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Abstract

Floral heteromorphy irPrimulais the phenomenonwhereby one plant species
produces two flowers types; pin flowers have long styles with low anthers and thrum
flowers have the opposite arrangement. Thagstem promotes outcrossing amsl
mediated by a hemizygouslocus comprising five genes, onewlfiich encodes a
Kelch repeat domain protein called KFF S OK NB LIS 0 R2YlI Ay A
for protein-protein interactions. Five Kelch motifs weremtified in KFBalongside

an Nterminal Fbox domain. A total of 155 Kelch proteins were foun®.inulgaris

and conservation of KERB/as confirmed across fifteen oth@rimulaceaespecies.

Spatial and temporal expression analysis KB detected consistently high
transcript quantities in the gynoecium, with increasing levels in the anthers toward
flower maturation. Function of theKFB promoter in the gnoecium was also

confirmedby usinga GUSeporter gene assay.

Plant transformatiorandvirus induced gene silencingere carried outwith a series
of KFB overexpression and knockdown constructs out to geneiatgularfloral
phenotypesfor functional analysis. Yeast twybrid screens were used to identify
candidate partner proteins potentially targeted for degradation by kil these
inferred a possiblerole in the seHincompatibility system that reinforces floral

heteromorphy.
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Chapterl

1 Introduction

Investigations have beencarried out to characterise the function, expression and
mechanisms oKFB; one of five proteinsencoded bythe Slocusthat mediates floral

heteromorphyin Primula vulgarigLi et al, 2016). A background to heteromorphy is
included here an&elch Fbox proteirs are introduced. An outline of the project is also

provided.

1.1 Floral heteromorphy

Many of the ~350,000 angiosperm species exhibit hermaphroditism (Chapman, 2009;
Paton et al., 2008). This introduces the problem of sklftilisation, which leads to
inbreeding depression due to decreasing genetic diversity within a population
(Charlesworth & Charlesworth, 1987). Plants have therefore developed a number of
mechanisms to promote outcrossing, such as thexjuential timingand positional

separation of the@ reproductive organs (Sprengel, 1793).

CharlesDarwin noted a phenomenon called floral heteromorphy that existe@rimula
speciest 12 FI @2dzNJ G KS Ay dSNDDBRr&id 18638 He2cobserRell a U A
how plants from one half of a Primegopulation would produce one kind of flower (called
thrum) and the other half would present a second (called pin). Thrum flowers have a short
style and high anthers positioned at the mouth of the corolla. Pin flowers havaritvers

with long styles hat present the stigma at the corolla mouth. Darwin demonstrateat
insertinga proboscis into one flower morph collected pollen in such a place to correctly
deposit it on the stigma when subsequenthserted into the alternate flower morph
(Darwin, 182). These opposite floral morphologies are an example of reciprocal
herkogamy andn Primulaare reinforced by a selincompatibility system in which a plant

rejects its own pollen to further ensure crepsllination.

Style lengthin Primulais mediated by cell elongation, with thrum style cells being twice as

long as those in pin (Webster & Gilmartin, 2006). Alternatively, cell sizes are equal in the
lower corolla tubes (LCT) of pins and thrums; anther height is therefore controlled by cell
division instead (Webster & Gilmartin, 2006). Darwin also observed differing corolla

diameters between the two floral morphs and it has since been confirmed that cells in the
6



thrum upper corolla tube (UCT) are wider than in pin, leading to a larger tlfilurer
mouth Darwin, 1862Webster & Gilmartin, 2006). Both flower types are of equal length
and, as the LCT and UCT regions are defined by point of anther attachment, it could also be

said that thrum flowers have a shorter UCT and longer LCT than pins.

Thrum pollen is more opaque, spherical and larger in comparison to the ebluayged pin

pollen grains (Darwin, 1862). There is also evidence to suggest that pin pollen may develop
earlier than thrum pollen (Burrows & McCubbin, 2018). Scanning electromscopy by
Pandey and Troughton revealed thrum pollen to have rougher exine sculpturing than pin
(Pandey & Troughton, 1974)Pin plants have a globulahaped stigma with a rougher
surface due to longer papillae cells (Darwin, 1862). Lewis definesixraspects of floral
heteromorphy as pollen size, anther height, male incompatibility component, female
incompatibility component, style length and stigmatic papillae len@g#wis, 1949) The

latter is probably a consequence of the increased cell elboigan pin styles (Webster &

Gilmartin, 2006) but may also play a vital role in pollen germination (Richards, 1993).

1.11 Selfincompatibility in Primula

Darwin observed thaPrimulavulgarisdid not set seed when covered under a net and so
concluded hat insects were required for pollinatigfdarwin, 1862) In the nearabsence

of any visiting bees, he proposed that these flowers must instead be pollinated by moths
atnight. Ly 02 y NI selipalindion hebts\ oyPGsinensislid successfullproduce
seed(Darwin, 1862) This occurred with a 2#ld increase in pins, which he assumed was
caused by anthers brushing across stigmas when theaBhationcorollas fell off in this
species. Thrum seffollination could simply have occurred geavity acting on pollen from

anthers positioned above the stigma.

Darwin initially noted thatntra-morph crosses are significantly less fertile than inter
morph pollination and this selhcompatibility is even stricter in thrums (Darwin, 1862)e
later argued that anyoreakdownin the selfincompatibility system was not a malfunction
but instead perfect adaptation because it retained the possibility offeelilisation as a
final resort in the absence of insestediated crosgollination(Darwin, 187). Darwin also
noted how progeny from sefertilised P. verisnvere weaker than those from legitimate

crosses (Darwin, 1868; 1876).



The stringency of selhcompatibility varies between and even within populations of the
samePrimulaspecies (Shaet al., 2019). This variance persisted when wild plants were
transplanted from their separate geographies into the same glasshouse, thereby
suggesting these quantitative int@opulation differences in setfompatibility could have
been environmentally inducegre-transplantation or even controlled epigenetically. The

authors concluded that selhcompatibility is likely mediated by multiple networked genes.

Dowrick recorded that pollen tubes &f. obconicausually grow ~3 mm in 24 hrs during
compatible interatons and rarely penetrate the stigma during incompatible -self
pollination (Dowrick, 1956) The site of selhcompatible pollen tube inhibition differs
between Primula species and also between pins and thrums of the same species
(Wedderburn & Richards990). Pollen germination often stalled at the stigmatic surface
but some species had multiple sites of inhibition at varying distances down the style and
this led Lloyd and Webb wuggest thathe Primulaincompatibility systenisdifferent from
currently known mechanisms of pollen seéfcognition(Lloyd & Webb, 1992)It has even
been shown thaP. oreodoxas entirely seHfertile (Yuaret al.,2019). OnlyP. polyneura
andP. pulverulentalemonstrated absolute selhcompatibility in both floral morps, while
thrums of nine further species and pins from five more were completelyisedimpatible
(Wedderburn & Richards, 1990). However, these differences may be popusgmtemific

instead of speciespecific (Shaet al.,2019).

