primary root measurements of 80.5/hws-1 and 80.5/colwt with Col-0

wild type and hws-1 have shown that a significant increase in root growth is
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observed in both 80.5/hws-1 and 80.5/colwt compared to Col-0 wild type and
hws-1. Root measurements have not been analysed previously in as2 mutants.
This increase in root growth in 80.5 may be due to enhanced auxin response
factors as AS2 is involved in repression of ETT/ARF3, which plays a role in
abaxial identification (Ishibash et al., 2012).

4.3.2 Isolation and mapping of the 80.5 locus

In order to obtain a mapping population, 80.5/hws-1 was crossed with
ffol, an allele of HWS in the Landsberg ecotype (Gonzalez-Carranza,
unpublished data). DNA of 64 plants from 288 F2 progeny plants that
exhibited 80.5/hws-1 phenotype were analysed using InDel marker
polymorphism by Dr. Janny Peters (Radboud University, Nijmegen) (Peters et
al., 2004). The 80.5 mutant was mapped to a region of 4.2 Mb on chromosome
1 between nga280 (20,877,364 bp) and CER452443 (25,117,783 bp) using
InDel marker polymorphism. Research on publicly available databases such as
TAIR for candidate genes showed that the gene AS2 has also been mapped to
this region in chromosome 1, making AS2 a feasible candidate for 80.5 mutant
identification. The 80.5 mutant was sequenced to identify the nature of the
mutation using AS2 primers. Sequence analysis demonstrated a point mutation
of a single base pair transition from C to T, 61 bp downstream of the start of
the AS2 coding region introducing an amino acid transition from Glutamine to
an ochre stop codon, resulting in a premature termination of the protein. The
mutant 80.5 shows a truncated version of the predicted AS2 protein and
indicates that 80.5 is an allele of the AS2 gene. This may explain the severe leaf
phenotype of 80.5 similar to the as2-1 mutant, which also results in a

premature termination of AS2, confirming that 80.5 is a strong allele of as2.

Segregation of the 80.5/colwt mutant was obtained from an F2
population of a cross between 80.5/hws-1 and Col-0 wild type. The analysis of
the F2 progeny showed a 3:1 Wild type: mutant segregation ratio
demonstrating that 80.5 is caused by a single, recessive nuclear mutation.

Complementation test between 80.5/colwt and as2-1 was conducted for
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functional allelism. The F1 progeny demonstrated as2 mutant phenotype
indicating that 80.5/colwt and as2-1 are allelic. The progeny analyses show that

80.5 and as2-1 mutations are alleles of the same gene.

Furthermore complementation analyses were carried out to prove that
80.5 is encoded by the AS2 gene. This was achieved by creating a construct
consisting of the AS2 promoter region and the AS2 coding region and
transforming it into 80.5/hws-1, which leads to a T1 population with Aws-1
phenotype. This confirmed that 80.5 encodes AS2 and further confirmation of
the complementation analysis was achieved by segregating the T2 population
which showed a 3:1 ratio of hws-1: 80.5 phenotype respectively. These
analyses correlated with the phenotypic characteristics of 80.5/colwt and as2-1
mutants in terms of adaxialized leaf morphology, leaf lobes and leaflet-like

structures, disrupted petal orientation and premature opening of incipient buds.

4.3.3 Expression analysis of 80.5

To analyse the genetic consequences o the expression of different
genes, RT-PCR analysis on 80.5, hws-1 mutants were carried out to shed some
light on the expression pattern of these organ identity genes. The sepal fusion
phenotype of hws-1 mutant plants phenocopies the cuclcuc2 double mutant
and the ectopic expression of miR164 (Laufs et al., 2004; Mallory et al.,
2004b). Furthermore the hws-1 sepal fusion phenotype is rescued by 80.5,
which is an allele of as2. These phenotypic observations are supported by
genetic analysis of CUCI and CUC2 expression in hws-1 and as2 mutants. An
upregulation of CUCI and CUC2 expression is observed in the inflorescence
of Prosss::HWS and as2 mutant. A downregulation of CUCI and CUC2
expression is observed in hws-1 mutant inflorescences. These results are
supported by earlier findings that show AS2 function partially suppresses the
CUCI overexpression (358::CUCI) phenotype (Hibara et al., 2003). It was
also demonstrated that 35S::CUCI phenotype is genetically enhanced by
mutation on AS2 due to the similarity in 355::CUC1/as2 phenotype with that of
affected 35S::CUCI phenotype. The double mutant, cuclcuc?2 is partially
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rescued by the loss of function mutation as/, where AS1 is regulated in the
same pathway as AS2 (Hibara et al., 2003). The expression levels of CUCI and
CUC2 are downregulated in the 80.5/hws-1 double mutant indicating that AS2
loss-of-function alone may not be involved in the regulation of CUCI and
CUC?2 expression and that HWS activity is required for this up-regulation of
CUC! and CUC2 expression. Increased expression of CUCI and CUC2 in as2-
I and 80.5/colwt may be due to HWS gene expression. This shows that HWS is
regulated upstream of AS2 gene function. CUCI and CUC2 expression may
also be downregulated in the 80.5/hws-1 double mutant by post-transcriptional
downregulation of CUCI and CUC2 via MIR164 accumulation.

Previous studies have shown that the function of AS2 along with AS/
and the C,H4 transcription factor gene, JAG, in sepal and petal primordia
represses boundary specifying genes CUCI, CUC2 and PTL to promote normal
floral organ development (Xu et al., 2008). JAG is involved in promoting
morphogenesis in various lateral organs in Arabidopsis (Dinneny et al., 2004).
An increased level of PTL expression is observed in Prozss::HWS and
80.5/hws-1 double mutant. This shows that PTL expression is up-regulated by
loss of AS2 and HWS gene function. Loss-of-function Aws-1 mutant is involved
in repressing AS2 function which in turn leads to an increase in PTL
expression. These results demonstrate that AS2 and HWS interact to co-regulate
the boundary specific genes, CUCI, CUC2 and PTL. The increase in PTL
expression in Pro35S::HWS inflorescence correlates with enhanced expression

of other boundary specific gene, CUCI and CUC2 in Pro355::HWS.

LFY is known to be involved in decreased cell elongation at the adaxial
domain of the pedicel base. Loss-of-function [fy mutant phenotype leads to
abaxialized pedicels which have a reduction in adaxial cortical cells. Steroid
activated gain-of-function of LFY results in enhanced ectopic expression of
AS2 and REV and conditional 358::LFY pedicel architecture is similar to that of
bp mutants (Yamaguchi et al., 2012). The as2 mutant partly suppresses the
pedicel orientation and length phenotypic defects of 355::LFY. This shows that
LFY activity determines adaxial cell fate in the pedicel and regulates proper

length and orientation of the pedicel by promoting AS2 expression which

143



subsequently leads to BP suppression (Yamaguchi et al., 2012). LFY
expression in leaves of as2 mutant is reduced, however loss-of-function of both
as2 and hws lead to an enhanced expression of LFY as seen from the RT-PCR
analysis (Figure 4.31). GUS expression analyses have shown that LFY is
expressed in newly emerging leaf primordia, but expression is deficient in
older leaves (Blazquez et al., 1997). This indicates that HWS and AS2 interact
to negatively regulate LFY expression in older leaves. A change in LFY

expression was not observed in the inflorescence of single and double mutants.

GUS expression analysis of AS2 in Col-0 wild type and Aws-1 has shown
that the expression of AS2 is restricted to stamen filaments and the base of
floral organ meristem in hws-I whereas expression is observed along the
pedicels, filaments and petal venation in Col-0 wild type. This shows that loss
of HWS gene function leads to repression of AS2 expression in flower pedicels.
GUS activity is observed in Col-0 wild type and hws-1 SAM as well as petioles
of young leaves. Expression is also seen in the petiole base of Col-0 wild type
and hws-1 cotyledons. GUS expression is observed in the stem and strongly
expressed in incipient leaves as well as their trichomes of Col-0 wild type.
Expression is not observed in the stem of hws-1 and only expressed on the
petiole and venation of incipient leaves. This is further evidence that loss of
HWS gene function leads to a repression of AS2 expression in seedling stem

and tissues and trichomes of incipient leaves.

4.3.4 Genetic Crosses between 80.5 and selected Arabidopsis
mutants

Genetic crosses between 80.5 and Prosss::HWS have shown that 80.5/
Projss::HWS double mutant display a phenotype similar to 80.5 single mutants.
This may be due to the repression of AS2 expression in leaves by enhanced
HWS gene function which results in a phenotype similar to that of as2 loss-of-
function mutant. The 80.5/ Prosss::HWS double mutant however did display
more aberrant differences to 80.5 single mutant in that the width of the

boundary domain between sepals and petals was increased as well as more
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serrated leaves with elongated petioles. The failure of Prosss::HWS to rescue
80.5 mutant leaf phenotype is consistent with the unchanged expression levels

of HWS in 80.5 mutants.

Genetic crosses between 80.5 and ufo-2 resulted in double mutants with
the majority of flowers substituted by flowerless inflorescences producing
filaments. Previous analyses on hws/ufo double mutants showed a similar
phenotype to that of 80.5/ufo showing a correlation between floral meristem
identity genes and adaxial-abaxial identity (Zhang et al., unpublished data).
Flowerless pedicels were also observed in fil/Ify double mutants (Sawa et al.,
1999). UFO is known to act as a transcription co-factor of LFY resulting in
LFY promoting AP3 expression (Chae et al., 2008). The 80.5/ufo-2 double
mutant has shown that both AS2 and UFO are important in floral meristem
formation. This is a novel function since AS2 has not previously been described

as a regulator of floral meristem organisation.

