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Abstract

The developmental programs of maturing seed antlifr pea Pisum sativumL.)
are tightly controlled by the interactions of satgrhytohormones, including gibberellins
(GAs), auxins, and abscisic acid (ABA). To moryfunderstand these hormone
networks and their roles in controlling developmeranscription profiles of GA
metabolism genes and metabolite profiles of key GAgins, and ABA were determined
in developing seeds, and histological studies wetployed to correlate physiology and
hormone metabolism. Data suggest that bioactivestBAulates several aspects of seed
growth, and ABA appears to promote bioactive;Gpnthesis in rapidly growing seed
coats, and inhibit GA biosynthesis in the embryesagf maturing embryos. Two
putative auxin receptor genes were cloned, and titagiscription profiles examined in
developing seed and pericarp tissues. Periea#pB6A transcription was responsive to
auxin and seed signals, indicating a potential fml¢he modulation of auxin sensitivity

in fruit development.
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Chapter 1

Introduction

1.1 Motivation

Recent research in plant physiology has demoestthat the sequence and
timing of events essential to normal developmetigtgly regulated by a variety of
mechanisms, many of which involve one or more phgtmones. Moreover, the
biosynthesis, transport, and perception mechanidrtieese hormones are often closely
linked, creating a highly complex regulatory netlwoAs a biochemically well-
characterized and commercially important plant,use ofPisum sativum as a model
species provides opportunities to examine in démhnteractions between GA
biosynthesis, auxin perception, ethylene productiot sensitivity, and ABA within the
developmental context of seed maturation, fruitedigwment, and the transition from

unfertilized ovary to pollinated fruit.

1.2 Thesis Outline

This thesis is organized as follows:

» Chapter 2 reviews literature on the GA biosynthasd signal transduction
pathways, with a particular focus on the similastand differences between pea
and other model organisms. Aspects of GA metamalspea fruit and seed

development are discussed. This chapter presemtglgand histological data



describing seed development in pea, metabolitelimgpbf ABA and major GAs,
and the transcript profiling of GA biosynthesis aradabolism genes. It discusses
the regulation of GA metabolism by ABA, and theatens between these

phytohormones and the development of the seed.

Chapter 3 reviews literature on mechanisms of asijnal transduction and the
role of auxins in pea fruit and seed developméinpresents data describing the
cloning and transcription profiling of two putatiaexin receptor genes in the
tissues of the fruit and seed, the influences &frsuand GAs on transcript
accumulation of these two genes, the localizatioendogenous auxins in pea
seeds, and the role of seeds in regulating expresgithese receptors in the
pericarp. This chapter discusses the regulatigheofsolated auxin receptors and

their putative roles in the hormone network sugpgriruit development.

Chapter 4 summarizes the research presented ith#sss, provides overall

conclusions of this work, and discusses directfon$uture research.

Chapter 5 contains several appendices. This chegotades results of metabolite
profiling experiments presented on a dry weight pedseed basis, describes the
spatial and temporal localization of GA biosyntlsemnd catabolism gene
transcripts within the fruit, contains putative @io sequences and structural
domains of the auxin receptors isolated in thiskywand describes protocols used

in PCR amplification of the putative auxin recepgenePsAFB6A.



Chapter 2

Regulation of Gibberellin Biosynthesis

2.1 Background

2.1.1 Introduction

Gibberellins (GAs) are a class of hormones firslated from the fungus
Gibberella fujikuroi (Yabuta and Sumiki, 1938). At the time of writjrd36 structurally
distinct GAs have been isolated from a varietylahpand fungal sources (MacMillan
al., 2009). Invivo, these hormones control a wide variety of develapia processes
including seed germination (Ayeétal., 2006), stem elongation (Cosgrove and
Sovonick-Dunford, 1989), and fruit and seed develept (Ozgaet al., 2002, 2009).

GAs are a structurally diverse class of diterperaaids containing two five-
carbon and two six-carbon rings. Additionally, ®o@®As also possess a lactone ring
formed from carbons 19 and 20 (and skeleton carBaml 10), while other GAs can
also have either stable (GJor transient (16,17-epoxy GA) epoxide moieties
(MacMillan et al., 1962). Many GAs consist of the saemg-gibberellane structure and
differ from one another primarily through the pasi(s) of one or more hydroxyl groups.
In particular, hydroxylation at carbons 2 and 3 padicular biological significance.
Hydroxylation at carbon 3 can produce biologicaltyive GAs from non-active
precursors, whereas hydroxylation at carbon 2 allyideactivates biologically active

GAs or precludes precursor GAs from conversionidadtive GAs. Major bioactive



GAs include GA, GAs, and GA, depending on the organism and tissue (all these G
have hydroxyl groups at carbon 3). Each of thesledically active GAs, and in most
cases their precursors as well, has a correspodmglroxylated version.

Hydroxylation at carbon 2 can inactivate biologigactive GAs, such as conversion of
bioactive GA to biologically inactive GA, or can remove GAs from the substrate pool,

such as conversion of GAto GApg.

2.1.2 Gibberellin Biosynthesis

Gibberellin biosynthesis can be divided into thmeggor stages. The first stage of
GA biosynthesis consists of the reactions whichveansopentenyl diphosphate (IPDP)
to the 20-carbon linear precursor geranyl geraiphasphate (GGDP) and the
cyclization of GGDP tent-kaurene in a multi-step, ATP-dependant seriegattions.
The second stage of GA biosynthesis is the conueidient-kaurene to GAyx-aldehyde,
a ubiquitous precursor GA, by the actions of midtigytochrome P450 mono-
oxygenases. The third stage of GA biosynthesislies the conversion of GAthrough
a number of oxidation events catalyzed by multgy®solic 2-oxoglutarate dependent

di-oxygenases to a wide variety of structurallyqua GAs.

First stage of GA biosynthesis: IPDP to ent-kaurene

The linear 20-carbon precursor GGDP is commonrtoraber of terpenoid
synthesis pathways in addition to the GA pathway, @an be formed via two pathways:
the methylerythritol phosphate pathway and the homede pathway. Both pathways

generate the IPDP and dimethylallyl diphosphatessary to produce GGDP, but the



methylerythritol phosphate pathway occurs in tresid while the mevalonate pathway
is cytosolic (Bick and Lange, 2003). While thesesome exchange between these two
pathways, most likely via IPDP uptake (Sateal., 1993), studies witf’C-labeled
intermediates specific to each pathway in combimatvith various knockout lines in
Arabidopsis have demonstrated that the majority of the precURRDP for the GGDP
used in GA biosynthesis are derived from the plaspiecific methylerythritol phosphate
pathway (Kasahare al., 2002). This is not surprising, as the mRNAseafesal genes
required for GA biosynthesis also localize to thespd (Sun and Kamiya, 1997).

Once GGDP is produced from IPDP generated throoglplastid-specific
methylerythritol phosphate pathway, two terpendlsyse enzymes catalyze the
formation of the 4 primary rings, the first comradtsteps in GA biosynthesis. The first
of these enzymes @nt-copalyl diphosphate synthase, which catalyze$ahmeation of
the bonds between carbons 4 and 5, and carborg B0ain the mature GA molecule
(Figure 2.1). The second terpene synthase in theiGsynthesis pathway sit-kaurene
synthase (Sun and Kamiya, 1994), which actentitopalyl diphosphate to produest-
kaurene in an ATP-dependant manner. Bothcopalyl diphosphate synthase (Sun and
Kamiya, 1997) anént-kaurene synthase (Aaehal., 1997) localize to the plastid,
supporting other data indicating that the earlgeasaof GA biosynthesis occur in the

plastid.



Figure 2.1 ent-Gibberellane (general GA) structure withboers numbered. Structural features of some
key GAs inPisuminclude the formation of carboxylic acids or atta ring between carbons 19 and 20

and the hydroxylation of carbons 13, 2, and 3.

Second stage of GA biosynthesis: ent-kaurene to GA;,-aldehyde

The next steps in GA biosynthesis involve the satjal oxidation oent-kaurene
at carbon 19 bgnt-kaurene oxidase, the rearrangement of ring Bariecarbon ring
structure, and oxidation of carbon-7 éy-kaurenoic acid oxidase (Figure 2.1). Both
ent-kaurene oxidase aramt-kaurenoic acid oxidase are cytochrome P450 mono-
oxygenases encoded by the CYP701A and CYP88A gemxctively, in Arabidopsis
(Nelsonet al., 2004). ent-Kaurene oxidase catalyzes three sequential oridasiactions
at carbon 19, first to an alcohol, then to an ajdeband finally to a carboxylic acién{-
kaurenol ent-kaurenal, an@nt-kaurenoic acid, respectively). Risum, these reactions
are catalyzed by the PSKO1 protein (Davidsoal., 2004), encoded by théd gene
(PsKO1 in more modern nomenclature), a member of the sarmfamily of cytochrome
P450 enzymes as theabidopsis enzymes.ent-Kaurenoic acid oxidase then catalyzes

the oxidation oent-kaurenoic acid at carbon 7, which is at this petilt part of a 6



membered ring, to produeat-7a-hydroxykaurenoic acid. GAraldehyde synthase then
convertsent-7a-hydroxykaurenoic acid to GA-aldehyde. One or more GA 7-oxidases
then catalyze the oxidation of GAaldehyde at carbon 7 to a carboxylic acid, praagci
GA1,, a precursor to bioactive GAs in many systems.

While the production oént-kaurene occurs within the plastid, the later stage
oxidations and other modifications of @foccur in the cytosol. Transport of GA
precursors to the cytosol is promoted by changéydmnophobicity in the molecules
themselves. Import assays utilizing radio-labedstedkaurene oxidase show that this
enzyme localizes to the outer layer of the chlasit membrane (Helliwedt al., 2001).
While ent-kaurene is produced within the plastid, it is ygmydrophobic, and transport
across the chloroplastic membrane is likely featiéitl by this feature. Oneat-kaurene
oxidase accepint-kaurene, it catalyzes three sequential oxidatadresarbon 19, first to
an alcohol, then to an aldehyde, and finally tadooxylic acid. Each of these
intermediates is more hydrophilic than the lasggasting an obvious mechanism for
release from the outer chloroplastic membrane.oRuonstructs containing the N-
terminal targeting sequence of toabidopsis ent-kaurenoic acid oxidases and green
fluorescent protein (GFP) indicate that this enzyogalizes to the endoplasmic
reticulum, and is entirely absent from the plagtiélliwell et al., 2001). After release
from the chloroplastid membrane via the actionenbdkkaurene oxidase, the now more
hydrophilic GA precursoent-kaurenoic acid is cytosolic and can interact veitt:
kaurenoic acid oxidase for conversiorett-7a-hydroxykaurenoic acid. The last stage of
GA biosynthesis, catalyzed by multiple 2-oxogluterdependent dioxygenases, is

carried out in the cytosol.



Third stage of GA biosynthesis. GA;»-aldehyde to other GAs

The reactions in the last stage of GA biosynthasescatalyzed by a number of
cytosolic 2-oxoglutarate dependent di-oxygenasesiflaset al., 1999). GA
biosynthesis in this stage can be divided intoeidudy 13- and non-13-hydroxylation
pathways (Figure 2.2). The non-13-hydroxylatiothpay is the primary pathway in
some species, includirdrabidopsis (Talonet al., 199Q. In this pathway a GA 20-
oxidase acts on GAto produce the lactone ring through a series afations at carbon
20. A number of stable intermediates are formethdtthis process, including GAand
GA24 (both lacking the lactone ring) before the finedguction of GA, the ultimate
product of GA 20-oxidase in this pathway. Altemmaly, GA;, can be converted to
GAu110, irreversibly removing precursors of bioactive @houghp-hydroxylation at
carbon 2 (Owemt al., 1998). GA has two fates in this pathway; it is either catiaied
in a similar manner as GAthrough B-hydroxylation to produce G4, or it can be
converted to bioactive GAhrough the actions of a GAdwydroxylase. A further level
of regulation is the deactivation of bioactive &tArough B-hydroxylation, producing
GAaa.

The early 13-hydroxylation pathway, responsibletfa production of the
majority of bioactive GA in pea, is characterizgdtbe initial hydroxylation of GAy at
carbon 13, and the retention of this group in @tisequent metabolites. The enzymes
responsible for this reaction have not been isd|diat they may play an important
regulatory role acting as gate-keepers, controliwgls of precursor available to the 13-
hydroxylation pathway. The early 13-hydroxylatipethway is nearly identical to the

non-13-hydroxylation pathway, with the only exceptbeing the presence of the



hydroxyl group at carbon 13 in all GAs from gfnwards (Figure 2.2). GA 13-oxidase
is presumed to act directly on GAn a single reaction to produce gAthe 13-
hydroxylated equivalent to GAand initial precursor in this pathway. Enzymegatde
of hydroxylating GA; at carbon 13 have not been identified at this tatthough one
recombinant GA 3-oxidase is capable of 13-hydraikypGAsin vitro, though this
activity (as well as several others) is very weaét Bkely non-existent or an insignificant
factor in GA fluxin vivo (Applefordet al., 2006).

GAs3 can either be irreversibly removed from the bin@cGA precursor pool by
GA 2-oxidase (producing G#) or converted to G4 via GAs, and GAgby the
multifunctional GA 20-oxidase. Like GAn the non-13-hydroxylation pathway, GAs
the biologically inactive precursor that is coneerto bioactive GA by GA[2
hydroxylase, in this case producing GAGAy can also be irreversibly removed from the
bioactive GA precursor pool by GA 2-oxidases pradgc&Ayg. Finally, bioactive GA

can be inactivated by GA 2-oxidases, yieldingsGA



Early 13-hydroxylation pathway GAiz-aldehyde  Non-13-hydroxylation pathway

7 H
//'*DH 0
o]

PsGA200x1  GAyq
PsGA200x2

oH PsGA20x1
PsGA20x2
GA20

PsGA3o0x1
PsGA3ox2

Figure 2.2: The third stage of GA biosynthesis: the non-13-bysgltation and early-13-hydroxylation GA
biosynthesis pathways. GA biosynthetic reactiaedradicated by solid arrows; GA catabolic reactiamne
indicated with dashed arrows. Genes encodingrfpyraes involved in this pathway Risum are

indicated in italics.
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2.1.3 Deactivation

GA biosynthesis is regulated at a number of sitdbeé pathway. The most
thoroughly characterized mode of bioactive GA dieatibn or the removal of precursors
for bioactive GA production is througlf-hydroxylation by GA 2-oxidases. There are
three sub-families of GA 2-oxidase genes (classksdnd Ill; Lee and Zeevaart, 2005),
and the various members have differences in subspecificity and affinity,
developmental roles, and expression patterns. GRAyAroxylation is assumed to be
non-reversible, and composes a primary mechanismaimy systems by which bioactive
GA levels are regulated.

In the non-13-hydroxylation pathway, another cytoahe P450 mono-oxygenase
(in the same enzyme family ast-kaurene oxidase that catalyzes the sequential
conversion of ent-kaurene éot-7a-hydroxykaurenoic acid) is capable of deactivaing
number of bioactive GAs (or removing precursorbiofctive GAs) through another
mechanism. The enzyme, CYP714D1 in rice (Nektah., 2004) is capable of
generating an epoxide from the double bond prassmteen carbons 16 and 17 (Figure
2.1). While the double bond between carbons 161dnd present in most GAs, thise
enzyme is specific to non-13-hydroxylated GAs, eadnot deactivate 13-hydroxylated
forms (Zhuet al., 2006). Subsequent to epoxidization, the,1B-epoxy GA can be
spontaneously hydrated to produce a 16,17-dihy@mp1¥-dihydroxy GA, an inactive
GA catabolite.

In addition to B-hydroxylation and epoxidation at carbons 16 and@As can
also be methylated by GA methyltransferases (Varbad al., 2007). These reactions

are catalyzed by at least two members of the SABAArily of methyltransferases in
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Arabidopsis, which methylate a number of GAs in both the n8Ah¥droxylation and
early-13-hydroxylation pathways at carbon 7 (Fig2u®. InArabidopsis, as well as
several other angiosperms, the methyl esters peatiuom this reaction are not
biologically active, but in other species, GA mé#tipn may be an important step in the
production of bioactive GAs. The role of GA metitybn in development has not been
extensively researched, and the implications ofr@hylation in many species are as of
yet unknown.

GAs can also be deactivated through glycosylati@As can be converted to O-
linked glycosides at a number of hydroxyl groupsdoicing GA-O-glucosyl ethers, or
through the carbon 7 carboxylic acid, yielding glsyl-esters (reviewed in Schneider and
Schliemann, 1994). In addition to deactivatiorotigh glycosylation, GA-glucose
conjugates can be hydrolysed to yield the paren{&dhneideet al., 1992). This
mechanism allows the alteration of the profile imfdative and precursor GAs with the
later possibility of restoration, whereag-dxidation irreversibly removes GAs from the
metabolite pool, although the degree to which Gycasylation affects GA profiles in

pea has not been determined.

2.1.4 Gibberellin Signal Perception

GA receptors

The first GA receptor was isolated from tidl rice mutant (Ueguchi-Tanale

al., 2005). These plants are dwarfed and steril§Assare required for general plant

growth as well as fruit and seed development. @¢vecessive, loss of function alleles
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were isolated, and bioactive GA levels were mugjnéi in these lines than in wildtype,
indicating that while GA response was severely eiesed, GA biosynthesis was not, and
therefore thegidl gene is likely involved in GA signal perceptiohhe GID1 gene and

its homologues in other species contain two horrsamesitive lipase (HSL) motifs and
have sequence similarity to bacterial HSL geneshbhue no lipase activity due to
mutations in an essential catalytic histidine nesid Fusions between GID1 and green
fluorescent protein localize to the cytoplasm and@us. Kinetics studies with various
GAs and analogues have demonstrated that GIDlitghdmologues) bind specifically
to bioactive GAs, and not their inactive precurqtisguchi-Tanakat al., 2005). While
rice possesses just one GID1 homologue, therdneze genes present with overlapping
activities inArabidopsis. Because of this functional redundancy, sing$s lof function
mutants in Arabidopsis display largely wild-typafieres, but triple and some double
mutants display severe dwarfing and delayed otawefring (Griffithset al., 2006).

While the solublésID1 family of receptors is clearly important in botber and
Arabidopsis, there is evidence that another receptor or gofupceptors may be
significant in other systems. In barley, the irmest layer of the seed coat, the aleurone
layer, is an important tissue for seed germinagiod the mobilization of starch reserves
(Chrispeels and Varner, 1967). In a mature basésd, the endosperm consists of a
dense mixture of starches. At germination, thergmproduces a pulse of bioactive
GAg3, which travels to the aleurone layer of the semat stimulatingri-amylase gene
expression and enzyme activity to hydrolyze endwsarch into the sugars necessary
for growth of the embryo. Because of this strorgr@sponse and the ease of measuring

starch and sugar content, aleurone cells have dpesferred system of study for GA
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effects (Gilroy and Jones, 1994). In experimestagiprotoplasts isolated from barley
aleurone cellsg-amylase production and starch catabolism wererebdavhen
biologically active GA was applied to the exterior of cells. HowevergwlA; was
directly injected into the protoplasts, no GA rasg®was observed. Controls for
microinjection demonstrated that the protoplasteevetill responsive to external GA
application, precluding the possibility that micrgiction damaged the protoplasts, and
radio-labelling indicated that the injected &#®mained in the protoplasts for at least 24
hours, contradicting the possibility that injectéds simply diffused out of the
protoplasts (Gilroy and Jones, 1994). Taken tagethese data suggest that, at least in
the aleurone layer of barley seed coat, a secomidosh@f GA signal perception may be

present, and that this method likely involves apla membrane-bound receptor.

GA signal transduction

Besides the GA receptors, another group of ceptagers in GA signal
transduction are the DELLA proteins. DELLA proteiare a subfamily of the GRAS
family of transcriptional repressors, and locatia¢he nucleus (Silverstoretal., 1998).
The DELLA proteins are composed of two domainsNaterminal regulatory DELLA
domain and a larger C-terminal GRAS domain. Ther@inal GRAS domain is a
transcriptional regulator, and contains the nudiecalization signal for the protein as
well as two leucine-rich repeats required for cotgavith the SCF (Skp1, Cullin, F-box)
E3 ubiquitin ligase complex (Di#t al., 2004). SCF is a large complex that targets a
wide variety of proteins and transcriptional regoita for degradation via the 26s

proteasome, and is involved in other hormone sigiggbathways, including the auxin
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pathway (Grayet al., 1999). The N-terminal DELLA domain is capabferaking
protein-protein contacts with the GID1 GA recegtshich is necessary for the induction
of GA response; Williget al., 2007). This domain is named after a conseregdence
(DELLA), but also contains a second conserved VHY{¢gBuence, and a large serine
and threonine rich tract, the exact sequence ofhwsries between homologues. The
DELLA and VHYNP domains are necessary for GA receptnding.

When GID1 binds the appropriate active GA, confdromal changes occur in the
GID1-GA complex which permit protein-protein cortabetween the GID1 receptor and
the DELLA protein. The new structure produced BRPGDELLA binding in turn
makes protein-protein contacts with the SCF complessible. Once bound to the SCF
complex, ubiquitin is transferred by the SCF maehyjrto the DELLA protein, which is
shuttled to the 26s proteasome and degraded (F2gB)eallowing expression of

whichever gene it was previously repressingédral., 2002).
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Figure 2.3: Schematic of SCF complex detailing interactionswity components of the GA signalling
pathway. Upon GID1-GA binding and interactionshatite N-terminal DELLA domain, the DELLA
protein is targeted for ubiquitin-mediated degramgtrelieving transcription repression of GA-respive

genes.

2.1.5 Gibberellins inPisum sativum L.

Bioactive GA levels are determined primarily thrbuggulation at the third stage
of the GA biosynthesis pathway, the sequential atiich of GA, to other inactive GAs
or to bioactive GAs. Overexpression of either othiterpene synthase gen@&sdPS and
AtKPS) of the second stage of GA biosynthesis does anat lan appreciable effect on the
later GA metabolite profile, bioactive GA levels,averall plant morphology in
Arabidopsis (Fleetet al., 2003). While the second stage GA biosynthasymes ént-

kaurene to G4y-aldehyde) are present as single-copy genes orsveayl families in
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plants, the various enzymatic steps of the lagestd GA biosynthesis (GAto
bioactive GA) are catalyzed by larger gene familpstially explaining the wide
structural diversity in GAs as well as offering opjunities for differential regulation of
the pathway to fulfill the multitude of physiologicroles involving GAs.

In the model legumBisum sativum L., the early-13-hydroxylation pathway is
responsible for the production of the primary bioacGA, GA, (Kamiya and Graebe,
1983). GA,, the precursor to all GAs and the branching poirthe early-13-
hydroxylation and non-hydroxylation pathways, isdized at carbon 13 by a yet
unknown GA 13-oxidase.

The next three steps in the pathway are two segli@xidations at carbon 20
followed by the loss of C20 at the aldehyde levighwihe formation of a lactone ring
(Figure 2.2). These reactions are catalyzed bynhiéifunctional enzyme products of
two known gene?sGA200x1 (Garcia-Martinezt al., 1997) andPsGA200x2 (Lesteret
al., 1996). These reactions produce the immediaeupsor of bioactive GA GA.
GA2o can be oxidized at carbon 3 by GB-Bydroxylases coded HBsGA30x1 (Lesteret
al., 1997) and recently cloné®GA30x2 genes, to produce bioactive G@Vestonet al.,
2008). Both GA and its immediate (biologically inactive) precur8A,o, are
substrates for multiple GA 2-oxidases. In pea, @02-oxidase genes named
PsGA20x1 andPsGA20x2 have been cloned (Lesteral., 1999). Using the most
recently described nomenclature, which dividesGAe2-oxidase genes into three groups
based on protein sequence homology (Lee and Za¢e2886), the’sGA20x1 gene is a
member of the class | group of GA 2-oxidases WR#8A20x2 is a member of the class

Il group. At the time of writing, no known clad$ GA 2-oxidases have been identified
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in Pisum. The enzymes encoding these genes catalyze tiiexyyation of carbon 2 of
both GA and GAy, producing the inactive metabolites &#&nd GAyg, respectively
(Martinet al., 1999). TheE. coli heterologous expression products of both GA 2-
oxidases are capable of catalyzing this reactioaither substrate, and while the class |
enzymePsGA20x1 has an approximately equal substrate affinityoimth GAy and GA,
the class Il enzymBsGA20x2 has a much higher affinity for bioactive @A esteret al.,
1999).

The differential regulation of the vario®’sGA200x, PsGA30x, andPsGA20x
genes during pea seed development is evident flmmsdript profiling experiments
(Ozgaet al., 2009). In whole seedBsGA200x1 transcript abundance was high early on
in development (2 to 5 DAA), whilBsGA200x2 transcript abundance was high later (8
to 12 DAA). Steady-state transcript leveldPs6GA30x1 were low shortly after
fertilization but increased later (2 to 4 DAA), atid whole seed mRNA abundance of
both PsGA3ox genes increased as the embryo gained mass (80A4AR From
fertilization to 10 DAA, transcript abundance ofthh&sGA20x genes was minimal in the
seeds, suggesting that GA catabolism was not dyhaglive process at this time.
However, between 10 and 12 DAA, whole s€s@A20x1 transcript abundance
markedly increased, as did thatRe#GA20x2 between 14 and 20 DAA (Ozghal.,

2009).

During seed development, other phytohormones imefuduxins and abscisic
acid (ABA) function alongside or interact with géxellins in a complex regulatory
network. Early assays of hormone activity in pemdnstrated an increase in extractable

ABA activity within the embryo during later stagesdevelopment (16 to 24 DAA,; cv.
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Alaska; Eeuwens and Schwabe, 1976). Wairal. (1987) measured seed coat and
embryo ABA content in pea seeds across developwi@i@C-MS with the use of
deuterated internal standards.

Their work described a biphasic distribution of ABAthe developing seed, with
an initial smaller increase in ABA abundance intéyeidly growing seed coat followed
by a much larger increase later in developmenrtémbaturing embryo, similar to that
observed by Eeuwens and Schwabe (1976).

In Arabidopsis (Karsseret al., 1983) andNicotiana (Freyet al., 2004) seeds, the
transfer of maternally (seed coat) derived ABA playkey role in promoting embryo
development. This event triggers the further bitisgsis of ABA by the embryonic
tissues, which in turn serves to further embryongino The consecutive peaks in ABA
abundance in the seed coat and embryo (Wang &08I7) suggest a similar scenario in
pea. Since GAs have well-documented roles as prsiof plant growth and
development, it is possible that the effects of ABAseed growth are mediated at least
partially by GAs. Specifically, the initial prodiicn of ABA in the seed coat raises the
possibility that, in addition to serving an impartaole in embryo maturation, ABA

serves as a controller of seed coat developmentramnghology.

2.1.6 Goals

This study will use a variety of tools to examihe toles of phytohormones in
legume seed development, specificallfPisum sativum. To gain a better understanding
of GA pathway flux through early seed developmdrg,transcription profiles of key GA

biosynthesis and catabolism genes will be investtyan the various tissues of the seed
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via gRT-PCR, and the metabolite profiles of key G¥i$ be determined through GC-
MS. To correlate endogenous hormone levels wiifsiological development, the
morphology of the seed coat and embryo will be stigated with light microscopy. The
possible roles of ABA in the regulation of GA bioglyesis at both the metabolite and
gene transcript levels will be examined throughghadiling of endogenous ABA and

through hormone application studies.

2.2 Methods

2.2.1 Plant Material

Seeds oPisumsativum L. 13 (Alaska-type) were planted at an approximate depth
of 2.5 cm in 3-L plastic pots (3 seeds per po$umshine #4 potting mix (Sun Gro
Horticulture, Vancouver, Canada). Plants were growa climate-controlled growth
chamber with a 16 h-light/8 h-dark photoperiod @A%7°C) with an average photon flux
density of 383.5 pE/fs (measured with a LI-188 photometer, Li-Cor Biesces,
Lincoln, Nebraska). Flowers were tagged at anshasd seeds were harvested at
selected stages as identified by date of anthasisvehere appropriate, pericarp length
and width. Seeds were harvested directly ontauk if required, dissected
immediately, then stored at -80°C. Seeds weredséed whole or dissected into seed
coat, endosperm and embryo at 8, 10, and 12 deysamthesis (DAA). At 14, 16, 18,
and 20 DAA, seeds were dissected into seed coatmbdyo or seed coat, cotyledons,
and embryo axis. When harvested, endosperm was/ezhirom the seeds using a

micropipette and immediately frozen on dry ice.d&perm samples were centrifuged
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briefly before RNA or metabolite extraction to revecany contaminating vegetative
tissue. Seed coats and embryos at 8, 10, 12,4BRMA were transferred to microfuge
tubes or 20 mL scintillation vials on ice contanpidistilled water and further washed
three times with distilled water to remove any reimey endosperm prior to freezing at -

8(°C.

2.2.2 ABA treatments

(+)-ABA was applied to seeds using a split-peridaghnique (Ozget al., 1992).
For ABA application to 10 DAA seeds, an incisionswvaade down the middle of the
dorsal suture of 10 DAA pericarps. The two haleEthe pericarp were held apart with
forceps, and two 1.5 pL aliquots of 100 uM ABA puaous 0.1% w/v Tween 80 were
applied to the surface of each seed. Seeds frerodtitrol pericarps received two 1.5 pL
aliquots of aqueous 0.1% w/v Tween 80. The inolusif a detergent in this solution
decreases surface tension on the droplet, incigg#isgnarea of the seed-droplet interface
and allowing for more efficient absorption of ABAto the seed. Occasionally the most
distal or proximal seeds in the pod were much snéflan the others, likely due to either
late fertilization or recent spontaneous abortighich were invariably identified by their
lack of endosperm. In these cases, seeds weteeateéd but were instead removed with
forceps to eliminate the unnecessary use of nugrienthese seeds and reduce variability
due to staging discrepancies between these latkzfnt seeds and normal ones.
Pericarps were fastened horizontally to bambocessakffolding erected in the growth
chamber to prevent droplets of the applied solstioom rolling off the seeds and

contacting the endocarp. To prevent desiccatieajed pericarps were fastened closed
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with tape and enclosed in plastic. Pericarps reaethattached to the plant throughout the
experiment. Seeds were harvested 6 h after AB&rtrent for RNA extraction and 48
after ABA treatment for hormone extraction (to alltor changes in hormone profiles).

For ABA application to 16 DAA seeds, a modifiecpapation method was
developed since 16 DAA seeds are in direct contébtthe inner walls of the pericarp,
making it infeasible to apply a solution to theendurface of the seed coat without at the
same time applying it to the inner walls of theipanp. To treat seeds at 16 DAA, pods
were split along the dorsal pericarp suture, thposgd part of each seed (opposite from
attachment to the pericarp) was punctured onceavith gauge needle, and a section of
seed coat and cotyledon approximately 2.5 mm igtlewas removed. A 3 pL solution
of 100 uM ABA in aqueous 0.1% w/v Tween 80 wasated directly into the cavity of
each seed within the pericarp. A control solut@agqueous 0.1% w/v Tween 80) was
injected into the cavity of each seed in the cdrgesicarps. Pericarps were taped shut
and covered with plastic to maintain humidity, aachained attached to the plant
throughout the experiment. Seeds were harvestéwdi& after ABA treatment for RNA
and hormone extraction (to allow ABA applied to totyledons to move to both the

embryo axis and the seed coat and to allow for g&sim hormone profiles).