Seltincompatibility systems have independently evolved multiple times across different
heteromorphic angiosperm lineagegEast, 1940)and they fall under two classes:
gametophytic and sporophytidde Nettancourt, 1977) Efforts to describe these
mechanisms in different spexs have so far consistently found a male and female
determinant in each class that are tightly linked in the genome and therefore inherited
together(McCubbin & Kao, 2000)Gametophytic sefihcompatibility (GSI) is controlled by
the haploid genotype of &ch pollen grairand sporophytic seHincompatibility (SSI) is
mediated by the parent plant genotype that produced the pol{@andey, 1959) In this

way, Primulaselfincompatibility is said to be sporophytiDowrick, 195&

1.1.2 Gametophytic Selincompatibility Mechanism
Normal fertilisation involves polleadhesionto the stigmatic papillae, grain hydration and
subsequent penetration of a pollen tube into the pistil, which grows through the style to

the ovary. GSI is the most common incompatibititgchanism and has been identified in
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over sixty plant familiegKao & McCubbin, 1996) Symptoms of this pollen rejection
response in th&olanaceaéamily include cell wall thickening and slow growth of the pollen
tube followed by its eventual eruption ithe style (Ebertet al, 1989) Thee is also a
perturbedpattern of callose plugsisually deposited at regular intervals in the pollen tube

(de Nettancourt, 1977)

SRNase glycoproteins exhibiting ribonuclease activity have been identified as theefemal
component of GSI in thRosaceand Scrophulariaceatamilies in addition to widespread
Solanaceaenembers includingPetunig Lycopersion, Nicotianaand Solanun(reviewed in
Silva & Goring, 2001)Their expression levels correlate with acquisitionhef §I response
throughout flower maturation(Cornishet al., 1987) These diverse ~30 kDa enzymes
demonstrate marked similarity to the active site of fungal RNasgKa@ataet al., 1988)
Different allelic forms can share as little as 38euence identityloergeret al., 1990)out
there are seven to ten consistently conserved cysteine residiesiet al., 1992)
responsible for disulphide bridges that stabilise the tertiary protein struci@gzley &
Bacic, 1996; Ishimizet al., 1996)

Antisense inhibition of such-BNase genes is linked with setfmpatible mutantgLeeet

al.,, 1994) A plant exhibiting GSI rejects pollen that possesses the sdRiNaSe allele as
itself and this has been provem vivo via gainrof-function experimens in which
misexpression of an-BNase gene from an alternative allele resulted in rejection of non
seltpollen (Murfett et al, 1994) The protein backbone determines allelic specificity
(Karunanandaat al., 1994)and further structural analyses founa@vo catalytic histidine

residues to be responsible for ribonuclease activity of the proteimanget al., 1994)

Mutation of SRNase genes in the pollen genome did not affect-iselimpatibility,
showing their role solely as the female component of (8tidset al., 1999) The pollen
component of GSI was first identified as a nowbdlok protein inAntirrhinum (Laiet al.,
2002)and studies oPetuniahave shown three divergent sets®ocus Fbox (SLF) proteins
are responsible for recognising naelf pistii SRNasegKuboet al., 2010) These SLF
proteins define specificity for targeted ubiquitination and degradation to disable the S
RNases and permit cre$artilisation (Kuboet al., 2016) Investigations in th&olanaceae
have suggested backgroumdabdifiers may be necessary to enable setfompatibility too
(Bernatzkyet al.,, 1995) as the Sllele from a seltompatible cultivar was crossed into a

selfincompatible cultivar and found to be function@iet al., 1991)



The gatekeeper anishhibitor models have both been proposed for GSI; the former suggests
a membranebound receptor protein uptakes allelgpecific SRNases into the pollen tub
whereas the latter predicts the uptake of aHlRBases with specific inhibition occurring
within the cytosol(Silva & Goring, 2001)Although the gatekeeper model has received
support from McCubbi{McCubbinet al,, 1997) Luu showed -8Nase accumulation in

pollen tubes was not allelspecific(Luuet al., 2000)

Unlike inSolanaceaenembers, pollerrejection inPapaver rhoeasccurs at the stigma
surface(FranklinTonget al, 1992) It is not mediated by RNases but 15 kDa secreted
proteins that are rendered dysfunctional by mutating any of four invariant cysteine resides
or the aspartic acid residg in the sixth hydrophilic loop responsible for safompatible
pollen recognitionKakedeet al., 1998) Protein phosphorylation has been detected in the
GSI pathway of poppigRRuddet al.,, 1996; Rudakt al., 1997) with inositol triphosphate
potentially inducing the characteristic €avave (FranklinTonget al., 1997)that signals

programmed cell death to inhibit incompatible pollen tube grodiordaret al., 2000)

1.1.3 Sporophytic Selincompatibility

The SSI response Brassicaoccurs rapidlyon the stigmatic surface and prevents pollen
hydration(Dickinson, 1995)The male SSI component responsible for pollen specificity was
identified as arBlocus cysteine rich (SCR) protein highly expressed in the ar{@arepfer

et al, 1999) AnSlocus receptor kinase (SR&teinet al, 199) and S locusspecific
glycoprotein (SLGNasrallahet al, 1985 were the two main female SSI candidate
mediators. These polymorphic proteins are believed to havevatved and fall under two
classes Class Il is recessive to Class | and demonstrates less variance and weaker sell
incompatibility(Silva & Goring, 2001 SRK was later shown to be the single definitive pistil
determinant of SSI but the response appears to be enhanced by the preser&ieGof

(Takasaket al., 2000; Silvat al., 2001)

The THL1 and THL2 thioredoxin proteins undergo inhibitive interaction with the
extracellular domain of SRBoweret al., 1996) The SCR protein is believed to diffuse
through the papillae cell wall andvercome the thioredoxin inhibitors to initiate the SSI
signal cascadéCabrillacet al.,, 2001) The downstream cellular events are still not fully
understood. Promotion of ethylene signalling has been shown to breakdowB&$hl.,
2020)and overexpession inArabidopsiof anArmadillo Repeating ContainifgRg gene

from Erigeron breviscapusas been shown to induce saficompatibility (Chenet al,
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2020) Calmodulin proteins, kinasessociated protin phosphatase (KAPP) and sorting
nexin 1 (SNXIhave been shown to interact with SRK t@éanoosthuyseet al., 2003)
Furthermore, selcompatible mutants caused by the knockout ofldtus protein kinase
(MLPK) proteins iBrassica napusuggests they are an upstream positive regulator of SSI

