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ABSTRACT

The formation of viable pollen relies upon a complex interaction of genes in time
and space within the anther. One of the most important maternal tissues involved
in the production of functional pollen is the tapetum, which is a highly active
tissue that lays a major secretory role during pollen development. This project
involved the molecular analysis of genes that are expressed in the anthentapetu
and are critical for functional pollen development. A number of these are thought
to be regulated by, onteract with MALESTERILITY1 (MS1), a transcriptional
regulator of male gametogenesis (Yargf al 2007) or ABORTED
MICROSPORE(Xu et al, 2010).Work involved analysis of an ABC transporter
(At3g13220), which has been shown to be critical for viable pollen formation and
confirmed as directly regulated by AM&u et al, 2010). Another protein,
POB2, which appears to be involved in ubiquliesed poteolytic breakdown, is
thought to interact with the MS1 protein. POB2 was identified from a previous
screen of a stamen specific yeadtybrid library using the MS1 protein. This
interaction has been subsequently confirmed in this work by further treast
hybrid analyses and bifunctional fluorescent complementation. Further work
involved verification of this interactiom vitro andin plantaby pul-downs and
transient expression of proteins i&. coli and Nicotiana benthamiana
respectively. Other worlkfocused on identifying factors that regulate MS1
expression; this identified novel male sterile mutants derived from screasing f
neutron mutagenised seed carrying the MS1Prom:MBR functional fusion
protein. Microscopic observation of the fluorescesyiorter showed changes in
the stage specific expression of MS1 in some of these mutants. Backcrossing of

the male sterile mutants with the parental plants (carrthiegMS1Prom:MS1



GFP fusion construct) and thes1mutantconfirmed one as a new mutant and the
other three as being allelic to thes1lmutation. Gene mapping of this mutant was
subsequently conducted and suggest that it may be located on chromosome 3.
These results are providing insight into the regulatory network of MS1 and AMS

during anther development.
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CHAPTER 1INTRODUCTION



1. INTRODUCTION

1.1 ARABIDOPSIS THALIANA: A MODEL PLANT FOR RESEARCH IN

PLANT BIOLOGY

Arabidopsis thalianas a small plant in the mustard family that has become the
model system of choice for research in plant biology (Megrikal, 1998). By
focusing on the molecular genetics of this simple angiosperm, significant
advances in understanding plant growth and development have beerfiomade
wide range of studies in plant biology (Ariizumi and Toriyama, 2011). The 120
megabase genome oRrabidopsis is organized into five chranosomes
(wwwarabidopsis.org. Having its entire genome sequenced has enhanced the
value of Arabidopsisas a model for plant biology and the analysis of complex

organisms in general.

A growing realization among biologists working émabidopsisresearch is the

fact that this simple angiosperm can serve as a convenient model not only for
plant biology but also for addressing fundamental questions of biological structure
and function common to all eukaryotes (Meirdteal, 1998). More recently the
ability to translate information from Arabidopsis to crops has been enhanced by
the release of different genome sequences, for examBmehypodiumtomato,

barleyandmaize (Nussbaumet al, 2012).

Research withArabidopsishas also clarified themportant role that analysis of
plant genomes caplay in understanding basic principles of biology relevant to a
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variety of species, including humans (Meinket al, 1998). The value of
Arabidopsisfor research in plant physiology, biochemistry, and dgvekenthas
been enhanced by significant advances involving #stablishment of
transformation protocols for detailed molecuaalysis Karin andJirgen2010).
Since Arabidopsiswas first adopted as a model plant its genome has been
saturated withmutatons identifying theoretically every gen@duchezand Hofte

1998).

1.1.1 THE BIOLOGY OF ARABIDOPSIS

Arabidopsis thalianahas a broad natural distribution throughout Europe, Asia,
and North America (Meyerowitz and Somerville, 1994). Many different ecotypes
have been collected from natural populations for experimental analysis. However,
the Columbia and Landsberg ecotypes haidely been accepted as standards in
genetic and molecular studies. The entire life cycle which includes seed
germination, formation of a rosette plant, bolting of the main stem, flowering, and
maturation of the first seeds, is completed in 6 weeks. Wheanes to size,
almost everything aboufrabidopsisis small. Flowers are 2 mm long, self
pollinate as the bud opens, and can be crossed by applying pollen to the stigma
surface. Seeds are 0.5 mm in length at maturity and are produced in slender fruits
known as siliques. Seedlings develop into rosette plants that range from 2 to 10
cm in diameter, depending on growth conditions. Leaves are covered with small
unicellular hairs known as trichomes that are convenient models for studying
morphogenesis and celiar differentiation Arabidopsisplants can also be grown

in petri plates or maintained in pots located either in a greenhouse or under
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fluorescent lights in the laboratory. Bolting starts about 3 weeks after planting,
and the resulting inflorescenterms a linear progression of flowers and siliques
for several weeks before the onset of senescence (Meyerowitz and Somerville,
1994). Flowers are composed of an outer whorl of four green sepals and inner
whorls containing four white petals, six stamenarbggy pollen, and a central
gynoecium that forms the silique (Figure 1.1). The roots are simple in structure,
easy to study in culture, and do not establish symbiotic relationships with
nitrogenfixing bacteria. Natural pathogens include a variety of itssdiacteria,

fungi, and viruses (Meyerowitz and Somerville, 1994).

A
*+= Silique
(the fruit)

Flower -l

Stigma

Anther |

Petal — |
Sepal—

Open Flower

Figure 1.1 (A) A. thalianaplant at an early stage of flowering has the roots,
young buds, stem, mature leaves, closed and open flowers, the inflorescences and
siliques. Its developing flower has four basic orgasepals petals stamens
(anthers and filament), ancarpels(stigma and tyle) (B). These organs are
arranged in a series of whorls: four sepals on the outer whorl, followed by four
petals inside this, six stamens and a central carpel region. The long fruit called th

silique harbours the seeds upon successful fertilisation.
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1.2 THE IMPORTANCE OF STUDYING PLANT REPRODUCTION

The study of plant development and the genetic engineering of genes is
increasingly become important m®re than 90% of the world’s land is unsuitable
for growing crops. Therefore there is increasing impaeain the study of traits

that may enable growing areas to be extended, for example nutrient uptake,
drought resistance, heat resistance, cold tolerance, salt tolerance, shiaaedol
anddisease resistance. Plant fertility is of importance sincefreggently vital

for crop yield, since fertilisation is a prerequisite for seed formation fat mo
crops.The rise in global population has put a demand on more food production
leading to issues of food securiffhe Future of Food and Farming 2011; Food
and Agriculture Organization of the United Nations (FAD) 2008; The Royal
Society, Reaping the benefits: Science and the sustainable intensifafagiobal
agriculture 2009 Consequently genetic engineering provides a way of potentially
solving theseproblemsby using a variety of approaches to identify genes and
processes that will help to significantly increase crop yields and food production.
Through plant reproduction, developmental traits suckeas size, growth rate,
organ size and number (morgeeds), plant architecture, flowering time,
senescence, maturity and stataem be improved for increasing yields of high
quality food in a minimum amount of time, at a reasonable cost. The use of
mutant screens to identify genes associated with gamete formation has also
provided access to novel information regarding the processes of reproduction in
higher plantdXu et al, 2010; Cheret al, 2011; Ariizumi and Toriyama, 2011;

Maet al, 2012).



1.3 ARABIDOPSIS ANTHER AND POLLEN DEVELOPMENT

The process of male gamete formation in plants involves a series of events that
lead to the production and release of mature pollen grains from the anther (Ma
2005). The anther contains both reproductive andraproductive (somatic) cells

(Figure 1.2) Ma, 2005).

Filament &
vascular tissue

Microsporocytes

Anther —
' Garpel
[ Sepal

Figure 1.2 Thefloral structureof Arabidopsis gametophyigutorvista.compand a

pe
e Middle cell layer

Pollen sac

anther cross sectiaf Arabidopsis anther (Wilson and Yang, 2004)

The stamenis the pollerproducing reproductive organ of a flower. Stamens
typically consst of a stalk called thdilament and ananther that contains
microsporangiaAnthers are most commonly tWobed and are attached to the
filament either at the base or in the middle portion. The sterile tissue between the
lobes is called the connective.typical anther contains four microsporangia. The
microsporangigorm sacs or pocketdogculeg in the anther. The two separate
locules on each side of an anther may fuse into a single locule. Each
microsporangium contains four separate maternal cell daybe epidermis,

endothecium, middle cell layer, tapetum, which surround the central



microsporocytes, or pollen mother cells (PMCs). These PMCs undergo meiosis to
form haploid spores. The spores may remain attached to each other in a tetrad or
separate after meiosis. Each microspore then divides mitotically to form an
immature microgametophyte called a pollen grain. The pollen is eventually
released by the openindghiscenceof the anther.Anther development has been
divided into 14 stages (Sandetsal, 1999). At stage 1, the anther contains three
cell layers, L1, L2 and L3 (Figurel.3). The L1 and L2 layers form the epidermis
and archesporial cells, respectively, and the L3 layer gives rise to the vascular and

connective tissues.

At stage 2, tharchesporial cells divide further into primary parietal and primary
sporogenous cells to form the stage 3 anthers. The primary parietal cell layer
divides again to form two layers of secondary parietal cells. At stage 4,rfurthe
division and differentiatio of secondary parietal cells generate the endothecium,
middle layer and tapetum. The primary sporogenous tissue gives rise to
microsporocytes (pollen mother cells) at stage 5, and these undergo meiosis to

form microspores during stagesssi-igure 1.3).

From stages-44 (Figure 1.4) the microspores differentiate into pollen grains, the
filament elongates, the anther enlarges and expands, cell degeneration occurs, and
the anther enters a dehiscence program that ends with flower opening. Dehiscence
resultsin anther wall breakage at the stomium region located between the two
locules of each anther half, or theca, and the release of pollen grains for

subsequent pollination and fertilization (Sandsral, 1999).



Figure 1.3 Phase one of wildype Arabidopsis thalianaanther development
(Sanderset al, 1999). Transverse sections Afabidopsisanther development
from stages -B. Ar, Archesporial cell; C, connective;E, epidermis; En,
endothecium;Ll, L2, and L3, the three cellayers in stamen priordia; MC,
meiotic cell; ML, middle layer; MMC, microspore mother cellsMSp
microspores1°P, primary parietal layer2°P, secondary parietal cell layeds;Sp
primary sporogenous layeiSp sporogenous cellsStR stomium region;T,
tapetum;Tds tetrads;V,vascular regionBar over stage 1=25 mm and this is the
scale for stages 1 to Bar over stage 6=25 mm and tliésthe scale for stages 5 to
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Figure 1.4 Phase two of wildype Arabidopsis thalianaanther development
(Sander=et al, 1999).From stages-44 the microspores differentiate into pollen
grains, the filament elongates, the anther enlarges and expands, cell degeneration
occurs, and the anther enters a dehiscence program that ends with flower opening.
Dehiscence results in dn@r wall breakage at the stomium region located between
the two locules of each anther half, or theca, and the release of pollen grains for
subsequent pollination and fertilization. Transverse sectioAsafiidopsisanther
showing stages 9 to 11 (late anther development), 12 to 13 (dehiscence), and 14a
to 14c (senescence}, connectiveE, epidermis;En, endotheciumfDb, fibrous

bands; MSp microspores;PG, pollen grains;Sm septum;St stomium; StR

stomium region]T, tapetumy, vascular regiorBar=50mm.



1.4 KEY GENES INVOLVED DURING ARABIDOPSIS ANTHER AND

POLLEN DEVELOPMENT

The production and release of function pollen from anthers is a complex
developmental process involving a diverse range of gene interactions. During
early anther development mangmgs that impact upon male meiosis have/

been characterized, but only a feyenes that affect the later stages of
development during tapetalaturation have been identifiewi{lson and Zhang,

2009. A number of genes defective at specific stages during male gametogenesis
have previously been characterized and their mutants are being used as tools to
investigate anther and pollen development (Sareteak, 1999; Scotéet al, 2004;

Ma, 2005; Wilson and Zhang, 2009; Feng and Dickinson, 20Milson et al.,

(2011) has shown some of the key genes regulating the subsequent development

of the different cell layers in anther and pollen formation (Figure 1.5).

ANTHER CELL SPECIFIC A TN MATURE POLLEN FORMATION ANTHER MATURATION
LAF3 | & POLLEN RELEASE
M52
mENA
Ml l ARCWBC2T
MYBI36S -
BAMI :'\ \,“
o 4 EMS1EXS o« Pollen wall
C* Vel o NzzspL® —! SERKL DT e MYHzS
; | IDF 4 Tapetal PCD NETLNSTZ

e £
wisy ) 1::'- [PEN] \
/ s MYB103 ™ e

PELH ge. -Liyiia] growih Calless fushia
WAl paEtion teeakd

Swamen Primordin Archesponal PMC it Microspore Dehiscenes
Liniteataci Imtiation haturation
w L% periclinal division lipetal Endothecium | Endsithectim
A anther layers develpment EX[IITEIN secondary thickening

Figure 1.5 Anther and pollen development pathway (from Wilsinal, 2011)
detailing a number of key genes involved in the regulation of male gametogenesis.
Regulation is indicated by arrows. Green arrows indicate proven direct regulati

inhibition is shown by a T-bar.
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A database that collates mutant and gene data has also recently been developed
for plant male reproductiorPMRD, 2012) In Figure 1.5 it is shown that the
initiation of floral organ primordia from pleuripotent cells within the floral
meristem involvesAGAMOUS (AG), alongside other homeotic genes to form
organ initials according to the ABCDE model (Robles and Pelaz, 2005).
AGAMOUS (AG) is activated by WUSCHEL (WUS) at the centre of the floral
apex leading to the increase in the number of pluripotent cells andAtGen
represses WUS to promote differentiation. Stamen initiation is controlled by the
homeotic geneAPETALA3(APJ), PISTILLATA(PI), andAG, with the primordia
forming as a tetrad of archesporial cells. AG induces microsporogenesis via
activation of NOZZLESPOROCYTELES@NZZSPL (Ito et al, 2004). The
transcription factors JAGGED (JAG) and NUBBIN (NAB) are also involved in
the process of defining stamen structure (Dinnegty al, 2006). Two
CLAVATAL -related leucingich repeat receptdike protein kinass, BARELY

ANY MERISTEM1 (BAM1) and BAM2, act in a regulatory loop witzzZ/SPL

to promote somatic cell types and to restN&Z/SPL expression to the inner
region of the locule (Horét al, 2006; Feng and Dickinson, 201@xchesporial

cell number and tapetal cell fate is controlled by a leudate repeat receptor
kinase EXTRA SPOROGENOUS CELLS/EXCESS MICROSPOROCYTES1
(EXS/EMS1)(Canaleset al, 2002; Zhacet al, 2003 and its ligandTAPETAL
DETERMINANTXTPDY) (Jiaet al, 2008). The SERK1 and SERK2 complex is
thought to form a receptor complex with EMS1 in the tapetal plasma membrane
[Albrecht et al.,2005; Colcombeet al, 2005], which then binds TPD1 (Yaeg

al., 2003, 2005) (indicated by the red dotted line). Tdpketeelopment is initiated

by DYSFUNCTIONAL TAPETUM1 (DYT1) (Zhanget al, 2006) and
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DEFECTIVE IN TAPETAL DEVELOPMENT AND FUNCTION1 (TDF1)Zhu

et al, 2008), with tapetal maturation, pollen wall formation, and tapetal
programmed cell death (PCD) involvilgBORTED MICROSPORE&MS,
(Sorenseret al, 2003; Yanget al, 2007; Xuet al, 2010MALE STERILITY1

(MSJ) (Wilsonet al, 2001).

Tapetal programmed cell deatlfPCD) is essential for the development of
functional pollen with many of the male sterile mutants showing either altered
timing of tapetal PCD (Liet al, 2006), or a switch towards necrotic tapetal
breakdown (VizcayBarrena and Wilson, 2006 Niu et al, (2013) hae recently
reported that ETERNAL TAPETUM 1, a basic heloop-helix transcription
factorthat isconserved in land plants, positively regulates programmed cell death
in tapetal cells in rice anthersThey demonstrated that tleatl mutant exhibits
delayed tapetadell death and aborted pollen formation. They further revealed that
EATL1 directly regulates the expression of OsAP25 and OsAP37, which encode

aspartic proteases that induce programmed cell death in both yeast and plants

The final stage of dehiscence involves jasmonic acid -i{[3d)ced gene
expression and transcription factors associated with endothecium secondary
thickening, MYB26(SteinerLangeet al, 2003; Yanget al, 2009 and theNAC
SECONDARY WALL THICKENING PROMOTING FACTQRS$T) andNST2
double mutant (Mitsudaet d., 2007). Recently Ariizumi and Toriyama, (2011)
reviewed more genes which are involved in precise primexine formation including
DEFECTIVE IN EXINE FORMATION {(DEX1), NO EXINE FORMATION 1
(NEF1)andRUPTURED POLLEN GRAINRPG]) [Ariizumi et al, 2004 Guan

et al., 2008 Paxson-Sowderst al, 2001] (Figure 1.6). Imaddition CALLOSE
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SYNTHETASE HCALSYH regulates callose formation which is likely to be
important for enhanced physical efficiency of primexine assembly, by keeping the
primexine subunits around microspor@ong et al, 2005) In combination to
CAL5 KAONASHI 2(KNS32 is required for synthés of primexine or callose
wall, which are both important for probacula positioning (Suaitkal, 2008).
Other key genes mentioned in Figure 1.6 which are essential enzymes for
sporopollenin  synthesis includeACYL-CoA SYNTHETASE 5(ACOS}),
CYTOCHROME P450 703A2 (CYP703A2 CYTOCHROME P450704B2
(CYP704B2, ARABIDOPSIS DEHYDROFLAVONOL-REDUCTASH.IKE1
(DRL1), LESS ADHESIVE POLLEN (BAP5 and LESS ADHESIVE POLLEN 6
(LAPG all are among the wetlonserved families in land plaiftle Azevedo
Souzeet al, 2009; Dobritsaet al, 2009; Liet al, 2010; Tanget al, 2009;Chenet

al., 201). Other genes included in Figure laée f-KETOACYL REDUCTASE
(KAR), a key enzyme essential for the first reductive step in de novo fatty acid
synthesis in rice (Ayaet al, 2009) TAPETUM DEGENERATION
RETARDATIONTDR) andGAMYB shown to be requirefbr lipid biosynthesis

and metabolism during early pollen wall development in rice and TDR is the
ortholog of AMS(Li et al, 2006. In addition, riceWAXDEFICIENT ANTHER1
WDALlis a close homolog of ArabidopsBERJ, which is putatively associated
with anther cuticle and pollen exine development) which is putatively assbciate
with anther cuti@ and pollen exine development (Li and Zhang 2010; éuag,
2006)(Figure 1.6) Furthermore Chanet al.,(2012) have recently identifiedO
PRIMEXINE AND PLASMA MEMBRANE UNDULATIOBs essential for
primexine deposition and plasma membrane undulation during microsporogenesis

in Arabidopsis
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Figure 1.6 Current model of pollen wall formation #rabidopsis(from Ariizumi

and Toriyama, 2011). Asterisks indte genes identified from rice.

1.5ARABIDOPSIS MS1 REGULATORY NETWORK

ARABIDOPSIS MALE STERILITY1 (M3fgne is a transcriptional regulator of
male gametogenesis homologous to the Plant Homeo Domain {fHtgb)
family of transcription factors (Wilsoat al, 2001). It has been reported to play
an important role in synthesis of pollen wall materials angbatar secretion
(Vizcay-Barrena and Wilson, 2006). Based on Viz&wrena and Wilson,
(2006) MS1is proposed to play a role in tapetal Programmed Cell Death (PCD)

and pollen wall development; they demonstrated that the TUNEL (terminal
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deoxynucleotidyl trasferasemediated dUTP niclend labelling) staining did not
occur in the mutant tapetum indicating that it failed to go through PCD, but
changed to a necrotic breakdown pathway. Observations by a&taaly (2007)
indicated that MS1 is localized in the nucleus within the tapetum and is expressed
in a developmentally regulated manner between late tetraspore and microspore
release, then rapidly breaks down prossibly by ubigdéipendent proteolysis.
Previous microarray data indicates that MS1 coordinategxpeession of late
genes associated with pollen wall formation, which are involved in the
biosynthesis of components of the phenyl propanoid pathway;cloaig fatty

acids, and phenolics, which are required for sporopollenin biosynthesis (Wijeratne

et al, 2007; Yanget al.,2007).

By transcriptome analysis, Yareg al (2007) identified three putative protease
genes as probable downstream targetd/8fL. These three groups of putative
MS1 downstream genes belonged to putative lipid biosynthetic functions; genes
for fatty acid hydroxylases (CYP8&1 and A8) and putative lipid transfer
proteins (Figure 1.7). The putative metabolic function of these downstream genes
suggests that MS1 directly or indirectly controls part of phenylpropanoid apnd fatt
acid bbsynthetic pathways leading to sporopollenin biosynthesis. The induction
of these proteases may also be critical to the progression of PCD and that in the
absence, possibly in association with a lack of secretion from the tapetal cells,

PCD does not occyWizcay-Barrena and Wilson, 2006).
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Transcriptomic data and microscopic observations suggest that MS1 alsg directl
or indirectly, controls the synthesis of the pollen coat. Possible targets iticude
tapetally expressed oleosin gene family, which mediate pollen coat behaviour by
alteringthe size of lipid bodies, and the production of lipid transfer proteins. It is
speculated that the altered expression of pollen wall material, either directly o
indirectly, affects the secretion and deposition of such materials durirentlye

stages omicrospore maturation (Yareg al.,2007) (Figure 1.7).

However, it is envisaged that MS1 does not directly regulate genes associated
with pollen wall biosynthesis, due to the transient nature of MS1 expression and
the subsequent phenotypic changes segmllen wall development, but acts via

one or a number of additional transcription factors, including MYB99 and two
NAM genes (At1g61110 and At5g61430) that contain a conserved NAC domain.
This was further supported by l&t al, (2007) using a dexanmesone-inducible

MS1 construct to explore the possible role of MS1 leucine zipper ancfifbi&y
domains. Consequently, a model for the genetic control of pollen maturation and

tapetum development was proposed (Figure 1.7) (éaad, 2007).

This modelalso suggests that sind#S1is not expressed in theysfunctional
tapetum1(dytl) mutant (Zhanget al, 2006), these genes are located downstream
of DYTY, which is strongly expressed in tapetum at late stage 5 (Figure 1.7). In
this regulatory pathway th@MSgene appears to function at similar stag®#84,

judging from theamsmutant phenotype (Sorensetal, 2003).
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Figure 1.7 Model for MS1 regulatory network during late anther development by

(from Yanget al2007).

Recently Xuet al, 2010 showed thaAMSdirectly regulates other exine related

genes. These findings suggest th$1 and AMS genes encode transcription

factors that control different developmental/cellular processes but act ata sim

stage. Furthermore, two transcriptidactor genes encoding a NAM family

member (At1g61110) and MYB99 (At5g62320) were found to be immediately

downstream oMS1 (Figure 1.7). Analysis using the protein synthesis inhibitor

cycloheximide combined with inducible MS1 expression, suggesteditiB09

gene is a direct target bfS1(lto et al, 2007).
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Previous phylogenetic studies suggest M&tlis conserved across plant species
(Ito et al, 2007) and this has been confirmed by recent work that identified the
MS1orthologue PERSISTANT TAPETACELL) in rice (i etal., 2010).While
attempts to integrate microarray data, bioinformatics analysigsetgulatory
sequences and results from previous studies has resulted in a set of hypotheses
about genetic interactions in a complex regulatory network, further experiments to
expand our understanding afther development are needed. Understanding how
transcription factors (TFs) interact with the basal transcription apparatugett ta
gene promoters tactivateor repress the target gene function also remains vital as
PHD-finger transcription factors are essential for the regulationgehe
expression (Bienz, 2006y heir response to development and intercellular signals
seem to be found universally in the nucleus, and their functions tend to lie in the

control of chromatin or transcription (Bienz, 2006

1.6 ARABIDOPSIS AMS REGULATORY NETWORK

The AMS gene encodes a MYC class basic htdop-helix transcription factor
which plays a crucial role in tapetal cell dey@hent and posneiotic
transcriptional regulation of microspore development within the developingranthe
(Sorenseret al, 2003). TheAMS gene is specifically expressed in the tapetum,
with high expression during pollen mitosis | and the bicellular mpmes stages
(Sorensen et al., 2003). Analyses conducted byeXal (2010) showed that
mutation of AMS results in a down regulation of gene expression commencing
from meiosis and that many genes with altered expression enteenutant are

associated wit metabolic changes occurring in the tapetum and in the
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biosynthesis of pa#in wall materials (Table 1.1lt.is thought that many of these
expression changes may be indirect effects of abnormal tapetal development,
however qChIFPCR analysis indicated thAMS selectively binds the promoters

of 13 of these genes (Xt al, 2010) (Table 1.2), suggesting direct regulation of

genes associated with tapetal metabolic processes.

Table 1.1 Functional classification by eukaryotic orthologous group analysis of
geres with altered expression in tlaens mutant as identified by sam analysis
(<5% false discovery rate) and showing a >L-6gi2d change in expressigfitom

Xu et al, 2010).

Function Down Mei  PMI Bi  PMIl  UP Mei  PMI Bi  PMIl Total
Information storage and processing
Translation, ribosomal structure, and biogenesis 17 3 6 5 3 T4 1 0 2 24
RNA processing and modification 1" 2 4 5 0 1 0 1 0 0 12
Transcription 29 2 8 10 9 4 2 1 0 1 33
Chromatin structure and dynamics 3 1 1 1 0 1 0 1 0 0 4
Cellular processes and signaling
Cell cycle control, cell division, chromosome partitioning 1 0 0 1 0 0 0 0 0 0 1
Defense mechanisms 31 7 8 3 13 14 1 3 10 0 45
Signal transduction mechanisms 41 8 17 6 10 32 7 4 19 2 73
Cell wal/membrane/envelope biogenesis 35 ] 14 8 7 13 1 V] 5 7 48
Cytoskeleton 10 2 4 2 2 4 0 1 2 1 14
Extracellular structures 1 0 0 0 1 3 1 1 1 0 4
Intracellular trafficking, secretion, and vesicular transport 1 0 0 V] 1 2 0 1 1 0 3
Posttranslational medification, protein turnover, chaperones a1 18 7 49 7 21 5 8 5 3 62
Metabolism
Energy preduction and conversion 11 0 4 7 0 2 1 1 0 0 13
Carbohydrate transport and metabolism 58 11 14 19 14 30 8 11 i 5 88
Amine acid transport and metabolism 38 8 12 15 3 5 1 3 1 V] 43
MNuclectide transport and metabelism 8 2 2 3 1 V] 0 V] 0 V] 8
Coenzyme transport and metabolism 7 2 2 2 1 1 0 0 0 1 8
Lipid transport and metabolism 82 14 22 25 21 14 7 4 2 1 96
Incrganic ion transport and metabolism 25 10 8 3 4 11 4 4 3 0 36
Secondary metabolites biosynthesis, transport and catabolism a7 28 28 29 12 20 ] 7 5 2 117
Poorly characterized
General function prediction only 119 34 37 27 2 113 18 29 33 33 232
Function unknown 32 7 12 8 5 73 14 16 28 15 105

Table 1.2List of representative ams binding targets as shown by-GRER that
were differentially expressed in the ams microarray analysisn Xu et al,
2010).

Genes Positively Regulated by AMS Mei PMI Bi PMII Cluster Group
At1g59740 H*/oligopeptides symporter 1.19 2.18 2.27 0.86 4
At3g51590 Lipid transfer protein type 1 3.68 2.98 4.24 0.00 4
At1g66850 Lipid transfer protein type 2 4.08 4,92 4.10 1.09 4
At1g75920 Predicted lipase 3.12 3.58 4,06 0.00 4
At5g49070 Fatty acid elongase/3-ketoacyl-CoA synthase 1.01 0.66 0.00 0.00 5
At1g75790 Multicopperoxidase 3.09 3.36 2.79 0.00 4
At1g67990 O-methyltransferase 4.22 3.90 3.86 0.00 4
Atdg00040 Chalcone synthase 0.45 1.30 0.00 0.00 5
At3g28740 Cytochrome P450 CYP2 subfamily 0.00 1.14 1.34 0.18 1
At1g13140 Cytochrome P450 CYP4/CYP19/CYP26 subfamilies 1.77 2.78 1.57 0.07 4
At5g17050 UDP-glucurenosy| and UDP-glucosyl transferase 1.50 1.08 1.01 0.00 7
At3g13220 Transporter, ABC superfamily (Breast cancer resistance protein) 2.57 0.00 1.85 0.00 7
At1g73220 Synaptic vesicle transporter SVOP and related transporters (major 1.74 3.09 2.14 1.60 4

facilitator superfamily)
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Recently (Maet al, 2012) analysed the transcriptome profiles of early anthers
from sterile mutants ofams and found that 1,368 genes were differentially
expressed iramscompared to wild type anthers; these changes involved genes
affecting metabolism, transportation, uliiqation and stress responses.
Moreover, the lack of significant enrichment of potential AMS binding sites (E
box) in the promoters of these differentially expressed genes suggests both direct
and indirect regulation. Combiningms transcriptome profileswvith those of
spl/nzzandemsl/exanthers uncovered overlapping and distinct sets of regulated
genes, including transcription factors and other proteins The investigation of
expression patterns of major transcription factor families, such as bHLH, MYB
and MADS, suggested that some closely related homologs of known anther
developmental genes might also have similar functions éiMe, 2012) (Figure

1.8).

Despite the increasing knowledge of genes that contribute to anther development,
the regulatory meclmesms controlling this process are still unclear. Careful
analyses of transcriptome data, combined with genetic and phylogenetic
information has revealed an elaborate regulatory network during early anther
development that has expanded the understandintyeohierarchy of anther
development related genes, especially transcription factors gfiMal, 2012)

(Figure 1.8).
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Figure 1.8 Gene regulatory network of anther development during early stages
(from Ma et al, 2012). Gene regulation is represented Hyals (negatively) and
arrows (positively). The direct regulation confirmed by experiment is represented
in bold line. Genes encoding proteins with interaction is represented by double
arrows. Gene expression patterns in different tissues are shown hysc{ue

for anther specific; red for anther preferential; green for reprodupteferential

and yellow for genes not included in ATH1 chip). Gene function in tapetum
formation is marked by an apostrophe; in pollen wall formation by an asterisk; in
callose dissolution by double asterisks; in stamen and petal formation by the letter

b; in stamen and carpel formation by the letter C.

These results provide insight into the regulatory role of the AMS network during
anther development. However, little information is available regarding pessibl
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relationships between these genes and genetically defined regulators. At the
moment more need® be done to identify genes that may be interacting with

MS1 in facilitating regulation of late tapetal function during pollen development.

1.7 AIMS AND OBJECTIVES

The overall objective of this research work was to conduct a molecular analysis of
genes thatare expressed in the anther tapetum and are critical for functional
pollen development. A number of these are thought to be regulated by, or interact
with MALESTERILITY1, or ABORTED MICROSPOREThe following detail

the specific aimof the work in orderd achievehese goals:

i) To identify regulatory targets of the tapetally expressed transcriptiornr facto

ABORTED MICROSPORKAMS)

i) To identify mutants and genes that are involved in the regulation of the

MALE STERILITY1 transcription factor.

iii) To investigate how MS1 is functioning to regulate gene expression in the

tapetum by investigate the proteins that are interacting with MS1.

1.7.1 IDENTIFICATION OF AMS REGULATORY TARGETS

The regulatory role of AMS in the tapetum during anther and pollen development
has not been fully defined, therefore genes were idenfifted DNA microarray

analysisof theamsmutant thatire dowrregulated, or show altered expression, in
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the ams mutant These genes were selected for further functional anagsis
identify those that are diredargets of the AMS transcription factor thate
expressed in the tapetum during microspore develop@ant/SALK insertional
mutants in these putative targets were used for bioinformatics, genotypic,
phenotypic and expression analysis. From this analysis a SALK mutant line in the
ABC transporter (At3g13220) has been shown to be critical for viable pollen
formation and confirmed as directly regulated by AMS €Xal, 2010) (Chapter

3).

1.7.2 IDENTIFYING FACTORS REGULATING THE EXPRESSION OF

MS1

Fastneutron mutagenesisas utilised toidentify additionalfactors that may be
regulating the expression of the tapal transcription factor MS1This was
conducted by screening for novel male sterile mutants from a population of
mutagenised seed carrying the MS1Prom:M&P functional fusion protein.
Microscopic observation of the fluorescent reporter gene GFP showed changes in
the stage specific expression of MGEP in these mutants. Backcrossing of these
male sterile mutants with the parental plants (carrying the MS1PromGFpPL
fusion construct) and theslmutant was conducted to confirm the mutations and
check for allelism to thensl mutation. Gene mapping of one mutant has been
conducted Delayed and prolonged expression of MSEP in the mutant may
suggest that the mutant gene function as a negative regulator of MS1 activity
during pollen developmenthEse redts will in the future provide insight into the

regulation of the MS1 network (Chapter 4).
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1.7.3 IDENTIFICATION OF THE PROTEINS THAT ARE

INTERACTING WITH MS1

A stamenYeast2-Hybrid library was previouslyscreenedisingthe MS1 protein

as baitto identify proteins that imght be interacting wittMS1 in vivo. A putative
interacting protein, POB2, was identified, which appeared to be involved in
ubiquitin-based proteolytic breakdown. This interactiwas been subsequently
confirmed by further Yeast2-Hybrid analysis and bifluorescent gene
complementation (BIFC) analysis. Additional attempts were also performed to
verify this interactionn vitro andin plantaby pull-downs of transiently expressed
proteins inE.coli andNicotiana benthamianaespectiely (Chapter 5)The MS1
protein has been previously shown to have transient expression in the tapetum,
therefore the putative interaction with POB2 may indicate that the mechahism o
MS1 degradation in the tapetum is viall@quitinjproteasome systeimvolving

the POB2 protein.
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CHAPTER 2

GENERAL MATERIALS AND METHODS
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2. GENERAL MATERIALS AND METHODS

2.1MAINTENANCE AND CULTIVATION OF ARABIDOPSIS THALIANA

SEED STOCK

Arabidopsis thalianaecotype Landsbergrecta(Ler) and Columbia(Col) was

used as wild type and was obtained from Nottingham Arabidopsis Stock Center
NASC. Growth conditions consisted of 22 hours photoperiod under 111jiol s
m-! warm white fluorescent light at 75% rh and 2229C. Plants were grown in

9cm to 12cm plastic pots filled with Levington M3 compost (Scotts Company
UK). Intercept 5GR (21g in 75 L; Scotts Company UK) was added and mixed
thoroughly before sowing. Seeds were sown at a density as required by the
experiment.Cross pollination between plants was avoided by using transparent
plastic sleeves (Zwapak Netherlands), which isolated each pot from its
neighbours. Plants were watered until at least 90% of the siligues had dried
completely and then the plants were alldwe dry slowly on dry benches for
maximum viable seed production. Seeds were harvested after the whole plants had
dried out and stored in moistup@rous paper bags in a dry atmosphere at room

temperature.

2.2MAINTENANCE AND CULTIVATION OF NICOTIANA

BENTHAMIANA PLANT MATERIAL

N. benthamianaeeds (from University of Nottingham) were grown at 22°C+/

2°C in pots containing compost immersed in 0.t3gdf Intercept® solution
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(Scotts, U.K.). Plants used for transient assays were growrdeveeks at which
point the plants were infiltrated with appropriate gene constructs for protein
expression Kapila et al, 1997. The leaves were harvested three days after

infiltration for protein analysis (Section 5.2.2 and 5.3.2).

2.3IDENTIFICATION AND ANALYSES OF ARABIDOPSIS SALK AND

SAIL MUTANT LINES

Using DNA microarray analysis, putative regulatory target genes of AMS and
MS1 were identified in  SAIL/SALK mutants or KO lines
(http://arabidopsis.info/BrowsePapeSeeds of these KnocBut (KO) lines were
ordered from Nottingham Arabidopsis Stock Centre (NASC) (University of
Nottingham) in Arabidopsis ecotyp€olumbia (Col) background (Chapter 3
Table 3.1). The KO lines were genotyped and phenotyped to identifgzygous

sterile lines. The DNA in these lines not only disrupted the expression of the
gene into which it was inserted but also acted as a marker for subsequent

identification of the mutation (Chapter 3).