2.2.3 RNA Isolation and Processing

Tissues were ground in liquid,nd subsamples of 20 to 300 mg Fw were
removed for total RNA isolation using a guanidinitmocyanate-phenol-chloroform
extraction (Ozgat al., 2003). After extraction with either TRIzol (limogen) or TRI

reagent (Ambion) and centrifugation at 4°C in adbgap centrifuge to remove cellular
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debris, a phase separation using chloroform (0.2wht Tri reagent) was performed
and the organic phase discarded. RNA was pretplitaom the aqueous phase with
isopropanol (0.25 mL mk Tri reagent) and a high salt solution (1.2 M sadiitrate

and 0.8 M NaCl) to remove polysaccharides. The Ridhet was resuspended and RNA
was precipitated with 8 M aqueous LiCl. The RNAlgtevas again resuspended and a
final precipitation with 3 M sodium acetate (pH=5fiBal concentration=96.77mM) and
100% ethanol (final concentration=64.5% v/v) wadgened. The RNA was pelleted
and washed twice with 70% aqueous ethanol therspesuled and treated with DNAse
(DNA-free kit; Ambion). DEPC-treated water wadliagd throughout this procedure to
reduce RNAse contamination. RNA concentration gueemntified by measuring Ay,

and RNA purity was estimated withhdy Azgo and Asd/Azzoratios. RNA samples were
diluted to 25 ng pLt and aliquoted to 96-well plates in a sterile laamifiowhood to

reduce contamination.

2.2.4 gRT-PCR

Transcript quantification was performed on a mat#l0 sequence detector
(Applied Biosystems) except for most of the ABAatment experiments (16 DAA
injection assay seed coat samples, 10 DAA splicpgy assay seed coat, embryo, whole
seed samples, and B#$GA30x2 quantification), for which a StepOnePlus system
(Applied Biosystems) was used. Reverse transonmnd quantification dPsGA3ox1,
PsGA30x2, PsGA20x1, PsGA20x2, PsGA200x1, andPsGA200x2 was performed using
TagMan One-Step RT-PCR Master Mix (Applied Biosgssefinal concentration 1x)

and 200 ng of DNAse treated total RNA (final cortcation 8 ng uLt) in duplicate in a
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final volume of 25 pL per well. The final conceation of forward and reverse primers
was 300 nM each, and the final concentration obpnwas 100 nM. Reverse
transcription was carried out for 30 minutes atGl8DNA polymerase antibody was
denatured at 95°C for 10 minutes. Quantificati@swarried out for 40 cycles of the
following program: denaturation at 95°C for 15 set® primer annealing and extension
at 60°C for 1 minute. Probes were labelled atilead with FAM (6-
carboxyfluorescein) and at the 3 end with the MGBrtcher (Applied Biosystems).

As an additional loading control, 18s rRNA was difeed on 3 ng of DNAse
treated total RNA generated from a single dilutidthe original 8 ng ptstocks (final
concentration 120 pg i) using the same master mix, primer and probe curatéons,
and thermocycling conditions. Given the wide vigrigf tissues and large developmental
time-spans used in this study, many commonly usatt@l genes (including actin and
ubiquitin) are not expressed at consistent lewald,are thus are not suitable. A mixture
of primers containing 3" hydroxyl ang;lIH, chain terminators in a 1:9 ratio was used to
quantify 18s transcript levels. The addition ofmgetitive primers allows a larger
amount of template to be used while maintaining@septable reaction profile,
effectively decreasing the variation which wouldifseoduced during the serial dilution
of RNA samples. The 18s probe was labelled abteed with VIC and at the 3" end
with the TAMRA quencher (Applied Biosystems). RNg#nplates and reaction
components were aliquoted to 96-well plates irealstlaminar flow hood, and all tools
and the hood itself were washed regularly with R&lZap (Ambion) to reduce RNAse

contamination. The coefficient of variation of X8NA expression data was calculated
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for each plate, and any samples with exceptiormadlis or low Ct values were removed
from further analysis.

Probes and primers used in this study are deschbw (Table 2.1). Probes
and primers foPsGA3ox1 and 18s rRNA were designed by O=ayal. (2003). Probes
and primers foPsGA20x1, PsGA20x2, PsGA200x1, andPsGA200x2 were designed by
Ayeleet al. (2006). Probes and primers f8GA30x2 were designed by Ozghal.
(2009).

Transcript levels were calculated using @&t method (Livak and Schmittgen,
2001) using the following formula, where X is abitnary value equal to or greater than

the highest assayed Ct value and E is the reaetfmrency for the amplicon in question:

Transcript abundance = (1+(E§Ct)

Reaction efficiency was calculated by diluting mgé®¢ RNA sample over several
log concentrations (typically from 400-500 ng/réactto 0.05-0.08 ng/reaction), and
running gRT-PCR as previously described. Data wkrted on a semi-log graph of Ct
and log(input RNA), and a linear regression wasudated (Pfaffl, 2006). Assuming the
r? value was sufficiently high, the slope of this ation was then used to calculate

reaction efficiency (E; as a percentage) with ti¥wing formula:

Efficiency = (10 /*°P¢L1y+100
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Table 2.1 Primer and Probe Sequences for gRT-PCR Assays.

Gene Sequence Amplicon
length
PsGA3ox1 | Forward| 5-TTC GAG AAC TCT GGC CTC AAG 87 bp

Reverse| 5-ATG TTC CTG CTAACT TTT TCATGG TT
Probe | 5-ACA ATA TCA CAG AAT CTG GT

PsGA3ox2 | Forward| 5-ATC ATG GGG TCA CCG TCT AA 104 bp
Reverse| 5'-GCT AGT GTC TTC ATT TGC TTT TGA
Probe | 5-CCT AAT GAC TAC GAATATT

PsGA200x1 | Forward| 5'-GCA TTC CAT TAG GCC AAATTT C 104 bp
Reverse| 5’-CCA CTG CCC TAT GTAAACAACTCTT
Probe 5-CCTTCATGGCTCTTTC

PsGA200x2 | Forward| 5-AAT ACA TCT TCT CTACCG TTG CAA AT 88 bp
Reverse| 5°-TTG GCG GTG TTA AAC AAG GTT
Probe 5-ACA TAC CCT CAG AGT TC

PsGA20x1 | Forward| 5-TTC CTC CTG ATC ATAGCT CCT TCT 73 bp
Reverse| 5'-TTG AAC CTC CCATTAGTC ATAACCT
Probe |5-GAG AAT CACCAACATT

PsGA20x2 | Forward| 5-AAC ACA ACA AAG CCT AGAATG TCAA 83 bp
Reverse| 5'-ACC ATC TTC GAT AAC GGG CTT AT
Probe |5-TGTATT TTG CAG CAC CACC

18srRNA | Forward| 5-ACG TCC CTG CCC TTT GTACA 62 bp
Reverse| 5'-CAC TTC ACC GGA CCATTC AAT
Probe |5-ACC GCC CGT CGC TCC TAC CG

2.2.5 Hormone Extraction
Hormone extraction and quantification was perfortogdr. Leon Kurepin at the
department of Biological Sciences at the Universftalgary. Plant tissues were

harvested and dissected at the University of Atbastdescribed previously, and frozen
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tissues were subsequently freeze-dried (Virtis Z&pwbile 6, Gardiner NY). Liquid
endosperm samples were centrifuged briefly afterdsding to remove any
contaminating cellular materials, and then weredroon dry ice and maintained frozen
until extraction.

Solid tissues were ground with liquid nd washed sea sand. Ground tissue and
liquid endosperm samples were extracted with 80&eaags MeOH (v/v). Internal
standards were added to the solvent as followsng0sf PHg¢] ABA (a gift from Drs. L.
Rivier and M. Saugy, University of Lausanne, Switned) and 20-40 ng each 6]
GA1, GAs, GA4, GAg, GAy, GAxpandGA,g(deuterated GAs were obtained from Prof.
L.N. Mander, Research School of Chemistry, AusaraMational University, Canberra,
Australia). The 80% MeOH extract was then filtetesbugh a #2 Whatman filter (55
mm, Whatman International Ltd, Maidstone, Englaaa purified with a ¢ preparative
column (GgPC) consisting of a syringe barrel filled with 89C,g (Waters Ltd)
preparative reversed-phase material (Koshaleh., 1983). The 80% MeOH eluate from

this column was drieth vacuo at 35C.

2.2.6 High-Performance Liquid Chromatography

The dried sample was dissolved in 1 mL of 10% Mef@th 1% acetic acid and
injected into the HPLC using the method describge&dshiokaet al. (1983). The
HPLC apparatus (Waters Ltd) consisted of two pu(mpzdelM-45), an automated
gradient controller (model 680), and a Rheodyrextor (model 7125). The solvent
reservoir for pump A was filled with 10% MeOH1#6 acetic acid [HO:MeOH:acetic

acid=89:10:1, (v/v)], while pump B was 100% MeOAHA reversed phase;gRadial-
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PAK p-Bondapak colum(B8 mm x10 cm) was used with a manually implemenitd
73% gradient prograat a flow rate of 2 mL mih, i.e. 0-10 min (pump A, 100%ump
B, 0%), 10-50 min (pump A, 30%%ump B, 70%), 50—-80 min (pump A, Ofump B,
100%), 80—90 min (pump A, 100%mp B, 0%).

The HPLC fractions (4 mL) were driéd vacuo at 35°C. Fractions from the £
HPLC which were expected (based on retention timnésuites 9 to 32) to contain I1AA,
4-CI-IAA, ABA, GA 1, GAs, GAg, GAyandGAzgwere transferred with 100% MeOH to 2
mL glass vials and drieich vacuo. Later fractions (minutes 33 to 44, Gand GA) from
the GgHPLC were grouped with 100% MeOH and driedacuo, then subjected to
Nucleosil N(CH), HPLC (nucleosil, pm, 5/16” ODx 4.6 mm ID) which was
isocratically eluted with 0.1% HOAc in MeOH at 2. min™ (Jacobsewt al. 2002).
Three minute fractions from N(G} HPLC were taken to drynessvacuo.
Subsequently, fractions containing &#&nd GA (minutes 16 to 42) were transferred

with 100% MeOH to 2 mL glass vials and driedzacuo.

2.2.7 Gas Chromatography and Mass Spectrometry

Samples were methylated éthereal ChHN, for 20 min and then
trimethylsilylated with N,O,-bis(trimethylsilyl)tfiuoroacetamide (BSTFA) and 1%
trimethylchlorosilane (TMCS) (Hedden, 1987; Gaskid MacMillian, 1991). The
identification and quantification of plant hormoneas carried ouising a gas
chromatograph connected to a mass spectrometeM&)dising the selected ion
monitoring (SIM)mode. The derivatized sample was injected intopélaay column

installed in an Agilent 6890 GC with a capillaryetitinterface to an Agiler5973 mass
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selective detector. The dimensions of the capgitatumn were 0.2um film thickness,
0.25 mm internal diamete80 m DB-1701 (model J&W122-0732, J&W Scientificc)n
The GC temperature program was: 1 ati0 °C, followed by an increase to 240 °C at a
rate of 25 °C miif andan increase at 5 °C nifrto 280 °C where it remained constant for
15 min beforeeturning to 60 °C. The interface temperature wastainecht 280 °C.

The dwell time was 100 ms and data was procassad HP G1034C MS ChemStation
Software.

Comparisons of both GC-retention times of the @Ad fH,]-GAs and of the
relative intensities of molecular ion {Mpairs were used to identify endogenous GAs.
Relative intensities of at least two other chanagtie m/z ion pairs for each endogenous
GA and its deuterated standard were also comparkd.same approach was taken for
identification of ABA utilizing fHe] ABA as the internal standard. All stable isotope-
labeled internal standards were added at the ¢ixtnastage with appropriate purification
and chromatography being accomplished (see abong)tp GC-MS-SIM.

Quantification was accomplished by reference tcsthble isotope-labeled internal
standard using equations for isotope dilution asia)yadapted by DW Pearce (Jacobsen

et al., 2002) from Gaskin and MacMillan (1991).

2.2.8 Histology

Seed coat tissues for histology studies were obtidy making two parallel cuts
from the top to bottom (attachment site of the duhus and pericarp) of the seed
approximately 0.5 to 1 mm apart as indicated irufég2.4. Embryo samples were

obtained from the regions directly underneath tlsestions, and excess material from
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the inside of the cotyledons was trimmed to pronedfieient fixation and resin

infiltration. The final dimensions of the seed tsamples were 0.5 to 1 mm wide by 5 to
6 mm long (thickness of the entire seed coat)alklirmensions of embryo samples were
0.5to 1 mm wide, 5 to 6 mm long, and 2 to 3 mrokhiSections were taken from both
right and left halves of the seed, and embryo saswkre obtained from regions away

from the cotyledon-cotyledon interface (Figure 2.4)

Front view of seed Top view of seed

Figure 2.4: Schematic indicating orientation of sections usechfstology experiments. Shaded regions
indicate the region of tissue dissected and fixddle the thick bars and boxes indicate the plane o

sectioning visible in the micrographs.

Samples were fixed in 0.2% gluteraldehyde (v/v), @aformaldehyde (v/v), 2
mM CaCl}, 10 mM sucrose, and 25 mM PIPES (piperazine4kjd(2-ethanesulfonic
acid)) at pH 7. Fixation was carried out overnightler vacuum to increase infiltration,
then at atmospheric pressure for 2 days. Prientbedding, tissues were washed three
times for 10 minute intervals with 25 mM PIPES rthieehydrated usin a graded ethanol

series of 30%, 50%, and 70% aqueous EtOH (v/vlBominutes each. The 70%
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aqueous ethanol was replaced, and tissues weesl $torseveral days. Further
dehydration was then carried out with 80%, 96%, Hd@Po EtOH (twice) at 15 minute
intervals, then with 50% ethanol 50% propylene exiV), then 100% propylene oxide
before embedding. Tissues were embedded in Spposy resin (the hard resin
protocol; Spurr, 1969) and cured at 70°C for 4 Bptlren 60°C for 3 days.

Blocks were trimmed with blades and fine-toothedssto a maximum surface
area of approximately 2 nfm Seed coat samples were sliced to 1 um-thick and
cotyledon samples to 2 um-thick sections with Rt Jung Ultracut E ultramicrotome
using glass knives made by hand with an LKB Broméddnaker Il. Sections were
transferred from the water-filled collection boatgiass slides, stretched briefly with a
JBS heat pen, and dried on a 60°C slide warmedesSivere stained with 0.05%
toluidine blue (w/v) in water for 3 minutes at roeemperature and then were briefly
washed with distilled water to remove excess staifter drying at room temperature,
slides were observed under a Zeiss Primostar tgtitoscope and micrographs were
taken with a Photometrics CoolSNAP CF camera. brediting was performed with
Adobe Photoshop. All scale bars were generatezhllyration to a stage micrometer,
not using field of view calculations. Cell areasaestimated by manually tracing cells
from each tissue type and stage using MetaMorptiwaod (v 7.0r4, Molecular Devices).
The average subsample size for cell area calcokti@s 98 cells per layer and time

point, examined in two biological replicates
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2.3 Results

2.3.1 Seed Development iRisum sativum L.

Seed coat growth (Figure 2.5) and fresh weightile@@®.6A) markedly increased
between 8 and 12 DAA, followed by more gradualtliregight increase from 12 to 20
DAA. As the rate of seed coat growth (in freshgi®) decreased, the embryo began to
expand rapidly and increased in both fresh weiBigure 2.6B) and volume (Figure 2.5).
By 14 to 16 DAA, the embryo composed the majoritjhe seed tissue by fresh weight
(Figure 2.6A). From 12 to 20 DAA, increases iratateed fresh weight were driven
primarily by embryo growth, while seed coat freskight increased minimally. Between
8 and 12 DAA, endosperm volume increased markedaching maximum volume at 12
DAA, before being rapidly absorbed by the develgmmbryo between 12 and 14 DAA

(Figures 2.5 and 2.6B).

{

o090 ®

8 DAA 10 DAA 12DAA 14 DAA 16 DAA 18 DAA 20 DAA

Figure 2.5: Representative pea seed tissues over developBisatted whole seeds (WS) and embryos

(Em) from 8 to 20 DAA, and embryo axes (EAX) antlytexlons (Cot) from 12 to 20 DAA.
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Figure 2.6: Development of seed tissues. (A) Whole seed, emlanyd seed coat fresh weight between 6
and 20 DAA. (B) Embryo, embryo axis (inset), amtytedon fresh weight and endosperm volume (per
seed) between 8 and 20 DAA. Data are expressettass + standard error. In some cases, standard er
bars are not visible as they are obscured by sysnt®ample size varies by timepoint, n=53 to 228 fo
whole seed (except at 8 DAA, where n=8), n=43 t6 fbd embryo, n=32 to 110 for seed coat (except at
DAA, where n=11), n=22 to 109 for embryo axis (etcat 14 DAA, where n=8), n=21 to 107 for

cotyledon (except at 14 DAA, where n=9), and ntdl@8 for endosperm.

The seed coat of pea consists of several discerteyers. Outermost lies an
epidermis consisting of several layers of thickaglcells, subtended by a single layer of
hypodermal cells (Figure 2.7A,B). The formatiomudcrosclereids in the seed coat
epidermis and the differentiation of the seed tyabdermis into hourglass-shaped cells
were both observed as the seed developed from 20 BAA (Figure 2.7A,B). A layer
of chlorenchyma cells subtend the hypodermis, bisdlayer decreased in area slightly
from 10 to 16 DAA, but increased somewhat betwe@arid 18 DAA (Figure 2.8A).
Underneath the chlorenchyma cells are the grourehphyma cells, larger cells with
fewer chloroplasts than the chlorenchyma cellsiti@meased in size gradually from 10 to

16 DAA (Figure 2.8A). Symplastic unloading of paio nutrients ultimately destined for
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the embryo occurs into the ground parenchyma ¢eésrick and Offler, 1995). The
innermost layer of the seed coat is several laygeck of branched parenchyma cells,
which are likely involved in apoplastic conversiginphloem-derived sucrose to glucose
and fructose in the endospermal cavity (Wedbet., 1997). Seed coat thickness in the
sampling area was relatively constant between iQlarDAA (Figure 2.7B), during
which time most of the increases in seed coat fwesight occur. Between 14 and 16
DAA, the branched parenchyma rapidly increasetstommeximum thickness (Figure
2.7B). In contrast to the rapid increase in bradcparenchyma cell area between 14 and
16 DAA, By 16 DAA, the developing embryo has in@ed greatly in size (Figure 2.6B)
and has contacted the inner surface of the seedfigare 2.5). From 16 to 20 DAA,
seed coat development was characterized by theressipn of the branch parenchyma

followed by the ground parenchyma by the expandm@ryo (Figure 2.7B).
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10 DAA 12 DAA 14 DAA 16 DAA 18 DAA 20 DAA

Figure 2.7: Morphology of seed coat (A and B) and cotyledonCand E) throughout development.
Left to right: 10, 12, 14, 16, 18, and 20 DAA. Mugcation bars are 100 pm (B and C), 20 pm (A Bnd
and 50 um (E). Images of 10, 14, and 18 DAA seed and 10, 12, 16, and 20 DAA cotyledons are
representative of 2 independent samples. Imag#2 ahd 16 DAA seed coat and 14 and 18 DAA
cotyledons are representative of 3 independent lsempmage of 20 DAA seed coat is representative o
independent samples. Epi=epidermis, Ch=chlorenaeh@®=ground parenchyma, BP=branch

parenchyma, SP=storage parenchyma, Hypo=hypodermis.
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Figure 2.8: Average cross-sectional area of seed coat (A) arahy® (B) cells between 10 and 20 DAA.
Subsamples (average size of subsample=98.2 callg) abtained from two biological replicates, anthda
are presented as means of biological replicatéangdard error. In some cases, error bars are atettby
data-points. Embryo expansion crushes the braadmphyma after 16 DAA, and the ground parenchyma

and chlorenchyma after 18 DAA, so data at thesegiare not presented.

In the cotyledons, rapid expansion in storagengArgma cell size occurred
between 10 and 12 DAA (Figures 2.7C and 2.8B),@dant with increases in embryo
fresh weight (Figure 2.6B). Additionally, the cetif the cotyledon epidermis were
rapidly dividing at this time, as a larger proportiof cells with condensed nuclei (in
prophase or metaphase) were visible at 10 DAA mparison to later stages (Figure
2.7D). The appearance of a morphologically distostl layer subtending the epidermis
of the cotyledons (the hypodermis) was observetiZbRAA (Figure 2.7C). Between 12
and 14 DAA, embryo growth increased rapidly (FigRréB) as the embryo reabsorbed
the endosperm and filled the seed cavity (FiguréB 2nd 2.5). However, cotyledon

storage parenchyma cell enlargement continueclatger rate during this period (12 to
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16 DAA, followed by a second phase of rapid celasgement from 16 to 20 DAA

(Figure 2.8B).

2.3.2 (gRT-PCR Reaction Efficiency

gRT-PCR reaction efficiency for each amplicon walswalated (Table 2.2) in
order to allow more accurate comparison of trapséevels between samples, as the
assumption of 100% reaction efficiency in the cltians for relative transcript
abundance may inflate differences in gene exprestartual reaction efficiency is less
than 100%. In most cases, calculated regressigiaieed the majority of the variation
in Ct value (f> 0.990), and most reactions proceeded with relgtivigh efficiency (E

>0.94).

Table 2.2Reaction efficiency of GA pathway qRT-PCR Assays

Amplicon Efficiency r

PsGA3ox1 94.8% 0.999
PsGA30x2 100.0% 0.973
PsGA200x1 94.5% 0.997
PsGA200x2 88.2% 0.997
PsGA20x1 84.9% 0.984
PsGA20x2 96.4% 0.999

2.3.3 Expression of Gibberellin 8-hydroxylases
The enzyme products of tRsGA30x1 andPsGA3ox1 genes are responsible for
the conversion of G4 to bioactive GA. Levels ofPSGA30x1 transcript in the earlier

stages of development (8 to 10 DAA) were low indked coat, but began to increase at
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10 DAA to eventually peak at 14 DAA, then decre@Sgure 2.9A). Whole seed
PsGA3ox1 levels primarily reflect those of the seed coatfrl2 to 16 DAA, as the
PsGA3ox1 expression was several orders of magnitude letfeiembryo and endosperm
(when present, Figure 2.9B) during this peri®3GA30x1 transcript abundance was
also developmentally regulated in the embryo ardbsperm. Between 10 and 12 DAA,
when the endosperm was at or near maximum volumnger@2.6B)PsGA3ox1 levels in
the endosperm increased sharply (Figure 2.9B). rizoPsGA30x1 mRNA levels
increased from 8 to 10 DAA, then subsequently desad through 16 DAA and remained
low to 20 DAA (Figure 2.9B). Within the embryBsGA3ox1 transcript abundance was
high in the embryo axis at 14 DAA (the earliestrppan time at which embryo axis could
be reliably obtained) compared to the cotyledonguife 2.9B). Subsequently, embryo
axisPsGA3ox1 transcript levels decreased but still were at éidévels than that in the
cotyledons until 20 DAA.PSGA30x2 transcript was most abundant in the embryo earlier
in development (Figure 2.9C), and [iIReGA30x1 between 14 and 20 DAA, it was

mainly expressed in the embryo axis (Figure 2.9D).
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Figure 2.9: Expression oPsGA30ox1 andPsGA30x2 genes (enzyme products of which are responsible fo
the conversion of G4 to bioactive GA) in seed tissues from 8 to 20 DAA. Data are exqped as mean +
standard error, n=2 to 5 independent samples, ekzep DAA embryo (n=1) and 14 DAA seed coat
(n=6). Error bars are present at each point, ay Ioe obscured by symbols if standard error istoall.

All samples are normalized to the same scale, aligwirect comparison between tissues within theesa

gene.
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2.3.4 Expression of Gibberellin 20-oxidases

Both PsGA200x1 andPsGA200x2 code for enzymes responsible for catalyzing
the reactions that convert GAo GAy. PsGA200x1 transcript abundance in both the
seed coat (Figure 2.10A) and endosperm (FigureB).it@reased markedly between 8
and 10 DAA, followed by a peak in embrigsGA200x1 transcript abundance at 12 DAA
(Figure 2.10A). From 14 to 20 DAARSGA200x1 transcript abundance decreased to
minimal levels in all seed tissues.

PsGA200x2 is mainly expressed in the embryo from 8 to 20 DA# seed coat
PsGA200x2 transcript abundance is minimal during this depeiental period (Figure
2.10C). Furthermore, the majority of the embryohasl PsGA200x2 mMRNA is present
in the cotyledons, while embryo axis levels are (G¥gure 2.10D), as observed in 14 to
20 DAA seeds. Low but increasing levelsRst5A200x2 mMRNA were also detected in

the endosperm from 8-12 DAA (Figure 2.10D).
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Figure 2.10: Expression oPsGA200x1 andPsGA200x2 genes (enzyme products responsible for catalyzing
the reactions that convert G&o GAy) in seed tissues from 8 to 20 DAA. Data are esged as mean *
standard error, n=2 to 5 independent samples, exaep DAA embryo (n=1) and 14 DAA seed coat

(n=6). Error bars are present at each point, ay Ioe obscured by symbols if standard error istoall.

All samples are normalized to the same scale, aligwomparison between tissues within the same.gene
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2.3.5 Expression of Gibberellin 2-oxidases

Both PsGA20x1 andPsGA20x2 code for enzymes capable of catalyzing the
reactions that convert GAto GAyg and GA to GAg, but whilePsGA20x1 is responsible
for both reactions?sGA20x2 codes for the enzyme responsible primarily for the
inactivation of bioactive GAto GAs. The transcript abundance of the catabolic gene
PsGA20x1 increased steadily over seed coat developmemh(@&do 20 DAA) reaching
very high levels by later stages (Figure 2.11A)cdntrastPsGA2ox1 mMRNA levels
were minimal in the developing embryBsGA2ox1 transcript abundance also
dramatically increased in the endosperm between 1@ DAA (Figure 2.11B).

In contrast tdPsGA20x1, PsGA20x2 was expressed only minimally in the seed
coat from 8 to 20 DAA (Figure 2.11C). EmbrigeGA20x2 transcript levels were low
until 16 DAA, at which point they began to increasdil 20 DAA. The increase in
embryoPsGA20x2 transcript abundance between 18 and 20 DAA waslyndure to a
dramatic increase IRSGA20x2 expression in the embryo axis, as cotyledon exmess

was substantially lower (Figure 2.11D).
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Figure 2.11: Expression oPsGA20x1 andPsGA20x2 genes (code for enzymes responsible for the

inactivation of GA to GAg and GA(to GAy) in seed tissues from 8 to 20 DAA. Data are esqed as

mean * standard error, n=2 to 5 independent sargtespt for 8 DAA embryo (n=1) and 14 DAA seed

coat (n=6). Error bars are present at each plointiay be obscured by symbols if standard errtwds

small. All samples are normalized to the samees@dlowing direct comparison between tissues withe

same gene.
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2.3.6 Non 13-Hydroxylated Gibberellins

While the early 13-hydroxylated branch of the GAdyinthesis pathway
generally produces the major bioactive GAs and fhreicursors iPisum, the report of
another branch of the pathway capable of produitiagequivalent non-13-hydroxylated
GAs in pea seed tissues (Rodrgg@l., 1997) makes it necessary to determine levels of
some of these metabolites in seeds as well.

GA4, the non-13-hydroxylated equivalent to G#hich is a bioactive GA in some
organisms, was not detected in any of the seagesat any stages in this study, although
the deuterated internal standafd]fGA, added at tissue homogenization was recovered.
While GA, was not detected, its immediate precursog,GlAe non-13-hydroxylated
version of GAop, was detected within an order of magnitude oh§38vels in some seed
tissues. GAwas most abundant in the embryo, with a small arhdetected in the
endosperm at 12 DAA and little to none found indked coat (Figure 2.12A,B,C).

Within the embryo, GAwas predominantly found earlier in development| decreased
to low levels by 18 DAA (Figure 2.12A,B), at whigloint levels were 2.5-fold greater in

the embryo axis than in the cotyledons (Figure B)12
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Figure 2.12: GAg abundance in seed tissues from 10 to 18 DAA iSAhe non-13 hydroxylated version

of GA,q, and can be activated in that pathway to bioadtg. Results are represented as mean of two

independent samples + standard error (n.d.= endogemot detected, but internal standard recovered)

except for 12 DAA embryo and 20 DAA embryo axisln=No GA, was detected in any of the samples.

For utility, data are represented graphically inghg™ or ng mL* for liquid endosperm (A), and in tabular

form as ng gfw (B), and ng mL* (C).
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2.3.7 13-Hydroxylated Gibberellins

In addition to GA, another bioactive 13-hydroxylated GA in some aigas is
GAg3, which is also produced from Gfand differs from GAonly by the presence of a
double bond between carbons 1 and 2. Becaus&#hould also play important roles
in development, GAlevels were measured across development, but nov@4 detected
in any samples in this study, although the deuteratternal standardHi]-GA; added at
tissue homogenization was recovered in the sanjgéga not shown).

In the embryo, levels of bioactive GAnd its immediate catabolite Gavere
highest at 10 DAA, then decreased to low or noratable levels by 18 DAA (Figure
2.13C,D; Table 2.3A). G4 levels were relatively high in the embryo fromtbQL8
DAA, with the highest level observed at 16 DAA (&ig 2.13A; Table 2.3A). GA
levels were lower in the embryo at 10 to 12 DAASreased from 12 to 14 DAA, and

then the elevated levels were maintained to 18 R4ure 2.13B; Table 2.3A).
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Figure 2.13: Metabolite abundance of 13-hydroxylated GAs iedstissues from 10 to 18 DAA. Solid
arrows indicate biosynthetic reactions and dotteoMes indicate deactivation steps. Results are
represented as mean of two independent samplesidast error (n.d.= endogenous not detected, but

internal standard recovered), except for 12 DAA graland 20 DAA embryo axis, for which n=1. Results

are expressed as ng gj%vﬂor solid tissues and ng miLfor liquid endosperm.

GA,o was found at lower but biologically significanvéds in the seed coat, with
minor peaks at 12 and 16 DAA (Figure 2.13A; Tab®A2, prior to or during the rapid
expansion of ground parenchyma cells. Betweemi(la DAA, a large increase in
GAyg levels was observed in the seed coat, and elelatels of GAg were maintained

through 18 DAA in this tissue (Figure 2.13B; TaBI8A). In the seed coat, steady-state
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bioactive GA levels were highest at 10 DAA, decreased 10-fglddDAA, and
decreased further to non-detectable levels by 18 [FAgure 2.13C; Table 2.3A). The
trends in GA levels, the immediate biologically inactive cathtieoof GA,, were similar
to those of GA during this developmental period (Figure 2.13Dbl€&2.3A,B).

The embryo axis at 18 DAA possessed substantigilyer levels of GAy, GA,,
and GA than the cotyledons (Figure 2.13A,C,D; Table 2.38ptyledon levels of GA,
GA1, and GA were not markedly different from embryo samplagiFes 2.13A,C, and
D respectively; Table 2.3A,B); however @Aevels in the 18 DAA cotyledon samples
were higher than those of the embryo (Figure 2.T3le 2.3A,B). Endosperm GA
and GA levels were similar at 10 and 12 DAA (Figure 2.18i D respectively; Table
2.3C), while marked increases in endospermdafd GAyg levels were observed from

10 to 12 DAA (Figure 2.13A,B; Table 2.3C).
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Table 2.3: Abundance of 13-hydroxylated GAs in developing sesies from 10 to 18 DAA. Most

results are represented as mean of two indepesdengles + standard error (n.d.= endogenous not

detected, but internal standard recovered), howevelr2 DAA embryo and 20 DAA embryo axis, n=1.