145



CHAPTER 5

General discussion

In an attempt to identify the substrate(s) associated with HWS for
degradation, an EMS mutagenesis of the Aws-I mutant was undertaken, which
isolates gene products that are interacting with HWS using a suppressor
analysis strategy. This project focuses on two of the hws-1 suppressors
identified from the EMS mutagenesis hws-1 populations. Characterization of
the suppressor lines 43.1 and 80.5 has revealed that they are alleles of HST
gene, which is involved in miRNA biogenesis, and the AS2 gene, which is

involved in adaxial-abaxial polarity, respectively.

5.1 The role of the HWS gene in miRNA biogenesis

Phenotypic analysis of hws-1 has shown that it phenocopies ectopic expression
of miR164b and cuclcuc2 double mutant phenotype. The Aws-I mutant has
been crossed to miRNA pathway genes which rescues the hws-1 sepal fusion
phenotype (Gonzalez-Carranza, unpublished data). This analysis has led to the
hypothesis that hws-I may interact with miRNA biogenesis. Characterization
of the hws-1 suppressor line 43.1 has revealed that it is an allele of HST gene,
which is involved in the miRNA biogenesis. The 43.1/hws-1 double mutant
rescues the distinctive sepal fusion phenotype of hws-I. Other phenotypic
changes observed in this double mutant include increase in petal number in
incipient flowers, increase in width of boundary domain between adjacent
sepals, abnormal phyllotaxis between internodes and reduction in petiole size
of rosette leaves. Similar phenotypic characteristics can also be seen in
miR164c, which shows extra petals in early occurring flowers; miR164-
resistant CUC2, which shows abnormal phyllotaxis, increase in width of sepal
boundary domain; and miR164-resistant CUC1, which shows a reduction in
petiole size of rosette leaves (Laufs et al., 2004; Mallory ef al., 2004b; Baker et

al., 2005). The increase in boundary domain of adjacent sepals is also observed
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on mutants involved in miRNA biogenesis, dcll, hyll and henl (Laufs et al.,
2004) as well as hstz-1. It has been demonstrated that accumulation of mature
miRNA164 transcript is enhanced in Aws-I mutant (Gonzalez-Carranza Z.H.
and Zang X., unpublished data). These results suggest that loss of function
mutation of HST may show reduced levels of miR164 expression. The
43.1/hws-1 double mutant rescues the sepal fusion phenotype of hws-1. The
extra petal phenotype in miR164c is due to an increase in CUCI and CUC2
mRNA levels, which are targets of miRI64 for degradation (Baker et al.,
2005). This suggests that the hstz-1 mutant may show an increase in CUCI and
CUC2 expression and since HWS is known to repress the HST gene expression
(Figure 5.1), overexpression of HWS would also show an increase in
expression of CUCI and CUC2 genes. This is confirmed by the CUCI and
CUC2 expression analysis in hws-1 (Figure 4.31) which shows an increase in
accumulation of both CUC!I and CUC2 in Prosss::HWS and a decrease in hws-
1 inflorescence. This also supports the phenotypic similarities in sepal fusion of

the hws-1 and cuclcuc2 double mutant.

HWS — HST

!

miR164 — CUC1/2

Figure 5.1 HWS and HST gene interactions. The diagram shows the repression of
HST by HWS gene function which may lead to an upregulation of CUCI and CUC2
gene. Loss of function of HWS lead to posttranscriptional downregulation of CUCI

and CUC2 by miR164.

The level of miR165/166 in hst-Imutant was reduced compared to wild
type (Park et al., 2005). This reduction in miR165/166 was also seen in
overexpressed AS2 protein nuclear localization where a decrease in mature
miR165/166 was observed. As mentioned in section 4.1.2, miR165/166 is
involved in negatively regulating adaxial determinant genes PHB, PHV and

REV function. Loss-of-function mutations in HST results in a decrease in
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miRNA accumulation leading to an increase in miR165/166 targets, PHB, PHV
and REV transcripts (Ueno et al., 2007). Other adaxial determinant genes such
as ASI and AS2 are also involved in downregulating miR165/166 accumulation
leading to stabilization of PHB, PHV and REV transcripts (Li ez al., 2005; Fu et
al., 2007). Characterization of the 80.5 mutant has identified that HWS
represses the expression of AS2 since 80.5/hws-1 double mutant rescues the
sepal fusion phenotype of hws-1. The interaction between AS2 and HWS may
lead to negative regulation of miRNA165/166 accumulation. These findings
indicate that HWS regulate miR165/166 levels independently with HST and
AS2. It has been identified that the repression of miR165/166 accumulation is
an indirect process which occurs at a posttranscriptional level (Ueno et al.,
2007). These results show that HWS is a key player in regulating miRNA

accumulation in combination with other regulatory genes involved in miRNA

biogenesis.

CUCI and CUC?2 are targets for miR164 expression. Overexpression of
miR164 (2x358:miR164) demonstrates sepal fusion along their margins
indicating that it phenocopies the cuclcuc2 double mutant. This is achieved by
post-transcriptional downregulation of CUCI and CUC2 levels of mRNA via
miR164. The sepal fusion of 2x355:miR164 is rescued by the expression of
CUC2 mRNA that is resistant to miR164-guided cleavage (CUC2-m4) (Laufs
et al., 2004). This demonstrates that CUCI and CUC2 loss of function
accredited to the flower phenotype observed on miRI64 overexpression.
CUC2-m4 expression also leads to the enlargement of boundary domain
resulting in an enhanced spacing between sepals indicating that the target
degradation of CUCI and CUC2 by miRNA restricts the enlargement of
boundary domain (Laufs er al., 2004). The overexpression of miR164 also
generated abnormalities such as fusion of stem and leaves, decrease in rosette
leaf petiole size and broadened shape of rosette leaves. These phenotypic
abnormalities show that miR164 is a widespread regulatory element in
controlling different developmental organ separation and the accurate
localization and dosage of miR164 is required for proper floral, vegetative and

embryonic organ separation (Mallory et al., 2004b). The sepal margin fusion
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phenotype is also seen in the hws-I mutant, which is rescued by loss-of-

function mutants 43.1 and 80.5.

The double mutants, asl/jag and as2/jag results in severely under
developed sepals and petals with enhanced CUC1, CUC2 and PTL expression
levels inhibiting sepal primordia cell division. Loss of function of CUCI,
CUC2 and PTL expression in as2/jag rescues the abnormal sepal and petal
phenotype indicating that the phenotypic changes are due to the ectopic
expression of these three boundary specific genes. In as2/jag mutant, ectopic
expression of PTL and CUCI were shown to be present in adaxial region of the
sepal and expression of CUC2 was detected throughout the sepal (Xu et al.,
2008). These results demonstrate that AS2 and HWS interact to co-regulate the
boundary specific genes, CUCI, CUC2 and PTL (Figure 5.2). Petal size is also
affected in 43.1/hws-1, which suggests that there is an association between
miRNA biogenesis and boundary specific genes and HWS is a key player in

this process.

5.2 The role of the HWS gene in adaxial-abaxial polarity

Another possibility is that HWS is involved in other mechanisms such as
the ta-siRNA pathway, which regulates adaxial-abaxial leaf polarity, for the
regulation of miRNA accumulation. This hypothesis was developed due to the
interaction of HWS with AS2, which also interacts with AGO7 (a gene that
functions in the ta-siRNA pathway) to negatively regulate miR165/166
accumulation (Li et al., 2005; Xu et al., 2006). These results further show that
HWS is involved in posttranscriptional gene regulation. The link between AS2
and HWS gene function maybe operate through an indirect pathway. HWS may
also be involved in SAM-derived signalling as the interaction between leaf
primordia and the SAM is important for adaxial-abaxial leaf patterning

(Bollman et al., 2003) since hws-1 partially rescues the adaxialization of hst-1

leaf phenotype.
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5.3 HWS and meristem-to-organ boundary

The transcriptional activators of leaf formation, BOPI and BOP2, which
are members of the BTB/ZIP domain proteins, promote AS2 activation in the
leaf proximal and adaxial region near the leaf primordia and SAM boundary. It
has been demonstrated that STM indirectly or directly represses BOPI and
BOP2 expression which leads to the formation of a functional embryonic SAM
and the repression of KNOX gene function at the leaf base due to induction of
AS2 transcription activity by BOPI and BOP2 is indispensable for the
regulation of leaf morphogenesis along the proximodistal and adaxial-abaxial
axes. The BOP genes in addition to AS! and AS2 are also involved in
negatively regulating embryonic BP (Jun et al., 2010). In SAM, STM is
activated by CUC gene function during embryogenesis and CUC gene
expression is then downregulated by STM (Rast and Simon, 2008). The
expression of AS2 is downregulated indirectly by STM gene function. This is
shown by the ectopic expression of AS2 on stm-11 embryo subsequent to the
stm phenotype being apparent (Byrne et al., 2002; Jun et al., 2010). Both AS2
and BOP genes are involved in superimposing genetic pathways (Ha et al.,
2007; Jun et al., 2010) (Figure 5.2). Ectopic expression of HWS leads to
increased accumulation of CUCI and CUC2 genes. This would lead to an
activation of STM gene function which will indirectly lead to a downregulation

of AS2 expression. This shows further evidence that HWS may be involved in

SAM-derived signalling.
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adaxial

SAM
LP
| BOP1/2
\/cucuz
HWS — AS2_——] miR165/166 —— HD-ZIPIII

CUC1/2

Figure 5.2 HWS and adaxial-abaxial gene interactions. HWS downregulates AS2
expression leading to an upregulation of CUC! and CUC2 genes. SAM: shoot apical

meristem. LP: leaf primordial.