2.4 PLANT, BACTERIAL AND YEAST GROWTH CONDITIONS,

MEDIA AND ANTIBIOTICS

Screening oArabidopsistransgenic lines and onion epidermal strips for transient
assays was conducted on 12cm Petri dishes containing 0.5X Murashige and Skoog
Basal Medium (MS) (Table 2.1) containing antibiotics as appropriate. For3reast

hybrid analyses protease peptone salt amino acids were supplied by Oxoid Ltd
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(Hampshire, U.K.).YPD medium, YPD agar medium, Minimal SD Base,
Minimal SD agar base and DO supplements were sourced from BD Biosciences
Clontech. Yeast extract powder and agar supplied by Formedium Ltd. Tryptone
was provided by Melford (Watford U.K.). Luria broth medium was supplied by
Invitrogen. Various bacterial and yeast strains were added to the groditnnme

with appropriate antibiotics for selection of positive colonies carrying the

construct with the gend mterest (Table 2.2 and 2.3).

Table 2.1 Plant growth medium utilised for screeninérabidopsistransgenic

lines and onion epidermal strips for transient assays.

MATERIAL PURPOSE GROWTH
MEDIUM
A. thaliana Mutant screen 0.5 X Murashige

and Skoog Basal

Medium (MS)

A. thaliana Mutant screen 0.5 X Murashige
and Skoog Basal

Medium (MS)

Onion epidermal | BIFC complementatio 0.5% X Murashige
cells and Skoog Basal

Medium (MS)
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Table 2.2Bacterial and Yeast growthedia.

STRAIN SPECIES PURPOSE GROWTH
MEDIUM
DH5a Escherichiacoli | Cloning/Amplification Luria Broth
(LB) liquid/agar
BL21 Escherichiacoli Cloning/Amplification Luria Broth
(DE3) (LB) liquid/agar
BL21 Al Escherichia coli | Cloning/Amplification| Laural Broth
(LB) liquid/agar
C58 Agrobacterium Transient assays in| Laural Broth
tumefaciens tobacco (LB) liquid/agar
C58 Agrobacterium Floral dip Laural Broth
tumefaciens transformatiion (LB) liquid/agar
GVv3101 Agrobacterium Transient assays in| Laural Broth
tumefaciens tobacco (LB) liquid/agar
MAV203 Yeast Yeast2-Hybrid YPD liquid/agar

analyses
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Table 2.3Antibiotics used for selection of constructs/lines as appropriate.

ANTIBIOTIC SOLVENT STOCK WORKING | MANUFAC -
CONC. CONC. TURER
Ampicillin H.O 100 mg.mil | 100pg.ml- Melford
(Amp) 1
Carbenicillin H.0O 100 mg.mil | 100 pg.ml- Melford
(Carb) 1
Chlorampheni  Ethanol 50 mg.mil | 25 pg.ml-1 Duchefa
col (Cm) Biochimie
Gentamycin H.O 25mg.mt | 125 pg.ml- Duchefa
(Gent) 1 Biochimie
Rifampicin Methanol | 10 mg.mi1 | 100pg.ml- Sigma
(Rif) 1 Aldrich
Spectinomyci H.O 50 mg.mil | 50 pg.ml-1 Sigma
n (Spect)
Tetracyclin Ethanol 5 mg.mil 5 ug.ml-1 Sigma
(Tet) Aldrich
Kanamycin H.O 100 mg.mil | 100 pg.ml- Melford
(Kan) 1
Hygromycin H>O 50 mg.mi1l | 50 pg.ml-1 Sigma
(Hyg) Aldrich

2.5 PHENOTYPIC ANALYSIS

Transgenic plants were compared to the wild type and differences in terms of

general plant growthncluding a detailed study of reproductive organd silique

formation, were recorded. Plants that had short siliques and did nairnceeéds,
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or had reduced numbers of seeds were analysed for pollen viability by Alexander

stain (Alexander, 1969) to establish whether viable pollen was present.

2.6 ALEXANDER STAIN AND MICROSCOPIC ANALYSIS

Alexander's stain (Alexander 1980) contains malachite green, which stains
cellulose in pollen walls, and acid fuchsin, which stains the pollen protoplasm;
this is able to distinguish between viable {(praple) and notviable (greerblue)

pollen grains. Alexander staining was conducted on isolattdteis from closed

buds and open flowers. Anthers were placed on glass slides to which a drop of
Alexander’s stain was added for 5min. Cover slips were placed onto the anthers
and these were viewed under a (Zeiss) microscope to detect pollen viab#ity. Th

images were captured by Nixon 1 camera connected to the (Zeiss) microscope.

2.7GFP AND YFP MICROSCOPIC ANALYSIS

Plantswere analysed for GFP expression using Zeiss and Nixon microscopes.
Forceps and sharp surgical needles were used to collect anthers from the smallest
to the largest closed buds under a dissecting microscope (Zeiss) at x20
magnification. Excised anthers were placed onto glass slides to which a drop of
10% (v/v) glycerol wasdded. Cover slips were placed onto the glass slides and
the material was viewed under a microscope at magnification (Zeiss) to detect
GFP expression under UV light (488n excitation filter and 560Gm excitation

filter for chlorophyll autofluorescence). The images were captured by a Nixon 2

camera connected to the microscope (Zeiss). Apart from the Zeiss micrdseope
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Leica TCS SP2 AOBS confocal scanning microscope was also used to image the
plant materials expressing YFP fluorescence proteins usin@ an¥d multiline

Argon laser (458 nm, 476 nm, 488 nm, 496 nm and 514 nm) and a 1 +i\'¢ He
laser (543 nm) as excitation sources. The plant tissues were mounted on to the
glass slide with a drop of 1 x PBS buffer (Sigma) and covered gently with the No.
1.5 cover slip (0.17 mm thick, Scientific Laboratory Supply). The slide was
observed under UV light. The appropriate laser intensity was selected in the
Leica Control Software (LCS) accordingly and the live image was acquired
instantly through continuous scarode. The scanner and detector was set to xyz
scanning mode, 514x514 image size, 8 bit image and 400 Hz scan rate unless
otherwise mentioned. The pinhole was set to AE unit 1 as default. The voltage
applied to the photomultiplier tube (PMT, AKA *“detectorirgavalue”) was
adjusted experimentally to obtain the best sigoadoise ratio. The-position and
electriczoom were chosen accordingly and the seripesition scan and image
maximal projection was carried out by using LCS. Images were acquired using
the 10x/0.4 HC PL APO CS object lens and the 40x/0.7 HCX PL FLUOTAR
object lens. The 63x/1.3 HCX PL APO CS and 40x002Z% HCX PL APO CS
object lenses were used to obtained images where fluorescent proteins were

targeted to the nucleus.
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2.8MOLECULAR BIOLOGY METHODS

2.8.1 GENOMIC DNA EXTRACTION

Genomic DNA was isolated fromrabidopsisleaf and floral tissue, 300ul of

DNA extraction buffer (200mM TrigiCl pH8.0, 250mM NaCl, 25mM EDTA,
0.5% SDS)was added to 1g of leaf material in a microcentrifuge tube and ground
using amicropestle(www.fisher.co.uk). The homogenate was spun at ~17 900xg
for 5min, the supernatant was then transferred to a fresh microfuge tube. One
volume of isopropanol was added to precipitate the DNA and incubat2acat

for 15-20min before rpeating the centrifugation. The supernatant was discarded
and the pellet was washed with-oeld 75% (v/v) ethanol and aditied; 20ul of

TE (10mM TrisHCI, 1mM EDTA, pH8.0) was added to the pellet and this was
left at roomtemperature for 2Q5min, tapping the tube occasionally. High quality
genomic DNA for cloning and sequencing purposes (section 2.9.9 and 2.9.11) was
extracted using the DNeasy® Plant Mini Kit (Qiagen) according to the
manufacturer’s instructions. DNA quality and quantity were determiusaty a
NanoDrop N1000 fluorospectrometer (NanoDrop technologies USA). Genomic

DNA samples were stored &0°C.

2.8.2 HIGH THROUGHPUT DNA ISOLATION

Using a multichannel pipette 750ul DNA extraction buffer (1M Tris-HCI (pH
7.5), 4M NaCl, 0.5M EDTA, 10% (w/v) SDS) was dispensed into d2iiA

collection microtube rack (96 well, Qiagen, Catalogue Nun®&60).A small
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leaf sample (~40 mg) from an indiudl plant was picked using forceps, cleaned

in ethanol (and shaken to remove excess ethanol) and placed in the collection tube
with  DNA extraction buffer and the steel ball bearinDiafneter=0.3cm;
www.Simplybearings.co.uk)The collection tubes were theealed with the 96

well DNA collection microtube cap®iagen Catalogue Number9566)ensuring

all wells did not leak (the plate was tipped upside down to check this). The
samples were homogenised by placing them in a Mixer Mill 8000 (GLEN Creston
LTD) for up to 5 minutes. The collection tube box (containing buffer, sample and
ball bearings) was centrifuged &010 x gfor 10 minutes. 400ul of the
supernatant was transferred to a 1.1mL 96 deep well [fhaselgb, Catalogue
NumberE2896-0100ontaining an equal volume of chilled isopropanol, without
disturbing the pellet, and incubated at room temperature -fild Binutes to
precipitate the DNA. The deep well plate was sealed with9thevell storage
microplatemat (Starlab,Catalogue NumbeE2896-110) and centrifuged &8010

x g for 15 minutes. The supernatant was discarded and the pellet washed with
150ul of 70% (v/v) ethanol. The ethanol was then discarded and the plate was air
dried overnight at room temperature. The DNA was resuspemdd®dul of

sterile water. The plate was sealed and store2DacC.

2.8.3 EXTRACT -N-AMP ™ PLANT PCR KIT

Using the ExtraeN-Amp™ Plant PCR Kit (Qiagen) DNA was extracted from 15
day-old Arabidopsisleaves of TDNA insertion lines (Section 3.2) and control
plants (wild type Columbia ecotype). Using forceps to handle leaf materiah whic

had previously been rinsed in 70% (v/v) ethanol, leaf tissue disks measuring about
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0.50.7cm diameter were colleckéor DNA isolation. Leaf disks were placed into

a 2ml collection tube and incubated in 50ml of extraction solution for 10 min at
95°C. Afterwards an equal volume of dilution buffer was added to the extract in
readiness for PCR. Aliquots of the diluted extracts were genotyped by PCR using
the ExtractN-Amp PCR Reaction Mix, the LBal primer (Chapter 3 Table 3.3)

and gene specific primers (Chapter 3 Table 3.4).

2.8.4 AGAROSE GEL ELECTROPHORESIS AND VISUALIZATION OF

DNA

Confirmations of PCR products or restractidigests were checked by agarose gel
electrophoresis. DNA samples were mixed with 5x loading buffer [0.25% (w/v)
bromophenol blue, 0.25% (w/v) xylene cyanol FF, 30% (v/v) glycerol] and loaded
into agarose gels consisting of 6% (w/v) agarose (Biolin&JSA) in 1XTAE
(40mM Trisacetate, 1mM EDTA) and visualised using 0.5ng/ml ethidium
bromide. 5ul of Hyperladder 1 (Bioline USA) was loaded next to the samples as a
DNA size marker (unless otherwise stated). Samples were separated by

electrophoresis in 1XTAE at 100V and visualized under UV light.

2.8.5 ISOLATION OF DNA FRAGMENTS FROM AGAROSE GELS

DNA fragments of the expected sizes were excised from the gel with a clean razor
blade under a UMIuminator. The extracted gel band was weighed and the DNA

was purified using the QIAquick® Gel Extraction Kit (Qiagen) in accordance
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with the manufacturer'sstructions. Briefly, the gel was dissolved in 3 volumes
(100pg of gel = 100pul) of buffer QG at 50°C for ~10min. Then 1volume of
isopropanol was added and the solution was applied to the supplied columns and
spun at maximum speed (~17 900xg) for 1min to absorb the DNA onto the silica
membranes. Impurities were then washed off the membrane using the -ethanol
containing PE Buffer (supplied in the kit) by centrifugation as before. An
additional centrifugation step was carried out to remove extra PE BuffedlyFi

30ul of RNAse free water was added to the membrane and incubated at room
temperature for 1min before spinning at (~17 900xg) for 1min.€limed DNA

was stored at20°C.

2.8.6 POLYMERASE CHAIN REACTION PCR ANALYSIS

Typical PCR reactions comprised2ijl total reaction mixture as shown in Table

2.4. The PCR reaction parameters are shown in Table 2.5.

Table 2.4Typical PCR reagent mixture

REAGENTS VOLUME (pl) MANUFACTURER
Distilled Water 14.0 Sigma
PCR buffer 2.0 New England Biolabs USA
MgCl, (25mM) 1.0 Invitrogen, USA
dNTPs (10 mM each) 0.5 Invitrogen, USA
Forward primer 10 mM 0.5 Eurofins
Reverse primer 10 mM 0.5 Eurofins
Taq polymerase 5U/uL 0.5 University of Nottingham
DNA extract 10mM 2.0
Total volume 20.0
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Table 2.5PCR cyclingparameters for genotypic analysis

STEP TEMPERATURE TIME CYCLES
Initial Denaturation 94°C 2 min 1
Denaturation 94°Cc 30 sec
Annealing* x°C 30 sec 22-35
Extension 72°C 1 min 30 seq
Final extension 72°C 4 min 1

*An appropriate annealing temperatuvas chosen depeimg) on the primers used and

wastypically 5°C below the melting temperature.

2.8.7 cDNA SYNTHESIS AND RT-PCR

cDNA was prepared usingu§ of total RNA in a 20ul reaction containing
SuperScript™ |l Reverse Transcriptase (Invitrogen) (Table 2.6). This Reverse
Transcriptase is an engineered version of Moloney Murine Leukemia Virus
Reverse Transcriptase {MLV RT) with reduced RNase H activity and increased
thermal stability. The enzyme is purified to near homogeneity frBmcoli
containing the modifieghol gene of MMLV RT used to synthesize firstrand
cDNA at higher temperatures than conventionaMdvV RT, providing increased
specificity, higher yields of cDNA, and more fléingth product of cDNA up to
12.3 kb. FirstStrand cDNA Synthesis using SuperScript™ Il RT used -al 20
reaction volume for @l of total RNA. The components added to the nucldiese
microcentrifuge tube for cDNA synthesis are given in Table 2.6. To remove RNA
complementary to the cDNA, dl (2 units) ofE. coliRNase H was then added to
the cDNA which was incubated at 37°C for 20 nililne cDNA extracted was

used as a template for amplification in4<RTR analyses. RIPCR analyses were
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conduded by usinglOmM of cDNA template and the appropriate gene specific
primer pairs for 285 cycles (see Table 2.7 and 2.8).-RTR results were

normalized using\. thalianaactin-7 forward and reverse primer

Table 2.6Components for Firsétrand cDNAsynthesis

REAGENT VOLUME (pl)
Oligo(dT)1218 (500ug/ml) 1
Total RNA5ug 5
dNTPs Mix (10 mM each) 1
5X FirstStrand Buffer 4
DTT (0.1 M) 2
RNaseOUT™ (40 unitgl) (optional)* 1
SuperScript™ Il RT (200 units) 1
Sterile distilled water 5
Total volume 20

Table 2.7 RTPCR reaction mixture

REAGENTS VOLUME (ul)
Taq buffer (Invitrogen) (x10) 3.0
Gene specific Forward primer (b@M) 0.6
Gene specific Reverse primer (o) 0.6
dNTPs miX2.5 mM each) 0.6
cDNA (10ng/uL) Template 1.0
Taqpolymerase 5U/uL 0.2
Sterile water 24.0
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Table 2.8RT-PCR cycling parameters

STEP TEMPERATURE TIME CYCLES
Initial 94°C 2 min 1
Denaturation
Denaturation 94°C 30 sec
Annealing** x°c 30 sec
Extension 72°C 1min30sed 28-35
Final extension 72°C 4 min 1

**An appropriate annealing temperature was chosen depending on the

primers used (typically 5°C below the melting temperature

2.8.8 HEAT-SHOCK TRANSFORMATION OF BACTERIAL
COMPETENT CELLS

As appropriate different strains of compet&ntoli cells (Invitrogen; stored at
80°C) were used for transforming the DNA constructs; 50ul of competent cells

were placed on ice and 50 ng of circular DNA added, and incubated for 10 min.
The cells were then heat shocked &Gifbr 45 seconds and then returned to the
ice for 2 minutes. Tubes had 250ul of S.0.C medium was added to the reaction
mixture and were then incubated for 1 hour &C372.00ul of the resulting culture
was spread onto LB plates with appropriate antibiotic added and left to grow
overnigh at 37C on LB medium. Positive transformant were selected by colony

PCR (2.9.10).
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2.8.9 GATEWAY™ CLONING PROCEDURE

The Gateway™Cloning System(http://www.invitrogen.com) is increasingly
important in the field of biology, particularly genetics and molecular biology. The
cloning itself, like other methods, allows for functional analysis of genes, protein
expression, and cloning or subcloning of DffAgments using various plasmid
vectors (Table 2.9)The PCR insert withattB sites was used as the typical
substrate for BP recombination cloning itite pDONR™ vectors to create an
Entry clone. An entry clone is a plasmid containing the gene of ihtares
flanked by GatewayattL recombination sites (Figure 2.1). To carry out BP
reaction the components in Table 2.10 were added to a 1.5 ml tube at room
temperature, mixed and incubated at 25°C for 1 hour. Then 1 ul of Proteinase K

(2ug/u) was added to each sample to terminate the reaction.

The reaction was vortexed briefly and incubated at 37°C for 10 minutes. Heat
shock transformation of 50 ul of the appropriate compéfenbli cells with 1 pl

of the reaction was carried out. 250l of SOC or LB medium was added to the
reaction, which was spread onto LB plates containing the appropriate antibiotic
for selection. After overnight incubatican efficient BP recombination reaction
typically produced >1500 colonies. Once positive clones were ifieéenty
colony or plasmid DNA PCR (Section 2.8)1the plasmid DNA was purified
(Section 2.9.11) and used for creating the expression clone by Gateway LR

reaction (Figure 2.1).
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Figure 2.1 Overview of the Gateway method (http://www.invitrogen). PCR
product was inserted into the entry clone (purple cycleatewayBP reaction.

The entry clonewas then used to express the gene in a destination vector
facilitated by theatt recombination sit® used with enzyme clonase mixes via the

Gateway LR reaction(for more information refer to Gateway manual on
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Table 2.9Plasmid vectors used for Gateway cloning system.

PLASMID OF DESCRIPTION FEATURES SOURCE
VECTOR
pDONR™221 Donor vector Recombinational Invitrogen
donor/master vector with
M13 F and R primer
sites; kanamycin
resistance;
recombinational cloning
pDONR™201 Donor vector Recombinational Invitrogen
donor/master vector;
kanamycin resistance;
recombinational cloning
PENTRTM- Donor vector Directional cloning Invitrogen
D/TOPO vector, hT7 promoter,
with M13 F and R primer
sites; kanamycin
resistance.
pDEST15* Destination vector T7 Promoter, Invitrogen
GlutathioneS-ransferase
Tag (GST) on (€
terminal)
pDEST17°¢ Destination vector | T7 promoterfxHis Tag Invitrogen
(N-terminal)
pDEST 24 Destination vector | T7 promoter, GST Tag Invitrogen
(C-terminal)
pDEST 22 Destination vector| AHD1 promoter, GAL4 Invitrogen
DNA activation domain
(C-terminal)
pDEST 32 Destination vector| AHD1 promoter, GAL4 Invitrogen
DNA binding domain (N
terminal)
pGWB5®E Destination vector| 35S promoter, GFP Tag Invitrogen
(C-terminal)
pGWBS®E Destination vector| 35S promoter, 6xHis Ta Invitrogen
(C-terminal)
pGWB17°F Destinationvector 35S promoter, 4xMyc Invitrogen
Tag (Gterminal)
pG005°"™ Destination vector | BIFC gateway binary | donated by Don
vector (Hygromycin), Grierson, Silin
35S promoter, GW, YFH Zhong
N-terminus (UoN)
pG00&' Destination vector | BIFC gateway binary | donated by Don

vector (Hygromycin),
35S promoter, GW, YFH
C-terminus

Grierson, Silin
Zhong

(UoN)

¥, (Yeast2-Hybrid analysisf~, (Bacterial expressiort¥*, (BIFC analysis)®™©
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Table 2.10Gateway BP reaction mixture

MATERIAL VOLUME (pl)
PCR product (=10 ng/ul; final amount ~15-150 n 1-7
Donor vector (150 ng/ul) 1
10 X TE-buffer pH 8.0 1
BP Clonase™ Il enzyme mix (100 ng/ul) 1
Total volume 10

The LR reaction was carried out to transfer the sequence of interest toroageor
destination vectors (Table 2.11) in simultaneous reactions, making the technology
high throughput. The LR Reaction involves a recombination reaction between
attL andattR sites (Figure 2.2)As the Destination vector is designed to include
the attR sites, theEntry clones havattL's on both sides of their gene of interest.
The sequences attL sites then match up with the sequences on the destination
vector, which contais attR recombination sitesGateway manual on
http://www.invitrogen).Table 2.11shows the reaction mix required ¢arry out

the LR reaction. 1 pl of entry vector plasmid DNA was transferred to a 1.5 ml
microfuge tube containing 1.5 ul TE (pH 8.0), 0.5 pul of plasmid DNA (10 ng/ul)

of the appropriate destination vector, 1ul of 5x LR Clonase plus buffer and LR
Clonase enzyme (directly from the freezer) and mixed by pipetting. The mixture
was incubated at 25 °C overnight. The reaction was halted by adding O.
proteinase K(2ug/p) and incubated at 37°C for 10 min. To perform heat shock

transformation50 pl of library efficiency® DHS5a™ competent cells of E. coli
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strain was added and the reaction mixture was left on ice for 30min. The mixture
was taken to £Z for 1 minute and back on ice for 3m2E0 ul of LB medium

was added to the reaction mixture and incubated for 1 iberbacteria culture

was plated on LB medium containing 100pg/ml of ampicillin as a selective
antibiotic. The plates were incubated a7°C for overnight and screening for
clones were done by PCR using Destination vector adapter and gene specific

primers.

HI'I"I.H' I,!H:IF.

..-" __-"\.\ "'--..\‘1
& Entry Clone . Eﬁimt’mn'n.u'e::ta‘r /

D

* = =

L2

LR CLONASE™
ApF

B o

pression ﬂlﬂg_,/

B B

Transfarm E golf and Combining L x R
select Ap® transformants | gives B and P

z%2
- ™

»80-99% correct clanes

Figure 2.2LR recombination reactions (http://www.invitrogen). Entry clone with
attL recombines with a destination vector wiktR to form a new expression
clone withattB and a byproduct withattP (for more information refer tgfor

more information refer to Gateway manualhdtp://www.invitroger).
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Table 2.11Gateway LR reaction mixture

MATERIAL VOLUME
(nl)
Entry vector DNA L00 ng/pl) 1.0
Gateway destination vector DNA (pDEST 22) 0.5
(200 ng/ul)
10 X TE-buffer pH 8.0 15
5X LR Buffer 1
LR Clonasé100 ng/ul) 1
Total volume 5

2.8.10 ANALYSIS OF TRANSFORMANTS

Analysis of transformants clones was done by colony or plasmid BGIR using

the destination vector adapter and gene specific primers. Colony PCR involved
inoculating the PCR reaction mix with the colony material and amplifying for 30
cycles (Table 2.12). General PCR conditions (Table 2.5) were applied except for

the annaling temperature which was specific for each amplification.

2.8.11 PLASMID DNA PURIFICATION

Positive clones containing the gene of interest were inoculated into 10nd of L
medium with appropriate antibiotic argtown overnight at € for plasmid

DNA extraction and purification. The purified plasmid was later utilised for
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various analyses, including yed&shybrid analysis, transient expressions, BIFC
andE.coli expressionPlasmid DNA fromE.coli constructge.g. DTOPOPOB2

and pDES22/MS1No-PHD) was purified using the QIAprep Spin Miniprep Kit
from 1-5 ml overnight culture grown in LB (LurBertani) medium. The culture
was centirfuged at 500 x g for 10 minutes. The pelleted bacterial cells were re
suspending in 250l of Buffer P1 and transferred to a microfuge tube. 2b6f

Buffer P2 was added and gently mixed by inverting the tubetirhes for less

than 5 minutes. Then 350 of Buffer N3 was added and the tube was inverted
immediately, but gently-6 times. The mixture was centrifuged for 10 minutes at
10,000 x g. A QlAprep spin column was then placed imal 2ollection tube and

the supernatant applied to the QIAprep column by pipetting. The column was then
centrifuged for 360 seconds. The flowhrough was dicarded and the QIAprep
spin column was washed by adding 0.5 ml of Buffer PB and centrifugé&® 30
seconds. The flomthrough was discarded and the QIAprep spin column washed
by adding 0.75 ml of Buffer PE and centrifuged for&Dseconds. The flow
throughwas discarded and the QIAprep spin column centrifuged for an additional
1 minute to remove residual wash buffer. To elute the DNA the QIAprep column
was placed in a clean 1Bl microfuge tube and 3@l of sterile HO was added to

the centre of the QIAprep column. The column was left to stand for 1 minute, and
centrifuged for 1 minute at 10,000 x g. PCR using appropriate primers were used
to confirm the presence of the gene of interest. The plasmid DNA was then stored

at-20°C until required.
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2.8.12 DNA SEQUENCING REACTION

Sequencing reactions were performed using-2@M@hg template DNA and big

dye terminator v1.1 cycle sequencing kit (Applied Biosystems, USA) following
the manufactures’ instructions. Electrophoresis and data analysis werenaelf

on the ABI 3130 Analyser at Genomics Facility, Queens Medical Centre,
University of Nottingham. Sequence analysis was conducted using the software

MacVector (M&Vector, INC, USA).

Table 2.12Expression Colony PCR reaction mix

REAGENTS VOLUME (ul)

Distilled Water 7.6

10x PCR buffer 1
dNTPs (10 mM each) 0.2
MgCl, 25mM 0.5
Forward primer (10 mM) 0.25
Reverse primer (10 mM) 0.25
Tag enzyme (5U/uL) 0.2
Total volume 10

2.9PROTEIN METHODS

2.9.1 TOTAL PROTEIN EXTRACTION

Plant tissue fronN. benthamianavas ground in ice&old homogenization buffer

[25mM TrisHCI, 150mM NaCl, 1mM EDTA, 10% (v/v) glycerol, 5mM DTT,
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0.1% (v/v) Triton %100, Complete® EDTAree protease inhibitor tablet
cocktail] (http://www.sigmaaldrich.com) using a mortar and pestle, asdfied

by centrifugation (12,000g, 4°C, 15min). The supernatant was transferred to a
clean microfuge tube and protein concentrations were determined using the
Bradford assay (described in 2.9.3). The total protein fraction was then mixed
with 1x SDS loadig buffer [25mM TrisHCI pH6.8, 10% (v/v) glycerol, 2%
(w/v) SDS, 5% (v/v) B-mercaptoethanol, 0.001% (w/v) bromophenol blue] and

boiled for 5min before being separated by SDS-PAGE (Section 2.10.3).

2.9.2 PROTEIN QUANTIFICATION USING THE BRADFORD ASSAY

2ul of protein extract were mixed with 18ul sterile water and 900ul diluted (5-

fold) Bradford reagent (BiRad.com). The mixture was then transferred to a
cuvette and incubated at room temperature for 5min. The absorbance of the
samples was read at a wavelengttb95nm, against a blank sample (no protein
extract added). The concentration of the samples was calculated based on a
standard curve obtained by measuring the absorbance of a series of BSA

concentrations (200ng/ul, 400ng/ul and 600ng/ul) (Bio-Rad.com).
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2.9.3 SEPARATION AND VISUALIZATION OF RECOMBINANT
FUSION PROTEINS BY DODECYL SULFATE -

POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS -PAGE)

Protein samples mixed with 1x SDS loading buffer [25mM-H@& pH 6.8, 10%

(v/v) glycerol, 2% (w/v) SDS, 5% (v/v) B-mercaptoethaol, 0.001% (w/v)
bromophenol blue] were heated to 100°C for 5min and separated according to
their size using SD®AGE. A prestained protein marker (New England Biolabs)
was run alongside the samples and used as a referenc®/AEESgels consist of

an upper stacking gel and lower separating gel. The stacking gel [132miM Tris
HCl pH6.8, 4% (w/v) acrylamide, 0.1% (w/v) SDS, 0.05% (w/v) APS, 0.15%
(v/iv) TEMED] was used for loading and concentrating the protein samples. A
10% (w/v) SDSPAGE separating gel [BB1 TrissHCI pH8.8, 10% (w/v)
acrylamide, 0.1% (w/v) SDS, 0.05% (w/v) APS, 0.07% TEMED] fractionated the
proteins according to their molecular weight. The gels were loaded into a Mini
PROTEAN Il cassette (Bi®Rad.com) filled with SDS running buffer [25mM
TrisHCI pH8.5, 190mM glycine and 1% (w/v) SDS]. Proteins were first
electrophoresed at 80V until they reached the end of the stacking gel, after which

the voltage wasicreased to 150V for 1 hour.

2.9.4 COOMASSIE BLUE STAINING

To visualize proteins on the SEPAGE gels, the gels were immerged in
Coomassie stain solution (50% (v/v) methanol, 13% (v/v) acetic acid, 0.2% (w/v)

Coomassie Brilliant Blue R250) for 2 hours at room temperature with gentle
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agitation. The Coomassie stain solution was then poured off and the gel was
distained in 20% (v/v) methanol, 5% (v/v) acetic acid and 75% (v/v) distilled

H20.

2.9.5 WESTERN BLOTTING AND IMMUNOLABELLING

PVDF membrane (BiRad.com) was activated by soaking in methanol for 1min
before use. Atr the SDSPAGE run, proteins were transferred onto PVDF
membrane using the MHRROTEAN TransBlot transfer cassette (Biead.com)
filled with cold transfer buffer [25mM TrislCl, 190mM glycine, 20% (v/v)
methanol]. Electrdaransfer was carried out at@8 for 1h or at 30V overnight.
The membrane was then blocked in 5% (w/v)-fadndried milk dissolved in
TBS-T [15mM TrisHCI pH7.6, 150mM NaCl, 0.1% (v/v) Tween 20] with gentle
agitation, to reduce nespecific binding. Then primary antibodies (Tables32.1
and 2.14 Diluted in TBST containing 3% (w/v) noffiat dried milk, were added

to the membranes and incubated fe8 hours Membranes were then washed
several times with TBS for a total of 20min before incubation for 45 min with
secondary antibodies.h& exact concentrations of the primary and secondary
antibodies used in this study are described in Tables 2.13 and Table 2.14.
Following the incubation, the membranes were washed five times witATTIBS

a total of 25min.
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Table 2.13 Primary antibodiesused in this study. All dilutions were made in
TBST [15mM TrisHCI pH7.6, 150mM NaCl, 0.1% (v/v) Tween 20] + 5% (w/v)

milk.

ANTIBODY SOURCE DILUTION MANUFACTURER

anti-GFP rabbit 1:5000 Abcam
polyclonal

anti-His rabbit 1:500 Abcam
polyclonal

anti-GST rabbit 1:10000 Agrisera
polyclonal

Table 2.14Secondary antibodies used in this study. All dilutions were made in
TBST [15mM TrisHCI pH7.6, 150mM NacCl, 0.1% (v/v) Tween 20] + 5% (w/v)

milk.

ANTIBODY SOURCE | DILUTION | MANUFACTURER

goatantrmouse | horseradish| 1:10000 Sigma
peroxidase

conjugated

goat antirabbit horseradish| 1:15000 Sigma
peroxidase

conjugated

goat antirat horseradish| 1:10000 Sigma
peroxidase

conjugated

rabbit antigoat horseradish 1:5000 Sigma

peroxidase

conjugated
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2.9.6 IMMUNODETECTION

Immunodetection was carried out wusing Immobilon (Millipore) for
chemiluminescent detection in accordance with the manufacturer’'s ingtaictio

The membrane, washed from any unbound HBRugated secondary antibody,

was incubated in 1:1 Luminol Reagent and Peroxide Solution for 5min at room
temperature. Excess substrate was drained and the membrane was covered in cling
film and placed in an Xay cassette overnight. The membrane was then exposed
to X-ray film (Kodak) and the film developed using theOMAT developing

system.
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CHAPTER 3: ABORTED MICROSPORES

(AMS) REGULATORY NETWORKS
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3. ABORTED MICROSPORES (AMS) REGULATORY NETWORKS

3.1INTRODUCTION

Arabidopsis thaliana ABORTED MICROSPORES (AM&)e encodes a basic
helix-loop-elix (bHLH) transcription factor that is required for tapetal cell
development and posteiotic microspore formatior{Sorensenet al, 2003)
However, the regulatory role of AMS in anther and pollen development has not
been fully defined (see Chapter 1 Section 1.6). To help determine the role of AMS
on pollen and anther development microarray analysis was previously conducted
using wild type ad amsmutant buddrom four developmental stages (meiosis,
pollen mitosis I, Bicellular and Pollen Mitosis 1) (Wilson unpublished datagXu

al., 2010).Genes that were dowmregulated or showesignificant changes iams

buds were selectedfor further analysis of their role in anther and pollen
developmenta subset of 13 of these were chosen based on their potential role in
pollen wall development for further detailed analyS#IL/SALK insertional
mutants (Table 3.1)h{tp://arabidopsis.info/BrowsePagej these targets were

selected for bioinformatics, genotypic, phenotypic and expression analyses.

3.2 BIOINFORMATIC ANALYSES OF AMS REGULATORY TARGETS

Bioinformatics is the branch of biology that deals with the storagalysis, and
interpretation of experimental data (Primrose and Twyman, 2006). The
instruments of bioinformatics include computers, databases, statistical tdols an

algorithms (Primrose and Twyman, 2006). Data mining is defined as the analysis
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of data in adatabase using tools that look for trends or anomalies without
knowledge of the meaning of the data. With the current increase in the number of
databases, bioinformatics has facilitated the extraction of information and
identification of relationships beten datasets by using a number of software
tools which search sequence databases and measure similarity between sequences

to distinguish biologically significant relationships from chance similatitie

The discovering of sequence homology to a known protein or family of proteins
often provides the first clues about the function of a newly sequenced gene
(Altschul et al, 1990). Algorithms are essentially used for data analysis,

interpretation of sequenceata, and the development and implementation of

different types of information (Primrose and Twyman, 2006). Furthermore,

bioinformatics has been used for a vast array of other important tasks, including
analysis of gene variation and expression, analysis and prediction of gene
structure and function, detection of gene regulation networks, simulation
environments for whole cell modelling, and presentation and analysis of
molecular pathways in order to understand gene interaciiGhgn, 2002;

Obayashet al, 2011;Wu et al, 2011).

One of the most commonly used bioinformatics tools is the Basic Local
Alignment Search Tool (BLAST) (Camaclsd al, 2009). BLAST finds regions

of local similarity between sequences. There are different types of BLAST
programs and these include blast which compares nucleotides against
nucleotides, blagb that compares amino acids andblastn that compares

translated sequences to nucleotides. BLAST uses a number of software tools to
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search sequence databases for some meaksmilarity between sequences to
distinguish biologically significant relationships from chance similariB2sAST

then calculates the statistical significance of the matches to infer functional and
evolutionary relationships between sequences asawdiklp identify members of

gene families (Altschugt al. 1990).

Microarray analysis oRNA extracted fromamsmutant buds was used to identify
genes that may be regulated by AMS. SAIL/SALK insertional mutants with T
DNA potentially within these gengdable 3.1A3.1C) were ordered form the
Nottingham Arabidopsis stock centre (NASC). Basic description of these genes
and scientific literature associated with them were all retrieved from the Bhsem

and TAIR databases (Table 3.2).
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Table 3.1A Bioinformatics analyss of possible AMS target genefown-

regulated or showeslgnificant changes iamsbuds.