(Chenet al., 2019)

1.1.4 Scientific History of Floral Heteromorphy

Pin flowers acquired their name due to the appearance of their stigmas like pin heads at
the corolla mouths and thrums are so called because their anthers resemble the ends of
S @SNREQ niik NEB7). R & believed that Curtis first used these two terms in the
late 1700sn writing Floral Londinensi&ited in Gilmartin, 2015nd Hildebrand described

this as heterostylyHildebrand, 1866) Ganders elicited surprise at ti@erest given to a

rare breeding system that appeared in such economically unimportant p(&dsaders,
1979) HoweverPrimulaspecieshave been horticulturally cultivated since the early"7
century (Liet al, 2010) and currently provide an annuaktover of $50 million for the
ornamental flower industry (Richards, 2003). Florists valued Primroses by the late 1800s
YR GKS OKAf RNBY 2F 5 N¥ Augp@ricoraia tib&fror@@n ¢ 2 d
flowers into necklaces (Darwin, 1877). Gandemsceded that heteromorphy offered a
remarkable example of convergent evolution and lent itself well to scientific investigation,
as seHincompatibility and morphology can be visually investigated without need for

intensive breeding experimen{§&anders, 279)¢ or modern day genotyping.

Clusius offered the earliest documented evidence for the diffeRnrnhulamorphs in 1583
but it was Darwin who first recognised their significance in natyrmdough Linnaeus
overlooked their importance and was not concechby such slight variation&innaeus,
1792) Darwin exchanged letters with Hooker in 1860 to discuss the tendency of these two
forms toward adopting the male and female roles of a dioecious state. He also mentioned
that Henslow, his Cambridge mentoradh noted the phenomenon too.These early

observations on heterostyly from Clusius to Darwin were reviewed in Gilmartin, 2015.

Darwin identified no intermediary morphs between the pin or thrum types, which excluded
the possibilityof natural variation(Dawin, 1862) He also found that one plant only ever
produced one kind of flower and this remained perennially persistent. Although his

correspondent,Mr Wooler of Darlington, claimed to possess a sprligoming Primula

11



that presented the alternate flowethat following autumn, Darwin believed this to be a

case of poor seasonal development and not a true anomaly of the n{Daelvin, 1862)

1.1.5 Original Diallelic Genetic Model for Floral Heteromorphy

In 1905, Bateson and Gregatgfinedthat floral hetelomorphy inPrimulawas controlled

by a single genetic unit, which they named tBcus(Bateson & Gregory, 1905)They
proposed that thrums were heterozygouS g) for thisSallele and pins were homozygous
recessivewhich accounted for the 1:1 ratid thrums to pins observed in wild populations.
While no intermediary morphs exist (Darwin, 1877), short and long homostyles do rarely

occur that present both reproductive organs at the low or high positions, respectively.

Ernst undertook vast screenimgperiments between 1926 and 1938 to identify indinatiu
in which heterostyly had broken dowrsuch as seffertile short homostyles, long
homostyles and pin plants producing large thrtype pollen These studieded to the
accepted model that floral hHeromorphy was mediated by three tightly linked
components at theS locus: G, P and A, which was superimposed onto Bateson and
D NB 3 »lhsén@ation(Bateson & Gregory, 1906§ a heterozygous thrum@PA/gpa and

a homozygous pingpa/gpa). The dominanG allele ¢ from the German word{riffelQ
meaning stylug was thought to suppresstyle length, the dominanA alleleto promote
anther height and the dominar® alleleto control larger thrumtype pollen. Lewis and
Jonesproposed an oder of the Slocus subunits to bé&, P and thenA, based on the
NEFylFfeaAra 27F (ReNly&Jorses 1923WNkEBarght Gilmatinidentified
the first signs of heteromorphy in developifg vulgaridlower buds and suggested tle
gene ackdto suppress style length beforeacted to elevate anthers (Webster & Gilmartin,
2006)

Crosby discovered two naturalbccurring British long homostyle populations in Somerset
(Crosby,1940) and the Chiltern Hill€fosby,1949). Observation of thegelifertility led

him to predict the consequential extinction of pin and thrum morphs due to future
replacement by homostyles. He hypothesised that homostyles would almost always self
pollinate and produce greater seed quantity (confirmed by Pieeral, 1984) while
outcompeting thrums to fertilise pin planend proposedhis woutl lead to theeventual
extinction of the thrum allele and render pin flowers unable to pollinate anything due to

the continuing selpollination of homostyles.

12



One opposing agment claimed inbreeding depression would counteract dominion of the
fitter homostyles (Charlesworth & Charlesworth, 1979). Darwin indeed demonstrated that
seltcrossedP. verisexhibited less vigour after only a few generatigiiarwin, 1876)
However/ NP & 0 & Cséiggdst&dSi®waild at least result in a mixed population of pins
and homostylegCrosby, 19499 and his ecological data appeared to confirm this process
was underway. Alternatively, Bodmer proposed that homostyles rarelype#ihate and
presented thirteen years of data to show declining homostyle frequer{@edmer, 1958;

1960; 1984) The debate has been revisited (Curtis & Curtis, 1985) and remains ongoing at

present.

Ernst believed such homostyles were derived from mutations in heterostylous plants
(Ernst, 1933jhile Darwin believed they arose from hybridisation evefidarwin, 1877)

and Dowrick argued that recombination within tBécus was responsib{@®owrick, 1956)

It has since been confirmed thatNJ/ a (1 Qa | (Erstd2928K; A9B6A)ere correct

and mutations are the cause of these homostyle variantsflal., 2016). Charlesworth

and Charlesworth explained the much rarer occurrence of short homostyles neuat b
symptom of their ill fitness, otherwise they would be expected to arise as frequently as long
homostyleqCharlesworth & Charlesworth, 1979)

Richards proposed the inclusion of two further genes atSleeus to account for the male

and female incompigbility componentgRichards, 1997)The only allelic combination that

had not been established w&PAGPA although it was reported iR. sinensig and this

led Kurian and Richards to propose the existence of a lethal gene that prevented this
genotype (Kurian & Richards, 1997)They also restructured th®locus ordering taG, A

then Pbefore extendng the model to include seven genes.

1.1.6 Progress Toward &lv SLocusModel

Modern laboratory techniques have allowed investmyat to undertake differatial
expression analyses (McCubleinal., 2006; Huwet al.,2016), mutant analysis (Webster &
Gilmartin, 2003; Let al., 2008; Let al.,2010; Cockeet al.,2015; Liet al.,2015), genetic
mapping (Let al.,2011b) and genome assembly (Nowetkal.,2015; Let al.,2016; Cocker

et al.,2018) to elucidate the genetic mechanisms of floral heteromorphy.