5.4 Conclusion

EMS mutagenesis of hws-1 has identified several suppressor lines, two of
which were characterized in this project. These suppressor lines, 43.1 and 80.5
rescue the distinctive sepal fusion phenotype of Aws-1 resulting in floral organ
shedding during senescence. Characterization of the suppressor lines has
identified that 43.1 is an allele of HST gene, which is involved in miRNA
biogenesis, and 80.5 is an allele of AS2 gene, which is an adaxial cell fate
determinant. Expression analyses have revealed that loss of HWS gene function
leads to the repression of both 43.1 and 80.5. Genetic analyses have also

confirmed that loss of HWS gene function results in an upregulation of CUCI
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and CUC2 gene expression. The results obtained in this project have shown

that HWS is involved in miRNA, adaxial-abaxial and organ boundary

signalling, concluding that HWS may have a wider function in different

signalling pathways than previously proposed.

5.5 Future work

5.5.1

552

553

554

The screening of EMS hws-1 mutant populations in this project has
identified 20 suppressor lines from 46 populations, however 14
suppressors were found to be allelic following allelism tests (see
appendix). Allelism tests should be carried out on all suppressors that
phenocopy each other from a single population as well as between
populations. Allelism tests should also be carried out on suppressors
from population screenings conducted prior to this project as suppressor

lines 231 and 43.1 were found to be allelic.

The 43.1/hws-1 double mutant rescues the hws-1 sepal fusion
phenotype. Loss of HWS gene function in 43.I/hws-1 may restrict HST
expression to promote normal sepal separation leading to increase in
expression of CUCI and CUC2 boundary specific genes. Expression
analysis of CUCI and CUC2 may be conducted using RT-PCR analysis

on flower and leaf tissues of 43. I/hws-1 and 43.1/colwt.

In both Col-0 wild type and hws-I transformants, GUS activity was
detected at the floral meristem base. GFP expression analysis of AS2 on
hws-1 and Col-0 wild type at a more cellular level via light and electron
microscopy using tissue samples fixed in formaldehyde and embedded
in paraffin may determine whether GFP activity is expressed at the

floral meristem base or restricted to floral organ boundaries.

The RT-PCR analysis of the expression of HWS, AS2 and LFY have

identified that there is no change in expression level between Col-0
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5.5.6

5.5.7

wild type 80.5/colwt, hws-1, Prozss::HWS, 80.5/hws-1 and as2-1 both
in inflorescence tissue and leaf tissue. Quantitative RT-PCR analysis of
AS2 and HWS expression in Col-0 wild type 80.5/colwt, hws-1,
Prosss::HWS, 80.5/hws-1 and as2-1 would be able to determine
quantitatively the differences of these genes in each variety. The AS2
gene downregulates abaxial determinate KNOX (BP, KNAT2 and
KNAT6) genes. RT-PCR analysis of KNOX gene expression on
80.5/colwt, hws-1, Prozss::HWS, 80.5/hws-1 and as2-1 mutants would
determine whether repression of KNOX genes by AS2 is overcome in

hws-1 mutants.

It has been previously demonstrated that as2-1/hst-1 double mutant
result in virtually flat leaves whereas as2-1 single mutant produce
abaxialized leaves and hst-1 produce adaxialized leaves (Ueno et al.,
2007). Analysing the interaction between 43.1, 80.5 and hws-1 by
constructing a triple mutant may give us more information about the
role hws plays in the phenotype of the triple mutant. The Aws-1 single
mutant does not show any abnormalities in leaf phenotype but the

interaction between these mutants may lead to a change.

Protein analysis from meristematic, flower and leaf tissue using western
blot with specific antibodies may determine HWS proteins expression
which may lead to identification of proteins expressed in specific

tissues that may be involved in protein-protein interactions.

Ectopic expression of HWS leads to increased accumulation of CUCI
and CUC2 genes. This would lead to an activation of STM gene
function which will indirectly lead to a downregulation of AS2
expression. This shows evidence that HWS may be involved in SAM-
derived signalling. Microarray analysis may be used to analyse gene

expression at meristematic and primordial tissue.
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Appendix

List of primers used in this project

Name bp Oligo sequence Intended purpose
SSLPHSfor 24  GAGAGAGGCTTGTGATTGTCGGAG o
HWS specific primers
SSLPHSrev 24 GTGCCACTACTCGCGAAAACCTCG
HST1for 26 ATGGAAGATAGCAACTCCACGGCAAG
HSTlrev 25 CTCAGCTACAAGGGCAGCAGACTG
HST2for 25 CATTTGGTTAGACTACGATGGGACG .
For sequencing of the
HST2rev 24  CACGTAATGCATAATGAACTTCAG 43.1/hws-1 using HST to
determine the nature of the
HST3for 25 GATGACATCTCGAGCGCTATACTGG genetic lesion
HST3rev 24  GGTGCAGAAGCACTCCCAGCCATG
HST4for 25 GAACTAAGGAAGGACAAGCCGAGGC
HST4rey 26 CCAATTGACCGATTGTTTAAATACTG
AS2forl 24  ATCAATTCCCTCTAGTACCAAATC For sequencing of the
AS2revl 24  GAACGTTTGCGAATTTTTGTGGCT 80.5/hws-1 using AS2 to
AS2for2 24  CTCCATTTTCAAGTCATTAAAATG determine the nature of the
AS2rev2 24 TGATATCAATTAAGAGAGCAAGTC genetic lesion
AS2,,,::AS2 and
AS2pro::GUS line
AS2compFor 24  GCAATAAGCCTACATCAGATTTTA generation
AS2compRev 24  TCAATTAAGAGAGCAAGTCCATAA AS2,,::AS2 line generation
AS2,,,::AS2 and
CGAGTCGACGCAATAAGCCTACATCA  AS2pro::GUS line
AS2compSallFor 33  GATTTTA generation
GTCGGATCCTCAATTAAGAGAGCAAG ¢, . oo .
AS2compBamHIRev__ 33 TCCATAA pro’“A3< lin€ generation
AS2compRevpro 21  CATGTGAAGAAGTTGCGAGTT
GTCGGATCCCATGTGAAGAAGTTGCG  AS2,,::GUS line generation
AS2compBamHIRpro 30 AGTT
AS2ford* 20 GTCGATCGCTTGGTGATGAG Bacterial (DH5a)
transformed colonies tested
GUSseq 20  TCACGGGTTGGGGTTTCTAC for positive colonies
pBI101.2For 20 GAGTTAGCTCACTCATTAGG For amplification of T1
AS2pro::AS2 and
AS2rev4* 20 CAAGTAGCCCGAGTTTTGTT AS2pro::GUS transformants
WTfor 24 GCAAATTCCTCCGGCGAAAATATC Mismatch primers design to
MUTANTfor 24 GCAAATTCCTCCGGCGAAAATATT amplify wild type and 80.5
MISMATCHrev 20 CTCAAGACGGATCAACAGTACG mutant
ASIfor 24 CAAGTCTTGTTTAGAGAGATGGAA
ASlrev 24  AGGCGATAATGTCAAAGTTACCGA
CUCIfor 24  GTGCCGACAATGGATGTTGATGTG
CUClrev 24  GCATGGCGATCAGAGAGTAAACGG
cuC2for 24  ATGGCGGAGACAGCCAATATCTTC
CUC2rev 24  GATAGTTTCTTGAGATTGTTGAGG For gene expression analysis
LEYfor 20 CTGAAGGTTTCACGAGTGGC
LFYrev 20 TCCGGTACAGCTAATACCGC
AP2for 20 CTCTTCGAATACTCCACTGA
AP2rev 20 GCGTTCAAGTATCTTCTCCA
PTLfor 20 GAGGAACAACGGATGATGAA
PTLrev 20 TGAATCAACTTCGCTGCGAT
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Name bp Oligo sequence Intended purpose

pKT735Sprom 20 GAGGAGCATCGTGGAAAAAG For genetic cross between
80.5 and 358::HWS (amplify

At3g61590Rev 24 CAGACCCATTTGCTTCTTCATTGC 358::HWS)

UFOforMutant 20 TGGTAAGATGGTTTACGGGT For genetic cross between
80.5 and ufo-2 (amplify

UFOmismatchRev 20 TCTTGATTTCCGACACACTC UFO)