PROTEIN GENE ID GENE DESCRIPTION AND POSSIBLE REFERENCES
FAMILY FUNCTION
ABC AT3G13220 | Belongs to the ABC transporter family protg Xu etal. (2010)
transporter identical to putative whitbrown complex
protein homolog protein 27 (WBC27) [Arabidops| Choiet al,
(WBC27) thaliana]. It contains InterPro domain ABCtype | (2011)
transporter, InterPro domain ABC transpor
related and contains InterPro dam AAA+ | Douet al, (2011)
ATPase, core. Its molecular function sugge€
ATPase activity, coupled to transmembrg Quilichini etal.,
movement of substances. It is expressed duri(2010)
petal differentiation and expansiorexpanded
cotyledon stagand inseeds, flowers and leaves.
Lipid Transfer | AT3G51590 | Encodes a member of the lipid transfer prot Arondel et al,
Protein family. Proteins of this family are generabynall | (2000)
(LTP12) (~9 kD), basic, expressed abundantly and contain
eight Cys residues. The proteins can bind f§ http://www.ncbi.
acids and acylCoA esters and can transfer seyemith.nih.gov/gene
different phospholipids. They are localized to thé324322
cell wall. The LTP12 promoter is activ
exclusivelyin the tapetum during the uninuclegténttp://www.arabi
microspore and bicellular pollen stages. dopsis.org/servlet
s/TairObject?id=
36903&type=loc
us
3-Ketoacyt AT5G49070 | Encodes KCS21, a member of th&keoacylCoA | Millar et al,
Coa Synthase synthase family involved in the biosynthesis |0f1999)
21 VLCFA (very long chain fatty aciddhvolved in

very-long-chain fatty acid metabolic proces
development. Hascyltransferase activitgnd is
expressed during petal differentiation and
expansion anthesis 4 leaf senescence stag
bilateral stage expanded cotgdon stage four
leaves visible eight leaves visibleten leaves
visible, twelve leaves visiblelt is expressed i
seed,embryq root, flower, stamen sepal,petal

leaf, petiole stem cauline leafleaf whorl

5 http://www.arabi
dopsis.org/servlet
s/TairObject?id=

e€132082&type=Ilo
cus
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http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=14104
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=14104
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22976
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22976
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=7563
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=1385
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22934
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22949
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22975
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22976
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23001
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23001
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23005
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23007
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23007
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23009
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20119
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20126
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20174
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20295
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20328
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20410
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20415
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20467
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20505
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20530
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20625
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=29160

regulated or showeslgnificant changes iamsbuds.

Table 3.1B Bioinformatics analyss of possible AMS target genetown-

PROTEIN
FAMILY

GENE ID

GENE DESCRIPTION AND POSSIBLE
FUNCTION

REFERENCES

Protease
inhibitor LTP

AT1G66850

Encodes protease inhibitor/seed storage/li
transfer protein (LTP) family protein; similg
to protease inhibitor/seed storage/lipid trang
protein (LTP) family protein Arabidopsis
thaliang (TAIR:AT5G38160.1);
Lipid
(GB:BAA25680.1); contains InterPro doma
Plant

similar to

transfer protein [Brassica rapd

lipid transfer protein/see

storage/trypsiralpha inhibito
(InterPro:IPR003612);

domain

amylase
contains  InterP
inhibitoglant

protein/seed

Bifunctional lipid
transfer
(InterPro:IPR016140);

domain Plant

storag
contains InterP

lipid transfer protein ar|

hydrophobic helical

(InterPro:IPR013770)

protein,

Xing et al., (2007)
r
fenttp://www.arabidopsis.or

g/servlets/TairObject?id=

30426&type=Ilocus

(CYTOCHRO
ME P450)

AT3G26740

Gene function is unknown however, accordi
to TIGR gene annotation and GenBank reco|
its described as a protein coding gene in wh
transcripts are differentially regulated at t
level of mMRNA stability at different times ¢
day controlled by the circadian clock. mRNA
are targets of the mRNA degradation path

mediated by the downstrea@{T) instability

determinant.

PerezAmador
rd2001
ch
hénttp://www.arabidopsis.or

et al,

f g/servlets/TairObject?id=
A\s38508&type=locus
ay

ACA1,
CA*ATPase

AT1G27770

Encodes a chloroplast envelope Ca¥FPase
with an Nterminal autoinhibitorATPasesre
a class of enzymes that catalyze the
decomposition of adenosine triphosphate
(ATP) into adenosine diphosphate (ADP) an

free phosphate ion

Huang et al., (1993)

Malmstrom et al., (1997)

http://www.arabidopsis.or

g/servlets/TairObject?id=
il 29850&type=I@us

Anthocyanidin
3-0-glucosyl
transferase;
UDP-
GLUCOSYL
TRANSFERA
SE 78D2,

AT5G17050

Encodes UDRylucoronosyl/UDPglucosyl
transferase family protein which is involved
metabolic processes and its molecular funct
has

UDP-glycosyltransferase activity|

transferase activity, transferringglycosyl
groups quercetin  30-glucosyltransferass

activity, flavonol 3-O-arabinosyltransferas

activity. It is expressed during petal
differentiation and expansion stagenthesis
bilateral stage expanded cotyledon stag
mature embryo stage. It is expressedsérd
embryq flower, carpe| sepa) petal pedicel

andleafwhorl

Penget al, (2007)
n
ohttp://www.arabidopsis.or
g/servlets/TairObject?id=
131116&type=locus

h
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http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=1295
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=14916
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=14916
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=31694
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=31694
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=31831
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=31831
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22934
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22975
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22976
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22977
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22977
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20119
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20126
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20295
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20380
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20410
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20415
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20451
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=29160

Table 3.1C Bioinformatics analyss of possible AMS target genefown-

regulated or showeslgnificant changes iamsbuds.

PROTEIN
FAMILY

GENE
ID

GENE DESCRIPTION AND POSSIBLE FUNCTION

REFERENC
ES

Cytosolic
GADPH (C

subunit)

AT3G0
4120

Encodes cytosolic GADPH (C subunit) involved in the glycoly
pathway but also interacts with,®, potentially placing it in a|
induced by ROS. It is

gluconeogenesigylycolysis response to heatesponse to oxidative

signalling cascade involved
stress response to streseesponse to sucse stimulusresponse to
hydrogen peroxiddruit developmentseed developmemequired for
glycolys and response to salt stressvell as cadmium ionlt has
glyceraldehyde-®hosphate dehydrogese activity glyceraldehyde-|
3-phosphate dehydrogenase (phosphorylating) actitity located in
the cytosal mitochondrial envelope mitochondrion chloroplast|
membrang nucleus plasma membrane apoplast and male
gametophytelt is expressed duringeedling growthmature pollen
stage germinated pollen stageetal differentiation and expansig
stage 4 anthesis 4 leaf senescence stagé globular stageD
bilateral stage expanded cotyledon stageature embryo stagegwo
leaves visible four leaves visiblesix leaves visible eight leaves

visible, ten leaves visiblgwelve leaves visible

Jamet et al,
(2008)

> http://www.ara
bidopsis.org/se
rvlets/TairObje
Cct?id=40612&t

ype=locus

=}

bHLH

protein

AT2G3
1210

Basic helixloop-helix (bHLH) family protein; similar to basic helix

loop-helix (bHLH) family protein [Arabidopsis thaliana] (TAIR:

AT2G31220.1). It contains InterPro domain Basic hibp-helix
dimerisation region bHLH and InterPro domain Hétrp-hdix

DNA-binding. It is involved inregulation of transcriptianlt's

located in the nucleus with a molecular function in DNA binding.

also hastranscription factor activity. It is expressed duripgtal

differentiation and gxansion stagand inflower, sepalleaf whork.

Riechmann et
al., (2000)

http://lwww.ara
bidopsis.org/se
tvlets/TairObje
ct?id=31917&t

ype=locus

bHLH

protein

AT1GO
6170

Basic helixloop-helix (bHLH) DNA-binding superfamily protein|
in DNA binding,

transcription factor activity. It is

Functions sequenseecific  DNA binding

involved in regulation of
transcription. It is located in the nucleus and expressed in 6
structures during anthesis, petal differentiation and expansion g
expanded cotyledon stage, bilateral stage. It contains -tbelp¢

helix DNA-bindingdomain (InterPro: IPR001092)

Riechmann et
al., (2000)

platip://www.ara

tdmeopsis.org/se
rvlets/TairObje
ct?id=31224&t

ype=locus

MBK21

AT3G1
2760

Similar to Calcium ion binding proteinAfabidopsis thalianh
(TAIR: AT1G15860.1 and SM1O[Nicotiana tabacurh (GB:
ABI49160.1). It contains InterPro domain UBike; (InterPro:
IPR0O09060); contains InterPro domain protein of unknown func|
DUF298; IPR0O05176);
Ubiquitin-associated; (InterPro: IPR000449

(InterPro: contains InterPro dom

Biswas et al,
(2007)

Wang et al.,
tigP008)
Ascencio-
Ibanez et al
(2008)
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http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=5860
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=5918
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=5962
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=6625
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=6625
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=7330
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=11391
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=13166
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=13166
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=13859
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=18540
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=7182
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=13588
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=2550
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=2551
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=2551
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=241
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=480
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=453
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=537
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=570
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=14693
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20052
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20052
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22891
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22891
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22891
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22892
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22934
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22949
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22973
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22975
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22975
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22976
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22977
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22999
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22999
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23001
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23003
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23005
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23005
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23007
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23009
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=12181
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=4449
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20410
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=29160

Table 3.2Websites utilized for online analysis of gene sequences

ANALYSIS WEBSITES USED

Gene model and http://plants.ensembl.org/Arabidopsis_thaliana

structure (Ensembil)

Gene finding and
sequence viewer http://www.arabidopsis.org/serviets/sv
(TAIR)

Gene expression

analysis using https://wwwgenevestigator.com/

Genevestigator (TAIR

Description of the
molecular changes http://signal.salk.edu/
resulted from the
lesions (SIGnAL)

Multiple sequence

alignment and design http://www.macvector.com/
primer design
(MacVector)

3.3LOCALISATION OF T -DNA INSERTIONS, PRIMER DESIGN AND

MOLECULAR BIOLOGY ANALYSIS OF SAIL/SALK MUTANTS

To construct IDNA insertional maps of genes in Table 3.1, their sequence
information was retrieved from TAIRh{tp://www.arabidopsis.org/servietsjsv
stored and analysed using MacVector software. MacVector is a comprehensive
application that provides sequence editing, primer design, internet database

searching, protein analysis, sequence confirmation, multiple sequence alignment,
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phylogenetic reconstruction, coding region analysis, and a wide variety of other
functions (http://www.macvector.com/). MacVector was used for multiple
seguence alignment and gene specific primer destgmers were designed for
PCR genotyping and gene specific-RTR (expression analysis) (Table 3.3 and
3.4). MacVector was used to produce maps which consisted of the 3" and 5’ UTR
ends of the gene of interest, their upstream and downstream genesf{ tred|

right primer and IDNA insertion site(Figure 3.1).

A BPos B
T-DNA

WwT HZ HM

900 NN NS

Genome —|
Flanking Saquence | 4104N -
*N=0~300

pfone Exth Max M Ext3 pdone

Figure 3.1: (A) illustrates a guide to identifying-DNA insertion localisation and
map. NDifference of the actual insertion site and the flanking sequence position,
usually 0- 300 bases. MaxNMaximum difference of the actual insertion site and
the sequence, default 300 bps. Ext5, Ee@ions between the MaxN to pZone,
reserved not for picking up primers. LP, REeft, Right genomic primer. BP-T
DNA border primer LB- the let T-DNA border primer. BPosThe distance from

BP to the insertion site. LBLeft border primer of the-DNA insertion: (Bb1.3
andLBal) (B) Guide for the PCR genotyping and gel analysis of the insertion
lines for the identification of wild type (WTheterozygous (HT) and homozygous
(HM) lines provided by the SALK institute genomic analysis laboratory

(SIGNnAL) (http://signal.salk.edu/tdnaprimers.2.html)
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Table 3.3Primersused for PCR genotyping #afrabidopsisT-DNA insertion lines.

POSSIBLE GENE PRIMER KO FORWARD REVERSE
FUNCTION ID CODE PRIMER PRIMER
(5'-3) (5'-3)
ABC SALK_062317F TTTTCCAGAAT | GACTTCCACC
transporter | AT3G132 SALK 062317R TGGCTTTGTG | AGAGAAGACC
20 - C
LTP12 AT3G515| SALK 052271F/R | GATCAGACTCT | TTGTACCAATT
90 ACTGCCA GGCTCAG
3-Ketoacyt SALK_089611F/R | GGCAACAAGTC | CTTATTGTTAG
Coa synthase| AT5G490 CTTTGATTTG CACCGAAGCG
21 70
Protease SALK_ 018008 F/R| ATGATTGGTTC | AAGTGGGATA
inhibitor LTP | AT1G668 ACGTCGTCTC | AGCAACATTG
50 C
Cytochrome SAIL_743_725F | AAGGGGGATGC | CAATCGAGAC
p450 AT3G267 SAIL 743 1615R AATGGATATTG | GACGAGACAG
40 - - T TGA
ACAI CA2 SALK_107728 657 GATCTCCAGTG | TCGACCGTTG
_ATPase | AT1G277 2 GGAAGGAAAG | AGTGTAATTCC
70 AT1G27770_7521R
Anthocyanidin SALK_ 049338 CTCTTCGTTATT | TCAAACCCAT
3-0-glucosyl | AT5G170 TTCCTCCGG | CTTTCGTGAAG
transferase 50
Cytosolic AT3G041| SALK 129085F CCTTGACATTG | AAACTCCCAT
GADPH_ (C 20 SALK 129085R TCTCCAACG CACCTCACAT
subunit) - G
bHLH AT2G312| SALK 022241F | ACTGAGAGCAA | TTCTGTTTGAT
10 SALK_022241R GCAAGATTGC GGAGTTTGG
bHLH AT1G061| SALK 090231F | CCAAAGTCCAG | GAAACTCCCA
70 SALK_090231R TCCAGAGTACC | TTAGGAGGCT
G
MBK21 AT3G127 | SALK 143248L R | GTGCGAGTGAG | TGTAAAATGTT
60 SALK_143248R_F AATGAAGGAG TCAGGGGCA
N/A T-DNA LBb1.3 ATTTTGCCGAT N/A
insertion TTCGGAAC
N/A T-DNA LBal TGGTTCACGTA
insertion GTGGGCCATCG N/A

62




Table 3.4Gene specific primers used for FPICR analysis in -DNA insertion lines.

POSSIBLE | GENE | PRIMER KO CODE FORWARD REVERSE
FUNCTION ID PRIMER PRIMER
(5'-3) (5'-3)
ABC CAAAGAGCTCG | TGCCGTAAA
transporter AT3G | At3g13220_624F GCCTCGAAA AGGCAGGGT
13220 | At3g13220 934R GT
TCCCATCCCCA | CGGCAGTCG
LTP12 AT3G | At3g51590 53F ACAGAGTCA ATATACTGT
51590 | At3g51590 355R CGCAAT
3-Ketoacyt
Coa synthase ACCGCGTCCCA | AGCCAATGA
21 AT5G | At5g49070_194F ATGTCAACT GCCTCGGTG
49070 | At5g49070_627R AG
Protease TGAAGATCGTG | TGGGATAAG
inhibitor LTP | AT1G | Atlg66850_ 2F ACATTGGTACT | CAACATTGC
66850 | At1g66850 301R CG AAGC
CAATCGAGA
Cytochrome SAIL_743_725F AAGGGGGATG | CGACGAGAC
p450 AT3G | SAIL_743 1615R CAATGGATATT | AGTGA
28740 GT
ACAI CA2 SALK_107728 6572 | GATCTCCAGTG | TCGACCGTT
=ATPase AT1G | AT1G27770_7521R | GGAAGGAAAG | GAGTGTAAT
27770 TCC
Anthocyanidi
n 3-0- GTGCACGATCC | CGGTACACC
glucosyl AT5G | At5g17050_778F TCACGGTTG TGCCGACAC
transferase | 17050 | At5g17050 111R AC
Cytosolic
GADPH (C | AT3G | At3g04120_351F GGGTGGTGCCA| ACGGTTGGA
subunit) 04120 | At3g04120 725R AGAAGGTTG CACGGAAA
GA
bHLH AT2G | AT2g31210 _62F GTGCGGCGGA | TGAAGCAAG
31210 | AT2g31210 42R AACAACTTTT AACCCGCCA
TT
bHLH AT1G | AT1G06170_16F CATTCCACCTC | GCGGCGACA
06170 | AT1G06170_47R AGCCCACAA GAGGAAGA
TGT
MBK21 AT3G | AT3G12760_10F GGCACCTTGAA | TCTCTTTCG
12760 | AT3G12760_48R GCAGCGTTT CCCACCCAA
AA
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MacVector was also used to verify gene specific primers designediyAT
Primer Design Tool powered by Genome Express Browser Server (GEBD)
(http://signal.salk.edu/tdnaprimers.2.htmlxDNA Primer Design Tool returned
insertion location information and the estimatedNA confirmation product

size. The PCR reaction was set up by using the three primers (LB: Left border
primer of the TDNA insertion, LP: Left genomic primer and RP: Right genomic
primer) (Figure 3.1) and two separate reactions were performed for wild type
sequences and-DNA insert confirmation. Sections 3.4.1 to 3.4.12 show the T
DNA insertion localization maps for all SALK KO lines, genotypic analyses and

expression profiles from Gewestigator

3.4ANALYSIS OF SALK INSERTION LINES

3.4.1 T-DNA INSERTIONAL MAP, GENOTYPIC AND EXPRESSION

ANALYSIS OF AT3G13220 : SALK_062317 TENA KO

Initially there was very little information on th&TP-binding cassette transporter
G26 (ABCG26) protein; however more recently a number of publications have
provided more information as to the role of ABCGRGs expressed in thenther
leaves flowers, seed andsepat during expanded cotyledon staged petal
differentiation stage Generally, ABC transporters belong to the ABiRding
Cassette (ABE superfamily, which uses the hydrolysis of ATP to energise
diverse biological systems. The A-BMhding Cassette (ABC) superfamily forms
one of the largest of all protein families with a diversity of physiologicaltions

(Saurin et al, 1999). As reported byuromori et al, (2011), AT3G13220
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http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20337
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=36583
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20295
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20119
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20410

encodes an ATBinding cassette transporter G26 (ABCG26) involved in tapetal
cell and pollen development. It is required for male fertility and pollen exine
formation. It is involved iPATP catabolic process pollen developmentpollen

exine formation pollen maturation and transmembrane transporit was
subsequently found to be located in the plasma membrane anATRase
activity, coupled to transmembrane movement of substances. SALK_ 062317 is
an insertional mutant with a-DNA putatively in At3g13220; theT-DNA

insertion and primer positions are shown in Figure 3.2.

AT3G13220 GENOMIC FORWARD

RP 062317.48.50 F

LP SALK062317.48.50 RCF

Inote=T-DNA-SALK062317

Inote=SALK_062317seq
5 li’TR 3 li’TR
AT3G13222 N GOl AT3G13220 N AT3G13210 N
| > | | DI )

T T T T T T T T T T T T T T T T T T T
500 __1000 __1500 __2000 __2500 __3000 __3500 __4000 __4500 __5000 __5500 __6000 __6500 __7000 __7500 __8000 __8500 __9000 __9500

Figure 3.2: T-DNA localisation map oSALK _062317(AT3G13220). Red bold
arrows represent the direction of the coding sequence of AT3G13220, its
upstream gene (AT3G13222) and downstream gene (AT3G13210). Black thick
vertical line show the sequenceeDNA flanking region, black arrowhead shows
the approximate -DNA insertion point, and black vertical thin lines show the

Left primer (LP) and Right Primer (RP) used for AT3@28 expression analysis.

Genotypingidentified three positive homozygous plant lines (Figure 3.3). The

gene specific RPPCR amplification showed no expression of At3g13220 in two
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http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=4695
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=11329
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=29496
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=29496
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=13809
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=28452

of the homozygous plant lines (Figure 3.4). This result means that geessapr

was completely silenced because of th&®NA insertion and as a result a
significant change in its expression was seen compared to the wild type (Col)
cDNA. Actin RT-PCR was used as a housekeeping control for detecting for gene
expression by RPCR (Figure 3.4). The wild type (Col) cDNA and genomic
DNA (GN) were used as positive controls. Phenotypic analysis of the KO line was

conducted (section 3.4.2).

DNA SALK 062317
M 1 2 3 4 5 6 7 8

9 1) 1§ 12 13

1kb

415bp (T-DNA
insert band)

Figure 3.3Genotypic analysis chrabidopsiswildtype Columbia ecotype and the
SALK 062317 (AT3G13220) line (two genes specific and ltB&1.3 primers

were used see Table 3.3)he PCR products were separated on a 1% (w/v)
agarose gel with the Hyperladder 1 (Hiime.com) as molecular marker. Wildtype

Col genomic DNAwas used a positive control (numbered 1). Out of total number

of twelve SALK 062317 KO plants analysed fiveegregated aswildtype
(numbered 5, 6, 7, 9 and 12), three as heterozygous (numbered 3, 8 and 10) and
three as homozygous with 415bp size of thiBNA (numbered 4, 11 and 13).

M=Molecular marker.
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Col Col
M cDNA HM HM pgDNA

ACTINT
RT-PCR
Cal Col
M <DNA HM HM gDNA
GENE SPECIFIC <«—520bp
2
RT-PCR I~ i

Figure 3.4 Gene expression analysesAvhbidopsiswildtype Columbia ecotype

and mutant inflorescences of At3gl132RO-PCR was carried out using 5ug of
total RNA extracted fromArabidopsis inflorescence tissue at 6 weeks old
(Primers used refer to Table 3.4). The PCR products were separated on a 1%
(w/v) agarose gel with the Hyperladder Il (Bine.com) as molecular weight
marker Expression analysis was compared to ACTINie gene specti RT-

PCR amplification showed the two homozygous mutants (hnumbered 4 and 13) as
completely down regulate@=Molecular marker, Col cDNA= Columbia cDNA,

HM=Homozygous mutant cDNA and Col gDNA= Columbia genomic DNA).

3.4.1.1PHENOTYPIC AND MICROSCOPIC ANLAYSIS OF AT3G13220:

SALK_062317 TDNA INSERTIONAL MUTANT

Phenotypic characteristics of the mutant plants were carried out by visual and

microscopic observations of general plant growth characteristics and of the
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reproductive organsGenevestigator expression analysis, gene function and
description provided an indication of the location of gene expression and other
gene families to which they were identical or similar to in other plant species.
Vegetative plant development afidwer formation proceeded normally in the
SALK 062317 lines compared to the wild type. Howevbe SALK 062317
homozygousplants exhibited sterility as demonstrated by a lack of silique
expansion (Figure 3.5C and 3.5D) compared to the wildtype Coluedotype
(Figure 3.5A and 3.5B)In addition to male sterility phenotyf®@ALK 062317
homozygous plantalso showed late petal abscission as flowering was prolonged
compared to the wildtypeAbscission is an active process and has a variety of
roles during plant development. Plant parts such as pollen, fruits, seeds, and
leaflets may be shed in response to developmental cues to guarantee efficient
dispersal or propagation of the plant. Hormones such as ethylene and auxin have
long been associated with regitgt abscission, and levels of ethylene have been
shown to be higher within abscission zone tissues. Identification and
characterization of delayefioral abscission phenotypis another aspect that
could be studied further in this mutaMature SALK 062317 mutant flowers
contained shrivelled anthers that failed to dehigegure 3.6Cand 3.6D)
compared towild-type flowers, which exhibited dehisced anthers containing
pollen (see arrowsn Figure 3.6A and 3.6B). Female fertility did not appear
effectedsince seed set could be achieved by fertilisation using wild type pollen.
Immature wildtype anthers contained newly released microspores (Figure 3.7A)
in contrast to the equivalent stage of immature SALK 062317 mutant anthers
(Figure 3.7B) that containealbnormal immature microspores, which lacked the

defined shape of the wild-type microspores.
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Pollen viability tests using Alexander's stain (Alexander, 1969) on pollen from
open flowersshowed viable pollen stained pink in wildtype anthers (Figure 3.7C)
andreduced viable pollen i®ALK_062317anthers (Figure 3.7D). This result
showed that downegulation of expression of thBC transporter (WBC27Mad

a significant effect on pollen developmewth no viable pollen was produced in

the absence AVBC27expression.

Figure 3.5: Phenotypic analysis dkrabidopsiswildtype Columbia ecotype and
mutant inflorescences GALK 062317 inAT3G13220(A) and(C) Columbia
wildtype plant with normal silique development (arrowf}) and (D) The

SALK 062317 homozygous mutant, showing reduced silique elongation,
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Figure 3.6 Analyses ofArabidopsiswildtype Columbia ecotype and mutant
inflorescences ofSALK 062317 AT3G13220).(A) and (B) show wildtype
flowers containing dehisced anthers (ArrowgL) and (D) show mature
SALK 062317 mutant flowers containing shrivelled anthers that fail to
dehiscace. Magnification inA) and C) = X10. Magnification in B) and D) =

(X40).

Figure 3.7 Analysis of pollen viabilityin Arabidopsiswildtype Columbia ecotype
and mutant inflorescences &ALK 062317 AT3G13220) using Alexander
staining.(A) Immature wildtype anther containing newly released microspores.
(B) Immature SALK 062317 mutant anther containing abnormal immature
microspores,which lack the defined shape of the wilghbe microspores.
Excessive amounts of material are visible in the locule, suggesting adnorm
tapetal development(C) Alexanderstained mature wildlype anther showing
viable pollen grains(D) Alexanderstained mature SALK 062317 mutant anther

lacking viable pollen. Bars = 50 um.
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3.4.2 T-DNA INSERTIONAL MAP, GENOTYPIC AND EXPRESSION
ANALYSIS OF AT3G51590 (LIPID TRANSFER PROTEIN 12):

SALK_052271 TDNA KO

At3g51590encodes a member of the lipid transfer protein family. Proteins of this
family are generally small (~9 kD), basic, expressed abundantly and contain eight
Cys residues. The proteins can bind fatty acids and acylCoA esters and can
transfer several differemthospholipids. They are localized to the cell wall. The
LTP12 promoter is active exclusively in the tapetum during the uninucleate
microspore and bicellular pollen stages
(http://www.ncbi.nlm.nih.gov/gene/824322)Y5enevestigator expression profile
indicates that maximal expression of the gene during plant development is in

floral organs (https://www.genevestigator.com) (Figure 3.8).
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Figure 3.8 Genevestigator expression profile indicates that maximal expression of
AT3G51590 during plant development is in floral  organs

(https://lwww.genevestigator.com
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SALK_052271 TBNA insertion and primer positions are shown in Figure 3.9.
Genotypingof SALK_052271T-DNA KO plants identified 5 homozygous lines
alongside 2 Columbia wildtypes (Figure 3.10 lan&y.JActin RT-PCR was used

as background control for detecting for gene specifidR (Figure 3.10). Gene
specific RFPCR revealedhe expression level of the gene in the homozygous
plants was reduced, but expression still occurred (Figure 3ThiExefore despite
homozygous insertions in SALK 052271, expression of At3g51590 were still
seen, although this was reduced compared to wild type (Figure 3.11, sample 4).
None of the 5 homozygous KO lines had a male sterility, or altered vegetative
phenotype wherconpared to the wild type (Col)The lack of the mutant
phenotype could be due to gene redundancy or position offi¢ATinsertion in

the 5’ end of the gene allowing the gene to be expressed.

AT3G51590

RP SALK_052271 RCF

/note=/note=/note=T-DNA
LP SALK_052271 F

AT3G51600 AT3G51580

: /note=SALK 052271 :

600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200 7800 8400
AT3G51590 GOI

- ¢
5 UTR 3 UTR

Figure 3.9 T-DNA localisation map of SALK _052271AT3G51590). Purple
bold arrow represent the direction of the coding sequence for the gene of interest
AT3G5159Q its wupstream gene (AT3G51600) and downstream gene

(AT3G51680) are represented by bold green arrows pointing in the direction of
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the coding saeence. Black thick vertical line shows sequencddNA flanking
region, black arrowhead shows approximatBNA insertion point and direction,
black vertical thin lines show Left primer (LP) and Right Primer (RP) used for
genotyping and expression analysis (refer to Table 3.3 and 34 for detailed primer

information).

Col
DNA SALK 052271

M [ (R — 4 5 6 7 )

1.2kb

360bp T-DNA-Insert Band

Figure 3.10Genotyping analysis cArabidopsiswildtype Columbia ecotype and
SALK 052271 AT3G51590)mutant (Two gene specific and thBb1.3 primers
were used see Table 3.3)he PCRproducts were separated on a 1% (w/v)
agarose gel with the Hyperladder 1 (Bime.com) as molecular markefwo
Wildtype Col genomic DNAwere used as positive controls (numbere?).1Five
lines numbered-3 were identified as homozygous with 415bp sizéhe T-DNA
insert. (M=Molecular marker, Col cDNA= Columbia cDNA, HM=Homozygous

mutant cDNA and Col gDNA= Columbia genomic DNA).
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Col Col
M <DNA HM pgDNA

(A) ACTIN RT-
PCR

415bp

Ccl Cal
M DNA HI sDNA

| oty

4

(B) GENE SPECIFIC
RT-PCR

*7300111)

Figure 3.11 Gene expression analyses by -RCTR of AT3G51590 in

-

inflorescences fromArabidopsis wildtype Columbia ecotype and mutant
inflorescences 08ALK _052271(For primers used refer to Table 3.4he PCR
products were separated on a 1% (w/v) agarose gel with the Hyperladder 1 (Bio
line.com) as molecular weight marke(A) Expression analysiwas normalized

to ACTIN7. (B) Gene specific RPPCR amplification ofSALK 052271 (sample

4) alongside the wildtype Columbia ecotype cDNA and genomic DNA positive
controls (M= Molecular marker Col cDNA=Wildtype Columbia cDNA,
HM=Homozygous mutant cDNA (sate 4). Col gDNA= Columbia genomic
DNA. The size of cDNA product is predicted to be the same as genomic DNA

because of lack of introns in the region amplified.

3.4.3 T-DNA INSERTIONAL MAP AND GENOTYPIC ANALYSIS OF
AT5G49070 (BKETOACYL -COA SYNTHASE 21): SALK_ 089611

T-DNA

AT5G49070 encodes KCS21, a member of thket®acylCoA synthase
family involved in the biosynthesis of VLCFA (very long chain fatty acids).
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The Genevestigator profile (Figure 3.12) shows that the gene is expressed
throughout plant growth, but is highest in floral organs

(https://www.genevestigator.com).
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Figure 3.12 Genevestigator expression profile indicates that maximal expression
of AT5G49070 during plant development is in floral organs

(https://www.genevestigator.com

SALK _089611T-DNA insertion and primer positions are shown in Figure 3.13.
Genotyping(Figure 3.14) of SALK_08961T-DNA KO plants identified all8

plants as segregating wildtype lines with no male sterility phenotype andtieeref

no further analysis was carried out on this SALK liide lack of a mutant
phenotype could have been due to gene redundancy; further analysis could be

done on this line by using mutant combinations if they belong to a small gene
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family, or by using RNAi to silence multiple gene members by targeting

conserved regions in the gene family.

AT5G49070

Inote=5g49070_3160
Inote=At5g49070_3904R

RP SALK089611 F

LP SALK089611 RCF Inote=/note=/note=/note=/note...

Inote=/note=/note=/note=/note=/note=/note=/note=T-D...

Inote=AT5G49060 N GOl AT549070 at5g49080 .
| I | >

T T T T T T T T T T T T T T T
400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 5200 5600 6000

Figure 3.13 T-DNA localisation map of SALK_ 089611 (AT5G4907®urple

bold arrow represent the direction of the coding sequence for the gene of interest
AT5G4907Q its wupstream gene (AT3G49060) and downstream gene
(AT3G49080) are represented by bold green arrows pointing in the direction of
the open reading frame. d@&lk bold arrow shows sequenceeDNA flanking
region, black arrowhead shows approximat®NA insertion point and direction,
black vertical thin lines show Left primer (LP) and Right Primer (RP) used for

genotypic and gene expression analysis.

76



Col
DNA SATK 0892611

4 [1] T

A 1

(]
]

S 8 9 10

<+—1.0kb

Figure 3.14 Genotyping of SALK 089611 (AT5G49070JTwo gene specific and the
LBb1.3 primers were used see Table 3.3). The PCR products were separated on a 1%
(w/v) agarose gel with the Hyperladder 1 (Hiime.com) as molecular weight marker
Wildtype Columbia ecotype was used as positive control (numbeBdd@enotyping
identified all eight SALK 089611 lines segregatingas wildtype (numbered -B0).
(M=Molecular marker, Col cDNA= Columbia cDNA, and Col gDNA= Columbia

genomic DNA).

3.4.4 T-DNA INSERTIONAL MAP AND GENOTYPIC ANALYSIS OF
AT1G66850 (PROTEASE INHIBITOR/SEED STORAGE/LIPID

TRANSFER PROTEIN): SALK_018008 KO

AT1G66850 encodes a protease inhibitor/seed storage/lipid transfer pratéin (L
family protein. The Genevestigator profile shows that the genexpsessed
throughout plant growth but is highest in floral orgaffSigure 3.15).
SALK_018008T-DNA insertion and primer positions are shown in (Figure 3.16

A total of 11 SALK 018008plants were analysed and 3 of them segregated as
wildtype and 6 were heterozygous (Figure 3.Heterozygous lines could be

grown further to allow analysis of recessive alleles after segregation
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Figure 3.15: Genevestigator expression profile indicates that maximal expression
of AT5G66850 during plant development is in floral organs

(https://www.genevestigator.com

AT1G66850 GENOMIC FORWARD

RP SALK018008 RCF

5'UTR

Inote=/note=T-DNA
3 UTR
¢
TDNA
LP SALK018008 F
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Figure 3.16: T-DNA localisation map of SALK 018008 AT5G66850.Purple bold

arrow represent the direction of the coding sequence for the generestAt1g6685Q

its upstream gene (At1g66840) and downstream gene (Atlg66852) are represented by
bold green arrows pointing in the direction of the coding sequence . Black bold arrow
shows sequenced-DNA flanking region, black arrowhead shows approximaieNA
insertion point and direction, black vedl thin lines show Left primer (LP) and Right

Primer (RP) used for genotypic analysis
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DNA SALK 018008

M 1 2 3 4 5 6 7 8 9 10 11 12

+—0.7kb (T-DNA
insert band)

Figure 3.17 Genotyping analysis of Arabidopsis wildtype Columbia ecotype and
SALK_ 018008 (AT5G66850jTwo gene specific and theBb1.3 primers were used see
Table 3.3).The PCR products were separated on a 1% (w/v) agarose gel with the
Hyperladder 1 (Bidine.com) as molecular weight marker. Wildtype Col genomic DNA
was used a positive control (numbered 1) and Out of 11 SALK_018008aliradgsed

four segregated wildtype (numbered 3, 10, 11 and 12), sesza heterozygous
(numbered 2, 4, 5, 6, 7, 8 and 9). M=Molecular marker, WT Col DNA=Wildtype

Columbia genomic DNA.

3.45 T-DNA INSERTIONAL MAP AND GENOTYPIC ANALYSIS OF

AT3G28740(CYTOCHROM E P450): SAIL_743

AT3G28740 encodes a member of the cytochrome p450 family protein.
Genevestigator expression profile shows that the gene is expressed throughout
plant growth but is highest during the seedling stage (Figure $A8). 743 T-

DNA insertion and primer positions are shown in Figure 3.19. A total of 14 plants
were genotyped and all of thesegregated asvildtype when compared to
Columbia(Figure 3.20) Consequently no further analysis was carried out on this
line. In future more plants from this mutant could be screened for homozygous

individuals exhibiting male sterile phenotypes.
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Figure 3.18 Genevestigator expression profile indicates that maximal expression
of At3g28740 during plant development is during seedling stages

(https://www.genevestigator.com.