Results are expressed as ng §fi&,B) for solid tissues and ng ritl(C) for liquid endosperm.

A 10 DAA 12 DAA 14 DAA 16 DAA 18 DAA

Embryo GA 0.13+0.01 0.13+0.08 0.26 +0.04 n.d.

Embryo GA 208+0.03 203*x0.14 227+0.04 1.18¢0.

Embryo GAy 184.94 190.7 121.80 + 297.08 89.21 +
21.22 9.91 +0.32 8.79

Embryo GAyg 16.54 18.34 + 64.30 + 83.65 + 75.39 +
4.92 3.88 3.93 4.46

Seed Coat GA | 1.57+0.44| 0.15+0.03 0.21+0.04 n.d. n.d.

Seed Coat GA | 8.35+0.41| 285+0.3¢ 1.15+0.06 1.20+0/03 341.

Seed Coat G& | 5.00+0.18 17.05 % 12.65 + 41.95 * 27.79
1.97 1.97 4.39 8.15

Seed Coat G& | 9.66 +0.16 127.33 +| 124.77 * 113.54 + 147.01 =
26.25 6.82 6.02 6.37

B GA; GAsg GA2 GAzg

18 DAA Embryo axis 1.03 11.69 1256.79 233.62

18 DAA Cotyledon 0.07 +0.07 1.30 £0.30 163.01| 205.83 +5.86

+38.27

C GA; GAs GA2 GA29

10 DAA Endosperm 0.06 +0.09 0.38 +0.09 3.4370.5 0.66 +0.26

12 DAA Endosperm n.d. 0.24+£0.06 190.7 +£21[228.34 + 4.92
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2.3.8 Abscisic Acid

Embryo ABA levels were lower at 10 to 12 DAA, thiecreased between 12 and
16 DAA, and were maintained at elevated levelB8®AA (Figure 2.14A,B). Within
the embryo, ABA was at a much higher concentratiche embryo axis (5.2-fold
higher) than in the cotyledons (Figure 2.14A,BBAAlevels in the seed coat and the
surrounding endosperm increased markedly betweemd@2 DAA, and seed coat-
derived ABA levels remained elevated through 16 DAAd then decreased by 18 DAA.

(Figure 2.14A,B,C).
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Figure 2.14: Abundance of ABA in seed tissues from 10 to 18ADAResults are represented as mean of
two independent samples + standard error (n.d.ogembus not detected, but internal standard reedyer
except for 12 DAA embryo and 20 DAA embryo axis,eman=1. Results are expressed graphically as ng

gfw™ or ng mL* (A), ng gfw* (B) for solid tissues and ng L(C) for liquid endosperm.
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2.3.9 Effects of ABA During Early Seed Development

Application of ABA to the seed coats of 10 DAA ssé&uvivo using a split-
pericarp technique altered the expression profigeoes in the GA biosynthesis and
catabolism pathway in a tissue-specific mannerthiWié hours of application, ABA
treatment increasdesGA3ox1 transcript abundance in the seed coats (FigusA2, and
decreased the mRNA abundance of lR#6GA20x genes in the embryo (Figure 2.15C, D)
compared to the controls. Within the endospermAAig@atment decreased the mRNA
abundance dPsGA200x2 (Figure 2.15F). Whole se@$GA20x2 mMRNA abundance
was higher in control samples than in ABA-treatedds (Figure 2.15D), but this
difference was due to very high transcript abundana@ single control sample, reflected

by the large standard error bar, and is not lilgdlysiologically significant.
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Figure 2.15: Transcript abundance of GA biosynthesis and caishajenes in seed tissues 6 h after
treatment of seeds at 10 DAA with ABA (100 uM if0% aqueous Tween 80) or a control solution
(0.01% aqueous Tween 80) using a split-pericarpriigcie. Results are representative of between 2and
independent samples, except for whole dest8A30x2, for which n=1. Significant differences as

identified by standard error between control andABeated samples are indicated by an asterisk (*).
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The steady-state levels of several GAs were atsoeal by ABA treatment when

assessed 48 hours after ABA application (Table 2i}he seed coat, treatment with

ABA increased levels of GAL.7 fold and reduced levels of Gy 3.4-fold. In the

embryo, ABA treatment increased the level of oA 8-fold (Table 2.4). Free ABA

levels were similar in the treated and control segts, likely due to conjugation of free

ABA to its glucosyl-ester in ABA-treated seed ctssue.

Table 2.4: Abundance of 13-hydroxylated GAs and ABA in seedts and embryos 48 hours after

treatment of seeds at 10 DAA with ABA (100 uM iR0% aqueous Tween 80) or a control solution

(0.01% aqueous Tween 80). ABA and GA levels irdsamats and embryos of untreated (intact) pods

harvested at the equivalent time (12 DAA) are @istuded. Results are expressed as ng'dfwd.=

endogenous not detected, but internal standardeeed).

ABA GA; GAs GA2 GA29

10 DAA control seed | 218.77 £| 0.34 £ 1.56 £ 19.44 + 481.20 +

coat 15.67 0.10 0.08 1.08 66.65

10 DAA ABA seed coat| 208.25 x0.50 1.35+ 20.08 = 140.20 +
20.81 0.01 0.02 5.02 10.14

Untreated seed coat 255.898€.15 + 285+ 17.05 127.33 +
20.72 0.03 0.36 2.43 26.25

10 DAA control embryo| 53.37 £| 0.14 + 232+ 650.35+ |28.94+
2.88 0.03 0.34 159.26 0.32

10 DAA ABA embryo 7441 + | 0.05 2.60 = 1178.88 + | 46.52 +
12.84 0.05 0.62 9.82 16.56

Untreated embryo 48.89 £+ 0.13 2.08 + 190.70+ |18.34 %
2.28 0.01 0.03 21.22 4.92
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2.3.10 Effects of ABA During Later Seed Development

Since seeds at 16 DAA have already contacted theape, it was impossible to
apply hormone solutions to seed coats without comtating pericarp tissues. Instead, a
small plug of seed coat and cotyledon material a®oved and the ABA or control
solution was applied directly into the resultingliwén contrast to the previous
experiments, in which hormones were applied testel coat, this sections describes
experiments in which solutions were applied dinetdlthe cotyledon tissue.

Treatment of seeds with ABA at 16 DAA also influedexpression of GA
biosynthesis and catabolism genes in both seedaoolaémbryo tissues when monitored
48 h after ABA application. In the embryo axigdtment with ABA decreased the
MRNA abundance d?PsGA3ox2 (Figure 2.16B)PsGA200x1 (Figure 2.16E), and
PsGA200x2 (Figure 2.16F). In the seed coat, ABA treatmermtrel@sedsGA20x1
(Figure 2.16C) an&sGA200x2 (Figure 2.16F) transcript abundance. While ABéated
seed coats had reduced steady-$a@A200x1 MRNA abundance (Figure 2.16E) in
comparison to controls, this difference was theltest abnormally high transcript

abundance in a single control sample, as refldaydtie large standard error.
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Figure 2.16: Transcript abundance of GA biosynthesis and cditab genes in seed tissues 48 h after
treatment of seeds at 16 DAA with ABA (100 uM i® D% aqueous Tween 80) or a control solution
(0.01% aqueous Tween 80) using a split-pericarprigcie. Results are representative of between 2Zland
independent samples. Significant differences astifled by standard error between control and ABA-

treated samples are indicated by an asterisk (*).
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Treatment of 16 DAA seeds with ABA produced sligtitigher steady-state
levels of seed coat GAand 1.8-fold higher levels of GAhan in controls (Table 2.5).
Additionally, ABA treatment decreased the abundarfd8A,, and GAg in the seed coat
and GAy levels in the embryo. ABA levels were lower ie theed coat of ABA-treated
seeds than in the control (Table 2.5), which magleto the hormone application

method used.

Table 2.5: Abundance of 13-hydroxylated GAs and ABA in seedts@nd embryos 48 hours after
treatment of 16 DAA seeds with ABA (100 uM in 0.0Efueous Tween 80) or a control solution (0.01%
agueous Tween 80) using a split-pericarp technigB& and GA levels in seed coats and embryos of
untreated (intact) pods harvested at the equivéilmet (18 DAA) are also included. Data are preseri

ng gfw’. Results are expressed as mean + standard mxfor each tissue with each treatment (n.d.=

endogenous not detected, but internal standardeeed).

ABA GA; GAs GA2 GAz9
16 DAA control seed | 143.03+ |0.84 £ 11.77 £ 1553 + 213.50 +
coat 17.13 0.01 3.39 1.59 22.72
16 DAA ABA seed 87.76 0.94 + 21.16 = 11.71 + 95.90
coat 7.00 0.07 3.31 0.22 4.40
Untreated seed coat 120.60 £ n.d. 1.34 27.79+ |147.01 %
30.54 8.15 6.37
16 DAA control 35257+ |n.d. 297+ 175.38 £+ | 228.87
embryo 6.19 0.48 22.07 22.38
16 DAA ABA embryo | 290.33+ | 0.05 * 2.28 + 116.06 + | 121.29
45.08 0.05 0.13 49.31 58.91
Untreated embryo 409.69 £ | n.d. 1.18 = 89.21 + 75.39 +
36.75 0.01 8.79 4.46
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2.4 Discussion

2.4.1 Seed GA Biosynthesis is Time- and Tissue-Sibiec

The seed coat, embryo and endosperm tissues unaewyiety of changes in
physiology and structure as development prograasasler to produce a viable, mature
seed. ltis likely that extensive coordination tries maintained through tissue-to-tissue
signalling in order for normal seed developmemidour. Expansion of each of these
seed tissues occurred during early seed developi@®¢ntl2 DAA), including rapid
increases in seed coat and embryo fresh weighti@i2,6A), and endosperm volume
(Figure 2.6B). By 14 DAA the endosperm was absotiethe embryo, and from 14 to

20 DAA, the growth of the embryo was prominent.

Morphology and physiology of developing seed coats

Within the seed coat, each of the five cell typeslied proceeded with its own
developmental scheme. Similar to that reporteddy Dongen et al. (2003),
differentiation of protodermal cells into a palisaaf macrosclerids was observed in the
seed coat epidermal layer from 10 to 16 DAA (Figi@A,B). Cell wall thickening was
observed in the epidermis, particularly from 16 DAAwards (Figure 2.7A).
Organization of the hypodermis also occurred, #s developed from roughly circular
(in cross section) hypodermal cells at 10 DAA taifgbass-shaped cells by 14 DAA
(Figure 2.7A). The chlorenchyma cells located jusier the hypodermis maintained a
relatively constant size from 10 to 18 DAA, but Bago be compressed by the

expanding embryo by 20 DAA (Figures 2.7B and 2.8@Jhile containing chloroplasts,
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the role of photosynthesis in the seed coat chtdrgma is likely minor as much of the
seed develops in a hypoxic environment (Rolletsabek, 2002), and the chlorenchyma
rather fulfill a role in temporary starch synthesigl storage (Rochat and Boutin, 1992).
The ground parenchyma towards the interior of dezloat increased in area from 10 to
14 DAA (Figures 2.7B and 2.8A), concurrent with bgprmal hourglass cell
differentiation. Ground parenchyma cell size wasntained between 14 and 16 DAA
and then increased markedly from 16 to 18 DAA (Feg2L8A), concurrent with the onset
of the compression of the branched parenchymadygdtyledons (Figure 2.7B). While
ground parenchyma cell size was relatively condtatween 14 and 16 DAA, the layer
of subtending cells, the branched parenchyma, asexin size notably during this time
(Figures 2.7B and 2.8A). The branched parenchyera wregular in appearance with
extensive intercellular spaces from 10 to 14 DA&(iFe 2.7B). This morphology was
further supported by the wide variation in crosstisaal area within biological

replicates, as cells in various orientations wexiened (data not shown). These
intercellular spaces are both air- and liquid-@iligan Dongert al., 2003), and the
branched parenchyma make extensive contacts véthgiid endosperm prior to
reabsorption. The dramatic expansion of the brashgarenchyma cell layer between 14
and 16 DAA marked one of the most distinctive moipgical changes within the seed
coat (Figure 2.7B). After embryo contact at apprately 16 DAA, the cells of the seed
coat begin being crushed by the cotyledons, beggwith the innermost layer and

continuing outwards (Figure 2.7B).
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GA gene expression and steady-state GA level s in devel oping seed coats

Between 8 and 10 DAA, seed coat transcript aburelafiesGA200x1 increased
notably (Figure 2.10A). Combined with low mMRNA &g of the twdPsGA20x catabolic
genes (Figure 2.11A,C), these data suggest a ntedkra through the GA biosynthesis
pathway to bioactive GA Consistent with GA biosynthesis pathway tranion
profiles, levels of bioactive GAN the seed coat are elevated at 10 DAA (Figut8@,
Table 2.3A), and levels of seed coat fsfcrease 3-fold between 10 and 12 DAA
(Table 2.3A). The higher flux through the GA bioyesis pathway to bioactive G
the seed coat at this developmental stage likelynpted the substantial increase in seed
coat fresh weight between 10 and 12 DAA (Figuré\2.@artially through the increase
in ground parenchyma cell expansion (Figure 2.8A).

As seed coat development progressed, the GA kiossis and catabolism gene
transcript and GA metabolite profiles changed. hescript abundance BEGA30x1,
the enzyme product of which is capable of convgr@#,, to bioactive GA, increased
markedly in the seed coat from 10 to 12 DAA, andkeel at 14 DAA (Figure 2.9A),
suggesting an increase in pathway flux to bioadBye during this period. The peak in
PsGA3ox1 transcript level coincided with the dramatic exgian of the branched
parenchyma cells between 14 and 16 DAA (FigureB 2imd 2.8A), suggesting that seed
coat produced GAis involved in the stimulation of rapid branchextgnchyma cell
expansion at this time. However, transcript abucdafPsGA20x1 increased
continually from 12 to 20 DAA (Figure 2.11A), likeleading to increased Giand GA
catabolism. Consistent with GA transcription pesfj steady-state levels of GArigure

2.13C, Table 2.3A) and the ratio of G GAg in the seed coat decreased from 10 to 12
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DAA (GA;1 to GAgratio of 1:5.3 at 10 DAA, 1:19.0 at 12 DAA), indiiing increased
GA; catabolism. GAlevels in the seed coat remained low from 12 t®AA, and were
not detectable at 16 to 18 DAA. The gene prodbi&s®A20x1 also efficiently
catabolizes G4y to GAp, and levels of the@hydroxylated catabolite GAincreased
13-fold from 10 to 12 DAA, and remained at elevdtackls to 18 DAA (Figure 2.13B,
Table 2.3A). These data suggest that steady{statts of seed coat derived GAre
tightly controlled by catabolism to GAvia the GA 2-oxidase coded for BgGA20x1,
likely a mechanism to aid in the production of éspwof GA for branched parenchyma

expansion.

GA gene expression and steady-state GA levelsin the endosperm

In the endosperm, transcript abundancBs8A200x1 increased markedly
between 8 and 10 DAA (Figure 2.10B), and at 12 DA#&the endosperm reached its
maximum volume, Gy levels were high (Figure 2.13A, Table 2.3C). AtDAA, on a
per seed basis (Table 5.4), gAevels were 4.2-fold higher in the endosperm 728
ng) than in the seed coat (1.7 = 0.2 ng), and swendar to levels in the embryo (8.3 =
0.9 ng). Between 10 and 12 DAA, endosperm troisabundance of botRsGA3ox1
(Figure 2.9B) andPsGA20x1 (Figure 2.11B) increased notably, concurrent \siipht
decreases in steady-state endosperm @l GA levels (Table 2.3C), indicating that net
GA; catabolism is the probable result of these chamgganscript levels. Since the
inner branched parenchyma of the seed coat amntact with the non-cellular
endosperm (Marinos, 1970), it is possible thatabe of GAy in the endosperm could

be partially transported to the seed coat, agp@Ad GAy abundance increases

61



concurrently in both tissues, and the branchednghsena could be an important link

between seed coat and endosperm GA pools.

Mor phology and physiology of developing embryos

Embryo growth as measured by fresh weight wasirapd embryo size increased
from 10 to 20 DAA (Figure 2.6A). Between 10 andOAA, the endosperm was
absorbed by the embryo as it expanded to fill ezlscavity (Figures 2.5 and 2.6B). The
epidermal cell layer of the cotyledons had a reddyi higher proportion of cells in
prophase or metaphase (as indicated by condensésl)rat 10 DAA (Figure 2.7D)
compared to later stages, which is suggestivelafively rapid cell division at this time.
Marinos (1970) and van Dongenal. (2003) reported the formation of invaginations of
the cell walls of the cotyledonary epidermis ptimendosperm absorption using TEM
and cryo-SEM, respectively. The invagination agfdt epidermal cells produces the
cotyledon transfer cells, which are proposed tori@ortant for nutrient uptake from the
endospermal cavity (Borisjudt al., 2002b). The resolution afforded by light microgy
in this study did not permit the observation thesactures.

While transfer cell formation was not visible, giagle layer of cells immediately
subtending the cotyledonary epidermis organizeal amt ordered hypodermis between 10
and 14 DAA (Figure 2.7C). The organization of &tedonary hypodermal cell layer in
pea has been previously documented (Bain and Met866). In contrast to the
subtending storage parenchyma cells, which enlaillgedg the nutrient storage phase of
cotyledon development (14 to 20 DAA), the hypoddroadls remained smaller (Figure

2.7C, 20 DAA) and likely serve a similar functianthat of the transfer cells of the
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epidermis in transferring nutrients from the endwemal cavity to the storage
parenchyma cells of the cotyledons (Borisgtikal., 2002b). While the storage
parenchyma increase greatly in size as starch antelip storage progresses, the
hypodermal cells remain small, and there is a pabée lack of storage vacuoles in this
layer in comparison to the subtending storage émgna (Figure 2.7D,E).

The storage parenchyma cells of the cotyledon aseae rapidly in area from 10
to 12 DAA (Figure 2.8B) coinciding with rapid cogglon expansion in volume (Figure
2.5; Figure 2.6B), then more gradually from 12 6AA as the cotyledons transitioned
from the pre-storage growth phase to the storagsefcarbohydrate storage in pea seeds
is reviewed in Webest al., 1997). From 16 to 20 DAA, cotyledon storagespahyma
cell area increased more rapidly, coinciding wité bnset of the storage phase and

cotyledon nutrient accumulation.

GA gene expression and steady-state GA levels in devel oping embryos

Transcript levels of botRsGA200x genes were high in the embryo during early
seed development (8 to 12 DAA, Figure 2.10A; FigauEOC). WhilePsGA200x2
MRNA abundance remained at elevated levels untdR8 (Figure 2.10C)PsGA200x1
transcript levels were lower later in developméngre 2.10A). Recent gqRT-PCR
experiments (Ozget al., 2009) have demonstrated tRPaGA200x1 transcript abundance
is higher earlier in development (approximately 8A) and decrease from that point
onwards, and the data presented here confirmrédmslt ThePsGA200x gene expression
profiles in the embryo are consistent with highelevof GAy in the embryo from 10 to

18 DAA (Figure 2.13A; Table 2.3A). Additionally,As abundance in the embryo was
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high from 12 to 14 DAA and then decreased (Figui2&,B). GA is the non-13-
hydroxylated equivalent to Géand can be synthesized through the enzymes enbyded
PsGA200x1 andPsGA200x2, and the decreasing embryo &a#oundance is consistent
with decreases iRsGA200x1 mRNA levels. During pea seed development, large
amounts of GAg are produced and stored in the cotyledons. Astede (2006) reported
the accumulation of G4 in 20 DAA seeds and mature embryos, consistefft thé high
levels of GAg observed in 18 DAA cotyledons in this study. Umg@mmination, this

GAy is transported to the embryo axis wheeaovo GA; biosynthesis occurs,

promoting the rapid growth of the developing seegl(jAyeleet al., 2006).

Transcript levels of thBsGA20x1 catabolism gene were low from 8 to 12 DAA
in the embryo (Figure 2.11A), consistent with loB#g levels in this tissue (Figure
2.13B; Table 2.3A). EmbryBsGA20x1 transcript abundance increased 9.7-fold from 12
to 14 DAA (relative transcript abundance 165.200£20 at 12 DAA, 1609.90 + 89.08 at
14 DAA), consistent with a 3-fold increase in emb(yAy during the same time (Figure
2.13B; Table 2.3A). From 14 DAA through 18 DAAghier GAg levels were
maintained in the embryo (Figure 2.3B; Table 2.3A}.21 DAA (cv. Progress), GA
abundance in the embryo was greater than thaked$ebd coat, and by 24 DAA, GA
was located almost exclusively in the cotyledonsijevseed coat and embryo axis
abundance is low (Sponsel, 1983). Feeding stwdibdabelled GA, demonstrated that
in the storage-phase pea seed, embryo-derived i&ansported to the seed coat for
catabolism to GAy-catabolite(Sponsel, 1983). The &@Avhich accumulates in the pre-
storage and transitioning embryo in this studykisly also transported to the seed coat

and catabolized through this mechanism after 20 DAA
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Transcript abundance of bd#sGA3ox genes, the enzyme products of which are
capable of converting GAto bioactive GA, was elevated in the early embryo at 10
DAA (Figure 2.9A,C), concurrent with higher GAevels in this tissue (Figure 2.13C;
Table 2.3A). The large pool of GA(Figure 2.13A; Table 2.3A), along with higher
levels of both GA (Figure 2.13C; Table 2.3A) and GAFigure 2.13D; Table 2.3A) and
lower levels of GAg (Figure 2.13B; Table 2.3A), suggests comparatigegater flux
through the GA biosynthesis pathway in the embtyt0aDAA, likely to support rapid
cell division.

From 10 DAA onwards, botRsGA3ox1 (Figure 2.9A) andPsGA30x2 (Figure
2.9C) transcript abundance decreased in the emi2pmcident with the initial decrease
in PSGA3ox1 transcript abundance between 10 and 12 DAA, emBApdecreased 2.8-
fold by 12 DAA and remained present at low levaisilul6 DAA, after which point it
was not detectable in the embryo (Figure 2.13Cjelal8A). PsGA30x2 was initially
reported to be expressed primarily in the rootsgieet al., 2008), but transcript
abundance was significant in the embryo at 10 tDAA (Figure 2.9A), identifying a
role for this gene in seed development. WR#&A30x1 transcript accumulates at very
high levels in the seed coat (Figure 2.9R9GGA30x2 transcript is found almost
exclusively in the embryo, indicating tissue-speatfxpression of thEsGA3ox genes.

The embryo axis and cotyledons of the embryo execastly different
developmental programs in the early storage pHeséo(20 DAA) of seed development.
Nutrient storage is accomplished primarily by tbhé/tedons, and storage-phase
cotyledon development is directed primarily to bi@synthesis and storage of starches

and proteins. The large size discrepancy betwesmecdon and embryo axis (cotyledons

65



compose approximately 98% of the embryo at 20 DRigure 2.6B) results in the under-
representation of embryo axis metabolite and trgpislevels in whole embryo samples.
The determination of GA biosynthesis gene transteiels and GA profiles in the
cotyledons and embryo axes separately can leadtteef understanding of GA
metabolism in these developmentally diverse tissues

Transcript abundance of tiRsGA30x1 andPsGA30x2 genes was minimal in the
cotyledons from 14 to 20 DAA, while boBPsGA3o0x transcripts were present at high
levels in the embryo axis at 14 to 16 DAA, decregsis the embryo axis matured to 20
DAA (Figure 2.9B,D). Coincident with high&sGA3ox transcript abundance, levels of
GA; were notably higher (14.7-fold based on ng gFfigure 2.13C; Table 2.3A) in the
embryo axis than in the cotyledons at 18 DAA, asewevels of its immediatefi2
hydroxylated catabolite, G&9.0-fold based on ng gFwFigure 2.13D; Table 2.3A).
While GAy abundance was 7.7-fold greater in the embryothzis in the cotyledons at
18 DAA (Figure 2.13A; Table 2.3A), transcript abande of botlPSGA200x genes was
lower in the embryo axis from 14 to 20 DAA (Figd 0B,D), whilePsGA200x2
transcript abundance was high in the cotyledonsduhis time (Figure 2.10D). The
high pathway flux to GAin the embryo axis is supportive of the contingraiwth of this
tissue from 16 to 20 DAA (Figure 2.6B), while thecamulation of GAg in the
cotyledons and maintained levelsR¥5A200x2 transcript are likely involved in the
storage of GAy for post-germination GAbiosynthesis in the embryo axis (Ayetel .,
2006), reflecting this tissues role as a storagaror

Between 18 and 20 DAA, embryo al@sGA20x2 transcript abundance increased

markedly (Figure 2.10D), indicating a shift in GRosynthesis pathway flux in this
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tissue. No metabolite profiling data was colleciéter 18 DAA, so it is not known if this
increase in catabolism gene transcript producegteedse in embryo axis Ghevels,
although the magnitude of this increase and spé#gifof the enzyme product of the
PsGA20x2 gene for GA over GAy (Lesteret al., 1999) are suggestive of this result.
Given the small size of this tissue, no other dat@mbryo axis GA levels in pea are
available, and metabolite profiles of embryo reflde cotyledon, which makes up
approximately 98% of the embryo at 20 DAA (FiguréB). The increase in embryo
axisPsGA20x2 transcript at 18 DAA is likely maintained until toaty: Ayeleet al.

(2006) reported high levels 88GA20x2 transcript in both 20 DAA and mature embryos,
decreasing only after imbibition. The catabolishé\; at this stage is likely a

mechanism to limit embryo axis growth and allow eyobmaturation to proceed.

2.4.2 ABA Regulation of Early Seed GA Metabolism

Localization of ABA in pea seed tissues

Seed coat ABA increased 2.1-fold from 10 to 12 D@#gure 2.14A,B), when
the endosperm obtained maximum volume (Figure 2.68)m 10 to 12 DAA, seed
ABA concentration was highest in the seed coat) g&ed coat ABA levels 23.3-fold
higher than embryo and 44.9-fold higher than endiosmat 10 DAA, and 11.6-fold than
the embryo and 13.5-fold higher than endospern2 &AA (on a per seed basis; Table
5.5). Later in development (14 DAA onwards), ABéncentration was highest in the
embryo, where per seed levels were 1.8-fold gredtéd DAA, 2.7-fold greater at 16

DAA, and 6.9-fold greater at 18 DAA than thoseltd seed coat (Table 5.5). Eeuwens
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and Schwabe (1975) found that ABA content in thémmincreased from 12 to 24
DAA, consistent with the increase in embryo ABAdé/from 12 to 18 DAA observed in
this study. In the storage-phase seed, GC-MS awrpets (Wanget al., 1987) described
a biphasic distribution of ABA, with an initial peaf ABA in the seed coat concomitant
with a smaller increase in embryo ABA (when the grolwas approximately 25% of its
final fresh weight), followed by a second peakinbeyo ABA as the embryo approached
its maximum fresh weight. Consistent with embryd aeed coat sizes, the shift in ABA
localization from seed coat to embryo observedmdyitiis study coincides with the
period of time surrounding the first peak. Whiteleyo ABA increased from 12 to 18
DAA (Figure 2.14A,B) and occurred in both the cetydns and embryo axis at 18 DAA,
embryo axis ABA levels were 5.2-fold greater thiaose of the cotyledons, suggesting a
comparatively greater role for ABA in the regulatiof processes within the embryo axis

at that time.

ABA regulation of seed coat GA metabolismat 10 to 12 DAA

ABA is present at higher levels in the seed codDai 12 DAA compared to that
in other seed tissues (Figure 2.14A,B). Furtheanseed coat ABA (Figure 2.14A,B)
andPsGA3ox1 transcript abundance (Figure 2.9A) both incredsad 10 to 12 DAA,
suggesting that ABA may function as a promoteregfscoat GA biosynthesis at this
time. Application of ABA (10QuM) to 10 DAA seeds using a split-pericarp technique
increased seed coasGA3ox1 transcript abundance 6 hours after hormone tredtme
(Figure 2.15A) and seed coat Glevels 48 hours after treatment (Table 2.4). €ldesta

indicate that at this stage of seed developmenfy pB®motes synthesis of bioactive GA
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in the seed coat by increasing the transcript atoicel ofPSGA30x1, likely resulting in
GA;-induced seed coat growth, both in fresh weighgfé 2.6A) and ground

parenchyma cell expansion (Figure 2.8A).

ABA regulation of embryo GA metabolismat 10 to 12 DAA

In the embryo, ABA also appears to regulate GAamelism from 10 to 12 DAA.
The application of ABA to 10 DAA seed coats usingpét-pericarp technique decreased
the mRNA abundance of boRsGA20x1 (Figure 2.15C) an&sGA20x2 (Figure 2.15D)
in the embryo 6 hours after treatment. The enzproducts of these genes are capable
of removing GA as a substrate for conversion t@atiive GA (converting G4y to
GA»g), or inactivating bioactive GA (converting G£o biologically inactive GA). The
changes in embryo transcription profiles in the AB&ated seeds when compared to
controls suggests decreased GA catabolism, andd¢reased levels of embryo G438
hours after ABA treatment suggests decreased databof GAy to GAxg (Table 2.4).
Taken together, these data support a role for ABéecreasing embryo GA catabolism

between 10 and 12 DAA.

ABA regulation of endosperm GA metabolismat 10 to 12 DAA

In the endosperm, ABA levels increased 10.3-fatileen 10 and 12 DAA
(Figure 2.14A,C). Transcript abundance of bestbA200x genes also increased between
8 and 12 DAA (Figure 2.10B,D), as did the metabpliaduct of the enzymes coded for
by these genes, G& which increased in abundance in the endosper6ifbl between

10 and 12 DAA (Figure 2.14A; Table 2.3C). EndogspEsGA20x1 transcript abundance
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increased between 10 and 12 DAA, (Figure 2.11B)aarttbsperm G4 levels increased
27.8-fold during the same period (Figure 2.14B;|&&h3C). While no metabolite
profiling data was collected, the application of AB 10 DAA seed coats only
decreased transcript abundanc®sbA200x2 in the endosperm 6 hours after treatment
(Figure 2.15F), suggesting that ABA has a mininoé in the regulation of GA transcript

abundance in the endosperm at this time.

2.4.3 ABA Regulation of Later Seed GA Metabolism

ABA regulation of seed coat GA metabolismat 16 to 18 DAA

Between 16 and 18 DAA (during which time the laet of hormone treatments
were performed), seed coat ABA levels decreasedioldqFigure 2.14A,B). The
application of ABA to cotyledons at 16 DAA decreaseed coat transcript abundance of
both the biosynthesis gesGA200x2 (Figure 2.16F) and the catabolic gdts&A20x1
(Figure 2.16C). Whil&sGA200x2 transcript levels are low throughout seed coat
development from 8 to 20 DAA (Figure 2.10@5GA20x1 transcript levels increase
continually during this period, and are substantidhe seed coat by 16 DAA (Figure
2.11A). Consistent with the reduced transcripels\wwfPsGA200x2, ABA treatment
decreased levels of both @Aproduced by the gene productRe5A200x2) 48 hours
after treatment (Table 2.5). Consistent with redlizanscript levels d?sGA2ox1, the
immediate catabolite of Gf, GAyg, was also reduced (Table 2.5). Additionally, ABA
treatment increased seed coatgGFable 2.5), suggesting a shift in the GA bioswsik

pathway from earlier metabolites (GAGAzg) to bioactive GA and GA, which may be
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the result of ABA-dependant downregulationRstzA20x1 mMRNA levels. The ability of
ABA to act as both a promoter (via downregulatib®PsGA20x1, leading to increased
GAg) and inhibitor (via downregulation &GA200x2, leading to decreased Gfand
GA,) of GA biosynthesis suggests that the regulaticth® seed coat GA biosynthesis

pathway between 16 and 18 DAA is complex.