Allelism tests between hws-1 suppressor lines from the EMS hws-1

populations.
Allelism tests
Carpel (?) | Cross { Pollen (&3) Results
1 43.1 X 45.1 allelic
2 45.1 X 43.1 Partially allelic*
3 43.1 X 54.6 Non-allelic
4 54.6 X 43.1 Non-allelic
5 454 X 45.1 Allelic
6 45.1 X 454 Allelic
7 45.1 X 54.6 Non-allelic
8 54.6 X 45.1 Non-allelic
9 23.1 X 45.1 Allelic
10 45.1 X 23.1 Allelic
11 23.1 X 454 Allelic
12 43.1 X 23.1 Allelic
13 23.1 X 43.1 Allelic
14 80.1 X 80.2 Allelic
15 804 X 80.5 Allelic
16 80.5 X 80.4 Allelic
17 80.5 X 80.2 Allelic
18 84.3 X 84.1 Partially allelic
19 84.6 X 84.3 Allelic
20 84.6 X 84.5 Allelic
21 84.7 X 84.3 Allelic
22 84.10 X 84.12 Allelic

*: more than 50% of the flowers per plant are shedding their floral organs, thus
resulting in an allelic phenotype.
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Observed and expected phenotype ratios of different crosses in the F2
populations and transformations in the T2 populations
Theoretical
ratio Chi-square
n. Observed Expected (WT:m) () Probability
WI | m [WT_ m

Cross
Col-Owildtype X 43.1/hws-1F2 | 96 77 | 19 | 72 | 24 31 1.389 0.239
Col-Owildtype X 80.5hws-IF2 | 96 73 | 23 | 72 | 24 31 0.056 0.813
ffol X 80.5/hws-1 F2 288 224 | 64 | 216 | 72 31 1.185 0.276
Pro35S::HWS X 80.5/Colwt F2 24 19 | 5 | 18% | 6 31 0.222 0.638
Transformation
AS2pro::AS2/80.5/hws-1 T2 24 20% | 4 |18 | 6 31 0.889 0.346

WT: wild type. M: mutant. *: Pro35S::HWS as the dominant phenotype. **: hws-1 as

the dominant phenotype. n.: total number of plants.
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During my doctoral research at the University of Nottingham, I was also
involved in a project that was based on the Alliance: Franco-British research
partnership programme which generated a publication. The research took place
in collaboration with Dr. Timothy Tranbarger, IDR, Montpellier and the
project was titled functional diversity underlying cell separation processes:
comparison of arabidopsis floral organ and Eeaeis guineensis (oil palm) fruit
shedding. The objectives of the project included comparisons between two key
cell separation processes, abscission and fruit ripening, of Arabidopsis and
Elaeis guineensis at a cellular and molecular level. The research at the
University of Nottingham involved RT-PCR analysis using degenerate primers
from genes which included polygalacturonases (PGs), IDA, HAESA and
Cellulases on cDNA samples from fruit oil palm abscission zone at several

time courses of abscission in the presence and absence of ethylene.
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Abstract

Background: Cell separation that occurs during fleshy fruit abscission and dry fruit dehiscence facilitates seed
dispersal, the final stage of plant reproductive development. While our understanding of the evolutionary context
of cell separation is limited mainly to the eudicot model systems tomato and Arabidopsis, less is known about the
mechanisms underlying fruit abscission in crop species, monocots in particular. The polygalacturonase (PG)
multigene family encodes enzymes involved in the depolymerisation of pectin homogalacturonan within the
primary cell wall and middle lamella. PG activity is commonly found in the separation layers during organ
abscission and dehiscence, however, little is known about how this gene family has diverged since the separation
of monocot and eudicots and the consequence of this divergence on the abscission process.

Results: The objective of the current study was to identify PGs responsible for the high activity previously observed
in the abscission zone (AZ) during fruit shedding of the tropical monocot oil palm, and to analyze PG gene
expression during oil palm fruit ripening and abscission. We identified 14 transcripts that encode PGs, all of which
are expressed in the base of the oil palm fruit. The accumulation of five PG transcripts increase, four decrease and
five do not change during ethylene treatments that induce cell separation. One PG transcript (EgPG4) is the most
highly induced in the fruit base, with a 700-5000 fold increase during the ethylene treatment. In situ hybridization
experiments indicate that the EgPG4 transcript increases preferentially in the AZ cell layers in the base of the fruit in
response to ethylene prior to cell separation.

Conclusions: The expression pattern of EgPG4 is consistent with the temporal and spatial requirements for cell
separation to occur during oil palm fruit shedding. The sequence diversity of PGs and the complexity of their
expression in the oil palm fruit tissues contrast with data from tomato, suggesting functional divergence underlying
the ripening and abscission processes has occurred between these two fruit species. Furthermore, phylogenetic
analysis of EgPG4 with PGs from other species suggests some conservation, but also diversification has occurred
between monocots and eudicots, in particular between dry and fleshy fruit species.
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Background

The shedding of plant organs is a highly coordinated de-
velopmentally regulated event that can occur in different
contexts throughout the plant life cycle [1-4]. Organ shed-
ding is important for both plant vegetative and reproduct-
ive development, including abscission of leaves, branches,
whole flowers, floral parts, seeds and immaturely aborted
or ripe fruit. In particular, cell separation that occurs dur-
ing fleshy fruit abscission and dry fruit dehiscence facili-
tates seed dispersal, the final stage of reproductive
development, and therefore governs important characters
in many crop species. For fruit to be shed, cell separation
must occur in a precise location timed to optimize disper-
sal under the most favourable conditions. For crop species,
if fruit are shed too early or late, economic consequences
can be significant. Whereas our understanding of the evo-
lutionary context for this phenomenon is mainly limited
to model systems such as tomato and Arabidopsis, less is
known about the mechanisms underlying fruit abscission
in non-model crop species in general and, monocot spe-
cies in particular.

Oil palm is a tropical perennial monocotyledonous
species in the family Arecaceae with an extraordinarily
oil rich fleshy mesocarp, which is the number one source
of edible vegetable oil worldwide. In addition, potential
use of palm oil as a biofuel is predicted to cause con-
straints on the worldwide supply of edible palm oil and
increase the pressure for higher yields and an expansion
of cultivatable areas. While conventional breeding
schemes have allowed increases in yield of palm oil up
to 1% per year, non-synchronized ripening and subse-
quent shedding of the ripest fruit before harvest limit
yield gains [5,6]. In addition, the difficulty to schedule
regular harvests due to non-synchronized fruit shedding
results in a labour intensive logistics that increases over-
all production costs. Furthermore, several original char-
acters of oil palm fruit shedding warrant further detailed
investigations. In particular, the two-stage process in-
volving primary and adjacent abscission zones (AZs),
plus the extraordinary low amount of methylated pectin
and high levels of polygalacturonase (PG) activity, col-
lectively suggest that divergent mechanisms may under-
lie the cell separation process that leads to fruit
shedding in this monocotyledonous species [7-9]. Fi-
nally, the only organ observed to shed in this palm spe-
cies is the ripe fruit. Flowers and immature fruitlets
from many species are naturally thinned by organ ab-
scission in response to nutritional status to optimized re-
productive success, whereas this phenomenon is not
observed to any extent in oil palm. Indeed, the oil palm
maintains all fruit on a bunch until ripening related sig-
nalling takes place to induce ripe fruit abscission.

While examples of organ shedding in plants are di-
verse, the common model proposed is mainly based on
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studies with eudicotyledons {2,3]. Firstly, the develop-
ment of the abscission zone (AZ) takes place at the base
of subtending organ to be shed. Secondly, as the AZ
develops, it must become competent for cell separation
events required for organ abscission. Indeed, once the
AZ develops, it responds differently from adjacent tis-
sues to the signals that induce cell separation [10]. After
the AZ becomes competent for separation to be
induced, cellular activity, in particular the expansion of
the golgi vesicles and activation of the endomembrane
system with the release of hydrolytic enzymes to the
apoplast leads to the degradation of the middle lamella
and cell separation [11,12]. An important feature of the
model is the induction of the genes encoding cell wall
hydrolytic enzymes targeted to modify and degrade cell
wall components for separation to occur. The expression
of these genes is often induced by ethylene and inhibited
by auxin, characteristics that correlate with the positive
and negative effects of these hormones on the abscission
process respectively [1-3]. Despite the central import-
ance of the mechanisms that allow changes in adhesion
of adjacent cells to take place with such temporal and
spatial precision, our understanding of these events even
in model organisms is limited.

PG gene expression and activity are common features
of organ abscission, observed in bean, tomato, peach
and Sambucus nigra [13-16). PG activity depolymerises
the homogalacturonan backbone of pectin and while PG
transcripts and activity increase in various species during
the abscission process, they can also be induced by
ethylene or inhibited by auxin [14,15,17-22]. In tomato,
there is a single PG transcript (pTOMS6, also known as
TFPG) expressed during fruit ripening, while up to four
other PGs (TAPGI, TAPG2, TAPG4 and TAPGS) are
expressed in the flower/fruit pedicel AZ associated with
abscission [20,21,23-27]. Interestingly, the down-regula-
tion or knockout of TFPG results in a decrease in pectin
depolymerisation, but surprisingly no change in fruit
softening which suggests other components are involved
[25,27-29]. Furthermore, down-regulation of fruit TFPG
has no effect on the timing or rate of leaf abscission, in-
dicating a specific function of this enzyme during fruit
ripening but not organ abscission {22]. In contrast, silen-
cing of the abscission TAPGI expression delays abscis-
sion and increases break strength of the AZ [30].
Overall, these experiments suggest that while PGs are
important for processes during both ripening and abscis-
sion, the same genes may not be responsible and there
are other factors involved in abscission. Indeed, there
are up to 69 and 59 PG genes in Arabidopsis and rice re-
spectively, many with overlapping expression domains
[31,32]. At least four of the Arabidopsis genes have ex-
pression profiles correlated to cell wall loosening and
cell wall dissolution events during floral organ abscission
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[32]. Furthermore, ADPGI, ADPG2 and QRT2 have
been shown to have overlapping functions during differ-
ent cell separation processes. ADPGIl and ADPG2 are
essential for silique dehiscence, while ADPG2 and QRT?2
contribute to floral organ abscission, and all three genes
contribute to anther dehiscence, suggesting precise com-
binations of PG activities may be necessary during the
cell separation events underlying these different pro-
cesses [33]).