At3g28740 gDNA + flanking-2
T-DNA SALK seq
primer=1615R
Exon 1

primer=725F _
I s ) )
|

I [ I I I I I
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

Figure 3.19T-DNA localisation map irBAIL_743 (AT3G28740)Purple arrows
represent exons and the direction of the coding sequence for the gene of interest
AT3G28740 Black horizontal box shows approximateDNA insertional
position. Red horizontal box shows sequenceDNRA flanking region, green

and red vertical box show Left primer (LP) and Right Primer (RP) respectively

used for genotypic analysis.
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Figure 3.20Genotyping analysis GAIL_743 (AT3G28740)Two gene specific

and thelLBDb1.3 primers were used see Table 3.3). The PCR products were
separated on a 1% (w/v) agarose gel with the Hyperladder diiBioom) as
molecular weight markerGenotypng PCR identified all 14SAIL_743 as
segregating wildtype (numberedl18). Wildtype Columbia ecotype was used as
positive control (numbered-2). M=Molecular marker, WT Col DNA=Wildtype

Columbia genomic DNA.

3.4.6 T-DNA INSERTIONAL MAP AND GENOTYPIC ANALYSIS OF
AT1G27770 AUTO-INHIBITED CA2+ -ATPASE 1/ PLASTID

ENVELOPE ATPASE 1: SALK_107728

At1g27770 encodes a chloroplast envelope GaPPase with an Nerminal auto
inhibitor. The Genevestigator profile shows that the gene is expressed
significantly throughout plant growth (Figure 3.213ALK 107720 TFDNA

insertion and primer positions are shown in (Figure )3.&&notypic analysis
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showed that 3 plants were heterozygous and 11 were homozygous (Figure 3.23).
Homozygous lines showed moale sterilephenotype. This could have been due

to position of the IDNA insertion in the 3’ end of the gene allowing it to be
expressed. An alternative approach would be to an®{kg27770with the T

DNA insertion in the exomr by using alternative mutagenesis options e.g. RNAI

gene silencing
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Figure 3.21 Genevestigator expression profile indicates that expression of
AT1G27770 occurs throughout plant development

(https://www.genevestigator.com
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AT1G27770 GENOMIC FORWARD

Inote=Atlg27770_7521R

/ note=At1g277|70_6572F

Inote=RP SALK107728.34.00 F
LP SALK107728.34.00 R
3 %TR
5'%’TR T-DNA
AT1G27780 GOl ATIG27770 ATIG27760
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Figure 3.22 Figure 3.16: TDNA localisation map ofSALK_ 107728 AT1G27770).

Green bold arrow represent the direction of the coding sequence for the gene of interest
AT1G2777Q its upstream gene (AT1G27780) and downstream gene (AT1G27760) are
represented by bold red arrows pointing in the direction of the coding sequence. Black
arrowhead shows approximateDNA insertion point and direction, black vertical thin

lines show Lefprimer (LP) and Right Primer (RP) used for genotypic analysis.

Col
DNA  SALK 107728
M 1 2 3 4

< l.4kb
“+— 0.9kb

SALK 107728
5 6 7 8 9 10 11 12 13 14

< Ldkb

<+— 0.9kb (T-DNA
insert-hand)

Figure 3.23 Genotyping analysis oBALK_107728(AT1G27770)(Two gene specific

and theLBb1.3 primers were used see Table 3.3). The PCR products were separated on a
1% (w/v) agarose gel witthe Hyperladder 1 (Biine.com) as molecular weight marker
Genotyping PCR identified three lines as heterozygous (numbered 3, 11 and 12) and
eleven as homozygous with 900bp size of tHeNA insert. Wildtype Columbia ecotype

was used as positive contaumbered 12). M=Molecular marker.
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3.4.7 T-DNA INSERTIONAL MAP AND GENOTYPIC ANALYSIS OF
AT5G17050 ANTHOCYANIDIN 3 -O GLUCOSYLTRANSFERASE:

SALK_049338

AT5G17050 encodes an Anthocyanidin -G-glucosyltransferase which
specifically glucosylates the -@sition of the flavonoid &ing. The
Genevestigator profile indicates that the gene is expressed throughout plant
development (Figure 3.243ALK 049338 TPNA insertion and primer positions

are shown in Figure 3.2Bll 10 plants genotyped weidentified asheterozygous
(Figure 3.26) In future allowing this generation to segregate would provide

homozygous lines which could then be analysed for male sterile phenotype.
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Figure 3.24 Genevestigator expression profile indicates that expression of
AT5G17050 occurs throughout plant development

(https://www.genevestigator.com).
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AT5G17050 GENOMIC FORWARD

RP SALK049338.56.00 F
LP SALK049338.56.00 RCF

Inote=T-DNA-049338

Inote=SALK_049338 seq
5UTR 3 UTR
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Figure 3.25 T-DNA localisation map of SALK 049338AT5G17050).Green

bold arrow represent the direction of the open reading fram&Ti66G17050Q the
upstream geneAlT5G17060Q anddownstream gené\T5G1708() are represented

by red arrows pointing in the direction of the coding sequence. Black arrowhead
shows approximate-DNA insertion point and direction, black vertical thin lines

show Left primer (LP) and Right Primer (RP) useddenotype analysis.
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Figure 3.26 Genotyping analysis 0SALK 049338 AT5G17050)(Two gene
specific and the_Bb1.3 primers were used see Table 3.Bhe PCR products
were separated on a 1% (w/v) agarose gel with the Hyperladder-lin@&imom)
asmolecular weight markeGenotyping PCR identified all SALK _04933i8es

as heterozygous (numberedl3). Wildtype Columbia ecotype was used as

positive control (numbered 2). M=Molecular marker.
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3.4.8 T-DNA INSERTIONAL MAP AND GENOTYPIC ANALYSIS OF
AT3G04120 (GLYCERALDEHYDE -3-PHOSPHATE

DEHYDROGENASE-C- SUBUNIT): SALK_129085

AT3G04120 encodes for a Cytosolic GADPH (C subunit) involved in the
glycolytic pathway, but also interacts with,® potentially placing it in a
signalling cascade induced by ROS (htypaiv.arabidopsis.org/serviets/). The
Genevestigator profile showed that the gene is expressed throughout plant growth
(Figure 3.27). SALK_129085-DNA insertion and primer positions are shown in
Figure 3.28Genotypc analysis identifie® plantsaswildtype and 1 homozygous

line (Figure 3.29)The homozygous line exhibited no male sterile phenotype. This
could have been due to the position eDNA insertion in the 3’ end of the gene.

In future AT3G04120could be analysed with a-DNA insertion in the exon

region, or by using alternative mutagenesis options.
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Figure 3.27 Genevestigator expression profile indicates that expression of
AT3G04120 occurs throughout development (https://www.genevestigator.com).
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AT3G04120 GENOMIC FORWARD

LP SALK129085.47.95 F

RP SALK129085.47.95 RCF

Inote=/note=/note=T-DNA SALK...

Inote=SALK_129085seq
>
5 UTR 3' AT3G04120
<>
AT3G04110 GOl AT3G04120 AT3404130
T T T T T T T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 9500

Figure 3.28T-DNA localisation map oSALK 129085 AT3G04120).Blue bold

arrow represents the direction of the coding sequence for the gene of interest
(AT3G04120) the upstream geneA(3G04110 and downstream gene
(AT3G04130Q are represented by red arrows pointing in the direction of the
coding sequence. Black arrowhead shows approximate T-DNA insertion point and
direction, black vertical thin lines show Left primer (LP) and Right Primer (RP)

used for genotypic analysis.

DNA SALK 129085
5 ] 7 8 9 10 11 12

1.0kb
4— (.81h (T-DNA insert-
band)

Figure 3.29 Genotyping analysis of SALK _12908&T3G04120)(Two gene specific

and theLBb1.3 primers were used see Table 3.3). The PCR products were separated on a
1% (w/v) agarose gel with the Hyperladder 1 (Bi@.com) as molecular weight marker
Genotyping PCR identified 9 as segregating wildtype (humbefed 8nd 1 homozygote

line with 800bp TDNA insert (numbered 12). Wildtype Columbia ecotype was used as

positive control (numbered?). M=Molecular marker.
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3.4.9 T -DNA INSERTIONAL MAP AND GENOTYPIC ANALYSIS OF
AT2G31210 (BASIC HELIX-LOOP-HELIX (BHLH) FAMILY

PROTEIN): SALK_022241

AT2G31210 encodes for a putative bHLH transcription factor, it contains an
InterPro domain Basic heklboop-helix dimerisation region bHLH; (InterPro:
IPR0O01092) and contains InterPro domain Hé&iep-helix DNA-binding.
Genevestigator expression profile shows that the gene is expressed throughout

plant growth but is strongly expressed in the floral organs (Figure 3.30).
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Figure 3.30Genevestigator expression profile indicates that maximal expression
of AT2G31210 during plant developmentis in floral organs

(https:/lwww.genevestigator.com
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SALK_022241 TBNA insertion and primer positions are shown in Figure 3.31
Genotypc analysis showed that @IALK _022241plants analysed werdentified

as heterozygouqFigure 3.32). The heterozygolises lacked a male sterility
phenotypefuture analysis of potential phenotypes in homozygous lines from the

segregating population of this line would be beneficial.

AT2G31210 GENOMIC FORWARD

RP SALK022241.20.50 RCF

Inote=T-DNASALK_022241

Inote=T-DNASALK_091867

LP SALK022241.20.50 F

Inote=SALK_022241seq 3 UTR
AT2G31200 > AT2G31215
5 UTR GOI AT2G31210
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Figure 3.31 T-DNA localisation map ofSALK_ 022241 (AT2G31210)Blue
arrow representhe direction of the coding sequence for the gene of interest
(AT2G31210) the upstream geneAT2G31200) and downstream gene
(AT2G31215) are represented by red arrows pointing in the direction of the
coding sequence . Black arrowhead shows the approxim&iBlA insertion
point and direction, black vertical thin lines show Left primer (LP) and Right

Primer (RP) used for genotypic analysis.
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Figure 3.31 Genotyping analysis 06ALK 022241 (AT2G31210JTwo gene
specific and the.Bb1.3 primers were used s€kable 3.3). The PCR products
were separated on a 1% (w/v) agarose gel with the Hyperladder-lin@&mom)
as molecular weight markeBenotyping PCR identified all SALK_022241KO
lines as heterozygous (numberedlB). Wildtype Columbia ecotype was usesl

positive control (numbered 2). M= Molecular marker.
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3.4.10 T-DNA INSERTIONAL MAP AND GENOTYPIC ANALYSIS OF

AT1G06170 (BASIC HELIX-LOOP-HELIX): SALK_090231

AT1G06170 encodes for a putative basic htip-helix (bHLH) DNA-binding
superfamily protein, which functions in DNA binding, as a sequspeeific
DNA binding transcription factor activity. The Genevestigator profile showed tha
the gene is expresseardughout plant growth but expression is highest in floral
organs(Figure 3.32). SALK 090231 -DNA insertion and primer positions are
shown in Figure 3.33Genotypic analysis identified all five lines segregating as

wildtype (Figure 3.34); no further woskas carried out on thige.
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Figure 3.32Genevestigator expression profile indicates that maximal expression
of AT1G06170 during plant development is in floral organs

(https://lwww.genevestigator.com
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Figure 3.33 T-DNA localisation map of SALK 090231 (AT1G0617(Blue arrow
represents the direction of the coding sequence for the gene of iA@EBES06170
Black arrowhead shows approximateDNA insertion point and direction, black vertical
thin lines show Leftprimer (LP) and Right Primer (RP) used for genotypic analysis.
Black arrowhead shows approximatdDNA insertion point and direction, black vertical

thin lines show Left primer (LP) and Right Primer (RP) used for genotypigsanal

Cal
DNA SALK 090131
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#+—1.5kb

Figure 3.34 Genotypirg analysis ofSALK_090231 (AT1G06170)Two gene specific

and theLBb1.3 primers were used see Table 3.3). The PCR products were separated on a
1% (w/v) agarose gel with the Hyperladder 1 (Bi®.com) as molecular weight marker
Genotyping PCR analysis identified all five SALK_ 090231 AT1G06170 KO lines
segregating as wildtypes (Numbered)2 Wildtype Columbia ecotype was used as a

positive control (numbered 1). M= Molecular marker.
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3.4.11 T-DNA INSERTIONAL MAP AND GENOTYPIC ANALYSIS OF

AT3G12760 CALCIUM ION BINDING (MBK21): SALK_143248

AT3G12760 is similar to calcium ion binding [Arabidopsis thaliana] (TAIR:
AT1G15860.1 and SM1ONicotiana tabacuh(GB: ABI49160.1) proteins and
contains an InterPro Ubiquitiassociated domain. The Genevestigator profile
shows that the gene is expressed throughout plant growth (Figure 3.35);
SALK 143248 TBNA insertion and primer positions are shown in Figure .3.36
Genotypic analysisdentified all 12 SALK 143248 plantssegregating asvild

type (Figure 3.37)and consequently no more work was carried out onSAIsK

line.
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Figure 3.35: Genevestigator expression profilendicates that expression of
At3g12760 is throughout plant development is in floral organs

(https://www.genevestigator.com).
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AT3G12760 GENOMIC FORWARD

RP SALK143248.32.45 F
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Figure 3.36 T-DNA localisation map of SALK 143248 (AT3G1276®lue
arrow represents the direction of the open reading fram@&T&G17050 the
upstream geneAT5G17060)and downstream genAT5G1708() are represented

by red arrows pointing in the direction of the coding sequence. Black arrowhead
shows approximate-DNA insertion point and direction, black vertical thin lines

show Left primer (LP) and Right Primer (RPeddor genotypic analysis.
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Figure 3.37 Genotyping analysis oBALK_ 143248 (AT3G12760(Two gene
specific and the_Bb1.3 primers were used see Table 3.Bhe PCR products
were separated on a 1% (w/v) agarose gel with the Hyperladder-lin@&mom)
as molecular weight markeGenotyping PCR identified all 12 SALK 143248
lines segregating as wildtype (numbered3}. Wildtype Columbia ecotype was

used as positive control (numbered 1). M= Molecular marker.
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3.5SUMMARY OF SALK INSERTIONAL MUTANT ANALYSIS

Eleven insertional mutants of putative targets of AMS were analysed by
genotyping and phenotyping, this data is summarised in Tablen8.5able 3.6
However except foAt3g13220(ABC transporter protein) homozygous lines the
rest of the SALK KO lines atygsed had normal growth characteristics compared

to the wild type Columbia, regardless of some of them being homozygous lines.

Table 3.5Summary of analysis of insertional mutants of possible regulatory targets of

AMS.
Gene AGI Insertiona | Location | Homozygou | Expressio | Phenotype
Code | mutant of T- s lines/ n of gene
line DNA Total plants | in mutant
insert analysed
ABC AT3G1 | SALK_06 | Exon 3/15 No Male
transporter | 3220 2317 sterility in
protein homozygo
(WBC27) us line
Lipid AT3G5 | SALK_05 | 5'UTR 5/5 Yes Fully
Transfer 1590 2271 fertile
Protein
(LTP12)
3- AT5G4 | SALK_08 | Exon 0/8 N/A Fully
Ketoacyt | 9070 9611 fertile
Coa
Synthase
21
Protease | AT1G6 | SALK 01 | 5'UTR 0/9 N/A Fully
inhibitor 6850 8008 fertile
LTP
(CYTOCH | AT3G2 | SAIL_743 | Exon 0/14 N/A Fully
ROME 8740 fertile
P450)
ACAL, AT1G2 | SALK_10 | 3'UTR 11/14 N/A Fully
CAZATPa | 7770 7728 fertile
se
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Table 3.6Summary of analysis of insertional mutants of possible regulatory targets of

AMS

Gene AGI Insertional | Location Homozygous| Expression | Phenot

Code | mutant of T-DNA | lines/ Total | of genein | ype

line insert plants mutant
analysed

Anthocyan | AT5G | SALK_049 | Exon 0/10 N/A Fully
idin  3-0- | 17050 | 338 fertile
glucosyl
transferase
; UDP-
GLUCOS
YL
TRANSFE
RASE
78D2,
Cytosolic | AT3G | SALK_129 | Exon 1/10 N/A Fully
GADPH 04120 | 085 fertile
(C subunit)
bHLH AT2G | SALK_022 | 5'UTR 0/9 N/A Fully
protein 31210 | 241 fertile
bHLH AT1G | SALK 090 | Exon 0/5 N/A Fully
protein 06170 | 231 fertile
MBK21 AT3G | SALK 143 | 3'UTR 0/12 N/A Fully

12760 | 248 fertile

3.6 DISCUSSION AND CONCLUSIONS

The work described here was specifically focused on characterization of genes
that have been proposed to be regulateAMp based upon previous microarray
data analysis (Wilson and Zhang groups UoN and SJTU). During these studies,
morphological observations of male fertility on SALK mutants and wildtype
anthers coupled with molecular biology analyses showed how the effect of T
DNA insertion can alter gene expression levels. Out of 11 SALK insertional lines

amalysed onlyAT3G13220(ABC transporter protejnmutant exhibited complete
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silencing in the homozygous line. The remaining SALK insertion mutant lines had
no clear phenotype and in particular no effect on male fertility despite sbme o
them being homozygous. For example homozygous insertions in SALK 052271
still showed expression of At3g51590, although this was reduced compared to
wild type (Figure 3.11, line 4). None of the 5 homozygous KO lines had a male
sterility, or vegetative phenotype when comparedh® wild type (Col).This
maybe a consequence of the low level of expression still remaining in the
homozygous mutant, or may be a reflection of it functioning as a member of a
multigene family that exhibit redundancy or highly specialized functions.rOthe
related family members that may be acting redundantly with this gene include
AT2G38540/LTP1, AT2G38530/LTP2, AT5G59320/LTP3, AT5G59310/LTP4,
AT3G51600/LTP5, AT3G08770/LTP6, AT2G15050/LTP7, AT2G18370/LTPS,
AT2G15325/LTP9, AT5G01870/LTP10, AT4G33355/LTP11,
AT3G51590/LTP12, AT5G44265/LTP13 and AT5G62065/LTP14

(http://www.arabidopsis.org).

In addition other homozygous insertions tha not show any male sterility or
vegetative phenotype when compared to the wild type (&el)SALK 107720
(AT1G27770) Figure 3.23)and SALK_129085 (AT3G04120) (Figure 3.29)
This result may be a reflection of them functioning as members of multigene
families that exhibit redundancy or highly specialized functiGtedated family
members, which may be acting redundantly with AT1G27770 and possibly
directly connected with AT1G27770 on the network includ&5G66210Q
AT4G12720, AT4G12720, AT2G47060, AT4G02200, AT5G47910, AT1G22510

AND AT5G46470 (http://atted.jp/data/lous/Atlg27770.shtml). Other related
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family members which may be acting redundantly with AT3G04120 and possibly
directly connected with AT3G04120 on the network includ&2G39730,
AT3G60750, AT4G13930AT4G39330 andATCG00490 Lozanodusteet al,
2011). Further studies on AT3G1322tave been performed b¥u etal. (2010)

who determined thaAT3G13220 (WBC27 is a direct target of ABORTED
MICROSPORES (AMS), whichdirectly binds the promoter regions of
AT3G13220 and also 12 other genes (Figure 3.38). This was performed through
ChIP-PCR followed by an electrophoretic mobility shift assay (EMSA) with AMS
and the promoter region (—213 to —37) of the ABC transporter WBC27
(At3g13220); these datonfirmed that AMS directly regulates the eagsion of

the ABC transporterWBC27 (At3g13220). Since the ABC (AT3g13220) is
essential for pollen wall development and is directly regulated by AMS as
reported by Xuet al, 2010, it also supports a role for the AMS pathway in the
transport of pollen walmaterials (Figure 3.39)In addition to studies performed

by Xu et al, (2010), Quilichinietal., (2010) further suggested that the ABC
transporter ABCG26At3g13220)has a function in pollen exine development and

the later degeneration of pollen.

Further studies by Chat al, (2011) and Dot al, (2011) havedemonstrated

that tapetal expression of the ABC transporter ABCG26 is essential foalnorm
exine formation in microspores, and therefore for normal viable pollen
production. In these studies, the developmentalofg26 mutant pollen was
observed closely, and severely defective exine structure was identified as the
possible cause of the later degeneration of rabsg26pollen. In line with this

explanation, Choet al, (2011) found aberramtternal structures in tapetum cells
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at the early bicellular stage of tldcg26 mutant which most likely originate

from failure to deliver precursors of the exine structure to the outsitte afells.

Taken together, the results of these concurrent independent studies strongly
support the suggestion that ABCG26 is involved in the tratesjpmm of pollen

wall precursors from the tapetum to the anther locules andsgmabpollenin
precursors are the most likely substrates&BCG26/WBC27(Choiet al, 2011)

and that AMS controls exine formation at least partly via regulatioWBC27

expression (Xeet al, 2010),
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Figure 3.38: qChIPPCR analysis of the enrichment of AMS regulatory targets
and the predicted-Boxes in their promoter regions. Fold enrichment calculations
from qPCRassays in three independent ChlIP experiments. The predittexes

are indicated as vertical black lines in the promoter regions of the AMS targets,
and the PCR amplicons used for ClglPCR containing the -Boxes are
underlined. Fold enrichment data wesealysed to calculate the fold change

between the ChIP (ariMS immune serum) and rantibody control, and all of
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http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2828693/figure/fig3/

the targets tested were present at higher amounts in the sample wiM&nti

serum than in the no-AMS antibody preimmune precipitationgial, 2010).
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Figure 3.39Model for the Role of AMS during Anther and Pollen Development.
AMS regulates a number of direct and downstream regulatory targets related to
tapetal PCD and pollen wall formation and interacts with a number of proteins
assocated with anther and pollen development. This model provides an indication
of the regulatory network for anther development. LTP, lipid transfer protein;
CAT, carbohydrate transport and metabolism; AAT, amino acid transport and
metabolism. Arrows indicataegulation; lines with diamond ends indicate

interaction(Xu et al, 2010).

The finding of a large number of candidate anther regulatory genes, and other
genes with unknown functions, indicates that much remains to be discovered
concerning this important floral orgaMore work is required to get a fuller
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understanding of théunctional importance of the AMS regulatory pathway
Arabidopsisanther and pollen developmerithese results will provide insight

into the regulatory role of the AMS network during anther development.
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CHAPTER 4: FAST NEUTRON SEED

MUTAGENESIS TO IDENTIFY FACTORS

REGULATING MS1 EXPRESSION
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4. FAST NEUTRON SEED MUTAGENESIS TO IDENTIFY FACTORS

REGULATING MS1 EXPRESSION

Fastneutron mutagenesis has long been used for forward genetic studies in plants
(Li and Zhang, 2002)Forward Geneticsnvolves the use of mutagenesis to
identify genes of intexst that are associated with a given process that are defined
by a particular phenotypic change in a mutant. This is in contrast to reverse
genetics where gene sequences are selectively manipulated and associated
phenotypic changes investigated. Forwarchegies has typically entailed the
generation of random mutations in an organism, and then through a series of
breeding of subsequent generations to isolate individuals with an aberrant
phenotype associated with mutations at a single locus. Today thereaage
different means of generating aberrations and linking them to the observed
phenotypes. Fasteutron radiation is a highly efficient mutagen that produces
deletion mutations that are easily detectable by PCR; this method is therefore
extremely powerfuto enable forward and reverse genetic screens in most plant
species. In this study, focus was paid to identifying factors that regulate
expression of théS1gene. The approach that was used was to identify male
sterile mutants in which the expressionM$1was altered. This was visualised
using theMS1Prom:MSIGFP fusion protein to analyse the expression of MS1
(Yanget al, 2007) During this work novel male sterile mutants were identified in
which the MS1GFP fluorescent translational fusion protein showed changes in
stage specific expressioBackcrossingof these male sterile mutants with the
parental plants (carryinthe MS1Pom:MSX1GFP fusion construct) and timesl

mutantwas performed to confirm the mutations, remove additional mutations in
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the lines and check for allelism to thes1mutation. Crosses were also conducted

to enable mapping of the mutations.

4.1 METHODS

4.1.1 GENERATION OF MUTAGENISED SEED

Seeds oArabidopsisLandsbergrectaecotype carrying the MS1Prom:M&3IFP
(Yanget al, 2007) functional fusion was mutagenised at the HAS KFKI Atomic
Energy Research Institutesing fast neutrons to identify novel male sterile
mutants and genes that are impacting on the expression of MS1. Irradiation
geometry at BIF: 2Y/Cd (rotated) was selected to increase dose homogeneity. The
averaged water kerma dose rate for 2Y/Cd geometry was 437mGy/r8r0%s)

and all the seeds were @ged together to a nominal dose of 60 Gy 137 minute
net beam time. The inhomogeneity of dose distribution within one sample was
less than 1%. The overall dose uncertainty for the seeds was less than 5% and the
total surface gamma activity of the seeds rafteadiation was 100 BGND
[LBGND (background) ~ 90 nGy/h]. The total surface gamma activity of the seeds
at the time of collection was <2 BGND. Pools (124) of mutagenised M1 seeds
were grown for 6 weeks and each pool consisted of 25 plants; 300 seed$ of e
pool from the M1 population were subsequently grown and from 6 weeks
onwards this resultant M2 generation was phenotypically and microscopically
analysed for any abnormities in the morphology and functionality of the floral

organs (section 4.2.2).
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4.1.2 PHENOTYPIC ANALYSIS OF M2 MUTANT POPULATION

The M2 generation was analysed for any possible phenotype associated with male
sterility (lack of silique elongation and seed set, or abnormal floral structure)
compared to the wild typedr ecotype Plants that &d short siliques and did not
contain seeds, or had reduced numbers of seeds were further analysed for pollen
viability by Alexander staining (Alexander, 1969) to establish whether viable
pollen was presenfAny changes observed in the M2 plants were coetta the

wild type Ler ecotype and differences were recorded (section 4.3.1).

4.1.3 PHENOTYPIC AND MICROSCOPIC ANALYSIS OF F2 MUTANT

GENERATION

In order to rescue the M2 male sterile plants and also to test if the sterility was a
result of dysfunctional pollen, the M2 male sterile lines previously ardhligse

any possible phenotype were baxkhssed with théiIS1-GFP parental line. The
resulting F1 generation was allowed to self to form an F2 segregating population.
To ensure that the lines were free from additional mutations and to ‘clean up’ the
desired mutant line, the mutant plants were further backcrossed and then selfed, at
least three time® the MS1GFP parental line whilst selecting for the male sterile
phenotype in the segregating generations. To identify any changes in the stage
specific expression of MS1, microscopic observation of the fluorescent reporter
gene GFP (detailed method in Chapter 2 Section 2.7) were conducted for all of the
male sterile lines. Four male sterile mutants plants (2Y, 8A 12T and 17L)

exhibited altered MSGFP expression (section 4.3.2).
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4.1.4 COMPLEMENTATION TEST FOR ALLELISM

Four male sterile plants (2Y, 8A 12T and 17L) with altered NEFP expression

were identified and crossed to tms1mutant to determine whether their mutation
was a consequence of mutation of &1 gene. Heterozygous plants of the
mutant lines, which we fertile, were used to cross with thes1 homozygous
mutant. Table 4.1 shows the predicted segregation expected based upon

complementation, or novel mutations (section 4.3.3).

Table 4.1 Possible results expected from the cross betwashmutant and

heterozygous new male sterile MS1Prom:MSEP lines.

Possible mslttg Complementation Comments
genotype in the | genotype result
mutagenised
MS1Prom:MS1-
GFP line

All plants would be
fertile as both copie
of the MS1 gene in
the new male steril
MS1MS1 msimsl ms1MS1 MS1Prom:MS1
GFP line will be
normal and the ney
mutation will be
complemented by
the wild type version
in msimsl

W

1%

MSXmsx MSXMSX MSXmsx

50 % of plants will
be male sterile an
50% will be normal
as the mutation i
ms1MS1 msimsl ms1MS1 the MS1Prom:MSi
GFP mutant line is
in theMS1locus and
there will be no
complementation o
the phenotype.

msimsl
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4.1.5 MAPPING THE NOVEL MUTATION

Map-based cloning also called positiomédning is an approach that identifies the
underlying genetic cause of a mutant phenotype by looking for linkage to markers
whose physical location in the genome is knodan@eret al, 2002). The major
strength of this approach is the ability to tafp a nearly unlimited resource of
natural and induced genetic variation without prior assumptions or knowledge of
specific genesJanderet al, 2002). Essentially, we are looking at all of the genes
in the genome at the same time to find the ones that affect the male sterility
phenotype. It is a process of discovery that makes it possible to find mutations
anywhere in the genome, including intergenic regions and the 40% of Arabidopsis
genes that do not resemble any gene with known or inferred functioe (T
Arabidopsis Genome Initiative, 2000). We focused on male sterility as our mutant
phenotype of interest to identify novel male sterile mutants and genes that may be

impacting on the expression of MS1.

To generate an approximate map position for the mewe sterile mutant (2Y), a
segregating mapping population was generated from a cross between 2Y (in the
Ler background) and th&olumbia (Col) ecotype. The F1 generation was
allowed to self and then the subsequent F2 segregating generation was screened
for the presence of male sterile mutants for fa@ss mapping. Leaves were
harvested and used for DNA analysis for the entire male sterile plants in this
segregating population. The DNA samples were analysed using 16 PCR markers
corresponding to each chromosomal arm (Figure 4.1) (Table 4.2) to define genetic

linkage to one or more of the markers that contained the gene of interest.
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The primers were initially tested on genomic DNA frédwabidopsiswild type

Ler and Col ecotypes to confirm the product sizes they would amplify and the
presence of polymorphisms. The male sterile lines were compa€sal émdLer

and scored for their genotype at each marker to identify recombinant around the
mutant locus. The data were then analysed for distortion of seigregasociated

with the mutant locus. Mappiagsolution was principally determined by the size

of the mapping population and marker density; therefore 600 F2 plants were
grown for male sterility screening and segregation analysis. From the 608 plant
grown male sterile lines were generated and PCR analysis was performed on these

lines with 16 molecular markers (Table 4.2) (section 4.3.4).

TAIR SeqViewer Whole Genome View
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Figure 4.1 Map positions of PCR markers on the five Arabidopsis chromosome
arms. Molecular markers (PCR primers; 16) are marked in red vertical lines.
Green lines represent the 5 Arabidopsis chromosomes. Blue circles indicate the

centromeric region.
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Table 4.2 Molecular markers (PCR primers) used to map the gene of interest on its

chromosomes (www.arabidopsis.org/).

PCR GENE ID PRIMER PAIRs (5’-3") EXPECTED | EXPECTED | ANNEAL-
MARKER FOWARD PRIMER (F) SIZE (BP) SIZE (BP) ING
REVERSE PRIMER (R) COL LER TEMP.
(0
Chromosome| At1g07810 | (F)=Gttcacggacaaagagcctgaaat  >300 <300 55
1 (R)=aagcagtcaatattcaggaaggg
Chromosome| At1g09940 | (F)=tcatgacgtgaagaagaagaaa; >200 <200 55
1 (R)=catatcgctgctactaattttaaacaa
Chromosome| At1g30930 | (F)=tcaatgggatcgaaactggt 239 142 55
1 (R)=actgaaaagcgagccaaaag
Chromosome| At1g49610 | (F)= acattttctcaatccttactc <150 >150 55
1 (R)= gagagcttctttatttgtgat
Chromosome| At2g14890 | (F)=gaaactcaatgaaatccactt <200 >200 55
2 (R)=tgaacttgttgtgagctttga
Chromosome| At2g39010 | (F)=tcgtctactgcactgccg 150/151 130/135 55
2 (R)=gaggacatgtataggagcctcg
Chromosome| At3g11220 | (F)=ggattagatggggatttctgg 193 174 55
3 (R)=ttgctcgtatcaacacacag
Chromosome| At3g26605 | (F)=ccccgagttgaggtatt <200 >200 53
3 (R)=gaagaaattcctaaagcattc
Chromosome| At3g50820 | (F)= gttcattaaacttgcgtgtgt 190 215 55
3 (R)= tacggtcaagattgagtgattc
Chromosome| At4g01710 | (F)=ggttaaaaattagggttacga >150, <150 55
4 (R)=agatttacgtggaagcaat
Chromosome| At4g29860 | (F)=gcccagaggaaagaagagcaa 492 404 55
4 (R)=tgggaattcatgagagaatatgtgg
9
Chromosome| At4g10360 | (F)= gccaaacccaaaattgtaaaac 268 188 55
4 (R)= tagagggaacaatcggatgc
Chromosome| At5914320 | (F)= Ggcctaagaaccaaatcaaaad 225 271 55
5 (R)=cgtgatgaagtctccaagtacatg
Chromosome| At5g22545 | (F)=Tagtgaaacctttctcagat 100 >130 50
5 (R)= Ttatgttttcttcaatcagtt
Chromosome| At5g42600 | (F)= Cagacgtatcaaatgacaaatg 165 145 55
5 (R)= Gactactgctcaaactattcgg
Chromosome| At5g63640 | (F)= Gagcatttcacagagacg 200 >200 50
5 (R)=atcactgttgtttaccatta
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4.2RESULTS

4.2.1 PHENOTYPIC AND MICROSCOPIC ANALYSIS OF M2

MUTAGENISED SEED POPULATION

Phenotypic and microscopic analysis of plants from the M1 generation generally
showed normal growth characteristics compared to wild tygelants. The M1
mutant generation generally produced long siliques fuilhseed set, indicating

that the plants from this M1 generation were fertile (Figure 4.2). Visual
observation of M2 plants from different pools identified lines with male sterile
phenotypes with short siliques (Figure 4.3: Table 4:3A3B). Microsceic
observation of open flowers from these male sterile plants revealed that thee stigm
appeared normal, but no pollen was visible on the stigmatic surface (Figuje 4.4B
compared to wild typéer stigmatic surface that had visible pollen grains on its
surface (Figure 4.4A). The anthers of male sterile plants were empty of pollen
(Figure 4.4D), compared to wild tydeer which had released pollen onto the
stigma, and had anthers that contained viable pollen that stained pink with

Alexander stain (Alexander969) (Figure 4.4C).
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Figure 4.2 FastNeutron Mutagenised M1 generation carrying MS1Prom:MS1
GFP functional fusion. Each pool consisted of 25 plants and 124 pools were
harvested. The entire M1 plants showed normal growth characteristics when
comparedo wild type Ler plants, they produced long siliques with full seed set

an indication that the plants from this M1 generation were all fertile.

Figure 4.3 Silique phenotype of wildtypedr and an M2 mutanttA) The wild
type Ler ecotype was fertile with long siliques and full seed 4&}.Ni2 Male

sterile plants carrying MS1Prom:M&3FP.

111



Table 4.3A Analysis of M2 Fast Neutron Mutagenised population. Male sterile plants
were identified from the various pools analysed, these exhibited short siliquparedm

to the wild typeler ecotype. {-- = negative pollen viability).

POOL ID TOTAL ID NUMBER FOR SINGLE MALE PHENOTYPIC POLLEN
NUMBER | NUMBER | STERILE PLANTS REPRESENTED DESCRIPTION VIABILITY
OF BY EACH POOL
PLANTS
GROWN
1 300 1A Short siliques ---
1 300 1B Short siliques
1 300 1C Short siliques
1 300 1D Short siliques ---
2 300 2C Short siliques ---
2 300 2D Short siliques ---
2 300 2Y Short siliques
3 300 3A Short siliques
3 300 3B Short siliques ---
5 300 5A Short siliques ---
5 300 5B Short siliques
6 300 6A Short siliques
6 300 6B Short siliques ---
7 300 7A Short siliques ---
7 300 7B Short siliques
8 300 8A Short siliques
8 300 8B Short siliques ---
8 300 8C Short siliques ---
9 300 9A Short siliques
9 300 9B Short siliques
10 300 10A Short siliques ---
11 300 11A Short siliques ---
11 300 11B Short siliques ---
12 300 12B Short siliques
12 300 12T Short siliques
13 300 13B Short siliques ---
14 300 14A Short siliques ---
14 300 14B Short siliques
14 300 14C Short siliques
15 300 15A Short siliques ---
15 300 15B Short siliques ---
15 300 15C Short siliques
16 300 16A Short siliques
16 300 16B Short siliques ---
16 300 16C Short siliques ---
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Table 4.3B Analysis of M2 Fast Neutron Mutagenised population. Male sterile
plants were identified from the various pools analysed, these exhibited short

siligues compared to the wild typer ecotype. {-- = negative pollen viability).