Multiple Primulamutant phenotypes were found to be linkealith the Slocus, such as

Sepaloidwhich produces flowers containing only sepals and carpeks @li, 2008). The

13



Hosein-Hosemutant presents conversion of sepals to petals due to upregulation of the
PrimulaGLOBOSgenecaused by a retrotransposon insertion within the promotearef_

al., 2010). TheDakleafSlinked mutationleadsto the development of lobed leaveand
further genetic mapping place@akleafand GLOon opposite sides of th8locus (Let al.,
2008; Cockeet al.,2015).

Analysis of fluorescent differential displaytdaLiet al, 2007) and random amplified
polymorphic DNA led to the identification of markers now known to border $iecus,
such asP\WSLP1, which is tightly linked but not expressed (Manfiedal., 2005).
Subsequentn situhybridisation assays use¢dese markers to locate th8locus near the

centromere of the larged®. vulgarichromosome (Lt al.,2011b).

McCubbin utilised suppressive hybridisation to subtract a thrum cDNA library from that of
a pin flower and highlighted eleven distinct gerteat, although not encoded by th&

locus, were potentiallyjnvolved in downstream pathwayMcCubbiret al.,2006) In 2018,
Burrows and McCubbin again tackled differential expression assays to identify 229 and 311
transcripts that were respectively upgalated and downregulated in early flower buds,
with 1489 and 1612 in mature bu@Burrows & McCubbin, 2018)

Nowak identified 113 genesith morph-specific expression via RMs&q ofP. vulgarisand

P. verigNowaket al., 2015) Fromthesecandidate heterostyly genes, particular focus was
given to onesequence found to beompletdy silened in pin plants. Thikas now been
identified as theGLO gene which duplicated fromGLO51.7 million years ago (Et al.,
2016). The Nowak publicati@lsosignified the first draft genome fd?. verisassembled
from combined pin and thrum read®Nowaket al, 2015) However, the Gilmartin lab
answered with their dualP. vulgarisgenome assemblies of separate pin and thrum
samples; a decision that @ved imperative for it allowed elucidation of tfg#ocus and the
groundbreaking discovery of its absence from the pin genonmet @li,2016; Cockeet al.,

2018).

ThePrimula Socuswasidentified as a hemizygous 278 kb region containing five gemes, i
the order of:CCM, GLO, CYB, PUM andKFB(Liet al., 2016). The&5LOduplication and
positioning of the thrumspecificGLO paraloguealongsideCYP at the Slocus wasalso
later reconfirmed by Burrows and McCubbiBurrows & McCubbin2017). The CCM
protein contains a conserved cysteine motBL.O is a paralogue ofPvGLOCYPis a

member of the cytochrome P450 famiRUM encodes a Pumiliike RNAbinding protein
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and KFBis a KelchBox protein (Let al.,2016). TheSlocus is flanked by tw&yclinlike
Fboxgenes CFBland CFBR OnlyCFBIs present and shows low levelsedfpressionCFBR
from the right border of theSlocus is thrumspecific and no transcripts have been detected
(Liet al.,2016).

Huu compared transcriptome sequencing data between styles and corollas of pins and
thrums(Huu et al, 2016) From eleven candidate gen&YP734A5YP was confirmed

via virus induced gene silenci(MGS)o be responsible fothe style length dimorpism by
degrading brassinosteroid hormones in thrustyles (Huu et al., 2016) to limit cell
elongation (Webster & Gilmartin, 2006). TI@&YP Slocus gene also derived from
duplication¢ like GLO (Nowaket al, 2015; Liet al., 2016)¢ and Huu detected noCYP
reads in a long homostyle transcriptome dataset, providing further proof of function (Huu
et al.,2016). Members of two geographically separated long homostyle populations have
also been found to contain mutatioris CYP, a single base substitutidn exon 2 and the
introduction of a premature stop codon by base insertion at exon 8t(al., 2016)from
Somerset (Crosby, 1940) and Chiltern (Crosby, 1949) populatiéinsthermore, PCR
designed to genotype exon three 6fYPfailed to amplify in the naturally occurring long
homostyle species dP. grandisP. halleri and P. scoticaHuuet al.,, 2016). This points

toward consistency of the model across the wi@imulagenus.

A rare short homostyle lineccurred as a progenglant in the threepoint cross to map
Oakleafand Hose in HosélLiet al., 2015)and wasfound to containa 2.5 kb insertion in
exon 2 ofGLQO (Liet al.,2016). This reswddin a frameshift mutatiorthat indicated a role

for GLOin the antherheight dmorphism (Let al.,2016). In the same wayhat Ernst used
homostyles todefine the geneticcomponents othe Slocus homostyleshave now been
used to define the molecular genetic basis of heterostyhslong (Piperet al,, 1984) and
short homostyles are also salbmpatible, this suggests single gerwaild mediate the
male and femaleomponents oboth incompatibility and dimorphism. These findings also
confirm9 N/ & ( Q& tHaiNwBniodty@s drigeyfrom mutatiofErnst 1928b; 198a) and

not recombination (Dowrick, 1956; Lewis & Jones, 1992) or hybridisation (Darwin,(l877)

genetics
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1.1.7 Evolution of Heteromorphyin the Primulaceae

Heteromorphy has been observed in 199 genera across 28 angiosperm families (Ganders,
1979) over 18 orders of monocots and dicots, though it is not seen in the most primitive
subclasses: Magnoliidae, Alismatiae, Hamamelidae, Arecidae and Commelinidae
(Cronquist, 1968 Approximately 92 % of the ~43®rimula species have distylous
populations and so do 40 of Mionysiaspeciespneof two Hottoniaspecies and the single

Vitalaniaspecies within the broaddPrimulaceadamily (Richards, 2003).

The existence of heteromorphy in distantly related families suggests a polyphyletic origin
with independent evolution multiple times across the plant kingdom (Lloyd and Webb,
1992), however heteromorphy only evolved once within Bremulaceadamily itsef (Mast

et al, 2006). The ew Slocus model (Let al., 2016) should therefore be applicable to all
heteromorphicPrimulaspecies The entirehemizygousSlocus has beeronfirmedin P.
veris(Cockeret al,, 2018).

In 1877 Darwin proposed that recipr@t herkogamy evolved before saticompatibility as

he sawno benefit to a mutation that rendered plants unreceptive to half of their population
(Darwin, 1877) Charlesworth and Charleswortised computer simulations based on the
assumption of a selfompatible monomorphic ancestofCharlesworth & Charlesworth,
1979) Theysuggestedan initial mutationthat generated pollen that was incompatible
with all stigmasbefore evolution drove selection for a novel stigthat wascompatible

with this mutant pollen. They believed this sequence of events was imperative because a
novel stigma would almost certainly be eliminated without a compatible pollen type. Tight
linkage would be essential for spreading the novel mutationsughmut the population

and the reduced rate of seffollination would lead to the development of spatial

separationbetween anthers and stigmas (Charlesworth & Charlesworth, 1979).