A previous study revealed a large increase in PG activ-
ity in the oil palm AZ in the base of the fruit during cell
separation events that lead to fruit abscission [7]. Our
main objective in the present study was to identify PG
genes that could be responsible for this activity observed
during fruit shedding. We have performed a detailed ex-
pression analysis of 14 genes that encode PGs in the
base of the oil palm fruit. PG sequence diversity in the
fruit tissues and their profiles of expression during fruit
ripening and during ethylene induced abscission con-
trasts with that observed in tomato, suggesting some
functional divergence underlying these processes in this
monocotyledonous fruit species. The results of a phylo-
genetic analysis of EgPG4 with PGs with known func-
tions and/or expression profiles from various species will
also be discussed in relation to divergence that may have
occurred between eudicots and monocots, in particular
between fleshy and dry fruit species.

Results
Ethylene induced oil palm fruit shedding experimental

system

Previous studies published on oil palm fruit shedding
were done with material transported by airfreight from
plantations in Malaysia to a laboratory in the United
Kingdom where the experiments were performed [7-9].
In order to determine precisely the timing of events that
occur during abscission, our first objective was to set up
an experimental system that could be used in a local
field setting to eliminate problems that could arise due
to the time and conditions required for storage and long
distance shipment of the fruit. Based on the results of
earlier studies with oil palm, ethylene was implicated as
the main signal that induces cell separation in the pri-
mary AZ of the oil palm fruit [9]. Therefore, to
synchronize fruit shedding, we treated spikelet explants
with ethylene in airtight boxes (see Material and Meth-
ods for details; Figure 1A). The first experiment exam-
ined the ethylene dose effect on the induction of cell
separation in the primary AZ of ripe fruit (150 days after
pollination, DAP) treated for 12 h (Figure 1B). An in-
crease in the number of fruit shed (13%) was observed in
spikelets treated with 0.1 i I"! ethylene, while at 10 pl 1,
100% of the fruit underwent cell separation in the primary
AZ. This experiment confirmed the use of 10 pl I"! as
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an effective concentration for our studies as used previ-
ously [9]. In addition, the experiment also confirmed the
two-stage separation process (data not shown) during
which separation first occurs within the predetermined
primary AZ, followed later by separation events in adja-
cent AZs [8,9]. The concentration of 10 pl I'" was used in
further experiments to compare fruit separation at differ-
ent stages of development (Figure 1C). Spikelets of fruit at
30, 120 and 180 DAP were treated and shedding was
quantified at time intervals up to 24 h after treatment. No
fruit were observed to shed at 3 and 6 h. Fruit at 30 DAP
were only observed to shed after 24 hours of treatment,
while 120 DAP fruit and 180 DAP fruit began to separate
after 12 h and 9 h of treatment respectively. In air con-
trols, only the 180 DAP fruit were observed to shed at 12
h (1%) and 24 h (100%). These experiments define the
time frame during which cell separation must occur for
oil palm fruit shedding to take place, and suggests an im-
portance of developmental factors that influence the re-
sponse to ethylene.

Polygalacturonase gene family expression in the oil palm
fruit tissues and the identification of the EgPG4 transcript
induced in the AZ prior to fruit shedding
A 35-fold increase in polygalacturonase (PG) activity
was reported to occur in the AZ during fruit shedding
[7]. Furthermore, PGs are implicated in cell separation
underlying organ separation in many species. In this
context, our next objective was to identify PG candidate
genes responsible for this large PG activity observed dur-
ing cell separation events in the AZ. Briefly, our ap-
proach involved searches of available databases for
sequences similar to known PGs, including locally
derived 454 pyrosequencing transcriptome data, fol-
lowed by designing of specific primers for each sequence
identified to test, along with degenerate primers, to
amplify from a mixture of cDNAs derived from fruit tis-
sues treated or not treated with ethylene, or from gen-
omic DNA (see Materials and Methods for details).
Overall, our searches resulted in the identification of 35
putative non-redundant PG sequences, 28 of which con-
tained either a partial or complete glycoside hydrolase
family 28 (GH28) PG signature domain and were
retained for further studies (see Additional file 1 for nu-
cleotide sequences). From the 28 sequences, RT-PCR
analysis revealed that 14 non-redundant PG transcripts
were expressed in the AZ of oil palm fruit and a detailed
analysis of their expression in fruit tissues during ethyl-
ene induced abscission was performed. The 14 tran-
scripts are EgPGI, FgPG3, FgPG4, EgPG7, EgPGS,
EgPG9, EgPGI0, EgPGll, EgPGl6, EgPGl7, EgPGIS,
EgPG19, EgPG22 and EgPG26.

To analyze expression, QPCR analysis was performed
with tissue samples from the ethylene experiments
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after pollination, DAP) treated with a selected concentration range of ethylene for 12 h. (€) Ethylene time course treatment of oil palm fruit
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described above (Figure 1C). The results confirmed the
RT-PCR analysis in that each of the 14 primer pairs suc-
cessfully amplified a PG sequence from the oil palm fruit
AZ, but also from the adjacent pedicel or mesocarp tis-
sues before and after ethylene treatment (Figure 2A-N).
The profiles of transcript abundance accumulation in
the AZ can be grouped into the following three main
categories: I) five transcripts increase significantly (more
than 2 fold; Figure 2A-E), II) four transcripts decrease
significantly (more than 0.5 fold; Figure 2F-I) and, II)
five transcripts have no significant change in abundance
in the AZ during ethylene treatments (Figure 2J-N) re-
spectively. By far the most abundant PG transcript
detected with the most dramatic increase in abundance
in the AZ is that of EgPG4 (Figure 2B). EgPG4 transcript
increases approximately 700, 2000, 4000 and 5000 fold
in the AZ after 3, 6, 9 and 12 h of ethylene treatment

respectively. In contrast, EgPG4 is also highly expressed
in the mesocarp sampled from the upper portion below
the apex of the untreated fruit, but only increases 10, 5
36 and 13 fold after 3, 6, 9 and 12 h of ethylene treat-
ment respectively (Figure 2B). Finally, FgPG4 is faintly
detectable in pedicel tissue before ethylene treatment,
and increases at a lower magnitude during the ethylene
treatments compared to that observed in the AZ.

An overview of PG gene expression reveals that the
three adjacent fruit tissues respond differently to the ethyl-
ene treatments (Figure 3 and Figure 1 and Additional file
2). In the mesocarp below the apex of 180 DAP fruit,
the EgPG4 transcript represents 95% of the total PG tran-
script before ethylene treatment, then increases to 99%
after 6 h of ethylene treatment (Figure 3). In contrast, i
the AZ of fruit prior to ethylene treatment, EgPG11 is the
most abundant (43%) followed by EgPG10 (15%) and
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EgPG8 (10%) and EgPG18 (10%), whereas EgPG4, repre-
sented only 4% of the total PG transcript detected. By con-
trast, EgPG4 accounts for 99% of the PG transcript in the
AZ after 6 h of ethylene treatment. In the pedicel, EgPG10
(62%) and EgPG11 (19%) are the most abundant PG tran-
scripts after 6 h ethylene treatment, while the FgPG4 tran-
script accounts for only 7% and 4% total transcript in
untreated and ethylene treated fruit respectively. Our

findings indicate that EgPG4, the most abundant PG tran-
script detected, is spatially and temporally differentially
regulated in the three adjacent fruit tissues examined. In-
deed, EgPG4 accounts for the majority of the total PG
transcript detected in the mesocarp, and more notably
undergoes a dramatic increase in abundance preferentially
in the AZ prior to the onset of separation observed after 9

h of ethylene treatment (Figure 1C).
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During our ethylene experiments, we observed that 30
and 120 DAP fruit do not separate without treatment
with ethylene (control treatments in air in the presence
of ethylene absorbing material), while in the presence of
ethylene they first separate after 12 h and 24 h respect-
ively, and only after 24 h of ethylene treatment are the
majority of the fruit shed (Figure 1C). By contrast, the
180 DAP fruit treated with air in the presence of ethyl-
ene absorbing material (control treatments) will begin to

undergo cell separation after 12 h and will completely
separate after 24 h (Figure 1C). To determine whether
EgPG4 transcript accumulation coincides with these
observations, we examined the expression of EgPG# in
30, 120 and 180 DAP fruit in the presence or absence of
ethylene (Figure 4A-C and Figure 1C). The results reveal
a close correlation of the accumulation of the EgPG4
mRNA with the timing of shedding of 30, 120 and 180
DAP fruit. Indeed, FgPG4 has very low relative
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expression in untreated 30 and 120 DAP fruit compared
to 180 DAP, and after 3 h of ethylene treatment, the in-
crease is 2,400 fold in the 180 DAP fruit compared to
only 2.5 fold and 17 fold in the 30 and 120 DAP fruit re-
spectively (Figure 4A-C). After 6 h, EgPG4 transcript
increases 0.70, 260 and 6,803 fold in 30, 120 and 180
DAP fruit respectively, while after 9 h of ethylene treat-
ment, the EgPG4 transcript is increased 143, 350 and
14,200 fold in 30, 120 and 180 DAP fruit respectively.