POOL ID TOTAL ID NUMBER FOR SINGLE PHENOTYPIC POLLEN
NUMBER NUMBER MALE STERILE PLANTS DESCRIPTION VIABILITY
OF PLANTS REPRESENTED BY EACH
GROWN POOL
17 300 17L Short siliques
17 300 17C Short siliques
18 300 18A Short siliques
18 300 18B Short siliques
19 300 19A Short siliques
20 300 20A Short siliques
23 300 23A Short siliques
23 300 23B Short siliques
24 300 24A Short siliques
25 300 25A Short siliques
25 300 25B Short siliques
26 300 26A Short siliques
27 300 27A Short siliques
27 300 27B Short siliques
27 300 27C Short siliques
28 300 28D Short siliques
30 300 30A Short siliques
31 300 31A Short siliques
32 300 32A Short siliques
32 300 32B Short siliques
33 300 33A Short siliques
37 300 37A Short siliques
38 300 38A Short siliques
43 300 43A Short siliques
45 300 45A Short siliques
45 300 45B Short siliques
45 300 45C Short siliques
47 300 47A Short siliques
50 300 50A Short siliques
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Figure 4.4 Phenotypic analysis of open flowers of Wild tyjper and M2 male
sterile plants carrying MS1Prom:MS3FP functional fusion(A) Wild type Ler

flower with pollen grains on the stigmatic surface and on the dehisced ari®)ers. (
Pistil from an open flower of an M2 male sterile line carrying\t&LProm:MS1-

GFP functional fusion, no pollen is visible on the stigm@) @nther from wild

type plant showing viable pollen after Alexander stainiiy). Anther from M2

male sterile plant after Alexander staining, but with no intact pollen detedted. T
figures are representative of the typical phenotype seen in the male sterile

mutants. Bar=5@m.

4.2.2 PHENOTYPIC AND MICROSCOPIC ANALYSIS OF F2

MUTAGENISED SEED POPULATION

The aim of the mutagenesis was to identify mutations, which were effecéng th

expression of MSGFP. Plants were analysed by fluorescent microscopy and
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then detailed confocal microscopy forS®GFP expression. Out of 64 male
sterile lines identified only 4 plants including 2Y, 8A, 12T and {Figure 4.5)
exhibited altered MSGFP expression (Figure 4.6 and 4.7). In the wild type,
MS1-GFP is typically transiently expressed in the tapetummftbe callose
release to the free microspore stage (Figure 4.6B). However in the mutants with
altered MS1GFP expression this was extended beyond microspore release and
maintained during pollen mitosis 1 (Figure 4-6Gnd 4.7CF). Mutant lines 2Y,

8A, 12T and 17Lwere subjected tallelism tests to determine whether they

carried novel mutations or further allelic mutations ofM&lgene (Table 4.3).

MS1-GFP
PARENTAL LINE

Figure 4.5 Phenotype of F2 male sterile mutant lines. The male sterile lines all
exhibited short siliques, increased flower number and altered-GFFL

expression pattern compared to the wild type NEFR parental line.
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Figure 4.6 visualisation of MSAGFP expression inArabidopsis wild type
Landsbergerectaecotype and male sterile mutantsB: wild type) C-D: 2Y
mutant) E-F: 8A mutant): (A) Representative wild type plant carrying the
MS1Prom:MS1GFP functional fusion protein ia bright field image of a wild

type antherduring tetraspore stage when microspores are released from the
tetrads.(B) Functional MS1GFP expression in the tapetum of wild type anthers.
(C) Bright field image of 2YMale sterile mutant antheD] 2Y mutarn showing
extended expression of MS1-GFP extended beyond microspore réiaBeght

field image of the 8Anale sterile mutant antheF)(8A mutant showing extended

expression of MS1-GFP beyond microspore release.
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Figure 4.7 Visualisation of MSiIGFP expression irmrabidopsiswild type
Landsbergerectaecotype and male sterile mutantsB: wild type) C-D: 12T
mutant) E-F: 17 mutant)(A) Representative bright field image of a wild type
anther that is carrying the MS1Prom:MS&EP functional fusion proteiduring
tetraspore stage when the microspores are released from the t€Bads.
Functional MS1GFP expression in the tapetum of wild type anth@}.Bright
field image of anther from the 12male sterile mutant.) 12T malesterile
mutant showing extended expression of M&AP beyond the microspore release
stage.(E) 17L Male sterile mutant anther showing chlorophyll fluorescer€g. (
17L mutant male sterile mutant showing extended expression of-GFFL
beyond microspore rehse.
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4.2.3 ALLELISM TESTS

The four mutants that were showing altered expression ofGFH protein were
crossed to themsl mutant to determine whether they were novel mutants, or
allelic versions of thenslmutation.Based upon this complementation analysis
(Table 4.4) line 17L showed a clear 1:1 segregation for sterility indicating that no
complementation of thenslmutation had occurred and that the mutation in this
line corresponded to th#S1 locus. Lines 8A and 12T also showed some
segregation of the makerile phenotype; this was slightly lower than expected
however suggests that the mutations in these lines are probably alsoM&1he
locus. Whereas crosses between line 2Y and the homozygsiisggmutant did

not show any male sterile progeny, suggestthat this line carries a novel
mutation that effects expressionME1,but is not within theMS1locus. Line 2Y

was therefore used for molecular mapping analysis to identify the location of the
novel mutation (Section 4.3.4). In addition to mapping analysis, further
phenotypic observation of floral organs of 2Y were made, which confirmed the
male sterility phenotype (short siliques with shrivelled anthers devoid of pollen)

(Figure 4.8 and 4.9).
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Table 4.4 Allelism tests for novel mutations amds1l Crosses were conducted between
heterozygous lines of the new mutants in the NE&P background and homozygous

mslttg plants. Chi-square analysis indicated avalue of <0.05 for the four lines

indicating that the observed deviation from the null hypgitheras significant.

MS1Prom
:MS1-
GFP line

Total
number
of plants
analysed

Number
of fertile
plants

Number
of male
sterile
plants

Probability

of the chi
squared

distribution

level of
significance

Possible
genetic
outcome

171

22

11

11

0.026564

P >0.05=
statistically
non
significant

MS1Prom:M
S1-GFP line
heterozygou
s for
mutation in
MS1lgene
and hence n(
gene
complement
ation
occurred.

- MS1
allele

12T

22

13

0.011276

P >0.05=
statistically
nor
significant

UNKNOWN
, possible
that genetic
complement
ation has not
occurred;
mutation
may be in
MS1locus

.- probable
MSlallele

8AN

22

15

0.004701

P >0.05=
statistically
nor
significant

UNKNOWN
, possible
that genetic
complement
ation has not
occurred;
mutation
may be in
MS1llocus

.- probable
MS1lallele

2Y

22

22

0.0002

P <0.05=
statistically
significant

Mutation in
MS1Prom:M
S1-GFP line
was
complement
ed bymslttg
mutant.

- novel
mutation
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Figure 4.8 Phenotypic analysis of open flowers &) (Wild type Ler and 8) F2

male sterile mutant 2Y carrying MS1Prom:MS&EP functional fusion.
Compared to WildLer MS1-GFP parent plant inA) 2Y in (B) displays short

siliques.
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Figure 4.9 Analysisof pollen viability of A) Wild type Ler and 8) F2 male
sterile mutant 2Y carrying MS1Prom:M&3FP functional fusion. Compared to
wild type anthers inA) which showed viable polleAnthersof 2Y open flowers

in (B) were devoid of pollen grains after Alexander (1969) staining.

4.2.4 MAPPING ANALYSIS FOR THE NOVEL MUTATION

The primers used as molecular markers were initially tested on genomic DNA
from Arabidopsiswild type Ler and Col ecotypes to confirm the product sizes
they would amplify and the presence of polymorphisms (Table 4.5) (Figure 4.10).
PCR analysis was subsequently performed on the segregating male sterile lines
from the mapping population. The male sterile limese compared to Col and

Ler and scored for their genotype at each marker to identify recombinants around
the mutant locus. Linkage was detected between 2Y and two of the PCR markers
used, At3g26605 and At5g22545, which lie on chromosomes 3 and 5 resigecti
(Table 4.6). Analysis of the regions associated with these genes identified a

number of previously characterised genes linked to anther and pollen development
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(Table 4.7 and 4.8). On chromosome 3 AT3G26550, AT3G26600 and
AT3G26618 were identified irthe region 26, 000 bp upstream, 5, 000bp
upstream and 25, 000 bp downstream, respectively, of the marker At3g26605. Of
these three genes, AT3G26600 has been shown to have an involvement in male
reproduction and to exhibit anther specific expression (Figure AT5522480

and AT5G22260 were analysed in the region 26, 000 bp and 113, 000 bp
upstream of the marker respectively, of these AT5G22260 (MS1) has an
involvement in male reproduction and shows anther specific expression (Figure
4.12) The marker on chromosome 5 (At5g22545) that showed linkage to the male
sterility locus in this analysis (Table 4.6) was closely associated witM8te

locus (Table 4.8). This and the distorted segregation of two regions associated
with the 2Y location may be a reflection of contamination and mapping aishe
mutation within this population. This could have been the result of the
ProMS1:MS1GFP line that was used to backcross to the 2Ymutant carrying the
ms1 mutation; this would therefore mean that timsl mutation wa mapped

alongside of the 2Y mutation.
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Table 4.5PCR analysis of genomic DNA froArabidopsiswild type Ler andCol
ecotype to confirm the product sizes they would amplify to test the presence of

polymorphisms.

GENEID | PRIMER |EXPECTED EXPECTED SIZE | PCR
SIZE (BP) (BP) LANDSBERG | ANNEALI -
COLUMBIA ERECTA NG TEMP.
(°C)
At1g07810 1 C >300 L<300 55
At1g09940 2 C >200 L<200 55
At1g30930 3 C =239 L=142 55
At2g39010 4 C<150 L >150 55
At3g11220 5 C<200, L >200 55
At3g50820 6 C 150/151 L= 130/135 55
At4g29860 7 C=193 L=174 55
At4g10360 8 C <200 L>200 55
At5g14320 9 C=190 L= 215 55
At5g42600 10 C >150, L <150 55
At5g22545 11 C= 492 L= 404 50
At5g63640 12 C= 268 L= 188 50
At1g49610 13 C=225 L= 271 50
At2g14890 14 C= 100 L >130 53
At3g26605 15 C= 165 L= 145 53
At4g01710 16 C =200 L>200 53
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10 11 12
M LI

Figure 4.10 PCR polymorphisms betweeer and Col for the 16 different
markers used for mapping the mutations on 5 chromosomal arms. C: Columbia, L:

Landsbergerecta Number represents primer number; M: marker.
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Table 4.6 Linkage analysis of 2Y mutation with molecular markers on all of the
Arabidopsis chromosome arms. &gjuare analysis indicated linkage between the 2Y
mutation and two markers, At5g22545 and AT3g26605.-v¥alpe of 0.05 or less is

usually regarded as statistically significant, i.e. the observed deviation fromullhe n

hypothesis was significant. Highlighted region equates to markers showing linkage.

SUM | SUM SUM | SUM OF Eip E?(P E?(P P-VALUE GENE
LER | HET COL | UNKNOWNS | LER HET | coL

29 24 15 | 16 17 34 |17 0.00295715 At1g07810
44 22 1 |7 19.25 385 | 19.25 6.12002E10 At1g09940
31 38 10 |5 19.75 395 | 19.75 0.003555568 | At1g30930
47 22 6 9 18.75 375 | 18.75 3.04532E13 At1g49610
62 5 8 7 18.75 375 | 18.75 7.62084E30 At2914890
57 2 10 | 14 17.25 345 | 17.25 6.30881E28 At2g39010
57 1 11 |13 17.25 345 | 17.25 3.5849E28 At3g11220
66 2 1 14 17.25 345 | 17.25 1.29121E40 At3g26605
44 8 12 |20 16 32 |16 1.71391E15 At3g50820
19 21 12 |32 13 26 | 13 0.14899446 At4g01710
19 24 13 | 28 14 28 |14 0.296922026 | At4g29860
26 30 16 | 12 18 36 |18 0.091731551 | At4g10360
57 4 7 16 17 34 |17 3.44557E28 At5g14320
68 6 3 7 19.25 385 | 19.25 1.80015E36 At5g22545
56 8 8 12 18 36 |18 4.41172E24 At5g42600
55 5 12 |12 18 36 |18 1.79402E23 At5g63640
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Table 4.7Previously characterised genes linked to anther and pollen development

that are associated with AT3G26605 marker.

GENE NAME

DESCRIPTION

REFERENCE

AT3G26618

Eukaryotic release factord
(ERF213) which functions in

translation release factor activity.

It is involved in translational
termination. Located in the
cytoplasm and expressed in mal
gametophyte, leaf, pollen tube. |
is also expressed during pollen
germination. It contains InterPro
domairs eRF1 domain 2 (InterPrg¢
IPR005141), eRF1 domain 3
(InterPro: IPR005142), eRF1
domain 1 (InterPro: IPR005140)
Peptide chaimelease factor
eRF1/aRF1 (InterPro:
IPR0O04403).

—

http://www.arabidopsis.org
:servlets/TairObject?id=381
4&type=locus

o7

AT3G26600

Armadillo repeat protein. One of
family of four in Arabidopsis.
Expressed in vegetative tissueg

anthers and ovules.

http://www.arabidopsis.org;
servlets/TairObject?id=381
9&type=locus

=

AT3G26550

Cysteine/Histidineich C1 domain
family protein which functions in
zinc ion binding and is expresse
in hypocotyls, roots and flowers
during petal differentiation and
expansia stage. It contains

InterPro domain/s: Zinc finger,

RING-type (InterPro: IPR001841),

DCL1 (InterPro: IPR004146), Zing
finger, PHDtype (InterPro:
IPR001965), Cdike (InterPro:

IPR011424).

http://www.arabidopsis.org
servlets/TairObject?id=381
O&type=locus

o7
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http://www.arabidopsis.org/servlets/TairObject?accession=AssemblyUnit:3601162

Table 4.8 Previously characterised genes associated with anther and pollen
development and show expression in the anther that are linked to the AT5G22545

marker.

GENE NAME DESCRIPTION REFERENCES
ZPR1 zinefinger domain protein http://www.arabid
which functions in zinc ion binding | opsis.org/servlets
and expressed in male gametophyte| TairObject?id=13
and pollen tube during: mature pollen4224&type=locus

AT5G22480 stage and germinated pollen stage
respectively. It contains InterPro
domains: Zinc finger, ZPR1-type
(InterPro: IPR04457) and best
Arabidopsis thaliangrotein match is
ZPR1 zinefinger domain protein
(TAIR: AT5G37340.3).

Sporophytic factor controlling anther| Li et al, 2011
and pollen development. Mutants fai Wanget al, 2012
to make functional pollen. Pollen

AT5G22260 _ _ Fenget al, 2012
degeneration occurs after microspore

Male sterility 1 | rglease and the tapetum also appeardto et al, 2007

(ms) mutant | apnormally vacuolated. Similar to Yanget al,, 2007
PHD-finger motif transcription factors ‘Wilson et al.

2001
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Figure 4.11:A close up map view of markers and gene models on chromosome 3.
The Green line displays the mapquencdor chromosomes 3. The red box on
green line represents the exact position of the genes associated with the marker on
AT3G26605. Blue circles on the map indicate the centromeric region. Highlighted

in yellow represents AT3G26605 and the three previousiracterised genes
(AT3G26618.1, AT3G26600.1and AT3G26550)1 associated with it and

expressed in male gametophyte including anthers.
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Figure 4.12:A close up map view of markers and gene models on chromosome 5.
The Greerine displays the mapequencdor chromosomes 5. Red box on green
line represent the exact position of the three genes associated with marker
AT5G22545. Blue circles on the map indicate the centromeric region. Highlighted
in yellow represents AT5G2254mc the two previously characterised genes
(AT5G22260, AT5G22480associated with the marker and expressed in male

gametophyte during mature pollen stage.
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4.3DISCUSSION AND CONCLUSIONS

During the past decade major advances in genetic and genomic technologies have
aided our understanding of pollen development at the molecular level. Dynamic
interactions between transcription factors such as MS1 and AMS and their target
genes during polledevelopment have been studied, however there are currently
still significant gaps in our understanding of these netw(Bkaderst al, 1999;
Wilson et al, 2001, Sorenseet al, 2003; Scotet al, 2004; Ma, 2005; Vizcay
Barrena and Wilson, 2006; Yamg al 2007; Itoet al, 2007; Wilson and Zhang,
2009; Feng and Dickinson, 2010; Xtial 2010; Wilsoret al, 2011; Wanget al,
2012Ma et al, 2012. The primary challenge to understand and measure the
transcriptional regulation network activities hagen at the genonrszale.
Computational methods have been developed to infer the activities of
transcription factor and predict the regulatory relationships between traioscrip
factors and their target genes (Wagigal, 2011; Lamesclet al, 2012). The
achievement also includes the highly annotatéd thaliana genome,
comprehensiveA. thaliana transcriptomics datasets, and various gametophytic
mutants www.plantgdb.org/AtGDB/; www.arabidopsis.org/;
http://signal.salk.edu/cdin/attg. Although significant progress has been made
towards understanding pollen development at each development stage as indicated
by the recent Plant Male Reproduction Database (http://www.pmrd.org), the
dynamic regulatory network requires further characterizatmarticularly in
identification of the key transcription factors, their regulators and theget

genes.
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In this work fast neutron ionising radiation was used as a mutagen to create
mutations in genes linked to male fertility and in particular thoser@adailure

of pollen development resulting in complete male sterility. Fast neutrons have
been previously reported as a highly effective mutagérabidopsisresulting in

large deletions, whilst maintaining plant viability [Belfiedd al, 2012;Bolon et

al., 2011]. This was supported in this work in that a relatively high frequency of
male sterile mutants were identified, with an average of 50% observed, whilst
overall plant viability at both the M1 and M2 levels were not significantly
affected. Analysis of malsterile mutants is necessary for elucidating the
mechanism of pollen development; however the target for this mutation was
particularly focussed upon genes that had an effect on the expression of the MS1
transcription factor. This was detected lmoking at expression of MSGFP
fusion protein in the mutant lines by confocal microscopy to identify mutant lines
showing altered expression of the MGEP protein. Wildtypexpression of MS1

is seen extremely transiently, for approximately ah@@r period in the anther
tapetum (Yangpt al, 2007). However the male sterile mutants that were identified
in this work showed prolonged expression of MS1 and also failure of pollen
development. These mutants may therefore involve genes associated with the
regulatory control of MS1. Allelism tests identified that three of the mutants were
allelic to MS1 and may therefore represent new allelic versions of the M&4. lo
However, the 2Y mutant was found to be novel, with the allelism cross between
msland 2Y showing complementation of both the 2Y ansilttgmutations
Mapping of this mutation indicated that there was a distortion of segregation
associated with two of the markers analysed which were associated with different

chromosomes, At3g26605 and At5g22545 on chromosomes 3 and 5, respectively.
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It was unexpected to see linkage on two separate chromosomes; however the
marker At5g22545 shows very close association witliMBélocus (At5g22260).

It therefore seems possible that there may have been a leveslomutant
contamination in the line used for backcrossing and mapping of the 2Y line. This
line carried the MS1Prom::MSGFP fusion protein therefore would be fertile due

to the presence of the transgene regardless of whether the line was carrying
mutations in the msl background, this had been previously shown for
functionality by transformation into and rescue of thglttgmutant (Yang et al,
2007). The presence of the transgene confers fertility tsmianutant therefore
presence/segregation for thesl mutation in lines carrying the transgene would

not be easily detectable, except by molecular screening. There was also a higher
than expected incidence of therLgenotype in the segregating population, this
could also be explained based on the mapping @fdaiitional mutationrfslin

the Ler background). This suggests that the 2Y mutation may actually reside on
chromosome 3 linked to At3g26605, however of course it could be that the
mutation is an additional mutation found in the regiomhefMS1locus. FRrther
molecular analysis of the lines showing male sterility and linkage with the
At5g22545 marker needs to be conducted to confirm khiseover, the use of

next generation sequencing technology may provide a faster way to pinpoint the
2Y gene.With next generation sequencing it is possible to resequence the entire
plant genome more efficiently and economically and in greater depth than ever
before {arshneyet al, 2009. Therefore sequencing the entire genome of the 2Y
mutant would potentiallyreveal the identity of the mutant geneThis is
particularly the case since a basic map location has already been established that

could be used to confirm mutant identify, however this strategy provides
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additional complications if there is a level of kgmound mutations still

remaining in the 2Y mutant population.

Nevertheless there are a number of previously characterised genes that have been
linked to anther and pollen development that are associated with the At5g22545
and At3g26605 markers (Table 4ahd 4.8). For example AT3G26618.1,
AT3G26600.1 and AT3G26550.1 are associated with At3g26605 marker and of
these AT3G26600.1 is 5, 000bp upstream of the marker At3g26605 (Figure 4.11)
and has an involvement in male reproduction and show anther spepiesson.

In addition to At5g22260 MS1), AT5G22480.1is also associated with the
AT5G22545 marker and this could potentially play a role in relatioM&1
expression as it is a ZPR1 zifioger domain protein which functions in zinc ion
binding and is expressed in the male gametophyte during the mature pollen stage.
AT5G22480.1was analysed in the region of 26, 000 bp upstream of the
AT5G22545 marker a closer linkage to the marker compared to At59g22260 which

was 113, 000bp upstream of the AT5G22545 markers (Figure 4.12).

Further work to characterise the exact location of 2Y could involve the analysis of
more markers in this region to provide a tighter resolution of the exact map
position. In addition molecular characterisation could be conducted on the
potential targets in the region to see if they are showing normal expression of the
genes in the mutant background. Currently the information available tiese

putative genes is very limited, except that they have been linked to pollen

development and shown to be expressed in floral organs dArdatgdopsismale
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gametogenesis (Table 4.7 and 4.8urther complementation analysis of 2Y
mutant could alsde conducted to confirm the gene identiEpis data will then
provide greater characterisation of genes involved in MS1 regulatory network and
pollen development. Once the putative gene locus has been identified, the gene
could be confirmed by complementation of the 2Y mutant phenotype using the
corresponding wildtype sequence, or phenotypic and complementation analysis of
additional mutant alleles of the putative gene of interest (for example using SALK

insertional mutant lines).
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CHAPTER 5: MSIPROTEINPROTEIN

INTERACTIONS
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5. MS1PROTEIN-PROTEIN INTERACTIONS

5.1 INTRODUCTION

Proteinprotein interactions and interactions between proteins and other
macromolecules are necessary for cell function and survival. ldentifying
interactions between proteins involved in common cellular functions provides us
with a broad view of how they work cooperatively in a cAB. proteir-protein
interactions are so important there are a multitude of methods to detect them and
each of the approaches has its own strengths and weaknesses, especially with
regard to the sensitivity and specificity of timiethods. Biochemical, biophysical

and theoretical approaches are well known methods of investigating protein
interactions. In this study the YedsHybrid system was used to analyse proteins
thought to interact with the MS1 protein using an Arabidopsibea specific
Yeast2-Hybrid library previously generated by Yang and Wilson, (unpublished

data).Subsequent validation of these putative interactions was then conducted.

5.1.1 THE YEAST-2-HYBRID SYSTEM

The Yeast2-Hybrid system is ann vivo yeastbased system that identifies the
interaction between two proteins (X and Y) by reconstituting an active
transcription factor. The active transcription factors are formed as a dimer
between two fusion proteins, one of which containdNAEBinding Domain (DB)
fused to the first protein of interest (BB also known as the “bait”) and the

other, an Activation Domain (AD) fused to the second protein of interestY{AD
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also known as the “prey” or “target protein”). DBAD-Y interaction
reconstiutes a functional transcription factor that activates chromosomally
integrated reporter genes driven by promoters containing the relevant DB binding

sites (Figure 5.1)

Yeast call axprag.irbglr both the GALL DE-X fusion protein
and the GALS AD-Y fusion protein

X and Y do ool intaract

The GAL4 AD-Y fusion probein does nol locakze o the promalar
to activale rarscnption

Mo Exprassion
Baporiar Gue

Yeast cell expressing both the GAL4 DB-X fusion protein
and thr GAL4 AD-Y fusion protein

Xand ¥ do mieract

Thi GALS AD-Y 1usﬁnrmmn 5 localized to the promoter and
transcnplion is actaled.

I L
GAL4 Binding She

Figure 5.1: Overview of the Yeas?-Hybrid assay, checking for interactions
betwe@ two proteins, called here X and. Gal4 transcription factor gene
produces two domain proteinBB andAD), which is essential for transcription of
the reporter geneLéc2. Two fusion proteins are prepare@al4dDB+X and
Gal4AD+Y. Neither of them is usually sufficient to initiate the transcription (of
the reporter gene) alone. When both fusion proteins are prodncetheX part

of the first interacts with the Y part of the second, transcription of the reporter
gene occurs (Imageom Invitrogen Life Technologies Instruction Manual).
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When a selectable marker suchHaS3is used as a reporter geiveast2-Hybrid
dependent transcription activation can be monitored by growth of cells on plates
lacking histidine, thereby providingraeans to detect proteimgiein interactions
genetically. TheY2H system has become one of the techniques that hasnprove
extremely valuablefor the mapping of protetprotein interactions on a global
scaleand has thereby provet interesting functional insights. It offers many
advantages over biochemical methods, such as cost, convenience and sensitivity
(Causier and Davies, 2002). However it still has several associated problems for
studying proteimprotein interactionsin vivo (Causier and Davies, 2002)n
particular falsepositives are often generated in tiwgbrid library screensone
approach used to minimise this has b#enuse of two or more reporter genes to
assay for an interactiorhowever interactions are generally confirmed with
alternativesubsequent procedurda this work aYeast2-Hybrid screenwasused

as a starting point for the identification MS1 proteininteractions, whilst other
independent approaches, such as transient expressions of gene constructs in
tobacco/onion epidermal cells, bifunctional fluorescent complementation and
recombinant protein expression incoli. wereused for subsequent confirmation

and validatiorof these interactions

5.1.2 TRANSIENT EXPRESSION OF PUTATIVELY INTERACTING

PROTEINS IN TOBACCO

Agrobacterium tumefaciermaediated transiergxpression of proteins tobacco

has been a useful procedure for characterization of proteins and theiorigrinti
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plants, including analysis of proteprotein interactions (Tsudet al, 2012). It

has been widely usedlie to its ease and high efficiency (Tswdal, 2012). In
comparison with stable transformation, it has shown the advantages of being
simple, quick, economical, and effective (Zheeigal, 2012). However, the
method is limited in its applications besauexpression levels are low and
transient in nature (typically expression disappears after less than 5 days from
inoculation) (Voinnett al, 2003).Posttranscriptional gene silencing (PTGS) is a
major cause for this lack of efficiencA system basednocoexpression of a
viral-encoded suppressor of gesiencing, the pl9 protein of Tomato Bushy
Stunt Mrus (TBSV) prevents the onset of PTGS in the infiltrated tissues and
allows high level of transient expression (Voineetl, 2003). Recently a study
conducted by Zhenet al, (2012) presented a new approach which could improve
transient gene expression system based Agrobacteriuramediated
transformation. They mentioned that hyperosmotic-tmratment of plants
significantly improved transient exm@sion in this system. Furthermore, other
factors they mentioned which could significantly influence transient expression
efficiency included acetosyringone concentration,-cgltivation time, and
Agrobacteriumcell density. In this work transient expressiof MS1 and POB2
gene constructs was performed Micotiana benthamiandeaves to test for

proteinprotein interactions (see section 5.2.2 for detailed analysis).
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5.1.3 E.COLI PROTEIN EXPRESSION USING GATEWAY CLONING

TECHNOLOGY

The E.coli expression system witfbatewaytechnology usesGatewayadapted
destination vectors designed for cloning and Hegtel inducibleexpression of
recombinant proteins i&. coli using the pET systertStudieret al, 1990. The

pET system was originally developed by Studier and colleagues and takes
advantage of the high activity and specificity of the bacteriophage T7 RNA
polymerase to allow regulated expression of heterologous gertescili from

the T7 promoter (Studier and Moffatt, 1986; Studatrd., 1990).Depending on

the vector chosen, the pDEST™ vectors allow production of natiterriinal,

or Cterminattagged recombinant proteinsN- or C-terminal fusion tags for
detection and purification of recombinant fusion proteins and choice of tag
depends on the particular vector ugattp://tools.invitrogen.com)Recombinant
protein expression . coli is simple, fast, inexpensive, and robust, with the
expressed protein comprising up to 50 percent of the total cellular pfetanrcis

and Page2010). However, it also has disadvantages, éxample, the rapidity of
bacterial protein expression often results in unfolded/misfolded proteins,
especially for heterologous proteins that require longer times and/or molecular
chaperones to fold correctifFrancis and Page, 2010). In addition, the highly
reductive environment of the bacterial cytosol and the inabilitye.otoli to
perform several eukaryotic pesanslational modifications results in the insoluble
expression of proteins that require thesedifications for folding and activity

(Francis and Page, 2010). Fortunately, multiple, novel reagents and techniques
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have been developed that allow for the efficient, soluble production of a diverse

range of heterologous proteinskncoli (Voulgaridouet al, 2013)

In the past concerns have been raised abautGhteway cloningwith the
presence of the residuattB sites in the final expression clone constructs
(Perehinecet al, 2007). However Perehinecet al (2007) reported thathe
presence ofttB sites within the expression cassetthd not causesignificant
differences in rates of inductipralthough the amount of resultant protein
appearedo be lower wherattB siteswere introduced proximal to the promater
Another concern often expressed when using reporter gengs\ioo studies is

that the expression of the reporter normally places a metabolic burden on the
bacteria and therefore alters growth behavi®arehineet al, 2007). It is clear

that problems of vector maintenance may be of more significance than any
metabolic burden of the reporter genes (Perehgteal, 2007). In addition
antibiotic selection alone may be not sufficient to ensure that all cells in a
population retairreporter gene consiets, and thereforéhe choice of antibiotic
marker gene is also an important factor when designing vectors. Furthermore past
studies byBelfield et al, (2007) also suggested that caution should be exercised
when employing pDEST17 as a Gateway (Invitrogeamterial expression vector

for high-level protein expression as it is intrinsically susceptible to —1 ribosomal

frameshifting at the sequence @A -AAA (Belfield et al., 2007)

The European Molecular Biology Laboratory (EMBL) have also reported that
when the levels of protein expression are low, expression devethe target

protein can be optimized by varying the time and/or temperature of induction and
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the concentration of the inducer. Using protedeskcient hoststrains carrying
mutations which kminate the production of proteases can sometimes enhance
accumulation by reducing proteolytic degradatidespite all the setbacks
mentioned, th&sateway cloning systemwas effectively utilised in this study to

generate new constructs in different vectors (refer to section 5.2.3).

5.1.4 BIMOLECULAR FLUORESCENCE COMPLEMENTATION

Bimolecular fluorescence complementation (BiFC) is a technique used to
investigate the formation of protein complexes and the localization of protein
protein interaction® planta. This technique is based on formation of fluorescent
complex through the association of two partial fragments of a fluorescent protein;
these are brought together by an interaction between the proteins maintained as
fusions with the split fluorescent  gs Figure 5.2
(http://sitemaker.umich.edu/kerppola.lab/_protein_interactionBIFC involves
making a construct of one protein with theeggminal part of the YFP protein and
then another with the d&rminal part of the YFP protein. They are then
transiently expressed in plant cells, either onion epidermis/protoplaské or
benthamiaa leaves. YFP fluorescence should be seen if the proteins interact
(Bhatet al, 2006) (Figure 5.2). For example two fragments (YN and YC) of the
yellow fluorescent protein (YFP) afesed to two putative interaction partners (A
and B) (Figure 5.3 (Kerppola, 2006). An interaction between the proteins
facilitates association between tinagments to produce a bimolecular fluorescent
complex (Figure 5.3 (Kerppola, 2006)if YN and YC do not interact on their

own no fluorescence is seeKdrppola, 2006)One advantage dBIiFC is that it
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provides a physiologicallyelevant context from which to draw conclusions about
protein interactions by enabling direct visualisation of protein interactions in
living cells with limited cellperturbation rather than relying on secondary effects

or staining byexogenousmolecules that carail to distribute evenlyMorell et

al., 2008). This and the ability to observe the living cells for long periods of time
has been made possible by the strong intrinsic fluorescence of the reconstituted
reporter protein which reduces the chances of ariiact readout associated with

the protein isolation procesBl¢rell et al, (2008) Fanet al, (2009.

Figure 5.2 A fluorescent protein complex (yellow) is formed by the association of
two fragments (red and blue fragment) of a yellow fluorescent protein (YFP)

brought together (Bhat al, 2006).

143


http://en.wikipedia.org/wiki/Perturbation_(biology)
http://en.wikipedia.org/wiki/Exogeny

Figure 5.3 Two fragments (YN and YC) of the yellow fluorescent pnot(YFP)
are fused to two putative interaction partners (A andAB)interaction between
the proteins facilitates association betweenfithgments to produce a bimolecular

fluorescent compleierppola, 2006).

Unlike manyin vivo proteirrinteraction assays, BiFC does not require protein
complexes to be formed by a large proportion of the proteinsstoiahiometric
proportions. Instead, BiFC can detect interactions among praiépopulations,
weak interactions, and low expression proteins due to the stable complemnentati
of the fluorescent reporter proteifHu et al, 2003; Rackhamet al, 2009.
Furthermore, the strength of the protein interaction can be quantitatively
determined by changes in fluorescent signal streragtth does not require
specialised equipment, as visualisation is possible with an inviuteescence
microscope that can detect fluorescence in cells and analysis does not require
complex data processing or correction for other sources of fluoregt@rppola

et al, 2008; Tsien, 1998 Richards, 1958)Despite manybenefitsof the BIFC
approach,this technique is unable to provide rHaite detection of protein
interactions orell et al, (2008) The delay for chemical reactions to generate
fluorophore may also have an effect on the dynamics of complex dissociation and
partner exchangéMorell et al, 2008;Hu et al, 2002; Jaclet al, 2006; Tsien,
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1998) With BIFC the exact interaction relationship is unknowrecause
fluorophore reconstitution can occur at a distance of 7nm or.nktowever
fluorescence complementation may indicatlegita direct or indirect (i.e. within

the same complex) interaction between the fluorescent fragments' fused proteins
(Fanet al, 2008). Section 5.2.4 describes the detailed methodology for BiFC

analysis to detect MS1 interaction with POB2
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5.2METHODS

5.2.1 YEAST-TWO-HYBRID SYSTEM

An Arabidopsis stamen Yea2tHybrid library was constructed using Gateway
compatible vectors that comprised of all stages of anther and filament tissue
(Table 5.1). The fusion proteins were prepared according to manufacturer’s
instruction manual KroQuest™ TweHybrid System with Gateway®
Technology) A previous screen of this library using the MS1 sequence without
the PHD motif identified a putative interacting protein POB2. POB2 is a
BTB/POZ domaircontaining protein that may be involved in ubiquitiased
proteolytic breakdown (Quet al, 2010). POB2 interaction with MStvas
subsequently confirmed by further Yeast-2-Hybrid pase analysis (Figure %).

In addition to MS1 interaction witROB2, POBL1 interaction with MS1 wasso

conducted (Figure 5).

Table 5.1: Gene constructs of Gateway compatible vectors expressing either the

Gal4 Binding Domain or Gal4 activating Domain (Invitrogen).

GENE GATEWAY GAL4
DESTINATION TRANSCRIPTION
VECTOR FACTOR DOMAIN
MS1 with no PHD motif pDEST32 Binding domain
POB1 PDEST32 Binding domain
POB2 pDEST22 Activating domain
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Figure 54: An overview of how the Gateway ProQuest Yeastybrid analysis
(Invitrogen) was used to analyse the interaction between MS1 and POB2. For
more information refer tolnvitrogen ProQues™ Two-Hybrid System a

manufactures manual.
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Figure 55: An overview of how the Gateway ProQuest Yeastybrid analysis
(Invitrogen) was used to analyse the interaction between MS1 and FOB1.
more information refer tolnvitrogen ProQues™ Two-Hybrid System a

manufactures manual.
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5.2.2 TRANSIENT EXPRESSION OF MS1 AND POB2 GENE

CONSTRUCTS IN TOBACCO.