Ganders acknowledged that KI NI Sa¢2 NI K | yR / KI NdbvEdi g 2 N
mathematical viability for the evolution of floral heteromorphy but noted their ignorance
toward asymmetric pollen flow caused by stamen and style dichog&@ayders, 1979)
Ganders fundamentally disagreed withh KI NI S& ¢ 2 NIl K | yfeundingk | NI
asumption of a monomorphic setfompatible ancestor due to the high rate of self
pollination and subsequent inbreeding depression that would ensue (Ripat, 1984;
Ganders, 1979). Richards also contradi¢ted | NI S & ¢ 2 NIl K | pfoRosditfatr NI S

seltincompatibility arose before dimorphism by highlighting examples of heteromorphic
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plants lacking selhcompatibility yet the absence of any monomorphic plants with two
mating types(Richards, 1986; 1993)Gandergproposedit was more likely a populen
experienced a sudden increase in delfilisation due to a rapid depletion of fauna
(Ganders, 1979)He doubted that reciprocal herkogamy evolved to reducepsalination
and instead proposed that the monormophic ancestor already had spatiataspaof the

reproductive organs, as many plants do.

Lloyd and Webb noticed heterostyly had only evolved in tubular flowers and suggested that
a selffertile ancestor exhibiting approach herkogamy (with the stigmoaitionedabove

the anthers)acquireda dominant mutation to shorten the style, which would be selected
for due to increased male fitnegkloyd & Webb1992) A subsequent mutation would
raise anthers to the previous stigmatic position before adaptingisetimpatibility. Ts

Lloyd and Wkb model is therefore coherent with propositions from Charlesworth and
Charlesworth for the development of heterostyly but instead places incompatibility at the
final stage of heteromorphic evolutionPredictions byAl Wadi and Richardsgree that
selfincompatibility was the final aspect of heterostyly to evolve, vathinitial short style

mutation followed by pollen heteromorphfAlWadi & Richards, 1993)

However,Mast carried out phylogenetic analyses on chloroplast DNA from 207 samples
(comprisingg1 % of species from 95 % of thRemulasections) and confirmed th&rimula
heteromorphy arose from a distylous ancestbtastet al., 2006) They showed how long
homostyles first developed (as seen®n sinensigand P. verticillatg before the thrum
morph was acquired (evident iRA. boveanaP. gaubeanand P. davis)iand high anthers
were finally lost in pin morphs &f. gaubeanandP. davisii They concluded that there are
now fourPrimulaceadineages of heteromorphy iW. primuliforg H. palustis, P. prolifera

and the most recent common ancestor fimula

The high density of transposable elements and repetitive sequences &ldloceissuggest

it could be involved innon-homologous recombination with other parts of the
chromosome (Huwet al., 2016; Liet al., 2016; Burrows & McCubbin, 2017). Therefore,
instead of stepwise development, tHelocus may instead have derived from segmental
duplication with subsequent losH intervening genes (Kappet al,, 2017). Duplication of
CFBgenes that border th&locus could have initiated this illegitimate crossing owaerd
gene duplications a$loci in Fagpopyrumand Linumsuggest this model may apply more

widely too (eviewed inKappelet al., 2017).
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1.18 Floral Heteromorphy in Other Species

After his initial Primula observations in 185 (Darwin, 1862) Darwin studiedLinum
grandiflorum (Darwin, 1863) and tristylousLythrum salicaria (Darwin, 1864) before
publishing his ladmark text regarding the different forms of flowers on plants of the same
species Darwin,1877). Darwinwrote howrealising the purposef heterostylous flower
structurewashismost pleasurable and satisfying work fr@afong and prestigious career
(Dawin, 1887). Hildebrandf A NB G dza SR GKS GSN¥Y WKSGSNRACL
to only those plants that contain a setfcompatibility mechanisn{Hildebrand, 1866;
Darwin, 1887)

Heteromorphy is presented inconsistently between speci@sndersoted that Armeria
maritima has seHincompatibility without heteromorphy (Ganders, 1979) Linum
grandiflorumhas seHlincompatibility with dimorphic styles but monomorphic anthers and
Narcissus tazettalso presents these two features unlinked to eachest(Dulberger,
1964) Flowers oEichhornia paniculatpresent a third form (an example of tristyly) that

is mediated by two separate loci (Arunkun@ral., 2017).

Research inthinum grandiflorumdentified twelve morphrelated genes, four of whichre

post-transcriptionally regulated and believed to mediate heterostyly (Ushigirad, 2012).

One of these four candidates was &linked gene called’'SSifound to be uniquely
expressed in thrum styles and the authors showed that a sedagidYB21reduced pistil

length when overexpresed in Arabidopsis It has been suggested that th&agopyrum
esculentumand Linum usatissimum [Bc¢ci are hemizygous todéppelet al.,, 2017), as in
Primula(Liet al.,, 2016).

A large 5.4 Mb region containing 32 preditgenes and many transposable elements was
shown to be missing from thie. esculenturpin genome (Yasui, 2016). Four thrspecific
transcripts were identified and a mutation in one of them led to selinpatible long
homostyle plants (Yaset al., 2012) which is coherent with the behaviour &fYPin P.
vulgaris(Liet al., 2016). This candidat&LOCUS EARLY FLOWERI[SEGLF} also arose
via gene duplication from &agopyrumhomologue of EARLY FLOWERINGERBF3J in
ArabidopsigYasuket al., 2012).

Another wellstudied heteromorphic species ®urnera subulatawhich presents bowl
shaped flowers and not the tubular ones discussed by Lloyd and W@Si92. Two genes

external to theSlocus, coding for polygalacturonase (Athanaseiual., 208) and h-
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dioxygenase (Khosraet al., 2004), both demonstrated thrurspecific expressioq the
former isSlinked and the latter unlinked (Athanasiou & Shore, 1997). AnotherSon
linked polygalacturonase gene wsgecifi@ally detected in thrum styles d¥. esculentum
(Takeshimaet al., 2019). Labonnediscovered threeSlinked markers inT. subulata
(Labonneet al., 2009)that were used to characterise deletion mutants (Laborateal.,
2010) and initiate a chromosome walk for progression toward identifgenes are thé.

subulata Slocus(Labonne & Shore, 2011).