ABA regulation of embryo GA metabolismat 16 to 18 DAA

The high abundance of ABA in the embryo axis aDEA (Figure 2.14A,B)
combined with the rapid increase in embryo &d6A20x2 transcript abundance
between 18 and 20 DAA suggested that ABA may sasva regulator of embryo axis
GA catabolism at this stage of development. Theiegtion of ABA to 16 DAA
cotyledons reduced transcript abundance of thregybthesis genes in the embryo axis:
PsGA3ox2 (Figure 2.16B)PsGA200x1 (Figure 2.16E), anBsGA200x2 (Figure 2.16F)
48 hours after treatment. ABA treatment also desd embryo GA 48 hours after
treatment (Table 2.5) in comparison to controlsthie embryo axis, bothsGA3ox1 and
PsGA3ox2 transcript abundance decreases from 14 DAA onwardsABA was not
observed to regulatesGA3ox1 in these experiments, possibly because of differein
the timing ofPSGA3ox decrease: by 18 DAA (time of harvesting of hormtreated
pods)PsGA3ox1 transcript has already reached minimal levelsuyifei@.9B), while
PsGA3ox2 abundance continues to decrease (Figure 2.9Djabdkte profiling
confirmed that ABA served to decrease GA biosynthpathway flux, as lower levels of

GA29 were detected in ABA treated embryos 48 hourg &tatment (Table 2.5).
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While no changes in embryo GAr GAg levels were detected (Table 2.5), this
may be because the embryo sample consists of apm@tety 98% cotyledonary tissue
(Figure 2.6B), so small to moderate changes in Gi#way flux in the embryo axis may
not be reflected. It must be noted that while A8lfered GA biosynthesis pathway flux
through the regulation of biosynthesis genes irethbryo axis, GA catabolism was
unaffected (while ABA-treated embryo a#sGA20x2 levels, Figure 2.16D, appear
higher than controls, this was due to high traps@bundance in a single ABA-treated
sample (n=3), and was not replicated). Additiamgleriments with increased ABA
dosage and different timing also had no effectmbrgo axis GA catabolism gene
transcript abundance between 16 and 18 DAA, inaigdhat the drastic increase in
PsGA20x2 transcript between 18 and 20 DAA likely resporaarnother developmental

gueue, while ABA serves primarily to down-regultite GA biosynthesis machinery.
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Chapter 3

Regulation of Auxin Sensitivity in Pea

Fruit

3.1 Background

3.1.1 Auxins in Plants

Auxins as a class of phytohormones are definefibgtion, and as such contain
structurally diverse members. The most ubiquitzatsiral auxin is a bi-cyclic molecule
known as indole-3-acetic acid (IAA), synthesizashirtryptophan, indole or indole-3-
glycerol phosphate via multiple parallel biochermjzathways (reviewed in Bartel,
1997). A second naturally occurring auxin in peandole-3-butyric acid (Schneidetr
al., 1985), which can be converted to IA#vivo (Nordstrémet al., 1991). A third
naturally occurring auxin, 4-chloroindole-3-acetimd (4-CI-IAA), has been identified in
a number of legumes but seems to be restrictedlyocertain genera includingsum
sativum (Marumoet al., 1968; Katayama et al., 1988) avidia amurensis (Katayamaet
al., 1987), but not in the closely relatebaseoleae genus (Katayamet al., 1987).

Auxins occur in plants as free acids and in coredidorms. Auxin conjugates
identified in plants include auxin linked to singlmino acids or to mono- or

disaccharides (Bandursé#tial., 1995). It has also been demonstrated that |&#\ e
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covalently bound to proteins (Bialek and Cohen,99&\uxin conjugation has been
implicated as a storage mechanism, where, in atditide novo synthesis, free auxin
can be generated upon cleavage from these boumd {@andursket al., 1995;
Woodward and Bartel, 2005). Conjugated auxinstitied in pea include amide
conjugates such as indole-3-acetylaspartic acid/@ad Hamilton, 1982) and esterified
compounds, such as 1-O-indole-3-ac@ip-glucose (Jakubowska and Kowalczyk,
2004). The ratio between amide and ester conjagatees between tissues (Bandurski
and Schulze, 1977; Magnatal. 1997), suggesting a developmental role for auxin
conjugation in pea.

In pea, 4-CI-1AA has been implicated as a speditic growth promoting auxin
(Reineckest al., 1995; Reinecket al., 1999; Ozga and Reinecke, 2003), and the further
understanding of the biological roles of 4-Cl-IAAthis system could have significant

agricultural implications.

3.1.2 Auxin Signal Perception

Most research in auxin signalling has been perdormArabidopsis. Shortly
after application of auxins tarabidopsis seedlings, a group of transcriptional repressors
(the Aux/IAA genes) are upregulated (Leyser, 200R0)x/IAA proteins are
transcriptional repressors and contain four domans\-terminal transcriptional
repressor called domain | (Tiwatial., 2001), domain Il, involved in protein stability
and degradation (Pagkal., 2002), and two C-terminal dimerization domainsed

domains Il and V.

79



A second family of proteins involved in auxin sigtransduction are the Auxin
Response Factors (ARF). ARF proteins are simildih¢ Aux/IAA proteins in structure
(Ulmasovet al., 1999), and also consist of four domains; anmditieal DNA-binding
domain, an RNA polymerase Il interaction domaindetaand Guilfoyle, 2002), and two
dimerization domains similar in structure to donsdith and 1V of the Aux/IAA
repressors. The DNA-binding domain recognizesjaesgce that consists minimally of a
conserved sequence (5-TGTCTC). This sequencebiceaa with a secondary
constitutive element in some genes (Ulmasatmal., 1995), constitutes the auxin
responsive element (ARE), which is both necessagysafficient to confer auxin
inducibility to reporter genes.

Whereas the Aux/IAA proteins are transcriptioregdressors, ARFs can act as
either transcriptional repressors or activatorsg@gteand Guilfoyle, 2002). These two
groups of proteins are capable of both homo- anerbe@imerization freely with one
another. Inthe absence of auxin, a heterodimesisbng of one Aux/IAA repressor and
one ARF protein (either a repressor or an actiyasdoound at the ARE of an auxin-
inducible gene, inhibiting transcription. Upon auiduction, the Aux/IAA protein of
that dimmer is degraded, which allows the formatba new homo- or heterodimer,
effecting changes in gene transcription.

The degradation of Aux/IAA proteins relies on 8@F complex, named for its
major components: Skpl, Cullin, and F-box (Geasl., 1999; Figure 3.1). The SCF
complex is an E3 ubiquitin ligase involved in salaignal transduction pathways,
including those for the phytohormones gibberelhid gasmonic acid. Skpl is a scaffold

protein, and interacts with two of the other mershsrthis complex. Cullin is a protein

80



which transfers ubiquitin subunits from an E2 ulttigiconjugating enzyme to a specific
target protein, and functions as a heterodimer witburth protein, RBX1. The F-box
proteins are a diverse family of proteins contagrtwwo characteristic features; a protein-
protein interaction domain which interacts with $lqalled the F-box, and a variety of
C-terminal protein-protein interaction domains whaonfer target specificity to the
complex (leucine rich repeats for the AFB familyFebox proteins (Gagnet al., 2002),

although a variety of other domain types are prieiseother groups of F-box proteins).

O

A =Ubiquitin

—I Transcription
T Auxin

Leucine- ~
: rich
RBX1 Cullin ot
> AFB Protein
F-box

Skpl Domain

_/
— )
Y
SCF Comple

Figure 3.1: Schematic of SCF complex indicating interactiongwiey components of auxin signalling
pathway. Upon auxin binding directly to the F-@wtein, conformational changes allow the bindind a
ubiquitin-mediated degradation of Aux/IAA proteinghich in turn allows the dimerization of ARF

proteins, altering gene transcription.
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In addition to contributing target specificityttte SCF complex, the F-box
proteins TIR1, AFB2, and AFB3, function as auxinagtors (Dharmasigt al., 2005a).
Kepinski and Leyser (2005) demonstrated that thB AFbox proteins bind auxins
directly, and that the formation of the auxin-AF&plex is a necessary condition for
the binding of Aux/IAA proteins by the SCF. Redgrhe crystal structure of the TIR1
protein in Arabidopsis both in the presence an@iadxs of auxin was obtained (Tein
al., 2007). While the F-box region of the AFB proteinteract with the SCF scaffold
protein (ASK1 in Arabidopsis), the C-terminal lemeirich repeats form an open pocket.
The auxin molecule sits in the proximal end of poeket and acts as a molecular glue,
mediating contact between the AFB protein and éingetted Aux/IAA protein. This
binding is likely promoted by van der Waals, hydropic, and hydrogen-bonding
interactions, and may help to explain why a nundéeelatively hydrophobic molecules
of approximately the same size and general strecan serve as auxins.

Upon the introduction of auxin into the nucleuseaies of events unfolds which
culminate in the alteration of transcription preéilof auxin regulated genes. Initially,
auxin binds to the LRR region of the AFB proteirtled SCF complex. The auxin
molecule mediates interactions between the AFBepraif the SCF complex and the
target Aux/IAA protein, which may be part of aniinitory Aux/IAA-ARF heterodimer.
The Cullin subunit of SCF then transfers, iterdfiyabiquitin peptides from E2 ubiquitin
conjugating enzymes to a site in domain Il of thexAA protein (Dharmasiri and
Estelle, 2004). The ubiquitinated Aux/IAA protesshuttled to the 26s proteasome for
degradation (Gragt al., 2001), freeing the formerly bound ARF proteinriteract with

other subunits. Another ARF subunit or a secong/KNA protein (if more are
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available) can then dimerize with the pre-existyRf protein, either promoting or
inhibiting transcription of the auxin-responsivengen question, leading to a variety of

physiological and developmental changes (Dharmetsiti, 2005b; Figure 3.2).

No Auxin

Aux/IAA —»

ARF —» . -
Auxin Responsive Genes and Aux/IAA Genes

ARE TATA

Auxin Induction

& SCF mediated degradati
‘—> Transcription (or repressic

E Auxin Responsive Genes and Aux/IAA Genes

2 —

ARE TATA

RNApol Il

Figure 3.2 Schematic of auxin regulation of gene transaripti In the absence of an appropriate auxin, an
ARF-Aux/IAA heterodimer binds the upstream ARE sege, preventing transcription. Upon degradation
of the Aux/IAA protein by the auxin-activated SCéneplex, an ARF homodimer can form, recruiting

RNApol Il and increasing transcription.

3.1.2 Auxins inPisum Fruit Development
Auxins play vital roles in the coordination of degnd fruit growth in pea. The
presence of viable, developing seeds is a prerigg|fos pericarp development. Seed

removal early in fruit development retards pericampwth (Ozgeet al., 1992), eventually
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leading to pericarp senescence. Mounting evideapgorts the hypothesis that seed-
derived signals promote pericarp growth in pea.il§\the application of bioactive GA
or GA; to the endocarp of deseeded pericarps can stienpéaicarp growth (Ozga and
Reinecke, 1999), GA transport from the seeds tgénearp is likely minimal. In the
pea GA biosynthesis mutamd, which possesses a loss of function mutation iengn
kaurene oxidase genBsKO1) primarily expressed in vegetative tissues (protyea
severely dwarfed plant), the presence of the wildtyeed express@3KO2 homolog
allows seeds afia mutant plants to develop with normal GA levelsjl@iGA levels in
the pod are severely reduced (Davidsbd., 2003). A similar lack of apparent seed to
pericarp GA transport was observed inlg& GA biosynthesis mutant (partial loss of
the ability to convert GGDP to CPP early in the Gissynthesis pathway), where
pericarp GA levels were significantly lower than in wildtyp&apts while seed GAwas
comparable to wildtype levels (Reid and Ross, 1993)

While transport of bioactive GAs from the seedth®pericarp as a growth-
inducing signal are likely minimal, 4-CI-IAA canlsstitute for seeds in many aspects of
pericarp growth, and may be a primary seed-to-pgrigrowth signal in pea. 4-CI-IAA
accumulates in both the seeds and pericarps dfiegnuset al., 1997), and in the
absence of viable seeds, 4-CI-IAA can stimulatécpgp growth (Reinecket al., 1995).
4-Cl-IAA-stimulated pericarp growth is mediated fely by GAs through the local
upregulation of the GA biosynthesis pathway infieecarp. While "C]GA; is
efficiently metabolized to GA and GAy by pericarps with intact seeds, in deseeded
pericarps ['C]GA1 accumulates, but{C]GA,, does not, indicating that seeds have a

role in the conversion of GAto GAg within the pericarp (Ozget al., 1992). A similar
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pattern was observed in the profile of endogenolis i@ the pericarp. In pericarp with
seeds, GAy, GAz, GA;, and GA were detected; however, in deseeded pericarpgs GA
accumulated, while GA&, GA1, and GA were not detected, suggesting a block in the GA
pathway at the oxidation step between;G&nd GA, due to seed removal (Ozgeal .,
1992). When applied to the pericarp via a spliigagp technique,'f{C]GAL, was

readily converted ta'fC]GA,o and [*C]GA,s in fruit with seeds, while in deseeded
pericarps, the production ofC]GAzand [*C]GA,s was reduced (van Huizenal.,
1995). Steady-state pericarp transcript abundahPsGA200x1, the enzyme product of
which can convert GA to GAgo, was lower in deseeded pericarps than in pericaihs
seeds, confirming the results of th&J]JGA1, metabolism studies which indicate that
seeds are important for pericarp §gAiosynthesis (van Huizest al., 1997).

The application of 4-CI-1AA to deseeded pericaspsiulated the conversion of
radiolabelled GAp or GAsg to GAy (van Huizeret al., 1995; Ozgat al., 2009), and
increased steady-state transcript levelBs®@A200x1 (van Huizeret al., 1997; Ozgat
al., 2009), mimicking the presence of the seedsadtttion to promoting the production
of pericarp GAy, seeds are also involved in the regulation of GAgdroxylase
activity: steady-statBsGA3ox1 transcript abundance was significantly reduced in
deseeded pericarps in comparison to controls vighl® seeds. The application of 4-Cl-
IAA to deseeded pericarps once again increasedysttatePsGA3ox1 mMRNA levels
(Ozgaet al., 2003), much as witRsGA20ox1. Additionally, upon treatment with 4-CI-
IAA, deseeded pericarps were able to coné@&]GA1,to [*'C]GA,, which did not
occur in the absence of 4-CI-IAA treatment, indicgtthe restoration of GA pathway

flux in the pericarp by this auxin (Ozghal., 2009). Furthermore, transcript abundance
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of the catabolic genesGA20x1 was elevated in pericarps lacking seeds, and W&]-
but not 1AA, reducedPsGA20x1 transcript to levels comparable to those in pepisa
containing viable seeds (Ozgaal., 2009). Between 2 and 3 DAA, pericarps with ieéab
seeds displayed a transitory increase in transabphdance of the catabolic gene
PsGA20x2, possibly as part of a regulatory mechanism tgestighe transition between
developmental programs of fruit set and sustairegtt@rp growth. Whild>sGA20x2
transcript levels do not increase in deseeded grpsc the application of 4-CI-IAA (but
not 1AA) to the pericarp can mimic the seed-indutr@dsitory increase in pericarp
PsGA20x2 transcript (Ozgat al., 2009). Taken together, these data present paelbny
role for seed-derived 4-CI-IAA in the regulationfofit development.

The presence of two natural auxins with varyingeldi@mental roles provides a
unique system in which to study the relationshipeen physiological activity and auxin
structure. Using a split-pericarp pod elongatissay, Reinecket al. (1995) tested the
ability of a variety of halogenated auxins (4-,&-,and 7-chloro- and fluoroindole-3-
acetic acid) to promote deseeded pericarp groWthile 4-CI-1AA stimulated pericarp
growth, the other auxins tested generally did tiotidate growth. Similar research
using a variety of 4-substituted auxins (4-H-IAACHIAA, 4-FI-IAA, 4-Me-lAA, and 4-
Et-IAA) found that 4-Me-1AA was also capable ofrstilating the expansion of deseeded
pericarps, but not to the same extent as 4-Cl-IRAifeckeet al., 1999). The most
recent data on structure-activity relationshippea pericarp suggests that the position,
size, and lipophilicity of the indole-substituemé @amportant for determining biological

activity, with optimal activity obtained with a hyaphobic substituent of approximately
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the same size as a chlorine atom at the 4-pogifitime indole ring (see Reineckeal .,
1999 for lipophilicity and sterimol parameters).

While the variance in biological activity of 4-CAA and other indole-substituted
auxins may be explained by differences in transpostability, specificity may lie in the
binding kinetics of 4-CI-IAA and the AFB protein3.he first steps to understanding
receptor 4-CI-1AA interactions and their greatderim whole plant physiology are to
identify putative auxin receptor genes. Once dlibaed expressed, structure-function
assays, site-directed mutagenesis, and x-ray dogt@phy can be employed to further
study this unique hormone and its signal perceptiachinery. Additionally, the spatial
and temporal localization of auxin receptor traipgsrmay yield interesting insights into

the modulation of auxin sensitivity and its intdraas in other hormone networks.

3.1.3 Goals

This study will employ a variety of RNA-based dlog strategies to identify and
isolate members of the AFB family of auxin receptitomPisum sativumL. The
possible roles of these receptors in seed anddewi¢élopment will be examined through
transcription profiling with gRT-PCR. Additionallthe response of steady-state mMRNA
levels of these genes to auxins and gibberellitiso@ievaluated, in order to identify
possible hormone regulation of auxin sensitivity the modulation of AFB gene
transcript abundance. The correlation betweengartmus IAA and 4-CI-IAA and auxin
receptor transcript abundance in seed tissuesisdl be examined. These data should
provide clues as to the roles of these genes ingdnal seed development, and will serve

as the starting point for future studies in recefioetics and structure.
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3.2 Methods

3.2.1 Plant Material

Plants Pisum sativum L. I3 Alaska-type) were grown under the same conditions
as described in Chapter 2. To obtain RNA for cDdkeration, whole seeds at 14 days
after anthesis (DAA), ovaries with seeds at 2 DAg&ricarps (seeds removed) at 2 DAA,
and funiculi at 10 DAA were harvested. To detemrtime expression profiles of the AFB
genes during early fruit development, pericarp @hdle seeds were harvested at -2, -1,
0,1,23,4,5,6,7,8, 10, and 12 DAA. To shgate the role of fertilization and the
presence of developing seeds on AFB transcriptdamdhe pericarp, flowers were
emasculated at -2 DAA and pericarps were harvestdte equivalentto -1, 0, 1, 2, and 3
DAA for RNA extraction.

To determine the expression profiles of the AFBegein developing seed tissues,
seeds were harvested whole or dissected into se¢dendosperm and embryo at 8, 10,
and 12 DAA. At 14, 16, 18, and 20 DAA, seeds waissected into seed coat and
embryo or seed coat, cotyledons, and embryo agesChapter 2 for details). To
examine the spatial expression of the AFB gendsinvihe pericarp while seeds were
rapidly expanding, pods were harvested at 8, 1014216, 18, and 20 DAA and
dissected into three regions (Figure 3.3). Thealand ventral vascular suture regions
were approximately 1 to 2 mm in width, and extendkethg most of the pericarp (regions
where no seeds were present were omitted; FiguBdsethd D). The pericarp wall
samples were approximately 2 to 3 mm in width, wede taken from the mid-pericarp

wall region extending the majority of the lengthtloé pericarp (Figure 3.3B). Funiculi
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were also harvested from 8 to 20 DAA fruits. Adisuies for cDNA generation and
expression profiling were harvested into liquidmifen and stored at -8D until RNA

extraction

Figure 3.3: Dissection schematic detailing the approximatetionaof tissues used to study localization of
transcripts in the pericarp vascular suture tisspescarp wall, and funiculus. RNA for gRT-PCRsva
isolated from the dorsal vascular suture tracesg@dicarp wall lacking vascular suture traces {Bg,

funiculus (between ventral trace and seed; C) thedentral vascular suture traces (D).

3.2.2 Hormone Treatments

To examine the hormonal regulation of pericarp ARBNA levels, the pea split-
pericarp assay was used (Ozga et al., 1992). &r@iDAA were split along the dorsal
suture. Seeds were removed and pericarps werfeleff hours prior to hormone
application to reduce residual seed effects. IA&I-IAA, or GAz; was applied to the
inside of the pericarp (endocarp) at a concentnasfcoOuM in 0.1% aqueous Tween 80
in a total volume of 30 uL. For split-pod, no seedtrols (SPNS), 30 uL of 0.1%
aqgueous Tween 80 was applied. For split-pod cten(8P), seeds were not removed
after the dorsal suture was opened, but 30 pLX®f6Ggqueous Tween 80 was applied 12

hours after pericarp splitting. As a further cohfor the split-pericarp procedure, intact
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pods were also harvested at the appropriate ticA#gruit subjected to split-pericarp
treatments were covered with plastic to maintaimidity, and all manipulations were
carried out while pericarps remained on the pldntact controls were harvested at the O
hour and 12 hour treatment timing, while all splricarp treatments were harvested at
12, 14, 20, and 24 hours after pericarp splitthg2( 8, and 12 hours after hormone

treatment).

3.2.3 Degenerate PCR and Cloning

cDNA was synthesized using multiple protocols freeweral tissues to maximize
chances of obtaining at least one pool with higlele of the genes of interest. The first
protocol utilized total RNA isolated from 14 DAA wie seeds, 2 DAA ovaries, 2 DAA
pericarps, or 10 DAA funiculi. RNA isolation prahgres were as described in Chapter
2. To generate cDNA from total RNA, 1250 ng RNAswaixed with oligo-dT (12-18
bases in length, final concentration 2.14 uM), andeotides (0.71 mM each dNTP),
brought to a final volume of 35 pL with water, heghtat 65°C for 5 minutes to minimize
any secondary structures, and cooled to 4°C fordhminder of the reaction assembly.
SuperScript Il reverse transcriptase (250 u; hagén), dithiothreotol (DTT, final
concentration 5 mM) and the supplied buffer wergealdto the reaction and cDNA
synthesis was performed at 50°C for one hour, aftech point the reaction was halted
by heating to 70°C for 15 minutes.

The second protocol utilized RNA isolated fromtb@tDAA pericarp and 6 DAA
whole seeds. RNA was isolated as previously desdrand mRNA was selected for

with a poly-T cellulose column (Poly-A purist, Analoi) as per the manufacturer’s
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directions. To generate cDNA from poly-A mRNA, 500 of RNA was mixed with
oligo-dT (final concentration 2.5 uM), nucleotid€s5 mM each dNTP), brought to a
final volume of 13 pL with water, and heated as/mmasly described. SuperScript llI
reverse transcriptase (400 U; Invitrogen), DTT4dfiooncentration 5 mM), and the
supplied buffer were added to the reaction and cBhAthesis was performed as
previously described. cDNA generated with eithetgcol was checked for
concentration (Aeo) and quality (AsdAzso and Asd/A23g) Via a spectrophotometer and by
agarose gel electrophoresis.

Some cDNA samples were treated with RNAse to reniRMA-cDNA duplexes
that could potentially inhibit PCR. In this pro@@pproximately 500 ng of cDNA was
incubated with 2 u of RNAse H (Invitrogen) for 80nutes at 37°C. As the sample was
already reverse transcribed, no RNAse deactivat@s performed. Additionally some
cDNA samples were purified through a phenol/chlorof extraction as follows.
Samples (20 pL) were mixed with 20 pL phenol/chionm/isoamyl alcohol (25:24:1
vivlv, saturated with 10 mM TRIS, pH 8.0, 1 mM ED;T®igma-Aldrich), and the
aqueous phase was removed and partitioned ag&indt 2hloroform. cDNA was
precipitated with sodium acetate (950 mM final aamteation), glycogen (1 pL per 63 pL
precipitation), and 95% ethanol (40 pL per 63 pécpitation) at -80°C for 2.5 hours.
The precipitation was spun with a table-top micradgéuge at 13 000 rpm for 10
minutes, then the pellet was washed twice with 1ID@0% ethanol. The pellet was
dried and resuspended in 15 uL DEPC-treated water.

PCR primers were designed by Dr. Dennis Reineditetive CODEHOP

algorithm, a program which generates degenerateepsi when supplied with blocks of
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protein sequence (Roseal., 2003). The protein sequences of 58 AFB genes both
angiosperms and gymnosperms were used to genleeat®d primers used to obtain
initial sequence data (Table 3.1). PCR was sufidgssarried out with 150 ng of cDNA
from 14 DAA whole seed and 2 DAA ovary tissues gshiaq polymerase (0.56 uL per
reaction; Invitrogen,), the forward and reverse GBIOP primers (50 pmol each per
reaction, Table 3.1), nucleotides (0.5 mM final cemtration), magnesium chloride (4
mM final concentration), and the supplied buffeéndgf concentration 1x) in a total
reaction volume of 20 pL. Reactions were carrietvath the following thermocycling
program: denaturation at 95°C for 5 minutes, 33as/of denaturation at 94°C for 30
seconds, annealing at 50°C for 30 seconds, andngeoiyation at 72°C for 70 seconds,
followed by a final extension phase at 72°C foridutes. Products were analyzed with

agarose gel electrophoresis.

Table 3.1 Degenerate primers used for amplification oéiirdr sections of AFB genes.

Primer Sequence Purpose

AFB-F 5-TGG TGT AGA AGG AAA | Forward CODEHOP Primer
GTG ATT GGN A

AFB-R 5'-CAT CAG CGA AAG GAC | Reverse CODEHOP Primer
AAT CTC TAATYTCN

PCR products of the appropriate length were clonad/A overhangs into the
pCRS8 vector using the pCR8/GW/TOPO kit (InvitrogeByiefly, 2 uL of the
appropriate DNA was mixed with 0.5 pL high saltutmn (1.2 M NaCl and 0.06 M
MgCl,) and 0.5 pL of the supplied linearized, topoisamserl bound vector. The ligation

reaction was held at room temperature for betwé&eantl 30 minutes then incubated
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with 50 pL competent TOPI®. coli (Invitrogen) on ice for 20-40 minutes. Cells were
heat shocked at 42°C for 30 seconds and returnétt@o cool, then incubated with 125
pL S.0.C. medium at 37°C for approximately one haDells were plated on LB agar
plates containing 100 pg/mL spectinomycin and growernight at 37°C.

Individual colonies were picked from plates andvgn overnight in 5 mL LB
containing 100 pg mt spectinomycin at 37°C with agitation at 250 rp8ells were
collected by centrifugation in either an Avanti &@ntrifuge (Beckman-Coulter) or a
benchtop microcentrifuge and excess media wasettaiff. Plasmid DNA was isolated
with either the GenElute miniprep kit (Sigma-Aldr)ar QiaQuick spin miniprep kit
(Qiagen) as recommended by the manufacturersmitlasvere screened for insert size
by restriction digestion with EcoRlI followed by agse gel electrophoresis. The inserts
of clones containing appropriately sized fragmevese sequenced from the T3 and T7
or M13 primer sites within the vector using the Byg Terminator v3.1 Cycle
Sequencing kit and 3730 DNA Analyzer (Applied Bisgms) at the University of
Alberta Molecular Biology Service Unit as per thamafacturer's recommendations.

Sequence editing and alignment was performed iE&to

3.2.4 Random Amplification of cDNA Ends ofPsAFB2

RNA-ligase mediated RACE (RLM-RACE) was used toggate cDNA for PCR
amplification of the ends d?sAFB2. The 3' RACE cDNA pool was generated from 14
DAA whole seeds, 2 DAA ovaries, 2 DAA pericarpsgdd® DAA funiculi with a primer

consisting of poly-T and a unique sequence (Fi@ueacross from primers E and F),
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which was later used along with a gene specifimeri(Figure 3.4, primer G) to amplify
the unknown 3’ end.

In the first stage of 5" RACE cDNA synthesis, p@lyselected RNA from 14
DAA whole seeds, 2 DAA ovaries, 2 DAA pericarpsdd® DAA funiculi was treated
with a calf intestinal phosphatase to cleave thehgisphate group from any remaining
rRNA, tRNA, DNA, and fragmented mRNA. The samplasithen treated with tobacco
alkaline pyrophosphatase, which cleaves the 5’ thyhguanine cap from full-length
MRNA, leaving a free 5’ phosphate. A single-strgdtion was performed between
these molecules and a synthetic RNA containingiguensequence (Figure 3.4, across
from primers C and D), then cDNA synthesis wasgrened from random decamers.
The unique sequence was later used with an intgered specific primer (Figure 3.4,

multiple internal primers were used in this stu8lyand B) to amplify the unknown 5’

end.
C D AFB-F G
—>—> —> —>
|/ CODEHOP Fragment :
5 RACE g 3' RACE [T
<+“— <— <« <“—<
A B AFB-R E F
5" RACE Primers 3' RACE Primers
A: AFB2-5'RACE Inner E: 3'RACE Outer
B: AFB2-5'RACE Outer F: 3'RACE Inner
C: 5’RACE Outer G: AFB2-3'RACE
D: S'RACE Inner /274 5 RACE Adapter (added by ligation)
MM 3 RACE Adapter (1 strand synthesis)

Figure 3.4: Schematic of cloning strategy used to obR8AFB2. While displayed as one molecule, the
schematic represents both the 5’ (5° RACE Adapiertdetermined points within the CODEHOP
fragment) and 3’ (3’ RACE Adapter to undetermin@ihjps within the CODEHOP fragment) cDNA pools,

which are used separately for amplification of eawt.
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The RNA used for RLM-RACE was the same poly-A stdd RNA used in the
previously described CODEHOP experiments. Gerwrati CONA pools was
performed using the FirstChoice RLM-RACE system pAon) according to the
manufacturer’s directions.