Nicotiana benthamianaeeds (from University of Nottingham) were grown at
22°C +/2°C in pots containing compost immersed in 0.33gdf Intercept®
solution (Scotts, U.K.) (Chapter 2, Section 2.2). Plants used for transient assays
were grown for 56 weeks Kapila et al, 1997. To transiently express MS1 and
POB2 in tobacco leaves the genes welmned into Gateway® entry vector
pDONR™221respectively to create entry clones (Chapter 2 Section 2.8.9). The
LR recombination reaction was carried out to transfer MS1 and POB2 into
PGWB5 (T7 PromoteN-terminatlGFP tagged region) and PGWB8 (T7
Promoter-C¥erminat6xHIS tagged region) respectively (Table 5.Zhe LR
reaction mixture was transformed irfiocoli DH5a competent cells (supplied by
Invitrogen) by heat shock transformation (Section 2.8.8). The culture was spread
on LB plates containing kanamycibOQug/ml and hygromycin 5@y/ml and
incubated overnight at 37°C. Positive clones were identified by plasmid DNA
PCR using appropriate vector primer and gene specific primer pairs. Plasmid
DNA was extracted from the expression clones by Miniprep (2.8al()
transformedinto competentAgrobacteriacells (GV3101) (Section 8.2.2 for

transient assays.
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Table 5.2 Gene constructs in Gateway compatible vectors (Nakagewal,

2007) utilised for transient protein expression experiments.

GENE GATEWAY FEATURES
DESTINATION
VECTOR

MS1 PGWB5 (--35S promoterR1l- CmR-ccdB-
R2-sGFR-)

POB2 PGWBS (--35S promoteR1- CmR-ccdB-
R2-6xHis--)

5.2.2.1TRANSFORMATION OF ELECTRO -COMPETENT

AGROBACTERIUM GV3101 CELLS WITH PGWB5-MS1 AND

PGWB8-POB2 GENE CONSTRUCTS

Competent Agrobacteria cells (GV3101) were preparetty Doris Klisch
(University of Nottingham) anstored in 50ul aliquots at -80°C were thawed on

ice and 2ul (200ng) of plasmid DNA (PGWB5-MS1 and PGWB&O0B2) was
added. The cells were then transferred to acpiéed electroporation cuvette
(BioRad) and pulsed 500 rpm with the MicroPulserTM electroporation (BioRad)
for Imin. 1mL of LB medium was added to the cells, which were then transferred
to a microfuge tube and incubated at 28°C with constant shaking 200rpm for 3h
to allow expression of the antibiotic resistance genes. Cells were then pelleted,
resuspended in 100ul LB medium and plated on agar plates containing the
appropriate antibiotics for selection. The plates were incubated af@82QGlays

until colonies developed. Plasmid DNA PCR was conducted on selected colonies

to confirm the presence of the transgenes.
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5.2.2.2PREPARATION OF TRANSIENT ASSAYS FOR N.

BENTHAMIANA TRANFORMATION

Transient assays IN. benthamianavere performed as described in Hammond
Kosack et al.,, (1998) to confirm the interaction between MS1 and POB2.
AgrobacteriumGV3010 glycerol stock containing PGWBBS1 and PGWBS&
POB2geneconstruct were grown on LB plates at 28°C for 2 days. A few colonies
were then selected and grown overnight at 28°C with constant shaking (200rpm)
in 10mL LB culture vials containing the appropriate antibiotics. The culture was
pelleted 1957 x g) 10min and washed once with 10mM MgCQChe cells were
then suspended in 10mM MgQontaining 200mM acetosyringone and theggD
was adjusted to 0.2. The cultures were left feé8 Bours at room temperature
before infiltration. TheAgrobacteriacultures were infiltrated intdl. benthamina
leaves by pressuiafiltration on the lower side of the leaves using a 1mL syringe.
The infiltrated plants were then put in a controlled growth cabinet at 22°C3for 2
days to allow for gene expression. Protein was later egttdobm leaf material
infiltrated with both PGWB&SMS1 and PGWB&0B2 (Chapter 2 Section 2.9.1).
Norrinfiltrated leaves were used as negative control as well as those infiltrated

with either PGWBEMIS1 only or PGWB&0OB2.

5.2.2.3EXTRACTION, SEPARATION AND VISUALIZATION OF

RECOMBINANT FUSION PROTEINS

Plant tissue from infiltrated\. benthamianaleaves were harvested for total

protein extraction according to protocol in Chapter 2 Section 2.9.1. The total
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protein fraction was then mixed with 1x SDS loading bufggmM Tris-HCI
pH6.8, 10% (v/v) glycerol, 2% (w/v) SDS, 5% (v/v) bet@rcaptoethanal,
0.001% bromophenol blue] and boiled for 5min before being separated by SDS
PAGE (Sodium Dodecyl Sulfat@olyacrylamide Gel Electrophoresis). A pre
stained protein mark€New England Biolabs) was run alongside the samples and
used as a reference. A 10% precast $IDSE separating gel was used [0.38M
Tris-HCI pH8.8, 10% (w/v) acrylamide 0.1% (w/v) SDS, 0.05% (w/v) APS,
0.07% TEMED] to separate proteins according to their molecular weight (Chapter
2 Section 2.9.2). The gel was fitted in a MIRROTEAN Il cassette (BioRad)
filled with SDS running buffer [25mM Tri$iCl pH8.5, 190mM glycine and 1%
(w/v) SDS] and electrophoresed at 100V until they reached the end of the
stackng gel, after which the voltage was increased to 150V. All proteins were
fractionated on an SDBAGE precast gel. The bands were visualised by
incubating the gel in Coomassie stain solution (50% (v/v) methanol, 13% (v/v)
acetic acid, 0.2% (w/v) CoomassigilBant Blue R250) for 2 hours at room

temperature with gentle agitation.

5.2.2.4IMMUNODETECTION OF GFP (MS1 -PGWB5) AND GST (POB2

PGWB5) TAGGED PROTEINS

After the SDSPAGE run, proteins were transferred to a PVDF membrane
(BioRad) using the MiRPROTEAN TransBlot transfer cassette (BioRad) filled
with cold transfer buffer [25mM TrisICl, 190mM glycine, 20% (v/v) methanol]
(Chapter 2 Section 2.9.5). The membrane was incubated3drolrs in antGFP

primary antibodies diluted (1:5000) in TBIScontaining 3% notfiat dried milk.
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Membranes were then washed several times with-TB& a total of 20min
before incubation for 45 min with goat antobuse secondary antibodies. The
exact concentrations of the primary and secondary antibodies used in this study
are describedn Tables 2.13 and Table 2.14. Following the incubation, the
membranes were washed five times with TBSfor a total of 25min.
Immunodetection was carried out using Immobilon (Millipore) for
chemiluminescent detection in accordance with the manufacturer’'s trataic
(Chapter 2 Section 2.9.6). The membrane, washed from any unbound HRP
conjugated secondary antibody, was incubated in 1.1 Luminol Reagent and
Peroxide Solution for 5min at room temperature. Excess substrate was drained
and the membrane was covered in cling film and placed in-eay Xassette for
overnight. The membrane was then exposed-taydilm (Kodak) under safe red

light condtions. The film was developed using the X-OMAT developing system.

5.2.3 E.COLI EXPRESSION SYSTEM WITH GATEWAY®

TECHNOLOGY

TheE. coli Expression System with Gateway® Technology comprises a series of
Gateway®adapted destination vectors (Chapter 2 Section 2.8.9 Table 2.9)
designed to facilitate higlevel, inducible expression of recombinant proteins in
E. coli. Depending on the vector chosen, the pDEST™ vectors allow production
of Native, Nterminal, or Gterminattagged recombinant proteinko express the
gene of interest if. coli using the Gateway® Technology MS1 and POB2 full
cDNA sequences were cloned using the BP recombinatiantioa into

Gateway® entry vectopDONR™221 respectively to create entry clonde
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entry clones were transformed irio coli by heat shock (Chapter 2 Section 2.8.8)
and plated on 50ug/ml of kanamycin for selection purposes and grownCat 37
overnight. Plasmid DNA PCR was conducted using appropriate primers to
identify positive clones. To transfer entry vectors MBRONR™221 and POB2:
pDONR™221 intopDEST15 anpDEST17 respectively (Table 5.3hemically
competent DH5a E. coli cells were transformed wh the LR reaction by heat
shock (Chapter 2 Section 2.828.9) and plated on 100ug/ml of ampicillin for
selection purposes. Plates were incubated & 8Vernight. Plasmid DNA PCR
was conducted using appropriate primer to confirm positive clones. el B

was prepared fromagsitive expression clones and was then transformed into

E.coliBL21 cells for protein induction (Section 5.2.3.1).

Table 5.3: Gene constructs in Gateway compatible vectors (Invitrogen)

transiently expressed H.coli cells

GENE GATEWAY DESTINATION FEATURES
VECTOR
POB2 pDEST17 (T7 promoter- N-

terminal, 6XHis Tag)

MS1 pDEST15 (T7 promoter, C-

terminal, GST Tag)
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5.2.3.17TRANSFORMATION OF BL21 (DE3) CELLS WITH PURIFIED

PLASMID DNA FOR EXPRESSION ANALYSIS

E.coli BL21 (DE3) cells can be used with protein expression vectors under the
control of the T7 promoter, such as pET vectors
(http://www.molecularinfo.com/MTM/A/A3/A3L.pdf). This strain is lysogenic

for lambdaDE3, which contains the T7 bacteriophage gene 1, encoding T7 RNA
polymerase under the control of the lacUV5 promoter. BL21 (DE3) also contains
the pLysS plasmid, which carries the gene encoding T7 lysozyme. T7 lysozyme
lowers the background expression level of target genes under the control of the T7
promoter but does not interfere with the level of expression achieved following
induction with L-arabinose.Plasmid DNA of the expression clonddS1-
pDEST15 and POBRDEST17was transformed into BL21 (DE3) separately by
heat shock transformation (Chapter 2 Section 2.9.9). Two different volumes of the
transformation reaction were plated onto LB plates containingu@4nL
chloramphenicol and 10Qg/mL of ampicillin. The platesvere inverted and
incubated at 37°C overnight. Transformants from the plates were confirmed by
plasmid DNA PCR using appropriate primeighe plasmid DNA was also
sequenced to validate the construBlifot expression of the recombinant proteins
was them prformed by adding-arabinose to a final concentration of 0.2% to the

culturesto induce expression of the recombinant proteins.
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5.2.3.2PILOT EXPRESSION OF MS1-pDEST15 AND POB2pDEST17

RECOMBINANT PROTEINS

Transformants from BL21 (DE3) confirmed by plasmid DNA P@&e cultured

in 5 ml of LB medium containing 1@@/ml ampicillin. The cells were grown
overnight in 37°C incubator until the @3 reached >2. The overnight cultures

were used to inoculate fresh LB medium containing Lid@&l ampicillin to an
ODegoo 0f 0.05-0.1 (~1:50 dilution of the overnight culture). This dilution allowed
the cells to quickly return to logarithmic growth and reach the appropriate cell
density. The cultures were left to grow until they reached-lagdphase
ODego=~0.4. Each culture was split into two cultures, one culture was uninduced
and the other culture was induced by addingrabinose to a final concentration

of 0.2% w/v. The cultures were incubated for an additior@ Rours. Time
points were taken to analyse expression of the proteins. For each time pqiht, 500
of culture was removed from the induced and uninduced cultures. The cells were
harvested by centrifugation (10 000xg) and the cell pellet store@Q&C for
native protein extraction, separation, visualisation, western blotting aectidat

(Chapter 2, Section 2.9.1-2.9.6).
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5.2.4 TRANSIENT EXPRESSION OF MS1 AND POB2 GENE
CONSTRUCTS IN ONION EPIDERMAL CELLS BY PARTICLE

BOMBARDMENT FOR BiFC ANALYSIS

In this projectBIFC was performed to check tirgeraction of MS1 and POB2 in
which a construct of POB2 protein with thet€&@minal part of the YFP protein
and MS1 with the Nerminal part of the YFP protein was transiently expressed in
the same onion epidermal cells by particle bombardment (Tal)ldrbtially The

LR recombination reaction was carried out to transfer MS1 and POB2 into PG005
(YFP-N-terminal region) and PGO006 (YHP-Terminal region) respectively
(PG0O05 andPGO006 vectors were obtained from Dr Rupert Fray University of
Nottingham).Plasmid DNA was extracted from the expression clones and stored
at -20°C in readiness for bombardment into onion epidermal cells. As individual
constructs MSPG005 and POBPGO006 were bombardment into separate cells
as negative controls. All samples anghttols are displayed in Table 5.4 and

Table 5.5.

Table 5.4Gene constructs in gateway compatible vectors transiently expressed in
onion epidermal cells for BIFC experiments.

GATEWAY DESTINATION

GENE VECTOR FEATURES

(donated by Dr Rupert Fray,
University of Nottingham)

pGO005 Spectinomycin, Cm BIF(
MS1 PGO005 gateway binary vector
(Hygromycin), 35S promoter, Nt
terminal) YFP fragmen227ng/ul
pGO006 spec, Cm BIFC gateway
POB2 PGO006 binary vector (Hygromycin)
Hygromycin, 35S promoter-, C-
terminal YFP fragment 200ng/ul
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Table 5.5 Onion epidermal strips were bombarded with the following MS1
PGO005 (NYFP) + POB2PGO006 (C-YFP) plasmid DNA and negative controls.

PLASMID DNA PREPARATION EXPECTED
OUTCOME
MS1-PG005 (NYFP) + POB2PG006 (CYFP) Induction
MS1-PGO005 (NYFP) Negative control
POB2PG006 (CYFP) Negative control
Gold particles only Negative control

Transient expression was carried out via bombardment of DNA coated gold
particles (AlfaAesar; sphere 0.8 1.5 um) into onion epidermal cells using the Bio-

Rad Particle Delivery System (PDS) He 1000. The gold particles (30 mg) were
first washed with 1 ml oéthanol and three times with SDW in a 1.5 ml EBwad
eppendortcentrifuge tube before suspension in 0.5 ml of SDW. The gold solution
was then sonicated for 1 min in a walbath sonicator (Fisher) and dispensed in
30 wl aliquots into the Low-Bind centrifuge tubes. The plasmid DNA constructs
(Table 5.5) were coated onto the gold particles using the J/Sp&imidine
method with slight modifications as outlined in the manual {8&al). The gold
solution was sonicated for 10s and vortexed vigorously for 1 tién,25 ul of

plasmid DNA (100 ng/ul) was immediately added to the gold solution and
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followed by addition of 50 pl of 2.5M CaCl® and 20 pl of 0.1 M spermidine
(freshly prepared). The tube was vortexed for a further 1 min then placed on ice
for 1-3 min. The gold solution was then pelleted by a 1 sec pulse centrifugation
and the supernatant was removed gently without disturbing the gold pellet.
Ethanol (150 pl) was gently laid on top of the gold pellet and the tube was again

pulse centrifuged for 1 se@he gold pellet was washed with 150 pl of ethanol

three times and the tube was again centrifuged for 1 sec and suspended in 30 pl of
ethanol. The tube was then vortexed fe8 8c and the gold fully dispersed by
pipetting. The gold solution was then loaded to three ruarders (BieRad) and

dried in a Petri dish for about 20 min in aBG®ven before bombardment into the
onion epidemal cells. The inner epidermal cell layer of the onion (locally
purchased) was peeled and placed with the inner side down onto Petri dishes
containing solid MS agar medium supplemented with 1% (w/v) sucrose). Water
was sprayed onto the Petri dishes topké®e onion peel moist. Any excessive
water on the onion peels was removed by gently blotting with a piece of dry
tissue. The gold particles coated with plasmid DNA (Table 5.4) were then
bombarded into the onion cell under-286 cm Hg vacuum using 9aD00 psi
rupture disks. Petri dishes were then sealed with parafilm and covered with foil
and incubated at 28 for 2448 hours before scoring the transformed cells for

YFP fluorescence.
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5.3RESULTS

5.3.1 YEAST TWO HYBRID ANALYSIS

A previous yeast 2 hybrid screen had identified POB2 as a possible interacting
protein of MS1; the interaction of MS1 with POB2, and any possible interaction
with the closely related protein POB1, was subsequently tested by further pai
wise yeast two hybrid analyses using BPr®Quest Yeas2-Hybrid (Invitrogen)
system (Figure 5.2 and 5.3). The full lengtts1 cDNA without PHD finger

motif and the fullength POB2 cDNAwere generated adtB-PCR products for

BP recombination cloning intthe pDONR™ vecta to create Entry clones for

yeast 2 hybrid analysis (Table 5.6 and Figure 5.6).

Table 5.6 PCR conditions and primer details for generation of-M&L and attBPOB2

productsfor BP recombination cloning intihe pDONR™ vectors to create entry clones.

CONSTRUCT | FOWAR REVERSE ANEALING PRODUC
D PRIMER TEMPERATURE T SIZE
PRIMER (O (bp)
attB-MS1 MS1-Start | 4R-noPHD 56 1700
Y2H

attB-POB2

191 1- 19-1_end 56 2200
xhoF kpnlR
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MS]1 POB2
M 1 2

«—2200bp
«— 1700bp

Figure 5.6 attB-MS1 and attBPOB2 PCR products useds substrates for BP
recombination cloning into pPDONR™ vectors to create Entry clofidse PCR
products were separated on a 1% (w/v) agarose gel with the Hyperladder 1 (Bio
line.com) as molecular weight marker. Lane 1 is MS1 and lane 2 is POB2. M=

molecular weight marker.

The BP recombination reactioattB-PCR products were cloned into the
pDONR™221 EntryWector (Section 2.8.9; Figure 5. HositiveMS1pDONR221

and POB2pDONR221 entiglones were checked by plasmid DNA PCR analysis
using vector and gene specific primers (Table 5.7 and Figure 5.8).
MS1pDONR221 and POB2pDONR221 plamid DNA constructs (Figure 5.6) were
then purified andransferred into the Destination Vectors pDEST 32 and pDEST
22 respectively by LR Gateway recombination reactigfigure 5.9) DB-MS1-
pDEST™2, AD-MS1-pDEST ™22, ADPOB2pDEST™22, DB
POB1pDEST32 purified plasmid DNA is shown in Figure 5.1DB-
POB1pDEST32 was provided by Dr Caiyun Yang (University of Nottingham)
Plasmid DNA gene constructs wevalidated as positivexpression clones by

PCR andysis using vector and gene specific primdralfle 5.8 and Figure 5.11).
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Figure 5.7Map and Features of pPDONR™221 Entry Vector into whiehiMS1-
PHD cDNA (without the PHD finger motif) and POB&tB-PCR products were

cloned using BP Clonase™.

Table 5.7PCR analysis to screen transformants carryindit@pDONR221 and
POB2pDONR221gene constructs ig. coliDH5a cells by using vector and gene

specific primer pairs.

GENE FOWARD | REVERSE ANEALING APPROXIMATE
CONSTRUCT PRIMER PRIMER TEMPERATURE | PRODUCT SIZE
'C (bp)
MS1pDONR221
M13F RT-R 55 630
POB2pDONR22 | M13F SALK145_ 55°c 650
1 146
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MS1

*+—(30bp MS1pDONR221

e ke bl +— 650bp POB2pDONR221

Figure 5.8 Plasmid DNAPCR from colonies oBP Gateway recombination
reaction Primers used, anealing temperature and approximate product size are
displayed in Table 5.7 The Gel pictures show MS1pDONR221 and
POB2pDONR221 PCR analysis from purified plamid DNA used for LR Gateway
recombination reaction. MS1pDONR221 and POB2pDONR22hstormants
were 630bp and 650bp respectively using the primers in Table 5.7PTRe
products were separated on a 1% (w/v) agarose gel with the Hyperladder 1 (Bio

line.com) as molecular weight marker. M= molecular weight marker.
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pDEST 32
12266 bp

Figure 5.9 (A-B) Map and Features @DEST™22 and pDEST ™23@estination
vectorsinto whichthe MS1pDONR221 and POB2pDONR221 plamid DM#re

cloned using LR Clonase™.
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Figure 5.10: Gel pictures showing(A-B) MS1pDEST ™22 MS1pDEST ™32,
POB2DEST™22 andPOBIpDEST™32 plamidDNA co-transformed into
MaV203 yeast competent cells for checking the induction of reporter genes. The
plamid DNA was separated on a 0.8% (w/v) agarose gel with the Hyperladder 2

(Bio-line.com) as molecular weight marker.
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Table 5.8: PCR analysis to validate transformants carrying M&LpDEST ™32 ,and
POB2DEST™22 plamid DNA gene constructs irE. Coli DH5a cells by using
appropriate vector and gene specific primer pair (Figure SRQBIpDEST™32 and
MS1pDEST™22 construct was alreachynfirmed by Caiyun yang (UoN) when provided

and therefore no plasmid DNA PCR analysis was performed on them.

PLAMID DNA FOWARD | REVERSE | ANEALING | PRODUCT
CONSTRUCT PRIMER | PRIMER | TEMPERAT- | SIZE
URE
MS1pDEST™32 | 3L-L2-Y2H | DBR 55°C 1500bp
POBPDEST™22 | AT2G46260 | ADR 55°C 1100bp
_725F
MS1pDEST™32

M 1 2 3 4 3

<1500bp

POBIpDEST ™21
M 1 2 3 4 5

<1100bp

Figure 5.11Gel picture showing PCR analysis to validate transformants carryiné}he (
MS1pDEST™32 {-5), and 8) POB2HDEST ™22 {-5) plamid DNA gene constructs in

E. coliDH5a cells by using appropriate vector and gene specific primer pair (Table 5.8).
The plamid DNA was separated on a 0.8% (w/v) agarose gel with the Hyperladder 1

(Bio-line.com) as molecular weight marker. M= molecular weight marker.
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When a selectable marker suchHaS3is used as a reporter gelveeast2-Hybrid
dependent transcription activation can be monitored by growth of cells on plates
lacking histidine, thereby providing a means to detect protein: protein interactions
(Figure 5.12) DB-MS1-pDEST™32, POBIpDEST™32 and AEPOB2
pDEST™22 purified plamid DNA was cdransformed into MaV203 yeast
competent cells to check the interactions and induction of reporter (katee

5.9; Figure 5.13); they were also screened on SC selection platest for sel
activation. The MS1 cDNA utilised for yeasthgbrid analyses had no PHD
finger motif as the PHD finger motif has been previously found to cause self
activation (Yang and Wilson, unpublished data). If POB2 or POBiastifates,
colonies would grow on Skeu-Trp plates without histidine and activation of the
expression of thédISTIDINE3 AND GALACTOSIDASEEporter genes would
occur. No interaction between POB1l and MS1 was seen and therefore no
expression of theHISTIDINE3 AND GALACTOSIDASEfeporter genes was
observedHowever POB2 interaction with MS1 in yeast MAV203 cells was able
to activate the expression of thReSTIDINE3 AND GALACTOSIDASE#®&porter
genes (Figure 5.13). The reporter gene expression levels from theyedsid
screencan vary from strong to quite weak (although these levels may not reflect
the affinity of the protein: protein interaction observed in the native environment).
To help determine the strength of the interactions and which candidate clones
represented truenteractors, a collection of control strains (derivatives of
MaV103) that contain plasmid pairs expressing fusion proteins with a speaftrum
interaction strengths was used alongside. The plasmids present in each control

strain and the extent of cDNA comntad are described in Table 5.10.

167



»@xf‘

TRPI ™

S
0
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reconstitution of an

active transcription |

factor

The reporier genes
- are stably integrated
i g e in the yeast genome.
UASGAL1 Higa | - Growth on plates lacking
[T promoter | - - - histidine and containing 3AT
UASGa11
: lac? | e Blue on X-Gal
[ GAL1 promotar |
His*(3AT")| p-Gal | Ura*
XY do not interact If’i)ﬁ - Whita -
. Blua
X:Y do interact ’R;@.r e + .

Figure 5.12 An illustration showing how yea&-hybrid screening with two

reporter genesHISTIDINE3 AND GALACTOSIDASE1vas interpretedTop:

MaV203 cells containing DE1 and ADPOB2 plasmids encode fusion proteins

DB-MS1 and ADPOB?2,

respectively. The

interaction of

MS1:POB2

reconstituted an active transcription factor that binds tadGAk4 DNA binding

sequences present in the promoter regions of the reporter genestmates

transcription.Centre: Structure of the promoter regions expressing each of the
reporter genes and the expected growth/colour re®dtsom: Expected growth
or colour results when tested for induction of the reporter genes for interacting

and non-interacting DBMS1 and APOB2.
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Table 5.9SmallScale Transformation of MaV203 with DB-MS1, POB1, AD-

POB2 and control plasmids pDBLeu and pEXP-AD502 (See Table 5.10 for

control strains AD).

TRANSF-
ORMATION

PLASMID
1

PLASMID
2

SELECTION
MEDIUM

PURPOSE

RESULT
SUMMARY

Control
plasmid
(pDBLeu)

None

SGLeuTrp-
His+3AT

Transformat
ion control

No expression
of the
Histidine+

and Beta
Galactosidase
reporter geneg

pDBLeu +
PEXP-
ADS502

SGLeuTrp-
His+3AT

Self
activation

control

No expression
of the
Histidine+

and Beta
Galactosidase
reporter genes

DB-POBL
pDEST™32

pEXP-
AD502

SGLeuTrp-
His+3AT

Test Self
activation of

DB-POB1

No expression
of the
Histidine+

and Beta
Galactosidase
reporter genes

pDBLeu

AD-POB2
pDEST™22

SCGLeuTrp-
His+3AT

self
activation of
AD-POB2

No expression
of the
Histidine+

and Beta
Galactosidase
reporter genes

DB-MS1-
pDEST™32

AD-POB2
pDEST™22

SCGLeuTrp-
His+3AT

Interaction
test for MS1
and POB2

POB2
interaction
with MS1 in
yeast
MAV203

cells was able
to activate the
expression of
the Histidine+
and Beta
Galactosidase
reporter geneg

DB-
POBIpDES
T™32

AD-POB2
pDEST™22

SGLeuTrp-
His+3AT

Interaction
test for
POB1 and
POB2

No expression
of the
Histidine and
Beta-
Galactosidase
reporter genes
therefore
POB2 does
not interact
with POB1 in
yeast
MAV203
cells.
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Table 5.10The plasmids present in each control strain and the extent of cDNA
contained. The plasmid vectors used are pPGRALLDB, LEU2), pPC97
CYH2S and pPC86GAL4AD, TRPL) pDBLeu is derived from pE97. (For

more information refer to ProQuest™ Twybrid Systemwith Gateway®

Technology).

CONTROL
STRAIN

RESIDENT
PLASMIDS

cDNA
INSERT

INTERACTION
STRENGTH

REFERENCE

7. Control

pPC97RB

no insert

A

pPC86E2F1

noinsert

None

Chevray and
Nathans,
(1992)

8. Control

pPC97

human RB
Account
M28419

amino acids
302-928

B

pPC86

human E2F1
Account
M96577

amino acids
342-437

Weak

Vidal,
(1997); Vidal
et al, (1996)

9. Control

pPCI7€CYH2
-dDP
pPC86-dE2F

Drosophila
DP
Account
X79708
amino acids
1-377

C

Drosophila
E2F
Account
Uu10184
amino acids
225-433

Moderately strong

Duet al,
(1996)

10. Control

pPC97Fos

rat cFos
Account
X06769
amino acids
132-211

D

pPC86-Jun

mouse cJun
AcccountX12
761
amino acids
250-325

Very strong

Chevray and
Nathans,
(1992)
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HIS® HIS p-Gal p-Gal’

Control plasmid (pDEL eu} + NONE (1) |

pDBLeu + pEXP-AD502 (2)

DB-POB1-pDEST™32 + pEXP-AD302 (3)

Obvious
interaction
‘.’ « detected
between MS1
and POE2

PDBLeu+ AD-POB2 pDESTTM22 (4)

DB-MS1pDEST™32 + AD-POB2-pDEST™22 (5)

DE-POBIpDEST™32 + AD-MS1-pDEST™22 (6)

Control A (7)
Control B (8)

Control C (8)

:

Control D (10)

Figure 5.13 Screening candidate interactors by yeast 2 hybrid analysis for the
induction of reporter genefl) Isolated coloniesf Transformation control, (2)
selfactivation tests, (&) interacting candidate genes andl(j Yeast Control
Strains POB2 interaction with MS1 in yeast MAV203 cells was able to activate
the expression of the Histidine (+20mM 3AT) and B@tactosilase reporter
genes. However there was no interaction observed between POB1 and MS1 as no

expression of the Bet@alactosidase reporter gene was seen-gpbassays.

5.3.2 TRANSIENT EXPRESSIONS OF MS1 AND POB2 GENE

CONSTRUCTS IN N. BENTHAMANIA

The full lengh cDNA of MS1 and POB2vere generated atB-PCR products
for BP recombination cloning intthe pDONR™ vectors to create Entry clones
(Table 5.11 and Figure 5.14). By BP recombination reactionsattiePCR
products were cloned into the pDONR™2Rdtry Vector (Section 2.8.9; Figure

5.15).
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Table 5.11 attB-MS1 and attBPOB2 PCR products were generatéar BP

recombination cloning intthe pPDONR™ vectors to create entry clones.

CONSTRUCT | FOWARD | REVERSE | ANEALING | PRODUCT
PRIMER | PRIMER | 'EMPERA- SIZE
TURE °C bp
attB-MS1 MS1-Start | Complete 56 2194

gene

reverse

attB-POB2

19-1 1- | 19-1 end- 56 2200

xhoF kpnlR

Figure 5.14 attB-MS1 and attBPOB2 PCR products useds substrates for BP
recombination cloning intthe pDONR™ vectors to create Entriones. The
PCR products were separated on a 1% (w/v) agarose gel with the Hyperladder 1

(Bio-line.com) as molecular weight marker. M= molecular weight marker.
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MEL FOB2

M opoNR221  pDoNR221

10000bp— 5

6000bp—»- |

Figure 5.15Gel picture showing MS1pDONR221 and POB2pDONR221 plamid
DNA purified and used folLR Gateway recombination reactiofhe PCR
products were separated on a 0.8% (w/v) agarose gel with the Hyperladder 1 (Bio

line.com) as molecular weight marker. M= molecular weight marker.

Positive MS1pDONR221 and POB2pDONR221 enttipnes were checkedyb
plasmid DNA PCR analysis using vector and gene specific priniatdg 5.12

and Figure 5.16 MS1pDONR221 and POB2pDONR221 plamid DNA constructs
were then purified andransferred into the Destination Vectors PGWB5 and
PGWBS8 respectivelyby LR Gateway reombination reactiongSection 2.8.9)
(Table 5.13) MS1PGWB5 and®POB2PGWBS8plasmid DNA (Figure 5.17)vere
validated asexpression clones by PCR analysis using vector and gene specific

primers Table 5.14 and Figure 5.18).
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Table 5.12PCR analysis to screen transformants carryingMi8d pDONR221
and POB2pDONR22fiene constructs i&. Coli DH5a cells by using appropriate

vector and gene specific primer pair (Figure 5.16 for gel picture).

CONSTRUCT | FOWARD | REVERSE | ANEALING | APPROXIMATE
PRIMER | PRIMER TEMP. PRODUCT SIZE
°'C bp
MSIpDONR22 | M13F RT-R 55 630
1
POB2pDONR2| M13F | SALK145_ 55°C 650
21 146
MS1pDONR221
M1 2 3
A 630bp
POB2pDONR221
M1 2 3 4 &
B 650bp

Figure 5.16 Plasmid DNAPCR from colonies oBP Gateway recombination
reaction Primers used, anealing temperature and approximate product size are
displayed inTable 5.12 The gel pictures show A) MS1pDONR221 andB)
POB2pDONR221 PCR analysis from plamid DNA purified and used for LR
Gateway recombination reaction. MS1pDONR221 an®@BPpDONR221
transformants were 630bp and 650bp respectively using the primers in Table 5.12.
The PCR products were separated on a 1% (w/v) agarose gel with the
Hyperladder 1 (Bidine.com) as molecular weight marker. M= molecular weight

marker.
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Table 5.13Gene constructs in Gateway compatible vectors utilised for transient

expression experiments-or more information refer to Gateway instruction

manual (Invitrogen).

GATEWAY
GENE DESTINATION FEATURES
VECTOR
MS1 PGWB5 (--35S promoterR1- CmR-ccdB-
R2-sGFR-)
POB2 PGWBS8 (--35S promoteR1- CmR-ccdB-R2-
6xHis-)

Ms1 M5l
A PCWBS PCWBE

10 000bp

Figure 5.17 Gel pictures showing MS1PGWBthd POBZPGWBS8plamid DNA

purified and cetransformed into GV3101 competent cells for transient expression

into N. benthamaniglants The plamid DNA were separated on a 0.8% (w/v)

agarose gel with the Hyperladder 1 (Bilme.com) as molecular weight marker.

M= molecular weight marker.
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Table 5.14:PCR analysis to validate transformants carryingMisdPGWB5 and
POBZGWBS plamid DNA gene onstructs using appropriate vector and gene

specific primer pairKigure 5.19.

CONSTRUCT | FOWARD | REVERSE | ANEALING APPROXIMATE
PRIMER PRIMER TEMP. PRODUCT SIZE
°'C bp
MS1PGWB | PGWBSF R1451 55°C 1500bp
POBZPGWBS8 | PGWBS8F | SALK145 55°C 1100bp
_146R
POB2 PGWES MS1PGWBS

M 1 2 3 4 5 6

1500bp
1000bp

Figure 5.18Gel picture showindg®CR analysis to validate transformants carrying
MS1PGWB (1-3) and POBZPGWBS8 (45) plamid DNA gene constructs iR.

coli DH5a cells using appropriate vector and gene specific primer pairs (Table
5.14) DNA was separated on a 0.8% (w/v) agarose gel with the Hyperladder 1

(Bio-line.com) as molecular weight marker. M= molecular weight marker.

MS1-PGWB5 and POBPGWBS8plamid DNA was purified and transformed into
AgrobacteriunstrainGV3101.The Agrobacteriuncarrying expression constructs
were checked by PCR using a gene and vector specific primer to make sure they
were carrying the correct gene constructs (Table 5.15; Figure 5.19). Validated

clones were transformed intd. benthamania plants by infiltrating (Section
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5.22.2) the abaxial side oN. benthamania6 week old leaves with the
Agrobacterium (GV3101) strains carrying PGWBMS1 (GFP tagged) and

PGWB8POB2 (HIS tagged) gene constructs (Figure 5.20).

Table 5.15:PCR analysis toalidate transformants carrying tMs1PGWB5 and
POBZGWBS8plamid DNA gene constructs i6V3101 Agrobacteriumcells by

using appropriate vector and gene specific primer pair (Refer to Figure 5.19 for

gel picture)
CONSTRUCT | FOWARD | REVERSE | ANEALING | APPROXIMATE
PRIMER | PRIMER | TEMP. PRODUCT SIZE bp
°C
MS1PGWEB | PGWBSF | R1451 55°C 1500bp
POBPGWBS | PGWBSF | SALK145 | 55°C 1100bp
_146R
ME&1- POBI-
PCWES PGWES
M 1 2
1500bp
1000bp

Figure 5.19Gel picture showind?CR analysis to validate transformants carrying
plasmid constructs of MS1PGWBEL) and POB2PGWBS8 (2) in GV3101
Agrobacteriumcells by using appropriate vector and gene specific primer pair
(Table 5.15).The plamid DNA were separated on a 0.8% (w/v) agarose gel with
the Hyperladder 1 (Biine.com) as molecular weight marker. M= molecular

weight marker.
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[ Point of
{’ i.llﬁtratiu:m-.lll ¥, N (e

Adaxial side of the leaf Ahbaxial side of the leaf

Figure 5.20 Infiltration transformation ofN. benthamianaleaves.(A) Plants
grown for 6 weeks prior to infiltration. The abaxial side of the leaf was used for
microinjecting PGWB5MS1 and PGWB&O0B2 gene constructgB) Adaxial

side with points of injection infected witAgrobacterium(see arrow) andC)
Abaxial side of leaves after infiltration with infected tissue on point of figec

(see arrow) (For detailed protocol refer to section 5.2.2).