1.2 Kelch FBox Proteins

The purpose of this PhD project was to charactekis® from the P. vulgaris $cus and
identify its role in floral heteromorphy. This gene encodes a member oK#éieh Foox
protein family that functions in targeted protein degradation via the ubiquitinase pathway,
which is one of two major eukaryotic protein turnover systems; the other is the lysosomal
pathway in which degradation is carried out by proteolyticyanes in membrandound

vacuoles or lysosomes (Hassral., 2015).

1.2.1 The Ubiquitinase Pathway

Up to 50 % of plant proteins are turned over every week (Vierstra, 1993) and
approximately ~5 % of thérabidopsisproteome (>1300 genes) is dedicated toet
ubiquitinase pathway (Vierstra, 2003Ubiquitin is an 8.6 kDa protein discovered in 1975
(Goldsteinet al., 1975 that behaves as a reusable recognition tag for degradation by the
26S proteasome (Ciechanover & lwai, 2004). This highly conservethpgsotdundantly
present in all studied eukaryotes and has an almost invariant 76 amino acid sequence with
only rare cases of deviation outside of the plant kingdom (Catic & Ploegh, 2005). Overall
stability of the structure is conferred by many hydrogemtsthat permit recycling (Vijay
Jumaret al., 1987). Lovefound that substituting two amino acids of ubiquitin introduced

destabilising cavities into the prote{hoveet al., 1997)

Covalent conjugation of ubiquitin to the target protein is an AlEBendent process
requiring three enzyme groupsi@ssaret al., 2015). An E1 ubiquitiactivating enzyme
catalyses bond formation between ATP and ubiquitin before subsequently binding to
ubiquitin itself Hassanet al., 2015). This activated ubiquitin is misferred to an E2

ubiquitin-conjugating enzyme and an E3 ubiqupirotein ligase acts as the recognition
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element to complete delivery of this ubiquitin complex to the target protélagsaret al.,
2015). Addition of a single ubiquitin molecule in thisayis important for triggering
endocytosis, virus budding or regulating gene expression via monoubiquitination of
histones (Hicke, 2001). However, polyubiquitination is more common and ubiquitin is here
added to one of seven lysines on a previously caated) ubiquitin molecule (Penet al.,
2003).

There are only two E1 isoforms Arabidopsisand their efficiency is adequate to ensure
sufficient abundance of activated ubiquitin (Pickart, 2001). Alternatively, there are 37
isoforms of E2 enzymes across fitbtein subfamilies inArabidopsis(Vierstra, 1996;
Backmairet al., 2001). There are over 1300-&3coding genes iArabidopsighat fall into

four categories: HECT, RING, APC and KBBa(et al, 2015). The SCF mulpirotein
complex consists of SUPPRESSOR OF KINETOCHORE PROTEIN 1 (SKP1), CELL C
CONTROL PROTEIN 53 (CDC53, or Cullin 1) abd»aprbtein(Feldmaret al., 1997)

1.2.2 The Fbox Domain

The Fboxwas initially discovered in 1996 agi350 amino acid motif in humans (Bsial.,
1996 that confers target specificitySkowyraet al., 1997) ofthe CullinSKP1 complex
which provides ubiquitin transferase activity It was subsequently identified in the plant
protein, UNUSUAL FLORAL @BR&Hepworthet al., 2006, and is now known to comprise
one of the largest plant protein familiethere are ~70@®rabidopsig~box proteins (Gagne
et al, 2002) and only 11, 36 and 326 in yeast, humans and nemgtedpectivelyKipreos
& Pagano, 2000

Fbox proteins in plants are associated with hormone signalling, circadian clock, flowering
time and pathogen defence (Kipreos & Pagano, 2000). These proteins cehtaimiotifs

at their Nterminus and proteirprotein interaction domains at their-€@rminus to confer

target specificity,such asleucine rich repeats, W domains, tetratricopeptide repeats,
Armadillo domains or Kelch motifs. The SCF complex transfers target proteins to the 26S
proteasome, which is a 2MDa A@EBpendent proteolytic compbeconsisting of 31 subunits
arranged into a 20S core protease and 19S regulatory paftctelle & Vierstra, 2004)

The regulatory particle recognises and unfolds ubiquitinated substrates before directing
polypeptides into the core protease lumen (HartnmePetersenet al., 2003), which is a
cylindrical stack of four heptameric rings that cleaves peptide bonds and completes

degradation (Vogest al., 1999).
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1.2.3 The Kelch Propeller

Kelch motifs were first discovered Drosophilathrough mutants that resited in female
sterility due to abnormal eggs that failed to transport the nurse cell into the oocyte via the
cytoplasm (Sdipbach & Wieschaus, 1991). This repeamtaining gene was later
characterised and found to produce a component of rgagpals that form intercellular
bridges in egg chambers (Xue & Cooley, 19B8)L crystal structure analysis of the human

Keapl Kelch protein is now completedtal., 2004).

Kelch domains are widely dispersed throughout the biological kingdoms arad stiteens
found they typically contain four to seven repeats of3Blamino acid motifs that encode

a cylinder ofi -barrel sheets arranged into a propeller (Bork & Doolittle, 1994). Motifs
within a protein share just 250% similarity (Xu & Cooley, 1998nd motif similarity
between different proteins may be as low as 11 % (Bork & Doolittle, 1334¢h proteins

have been associated with cell morphology, gene expression, cellular organisation and

extracellular functions (Adanet al., 2000).

While interaction sites in Kelch proteins are poorly studied, propeller proteins without
Kelch domains have varying and sometimes multiple binding positions on the upper
propeller surface (Lambriglet al., 1996), grooves between bladddaaret al., 1998;Sun

et al., 2017) or on opposing sides of the propeller (Renaettal,, 1998). It has been
predicted that interblade loops and intrdlade variation may aid in defining target
specificity (Adamst al., 2000)and each propeller blade could exhibit a particulandtion
(Schumanret al., 2011)

Kelch domains paired with-lfox domains are commonly but almost exclusively found in
plants, with few exceptions in other organisms (Hastal., 2015). The evolution of Kelch
Fbox proteins occurregbrior to the divergence of animals and plants befomedergoing

rapid gene duplications in the plant kingdom (Sairel, 2007). They have a particularly
well-characterised role in regulation of the circadian clock and flower timinkhe
CONSTANS flowering time regulator is stabilised via degradatiomegrieéssors (Imaizumi

et al, 2005) by ZEITLUPE (ZTL; Soetels 2000), FLAVIN BINDING KELCH REBOX1F
(FKF1; Nelsoet al., 2000) and LIGHT OXYGEN OR VOLTAGE KELCH PROTEIN 2 (L
Schultzt al,, 2001). These proteins have-#e@ninal Kelch doraincontaining six repeats

a central Fbox domain and an f&rminal LIGHT OXYGEN OR VOLTAGE (LOV) domain.
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There are ~100 KelchBox proteins inArabidopsis(Zu et al., 2009; Suret al., 2007;
Schumanret al., 2011) with a furthethree inJuglansregia(Yanet al., 2019),36 in Vitis
vinifera, 44 inSorghum bicolqgr46 inSelaginella moellendorfand 71 inPhyscomitrella
patens (Schumanret al, 2011). Between 35 and 68 KelchBox proteins have been
identified inOryza sativaand ~35 inPopulugtricocarpa(Schumanret al., 2011; Zet al,,
2009). The number of repeats is more variable in plant Kelomadinsand only a single
motif has been detectedh some such aghe BIG24.1protein involved inthe grapevine
stress response (Pasqeisal., 2011). TheChickpea Box 1(CarFBox]) gene also encodes

a Kelch protein involved in abiotic stress €lial., 2012).