The 5’ region oPsAFB2 was amplified in three stages of nested PCR fitoarbt
RLM-RACE cDNA pools as follows. Template cDNA (L)was mixed with
nucleotides (final concentration 0.2 mM each), gtbpof AFB2-5’RACE outer gene
specific primer, 20 pmol of supplied 5° RACE Oupgimer (FirstChoice RLM-RACE
kit, Ambion), MgCk (final concentration 1.4 mM), 1.25 U Taq polymerésvitrogen),
and the supplied reaction buffer in a final voluai@5 pL. Thermocycling consisted of
denaturation at 94°C for 3 minutes, 35 cycles 6f9fbr 15 seconds, 50°C for 20
seconds, and 72°C for 30 seconds, and final exderati72°C for 5 minutes. The second
stage of nested PCR was carried out using 1 pheofitst reaction products. Template
DNA was mixed with nucleotides (final concentrati@? mM each), 20 pmol of AFB2-
5’RACE outer gene specific primer, 20 pmol of thé&BCE Inner primer (FirstChoice
RLM-RACE kit, Ambion), MgC4 (final concentration 1.8 mM), 1.25 U Taq polymeras
(Invitrogen), and the supplied reaction buffer ifin@l volume of 25 pL. Thermocycling
consisted of denaturation at 94°C for 5 minutesg\8%es of 94°C for 1 minute, 55°C for
1 minute, and 72°C for 1 minute, and final extensab 72°C for 5 minutes. The third
stage of nested PCR was carried out using 2 phefagaction products of the second
stage PCR. Template DNA was mixed with nucleot{fiesl concentration 0.2 mM
each), 20 pmol of AFB2-5’RACE inner gene specificrer, 20 pmol of 5 RACE Inner

primer (FirstChoice RLM-RACE kit, Ambion), Mgg&(final concentration 1.8 mM),
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1.25 U Taqg polymerase (Invitrogen), and the sugpleaction buffer in a final volume of
25 pL. Thermocycling consisted of denaturatioB42C for 5 minutes, 40 cycles of
94°C for 1 minute, 55°C for 1 minute, and 72°C Ianinute, and final extension at 72°C
for 5 minutes. The 5 RACE PCR reaction productsevanalyzed by agarose gel
electrophoresis, and bands of the appropriatevggze excised. DNA was extracted
using a gel extraction kit (QlAquick, Qiagen), tHegation, transformation, plating, and
fragment analysis proceeded as previously noted.

The 3’ region oPSAFB2 was amplified in two stages of nested PCR fronthe
RLM-RACE cDNA pools as follows (primers listed irable 3.2). Template cDNA (1
pL) was mixed with nucleotides (final concentrattb8 mM each), 8 pmol of AFB2-
3’RACE gene specific primer, 8 pmol of the 3’ RACHIter primer (FirstChoice RLM-
RACE kit, Ambion), MgC} (final concentration 1.75 mM), 0.5 U Taq polymeras
(Invitrogen), and the supplied reaction buffer ifinal volume of 20 uL. The
thermocycling consisted of an initial denaturatodrb minutes at 94°C followed by 35
cycles of denaturation at 94°C for 15 seconds, @riamnealing at 55°C for 15 seconds,
and extension at 72°C for 25 seconds, and a floabation at 72°C for 3 minutes. The
second stage was performed using 5 pL of the diesje reactions as template. Template
DNA was mixed with nucleotides (final concentrati@® mM each), 20 pmol of AFB2-
3'RACE gene specific primer, 20 pmol of the 3' RAGHer primer (FirstChoice RLM-
RACE kit, Ambion), MgC} (final concentration 1.75 mM 1.25 U Taq polymerase
(Invitrogen), and the supplied reaction buffer ifin@l volume of 50 pL. Thermocycling
for the second phase consisted of initial denatuatt 94°C for 5 minutes, and 35 cycles

of denaturation at 94°C for 30 seconds, annealisip2C for 30 seconds, and primer
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extension at 72°C for 45 seconds, and a final ext@nat 72°C for 5 minutes. The 3’

RACE PCR reaction products were analyzed by agayelselectrophoresis, and bands of

the appropriate size were excised. DNA was exthusing a gel extraction kit

(QIAquick, Qiagen), then ligation, transformatiqating, and fragment analysis

proceeded as previously noted.

Table 3.2 Primers used fdPsAFB2 RLM-RACE. 5’'RACE Adapter is an RNA molecule, attais

contains uracil. All other primers used are DNAgohucleotides.

Primer Sequence Purpose

AFB2-5’RACE 5-AGC TAC AGC AGC AAG TCC Gene specific primer
outer ATC AGT for AFB2 5’RACE (B)
AFB2-5'RACE 5-AAC CTAAGC TCC TCC AAC Gene specific primer
inner CCAACT for AFB2 5’RACE (A)
AFB2-3'RACE 5-CAA TGC AGC CAC TGG ATG Gene specific primer

AAG GTT

for AFB2 3'RACE (G)

5" RACE Adapter

5'-GCU GAU GGC GAU GAA UGA
ACA CUG CGU UUG CUG GCU
UUG AUG AAA

RNA oligo ligated to
5’ end of decapped
transcripts

3’ RACE Adapter

5'- GCG AGC ACA GAATTA ATA

Primer for £ strand

CGA CTC ACT ATAGGT12 VN synthesis
5’ RACE Outer 5-GCT GAT GGC GAT GAATGA | 5 RACE PCR (not
ACA CTG gene specific; C)

5" RACE Inner

5'-CGC GGA TCC GAA CAC TGC
GTTTGC TGG CTT TGA TG

As above (D)

3’ RACE Outer

5'-GCG AGC ACA GAATTAATA
CGACT

3’ RACE PCR (not

gene specific; E)

3' RACE Inner

5'-CGC GGA TCC GAATTA ATA
CGA CTC ACT ATA GG

As above (F)
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3.2.5 Random Amplification of cDNA Ends ofPSAFB6A

A template-switching method was used to constDNA for PCR amplification
of the ends oPsAFB6A. The 3’ RACE cDNA pools were generated with aryani
consisting of poly-T and a unique sequence (Fi@useacross from primer B), which
was later used along with a gene specific primeguie 3.5, primer E) to amplify the
unknown 3’ end. The first strand synthesis of3hBRACE cDNA pool was generated
from poly-T using a reverse transcriptase whichsaskl’eral non-template cytosine bases
to the end of the strand. Second strand syntiesshen carried out from a primer
consisting of a unique sequence (Figure 3.5, adrossprimer B) ending in three G
bases, which allow it to pair with the first-stracdNA. This unique sequence was later
used with another gene specific primer (Figure gebner D) to amplify the unknown 5’

end. Primer sequences are listed in Table 3.3.

A C
—>—>
> AFB-F E
B —> —>
5' RACE CODEHOP Fragment 3' RACE (I
<+ <+ B
4_
) D AFB-R <——
RACE Primers C A
A: RACE Primer-Short
B: RACE Primer-Long /YA 5 -Switch Oligo
C: Nested RACE Primer
D: AFB6-5'RACE [ 3*-RACE CDS
E: AFB6-3'RACE

Figure 3.5: Schematic of cloning strategy used to obR8AFB6A. While displayed as one molecule, the
schematic represents both the 5’ (5’-Switch Oligamdetermined points within the CODEHOP fragment)
and 3’ (3'-RACE CDS, complementary DNA sequenceyridetermined points within the CODEHOP

fragment) cDNA pools, which are used separatelafoplification of each end.
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Between 250 and 1200 ng of total RNA isolated filshDAA whole seed, 2
DAA ovaries, 2 DAA pericarps, or 10 DAA funiculiy ia total volume of 4 pL were used
for both 5’ and 3' RACE. For 5’ RACE, 12 pmol eaaithe 5’-RACE CDS and
5'Switch Oligo (for second strand priming) were addo the RNA. For 3’ RACE, 12
pmol of the 3'-RACE CDS and water (to a final vokeiof 6 pL) were added to the
reaction. The reactions were incubated at 72°Q@ fminutes to eliminate secondary
structures, then were transferred to ice for theaiader of reaction assembly.
Nucleotides (final concentration 1 mM each), 20€e\kerse transcriptase (H- MMLC
reverse transcriptase, Fermentas), and the suppletion buffer (final concentration
1x) were added, and the reaction was carried o424Z for 90 minutes. Reactions were
diluted with 100 pL water, and stopped by incubafar 10 minutes at 72°C.

The 5’ region oPSAFB6A was amplified from 300 ng of 5’RACE cDNA using
touchdown PCR as follows. Template was mixed witbleotides (final concentration
0.5 mM each), 50 pmol of AFB6-5’RACE gene spegtiicner (Figure 3.5D), 37.5 pmol
of RACE Primer-Short, 7.5 pmol of RACE Primer-LomdgCl, (final concentration 2.75
mM), 0.4 uL Tag polymerase (Invitrogen), and watea final volume of 20 pL. The
thermocycling conditions consisted of an initiahdturation at 94°C for 3 minutes,
touchdown PCR for 10 cycles (denaturation at 9430 seconds, primer annealing for
30 seconds at 61°C minus 0.5°C per cycle, and sxtemt 72°C for 2 minutes),
followed by normal PCR for 20 cycles (denaturati®4°C for 30 seconds, primer
annealing for 30 seconds at 55°C, and extensi@a“& for 2 minutes), followed by a

final elongation at 72°C for 5 minutes.
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The 3’ region oPsAFB6A was amplified from 300 ng of 3' RACE cDNA using
touchdown PCR as follows. Template was mixed witbleotides (final concentration
0.5 mM each), 30 pmol of AFB6-3’'RACE gene speqifiioner (Figure 3.5E), 30 pmol of
RACE Primer-Short, 6 pmol of RACE Primer-Long, Mg(inal concentration 2.25
mM), 0.3 uL Tag polymerase (Invitrogen), and watea final volume of 20 uL. The
thermocycling consisted of an initial denaturatidr8 minutes at 94°C followed by 30
cycles of denaturation at 94°C for 30 seconds, @riamnealing at 70°C for 30 seconds
(minus 0.5°C per cycle), and extension at 72°Cfarinutes, and a final elongation at
72°C for 5 minutes.

Both 5’ and 3' RACE PCR reaction products werelyred by agarose gel
electrophoresis, and bands of the appropriatevgire excised. DNA was extracted
using a gel extraction kit (QlAquick, Qiagen), tHegation, transformation, plating, and

fragment analysis proceeded as previously noted.
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Table 3.3 Primers used fdPsAFB6A RACE.

Primer Sequence Purpose
5-RACECDS | 5-TTTTTTTTT TTT TTT First strand cDNA synthesis from
TTTTTTTTT TVN poly-A talil
5’-Switch 5-AAG CAG TCG TAT GAA | Second strand cDNA synthesis
Oligo CGC AGA GTACGC GGG from non-template C’s
3’-RACE CDS | 5-AAG CAG TCG TAT GAA | First strand cDNA synthesis from
CGC AGAGTACTTTTT TTT | poly-A tail
TTTTTTTTTTTTTTT TTT
TTT TVN
RACE Primer- | 5-CTA ATA GCA CTC ACT Amplification from 5’ or 3' RACE
Short ATA GGG C cDNA (not gene specific; A)
RACE Primer- | 5-CTA ATA GCA CTC ACT Same as above, but allows secon
Long ATA GGG CAA GCA GTC round of PCR from nested primer

GTA TGA ACG CAG AGT

amplify weak signal (B)

to

Nested RACE

Primer

5'-AAG CAG TCG TAT GAA

CGC AGA GT

Second round of PCR for weak 5’
or 3’ RACE products (C)

AFB6-5’'RACE

5-GCT TTC TGG GAA GCA

ACT CAA CCA

Gene specific primer for AFB6
5'RACE (D)

AFB6-3’'RACE

5'-AGG ATG CCG GAA GCT

TCACTATGT

Gene specific primer for AFB6
3'RACE (E)

3.2.6  Amplification of full-length cDNA

Full lengthPsAFB2 was amplified as follows from poly-A cDNA prepardm 2

DAA pericarps and 14 DAA seeds with the previowdgcribed methods. cDNA

template (300 ng) was mixed with nucleotides (fic@hcentration 0.5 mM each), 50

pmol of the PSAFB2 FWD primer, 50 pmol of the PSZABEV primer (Table 3.4),

MgCl; (final concentration 2.25 mM), 3.1 u Tag polymerésivitrogen), and the



supplied buffer in a final volume of 20 uL. Thetmocycling consisted of an initial
denaturation of 5 minutes at 94°C followed by 36ley of denaturation at 94°C for 30
seconds, primer annealing at 50°C for 30 secomdseatension at 72°C for 90 seconds,
followed by a final elongation at 72°C for 7 minsiteProducts were analysed with
agarose gel electrophoresis, then were clonedhet® CR8 gateway vector as previously
described. Clones were analyzed as previouslyithesic and clones containing the
completePsAFB2 gene were sequenced across completely in sewsrdhpping

fragments from both direction using the T3, T7, PBR FWD, PSAFB2 REV (Table

3.4), and two internal primers generated to regioRsAFB2 isolated via the CODEHOP
procedure using the sequencing protocols previausigd. All attempts to amplify and

clone the full-lengtiPSAFB6A gene were unsuccessful.

Table 3.4: Primers used to amplify full-length coding regidnRsAFB2.

Primer Sequence Purpose

PsAFB2 FWD | 5-ATG AAT TAT TTT CCA GAC Amplification of full length
GAG GTA ATA GAA CA coding region

PsAFB2 REV | 5-CTA CAG AGT CCA TAC ATA Amplification of full length
GTC TGG TG coding region

3.2.7 gRT-PCR

All transcript quantification was performed onte@nePlus sequence detector
(Applied Biosystems) using the reaction conditidescribed in Chapter 2. Probes were
labelled with the same fluorophores and 18s rRN#trals were performed and analyzed
as previously detailed in Chapter 2. Primers aot¢s forPSAFB2 andPsAFB6A were

designed with the Primer Express software packagplied Biosystems). In addition to
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the amplicon used for quantification, a larger aogul for each gene was generated with
the same probe, but different primers (listed ibl&e.5) which bind to regions outside
of the quantification amplicon. A series of sangphas assayed with both the inner and
outer primers in tandem, and both primer sets gitkthe same trends in relative
transcript abundance, increasing confidence tleatthrect RNA was amplified.
Additionally, reactions with both the quantificatiand outer validation sets of primers
produced single bands of the appropriate sizes WRARPCR reaction products were
separated on a 2.5% agarose gel. Results of datakbarches with the target amplicons
are presented in appendix 5.5. Relative transkevy@s were calculated using the€t
method with the formula described in Chapter 2ad®en efficiency was calculated for

each amplicon after validation experiments usirgftimula detailed in Chapter 2.
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Table 3.5 Primer and probe sequences used in qRT-PCR asBagbes foPsAFBEA andPsAFB2 were
labelled at the 5’ end with FAM (6-carboxyfluoresgeand at the 3 end with the MGB quencher (Applied
Biosystems). Probe for 18s rRNA was labelled at3rend with VIC and at the 3" end with the TAMRA

quencher (Applied Biosystems).

Gene Sequence Amplicon length

PsAFB2 Forward| 5-TCG ATG CAA CAA AAC CTG ACT 80 bp
Reverse| 5-TCG TTT GCA TGA CTG TAC GAT
Probe |5-TGC AGC CAC TGG AT

PsAFB6GA Forward| 5-TGT CGC TAC CGT AGT CCA AA 52 bp
Reverse| 5-TGC AGA GGC GGA AAT GA
Probe 5-CTGCCCCGACTTTA

PSAFB2 Forward| 5-CAG TAG CCA AGA ACT GTC CA 159 bp
(validation) | Reverse| 5’-TCA ACT GAC CGG AGA GTG AT
Probe |5-TGC AGC CAC TGG AT

PSAFB6A | Forward| 5-GTC GTC AAA TGA CCA ATG CTG 114 bp
(validation) | Reverse| 5’-GTT CGT CCG TCA GGT AATCTT G
Probe |5-CTGCCCCGACTTTA

18srRNA | Forward| 5-ACG TCC CTG CCC TTT GTA CA 62 bp
Reverse| 5-CAC TTC ACC GGA CCATTC AAT
Probe |5-ACC GCC CGT CGC TCC TAC CG

3.2.8 Hormone Extraction, HPLC, and GC-MS

All metabolite extraction and quantification wasrfermed by Dr. Leon Kurepin
at the department of Biological Sciences of thevigrsity of Calgary. Plant tissues were
dissected and processed using the methods mentio@thpter 2. Metabolite

extraction used the same process as describeapsyibut internal standards of 400 ng
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[*°C¢] IAA (available from Cambridge Isotope Laboratstiénc.) and 50-300 ng ofHl4]
4-CI-IAA (gift from Dr. J. Cohen) were added to thieeOH extract prior to filtering.

The HPLC apparatus, solvents, and program ard¢itdéto those previously
described for the isolation of GAs and ABA in Crea®. Fractions from g HPLC
were collected at 9.53 min for IAA and 11.11 min4eCI-IAA. These fractions were
subsequently methylated bthereal ChHIN, and derivatized to their trimethylsilyl ethers
for GC-MS as described in Chapter 2.

Endogenous auxins were identified by GC-MS-SIMaoanparisons of GC-
retention times of auxins and internal standardstanthe relative intensities of
molecular ion (M) pairs. Relative intensities of at least one otharacteristic m/z ion
pair for each auxin and its standard (IAATg]-IAA, 202/208 and 261/267; 4-Cl-

IAA/[ ®H,] 4-CI-IAA, 236/240 and 295/299) were also compar@iiantification was
accomplished using the peak areas of the 202/268far IAA/[**C¢]-IAA, and the peak
areas of the 236/240 ions for 4-CI-IAA#H,] 4-CI-IAA in the equations for isotope

dilution analysis from Gaskin and MacMillan (19%k) adapted by DW Pearce (Jacobsen

etal., 2002).

33 Results

3.3.1 Sequences of Auxin Receptor Genes

The interior regions of twBisum AFB homologues were obtained via PCR

amplification with the degenerate CODEHOP prime3gveral successive experiments

produced 13 clones of one gene with high sequdantkasty to members of the AFB2/3
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group of receptors, and one clone belonging teAfRB6 group of receptors. While the
AFB2/3 clade is fairly ubiquitous amongst investeghplants, with many species
possessing two or more members, AFB6 is restrictdéelwer species, including the
legumesdPisum sativum andMedicago truncatula (BAC sequence mth2-32m30, Cannon
et al., 2006).

The 5’ region oPsAFB2 not amplified by the CODEHOP primers, consistifig o
putative coding sequence and part of the 5 UTR;5 araplified in three independent
clones. The 3’ region d?sAFB2 not amplified by the CODEHOP primers, consistifig o
part of the putative coding region and 3’ UTR, a0 amplified in three independent
clones. All 3" and 5’ RACE products overlappedhnihe interior fragment isolated with
the CODEHOP primers, and represented one unigaadbbne unique 3’ sequence. The
coding region of the entildsAFB2 gene was amplified and cloned into the PCR8 vector
for later transfer to expression systems, and Bedavere sequenced end-to-end to
confirm the sequence. The putative coding regiahie cDNA is 1716 nucleotides long
(Figure 3.6), and codes for a protein with an elguétength of 571 amino acids (Figure
5.2).

PsAFB2 cDNA Sequence

1- ATGAATTATT TTCCAGACGA GGTAATAGAA CATGTGTTTG ACTATGTGGT GTCACATAGC
61- GACAGAAACA GTTTGTCTTT GGTATGCAAA AGTTGGTATA GAATAGAGGG ATTTACAAGG
--------------------- F- BOX- = = = = == m = mm e e e e e

121- AAAAGGGTGT TCATAGGAAA CTGTTACTCT ATTAGTCCTG AGAGGTTGGT AGAGAGGTTT
------ F- BOX- - - - -

181- CCTGATTTCA AATCTTTAAC TCTAAAGGGA AAACCTCATT TTGCTGACTT CAGITTGGIT

241- CCTCATGGIT GGGGTGGITT TGITTATCCA TGGATTGAAG CTCTTGCTAA GAGTAGAGIT
--LRR-
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301-

361-

421-

481-

541-

601-

661-

721-

781-

841-

901-

961-

1021-

1081-

1141-

1201-

1261-

1321-

1381-

1441-

PsAFB2 cDNA Sequence

GGGTTGGAGG AGCTTAGGTIT GAAGAGGATG GITGTGICAG ATGAGAGCCT

AATGAAGITG

CTCGICGCTC

CTTGIGGCAA

GCACTTCAAA

ATCCATGATC

TCAATAACGA

AAGATCACAA

TTAATTTTGC

GATCGCCTAA

GGATACTAAT

TCAATTCAGA

GITTTGTCCGG

AGGACAGIGG CTAAGITGIT

TTGCCTTAAA GGAGAGATTA

CCTCAAGACT CTAAGGTITAA

GCGAGCGCCT CAAATAGCAG

GGCCTACATA AAGCTTAAGA

ATTTTTGGAA GTGCCTCCTT

ATCCTTGAAC TTGAGCTATG

TGGAAATCAA GCAGCTGITA

GCTCCACTCG TTACTCTACT

CAAGAACTGT CCAAATTTTA

-LRR-------

Val i dati on--->

CTCCGACACA ATGCAGCCAC

TTCCGGAAAA

ACGIGGGAGC

ACCGTTCCGT

ATTTGGGTAT

ATACCATTCT

TTAGCCTTGC

TCCGATTTAG

TGGATGAAGG

ACTGAGGCGG CTATCACTCT

ACATTGGAAT

CCGGTCAGI T

TTTGCAAGAG

CTGTACATCA

ACTTGAGAGA

GCCGGECTGAT

TGGATCATTT

TAGATGCCGG

TCCTGIGTAT

LRR- = = = = = s s s o m e e oo

I

- <----REV Validation---

GIrACGCGGAG CAGCTTGAAA TGCTATCTAT TGCTTTTGCT

LRR- == === == -

GGCGAGAGTG ACAAGGGAAT

GAGATAAGAG ACTGCCCTTT

GCTCTATGTA TTGAATGGIT GCAAAAAGCT TCGCAAGCTC



PsAFB2 cDNA Sequence

1501- ACAATGCGAT CCCTTTGGAT GICGICGIGI GAGGTGACTG TAGGAGCATG CAAGACATTG
1561- GCGAAGAAGA TGCCGAGTITT GAATGTGGAG ATCTTCAATG AAAGTGAACA AGCAGATTGT
1621- TATGTGGAAG ATGGGCAAAG AGTGGAGAAG ATGTATTTGT ATCGITCTGI GGCTGGTAAA

1681- AGGGAAGATG CACCAGACTA TGTATGGACT CTGTAG

Figure 3.6: cDNA sequence of the putative coding regioPsAFB2 (sense strand). Regions
corresponding to putative F-box and LRR domainthépredicted protein are identified underneath the
sequence (Table 5.6; Figure 5.2), and gRT-PCR pramé probe binding sites (Table 3.5) are additigna

underlined.

The 5’ region oPSAFB6A not amplified by the CODEHOP primers, consistifig o
putative coding sequence and part of the 5" UTR5 araplified in two independent
clones. While both of these clones contained éimesfragment of the coding region,
one possessed an additional ~20 bp within the )RUThe 3’ region oPSAFB6A not
amplified by the CODEHOP primers, consisting oft dirthe putative coding region and
3’ UTR, was obtained in two independent clones.ilgMoth of the 3’ RACE clones
consisted of the same coding region and 3’ UTR,vea® slightly longer and contained
part of the poly-A tail. All 3’ and 5’ RACE prodtgoverlapped with the interior
fragment isolated with the CODEHOP primers. Th&afe coding region of this cDNA
is 1725 nucleotides long (Figure 3.7), and encadestative protein of 574 amino acids
length (Figure 5.3). All attempts to amplify arldree the entiré®>SAFB6A coding region

were unsuccessful.
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61-

121-

181-

241-

301-

361-

421-

481-

541-

601-

661-

721-

781-

841-

901-

961-

1021-

1081-

1141-

1201-

1261-

PsAFB6A cDNA Sequence

ATGGAACCAC AAACCATGAA TCCCAGITCA GICTTTCCAG

CTCAGCATGG TGAAGTCACG CAAAGACAAG AGITCGGTTT
TTCGACCCTG AAAGATGGTC GAGAAAGAAT GIGTTCATAG
CCAGAGATCT TGACTCAAAG ATTTCCGAAT GITCGAAGTG
CGITTCTCTG ATTTCAACTT GGITCCTGCT AATTGGGGTG

GITGITTTCG CTGAAAAGTA CCCTTTTCTT GAAGAGITAA

ACTGATGAGA

TTAACTGAGC TTGACATACA AGAGAATGGT ATCGAAGACA

TGCTTCCCAG AAAGCTTTAC ATCATTGGAA GTGTTGAACT
GTAAACATCG ACGCGCTAGA GAAACTTGIT GGTAGGTGCA

GITAACAAAA GCGTAACGCT GGAACAGITG AAAAAACTTC

TGTGAGCTTG GCAGIGGCTC ATTTTCGCAA GAGCTGACAT

GAAACCGCGT TCAAAAATTG TAAAAGCCTT CACACCCTGT

ATGAAGTGCT

CATTGGTITTG

GITAACTGITA

TTACATTGAA

CTGATATTCA

GCCTTAAGAG

AAAGCGGTAA

TTGCCAACCT

AATCATTGAA

TTGTTCGCGC

CTCAGCAGTA

CTGGITTATG

CAAAGACTGG

TTCCGITACA

AGGGAAGCCA

TCCATGCCTT

AATGGTTGIT

CTGGITGAGT

AACCAATGAA

GACTTTGAAG

CCCTCAGITA

TGCAGAGCTC

GGTGGCTTCA

GCGCGATATC

TATGCTCCTC

TTCAAGITCT ATACCCTGCG TGCGCGAATC TGACTTTTTT

TTGACAGTGA AGATCTTACC AAGATTCTTG TTCACTGTCC

CCATTGCTTG AGGAACTGCG TGTTTTTCCT GCAGATCCGT

GGCGTGACTG AATCGCGGTT TGTTGCTGIC TCTGAAGGAT

CTCTACTTTT GICGTCAAAT GACCAATGCT GCTGTCGCTA CCGTAGICCA

GAATTTTAGC

TAATCTTCGA
LRR- - - - - - -

AGCTGAAGGC

LRR--- - e e e -
----FW Vvalidation----> FWD Pri nmer

GACTTTACTC ATTTCCGCCT CTGCATAATG AACCCTGGCC AGCAAGATTA

-> --Probe

CCTGACGGAC

Probe-- <---REV Prinmer <----REV

GAACCTATGG ACGAGGCCTT CGGAGAAGIT GITAAGAACT GCACTAAACT
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PsAFB6A cDNA Sequence

1321- GCTGTATCAG GITATCTAAC GGACCTCACA TTCGAGTATA TAGGAAAGTA TGCCAAAAAC

1381- TTGGAAACGC TTTCGGTGEC TTTTGCAGGA AGCAGTGATT GGGGAATGGEA GIGTGTACTG

1441- GICGGATGIC CGAAACTGAG AAAACTCGAG ATAAGAGACA GICCATTCGG AAATGCAGCG

1501- CTTTTGGCAG GTTTGGAGAA GTACGAGTCG ATGAGGTCAC TTTGGATGTC GTCCTGCAGA
------------- LRR- - - - - - -

1561- CTGATGATGA ATGGATGTAG ATTTTTGGCA GGAGAAAAGC CGAGGTTGAA TGICGAAGTA
1621- ATGCAGGAAG AAGGAGGCGA TGATAGICGG GCCGAAAAAC TTTATGITTA TCGATCTGIT

1681- GCCGGEGECCAA GAAGGGATGC ACCTCCTTTT GITCTCACTC TCTGA

Figure 3.7: cDNA sequence of the putative coding regiosfFB6A (sense strand). Regions
corresponding to putative F-box and LRR domainthépredicted protein are identified underneath the
sequence (Table 5.6; Figure 5.3), and gRT-PCR prémé probe binding sites (Table 3.5) are additigna

underlined.

In silico translation oPSAFB2 andPsAFB6A and alignment with the 58 protein
sequences used to generate the CODEHOP primengsedgo name the two cDNAs
according to standafsum sativum nomenclature, and an unrooted tree generated with
ClustalW?2 is displayed below (Figure 3.8). Domgiiadiction was performed with the
SMART (Simple Modular Architecture Research Toagram (Schultzt al., 1998,
Letunicet al., 2005), and identified C-terminal F-boxes and ipldtLRRs (Table 5.6).
There were no major differences in the positiotength of these putative domains
between the putative AFB gene products isolated aed their corresponding

homologues (see Figures 5.2 and 5.3 for alignnmarstative proteins).
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Figure 3.8: Phylogram ofputative and experimentally verified AFB proteirtsnown homologues in pea
are indicated with arrows. Distances computed BItDSUM matrix and NJ clustering in Clustalw2.

Tree designed in PhyloDraw. Presentation styleahasen for ease of reading, no root is implied.
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3.3.2 Transcription Profiling of Auxin Receptor Geres

Reaction efficiency for the AFB amplicons was deii@ed for use in the
calculation of relative transcript abundance. @&fieiency of thePsAFB6A amplicon
was somewhat higher than that of BsAFB2 amplicon (Table 3.6), and in both cases

the calculated regressions hadalues greater than 0.990.

Table 3.6: Reaction efficiency oPsAFB2 andPsAFB6A qRT-PCR Assays

Amplicon Efficiency f
PsAFB2 93.6% 0.999
PsAFB6A 99.1 0.994

Early in development, whole seBdAFB2 mRNA abundance was highest
immediately post-fertilization (Figure 3.9). WhaeedPsAFB2 mRNA levels decreased
substantially between 2 and 6 DAA, and remainedtlmeugh 12 DAA (Figure 3.9).
PericarpPsAFB2 transcript abundance was higher from -2 to 1 Dk&n decreased by 5
DAA and remained at this lower level until 20 DARigures 3.9 and 3.10E). In
pericarps from non-pollinated ovaries (flowers ecuéated at -2 DAA)PSAFB2
transcript abundance was elevated from -1 DAA AR in comparison to pericarps

from pollinated ovaries, (Figure 3.9).
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PsAFB2 Expression

600 1 —@— Whole seed
—O— Pericarp
—w— Emasculated pericarp

500 A

400 A

300 A

200 A

Relative transcript abundance

100 A

-2 0 2 4 6 8 10 12
Time (DAA)

Figure 3.9: Steady-state transcript abundanc®sAFB2 during early fruit development in whole
pericarps, seeds, and pericarps from flowers enfstecuat -2 DAA. Data are expressed as mean *
standard error. Where standard error is too smathy bars may be obscured by symbols. Sampées ar
representative of between 2 and 3 independentegpsi, except for 0 DAA whole seed (n=1) and 6 DAA

pericarp (n=4).
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PsSAFB2 Expression PSAFB6A Expression
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Figure 3.1Q Transcript abundance of the putative auxin resregpe¢ned’sAFB2 andPsAFB6A in seed and
fruit tissues during development. Data are exgess mean * standard error. Where standardisrao
small, error bars may be obscured by symbols. &mape representative of between 2 and 5 indepénde
samples, except for all vascular suture tissu@8 8&AA, pericarp at 8 DAA, and embryo at 8 DAA, for
which n=1, and whole seed at 16 DAA, for which n#6l samples are normalized to the same scale,

allowing comparison between all tissues of the sgeme.
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Trends in transcript abundanceRsAFB6A were similar to those H#sAFB2 in
seeds and pericarps from -2 to 12 DAA. Whole $2s2dB6A transcript abundance was
higher immediately after fertilization (Figure 3)1hen decreased until 20 DAA (Figures
3.11 and 3.10B). PericaRsAFB6A transcript levels were elevated prior to pollinat(-

2 DAA), then decreased 4.1-fold by 1 DAA, afterlpwtion and fertilization of the

ovary (Figure 3.11). From 2 to 20 DAA, peric&gAFB6A transcript levels were
relatively constant (Figures 3.11 and 3.10P3AFB6A mRNA abundance was slightly
elevated in emasculated pericarps within 24 holiesrasculation (Figure 3.11), as was
the case witliPSAFB2. However, whereaBsAFB2 mRNA levels remained constant after
this initial increasePsAFB6A abundance markedly increased between 1 and 3 DAA |
emasculated pericarps (Figure 3.11), indicating pleacarp transcript levels of these two
genes are regulated differentially.