Total protein was isolated (Chapter 2 Section 2.9.1) from the infiltrated
benthamiandeaf tissues and immunodetection of gene constructs was conducted
(Chapter 2 Section 2.9.6)he protein was transferred to a PVDF membrane and
hybridised with antibogs to the tags carried on the constructs. The results
showed a very faint MSGFP band and a GFP positive control band (MAP4)
(Figure 5.21). During our study using this procedure proved challenging
specifically with immunodetection of GFP and HIS faged to MS1 and POB2
respectively. No POB2/MSL1 protein complex was detected when the membrane
was incubated consequently this approach could not be used to confirm the
interaction of MS1 with POB2. However 2 more different approaches were

employed to validate MS1 interaction with POB2 (See section 5.3.3 and 5.3.4)
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IMMUNODETECTION
= 3

L

M51-GFP
~ 90-100kd

M5lalone  ~ 76kl
~76kd

Figure 5.21 (A) SDSPAGE @-20% gel) run showing native total protein
extraction in lanes (4) from infiltrated N. benthamiandeaf tissues. Lane 5
represents native total protein extractivaom Arabidopsisplants carrying the
Microtubuleassociated protein dMAP4). M represents th&DSPAGE band
profile of the Thermo Scientific Spectra Multicolor Broad Range Protein Ladder
and subsequent transfer to the membréBeWestern blot of total protein from
Total protein; Immunodetection was carried out using@miP primary antibody
from rabbit polyclonal. The exact concentrations of the primary and secondary
antibodies used are described in Tables 2.13 and Table 2riek L4 showed a
very faint MS1 band (76kd) and in lane 5 a GFP positive control band
(Microtubule-associated protein 8MAP4) = 74.8kd), therefor&lo POB2/MS1

protein complex was detected
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5.3.3 EXPRESSION OF MS1 AND POB2 USING AN E. COLI

EXPRESSION SYSTEM WITH GATEWAY® TECHNOLOGY

In addition to the above techniques, the interaction between MS1 and POB2
proteins was also studied usimgvitro expression in th&. coli with Gateway
Expression system (Invitrogen®) to crede coli expresion clones containing

the T7 promoter. As previously described the full lengt®l and POB2 cDNA
pDONR™221 Entry clones (Figure 5:146) were used to perform an LR
recombination reaction with the appropriate pDEST15™ and pDEST17™
destination vectors, toegerateMS1-pDEST15 and POBRDEST17expression
clones(Table 5.17, Figure 5.22 and Figure 5.23). Confirmation of the expression
cloneswas performed by plasmid DNA PCahalysis (Figure 5.22 and Figure
5.23). Plasmid DNA constructs carryinglS1-pDEST15 and POBRDEST17

was transformed intoBL21 (DE3) competent cells for higbvel protein

expression (Section 5.2.3.2).

Table 5.16Genes constructs prepared in Gateway compatible vectors for transient
expression InE.coli. For more information refer to Section 5.2.4 d@adcoli

Expression System with Gateway Technology Invitrogen.

GENE GATEWAY FEATURES
DESTINATION VECTOR

MS1 pDEST15 T7 promoter, Gterminal, GST Tag

POB2 pDEST17 T7 promoter N-terminal, 6XHis Tag
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M5! full cDNA inserts

ﬁm ATG GST |atRi Cm* | ccdB awmz I
1

B Plasmid DNA MS1pDE STT™] 3
M 1 1 3 4

— gl et

MS1pDEST™15

H i 1 2 3 4

«—T00bp

Figure 5.22 (A) Map and Features @DEST ™15destination vectomto which

the MS1pDONR221 plamid DNA were cloned using LR ClonaseB). Gel
picture showingpurified MS1pDEST™15 plasmidDNA (1-4). (C) Gel picture
showingPCR analysis to validate transformants carrying MS1pDEST ™4, (1
Forward Primer: T7 primer and Reverse primer: RRRie plamid DNA and PCR
analysis were both separated on a 0.8% (w/v) agarose gel with the Hyperladder 1

(Bio-line.com) as molecular weight marker. M= molecular weight marker.
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POR? full cDNA inserts

N 7 J vos [Ar0 oovs [amt o [ooe

pDEST™17

6354 bp

Plasmid DNA POB2pDE ST™17
E M 1 3 3 1

3000bp

POBIpDEST™M7

H AL 1 2 3 4

<«— 1000bp

Figure 5.23 (A) Map and Features @DEST ™17destination vectomto which

the POB2pDONR221 plamid DNAwere cloned using LR Clonase™B)(Gel
picture showingpurified POBZ2DEST™17 plasmidNA (1-4). (C) Gel picture
showingPCR analysis to validate transformants carrying POB2pDEST ™4y (1
Forward Primer: At2g4626025FReverse primer: T7_TermRhe plamid DNA

and PCR analysis were both separated on a 0.8% (w/v) agarose gel with the
Hyperladder 1 (Bidine.com) as molecular weight marker. M= molecular weight

marker.
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The plasmid DNA constructs were also sequenced to confirm that the gene of
interest was cloned in frame with the appropriateeihinal (GST) or Gterminal
(6XHIS) tag before induction (Appendices 8%). TheMS1andPOB2cDNA
maps in Figures 5.24 and Figure 5.25 respectively show the primers that were
used to sequence the plasmid DNA constructs. The plasmid sequencing results for
MS1pDEST15clone at 3'and 5 end and pDEST17POB2 clone a8'5end
aligned with start of POB2 cDNA is shown in Appendices-8@& Both

constructs were shown to be in frame and correct without any mutations.

M51_cDNA
W51 Sta AT RMAMST 1141 TH prime
| CATMA primer B I I:I
CATMA primar F RMAGF EHAIR ] coenplate gene R
23L irev I R A ragion 4R -NePHD-Y2H I
mra g RT-L E 4111 HE) fniger ot
t I ba 2078 of M5] cDNA «5'UTR !
I & |
T T I L]
VA1 cim ey LV
] ] . f
) M 1M |
[ ] o B
- -] B o B
| ep— ] Er ]
. a B ] s
B B 5] | ]
I

Figure 5.24: (A) MS1 cDNA showing primers utilisefor sequencing the
pDEST15MS1 gene constructsB) The grey arrows show overlaping sequenced
regions from 5’to 3’ end. Sequencing fomatted alignmepDEST15MS1 clone

with MS1 cDNAis shown Appendices 8.5.
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starl At2g46260-pob2_cDNA
|
15-1 sxhioE & ris " 3
8-1_Yxhof 323F salk145_ 1468 725F AT B e
locus_tag=AT2G46260: gene_synonym=TIF17.9; note=ETE/POZ domain-contaning protein; FUNCTIONS IN: protein banding: INVOLVED .
3 ..l ; i 0 T 1 i T T 0 T T T
100 200 300 400 500 600 FOO 8O0 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

MEHE2a0-pos? cIMA-ten 201D Assembly
; 1 :

Figure 5.25:POB2 (At2g46260) cDNA showing primers utilised for sequencing
thepDEST17POB2 gene constructs. The grey arrows show overlaping sequenced
regions from the 5'to 3’ end. Sequencing fomatted alignmepD&ST17POB2

clone with POB2 cDNAs shown in Appendies 8.6.

To induce MS1 and POB2 protein expression in BL21 (DE3) host stiains,
arabinose was added to the culture to a final concentration of. Orn2f4ction
samples of both clones in BL21 (DE3) were collected at 1 hour interval for 6
hours and overnight. Control namduced culture samples were also collected.
The induction of expression of MS1 and POB2 was checked by gel
electrophoresis of total protein and staining with Coomassie® Brilliant Blue
(Figure 5.26) (for detailed protocols refer tevww.invitrogen.com).
Overexpression of the recombinant proteins in BL21 (DE3) competent cells with
L-Arabinose induction could not be achieved as no induction of a band at the

appropriate size for MS1 or POB2 was seen, there were also no difference in othe
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band intensities between the moduced and induced cultures (Figure 5.26).
Therefore an alternative approach was used to validate the poodéamn

interactiongSection 5.3.4).

- [
B —135— | —
MS1 70KD
POB2 62KD | — 05 — | —
- 72— =]
| 52 — |——
— | 47 — | —
— 34— | ——
—— 25 —  —
— 17 — | —
— 10 ~! res
L NO 12 3 45 6|NO 12 3 4 56 | 2
MS1 (HOURS) POB2 (HOURS) 4-20% Tris-glycine SDS-PAGE

Figure 5.26: SDSPAGE analysis of MS1 and POB2 protein expression levels
from total protein isolated fror&.coli BL21 (DES3) cultures. (A) No induction of

a band at the appropriate size for MS1 or POB2 was seen, there were also no
difference in other in band intensities between the-indaced and induced
cultures. Arrows indicated expected sizes of transgene proteins (B) Thermo
Scientific Spectra Multicolor Broad Range Protein Ladder. L= Protein ladder, N

None inducedulture.

5.3.4 BIMOLECULAR FLUORESCENT COMPLEMENTATION (BiFC)

ANALYSIS

The previously confirmed MS1pDONR221 and POB2pDONR221 ecloges
(Figure 5.1416) were used for LR Gateway recombination reac{i®action

2.8.9)into the Destination split BiFC vectop$5005 (YFP Nterminal region) and
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pG006 (YFP &erminal region) respectivelgeneratingiS1-pG005 and POB2
pG006 expression clonesF{gure 5.27) The vectorspG0O05 and pGOOGvere
donated by Dr Rupert Fray (UoNYIS1pG005 andPOB20G006 plasmid DNA
were validated a®xpression clones by PC&nalysis using vector and gene
specific primers Table 5.17 and Figure 5.28MS1-pG005 and POBPG006
plamid DNA was purified and bombarded into living onion epidermal cells
(Section 52.4.2) to test for interaction and reconstitution of the split YFP

fluorescent protein

MS1pG005 plasmid DNA

M 1 2 3 4 5

10000bp—»

POB2pG006 Plasmid DNA
M1 2 3 4 5

10000bp

Figure 5.27: Gel pictures showing MS1pG005 aR®DBZG006 plamid DNA
purified and cetransformed intcE.coli DH5a competent cells for bombardment
into living onion epidermal celléTable 5.17 and Figure 5.28). Thlamid DNA
were separated on a 0.8% (w/v) agarose gel with the Hyperladder 1 (Bio

line.com) as molecular weight marker. M= molecular weight marker.
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Table 5.17:PCR analysis to validate transformants carryingMi&pGO005 and

POB2GO006Plasmid DNAgene constructs by using appropriate vector and gene

specific primer pair (Figure 5.28).

CONSTRUCT | FOWARD | REVERSE | ANEALING | APPROXIMATE
PRIMER PRIMER TEMP. PRODUCT SIZE
°C bp
MS1pGO005 35sF RRT 52 350
POB2G006 35sF SALK 14 56 500
5146R
ME1pGO005
M 1. 2 3 4
A

POB2pG006
M 1 s 3 + 5

500bp

Figure 5.28Gel picture showindg?CR analysis to validate transformants carrying
(A) MS1pG005 (B) POB2pG006 plamid DNA gene constructs by using
appropriate vector and gene specific primer palrable 5.17. The plasmid
DNAs were separated on a 0.8% (w/v) agarosenggl the Hyperladder 1 (Bto

line.com) as molecular weight marker. M= molecular weight marker.

Treatments containing both the MSGO05 and POBPGO06 plasmid gene

constructs showed functional nuclear YFP protein expression, indicating a
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positive protein interaction between the MS1 and POB2 proteins (Figure 5.29 and
Figure 5.30). No fluorescent signal was observed in control samples where only
one of the BIFC clones was used for bombardment (Figure 5.29 and Figure 5.30).
BiFC therefore enabled direct visisation of MS1 protein interaction with POB2
protein in living onion epidermal cells. The strong intrinsic fluorescence of the
reconstituted reporter protein made it possible to observe the onion epidermal

living cellsfor 48 hours post bombardment.

NEGATIVE CONTROLS INTERACTING GENE CONSTRUCTS

Figure 5.29 Bifluorescent microscopic analyses @hion epidermal cells
bombarded with MSpGO005 and POBPGO006 plasmid gene constructs. YFP
reporter gene induction (red arrow) was observed after reconstitution of a
functional YFP protein by interaction BOB2 and MS1 in the nucleus, compared
to the control samples containing only the C or N terminal part of the YFP protein

that showed no fluorescence.
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NEGATIVE CONTROLS INTERACTING INTERACTING

+  Gold particles only GENE CONSTRUCTS GENE CONSTRUCTS
«  MS1.pG005 (N-YFE) MS1-pGO0S (N-YFP) + MS1-pG005 (N.YEP) +
» POB2-pGD06 (C-YFP) POB2-pG006 (C-YFP) POB2-pG006 (C-YEP)

Figure 5.30 Confocal microscopy analyses of onion epidermal cells bombarded
with both MStpGO005 and PB2-pG006 plasmid gene constructs showed YFP
reporter gene inductionB(C red arrow) by reconstituting a functional YFP

protein in the nucleus compared £) the negative YFP controls.

5.4DISCUSSION

During the past decade, significant progresses have been made towards
understandingA. thalianapollen development at each development stage under
the molecular level, yet the regulatory mechanisms that control the dynamic
pollen development processes remain largely unknown. To understand MS1
regulatory networks especially the coordinated dynamic regulation between
transcription factors (TFs) and their corresponding target genes during pollen
development, several approaches have been represented significantly in the
genomewide expression analysis of MS1 regulatory targets. In this worknthe

vivo interaction between MS1 and POB2 has been confirmed2¥H¥andBiFC

analyses.
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5.4.1 INVIVOINTERACT ION OF MS1WITH POB2

To validate the interaction between MS1 and PQB2approaches including
Yeast2-Hybrid System, Transient Expression, GatewRy coli Expression
System and BiFC were used. Of thesdy BiFC and Y2H analysis confirmed the
interaction between MS1 and POB2 which could in future provide a fuller
understanding of the regulatory role of MS1 during pollen development. This
suggests that if POB2 isteractingin vivo with MS1, it may be serving to aid in

the turnover of the MS1 protein via a proteasome dependant pathway. Therefore
POB2 could be playing a fundamental role in the metabolic processes of pollen
wall biosynthesis by regulating the breddwn of MS1 by ubigitylation and thus

serving to maintain normal tapetal development and the onset of tapetal PCD.

While MS1 is a sporophytic factor controlling anthard pollen development,
POB1 and POB2 are both POZ/BTB containprgteins predicted to be involved
in protein ubiquitylation based on physical interaction with CULLIN 3 proteins
(Table 5.18) POB1 and POBZunction redundantly as negative regulators of
defense against pathogensAirabidopsis(Qu et al, 2010). Their BTB domain is

a proteirprotein interacbn motif found throughout eukaryotes. It has been
shown also that in Yea&Hybrid assays, POB1 and POB2 dimerize through
their BTB domains (Quet al 2010). In our studiesthe Y2H system was
performed to check if POB1 and POB2 interact with MS1 by rdating an
active transcription factor POB1 contained BNA-Binding Domain (DB) fused

to it known as “bait” and MS1 fused to Activation Domain (AD) also known as

the “prey” or “target protein”. DBPOB1l: ADMS1 interaction failed to

190



reconstitute a functional transcription factor that could activate chromtigema
integrated reporter genes driven BYS3 and GAL1 promoters containing the
relevant DNA binding sites (Table 5.9, Figure 5.12 and Figure STI@refore

there was no interaoh between POB1 and MS1 even thoi@Bland POB2
(Quet al 2010) aréhighly similargenes Table 5.18). POB1 and POB2 sequences
differ within specific regions of the coding sequence and these differences may
lead to differing protein conformations between POB1 and POB2, resulting in
differences in their interaction partnersTo checkthe POB2 interaction with
MS1, MS1 contained &NA-Binding Domain (DB) fused to it known as “bait”

and POB2 fused to Activation Domain (AD) also known as the “prey” ogéta
protein”. DB-MS1: AD-POB?2 interaction reconstituted a functional transcription
factor that activated chromosomaihtegrated reporter genes drivenBy\s3and

GAL1 promoters containing the relevant DNA binding sites (Table 5.9, Figure
5.12 and Figure 5.13POB2 interaction with MS1 in yeast MAV203 cells was
able to activate the expression of the Histidine (+20mM 3AT) and-Beta
Galactosidase reporter genes. Even @gio®OB1 did not interact with MS1 a
number of genes have already been shown to be coexpressed with POB1
(http://atted.jp/data/locus/At3g61600.shtml) (Figure 5.31) and none of these are

closely linked withMS1

Bimolecular Fluorescence Complementation (BiFC) techniquanfirmed
MS1/POB2 proteirnprotein interactions in onion epidermal cells. This approach
was based on the formation of a fluorescent complex by tweflnorescent
fragments (N and C terminal endsf) the Yellow Fluorescent Protein (YFP)

brought together by the association of interacting proteins fused to these
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fragments (MS1 fused to -MFP terminal end and POB2 fused toYEP
terminal end )Using BIFC assayst was possible ta@onfirm that MS1 potein
interacts with POB2 by direct visualisation of a reconstituted YFP protein

fluorescent under simple and confocal microscope view.
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Table 5.18A summary of MS1, POB1 and POB2 gene description, molecular function

expression pattern during growth and developmental stages

GENE DESCRI- INVOLVED LOCATED MOLECULAR EXPRESSED EXPRESS-
PTION IN IN FUNCTION DURING ED IN
NAME
(Growth and (Plant
Developmental structure)
Stages
Sporophytic | cellular
factor response to
controlling brassinosteroi
anther and d stimulus,
pollen microgameto
development. | genesis
Mutants fail pollen
to make germination
ms1 | functional pollen wall Mitochondrio | DNA binding Microsporogenesi| Anther
pollen;pollen | assembly, n, nucleus i.e.sequence | s )
degeneration | positive specific DNA Not in
A5 occurs after regulation of binding microspore
g22 . it L
260 microspore transcription, transcription
release and DNA- factor activity,
the tapetum | dependent, zinc ion binding
also appears | regulation of
abnormally transcription,
vacuolated. DNA-
Similar to dependent,
PHD-finger tapetal layer
motif morphogenesi
transcription | s
factors.
anthesis stage
o stage, stage,
POZ/BTB floral organ cytoplasm protein binding | piateral expressed
containing- abscission nucleus i.e. protein emandédmature inall
protein flower heterodimerizati embryo stage tissues of
AtPOBL. morphogenesi on activity, mature pollen Arabidopsis
Involvement | s, protein stage two leaves
POB1 | in pro'teln _ proximal/dist homoq”_nerlzatl visible stage four
ubiquitylation | al pattern on activity leaves visible
is predicted formation stagesix leaves
At3g61 | based on response to visible stageeight
600 | Physical red light leaves visible
interaction stage ten leaves
with CULLIN visible stage
3 proteins. twelve leaves
visible stagepetal
differentiation and
expansion stage
carpe) cauline
R leaf, collective
POZ/BTB roraI.or_gan cytoplasm protein binding | |oaf structure gxpressed
conta\_lnlng- abscission, nucleus protein i.e. cotyledon flower, | N all
protem ) flower _ heterodimerizatil ypocotyl tlssu_es of _
POB2 |nvol\_/ed in morphogenesi on activity, inflo_rescence Arabidopsis
prbqte|p ati S v protein meristemleaf
At2g46 P patte on activity base pedice]
based on formation ;
260 ; ' petal petiolg
physical response to plant embryo
interaction red light plant sperm cell
with CL}LLIN pollen, root, seed
3 proteins sepa) shoot apex
shoot system
stamenstem
vascular leaf
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http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=26945
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=26945
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=10881
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=10881
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=537
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=961
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=4661
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=18538
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=18538
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=18899
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=18899
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=18899
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=13173
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=13173
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=13173
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=13866
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=13866
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=231
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=537
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=3877
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=15254
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=15254
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=15254
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=15211
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=15211
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=15211
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22934
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22977
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22977
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22891
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22891
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22891
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22999
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22999
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23001
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23001
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23001
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23003
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23003
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23005
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23005
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23005
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23007
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23007
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23009
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23009
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=23009
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=22903
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=231
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=537
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=3877
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20380
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20625
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20625
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=36583
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=36583
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20129
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20295
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20136
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20444
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20444
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20494
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20494
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=29146
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=29146
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20451
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20415
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20505
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20126
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20002
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=38293
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20174
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20119
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20410
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20630
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20214
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20328
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20530
http://www.arabidopsis.org/servlets/TairObject?type=keyword&id=20467

5.4.2 OTHER METHODS USED TO ANALYSE PROTEIN -PROTEIN

INTERACTIONS

In addition to the approaches utilised to confirm the prepentein interactions

with MS1, there are a number of other methods that can be utilised.

5.4.2.1CO-IMMUNOPRECIPITATION (CO -IP)

Co-immunoprecipitation (CdP) is a popular technique to identify physiologically
relevant proteirprotein interactions by using target protsipecific antibodies to
indirectly capture proteins that are bound to a specific target protein
(http://www.pierenet.com). These protein complexes can then be analyzed to
identify new binding partners, binding affinities, the kinetics of binding and the
function of the target proteifCoIP works by selecting an antibody that targets a
known protein that is believed be a member of a larger complex of proteins. By
targeting thiknownmember with an antibody it may become possible to pull the
entire protein complex out of solution and thereby identifinownmembers of

the complex (http://www.piercenet.com). This concept of pulling protein
complexes out of solution is sometimes referred to as adpuh”. Proteins that
interact in a typical GdP are postranslationally modified and conformationally
natural and proteinsinteract in a nofdenaturing condition which is almost
physiological. However, with ColP the signals of lowaffinity protein
interactions ray not be detected and the choice of the appropriate antibody is
crucial as the target protein needs to be progmddictedor there would not be a

positive result in CaP (http://www.assayprotocol.com/Immunology/C¢P). An
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advantage of this approach is that one can be relatively confident that the antibody
directed against the tag is specific and does not cross react with ottengro
(Wuchty, 2002). Furthermore, epitofegged proteins can often be eluted by
incubation wih competing peptides, or other small molecules, instead of boiling.
Such specific elution often reduces the amount of contaminating proteins in the
eluate (Wuchty, 2002). Alternatively, one can perfd@aHP experiments using

cells transfected with tagge®rsions of two putative interaction partners.

5.4.2.2FLUORESCENCE RESONANCE ENERGY (FRET)

Fluorescence Resonance Energy Transfer (FRET) is a useful technique to measure
direct proteinprotein interactions and conformational changes (Mgal, 2010).

FRET occurs when an excited donor fluorophore transfers energy to an acceptor
fluorophore, resulting in reduced donor fluorescence and enhanced acceptor
fluorescence (Mast al, 2010). FRET occurs only when the donor/ acceptor pair

is in closeproximity (1-10 nm). Unlike biochemical methods, FRET allows the
guantitative determination of noncovalent molecular associations in living cells
(Chanet al, 2001). Using conventional flow cytometry, FRET can be quantified
on a celby-cell basis on larg number of cells (Chaet al, 2001). While FRET

can be gquantified by flow cytometry, microscopy is often required to confirm
interpretation of results (Chaet al, 2001). FRET is relatively cheap, very
efficient and rapidly measures changes in distamtes complex of molecules
(Moensanddos Remedios, 2001). One of the major obstacles to the widespread
implementation of FRET investigations in living cells has been the lack of

suitable methods for labelling specific intracellular proteins with the pppte
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fluorophores Rizzo et al, 2009). The development of fluorescent proteins
possessing a wide array of spectral profiles and the increasing sophistication of
protein chimeras (fusions as well as biosensors) has resulted in a number of
potential fluoescent protein pairs that are useful in FRET experim&irzd et

al., 20®). In addition the precision of the measure is impaired by the uncertainty
of the orientation factoland by the size of therobes(Moensanddos Remedios,

2001) Moreover when measuring a change in distance between two probes, the
result is a scalar and gives no indications of which probe (donor and/or acceptor)
moves and the presence of free labels in solution could mask a change in energy

transfer (Moensainddos Remedios, 2001)
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6. FINAL DISCUSSION AND CONCLUSIONS

6.1AMS REGULATORY GENE NETWORK FOR SPOROPOLLENIN

BIOSYNTHESIS IN THE TAPETUM

The value ofA. thalianaas a model for plant biology and the analysis of complex
organisms have been enhanced by the availability of genome sequence and the
application of bioinformaticsln this research, the use of bioinformatics assisted
with identification of putative targewsf key transcription factors associated with
pollen development, namely some of the direct targets of ABORTED
MICROSPORE (AMS}ranscription factor.Transcriptional analysis of these
putative target genes, alongside genotypic analysis of knockout mutants gave
clear understanding of the gene function at the molecular level. Phenotypic
analysis of the insertional mutants helped predict gene functions as a result of the
mutations Analysis of the putative AMS targets identified defective pollen
developmen in the ABC transporter mutant (WBC27). The ABC transporter
protein belongs to the WBC subfamily AfabidopsisABC transporters, which
function in the transport ad wide variety of substrateg\(iizumi and Toriyama,
2011).ChIP analysis by Xet al, (2010) confirmed that this was a direct target of
AMS involved in pollen wall development. The function of WBC27 has been
further clarified byQuilichini et al, (2010) and Doet al, (2011) who confirmed

that theATP-Binding Cassette Transporter G&@s expressed in the tapetum and
that it is required for male fertility and pollen exine formatiodrabidopsis The

ABC transporter proteins have been shown to be closely associated with secretion

of sporopollenin precursors from the tapetufrigumi and Toriyama, 2011),
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however the specific materials being transported have yet to be fully confirmed.
In Figure 6.1 it is suggested that sporopollenin precursors are processddtfyo
acids produced in plastids by a series of enzyr@ési(et al, 201). After fatty

acids have been esterified by ACOSS5 in the cytosol and hydroxylated by
CYP703A2 and CYP704B1 in the ER, they are then modified further by MS2
and/or other unknown enzyme€hpi et al, 201). These hydroxylated fatty
acylCoA, or furtherprocessed fatty acids, are probably transported into the

locules as sporopollenin precursors (Fig 6.1).
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Figure 6.1 Model of ABCG26/WBC27 function in polleawall development
(Choi et al, 2011).During the synthesis of sporopollenin precursors, fatty acids
are modified by a series of enzymes. Fatty acids produced in the plastid are
esterified with CoA by ACOS5 during transfer into the ER. In the ER, medium
and longchain fatty acids are hydroxylated by CYP703A2 and CYP704B1,

respectively, and then modified further by MS2 and other unknown reactions.

199



It seems likely that an ABCG/WBg/pe ABC transporter may serve as an
essential transporter of sporopollenin precursors for exine formation irogael
pollen. However, the mechanism underlying this need to be studied further in
order to establish the chemical pathway of how transport of sporopollenin
precursors occurs and subsequent exine wall components happens. Future work
could focus on analysing the expression profile of nputive AMS targetsin

the ams mutant background to establishing whether these genes are directly or
indirectly regulated by AMS. Additionally it may also be of interest to analyse the
expression pattern &MSin the insetional mutants of these targets AMS targets
More work could involve finding out which processes thesativeAMStargets

affect in terms of metabolism and transport, during anther and pollen
development. This could be achieved by analysing the chepvogbosition of

the anther tissue and pollen wall. Further work could involve comparing the
sequences oputative AMS targetsand identifying any conserved regions with
specialised functions and then linking this to possible chemical events that occur

during anther and pollen wall formation.

6.2 FAST NEUTRON SEED MUTAGENESIS

A forward genetics approach was utilised to identify possible factors regulating
MALE STERILITY1gene expression. This was conducted Fgst Neutron
mutagenesis of seed containing M81prom:MS1GFP fusion proteinWith this
analysis it has been shown that fast neutron mutagenesis is highly efficient, since
a mutation frequency of 40% has achieved using Fast Neutron bombardment.

From deletion mutant libraries four lines that showedrait expression of MS1
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were identified, these were backcrossed over a further four generations to identify
homozygous male sterile lines with altered MSEP expression pattern whilst
minimising the presence of additional mutations. These lines were crossed to the
ms1 recessive mutant to test for gene complementation. One line (2Y) was
identified as a novel mutant since it was able to complememhsienutant, and

it was therefore selected for further analysis. This was crossed with wildtyp
Columbia ecotype to generate 600 F2 lines for generation of recombinants and
gene mapping. Marker analysis showed linkage of the 2Y mutation to a marker on
chromosome 5 and 3. The chromosome 5 marker is closely linked tdShe
locus and is likely to reflect contamination of the line with thel mutation
during backcrossing. Whereas the linkage on chromosome 3 seems more likely to
reflect the location of the novel 2Y mutation, however further work needs to be
conducted to confirm the mutant gene ID. Further characterisation of the 2Y line
is needed to complete the mutant identification; this could involve sequencing, or
restriction digestion of thMS1locus in lines showing linkage to the chromosome

5 marker to determine the whether the observed linkage is due tmsthe
mutation or due to linkage with this genomic region. This could be done by
looking for the loss of th&®sadl restriction site that is seen in theslmutant &

Rsadl restriction site is lost in thmst1 mutant when compared witreLwildtype

due to a G to A transition, which results in the loss of the Rsal restricton sit
(Wilson et al., 2001). Further work could involve analysing the linkedi that

may be the gene of interest by sequencing in the 2Y mutant. The identity of the
2Y loci could also be raalysed using KO insertional mutants in the possible
candidate genes to see if the same phenotype is seen in the genes showing linkage

to the marker. RPPCR analysis of the potential gene of interest could also be

201



employed in the 2Y mutant to determineexpression is altered in the 2Y mutant.
Further sequencing of possible gene targets and complementation analysis could
be conducted to confirm the gene identity. Depending on the nature of the gene
its role in the regulation of MS1 expression could subsetly be investigated,

for example determining whether the gene is a direct target of the MS1 protein
and establishing the effect on MS1 gene expression. This could involve checking
if the protein coded by the gene of interest interacts with MS1 prat@romoter
sequence and identifying any possible protein structural similarity and regfions

interest.

6.3MS1 PROTEIN- PROTEIN INTERACTIONS

The study of protenprotein interactions (PPIs) is essential to uncover unknown
functions of proteins at the molecular level and to gain insight into complex
cellular networks, however falgmsitive protein present problems in such
analyses. Thereforegdpite the identification of possible interacting proteins by
yeast two hybrid analysis a key goal was to confirm the PPI data from MS1 using
one or more independent approaches. A number of approaches can be utilised for
such work, for exampli vitro pull-down experiments, transient expression, split
YFP and FRET analysestgeiner et al, 2012; Sparkes and Brandizzi, 2012;
Kuroda et al, 2012; Piotrzkowskiet al, 2012). During this study the MS1
protein interaction with POB2, previously suggested fmreening our stamen
Yeast2-Hybrid library, was confirmed by repeating tiYeast2-Hybrid analysis

on a 1:1 basis and subsequently by Bimolecular Fluorescence Complementation

(Chapter 5 Section 31 and 53.4). POB2 expression pattern was determined in
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the wildtype background and shown to be expressed throughout plant growth in a

similar pattern as reported by Genevestigator (Figure 6.2).
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Figure 6.2 POB2 At2g46260)Genevestigator expression profile. At2g46260 is
expressed throughout growth bdiighly expressed during hypocotyl and
cotyledon emergence from seed coat as well as old silique. dtage also
medially expressed in floral organs in unopened buds and during anthesis of

Arabidopsis flowers.

MS1 interaction with POB1 was not observedwever POBland POB2 have

been reported to dimerize through their Bd@nains and function redundantly as
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negative regulators of 3fediated pathogen resistance responses €Qal,

2010) The POB2 BTB domain and some of its surrounding regions have recently
been presumed to be involved in target recognition (Christiaals 2012). POB2

now designated as LRB1 has been shown to have a putative nuclear localization
sequence (NLS) near the N termirdesvnstream of the BTB domain (Christians

et al, 2012). Interestingly Christiaret al, (2012) also found a higher level of
At2g46260 (LRB1) mRNA in pollen. Even though the basis of MS1 interaction
with POB2 has not yet been fully characterise@, can lypothesise that the
interaction of MS1 with POB2 occurs in the nucleus and while MS1 binds to
DNA with its PHD finger motif, POB2 may bind MS1 with its protein binding
motif (BTB). This could potentially form a protein complex by either homo, or
heterodimezation, resulting in POB2 tagging the MS1 protein with ubiquin
molecules, potentially for degradation in the tapetum. If this is occurring, it is
likely that once the MS1 protein is tagged with ubiquitin molecules, it could
signal to other ligases to atth additional ubiquitin molecules thereby targeting
MS1 for degradation by the proteasome. This could thereby serve to regulate the

turnover of the MS1 protein and therefore limit anther and pollen gene regulation.

Further work is needed to confirmMSL1 is up or down regulated by POB2. To
confirm this genotypic and phenotypic analysis of single homozygous mutants
and double mutants could be performed with respect to male sterility. In addition
more work is needed on characterisation of POB2 during pollen development by
analysing its celbpecific expression pattern in the wildtype and mutant
background.lt may also be of interest to find out if MS1 interacts with both

isoforms of Cullin 3 proteins in yeast amd planta to relate the mode of
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interacton POB2 has with Cullin 3 proteins to its interaction with MBie BiFC
confirmed the Y2H result suggesting thDB2is a definite interactor of M31

this information will contribute tocurrently existing MS1 regulatory network
thereby giving more insight into gene regulation during pollen development in
Arabidopsis These data could also be extended to research in commercially

important crops

Besides the approaches utilised in this PPl work, researchers across the globe are
establishing other PPI methodologies which are now seeing the development of
new methods and/or improvements in existing methods (Fukao 2012). Some of
these techniques involve identifying proteins hyass spectrometrfMS),
multidimensional protein identification technology or OFFGEL electrophoresis
analyses, onshot analysis with a long column or fikarded sample preparation
methods (Rost al, 2002; Zhanget al, 2012; Fukao 2012). These advanced
techniques potdially allow thousands of proteins to be identified, and such
detailed proteomic methods should also permit the identification of transient

binding or PPIs with weak affinity.

6.4FUTURE PERSPECTIVES

6.4.1 THE ROLE OF MALE STERILITY IN PLANT BREEDING

Genetically modified (GM) crops have great potential to enhance the productivity
and sustainability of agriculture globally, but their adoption raises devera

important issues, highlighted by the strong consumer aversion to GM food
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products in some counds. One of these issues is the potential impact of gene
flow. Gene flow is the natural process of movement of genes between individual
organisms. Among plants this occurs mainly by pollen from one plant
successfully crospollinating a flower from anotheplant and producing viable
seed, a process known as outcrossing. Gene flow already occurs from
conventionally bred crops but there is heightened interest in gene flow issues
because of the release of genetically modified (GM) crops and the potential for
the introduced genes (transgenes) to flow into other plants or organisms.
Consequently being able to limit gene flow and its implications is an important
target for the successful introduction of GM crops. Among many technologies
being developed preventingolen production/release (male sterility) has the
potential to reduce gene flow, but this can have significant limitations in some
crops, since male sterility may adversely affect crop yield, since unsatisfactory

restoration of fertility may occur.

Increasing crop productivity has contributed to global food, feed and fibre
security. Production of hybrids is one of the techniques that enhance worldwide
agricultural production. However managing the reproduction of crop plants can be
a major challenge. Malsterility is one system of pollination control that growers
use to produce hybrids with greater ease (Garenat, 2009). Because hybrids

are so desirable and the techniques for making them can be so difficult,
researchers have long sought an easigr twabreed hybrids by gaining a better
understanding of the role of the male sterility in selective plant breeding ifigeed
plants for particular traits). Examples ofala sterility have typically involved

cytoplasmic male sterility (governed by cytoplasmenes) Pelletier and Budar
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2007) genetic male sterility (governed by nuclear genes) (Acquaah, 2007),
transgenic male sterility (induced by the technique of genetic engineering)
(Roselliniet al, 2001) and chemical induced male sterility (induced by the use of
chemical) Acquaah, (201R In all of thesestrategies the aim is to generate plants
with controllable fertility so that crodertilisation can be achieved to generate
hybrids and then subsequently fertility can be restored to allow fullssted

occur.