In situ analysis of the spatial and temporal expression of
EgPG4 during ethylene induced fruit shedding

Whereas the qPCR analysis of EgPG4 transcript accumu-
lation correlates well with the timing of cell separation
events that occur in the base of the oil palm fruit, the AZ
samples that were used for the expression analysis include
a mixture of all three tissues including the AZ and the
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margins of the adjacent pedicel and mesocarp tissues
(Figure 5). To examine whether both the temporal and
spatial expression of EgPG4 correlates with the cell separ-
ation events in the AZ that lead to fruit shedding, in situ
hybridization analysis was performed. Firstly, we used a
combination of bright field, polarized light and epifluores-
cence microscopy to clearly distinguish the localization of
the EgPG4 transcript within the AZ cells, compared to the
adjacent mesocarp and pedicel tissues (Figure 5A-]). With
polarized light, the AZ cell layers are well defined in
addition to the lignified vasculature in all the tissues
(Figure 5E-G). In contrast, epifluorescence microscopy
mainly detected the lignified vasculature, predominantly
in the pedicel and the mesocarp (Figure 5H-]). In the base
of ripe fruit before ethylene treatment, the EgPG4 tran-
script was neither detected in the AZ, nor in the lower
margin of the mesocarp or upper margin of the pedicel
tissues (Figure 5A,E,H). By 6 h after ethylene treatment,
the EgPG4 transcript increased in abundance preferentially
in the AZ cell layers, including the parenchyma cells and
the undifferentiated xylem cells of the vascular bundles
(Figure 5B,EI). By contrast, no EgPG4 transcript was
detected or was only present in relatively lower amounts
in the adjacent pedicel and mesocarp tissues. At higher
magnification of the boundary region between the pedicel
and the AZ, the FgPG# transcript clearly accumulates in
the AZ cells while it remains at very low or undetectable
amounts in the adjacent pedicel cells (Figure 5C,G,)). In
contrast, the control hybridizations with ribosomal RNA
(rRNA) sense and antisense probes revealed a more even
distribution of rRNA throughout the pedicel, AZ and
mesocarp tissues when compared to EgPG4 (Figure 5B
and D; Additional file 3). Furthermore, the sense strand
control with EgPG4 also had a less intense signal than the
antisense (Additional file 3). As a comparison, in situ
hybridization experiments were also performed with
EgPGI10 and EgPGS8, the former of which is shown by
qPCR analysis to increase to similar amounts in all three
tissues, while the later decreases during the ethylene treat-
ments (Figure 2E and F). For EgPG10, the results showed
an even distribution of transcript present in the three tis-
sues after ethylene treatment, while EgPG8 was not
detected (data not shown). Together, these results corrob-
orate the correlation between the spatial and temporal ex-
pression profile of the EgPG4 transcript in relation to
ethylene and cell separation observed by qPCR, and pro-
vides further evidence for an important function for this
transcript during fruit abscission.

Phylogenetic analysis of EGPG4 in relation to PGs with
known functions or expression profiles

To examine the relationship of EgPG4 with other plant
PGs, a phylogenetic comparison of its amino acid se-
quence with those predicted from DNA/RNA sequences
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from Arabidopsis and rice was performed. Firstly, EgPG4
groups within the PG clade A3 formed with members
from both rice and Arabidopsis previously defined [32]
(Additional file 4). Notably, EgPG4 does not group with
the PGs from Arabidopsis in clade A15 shown to func-
tion during floral organ abscission, silique or anther
dehiscence including At2g41850 (PGAZAT/ADPG2),
At3g07970 (QUARTET2), and At3g57510 (PGDZAT/
ADPG1) [31-33]. However, EgPG4 is grouped in the A3
clade with two other Arabidopsis PGs (At2g43880 and
At2g43890) that are expressed during floral organ ab-
scission [32].

To examine possible structure-function relationships
of the EgPG4 amino acid sequence with those of known
PGs from a variety of species, including those producing
fleshy fruits (apple, plum, peach, tomato, kiwi, grape, pa-
paya), and dry fruits (soybean, B. napus, Arabidopsis), a
phylogenetic analysis was performed with selected plant
PGs with expression associated with or shown to func-
tion during germination, root or pollen development,
fruit ripening, organ abscission, and anther and pod de-
hiscence [19-21,23,25-27,31,33-55]. Firstly, the recon-
structed tree and bootstrap values confirm earlier
analyses that PGs can be separated into three major

subclades, two that consist of PGs involved in fruit
ripening and abscission and one with PGs involved in
pollen development [18,19] (Figure 6). The presence of a
fourth clade containing soybean (GmPG6_DQ382356)
and grape (VvPG2_EU078975) PGs supports more re-
cent studies that indicate this gene family consists of
more than three subclades [36,56]. In addition, the boot-
strap analysis confirms a close phylogenetic relationship
between EgPG4 and two Arabidopsis PGs expressed dur-
ing floral organ abscission [32]. Notably, in the same
subclade there are also four abscission related tomato
PGs (TAPG1, TAPG2, TAPG4 and TAPG5) [20,21,38] in
addition to two PGs expressed during ripening and ab-
scission of melon (CmPG1 and CmPG2) [19], and PGs
expressed during ripening of papaya (CpPG) [37], pear
(PcPG3) [53,54] and peach (PpPRF5) [42]. An additional
Arabidopsis PG (At2g43860) that functions in cell separ-
ation between endosperm cells when the radicle emerges
during germination [31] was also found within this sub-
clade. The analysis also revealed that the Arabidopsis
PGs involved in abscission or dehiscence including
PGDZAT, PGAZAT, and QTR2, are grouped within a
distinct subclade with other PGs that function during
fruit ripening, floral organ abscission and pod
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dehiscence [31,33,35]. Notably, no PG involved in ab-
scission of a fleshy fruit is found in this clade, only those
from species with dry fruit such as Arabidopsis, B. napus
and soybean.

Discussion

Sequence and expression analysis of EQPG4 suggests
functional conservation and divergences between
monocots and eudicots

PGs are thought to play a central role in the disassembly
of pectin in the middle lamella or primary cell wall dur-
ing cell separation and cell elongation [18]. In particular,
PGs have been extensively studied during fruit ripening,
organ abscission and pollen development, yet how diver-
gence has occurred between species in order to fulfil dif-
ferent roles in these various tissues is still not
completely understood. In particular, very little data is
available from monocot species to compare the ripening
and abscission processes with those of eudicots.

Our phylogenetic and bootstrap analyses confirmed
several previous phylogenetic studies that revealed PGs
involved in organ abscission and fruit ripening to be
found mainly in two distinct subclades, with a third sub-
clade containing only pollen related PGs [18,19,31,32]. A
fourth minor subclade that contained a PG from ripen-
ing grape skin was also observed as previously [36].
While the current phylogenetic analysis was done with
the complete GH28 domain, not including the prose-
quences characteristic of some PGs, the results support
a previous conclusion that the presence or lack of prose-
quences are not the basis for the divergence of these
sequences into distinct clades [18]. The first notable ob-
servation is that all the known tomato abscission PGs
group closely within a subclade that also contains the
two closely related Arabidopsis floral organ abscission
associated PGs (At2g43890 and At2g43880), in addition
to an Arabidopsis PG (At2g43860) implicated in radicle
emergence [31,32]. The presence of At2g43860, a PG
expressed during the separation of endosperm cells
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when the radicle emerges during germination, suggests
structural relationships between PGs with functions be-
yond fruit ripening and organ abscission. It is interesting
that EgPG4 groups closest with these Arabidopsis abscis-
sion PGs, which suggests functional conservation, and
that these sequences are derived from a common ances-
tral PG that existed prior to the separation of monocots
and eudicots. A second notable observation is that the
tomato fruit PG (TFPG) is more closely associated with
the abscission and dry fruit dehiscence PGs than with
the tomato PGs involved in organ abscission. This con-
trasts with sequences from melon that are in the same
subclade as the tomato abscission PGs, and have expres-
sion profiles associated with both fruit ripening and ab-
scission [19]. Similarly, the EgPG4 transcript does not
only increase in the AZ in relation to abscission, but also
is highly expressed in the portion of the ripening meso-
carp. Together, it appears that some PGs may function
both in ripening fruit tissues, in addition to during cell
separation in the AZ that leads to fruit organ abscission
in monocots and eudicots.