PsAFB6A Expression

—&— Whole seed
—O— Pericarp 120 1

300 A
—w— Ems pericarp 100 1

200 -

100 -

Relative transcript abundance

-2 0 2 4 6 8 10 12
Time (DAA)

Figure 3.11: Steady-state transcript abundanc®sAFB6A during early fruit development in whole
pericarp, seeds, and pericarp from flowers ematslik -2 DAA (Ems peri). Data are expressed ame
+ standard error. Where standard error is toolseabr bars may be obscured by symbols. Sangpkes
representative of between 2 and 3 independentcegpli, except for 0 DAA whole seed (n=1) and 6 DAA

pericarp (n=4).
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Steady-state transcript abundance of RsN-B genes was maintained at
relatively low levels in the endosperm from 8 toORA (Figure 3.10A,B). In whole
seeds botlPsAFB2 (Figure 3.9) andPsAFB6A (Figure 3.11) transcript levels were higher
earlier in development and decreased over timegliemwmRNA levels of these two
genes varied in a tissue-specific manner over dpweént from 8 to 20 DAA.

In early development (8 DAARSAFB2 mRNA was present at approximately
equal levels in the seed coat and embryo (Figu@3C). While embryd’sAFB2
transcript abundance decreased from 10 DAA onw@idsire 3.10C), seed coBsAFB2
MRNA levels were maintained during this period, ahghtly increased between 14 and
16 DAA (Figure 3.10A). Within the embry®sAFB2 mRNA localized primarily to the
embryo axis from 14 to 20 DAA, as steady-state dbane was significantly higher in
this tissue than in cotyledon or whole embryo sa®Figure 3.10C). Steady-state
transcript abundance 86AFB2 was similar in the tissues of the pericarp (doasal
ventral vascular trace sutures and pericarp wsdl), and pericaipsAFB2 transcript
abundance remained relatively constant from 8 tD28 (Figure 3.10E).PsSAFB2
transcript abundance in the funiculus was alsolaimo that of the pericarp tissues
(Figure 3.10E).

While PSsAFB2 mRNA levels were approximately equal in the e&@8lYDAA) seed
coat and embryd?sAFB6A transcript abundance was 17.9-fold greater irséesl coat
than in the embryo at this time (Figure 3.10B,P¥AFB6A mMRNA was maintained at
relatively constant levels in the seed coat betvdzand 20 DAA (Figure 3.10B).
Steady-stat®sAFB6A mRNA abundance was low in the embryo at 8 DAAnthe

increased between 8 and 12 DAA before decreasitwgelea@ 12 and 18 DAA (Figure
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3.10D). WhilePsAFB6A transcript abundance was 5.5-fold higher in thérymaxis
than in the cotyledons at 14 DAA, by 16 DAA mRNAédds in these tissues were
equivalent and remained so until 20 DAA (Figure0R)

In contrast td°’sAFB2 transcript levelsPsAFB6A steady-state mRNA abundance
varied in a tissue-specific manner between 8 and&A within the pericarp and
funiculus tissuesPSAFB6A transcript levels were generally higher in the éwhiis than
in any of the pericarp (Figure 3.10F,G) or seed\Fé 3.10D,G) tissues. Additionally,
funiculusPsAFB6A mMRNA levels increased as the fruit matured (Figui®G). While
PsAFB2 mRNA was present at approximately equal levethiénthree pericarp tissues
(Figure 3.10E)PsAFB6A transcript abundance was higher in the two vasculures
than in the pericarp wall (Figure 3.10F). FurthereyPsAFB6A transcript abundance
was generally higher in the dorsal than in the reémascular suture of the pericarp

(seeds are attached to the pericarp via the furscatl the ventral suture; Figure 3.10H).

3.3.3 Hormonal Regulation of Auxin Receptor Genes

PsAFB2 transcript abundance was approximately equal iicqgs with (SP) or
without seeds (SPNS; Figure 3.12A). Treatmenteskeded pericarps with 4-CI-1AA,
IAA, or GA; did not significantly affect steady-std?eAFB2 transcript abundance
(Figure 3.12A,C,E) in this tissue. These data ssgthatPsAFB2 mRNA levels are
largely unregulated by the presence of seeds,gprgplitting, or the addition of IAA, 4-
CI-IAA, or GAs.

PsAFB6A transcript abundance was similar in both spliigagps with seeds (SP)

and intact controls, indicating that the split-parp procedure did not influence steady-
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state abundance of this gene (Figure 3.12B). Rahalseeds markedly increased
PSAFB6A transcript abundance in the pericarp at all tiassessed (12 to 24 hours after
seed removal; Figure 3.12B). Two hours after IA&svapplied to deseeded pericarps,
pericarpPsAFB6A mMRNA abundance was similar to that of the SP cbi(Eigure

3.12D). However, 8 hours after IAA applicationriparp PSAFB6A transcript
abundance increased to that observed in the SPitSupes, and remained at this
elevated level until 12 hours after hormone treatni€igure 3.12D). In contrast to the
transitory reduction oPsAFB6A steady-state mRNA abundance by IAA in deseeded
pericarps, 4-CI-IAA treatment reduc@dAFB6A mMRNA abundance to levels similar to
those found in SP controls throughout the developiat¢ime course (Figure 3.12D).
GA; was found to have no effect ®AFB6A steady-state transcript abundance in these

experiments (Figure 3.12F).
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Figure 3.12 Steady-state mRNA abundancePsAFB2 (A, C, E) andPsAFB6A (B, D, F) genes in
pericarps with and without seeds, and deseededappsi treated with hormones. Two DAA pericarpsever
left intact, split (SP), split and deseeded (SPNS6}¥plit and deseeded then treated witluBOIAA (C, D),
4-CI-1AA (C, D) or GAg (E, F). Hormones were applied to pericarps 1Z$after deseeding and the
effects of hormone application on transcript abuncgavere monitored 2, 8 and 12 h after applicafigh

20, and 24 h after deseeding). Data are presestetean + standard error, n=2 to 4 at each point.
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3.3.4 Auxins in Seed Tissues

Embryo 1AA levels were initially high at 10 DAAnd then decreased with a
small peak in levels observed at 16 DAA (Table 3.7At 18 DAA, levels of IAA were
8.4-fold (based on ng gFY higher in the embryo axis than in the cotyled(Feble
3.7A). Like the embryo, seed coat IAA was alsdheigt at 10 DAA and decreased as the
seed developed (Table 3.7A).

The tissue localization and relative concentratioh4-CI-IAA were significantly
different to those of IAA. Levels of 4-CI-IAA weggnificantly higher than that of IAA
in both the seed coat and embryonic tissues fromo 18 DAA (Table 3.7A). Embryo 4-
CI-1AA levels increased markedly between 12 andPA, during which time the
endosperm is completely absorbed by the embrybeagpands to fill the seed cavity
(Table 3.7A). Subsequently, embryo 4-CI-IAA levdexreased (between 16 and 18
DAA; Table 3.7A). Like IAA, the concentration of@l-1AA was higher in the embryo
axis than that in the cotyledons at 18 DAA (TahléA3. 4-CI-IAA was very abundant in
the seed coat at 10 DAA, and decreased as thalseetbped (Table 3.7A).

The concentrations of both auxins increased betw6eand 12 DAA in the
endosperm, when it reached maximum volume (Tal@B)3.In contrast to the other seed
tissues, where 4-CI-IAA was much more abundant tA#y) levels of IAA and 4-Cl-

IAA were comparable in this tissue (Table 3.7B).
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Table 3.7: 1AA and 4-CI-IAA content in developing pea seedties from 10 to 18 DAA. Results are

presented as means of two independent samplesdastherror (n.d.= not detected, although internal

standard added at tissue homogenization was remdevith a few exceptions where n=1.. Results are

expressed as ng gFwWA) for solid tissues and ng ritl(B) for liquid endosperm

A 10 DAA 12 DAA 14 DAA 16 DAA 18 DAA
Embryo IAA 86.22 2855+ | 19.80 36.35 + 14.56 +
2.42 1.83 8.46 2.36
Cotyledon 1AA - - - - 8.46 £
1.06
Embryo Axis IAA - - - - 71.20
Seed Coat I1AA 54.95+| 20.05% 8.47 10.05 + 571+
10.80 1.34 1.15 1.96 1.04
Embryo 4-CI-IAA 141.68 102.55 661.68 + 653.97 137.7 +
261.71 49.35
Cotyledon 4-CI-IAA - - - - 84.18
6.44
Embryo Axis 4-Cl- - - - - 265.03
IAA
Seed Coat 4-CI-1AA 840.99 486.27 128.41|+ 295.22 196.08
21.25
B 10 DAA 12 DAA 14 DAA 16 DAA 18 DAA
Endosperm IAA 89.35+| 244.04 + - - -
19.34 11.04
Endosperm 4-CI-IAA 148.67 +f 238.95 - - -
33.38
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34 Discussion

3.4.1 Spatial and Temporal Regulation of AFB Expresion in the Seed

In whole seeds, transcript abundance of IRsB2 (Figure 3.9, Figure 3.10A)
andPsAFB6A (Figure 3.11, Figure 3.10B) was highest immedyafellowing
fertilization (O DAA), and gradually decreased ®RAA, a 12.4-fold and 3.2-fold
decrease over this developmental period, respégtividhese transcript abundance
profiles suggest that initial seed developmentasersensitive to auxin than later seed

developmental stages.

AFB gene expression and steady-state auxin levelsin the seed coat

In the seed coat, transcript levels of bB8AFB2 andPsAFB6A did not markedly
change from 8 to 20 DAA (Figure 3.10A,B). Durirgst period however, levels of free
IAA and 4CI-1AA in the seed coat changed signifitanseed coat IAA decreased 9.6-
fold and seed coat 4-CI-1AA decreased 4.3-fold leetav10 and 18 DAA (Table 3.7A).
These data suggest that changes in free auxirslevay be the main mechanism for
regulating auxin-related growth and developmerheseed coat during this

developmental period (10 to 20 DAA).

AFB gene expression in the embryo
In the embryoPsAFB2 transcript abundance was higher earlier in devetog
and decreased with embryo maturation (Figure 3.186AFB2 transcript levels were

also higher in the embryo axis than in the cotyfexdfvom 14 to 20 DAA (Figure
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3.10C,D). Experiments using end-point RT-PCR amanoter::GUS fusion constructs
have demonstrated that tABAFB2 andAtAFB3 genes are expressed in developing
embryos, floral organs, and siliquesArabidopsis (Dharmasiriet al., 2005b).
Additionally, auxin signalling is vital to early diryo patterning (reviewed in Jerekal.,
2007), and mutation of the AFB genes prevents nbemdryo formation (Dharmasiet
al., 2005b). The expression studies conducted hrerecasistent with the roles of
AFB2/3 as a necessary regulator of embryo developnmiEhePsAFB2 expression
profiles suggest that higher expressiofPsAFB2 occurs earlier in development (Figure
3.10C) when the embryo tissues undergo rapid groautting which time developmental
patterning and cell division are important process&dditionally in the liquid
endosperm, a non-cellular multinucleate tissue withnternal spatial patterning,
transcript abundance 88AFB2 was lower than in either the seed coat or the gonbr
from 8 and 12 DAA (Figure 3.10A,C).

In contrast tdPSAFB2 expressionPsAFB6A transcript abundance was lower in
the embryo than in the endosperm from 8 to 12 DE#yre 3.11B,D). Furthermore, the
embryoPsAFB6A transcript profile also differed from that BEAFB2 in that higher
transcript abundance was observed later (10 toAA)Diuring development, and higher
PsAFB6A levels were observed in the embryo axis (compgrede cotyledons) only at
14 DAA (Figure 3.11D). These data suggest thatsttapt abundance of the auxin
receptorPsAFB6A is regulated differently than that BEAFB2 in these seed tissues.

As no investigation into the ability of the PSAFB2PSAFBG6A proteins to
interact with auxin , the SCF complex, or Aux/IAfogeins has been performed, any

discussion of the roles of these genes in the gbofeauxin-signalling remains
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hypothetical. While th®sAFB2 gene was clustered with other homologues with
demonstrated roles in auxin-perception (includk@FB2 andAtAFB3; Dharmasiriet
al., 2005b), comparatively little investigation haseh carried out on members of the
AFB6 family of F-box proteins, so further evideriseequired to demonstrate that

PsAFB6A codes for a functional auxin receptor.

3.4.2 Endogenous IAA and 4-CI-IAA Profiles in the 8ed

Endogenous 4-CI-1AA levels were higher than thosk&é in the embryo and
seed coat at all development stages studied (18 @AA; Table 3.7A), however the
levels of these endogenous auxins were approxiynatglal in the 10 to 12 DAA
endosperm (Table 3.7B). The comparatively highhdiance of 4-CI-1AA in the embryo
and seed coat suggests that this hormone servapanole in auxin regulated processes

in these tissues during this phase of seed develnopm

Endogenous auxin profiles in the embryo

Embryo IAA abundance in general decreased over deeelopment (10 to 18
DAA) with a small peak in levels observed at 16 DAfable 3.7A). In contrast, embryo
4-Cl-IAA levels peaked at 14 to 16 DAA, and at lsv&8.0- to 33.4-fold greater than
those of IAA (Table 3.7A), concomitant with thertsition of the embryo from the pre-
storage phase (characterized primarily by growthdevelopment) to the reserve
accumulation phase (characterized by nutrient ggralthough embryo growth still
occurs; Figure 2.6). These endogenous auxin peodiiggest that the specific roles of 4-

CI-IAA and IAA in the embryo likely differ duringhie stages of growth studied, and that
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increases in embryo 4-CI-IAA abundance may be veln the regulation of embryo

processes during the transition from the pre-sttagtorage phase.

Endogenous auxin profiles in the seed coat

Seed coat IAA abundance decreased from 9.6-fold i@ to 18 DAA (Table
3.7A), similar to the IAA profile of the developiregbryo during this time. Seed coat 4-
CI-1AA levels were highest earlier in developmeb® OAA) then decreased 6.5-fold by
14 DAA before increasing somewhat by 16 to 18 DAAl{le 3.7A). In contrast to the
embryo, in which 4-CI-IAA accumulates as the ses@rs the storage phase at
approximately 14 to 18 DAA, 4-CI-IAA accumulategles in seed coat development
and is relatively low at 14 DAA (Table 3.7A). Waifinal seed size in pea is related to
cotyledon cell number (Davies, 1975), the seed cwat also exert influences on seed
growth, both as a mechanical limiter to embryo @&spg@n and as a source of regulatory
compounds. The high abundance of 4-CI-1AA in teedscoat from 10 to 12 DAA may
be important for regulating seed coat growth (ssed fresh weight and ground
parenchyma cell size increase greatly between dAarDAA; see Figures 2.6A, 2.7B,
and 2.8A), and/or 4-CI-IAA may be transported tihei the pericarp or embryo to

regulate developmental processes in those tissues.

Endogenous auxin profiles in the endosperm
In the endosperm, both I1AA and 4-CI-IAA levels iease from 10 to 12 DAA
(Table 3.7B) as the endosperm reaches its maxinolome (Figure 2.6B). Whereas in

the embryo and seed coat 4-CI-IAA was more abunithamt IAA (Table 3.7A), both
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hormones are found at similar concentrations idithed endosperm (Table 3.7B). In
Zea mays, the liquid endosperm produces large quantitid®Af and early increases in
liquid endosperm IAA production promote increaseshromosome endoreduplication
(Lur and Setter, 1993). While the developmenteféndosperm in pea differs
significantly from that of maize (pea endosperrigsid, non-cellular, and absorbed by
the embryo long before maturity, while maize en@ospis cellular and present in the
mature seed), it is also characterized by increiasg®idy: endosperm nuclei are
normally 3n, but 6n and even 12n nuclei are obsk¢i@poor, 1966), and the relatively

high levels of IAA may promote similar processep&a endosperm.

3.4.3 Seed and Auxin Regulation of PericarPsAFB Expression

Pollination and fertilization events (-2 to 1 DAAN not affect pericarp transcript
abundance dPsAFB2 (Figure 3.9), but reduced transcript abundandesaFB6A
(Figure 3.11). The emasculation of flowers at £A0ncreased transcript abundance of
both PSAFB2 (Figure 3.9) andPsAFB6A (Figure 3.11) by anthesis (0 DAA), and
additionally produced a marked increas@®®AFB6A, but notPsAFB2, transcript levels
after 1 DAA (Figure 3.11). Between 1 and 3 DAArscript abundance 88AFB6A in
emasculated pericarps increased 4.6-fold, whileltewm pollinated pericarps increased
only 1.7-fold, and at 3 DAA transcript levels B$AFB6A were 8.2-fold greater in non-
pollinated pericarps than in pollinated pericafpgre 3.11). By 4 DAA, non-
pollinated pea fruit will normally become flacciddasubsequently senesce (Orpal.,

2003). Therefore, in pea, the presence of feetiliseeds is required for pericarp growth
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(Eeuwens and Schwabe, 1975; Oegal., 1992), and appears to repress the expression
of the auxin receptdPsAFB6A in the pericarp.

To further test the hypothesis that seeds are ned|fior repression of pericarp
PsAFB6A transcript levels, the mRNA abundance of HedAFB genes in pericarps with
and without seeds post-anthesis was monitoredd @eeoval from 2 DAA fruits
increased the transcript abundance of periPaft-B6A (Figure 3.12B), but nd®sAFB2
(Figure 3.12A), confirming trends observed in natlipated pericarps.

Hormone regulation of AFB transcript abundance

Previous work has shown that the application of-4A®, but not IAA, to 2
DAA deseeded pericarps can mimic the presenceeaddbds with respect to stimulation
of pericarp growth (Reineclat al., 1995). Bioactive GAs, Gfand GA also stimulate
deseeded pericarp growth (Ozga and Reinecke, 1999)est if the auxin 4-CI-IAA can
specifically mimic the effect of the seedsP&AFB6A transcript abundance, and
determine if bioactive GAs also can affect the egpion of these auxin receptor genes,
transcript abundance was monitored in deseededgppsi treated with 4-CI-IAA, 1AA
and GA. Pericar@PsAFB6A transcript levels were initially reduced by botCKIAA
and IAA treatment (2 h after hormone applicatioigure 3.12D). However, by 8 hours
after hormone applicatioPSAFB6A transcript levels were significantly greater ie th
IAA-treated deseeded pericarps than the pericattp seeds (SP) and transcript levels
remained elevated through the 12 hour time poiigufle 3.12D). In contrast, 4-CI-IAA
treated deseeded pericarps had lower levels of BSARranscript throughout the 12
hour period analyzed (Figure 3.12D). Bioactives®ad no effect on pericaRsAFB6A

transcript abundance (Figure 3.12F). Peri¢@gFB2 transcript abundance was not
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affected by seed removal (Figure 3.12A) or treatmeth IAA, 4-CI-IAA (Figure

3.12C), or GA (Figure 3.12E). These data support the hypothieatsin addition to
stimulating pericarp growth (Reineckeal., 1999) and GA biosynthesis (Ozgal.,
2009), 4-CI-IAA can mimic the presence of seedtherepression of transcript levels of
the putative auxin recept®sAFB6A in the pericarp.

In pea, seed-derived 4-CI-IAA promotes pericapagh through several
mechanisms. In addition to promoting pericarp Gdshnthesis (Ozget al., 2002) and
inhibiting pericarp GA catabolism (Ozggal., 2009), 4-CI-1AA also inhibits ethylene
response (Johnstoeeal., 2005). Previous work has demonstrated thaapipdication of
IAA to deseeded pericarp further decreases growitheasured by fresh weight, through
the stimulation of ethylene biosynthesis (Johnsetrak, 2005). While both IAA and 4-
CI-1AA stimulated pericarp ethylene evolution, 448IA additionally inhibited ethylene
response (Johnstoeeal., 2005). The ability of 4-CI-1AA to inhibit peraecp ethylene
response may involve the repression of the auxiep®rPsAFB6A, the gene product of
which could serve as a promoter of ethylene seitgitor response via SCF-mediated
degradation of specific Aux/IAA regulators. Orz&tal. (1999) observed that the
putative ethylene recept®sERS was upregulated in emasculated pericarps compared
pericarps with fertilized seeds. Orz&tal. (1999) also found that both ethylene levels
and ACC oxidase transcript (codes for a key enziyntiee ethylene biosynthesis
pathway) were higher in emasculated pericarps ltw2 and 3 DAA, suggesting a role
for ethylene in non-pollinated pea fruit senescence

The role of 4-CI-IAA and viable seeds in promotericarp GA biosynthesis and

growth has been well-documented, and the seedI@ysarequired for normal pericarp
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development (Ozga and Brenner, 1992, Gatgh., 2003, Ozgat al., 2009). In the
absence of these signals, pericarp senescencespaandrit is possible that the localized
upregulation oPsAFB6A is a mechanism to ensure that pericarp senesceesenot
proceed in the presence of viable seeds. Undehtigothesis, seed-derived 4-CI-1AA
serves to limiPsAFB6A gene expression, while in the absence of thisai@bsence of
ovule fertilization)PSAFB6A transcript levels increase. In the case of dastiale
fertilization within the fruit, the upregulation pkricarpPsAFB6A would heighten the
local pericarp tissues sensitivity to ethylene, eettlice pericarp growth locally around
non-fertilized ovules (local pericarp growth istreged around non-fertilized ovules or
aborted seeds in pea; Ozga, personal communicatidny mechanism would serve to

adjust pericarp growth to the number of develomegds.

3.4.4 Localization ofPSAFB Transcripts within the Pericarp

Following fruit set, pericarp transcript abundané®othPsAFB2 (Figure 3.9;
Figure 3.10E) an&sAFB6A (Figure 3.11; Figure 3.10F) was relatively consfeam 2
to 20 DAA. While transcript abundance$AFB2 was similar in the vascular sutures,
funiculus, and pericarp wall (Figure 3.10E), traigtcabundance dPsAFB6A was
greater in the dorsal and ventral vascular sutilnas in the pericarp wall (Figure3.10F).
Furthermore, the pericarp dorsal vascular sutudeimgeneral slightly highdPsAFB6A
MRNA levels than the pericarp ventral vascular ufseeds are attached at the ventral
vascular suture via the funiculus; Figure 3.10FRHK the funiculus, which is rich in
vascular tissue, had higher leveldRsAFB6A transcript than the pericarp tissues from 8

to 20 DAA (Figure 3.10G). Both the vascular susuaed the funiculus can form
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abscission zones, either between each half oféhegsp (in the case of the sutures) or
between the fruit and seed (in the case of theflums). Ethylene serves as an inducer of
abscission (reviewed in Patterson, 2001), and igjiieeh levels oPSAFB6A mMRNA in the
pericarp vascular suture tissues and in the fungcolay serve a possible developmental
role in heightening auxin-induced ethylene senigjtim these tissue, allowing for the

prompt formation of abscission zones when ethylemeesent.
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Chapter 4

Conclusions

4.1 Regulation of GA metabolism in developing seeds

This research has presented metabolite and GAuiitossis gene transcript
profiles in conjunction with microscopy and grovdéata, and has identified several
processes in seed development in which GAs may semportant roles. Additionally,
the ability of ABA to act as a regulator of GA miebdism has been examined
(summarized in Figure 4.1). Together, these deamee the links between GA
metabolism, ABA, and seed morphology, and suggeatral possible directions for

future research.

134



Early Seed Development
Seed Coat Embryo
GA53 GASS
PsGA200x1 PsGA200x1
PsGA200x2 PsGA200x2
GAy .....} GAL GA .....) GA
ABA = PsGA30x1 PsGA20x1 PsGA3ox1 PSGA20X] e
PsGA30x2 PsGA20x2 PsGA30x2 PsGA2o0x2 =
GA; === } GAg GA; ==e= } GAg
Late Seed Development
Seed Coat Embryo Axis
GA53 GA53
PsGA200x1 ABA ™ PsGA200x1
ABA -—l PsGA200x2 =1 PsGA200x2
GAy .....} GA GAy .....} GA,g
PsGA3ox1 PsGA20x1 I— ABA PsGA3ox1 PsGA20x1
PsGA30x2 &, PsGA20x2 ABA —I PsGA30x2 PsGA20x2
GA; === } GAg GA; === } GAg

Figure 4.1 Model of regulation of GA biosynthesis by ABA developing pea seeds. In the pre-storage
phase seed (10 to 12 DAA), ABA promotes bioactivElGynthesis by upregulatifigsgGA3ox1, while it
inhibits GA catabolism in the embryo by represdimg catabolid®®sGA20x genes. In the early storage
phase seed (16 to 18 DAA), ABA reduces both GAitsesis (via repressiriRgsGA200x2) and GA
catabolism (via repressiiRpGA20x1), while it inhibits GA biosynthesis in the embrgwis by
downregulating botfPsGA200x genes andsGA30x2. Biosynthetic reactions are indicated by solid

arrows, while deactivation or catabolism reactiaresindicated with dashed arrows.
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Transcript and metabolite profiling has identifeelveral periods in development
during which GA metabolism may promote tissue depelent. While the evidence
presented here suggests that ABA-induced Bissynthesis may be an important
promoter of branched parenchyma expansion, a dinkcbetween ABA-induced GA
production and branched parenchyma expansion hdsera noted. The seed coat
morphology of ABA-treated 10 DAA seeds could bedsitigated: increases in branched
parenchyma thickness or cell size due to ABA apgilicy would serve as additional
evidence that ABA-induced GAproduction promotes branched parenchyma expansion.
While the the stimulation of seed coat GA biosysttdy ABA during early
development has been examined from both GA methalene transcript abundance
and hormone abundance and is supported by endag&amscript and metabolite
profiles, a direct link between ABA application agazyme activity would further
support the hypothesis that ABA promotes early seed GA biosynthesis. To this end,
10 DAA seeds could be treated with ABA as descrinedhapter 2, and radiolabelled
GAy could be applied after 6 hours (when incred®&#8A30x1 transcript levels were
observed). After an incubation to allow metabolisenels of radiolabelled GA&, GAo,
GA;, and GA could be examined. If the ABA-induced upregulatid PsGA30x1
results in increased GA3ghydroxylase activity, high levels of radiolabell&a\; and/or
GAg should be observed.

While the increase of GA catabolism between 182@AA in the embryo axis
is a proposed mechanism to limit growth and allosturation, the effect of increased
embryo axiPsGA20x2 transcript on GA metabolite profiles has not bdemonstrated.

The examination of GA levels in 20 to 22 DAA embies would determine whether
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the increase in embryo axis GA catabolism geneesgion between 18 and 20 DAA
results in decreased embryo axis@&dundance.
4.2 Roles ofPsAFB6A in fruit and seed development

The data presented here suggest a role4AFB6A in the regulation of pericarp
development. Seed-derived 4-Cl-1AA is transpottethe pericarp, where it has multiple
actions including the upregulation of GA biosynikd®zgaet al., 2009) and inhibition
of ethylene signalling (Johnstoeeal., 2005), both of which promote pericarp growth.
The modulation of auxin sensitivity through theulkegion of thePsAFB6A receptor by
4-CI-IAA may be an important factor in the regutettiof both of these processes in

pericarp development.
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\ biosyfthesis
Gro

Figure 4.1 Working model of hormone regulation of early fieat development. Seed-derived 4-CI-IAA

is transported to the pericarp, where it repress@scription ofPSAFB6A, part of its signal perception
machinery. In the absence of ausAFB6A could serve to increase ethylene sensitivity, mimgy
pericarp senescense when no seed-derived 4-Cld4phdsent. Under this hypothesis, the 4-CI-IAA-
induced repression #iSAFB6A may be a mechanism to limit ethylene-induced meeg including

abscission when viable seeds are present.

By repressing®’sAFB6A transcription, 4-CI-IAA downregulates its own san
perception, providing thd&sAFB6A serves as an auxin receptor with the ability talbi
4-CI-1AA. The downregulation of auxin perception $eed-produced 4-CI-IAA could be
a mechanism to moderate pericarp development iprésence of variable seed count.

Under this hypothesis, auxin sensitivity is heiglet when few seeds (and thus little 4-
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CI-1AA signal) are present, allowing the pericappntaintain growth even with low seed
count. The role of seed-inducBdAFB6A regulation could be better understood through
the use of transgenic plants. While wildtype peé hormally have between 4 and 7
seeds, a recently characterized line with a cartistétly expresse®sGA3ox1 transgene
is capable of maintaining fruit growth with fewdrtp 3) seeds. Greater pericarp
PSAFB6A transcript in fruit with fewer seeds would suppibet role ofPSAFB6A
regulation as a mechanism to adjust pericarp gréevttariable seed count.

The localization 0PSAFB6A transcript to the abscission zones of the pea frui
suggests a role for this gene in the 4-CI-IAA megtiaepression of ethylene signalling.
In this model PSAFB6A promotes ethylene signalling, and the repressid?s&FB6A by
4-Cl-IAA reduces ethylene sensitivity, preventirizseission and ethylene-induced
repression of GA biosynthesis. In the absence©FHAA, increasedPsAFB6A
transcript leads to increased ethylene sensitipiyning abscission zones for ethylene
perception and inhibiting pericarp GA biosynthgsigjure 4.1). The role d?PsAFB6A as
a regulator of ethylene response could be exantmedgh the transcription profiling of
ethylene receptor$6ERS) and members of the ethylene signal transductahvpay
(Pisum orthologue(s) oAtEIN2), and by examining the response of these gensseids
and auxin signals.

The regulation oPSAFB6A transcript levels by 4-CI-IAA and viable seeds,leh
PsSAFB2 remains largely unresponsive, raises the podsitilatPSAFB6A serves as a 4-
CI-1AA specific receptor. Given that 4-CI-1AA isoha naturally occurring auxin in
Arabidopsis, the specificity of AFB receptors for alternatelegenous auxins has not

been thoroughly investigated. Isolation of theggproduct oPSAFB6A from a relevant
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protein expression system and binding assays Wik IAA, IAA, and the other indole-
substituted auxins used by Reineekal. (1999) should provide further insights into

auxin-receptor specificity.
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Chapter 5

Appendix

5.1 Hormone Profiling

To allow the metabolite data collected during gtigdy to be more widely useful
to other researchers, the same metabolite abundatzg@resented in chapters 2 and 3
are repeated here in ng gB\Table 5.1; Table 5.2; Table 5.3). While measi@ets in
ng gFw' more accurately reflect physiological concentragiand are not conflated by

variance in water content, ng gbvis sometimes used if accurate fresh weights are
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unavailable. Additionally, to better reflect thi&ferences in metabolite level between
solid tissues and liquid endosperm, hormones a&septed on total per seed basis (Table

5.4; Table 5.5).