Of the ~% rice Kelch Hox proteins (Schumanet al., 2011; Ztet al., 2009), RICE KELCH
GONTAINING-BOX 12 has been shown to modulate ethylene levels to regulate leaf
senescence and grain size (Clatral., 2013), another changes panicle architecture with
consequential effects on grain yield étial., 2011) and IBF1 inhibits brown pigmenian

in rice hull furrows (Shaet al., 2012). Furthermore, hypocotyl elongationAmabidopsis

is controlled by the COP9 INTERACTHEGX KELCH 1 (Franciosirail., 2013) protein and
TOO MUCH LOVE maintains root nodulatidootus japonicu¢Takaharaet al., 2013).

1.2.4 TheKFB Gene at thePrimulaSLocus

The closest homologues of tiie vulgaris KFBjene are found in thérabidopsigamily of
four Kiss Me Deadl{KMD genes. Expression of th&MD genes varies across flowers,
shoots and roots buKMD2exhibits the highest transcript levels of all knowrabidopsis
Kelch FBox genes in root meristems aidviD3demonstrated the greatest expression in
young flower tissue (Sun et al., 2007)heseproteins modulate cytokinin signalling via
degradation of typeB Arabidopsigesponse regulators (Kiet al., 2013a). Furthermore
upregulation oiKMD3has been shown to promote root susceptibility to nematode attack
(Curtiset al., 2012). A Kelchbox protan in sugar beets also knowrto promote viral
infection by suppressing pathogen resistance (Tétiel., 2012).An additional function for
KMD2 has been found in modulating phenylpropanoid biosynthesis by degrading the
phenylalanine ammonia lyase enzyme (Zhatgal, 2013). This is also known to be
regulated by a secondrabidopsiKelch Foox protein, SMALL ANBLOSSY LEAVES 1 (Yu
et al., 2019). The overexpression &MD1 KMD2or KMD4is associated with a reduction

of Arabidopsigignin content (Zhangt al., 2013)
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The KFB genewas subjected tdioinformatical and experimental analyses to improve
understandig of its role in floral heteromorphy. Kelch motifs were identified in the'KFB
amino acid sequence and comparative genomics was used to assess similarity acros:s
sequences from othelP. vulgariKkelch proteinsthe ArabidopsiKMD sequenceand KFB

from multiple Primulaceaespecies The KFB nucleotide sequence was screened for
potential promoter elements and secondary structures that may potentially regulate

transcription or translation.

Both RNASeq and qPCR were utilised to quantifyfedtiéntial KFB expression across
various P. vulgarisfloral morphs. Spatial and temporal expressionK#B was also
measured across the floral whorls throughout development. These assays were supported
at the protein level via transformation of@USeporter gene construct intérabidopsis
Further overexpression and knockdown constructs were transfornmed plants for
generating mutants to aid the elucidation of KF&nction. Yeast twehybrid screens of
protein libraries were used to identify paen proteins that KFBmay target for

degradationviathe ubiquitinase pathway.
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Chapter 2

2 Materials and Methods

This chapter outlines the materials and methods that were used throughout the project

Full equipment and reagents lists are provided in AppeBdix

2.1 Plant Material

Unless stated otherwise, @rimulavulgarisand P. verigplants were from glasshouses at
the University of East Anglia, Norwich. They were grown under long day condititbns

16 h light periods and maintained at daytime and night time temperatures of 15 °C and 16
°C, respectivelyFor transformation via vacuum infiltratiofChapter2.15.1), wildtype P.
vulgarisseeds were purchaseddim Thompson & Morgan, Ipswich. Wpkrmission from
Norfolk County Council, wildtyd. vulgaridlowers for the gPCR assa{Chaptes4.2-4 4)

were selected from a roadside verge in Ketteringham, Norfolk. These were transported on

dry ice to long term storage at0°C

The VIGS experime(€hapters.7) utilisedP. vulgarigplants of the longstemmed, yellow
flowered, Polyanthus horticultural variety purchased from Wymondham Garden Centre in
Norfolk TheColumbia CeD ecotype ofArabidopsis thalianavere grown by Timothy Wells

at the John Innes Centre anded for transformatior{Chapter2.16).

2.1.1 Definition ofP. vulgarisFlower Developmental Stages

To monitor expression dfFB throughout flower developmentGhapter 4, a consistent
method fordefining maturity ofP. vulgarisouds had to be established. They were initially
categorised by size but it became obvious that, due to natural variation, buds of the same
length were clearly at different stages of development. This same issue of nauedion

in the length of flowers at similar stages of maturity was encountered by Webster and
Gilmartin (2003). They used visible physiology to recognise six stages of devela@pment

each further split into two or three substages

Visible physiology wstherefore similarly used here to define four broader stages of flower
development. faige one budsgpproximately~5 mm) were the earliest presented by the

plant that could be cleanly excised from the petiole. The calyx that sheaths these young
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buds wasparticularly variable in length. Stage two buds had begun to swell and were
typically enlarged tapproximately~10 mm. Stage three buds had elongated and were
beginning to present petal tissue immediately prior to opening. Stage four samples had

fully opened and were the most mature flowers on the plant.

2.2 SeedSterilisation

All seeds were sterilised prior to germination on MS media. Larger seeds, such as those o
P. vulgarishad to be sterilised using blea¢B@hapter2.2.1). For the smaller seed§ A.

thaliana, sterilisation with chlorine gas was suffigChapter2.2.2).

2.2.1 Sodium hypochlorite sterilisationf Primulaseeds

Approximately fiftyP. vulgarisseeds from the Thompson & Morgan foil sachet were put
into a 2 ml Eppendorf tube and whed in 70 % ethanol. This wash step was repeated with
sterile water. After adding 1 ml of 10 % sodium hypochlorite, the tube was placed on a
gently rocking platform for 20 mins at room temperature. Seeds were subsequently
washed three times with stegl water before 1 ml of gibberellic aci@.4 mg/m) was
added.