The sequence and expression of EgPG4 suggest
functional divergence between dry and fleshy fruit
Another notable observation is that PGs related to fleshy
fruit abscission are not found within the clade contain-
ing the well-characterized abscission and/or dchiscent
related PGs including QRT2, PGAZAT, PGDZAT,
BnRDPG1 and PGAZBRAN (33,34]. By contrast, PGs
involved in fleshy fruit ripening, such as the tomato
(TFPG), grape (VPG1), apple (MdPG1), kiwi (CkPGA3)
and pear (PcPG1) are also found within this clade
[23,25-27,36.43,44,48,50,51]. In addition, only the melon
PG (CmPG3) that has an expression profile related to
ripening is found in the same subclade as the dry fruit
dehiscence and abscission PGs, while the other two
melon PGs (CmPG1 and CmPG2) associated with organ
abscission and ripening are in the same subclade as
EgPG4 [19]. While there is no current data that suggests
that the fleshy fruit PGs within this subclade are
involved in fruit or other organ abscission, it is possible
their involvement in cell separation during organ abscis-
sion has not been sufficiently investigated. Indeed, the
analysis and results discussed here are based on the two
best-characterized organ abscission model systems avail-
able, namely tomato and Arabidopsis, and it should be
emphasised that many gaps exist in our current know-
ledge about the functional diversity of plant PGs. Never-
theless, the results suggest that dry fruit species may
have PGs from at lcast two divergent subclades involved
in cell separation for dehiscence, while fleshy fruit may
have PGs specialized in ripening or abscission, or, that
may function in both contexts. Overall, the results sug-
gest that divergence may have occurred between PGs
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involved in dry fruit dehiscence and fleshy fruit abscis-
sion, an area that merits further investigation,

The high expression and induction of EgPG4 by ethylene
suggests functions during both fruit ripening and
abscission

The most notable result of this study is the high accu-
mulation of the EgPG4 transcript in the base of the fruit
containing the AZ prior to cell separation. Importantly,
EgPG4 transcript accumulates prior to the occurrence of
cell separation, and also accumulates less and in correl-
ation to the timing of the slower separation in fruit at
earlier stages of development. However, the FgPG4 tran-
script is also highly expressed in the mesocarp tissue
near the apex of the fruit that suggests a role in the
ripening of this tissue. Our data also indicate that the
regulation of EgPG4 is closely associated with the cap-
acity for cells to respond to ethylene. This in turn is
related to the developmental stage of ripening, and may
be an important factor that controls the spatial and tem-
poral functionality of EgPG4 during mesocarp ripening
and cell separation in the AZ. Indeed, the mesocarp pro-
duces an increasing amount of ethylene during ripening,
and production progresses from the apex of the fruit to
the fruit base, where it may act as the signal to initiate
the separation events within the AZ [9,57]. Studies on
fruit ripening and floral pedicel abscission of tomato
provide examples of how individual members of this
gene family may have distinct functions in adjacent tis-
sues undergoing cell separation processes in a fleshy
fruit species, and highlight the central importance of tis-
sue specific transcriptional regulation of PGs during
these developmental processes. Indeed, the tomato fruit
TFPG is the only PG gene expressed in the ripening fruit
tissues, its transcription is positively regulated by ethyl-
ene, and the encoded protein is responsible for the PG
activity required for pectin depolymerisation that occurs
during ripening [23-27]. Notably, the TFPG mRNA
accounts for up to 2.3% of the total RNA in ripening to-
mato fruit, and down regulation of TFPG has no effect
on the timing or rate of leaf abscission, indicating a spe-
cific function of this enzyme during fruit ripening but
not organ abscission [22,58]. In contrast, in the pedicel
where the AZ is located at the base of the tomato floral
organs, there are at least four abscission-related PG
genes (TAPG1, TAPG2, TAPG4 and TAPGS5) expressed,
three of which are induced by ethylene and correlate
well with the cell separation that occurs in the flower
and leaf AZs [20,21,38]. Furthermore, silencing of the
tomato abscission-related PGs using a TAPG1 fragment,
delayed abscission and increased break strength of the
leaf petiole AZs in explants treated with ethylene. These
studies suggest that a combination of tissue specific
transcriptional regulation and/or localized cellular
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differences in response to ethylene are important factors
that determine the spatial and temporal specificities
related to their functional roles during fruit ripening and
organ abscission.

Oil palm fruit shedding has some similarities but also
notable differences from that seen in tomato. Firstly, the
timing of separation induced by ethylene in oil palm is
comparable to that in tomato. In the presence of ethyl-
ene, cell separation begins to occur by 9 h, while 80—
100% of ripe fruit are shed by 12 h, whereas in tomato,
flower shedding begins at 6 h and is complete by 12 h
[59]. This result is striking given the surface area of the
primary AZ of ripe oil palm, up to 10 mm (Figure 3} is
approximately 20 times larger than the tomato pedicel
AZ, up to 0.55 mm [59]. Secondly, we observe a greater
diversity of PGs expressed in the oil palm fruit tissues
than that of tomato during ripening or abscission. Not-
ably, of the 14 transcripts expressed in the base of the
fruit containing the AZ, five are regulated positively, and
four others negatively in response to ethylene. In
addition, five PG mRNAs displayed no significant
change in abundance during the ethylene treatments. A
previous study with banana fruit revealed that at least
four PG genes are expressed during ripening [60]. How-
ever, none of the PGs identified in that study contained
the full-length GH28 domain and thus we were not able
to compare their phylogenetic relationship with the oil
palm PGs and other PGs presented in Figure 6. The ex-
pression of the banana PG genes was also analyzed dur-
ing finger drop, a process that also involves pectin
disassembly [60,61]. The results indicated that the four
banana PGs were also expressed in the finger drop zone
where cell separation takes place, while MaPG4 was the
most highly expressed with a profile of accumulation
corrclated to the decrease in the pedicel rupture force
observed. Together with the present results, the
mechanisms of pectin disassembly during banana and
oil palm fruit ripening may involve a larger number of
PGs than with eudicot species examined thus far. The
current study allows a more complete view of PG ex-
pression in relation to ethylene in a monocot fruit, given
that the earlier studies with banana included fewer and
shorter PG sequences [60,61]. In addition, whereas both
are monocots, the banana is a parthenocarpic berry-type
fruit that accumulates large amounts of starch, while the
oil palm is a drupe with the high oil content, which may
also dictate different ripening regulatory mechanisms be-
tween these two species. Future work will require new
molecular resources for more complete comparative
studies of fruit ripening and abscission in these two di-
verse monocots, in addition to the well-characterized
eudicot tomato model.

In comparison to tomato, the diversity and complexity
of PG expression in the oil palm fruit tissues is far
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greater than that observed in the AZs or during ripen-
ing. In the oil palm, all 14 EgPG transcripts are detected
to some extent in the ripening mesocarp tissue, in con-
trast to the single TFPG expressed during tomato fruit
ripening. Notably, none of the EgPGs mRNAs identified
appears to be completely tissue specific, as observed
with the tomato PGs involved in abscission and ripening.
However, the data presented here suggest that differ-
ences in their tissue and developmental stage dependent
response to ethylene may be important for spatial and
temporal control. The most notable example is that of
EgPG4, which is not only the most abundant PG tran-
script in the mesocarp of untreated ripe fruit, but also
undergoes the most dramatic increase in abundance in
the base of the fruit containing the AZ in response to
ethylene. The high abundance of EgPG4 in the mesocarp
and the massive increase in response to ethylene is simi-
lar to PG expression in tomato; however, EgPG4 is highly
expressed in both the ripening mesocarp and the AZ
after ethylene treatment prior to fruit shedding. Further-
more, our in situ hybridization experiments indicate the
increase in EgPG4 transcript abundance in the base of
the fruit occurs preferentially in the AZ compared with
the adjacent mesocarp and pedicel tissues. Importantly,
a delayed and less significant increase in EgPG4 tran-
script is also observed in the AZ of untreated fruit, as
well as in 30 and 120 DAP fruit treated with ethylene,
which corresponds to the delay in shedding observed at
these stages of ripening.

Conclusions

Together, these results provide evidence that EgPG4 par-
ticipates in cell wall pectin modifications during both
mesocarp ripening and in the AZ cells during fruit shed-
ding, in close relation to a developmentally regulated cell
sensitivity or competence to respond to ethylene. Future
work will be aimed at identifying the regulatory factors
that control the ripening and abscission related expres-
sion of EgPG4, to provide a basis to compare these pro-
cesses not only between monocots and eudicots, but in
particular between fleshy and dry fruit species. Finally,
the identification of genes involved in oil palm fruit
shedding will also be helpful for oil palm improvement
selection strategies.

Methods
Plant material, ethylene treatment and RNA extraction

QOil palm (Elaeis guineensis Jacq) fruits were harvested at
Krabi Golden Tenera plantation, from a tenera clone
(clone C) produced in Thailand. For each stage of devel-
opment studied, independent bunches were collected
from distinct individuals of the same genotype. Spikelets
were then collected in the centre of each bunch and sets
of 6 spikelets were randomly sampled from them and
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put in individual hermetically sealed 50 I volume boxes.
Spikelets with fruits at 150 days after pollination (DAP)
were treated with different concentrations of ethylene
(0, 0.001, 0.01, 0.1, 1, 10 pl I'!). In absence of ethylene
treatment, ethylene absorber (ETHYL-GONE, http://
www.biosafer.com/ethyl-gone.php) was added in the
box. All the boxes were kept at ambient temperature
(approximately 30°C), and after 24 h of treatment the
number of fruit separating from the spikelets were
counted. Using the concentration of ethylene (10 pl I'')
that induced and synchronized the highest amount of
fruit shedding, a time course analysis was then con-
ducted that used the same process with fruit from 30,
120 and 180 DAP. Spikelets were treated with or without
ethylene, and every 3 h, treated or untreated spikelets
were collected and shedding was quantified for each
stage of development. For each time point, the meso-
carp, pedicel and the base of the fruit containing the pri-
mary and adjacent AZs were isolated and frozen
immediately in liquid nitrogen. Samples from two inde-
pendent experiments were collected immediately after
bunches were harvested.