Table 5.1: Abundance of several 13-hydroxylated (GAs 1, 8,&@] 29) and non 13-hydroxylated (A
gibberellins in embryo (A), embryo axes, and catgies (B) from 10 to 18 DAA. Most results are
represented as mean of two independent samplesdast error (n.d.= not detected, although relevant

standard added at tissue homogenization was resdyerxcept all GAs in 10 DAA embryo and 18 DAA

embryo axis, and GA9 in 12 DAA embryo, n=1. Dagpresented in ng gDl

A GAq GAL GAg GA20 GA29
Embryo - 2.07 24.86 1033.81 92.45
10 DAA

Embryo 832.91 0.99+0.07] 15.30+0.33 2849.04+ 390.56 *
12 DAA 555.46 17.08
Embryo 716.1 + 0.74+0.18| 11.08 +0.91 662.01 £ 349.60 +
14 DAA 126.36 43.88 15.83
Embryo 304.82 1.06 +0.13 | 9.34+0.18| 122221 + 343.57
16 DAA 32.37 43.92 3.45
Embryo 7.18 +£1.53 n.d. 3.25+0.34 243.86 * 206.87
18 DAA 0.46 7.81

B GAq GA; GAs GA20 GAzg
Embryo Axis 4.49 3.97 44.96 4833.80 898.55
18 DAA

Cotyledon 18 | 38.03 £0.91] 0.26 +0.26| 4.44+£0.98| 557.99 % 706.21
DAA 126.34 26.34

141



Table 5.2: Abundance of several 13-hydroxylated (GAs 1, 8,&@] 29) and non 13-hydroxylated (A

gibberellins in seed coats from 10 to 18 DAA. Rissare represented as mean of two independentisamp

+ standard error (n.d.= not detected, althoughveglestandard added at tissue homogenization was

recovered). Data are presented in ng gDw

GAo GA, GAs GA2 GAz9
Seed Coat n.d. 851+223| 45.61+£3.0f 27.33+x150 52.71+0,
10 DAA
Seed Coat n.d. 0.76 £0.02 | 14.22+1.93] 8490+ 633.79 +
12DAA 11.43 125.63
Seed Coat n.d. 1.01+0.18 | 5.52+0.24 | 60.80 +9.06 600.38 +
14 DAA 36.85
Seed Coat| 3.73+0.79 n.d. 5.69 +0.20 198.25+| 536.32 %
16 DAA 22.05 32.01
Seed Coat n.d. n.d. 5.32 119.63 £ 649.74
18 DAA 23.42 39.21
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Table 5.3: Abundance of ABA, IAA, and 4-CI-IAA in embryos jJAembryo axes and cotyledons (B), and

seed coats (C) from 10 to 18 DAA. Most resultsrapresented as mean of two independent samples +

standard error (n.d.= not detected although intestamdard added at tissue homogenization was

recovered), except in several instance n=1, in wbase data are presented without standard éResults

are expressed in ng gDw

A ABA IAA 4-Cl-IAA
Embryo 10 DAA 471.65 481.99 791.98
Embryo 12 DAA 1923.49 + 15.03 210.32 £18.95 754.02
Embryo 14 DAA 1297.03 + 63.49 107.91 + 11.57 36223478.71
Embryo 16 DAA 1520.50 + 98.09 148.28 + 29.26 2790.2
Embryo 18 DAA 1120.88 + 7.87 40.81 £10.4 393.1872.93
B ABA IAA 4-CI-IAA
Embryo Axis 18 DAA 4943.97 273.86 1019.34
Cotyledon 18 DAA 852.44 £ 58.74 29.00 £ 3.37 288t58.54
C ABA IAA 4-ClI-1IAA
Seed Coat 10 DAA 652.42 +82.61 298.85 + 53.6 4807
Seed Coat 12 DAA 1276.69 + 113.87 99.91 +5.86 2104
Seed Coat 14 DAA 828.70 +34.21 40.71 +5.25 618.306.4
Seed Coat 16 DAA 1061.91 +113.66 47.39 +8.93 1803
Seed Coat 18 DAA 521.40 +80.26 24.87 £1.99 960.5
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Table 5.4: Abundance of major GAs in embryos, seed coats eadosperm from 10 to 18 DAA and

embryo axes and cotyledons at 18 DAA. Most resaésrepresented as mean * standard error, n=2 (n.d

not detected although internal standard addedsudihomogenization was recovered), except in aever

instance n=1, in which case data are presentedwigtandard error. Results are expressed in pgeesl.

GAo GAL GAs GAzo GAz
Embryo 10 DAA - 1 15 612 55
Seed Coat 10 DAA n.d. 85 + 22 455+31 273+15 526
Endosperm 10 DAA n.d. 1+0 7+ 65+11 135
Embryo 12 DAA 4929 6+0 91+2 8308 H 799 + 214
924
Seed Coat 12 DAA n.d. 15+3 277 £ 38 1654+ 12 349 +
223 2448
Endosperm 12 DAA 134 +2 n.d. 9+2 7174 £ 690 + 185
798
Embryo 14 DAA 18866 +| 19+5 292 +24| 174414 9210+
3329 1156 417
Seed Coat 14 DAA n.d. 234 126 £ 5 1385 13 677 £
206 839
Embryo 16 DAA 14817+ 51+6 454 +9 59408 4 16 700 £
1573 2135 167
Seed Coat 16 DAA 94 + 20 n.d. 144 + 5 5019+ 13579 +
558 810
Embryo 18 DAA 655 + 140 n.d. 296 £+ 31 22 254(+18879 +
42 713
Cotyledons 18 DAA 2483 + 81 33133 290+66 36496 46 083 +
8568 1313
Embryo Axis 18 DAA 21 5 55 5964 1109
Seed Coat 18 DAA n.d. n.d. 152 3425+ 18 604 +
670 1122
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Table 5.5: Abundance of ABA, 1AA, and 4-CI-IAA in embryosead coats, and endosperm from 10 to 18

DAA and embryo axes and cotyledons at 18 DAA. Mestilts are represented as mean of two

independent samples + standard error (n.d.= nettid although internal standard added at tissue

homogenization was recovered), except in sevestdinmte n=1, in which case data are presented withou

standard error. Results are expressed in pg pdr se

ABA IAA 4-CI-IAA
Embryo 10 DAA 279 285 469
Seed Coat 10 DAA 6508 + 824 2981 + 536 45 774
Endosperm 10 DAA 1457 1699 + 368 2827 + 635
Embryo 12 DAA 2130 +99 1244 + 112 4468
Seed Coat 12 DAA 24 876 + 2219 1947 £ 114 47 238
Endosperm 12 DAA 1839 + 86 9181 + 415 8989
Embryo 14 DAA 34170 + 1673 2843 + 305 94 841 4532
Seed Coat 14 DAA 18878 + 779 927 £119 14 0702823
Embryo 16 DAA 73908 + 4768 7207 + 1422 130 604
Seed Coat 16 DAA 26 885 + 2878 1200 + 226 35292
Embryo 18 DAA 102 290 + 718 3724 £ 949 34 357 313
Cotyledons 18 DAA 55611 + 3344 1895 + 240 1884441
Embryo Axis 18 DAA 6100 338 1258
Seed Coat 18 DAA 14 929 £ 2298 712 + 57 24 659

5.2 Pericarp GA Metabolism

5.2.1 Background

The spatial localization d?sAFB6A andPsAFB2 transcripts in the regions of the

pericarp, combined with their presumed roles inimgignalling and the interactions

between the auxin, GA, and ethylene pathways, Sidlgat transcript abundance of the

145




GA metabolism genes may be different in the varregsons of the pericarp described in
Chapter 3 (Figure 3.3). As bo#sAFB6A and multiple GA biosynthesis genes are
regulated by 4-CI-IAA, the variable levels B$AFB6A transcript abundance in the
vascular sutures, pericarp wall, and funiculuserétie possibility that the GA metabolism
genes are also expressed at different levels sethegions of the pericarp. To examine
spatial differences in pericarp GA metabolism, $@ipt abundance of three GA
biosynthesisRsGA30x1, PsGA200x1, andPsGA200x2) and two GA catabolism
(PsGA20x1 andPsGA20x2) genes was analyzed with qRT-PCR in 8 to 20 DA/iduli,

pericarp wall, and dorsal and ventral vascularrastu

5.2.2 Results

In comparison to the main pericarp wall, each efttiree vascular tissues had
higher steady-state transcript abundandesA3ox1 (Figure 5.1B).PsGA30x1 mRNA
is more abundant from 8 to 20 DAA in the ventradaaar trace (where seed attachment
occurs) than in the dorsal trace. Finally, stesidyePsGA3ox1 mMRNA was several
orders of magnitude greater in the funiculus tlmeany other pericarp tissues tested
(Figure 5.1A). PsGA3ox1 transcript abundance increased in the funicultsdsen 10
and 12 DAA and remained high until 20 DAA, whereaRNA abundance in the other

vascular tissues increased later, from 14 DAA agufe 5.1B).
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Figure 5.1 Transcript abundance of GA biosynthesis gendésiintissues across development. Data are
expressed as mean * standard error. Where staedards too small, error bars may be obscured by
symbols. Samples are representative of betweeil 3 &ndependent samples, except for all vascular

tissues at 18 DAA and funiculus at 16 DAA, wherd n=
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Much like PsGA30x1, PsGA200x1 transcript abundance was greater in the
funiculus and vascular tissues than in the peribagy (Figure 5.1CPsGA20ox1
transcript was also present at greater levelsarvémtral than in the dorsal vasculature,
similar toPsGA3ox1 transcript (Figure 5.1C). While steady-stB8&A200x2 transcript
abundance was also greater in the vascular tisgube pericarp than in the main
pericarp body, mRNA levels were similar betweentthe traces and the funiculus
(Figure 5.1D).

PsGA20x1 mRNA was detected primarily in the funiculus, amddifferences in
steady-state transcript abundance were detecteg&ethe vascular traces and the main
pericarp body (Figure 5.1E). Transcript abundasfdesGA20x2 is greater in the
vascular traces than in the pericarp body, and ftdr®AA on abundance is higher in the
dorsal than in the ventral vascular trace (Figutépb PsGA20x2 mRNA accumulates at
very high levels in the funiculus from 10 on, aruddls peak at 14 DAA before
decreasing (Figure 5.1F).

The differential expression of the GA biosynthegses in the four regions of the
pericarp demonstrate spatial regulation of GA m@iain within the pea fruit, and may

be indicative of differential developmental or pioysgical processes.

5.3  Putative AFB Protein Sequences

5.3.1 Background

This appendix contains the putative translatecegenducts of botPsAFB2 and

PSAFB6A, presented as alignments with putative and coefirmembers of their
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respective sub-families of AFB proteins from othpecies of angio- and gymnosperms.
Alignments were performed in ClustalW2 using Nktduing and the BLOSUM distance
matrix. Additionally, domain prediction with th&/&\RT (Simple Modular Architecture
Research Tool) program (Schuétzal., 1998, Letunict al., 2005) was performed using

the protein sequences frdPsAFB2, PSAFB6A, andAtTirl (for reference).

5.3.2 Results

The structure of the putative gene productBsfB2 andPsAFB6A follows that
of other AFB proteins, with an F-box domain nea @yterminal and a series of leucine
rich repeats towards the mid and N-terminal podiofthe protein. Non-redundant
domains with significant E-values for PSAFB2 andAPB6A are listed in Table 5.6.
The F-box domain of PSAFB6A did not pass the tholsE-value under default settings,
but is located between residues 7 and 55 (E-val2€e100). Itis included in Table 5.6
because of the high sequence similarity it shareshter AFB6 members. While this
software identified corresponding numbers of LRFRPBAFB6A and ATTirl, it
identified two additional LRRs in PSAFB2, which aepansions of an already identified

LRR found in both other proteins.
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Table 5.6: Predicted domains of PSAFB2 and PSAFB6A from SMARjorithm. LRR=leucine rich

repeat. To confirm the validity of this approadfi,TIR1, for which experimental confirmation of thes

domains and crystal structures are available, \easamalyzed.

PSAFB2 PSAFB6A ATTIR1

g @ m m g @ m m g @ m m

3 =] 2 5 s | 5§ & 5 s | 5§ & 5

D, c Q c Q c

> D > @ > @
F-box | 4 45 6.97e-04 F-box 7 55 1.20e400 F-hox 9 507.18e-06
LRR 99 123 | 5.08e+03 LRR| 107 13 2.99e+|02 LRR 129 4 151.03e+02
LRR 124 | 149 | 8.67e+0} LRR| 132 15 2.67e401 LRR 1532 ] 4.38e+02
LRR 283 | 308 | 1.92e+0%
LRR 309 | 332 | 8.93e+0} LRR| 316 33 7.71e401 LRR 31336 3 4.01e+02
LRR 333 | 364 | 6.06e+0%
LRR 365 | 389 | 3.47e+0p LRR| 374 39 3.00e101 LRR 37195 3 8.09e-01
LRR 425 | 448 | 1.61e+0f LRR| 434 45 4.27e101 LRR 43154 4 1.71e+02
LRR 474 | 499 | 557e+0] LRR| 483 50 2.50e102 LRR 4804 % 2.91e+01

Ali gnment of AFB2/3 Proteins
P L I i O P I I
10 20 30 40 50

PsAFB2 - ------ MNY FPDEVI EHVF DYVVSHSDRN SLSLVCKSW Rl EGFTRKRV
AtAFB2 - ----- MNY FPDEVI EHVF DFVTSHKDRN Al SLVCKSWY Kl ERYSRKV
AtAFB3 - ------ MNY FPDEVI EHVF DFVASHKDRN S| SLVCKSWH Kl ERFSRKEV
Pt r AFB2A - ------ MNY FPDEVLEH F DFVTSQRDRN SVSQVCKPWY Kl ESSSRKV
PtrAFB2B - ------ MNY FPDEVLEH F DFVTSQRDRN SVSQVCKPWY Kl ESTSRKV
MAFB2 @ ------- MNY FPDEVI EHVF DYVVSHSDRN SLSLVCKSWY Rl ERFTRQRV
GMFB2A  ------ MWNY FPDEVI EH F DYVVSHSDRN ALSLVCKSWY Rl ERCTRQRV
GmMFB2B ~ ------ MWNY FPDEVI EH F DYVVSHSDRN ALSLVCKSWY Rl ERCTRQRV
MyAFB2A MCLFRDWVSY FPEEVLEHVF DFLTSHRDRN AVSLVCKSWY SLERFSREKV
MyAFB2B - ------ MNY | PEEVLEHVF DRl TSHRDRN AVSLVCKSWY SVERFSRDKV
AgAFB2 - ------ MIY FPEEVLEY!I F DFl TTNQDRN S| SLVCKSWF | VEKGSRKRV
CsAFB2A  ------- MIY FPEEVWEH F SFLPAQRDRN TVSLVCKVWY El ERLSRRGV
CsAFB2B ~ ------- MVF FPEEVWEH L GFLASHRDRN AVSLVCREWY RVERLSRRSV
Sbi AFB2A ------- MIY FPEEVWEH F SFLPSHSDRN TVSLVCKVW EVERLSRRAV
Sbi AFB2B - ------ MAY FPEEVWEY!I L GYVTSHRDRN AASLVCRVW DI ERRGRRSV
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AQAFB2
OsAFB2A
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Pt r AFB2A
Pt r AFB2B
M AFB2
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GMFB2B
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OsAFB2B
Sbi AFB2A
Shi AFB2B
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OsAFB2B
Sbi AFB2A
Sbi AFB2B

Ali gnment of AFB2/3 Proteins

e
60
FI GNCYSI SP
FI GNCYAI NP
FI GNCYAI NP
FVGNCYAI SP
FVGNCYAI SP
FI GNCYSI SP
FI GNCYSI TP
FI GNCYSI TP
FI GNCYAVNP
FI GNCYSI SP
FI GNCYAI TP
FVGNCYAVRA
LVRNCYAARP
FVGNCYAVRP
LVSNCYAVHP

N
110
ALAKSRVGLE

70

ERLVERFPDF
ERLLRRFPCL
ERLI RRFPCL
QRVI ERFPGL
ERVI ERFPGL
ERLVERFPDL
ERLI QRFPGL
ERLI QRFPGL
ERLI ARFPRV
ERLI ARFPRL
ERLI SRFPRV
GRVAARFPNV
ERVHARFPGL
ERVVLRFPNV
ERVHVRFPNM

ol
ELRLKRMA/S

120

N
80

KSLTLKGKPH
KSLTLKGKPH
KSLTLKGKPH
KSI TLKGKPH
KSI TLKGKPH
KSLTLKGKPH
KSLTLKGKPH
KSLTLKGKPH
RSLTLKGKPH
RSLTLKGKPH
KALTLKGKPH
RALTVKGKPH
RSLSVKGRPR
KALTVKGKPH
RAL SVKGKPH

A
130

DESLELLSRS

A
90

100

FADFSLVPHG WEGFVYPW E
FADFNLVPHE WGGFVLPW E
FADFNLVPHE WGGFVHPW E
FADFNLVPND WGGFVYPW E

FADFNLVPHD
FADFSLVPHG
FADFSLVPYD
FADFSLVPYD
FADFNLVPHD
FADFNLVPHD
FADFNLI PHD
FADFNLVPPD
F----- VPAG
FADFNLVPPD
FADFNLVPAG

A
140

FIMNFKSLVLV

WGGFVYPW E
WGGFVYPW E
WGGFVHPW E
WGEGEFVHPWE
WGGEDVYPW E
WGEGHVYPW D
WGGFLLPW E
WGEGYAGPW E
WGAAARPW/A
WGEGYAGPW E
WGASAEPW/D

A
150

SCEGFTTDGL

ALARSRVGLE
ALARSRVGLE
AFARNSVGLE
AFARNNMGLE
ALAKNKVGLE
ALAKNKVGLE
ALAKSRVGLE
AMTKNG NLE
AVAKSG NLE
AVAMBYPGLE
AAARGCHGLE
ACVAACPGLE
AAARSCVGLE
ACARACPGLE

N

160
AAVAANCRSL
ASI AANCRHL
ASI AANCRHL
AAI ASNCRFL
AAI ASNCRFL
AAVAANCRSL
AAL AANCRFL
AAI AANCRFL
AAI ASNCRFL
AAl ASGCRFL
AAI AANCRVL
AAVASHCKLL
ATVATNCRFM
AAVASHCKLL
ANI ATNCRFL

ELRLKRMWT
ELRLKRMWT
ELKLKRM I S
ELKLKRM I S
ELRLKRMWVS
ELRLKRMWS
ELRLKRMWVS
ELRLKRMLVS
ELRLKRMWT
ELRLKRMWT
ELRVKRMWS
ELRLKRMWT
ELRVKRMWS
ELRLKRMWT

RELDLQENEV
RDL DLQENEI

REL DLQENEI

REL DLQENDV
REL DLQENDV
REL DLQENEV
REL DLQENEV
REL DLQENEV
REL DLQENEV
REL DLQENEV
RELVLYENDV
REL DLQENEV
KELDLQESLV
REL DLQENDV
KELDLQESCV
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DESLELLSRS
DESLDLLSRS
DECLELI SRS
DECLELI SRS
DESLELLSRS
DESLELLSRS
DESLELLSRS
DESLELLAKS
DESLELLAKS
DESLELLSRS
DESLELLARS
DGCLKLLACS
DENLELLARS
DECLKLLSCS

A
180

EDHKGQALSC
DDHRGQALSC
DDHRGQALNC
EDHRGHWL.SC
EDHRGHWL SF
EDHKGQALSC
EDHKGQALSC
EDHKGQALSC
DDRKGHW.SC
DDRKGQALSC
EDCRGHWL.SC
EDRGPRW.SC
EDRDSRW.GC
EDRGPRWLSF

KHQGHQA NC
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FVNFKSLVLV
FANFKSLVLV
FPNFKSLVLV
FANFKSLVLV
FVNFKSLVLV
FTHFKSLVLV
FTHFKSLVLV
FPNFKSLVLV
FPTFRSLVLV
FANFKSLVLV
FPRFRALVLI

FPNLKSLVLV
FPRFKVLVLI

FTNFESLVLV

A
190

FPENCTSLVA
FPDTCTTLVT
FPDSCTTLMS
FPDTCTSLVS
FPDTCTSLVS
FPESCTSLVS
FPDNCTSLVS
FPDNCTSLVS
FPDSCTSLVS
FPDTCTSLVS
FPENYTSLVS
FPDSCTSLVS
FPKPSTLLES
FPDSCTSLVS
FPKPSTSLEC

SCEGFTTDGL
SCEGFTTDGL
SCEGFTADGL
SCEGFSTDGL
SCEGFTTDGL
SCEGFSTDGL
SCEGFSTDGL
SCEGFTTDGL
SCEGFTTDGL
TCEGFTTDGL
SCEGFSTDGL
GOQGFSTDGL
SCEGFSTDGL
CCEGFSTAGL

A
200

LNFACLKGE

LNFACLEGET
LNFACLKGET
LNFACLKGEV
LNFACLKGDV
LNFACLKGDI

LNFACLKCGEV
LNFACLKGEV
LNFACLKCGEV
LNFACLKCGEV
LDFACLKCGEV
LNFACI KGEV
LNFSCLTCGEV
LNFACI KGEV
LNFSCLTGEV
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Ali gnment of AFB2/3 Proteins

e

210
NVGALERLVA
NLVAL ERLVA
NVAAL ERLVA
NVAALERLI A
NLAAL ERLVA
NLGALERLVS
SLGALERLVA
SLGALERFVA
NVAAL ERLVA
NVSALERLVG
NLASLEKLVA
NAGSLERLVS
NSPALEI LVA
NSGALERLVA
NAVAL EEL VA

N
260

RSPNLKTLRL
RSPNLKSLKL
RSPNLKSLKL
RSPNLRSLRL
RSPNLRSLRL
RSPNLKSLRL
RSPYLKSLKL
RSPNLKSLKL
RCHNLRSLRV
RCPNLTSLRL
RCPNLKSLKL
RSPNLRSLRL
RSPNLRSLRL
RSPNLRSLRL
RSPNLKSLRL

1220

270

LNSEAYI KLK NTI LRCRSI T
PDSESYLKLM AVl KKCTSLR
PDPESFAKLM TAI KKYTSLR

AN D R
230

NRSVPADALQ RI LMRAPQ A
NRAVPLDALA RLMACAPQ V
NRAVPLDALA RLMSCAPQLV
NHAVPLDVLQ KI LI RAPHLV
NHAVPLDI LQ KI LMRAPHLV
NRSVPVDALQ RI LTRAPQLM
NRSVPFDALQ RI MVRAPQLS
NRSVPVDALQ RI MVRAPQLS
NHAVPLEALQ KI LVKAPQ N
NHTVPLDALH KI LARAPQLN
NRAVPLQTLH KI LI RAPQLM
NRSVSVDTLA KI LLRTPNLE
NRSVPLDVLA RI LCRRPRLV
NRSVSVDTLS Kl LARTPNLE
NPSVPI DVLP Rl LSHTPMLE

AU R I
280

SLSGFLEVAP FSLA- AVYPI

240

290

PDSETYNKLV
PDSETYNKLV
LNSDAYAMFK
PESEAYI KLK
PESEAYI KLK
PDSETSKKMK
PDSESCNKLK
RDPI LYNHLR
FQTESYFKLT
NI VGAYAGLF
FQAESYARLT
NNAGAYI SLY

N
310
LSYAASI QGA

MAI QKCMVBVK
TALQKCKSVK
ATI LKCKSI T
NTI LKRKSI T
NTI LKCKSI T
NTLENCKSVR
NVLRMCTSI R
EVWRQCKSVR
SALEKCKM.R
NSFQHCSLLK
SALEKCKM.R
RALGKCTLLK

ol
ELI KLI RHCG

1320

SLSGFLEAAP
SLSGFLEVAP
SLSGFLEVAP
SLSGFLEAAP
SLSGFLEVAP
SLSGFLEVAP
SLSGFLEVAP
SLSGFLDVNP
SLSGFLDVNG
SLSGCFEVSL
SLSGFWDASP
SLSGFWDATS
SLSGFWDASP
SLSGFWDAPG

A
330

KLQRLW MDC

HCLS- AFHPI
LCLP- AFYPI
HCLS- AFHLI
QCLS- AFHLI
FSLA- Al YPI
HCLA- Al YPI
HCLA- Al YPI
HCLP- AVYPI
RSLP- SI YPI
YFLS- PFYPV
VCLS- FI YPL
LFI P- VI APV
| CVP- YI YPL
LYVRGVLLPI

A
340

| GDKGLVAVA

T
250

DLA GSFI HD
DLGVGSYEND
DLGVGSYENE
DLGVGSYVND
DLGVGSYVHD
DLG GSFFHD
DLG GSFVHD
DLA GSLVHD
DLGI'GSFVHD
DLGTGSFVHD
DLG GSLVHH
DLGTGNLTDD
DLCTGSFVRG
DLGTGNLTDE
DLGTGSFVLG

A
300

CRN- - LTSLN
CHN- - LTSLN
CQ\- - LI SLN
CPN- - LTSLN
CPN- - LTSLN
CQN\- - LTSLN
CPN- - LTSLN
CPN- - LTSLN
CTD- - LTSLN
CTN- - LTSLN
CKN- - LTSLN
CAQ - LTGLN
CKN- - LTCLN
CHQ - LTGLN
CRTRALTCLN

A
350

Tl CKELQELR

LSYAAEI HGS
LSYAAEI QGN
LSYAPG HGA
LSYAPG HGT
LSYAAG LG

LSYAAG QGS
LSYAAG QGS
LSYAPG YSN
LSYAPG YSN
LSYAPG PGS
LSYAPTLDAS
LSSAPMVRSA
LSYTPTLDYS
LSYAPLI QSD

HLI KLI QHCK
HLI KLI QLCK
ELI KLI RHCM
ELI KLI RHCR
ELI KLI RHCG
DLI KLI RHCV
ALVKLI HHCV
ELI KLI CHCK
ELI KLI CHCK
DLI MLI LKCP
DLTKM SRCV

YLI EFI CQCK
DLTKMVSRCV

QLI SI VRQCT

KLQRLW LDS
RLQRLW LDS

| GDKGLEWWVA
| GDKGLAWA

KLQRLW LDC | GDQGLEWA
KLQRLW LDC | GDEGLEWA
KLQRLW MDR | GDLGLGWA
KLQRLLI MDC | GDKGLDWA
KLQRLW MDC | GDKGLGWA
KLERLW LDT | GDKGLGAVA
KLERLW LDT | GDKGLGWA
KLQRLWA/DS | GDKGLGWA
KLQRLWLDC | SDKGLQWVA
KLQQLW/LDH | GDEGLKI VA
KLQRLW/LDC | SDKGLQWVA
RLHVLW/LDH | GDEGLKVLS
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STCKELQELR
ATCKELQELR
STCKDLQEI R
STCKHLQEI R
STCKELQELR
TSCKDLQELR
TTCKDLQELR
STCKELQELR
STCKELQELR
STCKELLELR
SSCKDLQELR
SSCl QLQELR
SSCKDLQELR
YSCPDLQELR
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Ali gnment of AFB2/3 Proteins

e
360
VFPSAPFG -

]
- NQAAVTEVG

370

N
380

LVAI SKGCPK

A R R B
390 400
LHSLLYFCHQ MINAALI TVA

VFPSDLLG- -
VFPSDVHGEE
VFPSDPHV- -
VFPSDPFV- -
VFPSAPFG- -
VFPSVPFG- -
VFPSVPFG- -
VFPSDL YGA-
VFPSDI - - - -
VFPSVYGA- -
VFPSDFYVA-
VFPANANAR-
VFPSDFYVA-
VYPSDPNAA-

N

410
KNCPNFI RFR
KNCPNFI RFR
KNCPNFI RFR
KNCPNFTRFR
KNCPNFTRFR
KNCPNFI RFR
KNCPNFI RFR
KNCPNFI RFR
KNCPNFI RFR
KNCPNFI RFR
KSCPNFTRFR
KNCPNFTRFR
KNCPRFTSFR
KNCPNFI RFR
KYCPLLTSFR

N
460

GGNTAVTEEG
DNNASVTEVG
- GNAAVTEVG
- GNAAVTEVG
- NQRAVTEKG
- NPAAVTEKG
- DPAAVTEKG
DNAAAVTEEG
- - - AAVTEEG
- EHASVTEEG
- GYSAVTEEG
- AST- VTEEG
- GASAVTEEG
- ARTSVTEEG

LCl LDATKPD
LCl LEPNKPD
LCl LEPHKPD
LCl LDPTKPD
LCl LDPTKPD
LCl LDATKPD
LCl LDATKPD
LCl LDATKPD
LCTLNPVI PD
LCTLNPTI PD
LCl LDPRKPD
LCl LEPGKPD
LCVLDPGSAD
LCl LEPKKPD
LCl LEPRSAD

420

470

LVAI SAGCPK
LVAI SAGCPK
LVALSSGCRK
LVALSSGCRN
LVAI SMECPK
LVAI SMECPK
LVAI SMECPK
LVSI SAGCPK
LVAI SAGCPK
LVAVSLGCPK
LVAVSLGCPK
LVAI SAGCNK
LVAI SSGCPK
LAAI SF- CRK

A
430

SDTMQPLDEG
HVTSQPLDEG
HI TFQSLDEG
AVTNQPLDEG
ADTNQPLDEG
PDTMQPLDEG
PDTMQPLDEG
PDTMQPLDEG
AVTNLPLDEG
AATNLPLDEG
PATLQPLDEG
WTSQPLDEG
AVTGQPLDEG
AMTGQPLDEG
AVTGQPLDEG

A
480

LHSI LYFCQQ MINAALVTVA
LHSI LYFCKQ MI'NAALI AVA
LHSI LYFCQQ MINVALI TVA
LHSI LYFCQQ MINAALI TVA
LHSLLYFCHQ MINAALI AVA
LHSLLYFCHQ MINAALI TVA
LHSLLYFCHQ MTNAALI TVA
LNSLLYFCQQ MINAALI TVA
LNSLLYFCQQ MINAALI TVA
LHSVLYFCHQ MI'NAALI AVA
LNSLLYFCHQ MINAALVTVA
LQSVLYFCOR MINSALI TVA
LSSLLYFCHQ MTINEALI TVA
LECVLFFCDR MINTALI TI A

A
440

FGAI VQSCKR

A
450

LRRLSLSGQL

FGAI VKACKS
FGAl VQACKG
FGAl VHSCKG
FGAl VHSCKG
FGAl VQSCKR
FGAl VQSCRR
FGAl VQSCRR
FGAl VQSCKG
FGAl VQSCKG
FGAl VQSCKS
FGAl VRECKG
YGAI VQSCKG
FGAl VRECKG
FGAl VQSCKG

490

TDQVFLYI GM YAEQLEM.SI
TDQVFLYI GV YANQLEMLSI
TDQVFLYI GM YAEQLEMLSI
TDKVFLYl GM YAEQLEMLSI
TDQVFLYI GM YAEQLEMLSI
TDQVFLYI GM YAEQLEM.SI
TDQVFLYI GM YAEKLEMLSI
TDQVFLYI GM YAEKLEM.SI
TDQVFLYI GM YAEQLEMLSI
TDQVFLYI GM YGEHLEMLSI
TDRVFLYI GM YAEQLEM.SI
TDKVFMYl GK YAKQLEMLSI
TDTVFLYI GM YAERLEM.SV
TDRVFMYl GK YAKYLEMLSI
TDSVFLYI GM YAEKLEM.SV

AFAGESDKGM LYVLNGCKKL

LRRLSLSGLL
LRRLSVSGLL
LRRLSMTGLL
LRRLSMSGLL
LRRLSLSGQL
LRRLSLSGQL
LRRLSLSGKL
LKRLSVSGRL
LKRLSVSGLL
LKRLSLSGHL
LQRLSI SGLL
LRRLCLSGLL
LRRLSMSGLL
LRRFAVSGLL