6.4.2 THE MAIN CHALLENGES FOR UNDERSTANDING POLLEN

DEVELOPMENT

During these studies challenges were faced in the analysis of stage specific
expression of genes in mutants carrying the NB&P gene constructs. However

this problem was improved by using the confocal microscope. Apart from
chemical or radiation mutagetgsmale sterility can be caused by many factors,
including diseases or unfavourable environmental and growth conditions which
could be misleading during phenotypic screening of male sterile lines. This
problem is normally solved by genotypic analysigha plants exhibiting failure

to produce polletfiorming tissues in anthers or viable pollen produced in non
dehiscent anthers, deformed or noable pollen grains, and abnormal pollen.
The study of pollen development by generating genetically induced stealke
mutants can sometimes be limiting because it cannot be used to maintain a pure
line of malesterile crops (Acquaah, 2012). When homozygous recessive male
sterile plants are generated they must be crossed with a heterozygousygrewild

source of pllen so that the seeds that result from crossing the-shede with
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the malefertile plants can be used for future breeding (Acquaah, 2007). Despite
the many challenges scientists face in elucidating the genetic regulation of anther
and pollen developent, more discoveries made in the model system of tapetum
function and pollen formation will have direct relevance to other areas of plant

science.
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8. APPENDIX

8.1DNA MOLECULAR MARKERS (Bioline.com)

LOADING HIGH
SEPARATION
LADDER DYE INTENSITY
RANGE (bp)
COLOUR BANDS (bp)
HyperLadder™
1kb
200 - 10,037 Blue 1,000 & 10,000
(formerly
HyperLadder 1)
HyperLadder™
50bp
50 - 2,000 Blue 300, 1,000 & 3,50(
(formerly
HyperLaddetl)
HyperLadder™
25bp 25 - 500
Blue 100 & 200
(formerly
HyperLadder V)
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8.2IMAGES OF DNA MOLECULAR MARKERS UTILISED (Bioline.com)

HyperLadder | HyperLadder Il
SFE bo] | na/BAND SIZE [bpl | ng/BAND
— {0037 1 —
— B0 | & — B B
— G000 60 —— 1400 20
= 1k — o |
L 1000 100
— 3000 30 — 800 a0
— 2500 25 200 %0
— 2000 20 ——  BOO a0
150011517 | 15/15 i H
— 40 aa
— 1000 100 — 300 100
800 80
200 Al
—: BOf &0
400 40 — 10 40
— &J 4
— 200 20
1% agarose gal 1.5% agorose gel
Bl por lane Sl par larie

HyperLadder

SI7E (bol | ng/BAND
— &00 60
— 400 &0
— 300 &0
— 280 &0
— 200 120
’ 175 B0
: 150 B0
— 125 B0
: 100 120
— Th B0

&l B
— 25 B0

5% agavoss gal
Sl ped lane
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8.3PROTEIN LADDER

SDSPAGE band profile of the Thermo Scientific SpechMalticolor Broad
Range Protein Ladder. The Image is from2046 Trisglycine gel (SDSPAGE)

and subsequent transfer to membrane.

kDa
— 60—

L 140
=100 -

— <0 — -

— -5 —

L _.jﬁ —

L -35 — -
_ 25 —| —

15— —

.| -
Gel Blot
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8.4TABLE OF X* VALUE VERSUS P-VALUE

P value {Probability) 0.95

of freedom. A pvalue of 0.05 or less is usually regarded as statistically

The table below gives a number ef/@lues matching tg? for the first 10 degrees
significant, i.e. the observed deviation from the null hypothesis is significant.

Degrees of freedom (df) x° value
1 0.004 0.02/0.06 015 046 /1.07 |1.64 |2.T1
2 0.10 |0.21(0.45/0.71|1.39|2.41 |3.22 |4.60
3 0.35 |0.58(1.01/1.42 /237|366 |4.64 |6.25
4 0.71 |1.06/1.65 220/ 3.36|4.88 |5.99 |7.78
5 1.14 |1.61(2.34|3.00/4.35|6.06 |7.29 |9.24
B 1.63 |2.20|3.07|3.83|5.35|7.23 |8.56 |10.64
[ 217 |2.83|3.82|4.67(6.35/6.36 |9.80 12.02
g 273 |3.49/459|5.53|7.34|9.52 |11.03 13.36
9 3.32 |417(5.36/6.39|8.34 |10.66 | 12.24 | 14,68
10 3.94 |4.86|6.18 | 7.27|9.34 |11.78 | 13.44|15.99

.84 |6.64 |10.83
599 1921 |13.82
782 134 16.27
9549 [13.2818.47
11.07|15.09 2052
12.58/16.81| 22 46
14.07|18.48| 24.32
15.51/20.09/ 2612
16.92|21.67| 27.88
18.31/23.21/29.59

0.90 0.80 070 0.50 0.30 020 010 005 0.01 0.001

MNonsignificant

Significant
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8.5SEQUENCED MS1 (AT5G22260) cDNA CLONE

MS1 cONA Assembly-CLONE3
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596
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631
343
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736
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Formatted Alignments

TATAGCATGGCCT

GCAGGGCTOGGCAAGCCACGT

CTOEATTCGATGGCGAAT CTGATT CGAMCAGACCAT

CAGCOCAAMCATATTCCAAMAAGAAGAGGAAMAGAGAGGGGA

AAGTAGAGTTTTTAGGCTGAAGACGTTCGGAGAGT

CTEGACATCCAGCTGAGATGAACGAGTTGTCTTTT

COAGATAACCTCGCTAAACTACTTGAGTTTGGT CA

CTTTGAGAGCTCCGGTCTAATGGOGGAAGTTGGTCTT

TTCOAGCTCOCGAGATT CAACGAAAT CCAMMATCCTCTC

TATGTTCTTCTCOCTTTGTCGTAGAAGAGCCCATC CGA

AGCCTCTCTCAATCTCCGTTGCAACCATTGCCAAT

ATGTTGGTTGGGGAAAT CAAMAAT GATATGCAAMACAAGG

AAMGTACCATTTCGTGAT CCCCT CAAAMGGAAMAMCAAT

GGCGGCTTTTTTAAMAMACTGGAAGGT  GGAGGCTACG

CTTTTCOCCCOCGAAAMAGGAAAGTTTCTCCCATCTTOGT G

GAGCTTCAAGGCCATGTCCTTCACGGCTTCTTTCA

CTCCOCAMCGGATTTGGTCACTTGCOCTETCTCTCAMCG

GTCATGGATTTGTGGGACCGGCTCTGCACCGGTTT
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8.7MS1 (AT5G22260) FULL LENGTH CDNA

IACTTTTCGGTCTCTTCTTAT AACAAACCCC ATCATAATAT ATATCCAAAT
51CTATCATATT CCTATTCCCT CTCTTCTCAAGATCAAACCA AATTTCTGAT

101 TCGATGGCGAATCTGATTCG AACAGACCAT CAGCAACATA TTCCAAAGAA
151GAGGAAGAGA GGGGAAAGTAGAGTTTTTAG GCTGAAGACGTTCGGAGAGT
201CTGGACATCCAGCTGAGATGAACGAGTTGT CTTTTCGAGATAACCTCGCT
251AAACTACTTG AGTTTGGTCACTTTGAGAGCTCCGGTCTAATGGGAAGTTG
301GTCTTTTCAGCTCGAGATTCAACGAAATCC AAATCCTCTC TATGTTCTTC
351TCTTTGTCGTAGAAGAGCCCATCGAAGCCT CTCTCAATCTCCGTTGCAAC
401CATTGCCAAT ATGTTGGTTGGGGAAATCAA ATGATATGCA ACAAGAAGTA
451CCATTTCGTGATCCCCTCAAAGGAAACAAT GGCGGCTTTTTTAAAACTGG
501AAGGTGGAGGCTACGCTTTTCCCGAAAAGG AAAGTTTCTC CCATCTTGTG
551GAGCTTCAAG GCCATGTCCTTCACGGCTTCTTTCACTCCAACGGATTTGG
601 TCACTTGCTC TCTCTCAACGCATTGAAAC CGGCTCCGACTTAACCGGTC
651ATCAGGTCAT GGATTTGTGGGACCGGCTCTGCACCGGTTTAAAGGCCAGG
701AAAATAGGGT TGAATGACGC GTCGCACAAA AAAGGAATGG AGTTGAGGCT
751GCTGCATGGGGTAGCAAAAG GAGAGCCATGGTTCGGTCGTTGGGGCTACC
801GGTTCGGGTCAGGGACATAC GGAGTGACTCAAAAGATTTA CGAGAAGGCA
851CTTGAGTCGGTCCGTAACAT ACCCTTGTGCTTGCTTAACCATCACCTAAC
901CAGCCTTAAC CGAGAAACTC CAATCCTCTTGTCAAAGTAC CAAAGTTTAT
951 CCACCGAGCAATTGATCACT CTCAGTGACCTCTTCAGGTTCATGCTTCAT
1001 CTCCATTCAGCGTCTTCCAAGAGATAACTAC ATGAGTAACT CCCGAAACCA
1051AATCATCTCC ATTGATAGTA CCAACTGCAGATGGTCTCAA AAACGGATCC
1101AAATGGCTAT CAAAGTGGTCATAGAGTCAC TGAAAAGAGT CGAATACCGA
1151 TGGATATCGA GACAAGAAGT GAGGGATGCAGCTAGAAATT ACATTGGGGA
1201CACTGGTTTGCTTGATTTTGTGTTGAAGTC GCTTGGGAACCAGGTGGTTG
1251GAAACTATTT GGTCCGACGTAGTCTAAATC CGGTGAAGAA AGTGCTAGAG
1301TATTCCTTGGAGGATATATC AAATTTGTTA CCAAGTAGTA ACAATGAACT
1351 CATAACCCTTCAAAACCAAA ACTCAATGGG GAAGATGGCGACAAACGGTC
1401ACAATAAGAT CACAAGAGGT CAAGTTATGA AAGACATGTT TTATTTTTAC
1451AAACACATTC TCATGGACTA CAAGGGAGTGTTAGGCCCCATAGGAGGTAT
1501ATTGAACCAA ATCGGAATGG CTTCAAGAGCAATCCTCGAC GCTAAGTACT
1551TCATCAAAGA GTATCACTAC ATTAGAGATA CATCGGCGAAAACGTTACAC
1601 TTAGATCGAG GGGAAGAATT AGGAATATTC TGCACGATCGCGTGGAAATG
1651 TCATCATCATAACAACGAGA TAAAAGTTCC TCCACAAGAA TGCATTGTAG
1701TGAAGAAAGA TGCAACATTG AGTGAAGTGT ACGGAGAGGCAGAAAGAGTG
1751TTTAGAGATA TCTATTGGGAACTAAGAGAC GTCGTGGTGGAGTCAGTGGT
1801GGGTGGTCAAATAGAGATCA CAAGGGTCGATGAAATGGCCTTGAATGGGA
1851ATAAGGGATT GGTGTTAGAA GGGAACGTAGGAATGATGAT GAACATTGAA
1901GTGACGAAAT GTTATGAAGA TGATGATAAA AAGAAGGATA AGAGAATAGA
1951GTGTGAGTGTGGAGCAACGGAAGAAGATGG AGAGAGAATG GTGTGTTGTG
2001ATATTTGTGA AGTATGGCAA CACACAAGGT GTGTTGGTGTTCAACACAAT
2051GAGGAAGTGCCTCGCATTTTTCTTTGTCAAAGTTGTGATCAACATCTTAT
2101 TCCTCTCTCTITTTTACCCT AAATCATTCA TGTTATATTA AACCTTCTTT
2151TTTTCTATCATTACGTCATA ATACATAAAT TATACTCCTCGATC

8.8AMS (AT2G1691Q FULL LENGTH cDNA

1ATGGAGAGTA ATATGCAAAA CTTGTTGGAGAAATTGAGGC CTCTTGTGGG
51 TGCAAGGGCTTGGGATTATT GTGTTCTTTGGAGACTAAAC GAAGACCAAA
101GGTTTGTGAAGTGGATGGGATGTTGTTGTGGTGGGACAGAACTCATAGCG
151GAGAATGGAA CAGAAGAGTT TAGCTACGGAGGTTGTAGGGATGTTATGTT
201 TCATCATCCTCGGACCAAAT CTTGTGAATT TCTTTCCCAT CTTCCAGCTT
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251 CCATACCTCTTGATTCCGGGATATATGCGG AGACTCTTCT GACTAACCAG
301ACTGGTTGGTTGAGTGAGAG CTCAGAACCAAGTTTTATGC AGGAAACAAT
351CTGTACTAGGGTTTTGATTC CTATACCGGGAGGACTAGTG GAGCTCTTTG
401CGACCAGACATGTCGCTGAAGATCAGAACG TGGTGGATTT TGTAATGGGA
451CATTGCAACA TGTTGATGGACGATTCTGTAACGATAAACA TGATGGTAGC
501AGACGAGGTCGAATCGAAGC CGTACGGGATGTTATCCGGTGACATCCAGC
551AAAAGGGTTC CAAAGAAGAA GATATGATGA ATCTCCCTTCGTCTTACGAT
601ATCTCTGCTGATCAGATCCGACTCAATTTC TTGCCTCAGATGAGTGATTA
651CGAGACACAA CACTTGAAGA TGAAGAGTGA TTATCATCAT CAAGCCTTGG
701GGTATCTCCCAGAGAATGGT AACAAGGAAA TGATGGGTAT GAACCCATTT
751AACACGGTGGAAGAAGATGG GATTCCAGTGATTGGAGAGC CTAGCTTGCT
801TGTGAATGAA CAGCAAGTTGTTAACGATAA GGATATGAAT GAGAACGGTA
851GGGTGGATTCAGGGTCGGATTGCAGCGACCAGATTGATGA TGAAGATGAT
901CCAAAGTACA AGAAGAAGTC AGGAAAAGGA TCTCAAGCCAAGAACCTGAT
951GGCTGAGAGACGGAGGAGGAAGAAGCTAAA CGATAGGCTTTATGCTCTCC
1001GGTCGCTTGTTCCCAGGATAACCAAGTTGGACAGGGCGTCGATTCTTGGC
1051GATGCAATCA ACTACGTTAA GGAGTTGCAGAATGAGGCAA AGGAGCTTCA
1101AGACGAGCTT GAAGAGAACT CAGAGACTGA GGATGGATCTAATAGGCCAC
1151AAGGAGGGAT GAGCCTGAACGGGACAGTGGTCACTGGGTTTCACCCGGGG
1201CTTTCATGTAACTCCAACGT TCCTAGCGTGAAGCAAGATG TTGATCTTGA
1251GAATTCCAAT GATAAAGGAC AAGAAATGGA GCCACAGGTGGACGTGGCTC
1301AGTTAGATGG CAGAGAGTTT TTCGTAAAGG TGATTTGCGAATACAAACCA
1351GGAGGCTTCACAAGGCTAAT GGAGGCACTGGATTCTCTTGGACTAGAAGT
1401CACAAATGCT AACACGACTC GCTACCTCAG CCTGGTCTCARATGTCTTCA
1451AAGTCGAGAA AAATGATAAC GAGATGGTCCAAGCTGAACA CGTAAGGAAC
1501TCGTTGCTGGAAATAACCCG GAACACATCT AGAGGATGGCAAGATGATCA
1551GATGGCTACAGGCTCTATGCAAAACGAAAA GAACGAAGTT GATTATCAAC
1601ACTATGATGA TCACCAGCAT CACAATGGTCATCATCACCCATTTGATCAC
1651CAGATGAATC AGAGCGCTCATCATCATCAC CACCACCAACACATCAACCA
1701TTACCACAAC CAATAAGGAC CAATTCCCCAAAGCTATAAA GATGTCTGCT
1751TTACAAGCAA AAGAAACATT CTGCATCAACAAACTTTGAA GATCTTTTCA
1801TTTCAAGATA TATAAGGATA AAAGGAATGT CAGTTCGAGAACAGTTCCTG
1851TATCCAATAC CAGGAATAAA CCAAAGCGAA ACAACTTTAC TTA

8.9ABC TRANSPORTER / ABCG26/ ATABCG26/MSR02/ATP-BINDING
CASSETTE G26(AT3G13220) FULL LENGTH cDNA

1 ATGGAGATCA GAAGATCAAC AGAAGAAGTT GAAGAGAATC ATGTAATGCA
51GATTACAGGA AGCAATGGCA TAGTTCACAA CATGGAGTTCATGCCACAAG
101 CTTACCTCAGAAACCAATAC TCATCCGAGATTGACATTGA TGAAGAGTTC
151 GTTTCCACTT ATCCTCTCGAGATGCCCCTCTTCCCATCTTTCTCAAGTT
201TGAAGATGTG GAGTATAAGG TGAGAAACAG TCATGCTAGCTCAGCAAACC
251TGGTGAAAAC AATGGTGTCA AAGGTGGTAA CACATACAAA TCCGGATCCA
301GATGGATACA AGCACATTTT GAAAGGCATA ACAGGAAGCA CAGGTCCTGG
351CGAAATCCTT GCGCTAATGGGGCCTTCGGGTAGTGGCAAA ACAACTCTTC
401 TGAAGATAAT GGGAGGAAGATTGACAGATA ATGTCAAGGG GAAGCTTACC
451TATAATGACA TTCCTTACAGTCCATCTGTTAAGAGGAGAA TTGGCTTTGT
501GACGCAAGACGATGTTCTGTTGCCACAACT TACTGTGGAA GAGACCTTGG
S551CATTTGCTGCGTTTTTAAGA CTTCCAAGTA GCATGAGCAA GGAACAAAAA
601 TACGCCAAAA TAGAGATGAT CATCAAAGAG CTCGGCCTCEAAAGATGCCG
651 TCGGACAAGA GTTGGAGGAGGTTTTGTCAA GGGAATATCA GGTGGAGAAA
701GAAAAAGAGC AAGTATAGCT TATGAGATTC TCGTAGATCCTTCTCTGTTG
751CTTCTAGACGAGCCAACTTCTGGACTTGACTCCACTTCTG CCACCAAACT
801TCTTCATATT CTTCAAGGAG TAGCTAAGGC AGGCAGGACCGTTATAACGA
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851 CAATTCACCAACCATCAAGC AGAATGTTTC ACATGTTTGA CAAGCTCTTA
901CTGATATCAG AAGGACACCCTGCCTTTTACGGCAAAGCCAGAGAATCTAT
951GGAGTATTTCTCATCTTTGA GAATCTTACC TGAGATTGCA ATGAACCCAG
1001CAGAGTTCTTGCTAGACTTGGCAACCGGACAAGTTTCAGA CATTAGTCTA
1051CCCGACGAACTATTGGCTGCCAAAACTGCA CAGCCTGATTCTGAGGAAGT
1101TTTACTCAAA TACTTGAAAC AAAGGTACAA GACAGACTTG GAGCCAAAAG
1151AGAAGGAAGA AAATCATAGA AATAGAAAGG CCCCAGAGCATCTTCAAATA
1201GCAATCCAAG TGAAGAAGGA CTGGACTCTTTCATGGTGGGATCAGTTCTT
1251GATTCTTTCA AGAAGAACAT TCAGAGAGCGGCGTAGAGATTACTTTGATA
1301AGCTAAGGCTAGTTCAATCA CTTGGTGTGGCCGTCGTGTTGGGTCTTCTC
1351 TGGTGGAAGT CAAAGACAGA TACAGAGGCT CACCTTAGAGACCAAGTTGG
1401TTTGATGTTC TATATCTGCA TCTTCTGGACATCGTCATCA CTCTTTGGAG
1451CAGTATACGT GTTCCCCTTCGAGAAGATCT ACCTGGTGAAAGAAAGAAAA
1501GCAGAAATGT ACAGACTTAG TGTGTATTAC GTATGCAGTA CACTATGTGA
1551 TATGGTGGCACACGTTTTGTACCCGACATT CTTCATGATCATTGTCTACT
1601 TCATGGCTGAGTTCAATAGG AACATCCCCTGCTTCCTTTTCACCGTGTTG
1651ACAATACTAC TGATAGCCAT CACTAGCCAA GGTGCAGGAGAGTTCTTAGG
1701AGCTTCAGTATTGAGCATTA AGAGAGCTGGTATGATCGCCTCTTTGGTAC
1751TAATGCTGTT TCTACTAACC GGAGGTTACTATGTCCAGCACATACCAAAA
1801TTCATGCAGT GGTTGAAGTACTTGTCATTCATGCACTACGGCTTCAGGCT
1851ACTTTTGAAA GTTCAATACT CAGCTGACCA ACTTTTCGAA TGTGGGAGCA
1901AAGGCGGCTGCAGGACACTGCAAAGCTCAT CGTCCTTTGACACGATAAAC
1951 TTGAATGGCGGCTTACAAGA ACTGTGGGTTCTGCTTGCCATGGCATTCGG
2001 CTACCGTCTCIGTGCATACTTTTGCCTTCGCAAGAAAATA AGCATTTGCC
2051ATCTTTGA

8.10 POB1 (AT3G6160Q FULL LENGTH cDNA

1ACTTTGGTCTCGTTGAGCCTTTCGTCTATC TCTCACCTGAAAGAAAGACG
51TTCAGCTTTCTCTTTCCAAA ATCAAAAGCT CTCCGATCAGTTTCTCCGGC
101 TTAGGAAATT AATTGAAGGA AGGTGATGAGAGGTACTACT GAGAATACGG
151ATCTGTTCGA TCCCAAAACC CAAATGGATC CTGACTTCACTCGTCATGGT
201 TCTTCCTCCAACGGCGATTTTGGATTCGCTTTTAACGACA GTAACTTCTC
251TGATCGTTTGCTTCGGATCGAGATCATGGG TGGACCTTCGGATTCTCGGT
301CTGAAGTTGAAGGGTGTACGAGTATCGCTGATTGGGCTCGTCATCGCAAG
351AGAAGAAGAG AAGATATCAA GAAGGAATCT GGTGTCACGATTTCAGACAT
401TGTGGCATGTCCTGAGGAGCAGATTTTAAC TGATGAACAA CCTGACATGG
451ATGGATGTCCTGGTGGTGAGAATCCTGATG ATGAAGGAGG AGAGGCAATG
501GTTGAAGAAG CTTTATCAGG TGATGAAGAG GAAACGTCTA GTGAGCCAAA
551CTGGGGAATGGATTGTTCTA CAGTTGTTAG GGTTAAAGAA CTTCATATTA
601GTTCTCCTATTTTAGCTGCCAAAAG CCCTTTCTTTTACAA GTTGTTCTCC
651AATGGAATGA GGGAATCTGA GCAAAGGCAT GTCACCCTTAGGATTAATGC
701ATCAGAGGAA GCTGCTTTGATGGAGCTTTTAAACTTTATG TATAGCAATG
751CGGTATCTGTCACCACAGCA CCTGCCTTATTAGATGTGTT GATGGCTGCT
801GATAAGTTTG AAGTTGCCTCTTGTATGAGG TACTGCAGTA GACTTCTCCG
851TAATATGCCT ATGACTCCAG AGTCTGCCCTGCTCTATCTCGAGCTTCCCT
901CTAGTGTTCTAATGGCCAAA GCTGTTCAGCCTTTAACTGA TGCTGCAAAA
951CAGTTCCTTGCAGCCCGCTACAAGGATATT ACCAAGTTTC ATGAGGAGGT
1001AATGTCTCTA CCTTTGGCTGGAATTGAGGC AATTCTATCA AGCGATGAAC
1051TCCAAATTGC ATCAGAGGAT GCAGTTTATGATTTTATCTT GAAGTGGGCA
1101AGGGCGCAATACCCTTGTTTGGAAGAGCGAAGAGAGATTC TCGGGTCACG
1151 CCTTGCACTC TCCATCCGCT TCCCATTCAGACATGCCGAAAGCTGAAGA
1201AAGTGCTGACTTGCAGTGACTTTGAGCATG AAATAGCATC AAAGCTTGTT
1251CTAGAAGCTCTTTTCTTCAA AGCAGAAGCC CCACACAGACAACGTAGCCT
1301AGCCTCCGAAGAATCTGCAT CCCTGAACCG CCGCCTGATAGAGAGGGCTT
1351ACAAATACAG ACCCGTCAAAGTGGTCGAGTTTGAGCTTCCTAGACCGCAG
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1401TGTGTAGTCTACCTAGACTT GAAAAGAGAA GAATGTGGGGGACTGTTCCC
1451GTCGGGTAGAGTGTATTCGCAGGCCTTTCA CTTGGGAGGTCAAGGGTTTT
1501 TCCTGTCAGCTCACTGCAACATGGACCAAC AGAGCTCGTTCCACTGTTTC
1551GGGCTGTTCCTAGGGATGCAGGAGAAAGGG TCGGTGAGTTTCGGAGTGGA
1601CTATGAATTC TCGGCAAGGTCAAAGCCCGCAGAGGATTTC ATAAGCAAAT
1651ACAAAGGGAA CTACACATTC ACAGGAGGGAAAGCAGTAGG TTACAGAAAC
1701CTGTTTGGGGTCCCATGGACGTCTTTTATA GCGGAAGATA GTCAATACTT
1751CATCAATGGC ATTCTCCATCTCAGAGCAGA GCTTACCATCAAAAGGTCTA
1801CAGATCCTTAGTGACCGTTTACTTCTCAAT TGTCACTGTCTCTCTTTCCT
1851 TTACCTGCTGCTAAATCTCT CGCTCTCTCTAACTTGCCTTTTTTTTCTTT
1901 TCTTTTATAA GGCTTGAAGAAGACTAATAA AGCTTATAAA AGTAAGGTTA
1951AAAACGTTTC GACGACAACG TTATAAGAAG AATGTAAATG CGTTCTTTTT
2001TTCTATCTAC CCTTACTCTTTTGGCTTTGGATTATAAGTT TAACTCTTCA
2051ATGAAATTCT TAGCGTAGAGATTCTTGTAT TATGAACGAA GTTGTGAACA
2101GAAAAGAACG AACGTAACTC TCTCGTCTCATTTAACTAAT TTATCTAGTT
2151GGATTGAAAT AGACATGACT TTTCGATT

8.11 POB2 (AT2G46260)FULL LENGTH cDNA

1 AGAGAAAGAC TTTTTTAGTG TTTCTTTGTCATTTTCGTTC CTCAAAAAAA
51 CCTTTTCGAATTTGACCCTTATTGTTATCC TGATTCTTCT GCTCGGTTCT
101CGCCGGAGAGAAGACACGGA GAAGAGGGTT TTCGAAAAGG AGGATGAGAG
151GTTCCAATAA CACCGATCTA TTTGACCCTAAGACGGAGAT GGATTCCAAT
201 TTCTCTCGCATGGTTCTTCCTCCGAAGGTGATTTTGGTTTCGCTTTCAA
251TGACAGTAAC TTCTCCGATCGTTTGCTCCGGATCGAGATCTTGGGTGGGC
301CTTCGGATTCTAGGTCTGAT GCTGAAGGAT GTACGAGTAT TGCCGATTGG
351GCTCGTCATCGCAAGAGGAG AAGAGAGGAC AACAAGAAGG ACAATGGTGT
401TGCGATTTCAGACATTGTGGCATGTGCTGAAGAACAGATT TTAACCGATA
451ACAACCAACC TGATATGGAT GATGCTCCTGGTGGTGATAATCTTGACGAT
501GAAGGAGAGG CAATGGTTGA AGAGGCTTTATCAGGTGATGATGATGCATC
551 TAGTGAGCCAAACTGGGGTATTGATTGTTCTACTGTTGTT AGAGTTAAAG
601AACTGCATAT TAGTTCTCCTATCTTGGCCGCAAAAAGCCC CTTTTTCTAC
651AAGCTGTTTT CTAATGGAAT GAGGGAATCA GAACAAAGAC ATGTAACCCT
701TAGAATTAGT GCACAAGAGGAAGGTGCTTT GATGGAGCTTTTAAACTTTA
751TGTATAGCAA CTCTCTAAGT GTCACAACAG CACCCGCTTTATTAGATGTT
801CTTATGGCTGCTGACAAGTT TGAGGTTGCTTCCTGTATGAGGTATTGTAG
851TAGACTACTG CGAAATATGC CCATGACCCCTGATTCTGCTTTGCTCTATC
901TTGAGCTGCCCTCTAGTGTTTTAATGGCTG AAGCAGTGCA ACCTCTAACC
951GATGCAGCAA AGCAGTTCCTTGCCTCGCGCIACAAGGATA TTACCAAGTT
1001TCATGATGAG GTTATGGCCTTACCATTGGCTGGAATAGAG GCGATACTAT
1051CGAGCGATGATCTCCAAATT GCTTCTGAGGATGCTGTTTATGATTTTGTC
1101 TTGAAATGGG CAAGGGGACAGTATAGTTCA TTGGAAGATC GTAGAGAGAT
1151TCTGGGTTCACGCCTTGCAC TCTACATCCG CTTCCCATAGTGACGTGTC
1201GAAAGCTGAA AAAGGTACTA ACGTGCAGTGATTTTGAGCA TGAAGTAGCA
1251TCAAAGCAAG TATTAGAAGC GCTCTTCTTCAAAGCAGAAG CCCCACACAG
1301GCAACGCATCCTCGCAGCTGAAGGATCGGA CTCCATGAAC CGCCGTTTCA
1351 TAGAGAGGGCTTACAAATAC AGACCCGTAAAAGTGGTGGAGTTTGAGCTT
1401 CCTCGCCCG@AATGTGTAGT GTACCTGGACTTGAAGCGAGAGGAATGCGC
1451AGGACTATTC CCTTCAGGAAGAGTCTATTCTCAGGCTTTCCACTTAGGAG
1501GTCAAGGTTT CTTCCTCTCA GCACACTGCAACATGGACCA GCAAAGCTCG
1551 TTCCACTGCTTTGGGCTATTCCTCGGAATGCAAGAGAAAG GGGCTGTGAG
1601TTTTGGTGTGGACTACGAAT TTGCGGCAAGAGATAAAAGT ACAAAGGAAG
1651AATACGTAAG CAAATACAAA GGAAACTACA CATTCACAGG GGGGAAAGCG
1701GTTGGTTACAGAAACCTTTT CGGGATTCCATGGACTTCGTTCATAGCCGA
1751GGACAGTCAA CATTTCATCA ATGGCATTCT CCATCTCAGAGCCGAGCTCA
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1801CCATTAAACG TTCCTCAGACCTGCACTGACTGTTTTCTTCTCTCTCTCTC
1851TCTATGTCGTCACATTTAAG TTGTATAATC TCGTTATGTAGCAGCTCTAA
1901CCACGAGTGTCCTTTGTACAATAATTGCCT AAGGAGCAAA AGTATGGCTT
1951AAAGAGTACC TCATTCTGTAAATTCTTTGA TTGGATTTTT TTACTTTTC

8.12 LB (LURIA BROTH)

For 1 litre of Medium
YeastExtract 0.5%
Tryptone 1%
NacCl 109
Bactoagar 1.5%
ddH,O Complete to 1lt

Before being sterilized by autoclaving at 120°C for 16 minutes pH was adjusted to
7.0.

8.13 PLASMID DNA EXTRACTION SOLUTION I, I AND I11.

Solution | (Per litre) Solution Il (Per litre) | Solution Il (Per litre)
50% 18 ml 10% SDS| 100 ml 5M K 600 ml
Glucose Acetate
1M Tris- 25 ml IN 200 ml Glacial 115 ml
HCI (pH NaOH Acetic acid
8.0)
0.5 M 20 ml ddH,O Complete ddHO Complete
EDTA (pH to 1litre to 1litre
8.0)
ddHO Complete
to 1litre
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8.14 TAE BUFFER.

For 1 litre of 50x Buffer

Tris Base 242 ¢
Glacial Acetic Acid 57.1ml
0.5 M EDTA (pH 8) 100 ml

ddH,O

Complete to 1lt

8.15 TB BUFFER

For any volume of buffer

PIPES 10 mM
CaCb 15 mM
KCI 250 mM

Adjust the pH to 6.7 and then add Ma@ 55 mM, complete to final volume
with ddH,O, sterilize by filtration and store at 4 °

8.16 TBE BUFFER

For 1 litre of 10x Buffer

Tris base 108 g
Boric acid 559
NaEDTA 0.5M (pH 8.0) 40 ml

ddHO

Complete to 1litre

258




	1.7.1 IDENTIFICATION OF AMS REGULATORY TARGETS           22
	1.7.2 IDENTIFYING  FACTORS REGULATING THE                         23
	EXPRESSION OF MS1
	1.7.3 IDENTIFICATION OF PROTEINS THAT ARE                           24
	INTERACTING WITH MS1
	CHAPTER 2: GENERAL MATERIALS AND METHODS                           25
	5.4.2 OTHER METHODS USED TO ANALYSE                                 194
	PROTEIN-PROTEIN INTERACTIONS
	5.4.2.1  CO-IMMUNOPRECIPITATION (CO-IP)                              194
	5.4.2.2  FLUORESCENCE RESONANCE ENERGY                         195
	8.4 TABLE OF Χ2 VALUE VERSUS P-VALUE                                          246
	8.5 SEQUENCED MS1 (AT5G22260) cDNA CLONE                                 247
	8.6 SEQUENCED POB2 (AT2G46260) cDNA CLONE                               251
	8.7 MS1 (AT5G22260) FULL LENGTH cDNA                                            253
	8.8 AMS (AT2G16910) FULL LENGTH cDNA                                           253
	8.9 ABC TRANSPORTER / ABCG26/ ATABCG26/MSR02/ATP-             254
	BINDING CASSETTE G26 (AT3G13220) FULL LENGTH cDNA
	8.14  TAE BUFFER                                                                                         258
	8.15  TB BUFFER                                                                                            258
	8.16  TBE BUFFER                                                                                         258


	JA: Jasmonic Acid
	/
	Figure 1.1 (A) A. thaliana plant at an early stage of flowering has the roots, young buds, stem, mature leaves, closed and open flowers, the inflorescences and siliques. Its developing flower has four basic organs: sepals, petals, stamens (anthers and...
	1.2 THE IMPORTANCE OF STUDYING PLANT REPRODUCTION
	The process of male gamete formation in plants involves a series of events that lead to the production and release of mature pollen grains from the anther (Ma, 2005). The anther contains both reproductive and non-reproductive (somatic) cells (Figure 1...
	/
	Figure 1.2 The floral structure of Arabidopsis gametophyte (tutorvista.com) and a anther cross section of  Arabidopsis anther (Wilson and Yang, 2004)
	The stamen is the pollen-producing reproductive organ of a flower. Stamens typically consist of a stalk called the filament and an anther that contains microsporangia. Anthers are most commonly two-lobed and are attached to the filament either at the ...
	At stage 2, the archesporial cells divide further into primary parietal and primary sporogenous cells to form the stage 3 anthers. The primary parietal cell layer divides again to form two layers of secondary parietal cells. At stage 4, further divisi...
	From stages 9-14 (Figure 1.4) the microspores differentiate into pollen grains, the filament elongates, the anther enlarges and expands, cell degeneration occurs, and the anther enters a dehiscence program that ends with flower opening. Dehiscence re...
	/
	/
	Figure 1.3 Phase one of wild-type Arabidopsis thaliana anther development (Sanders et al., 1999). Transverse sections of Arabidopsis anther development from stages 1-8. Ar, Archesporial cell; C, connective; E, epidermis; En, endothecium; L1, L2, and L...
	/
	Figure 1.4 Phase two of wild-type Arabidopsis thaliana anther development (Sanders et al, 1999). From stages 9-14 the microspores differentiate into pollen grains, the filament elongates, the anther enlarges and expands, cell degeneration occurs, and ...
	Figure 1.5 Anther and pollen development pathway (from Wilson et al., 2011) detailing a number of key genes involved in the regulation of male gametogenesis. Regulation is indicated by arrows. Green arrows indicate proven direct regulation; inhibition...
	/
	Table 1.2 List of representative ams binding targets as shown by ChIP-qPCR that were differentially expressed in the ams microarray analysis (from Xu et al., 2010).
	/
	/
	1.7 AIMS AND OBJECTIVES
	1.7.1 IDENTIFICATION OF AMS REGULATORY TARGETS
	1.7.2 IDENTIFYING  FACTORS REGULATING THE EXPRESSION OF MS1
	1.7.3 IDENTIFICATION OF THE PROTEINS THAT ARE INTERACTING WITH MS1
	A stamen Yeast-2-Hybrid library was previously screened using the MS1 protein as bait to identify proteins that might be interacting with MS1 in vivo. A putative interacting protein, POB2, was identified, which appeared to be involved in ubiquitin-bas...
	/
	/

	CHAPTER 5: MS1 PROTEIN-PROTEIN INTERACTIONS
	5. MS1 PROTEIN-PROTEIN INTERACTIONS
	8.4 TABLE OF Χ2 VALUE VERSUS P-VALUE
	8.12 LB (LURIA BROTH)
	8.13 PLASMID DNA EXTRACTION SOLUTION I, II AND III.
	8.14 TAE BUFFER.
	8.15 TB BUFFER