Total RNA from mesocarp, pedicel and the base of the
fruit enriched in AZs, treated or not with ethylene was
extracted as previously described [62]. Total RNA (1 pg)
was used to synthesize ¢cDNA using the first-strand
¢DNA synthesis kit (ImProm-1I"" Reverse Transcription

System, Promega).

identification of oil palm non-redundant PG nucleotide
sequences from fruit

To identify oil palm PG cDNA sequences a number of
molecular resources were used. First, the tblastn program
was used to search available databases that contain Elaeis
guineensis sequences, including NCBI (http://www.ncbi.
nlm.nih.gov), local 454 pyrosequencing derived oil palm
mesocarp contigs [57) and contigs derived from tissues
enriched in the AZ (Jantasuriyarat et al., unpublished),
for sequences with high similarity to PGs from Arabidop-
sis and rice previously described [32]. Additional
sequences were also kindly contributed by Dr Arondel
[63]. A complementary approach utilized degenerate pri-
mers [34] to amplify cDNAs from AZ tissues treated with
or without ethylene at different developmental stages
and from oil palm genomic DNA. Primers from the oil
palm PEST643 (accession number N° AY291341) were
designed in the most conserved regions of PGs and also
used to amplify PG ¢DNAs from fruit tissues. For
sequences lacking the 3’ regions, RACE (Clontech) amp-
lification was performed and from sequences obtained,
sequence specific primer pairs were designed and used to
amplify non-redundant PGs from the oil palm fruit tis-
sues. A total of 35 putative non-redundant PG sequences
were identified from these complementary approaches
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and were compared to confirm similarity to plant PGs, in
particular the presence of a partial or complete glycoside
hydrolase 28 (GH28) domain that covers approximately
75% of each PG coding sequence [35]. The accession
numbers for EgPGl and EgPG4 are ]X233615 and
JX233616 respectively, while other PG sequences are
from previous datasets [57,63].

Quantitative Real-Time RT-PCR

gqPCR was conducted on a LightCycler 480 (Roche) in
96 well plates in a volume of 10 pl containing 2 pl of
¢DNA diluted 1/100, 1.5 pl of primer forward (2 pM),
1.5 pl of reverse primer (2 uM) and 5 pl SYBR® Green
Mastermix (Roche). Additional file 5 lists the primers
used. PCR was initiated by denaturation at 95°C for
10 min, followed by 45 cycles of 95°C for 15 s, 60°C for
15 s, and a final extension at 70°C for 1 min. All expres-
sion was normalized to the EgEfal (accession number:
AY550990) mRNA from Elaeis guineensis, and relative
mRNA abundance was determined with the formula as
described previously [64]. No change of EgEfal tran-
script accumulation was found in the fruit tissues treated
or not treated with ethylene. Control using RNA matri-
ces were also conducted to validate the absence of DNA
in each sample. Each time point was replicated
three times from 2 independent biological samples,
and all amplified ¢cDNA fragments were sequenced by
Beckman-Cogenics to check the specificity of the ampli-
fied products. Gene abundance is expressed as mean
and standard error bars are calculated from the technical
replicates of one of the biological repetitions.

Phylogenetic analysis

Phylogenetic trees were constructed based on similarity
searches performed with BLASTp programs with default
parameters in protein sequence databases provided by
the NCBI server (http://www.ncbi.nlm.nih.gov). Phylo-
genetic analyses were performed on the Phylogeny.fr
platform (http://www.phylogeny.fr) [65]. Amino acid
sequences from the GH28 domain were aligned with
ClustalW (v2.0.3) [66]. After alignment, ambiguous
regions (i.e. containing gaps and/or poorly aligned) were
removed with Gblocks (v0.91b). The phylogenetic tree
was constructed using the neighbour joining method
implemented in Neighbor from the PHYLIP package
(v3.66) [67]. Distances were calculated using ProtDist.
The Jones-Taylor-Thornton substitution model was
selected for the analysis [68]. The robustness of the
nodes was assessed by bootstrap proportion analysis
computed from 100 replicates [69]. Graphical rep-
resentation and edition of the phylogenetic tree were
performed with TreeDyn (v198.3) and Inkskape

respectively.
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RNA in situ hybridization

To obtain DNA templates for the RNA probe synthesis,
PCR amplifications were performed with gene-specific
antisense primers tailed with a T7 RNA polymerase bind-
ing site. PCRs were performed with the EgPG4qS1-
EgPG4qAS1T7 and EgPGq4S1T7-EgPG4qASl, and the
EgRiboS-EgRiboAST7 and EgRiboST7-EgRiboAS primer
pairs for EgPG4, and EgRibo-specific probes, respectively
(Additional file 6). The resulting DNA fragments were
used directly as templates to synthesize antisense probes,
with the incorporation of UTP-digoxigenin (Roche) as
the label using the MAXIscript® T7 Kit (Ambion). Each
amplification product was sequenced to check the specifi-
city of the products amplified In situ hybridization experi-
ments were carried out as described previously [70] with
some modifications. The fruit bases from untreated fruits
and fruits treated with 10 pl I'" of ethylene for 6 h were
fixed overnight in the dark at 4°C in fixation buffer (4%
paraformaldehyde, 0.1 M phosphate buffer pH 7). After
16h, they were washed two times in 0.1 M phosphate buf-
fer with 2% glycine, then two times in 0.1 M phosphate
buffer before dehydration through an increasing series of
ethanol and butanol concentrations. After 15 days in buta-
nol to soften the tissues, the samples were embedded in
Paraplast plus (Paraplast X-Tra, Oxford Labware) and sec-
tioned to 12 um with a microtome. Tissue sections were
deparaffinised with Safesol (LaboNord, France), rehy-
drated through an ethanol series of decreasing concentra-
tions, and then pre-treated with proteinase K (100 U ul?,
Roche) in Tris=HCI (100 mM, pH 7.5), EDTA (50 mM) at
37°C for 35 min. Digestion was stopped by washing twice
for 5 min each with TRIS-HCL (20 mM, pH 7.5, CaCl,
(2mM) and MgCl, (50 mM), then phosphate-buffered sa-
line (0.1 M PBS) with 0.2% glycine for 2 min, and then
twice with 0.1 M PBS. After ethanol baths, hybridization
was performed at 45°C overnight with 200 ng of
the digoxigenin-labelled RNA probe in 100 pl of hy-
bridization solution (50 pl formamide, 10 pl 20X SSC, 1 pl
Denhardt 100X, 20 pl dextran sulphate 50%, 1 pl tRNA at
100 mg ml). After hybridization, slides were washed in
2X SSC at 25°C for 5 min, in 2X SSC at 50°C for 45 min
and in 1X NTE (Tris=HCl 10 mM, NaCl 0.5 M, EDTA 1
mM, pH 7.5) at 25°C then 37°C for 5 min each. An RNase
A digestion (20 pg ml”) was carried out for 30 min at
37°C and stopped by washing with 1X NTE at 37°C. Final
washes were conducted twice in 1X SSC for 30 min each
at 55°C. Detection was performed using the Vector Blue
Alkaline Phosphatase Substrate Kit I1I (Vector Laborator-
ies). Control without probe was conducted to valid the ab-
sence of endogenous alkaline phosphate activity. Samples
were incubated in blocking reagent [Roche; 10% (w/v) in
PBS] for 1 h and afterwards for 45 min at 37°C containing
antidigoxigenin alkaline phosphatase-conjugated Fab frag-
ment antibody (Roche) diluted at 1:500 in blocking

Page 13 of 15

reagent. After three washes for 10 min in 0.1 M PBS, tis-
sues were equilibrated in detection buffer (100 mM Tris—
HCI pH 8.2) then several batches of 3 h at 37°C with Blue
vector. Finally the detection was amplified by ethanol
vapour for 20 min and samples were mounted on slides
with Mowiol and observed with a bright-field microscope
(Leica DM6000) using the 40X/0.75 numeric aperture. To
visualize the abscission zone, tissue sections were also
observed under polarized light and epifluorescence with a
TXR filter. Photographs were taken with a Retiga 2000R
camera (Qimaging). In situ hybridization and microscopy
analysis were conducted at the “Plate-Forme d’Histocyto-
logie et Imagerie Cellulaire Végétale” (PHIV platform;
http://phiv.cirad.fr/).

Additional files

Additional file 1: List of the 28 sequences that contain either a
partial or complete GH28 PG signature domain.

Additional file 2: Standard errors for Figure 3. Percentages were
calculated from gene expression data derived from gPCR analysis that
included individual values (3 technical repetitions) compared to the
average expression of the reference gene (EgEF1a, elongation factor 1 ),
together with the standard deviation (SD) for the following three tissue
regions of the fruit: AZ, Abscission Zone; M, Mesocarp; P, Pedicel.
Additional file 3: Control experiments for in situ hybridization
studies. Longitudinal sections of the fruit base were hybridized with
digoxigenin-labelled RNA fragments of EgPG4 antisense (A) and sense (B),
and the 18S ribosome antisense (C) and sense (D) probes after 6h
ethylene treatment.

Additional file 4: Phylogenetic analysis of EgPG4, EgPG8 and
EgPG10 with sequences from Arabidopsis and rice.

Additional file 5: List of primers used for expression analysis of oil
palm PG genes by qPCR.

Additional file 6: List of primers used for the synthesis of in situ
hybridation probes.
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