A
500

RKLEI RDCPF

AFAGDTDKGM LYVLNGCKKM
AFAGDTDKGM LYVLNGCKKM
AFAGDTDKGM QYL LNGCKKL
AFAGDTDKGM QYL LNGCKKL
AFAGESDKGM LYVLNGCKKI

AFAGESDKGM LYVLNGCKKL
AFAGDCGDKGM LYVLNGCKKL
AFAGDSDKGM LYVLNGCKKL
AFAGNSDKGM LYVLNGCKKL
AFAGESDKGM LYVLNGCKNL
AFAGDSDKGM MHVIMNGCKNL
AFAGDTDDGM TYVLNGCKNL
AFAGDSDKGM MDVMNGCKNL
AFAGDTDDGM VYVLNGCKNL
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KKLEI RDSPF
RKLEI RDSPF
RKLEI RDCPF
RKLEI RDCPF
RKLEI RDCPF
RKLEI RDCPF
RKLEI RDCPF
KKLEI RDSPF
KKLEI RDSPF
RKLEI RDSPF
RKLEI RDSPF
KKLEI RDSPF
RKLEI RDSPF
KKLEI RDSPF
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Ali gnment of AFB2/3 Proteins
I T L P T I I
510 520 530 540
GDTALLTDVG KYETMRSLWM SSCEVTVGAC KTLAKKMPSL

GDTALLADVS KYETMRSLWM SSCEVTLSGC KRLAEKAPWL
GNAALLADVG RYETMRSLWM SSCEVTLGGC KRLAQNSPRL
GNAALLMDVG KYETMRSLWM SSCEVTLGGEC KSLAKKMPRL
GNAALLMDVG KYETMRSLWM SSCDI TLGGC KSLAKKMPRL
GDTALLTDI G KYETMRSLWM SSCEVTVEAC KTLAKKMPRL
G\VALLTDVG KYETMRSLWM SSCEVTVGAC KLLAKKMPRL
GDMALLTDVG KYETMRSLWM SSCEVTVGAC KLLAKKMPRL
GNAALLSDMG KYETMRSLWM SSCEVTYGAC KTLAEKMPTL
GDVALLADVG KYETMRSLWM SSCEVTFGGEC KTVAQKMPRL
GNGALLEDMG KYETMRSLWM SSCDVTLGGC KTLAKKMPRL
GDAALLGNFA RYETMRSLWM SSCNVTLKGC QVLASKMPML
GDSALLAGVH QYEAMRSLW. SSCNVTLGGEC KSLAASMANL
GDVALLGNVA KYETMRSLWM SSCDVTLKGC QVLASKMPML
GDAALLAGAH RYESMRSLWM SSCEI TLGAC KTLAAANMPNI

A U D R R R D
560 570 580 590

Qe e - - ADCYVEDG QRVEKMYLYR
N - MEENGHEGR QKVDKLYLYR
NNG - -« === wemmmeemos - MEQNEEDER EKVDKLYLYR
Qrmmme e - - MDASADDR QKVEKMFLYR
Qrmrmee e -- MDI TADDG QKVEKMFLYR
Qrmrmee e - - ADCYVEDG QRVEKMYLYR
Qrmmme e - - EDCSLEDG QKVEKMYLYR
Qrmrmee e - - EDCSLEDG QKVEKMYLYR
DQV----=m- cemmmeanos - EASSSPDAR HRVEKMYLYR
o - DDDDDVDG- KKVEKMYL YR
Kewmmmmmme mmmeaos -- MEEYI DDS QKVEKMYLYR
GSN- - - - mm e - EMEENHGDL PKVEKLYVYR
SIN - mem cemmeanos - EADN- ANDA KKVKKLYI YR
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T
550

NVEI FN- ESE
NVEI | N- END
NVEI | N- ENE
NVEI | N- END
NVEI | N- ESD
NVEI FS- ESE
NVEI FN- ENE
NVEI FN- ENE
NVEI | N- EGE
NVEI | NNEGG
NLEII N---D
NVEVI N- ERD
NI EVMNRA- A
NVEI M\- ELD
NVEVI SEAGA

A
600

SVAGKREDAP
TVWGTRVDAP
TVVGTRKDAP
TLAGRREDAP
TLAGRRKDAP
TVAGKREDAP
TLAGKRKDAP
TLAGKRKDAP
TLVGPRRDAP
TLVGPRRDAP
TLDGPRKDAP
TTAGARDDAP
TVAGPRGDAP
TTAGARDDAP
TI AGPRSDTP



Ali gnment of AFB2/3 Proteins

Ps AFB2 DYVWI'L
At AFB2 PFVW L
At AFB3 PYVRI L
Pt r AFB2A EFVWIL
Pt r AFB2B EFVWIL
M AFB2 DYVWI'L
GMAFB2A EYVWIL
GMFB2B EYVWIL
MyAFB2A DFVWI'L
MyAFB2B EFVWIL
AgAFB2 DFVWNL
OGsAFB2A NFVKI L
GsAFB2B EFI STF
Shi AFB2A NFVKI L
Shi AFB2B GFVSI L

Figure 5.2: Putative PSAFB2 Protein aligned with AFB2/3 homaleg from other species. H&sum
sativum, At=Arabidopsisthaliana, Ptr=Populus trichocarpa, Mt=Medicago truncatula, Gm=Glycine max,
Mg=Mimulus guttatus, Aq=Aquilegia, Os=Oryza sativa, Shi=Sorghum bicolor. F-box is underlined and in

bold, while predicted leucine rich repeats are dimtkd and italicized.

While the structural features of the AFB grougrdbox proteins are very highly
conserved, the C-terminals of members of the AHB8ecare somewhat variable in

length (Figure 5.3). The major structural featwwkthe AFB proteins are retained.

Ali gnment of AFB6 Proteins

10 20 30 40 50
PSAFB6A  ---------- ----MEPQTM NPSSV- ---- ------- FPD EVLERI LSMWV
Pt r AFB6A  ---------- ----MKREFL DSTR------ ----SSPFPD EVLERVLSLL
PtrAFB6B  -------- MD SNPKMRKEFL DSTR------ ----SSLFPD EVLERVLSLL
M AFBGA MNIMWECKRKK ESQGEKNNNM DSNSD- - - - - - ------ FPD EVLERVLGW
M AFB6B = ---------- ----MEECKR EK-------- --------- D EVLKQVLGTV
MJAFB6A - ------- MD PDTKKCKESK PHSSNSN- - G SKCSHLKFPD EALEKVLSFI
MyAFB6B - ------- MD HPSEDSPSSS DKSLGP- --- TNHPQLPFPD EVLEKVLSFV
StuAFB6 - ----- MEMN PSLKKPRESV DLSNSS---- - ELTQSAFPD EVLEKVLSLV
LsaAFB6  ------ MDLN QKRTKTVDRV DPVDPAAVSP ESTPVYPFPD EVLEPVLSLI
HanAFB6  ------ MDLN QKRTRTVDRV DSVDPDLVSP ESTPMCPFPD EVLEPVLSLI
PtaAFB6 @~ ---------- ----MWKKRG DS-------- ----S8STFPD EVLEHVLLFV
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PsAFB6A
Pt r AFB6A
Pt r AFB6B
M AFBGA
M AFB6B
MyAFB6A
MyAFB6B
St uAFB6
LsaAFB6
HanAFB6
Pt aAFB6

PsAFB6A
Pt r AFB6A
Pt r AFB6B
M AFBGA
M AFB6B
MyAFB6A
MyAFB6B
St uAFB6
LsaAFB6
HanAFB6
Pt aAFB6

PsAFB6A
Pt r AFB6GA
Pt r AFB6B
M AFB6A
M AFB6B
MyAFB6A
MyAFB6B
St uAFB6
LsaAFB6
HanAFB6
Pt aAFB6

PsAFB6A
Pt r AFB6A
Pt r AFB6B
M AFB6A
M AFB6B
MyAFB6A
MyAFB6B
St uAFB6
LsaAFB6
HanAFB6
Pt aAFB6

el
60
KSRKDKSSVS

Ali gnment of AFB6 Proteins

e
LVCKDWFDAE

70

e
RWSRKNVFI G

80

N
NCYSVTPEI L

KSHKDRSAVS
KSHKDRSAVS
KSRKDRSSVS
KSRKDRNSAS
DSHKDRNTVS
NSHKDRSSVS
(QSHKDRNSAS
NSHKDRSSVS
NSHKDRSSVS
VS| KDRSAVS

e
110
TLKGKPRFSD
TLKGKPRFSD
TLKGKPRFSD
TMKGKPRFSD
TLKGKPRFSD
Rl KGKPRFSD
TLKGKPRFSD
TLKGKPRFSD
TLKGKPRFSD
TLKGKPRFSD
TLKGKPRFSD

N
160
LEFLAFSFPN

LVCKDWNAE
LVCKDWYNAE
LVCKEWYNAE
LVCKQAYNAE
LVCKEWYNAE
LVRKDWYNAE
LVCKDWYNAE
LVCKDWYNAE
LVCKDWYNAE
LVCKAWRAE

FNLVPANVGA
FNLVPENWGA
FNLVPENWGA
FNLVPANVGA
FNLVPENWGA
FNMLPRDWGA
FNVL PRDWGA
FNLVPENVGA
FNLVPEDWGA
FNLVPEDWGA
FNLVPPHWGA

A
FKALSLLSCD

120

170

SWERTHVFI G
SWERTHVFI G
RWSRRNVFI G
RLSRRNVFI G
RW'RSNLFI G
RWRSKLFI G
RWRTKLFI G
RWSRRHVFI G
RWERRHVFI G
AWBRRKVFI G

DI HPW.VWFA
DVHPW.VVFA
DVHPWFVWVFA
DI HSW.VVFA
DI HSW.VWFA
NVHAW. VMFA
NVHPW.VMFA
DI QAW.DVFA
DVHPWLSVLA
DVYPW.SVLA
DI HPW.LVI R

A
GFSTDGLAAV

130

180

NCYSVSPEI V
NCYSVSPEI V
NCYAVSPEI L
NCYSVTPEI L
NCYSVSPEI V
NCYSVSPEI V
NCYSVTPEI V
NCYSVSPEI V
NCYSVSPEI V
NCYSVSPEI L

A
EKYPFLEELR

90

140

N
100
TQRFPNVRSV
ARRFPI | KSV
ARRFPRI KSV
TRRFPNI RSV
TRRFPNI RS
SRRFPRI KSV
ARRFPRI KSV
ARRFPKI KSV
AGRFPQ RSV
VGRFPKI RSV
VRRFPKI TG

A
150
LKRWVTDES

TKYPFLEELR
AKYPFLEELR
DKYPFLEELR
EKYPFLEELR
EVYPFLEELR
KVYPFLEELR
KVYPFLEELR
KAYPFLEELR
KAYPFLEELR
GAYPW.RELR

A
ATNCKNLTEL

LEFLAVNFPN
LEFLALNFPN
LEFLAFSFPN
LEFLAFSFHN
LELLAKSFTG
LELLAKSFSG
LEFLAKSFLG
LEFLATNFPE
LEFLAMNFPE
LELI ARSFSD

e

210
SGNWLSCFPE
SGGALSCFPE
SGNWLSCFPE
SGNWLSCFPE
SGDWL.SCFPE
GGDWLTCFPE
GGOALSSFPE
CGSWLSCFPD
GGDWLSCFPE
GGDWLSCFPE
GGYW.SCFPE

FKVLSLLSCD
FKVLSLLSCD
FKALSLLSCD
FKALSLLSCE
FKALSLLSCD
FKALSLSSCD
FKALSLLSCD
FKALSLLSCD
FKALSLLSCD
FRALSLTTCE

SFTSLEVLNF
NFTSLEVLNF
NFTSLEVLNF
SFTSLEI LNF
SFTSLEVLNF
NFSSLEI LNF
NFSSLEVLNF
DFTSLEVLNF
TLTSLEVLNF
TLTTLQVLNF
SCVSLVSLNF

220

GFSTDGLAAI
GFSTDGLAAI
GFSTDGLAAV
GFSTDGLAAV
GFTDDGLKFV
GFTENGLKAL
GFSTDG SSI
GFSTDGLKAI
GFSTDGLKAI
GFSTDGLAVI

ANLTNEVNI D
ANLNTDVNFD
ANLNTDVNFD
ANLSNDVNFD
ANLNNDVNI D
ASLNSEVNFE
ASLNSDI SFD
ACMNTEI SKD
ASLNSEVDYN
ASLNSEVSFS
ACLQSEVNFD
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230

ATHCKSLTQL
ATHCKNLTQL
ATNCKNLTEL
AANCKNLTEL
ATHCRNLTEL
ASHCRNLTEL
AAHCKNL TEL
ATHCRNLTEL
ATHCRNLAEL
ATHCRNL QEL

ALEKLVGRCK
ALERLVSRCK
ALERLVSRCK
ALEKLVARCN
ALEKLVGRCK
SLEKLVNRCK
DLERLVSRCK
ALERLVGRCK
ALEKLVTRCK
DLEKLVTRCK
ALQRLVARCI

190

240

LKRVMAVSDES
LKRVAVSDES
LKRVAVSDES
LKRWVTDES
LKRMI'VNDES
LKRMIVTDES
LKRVAVSDES
LKRVAVSDES
LKRVAVSDES
LKRM VTDES

AU

200
DI QENG EDK
DI QENG DDK
DVQENG! DDK
DI QENGVDDK
DI QENDI DDK
DI QDSVAVDV
DI QDSI SEDV
DI QENG\VDDI
DI QENG DDL
DI QENG DDL
DLQESEVDDR

A

250
- SLKTLKVNK
- SLKVLKVNK
- SLKVLKANK
- SLKTLKVNK
- SLKTLKVNK
NTL RVLKVNE
- SLRVLKVNE
- SLRVLKVNK
- SLRVLKVNR
- SLRVLKVNR
- SLRSLKLNK



PsAFB6A
Pt r AFB6GA
Pt r AFB6B
M AFBGA
M AFB6B
MyAFB6A
MyAFB6B
St uAFB6
LsaAFB6
HanAFB6
Pt aAFB6

PsAFB6A
Pt r AFB6GA
Pt r AFB6B
M AFBGA
M AFB6B
MyAFB6A
MyAFB6B
St uAFB6
LsaAFB6
HanAFB6
Pt aAFB6

PsAFB6A
Pt r AFB6GA
Pt r AFB6B
M AFB6A
M AFB6B
MyAFB6A
MyAFB6B
St uAFB6
LsaAFB6
HanAFB6
Pt aAFB6

PsAFB6A
Pt r AFB6A
Pt r AFB6B
M AFB6A
M AFB6B
MyAFB6A
MyAFB6B
St uAFB6
LsaAFB6
HanAFB6
Pt aAFB6

N

260
SVTLEQLKKL
SI SLEHLQRL
SI SLEHLQRL
SVTLEQLQRL
SVTLEQFQRL
SI TLDQLQRL
Tl SLDQLQRL
NVTLPQLQRL
NI SLDQLQRL

TI NLDQLQKL
TLSLEQLKRL

Al i gnment of AFB6 Proteins

LVRAPQLCEL
LVCAPQLTEL
LVCAPQLTEL
LVRAPQLCEL
LVLAPQLCEL
LVVHAPNL VEL
LVHAPLLTEL
LVRAPQLMVEL
LLRAPQLTEL
LLRAPQLTEL
LVI APQLMEL

270

310 320
LSGLW/ASAR YL- - - - QULY
LSGLWEATAL YL---- PVLY
LSGLWEATAP YL- - - - PVLY
LSGLWASAQ YH- - - - QULY
LSGLW/ASAS AQYlI QLQULY
LSGLWDATDL HF- - - - SVLY
LSGLWDANSL YL----PLLY
LSGFVEANRR YL- - - - PSLY
| SLWDTTTL FL----PVIY
| SLWDTNSL YL---- PVI Y
LSGWEVAPL YL- - - - PALY

N
360
LRRLWA/DTV

EDKGLEAVGS

370

GSGSFS- QEL
GTGSFT- PEL
GTGSFM PEL
GTGSFS- QEL
GSGSFS- QDL
GTGSFM QEL
GTGSFM QEL
GTGCFLPDQL
GTGTFM QDL
GTGTFT- QDL
GTGSFF- QEF

PACANLTFLN
PVCSNLTFLN
PACTNLTFLN
PVCTNLTFLN
SACTNLTFLN
GACARLTFLN
GACAGLTFLN
AACARLTFLN
PACAKLTFLN
PACASLTFLN
SVCSNLTFLN

A
NCPLLEELRV

LRRLW/LDTV
LRRLW/LDTV
LRRLW/LDTV
LRRLW/WVDTV
LRRLW/I DTV
LRRLW/I DTV
LRRLW/LDTV
LKRLW/LDTV
LRRLW/LDTV
LRRLW/LDTV

e
410
AVSEGCRKLH

GDKGLEAVGS
GDKGLEAVGS
EDKGLEAVGS
EDKGLEAVGS
QDKGLEAVGS
EDKGLEAVGS
KDKGLEAVGT
GDSGLEAVGS
GDMGLEAVGS
GDKGLETVSS

A
YVL YFCRQVT

420

NCPLLEELRV
NCPLLEELRV
YCPLLEELRV
YCPLLEELRV
SCPLLEELRV
SCPLLEELRV
SCPLLEELRV
CCPLLEELRV
WCPLLEELRV
SCKDLRELRV

280

1330

TSQQYAELET
TTRQYAELES
TARQYAELGS
TGQQYSELER
TCQQYLELES
TPRQYEDVGS
TPRQYEEVET
TSRQYAELES
VTRSVSELEG
VTRPVADLEA
SRQQFADL GK

FSYAPLDSED
LSYTFLQSLE
LSYAFLQSI E
FSYAPLDSEG
FSYALVDSED
FSEAVLQSGE
L SDAPLQSGD
LSYEAI RSGE
LSYATLRSVE

1290

340

A
300

AFKNCKSLHT
AFNQCKNLHT
SFNQLKNLNT
AFNNCRSLHT
AFKNCKSLHT
AFSNCGKLRV
AFSNCKNLEA
AFSNCKHLHS
SFGNCKNLLT
TFGSCKNLLT
AFNSCKELRT

A B

350
LTKI LVHCPN
LASLLRQCPR
LASLLCQCPR
LSKLLVRCPN
LTDLLVHCPN
LAKLLAHCPN
FANLLVHCPN
FSKLLAHCPN
LAELLTHCKS

380

430

LSCAALRSFE LAML.LI HCKS
LSYANI RSLE LACLVFNCHH

AU R IR D
390 400
FPADPFDEEA EGGVTESGFV
FPADPFDEE! | HGVTEAGFV
FPADPFDEEV | HGVTEAGFL
FPGDPFEEGA AHGVTESGFI
FPADPFDEGV VHGVTESGFI
FPLDPYDLDH QHGVTEQGLL
FPADPYDRHH RDGVSESGFL
FPADPFEEDM DHGVTESGFV
FPADPFDQE- VAGVTESGFV
FPADPFEQEN VAGVTESGFV
FPMDPFGQD- RVGVTENG L

AU R IR D
440 450

NAAVATVWON CPDFTHFRLC

AVSYGCRRLH
AVSYGCRRLH
AVSEGCRKLH
AVSEGCRKLH
AVSLGCPKLH
AVSHGCPKLH

YVLYFCRQMIT
YVL YFCRQMT
YVL YFCRQMT
YI LYFCHQMT
YLL YFCRRMT
YVL YFCRRMT

AVSAGCPKLQ YVLYFCRQMT
SVSRGCPKLH YVLYFCHQMT
AVSRGCPKLH YVLYFCHQMT
Al SEGCHNLS YVLYFCRQMT

NAAVATI VON CPDFTHFRLC
NAAVATI VON CPDFTHFRLC
NAAVATVVEN CPDFTHFRLC
NDAVATVWWON CPDFTHFRLC
NAAVI AAVKN CPNFTHFRLC
NAAVI Tl VKN CPDFTHFRLC
NAAVATI VRN CPNFTHFRLC
NAAVATI ARN CPGFTHFRLC
NAAVATWON CPGFTHFRLC
NATI | AVAON RPKLTHFRLC
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| MNPGQQDYL
| MNPGQPDYL
| MNPGQPDYL
| MTPGQPDYQ
| MTPNQPDYL
| MNPGQPDHL
| MTPGQPDHL
| MNPGQPDYL
| MNPGQPDYL
| MNLGQPDYV
| MYPCQPDHL



PsAFB6A
Pt r AFB6GA
Pt r AFB6B
M AFBGA
M AFB6B
MyAFB6A
MyAFB6B
St uAFB6
LsaAFB6
HanAFB6
Pt aAFB6

PsAFB6A
Pt r AFB6GA
Pt r AFB6B
M AFBGA
M AFB6B
MyAFB6A
MyAFB6B
St uAFB6
LsaAFB6
HanAFB6
Pt aAFB6

PsAFB6A
Pt r AFB6A
Pt r AFB6B
M AFBGA
M AFB6B
MyAFB6A
MyAFB6B
St uAFB6
LsaAFB6
HanAFB6
Pt aAFB6

460
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470

TDEPMDEAFG EVVKNCTKLQ RLAVSGYLTD
TNEPMDEAFG AVWRTCTKLQ RLSVSGLLTD
TNEPMDEAFG AVVRTCTKLQ RLSVSGLLTD
TGEPMDEAFG AVVKTCTKLQ RLAVSGSLTD
TNEPMDEAFG AVVKTCTKLQ RLSVSGYLTD
TKSPMDAAFA AVVKTCPKLR RLSVSGLLTD
TNEPMDEAFG AVAKTCTKLK RLSVSGLLTD
TNEPMDEAFG AVWKTCKKLQ RLSVSGLLTD
TNEPMDEAFG AVVKTCPNLQ RLAVSGRLTD
TNEPMDEAFG AVWKTCPNLQ RLAVSGLLTD
TDEPMDEDFG Al VKNCKNLQ RLAVSSLLTD

510

480

o]
LTFEYI GKYA

AGSSDWGEVEC VLVGCPKLRK
AGSSDRGMXC VLEGCPKLRK

AGSSDRGMX

520

o]
LEI RDSPFGN

530

LTFEYI GQYA
LTFEYI GQYA
LTFEYI GKYA
LAFEYI GKYA
KTFESI GEYA
VSFEYI GKYA
LTFEYI &KYA
LMFEYI GKYA
LTFEYI &KYA
KAFEYI GLYA

A
AALLAGLEKY

M_EGCPKLRK

AGSSDWAMQXC VLVGCPKLRK
AGSSDLGMXC VLAGCPKLKK
AGSSDKAWC VLRGCPKLRK
AGSSDWEMS VLEGCPKLRK
AGSSDWEMQC VLDGCSKLRK
AGSSDLGLKY VLGGECPKLRK
AGSSDLGLKY VLGGECPRLRK
AGSSDLGVEC VLRGCPKLRK

N
560
CRLMVNGCRF
CNVTMNGCRL
CNVTMNGCRV
CKVTMNGCRL
CQVTMNGCRL
CDVTMKGCRM
CNVTMKGCGE
CRVTMNGCRI
CNLTMNGCRV
CNLTMNGCRV
CKVTMSGCRY

LAGEKPRLNV
LAREMPRLNV
LAREMPRLNV
LAQERPRLNV
LAKEKPRLNV
LAREMPRLNV
LAREMPRLNV
LAQERPRLNV
LAKKMPRLNV
LAKEMPRLNV
LAQNKPRLNV

570

LEI RDCPFGN
LEI RDCPFGN
LElI RDSPFGN
LEI RDCPFGD
LElI RDCPFGN
LEI RDCPFGN
LElI RDSPFGN
LElI RDCPFGN
LElI RDCPFGN
LElI RDSPFGN

EVMQEEGGD-
EVVKEDGSD-
EVVKEDGSD-
EVMQEEGGD-
EVI KEEGSG-
EVI EDEGSDD
EVI NDEGSD-
EVI KDEHSD-
EVVKDEDSE-
EVVKDEDSE-
El | KENDED-

158

580

AALLSGLEKY
AALLSGLEKY
AALLSGFDKY
AALLSGLEKY
AALLSGVEKY
TALLSGKLKY
AALLSGVGKY
AALLSGLTKY
AALLSGLTKY
AALLSGLEQY

DSRAEKL YVY
DSQADKVYVY
DSQADKVYVY
DSQAGKLYVY
DSQAEKVYVY
GAKAGKVYVY
GSQADKVYVY
- DYADKLYVY
DSQAHKVYVY
DSQAHKVYI Y
DNDADKL YVY

490

540

590

A
500

KNLETLSVAF
KNLETLSVAF
KNLETLSVAF
KNLETLSVAF
KNLETLSVAF
KNLETLSVAF
KNLETLSVAF
KNLETLSVAF
KNLETLSVAF
KNLEI LSVAF
KNLETLSVAF

A

550
ESMRSLW/BS
ESVRSLW/BA
ESVRSLW/BA
ESVRSLWW/BD
ESMRSLWW/ED
EMVRSLW/BA
ETVRSLW/BA
ESMRCLW/BA
ESVRSLW/BA
ESVRSLW/BA
ESVRSLW/BS

A
600

RSVAGPRRDA
RSVAGPRRDA
RSVVGPRRDA
RSVAGPRRDA
RSVAGPRRDA
RTVAGPRRDA
RTVAGPRRDA
RSVAGPRKDA
RTVAGPRRDA
RTVAGPRRDA
RTI AGPRRDA
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e

610
PSAFB6A  PPFVLTL---
PtrAFB6A  PPCVLTLSGL
PtrAFB6B  PPCVLTLSGL
M AFBSA  PPFVLTL---
M AFB6B  PLFVLTL---
MyAFB6A  PPFVLTL---
MyAFB6B  PGFVLTL- - -
StUAFB6  PPFWTL- - -
LsaAFB6  PPFVLTL---
HanAFB6  PPFVLTL---
PtaAFB6  PNFVLTL---

Figure 5.3: Putative PSAFB6A Protein aligned with AFB6 homolegdrom other species. Hasum
sativum, PtaZPinus taeda, Han=Helianthus, Lsad actuca sativa, Stu=Solanum tuberosum, Mg=Mimulus
guttatus. Mt=Medicago truncatula, PtPopulus trichocarpa. F-box is underlined and in bold, while

predicted leucine rich repeats are underlined tatidized.

5.4  PsAFBG6A Cloning

While the full-length coding region &fsAFB2 was cloned from multiple tissue
sources, all attempts to isolate the putative apdagion ofPSAFB6A were unsuccessful.
To facilitate future research, this appendix déssj in brief, reaction conditions already
utilized in cloning attempts. Tissue sources, RB#ation, and cDNA generation
protocols are described in Chapter 3.

Attempts were made with multiple primer sets (@il and 2, 3 and 4, or 7 and
8 at 25uM final concentration; Table 5.7) to amptlie completd>sAFB6A coding
sequence from four cDNA pools (final concentratidnng pL*) generated from first-
strand synthesis with oligo-dT. Using constant @Ndvels (0.5 uM final concentration),

both MgCb levels (1.25, 1.75, 2.25, 2.5, 2.75, 3, and 3{1&&final concentration) and
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annealing temperature (55, 52.5, 52, 51, 50, arftC}8vere varied. Primer
concentration was maintained at 2.5 puM each pr{fireal concentration). In addition to
standard PCR protocols (30 to 35 cycles), touchde®@R (15, 20, or 30 cycles followed
by standard PCR for 12, 15, or 20 cycles at a fexagkealing temperature) was attempted.
Using the 5’-RACE cDNA pools (generated with teatplswitching, not RLM-
RACE protocols), attempts were made to amplifydbenplete sequence from the 3’ end
of the gene and primers specific to the sequendecath RACE. These attempts utilized
the three primers from PSAFB6A 5 RACE (A, B, andnd~igure 3.5; Table 3.3) and the
AFB6 3’ Primer (primer 5; Table 5.7). Reaction ddions were as mentioned above,
and both standard and touchdown PCR were perfousieg each of the three 5’ primers
individually as well as combinations of the shortdaong primers (A and B in Figure
3.5; Table 3.3). Nested PCR was also carried ouilated product of the initial PCR
reactions with either the short or long primersof® in Figure 3.5; Table 3.3) by a
second round of amplification with the Nested RRdener (C in Figure 3.5; Table 3.3).
A similar strategy was employed using the 3’-RACIENA pools. These
attempts used the three primers from PSAFB6A 3’ EA&, B, and C in Figure 3.5;
Table 3.3) and the AFB6:5’'UTR-I Primer (primer @ble 5.7). Reaction conditions
were as mentioned above, but dNTP levels werededteoth 0.5 and 0.3 uM. Both
standard and touchdown PCR were performed usirty&dbe three 3’ primers
individually as well as combinations of the shartldong primers (A and B in Figure
3.5; Table 3.3). Nested PCR was also carried muhe products of PCR reactions with
either the short or long primers (A or B in Figd.&; Table 3.3) by a second round of

amplification with the Nested Race Primer (C inUfig3.5; Table 3.3).
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Transcript profiling experiments revealed highdisvof PSAFB6A mMRNA in

emasculated pericarps (Figure 3.11). To maxiniizddvels oPSAFB6A cDNA in the

PCR templates, cDNA synthesis from an oligo(dTineni was carried out as described in

Chapter 3 on RNA isolated from 3 DAA pericarps wihveere emasculated at -2 DAA.

PCR was attempted with two sets of primers (priniesad 8 or 9 and 10; Table 5.7)

with the conditions described above, but additignalth primer concentrations of either

2.5 or 1.25 pM, and Mggkoncentrations of 1 mM were also tested. In soases,

reactions products were diluted and subjectedsecand round of PCR under similar

conditions.

Table 5.7: Primers used in cloning attempts of the full-tgngutative coding region ¢1sAFB6A.

Primer Sequence Number
MtAFB6A 5’ 5-ATG AAC ATG GTA GAG TGT AAG AGA AAG AA |1
MtAFB6A 3’ 5-TCA GAG AGT GAG AAC AAATGG AGG 2
MtAFB6B 5’ 5-ATG GAG GAG TGT AAG AGA GAG AAA GA 3
MtAFB6B 3’ 5-TCA GCT TCG GAC AGC CA 4
AFB6 3’ Primer | 5-TAT AACTTT AAATCT CATTTATTTCCATGA |5
ACTT
AFB6:5’UTR-I 5-CGA ATT CGC CCT TAAGCACTC GT 6
AFB63’-I 5-CTA ATA GCA CTC ACT ATA GGG CAA GCA 7
GTC G
AFB65’-I 5-ATG GAA CCA CAA ACC ATG AATCCCAGTTC |8
PsSAFB6A-F3 5-ATG GAA CCA CAA ACC ATG AAT CCC AG 9
PSAFB6A-R3 5-TCA GAG AGT GAG AAC AAA AGG AGG TG 10
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5.5 AFB gRT-PCR Specificity

Table 5.8 contains results of searches of the gRR-Bmplicons (including

validation primer sets) d?sAFB2 sequentially against the non-redundant nucleotide

(Table 5.8) database using the BLASTN 2.2.21 progizhanget al., 2000). Searches

using the same protocol willsAFB6A returned no hits. Additionally, tHesAFB2

amplicon could not be aligned to the nucleotideusege o0fPSAFB6A using default

settings, and vice versa.

Table 5.8: Results of search of nr/nt library using the PBAERT-PCR amplicon as query. Default

settings of the BLASTN 2.2.21 program were used.

Accession Description Total score  E valu
AC133780.33 Medicago truncatula clone mth2-27{3,
228 7e-57
complete sequence
AK286220.1 | Glycine max cDNA, clone: GMFL01-24-D14 521 4e-34
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