After being kept in a dark place at room temperature overnight, the seeds were poured
onto tissue to soak up the gibberellic acid in a sterile laminar flow hood. Sterile tweezers
were subsequetly used to scatter the seeds onto Murashige and Skoog (MS) media
(Chapter2.3.1). Plates were kept in darkness aCfor one week before being moved to
aSANYO growth cabinefith 15 h light periods, a daytime temperature of A@and a night

time temperature of 13°C

2.2.2 Chlorine gas sterilisation éfrabidopsisseeds

To steriliseA. thalianaseeds prior to germination, a glass beaker containing 100 ml of
sodium hypochlorite was placed into a bell jar stored in a fume hood. The bell jar had
previously been checked with the smoke from burning paper to ensure it was airtight. The
seal was optinsed by coating the rim of its lid in petroleum jelly. A rack of open 1.5 ml
Eppendorf tubes was placed alongside it, in whichAhebidopsiseeds had been poured.

It was essential that only a light dusting of seeds was used here to reduce crowding and

ensure the maximum surface area of each seed was in contact with air. A 3 ml aliquot of
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hydrochloric acid was added to the sodium hypochlorite before rapidly closing the bell jar
lid. A record of the Eppendorf arrangement was kept because chlorindtgaseoases ink

from tubes. The bell jar remained closed overnight before the sterile seeds were scattered
onto MS(Chapter2.3.1). Plates were stored in the growth cabinet describe@hapter
2.2.1.

2.3 Media Recipes

All media was autoclaved at 12Cfor 30 mins Any necessary antibiotics were only added
after the autoclaved material had cooled below 30 to prevent degradation of the
antibiotic compounds Media was stored at room temperature in sterile flasks aalid

media was microwaved before use, when required later.

2.3.1 Murashige and Skoog Media

MS media was used for the germination of seeds and initial growth of seedMibsre
necessary, &namycin was added to select for transgenic plants becausedbimrs used

for transformation contained a kanamycin resistance gene and this chermécedes
necrosis of nofiransformed plantissue(Haytaet al,, 2018;Chaptes 2.15.2 & 2.16)2 The
constituents for solid MS media were as follows: 4.41 g/l of MSdeouwcluding vitamins,

30 g/l of sucrose and 8 g/l of agar. Sterile distilled water was used to achieve the desired
volume and, before the addition of agar, media was brought to pH 5.8 using 3M HCI or 3M
NaOH.

2.3.2 Lysogeny Broth

LB media was used in @éhgrowth of bacterial species, such Bscherichia coland
Agrobacterium tumefaciensThe constituents for LB were: 10 g/l of tryptone, 5 g/l of yeast
extract and 10 g/l of NaCl. It was used both with and without 10 g/l of agar powder,
depending whethethe bacteria were spread on solid medium or used to inoculate a liquid

culture. Antibiotics were also commonly added for selection of positive colonies.

2.3.3 Yeast Peptone Dextrose Adenine (YPDA) Media

YPDA is a general purpose remlective growth medi for yeast. It was used as an agar gel

in yeast twehybrid assaysQhapter 6, on which Y187 or AH103 yeast strains were grown
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to acquire cells for transformation. YPDA liquid was used at double strength to maintain
the yeast cells during the mating gi@ of library screenin¢Chapter2.20.3). It was also

used at half strength to suspend the final diploid cells for plating on selective media. YPDA
was made with 20 g/l of peptone, 10 g/l of yeast extract and 20 g/l of glucose. The pH was
adjusted to 65 before agar was added at 20 g/l (if solid plates were required) before

autoclaving.

2.3.4 Synthetic Defined Medias

Synthetic defined medias were used with amino acid dropout mixes to select for plasmids
in yeast twehybrid assay§Chapter2.20.3). ThepGADT7 prey plasmid possesses a leucine
biosynthesis gene (Figu®.l1 lower) and so aleucine (L) mixture containing all the
essential amino acids except for leucine was used to select for yeast cells containing this
plasmid that were autonomously praling their own leucine requirements. The pGBKT7
bait plasmid contains a tryptophan biosynthesis gene (Figuteipper) and so could be

selected by using SD media made witlirgptophan ¢W) amino acid dropout mixture.

A-WL media was used to select fiiploid cells containing both plasmids during the library
screen(Chapter2.20.3). This was not indicative of protein interaction but was instead used
to estimate the number of screened genes and confirm successful mating. Diploid cells
that did contan a pair of interacting proteins were selected witWWHL media because
histidine biosynthesis was triggered by the binding proteins and both leucine and

tryptophan were provided by the two vector backbones.

These medias contained 6.7 g/l of yeast nitrodgese without amino acids, 20 g/l of
glucose and an appropriate quantity of amino acid dropout mixteAé£ 0.74 g/I:L = 0.69

g/l; -WL = 0.64 g/EWLH = 0.62 g/l) from Clontech. The pH was adjusted to 5.8, agar was
added at 20 g/l if solid media wasquired and the solution was subsequently autoclaved
before 2.5 mM 0of3-Amino-1,2,4triazole (3-AT)was added. The-BT was used as an
inhibitor for histidine biosynthesis and 2.5 mM was foundDr Barry Causi€tniversity

of Leeds}o be suffice at preventing autactivationof the KFB binding domain construct
(Figure2.34).
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Figure 2.3.4:Auto-activation of theKFByeast twehybrid bait plasmid across a gradient eiiino-triazole inhibitor.
A 2.5 mM concentration of-BTwas found to be sufficient for preventing augztivation of the histidine reporter
generequired for survival.

2.4 Nuclec AcidExtraction

Nucldac acidextraction from plant material was used throughout the projectpiepare
DNA stocks for genome analysis and RNA for studying expregsionniprep procedure
was used to obtain vector constructs fromadieria and yeadio confirm plasmidntegrity
or identify interacting partners oKFB in mating experiments and twybrid library

screens.

2.4.1 Plant DNA Extraction

All reagents and spin columns for DNA extraction were from the QIAGEN DNeasy Plant Mini
Kit. A heating block was preheatanl65°C Young leaves were cut from plants, added to
Eppendorf tubes and immediately frozen in liquid nitrogen before weighing to ensure they
did not exceed 100 mg. A hole was first pierced into the lid of each Eppendorf to prevent
tube explosion in theevent that a small amount of rapidly expanding liquid nitrogen had
entered the tube.Any tubes or utensils that contacted the sample during or prior to tissue
disruption were also prehilled in liquid nitrogenCentrifugation steps were carried out at
22000gh.
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Frozen tissue was disrupted into fine powder using a mortar and pestle before adding 400
ul of buffer AP1 and 4l of RNase A. Samples were vortexed then incubated for 10 mins
at 65°G during which the tubes were inverted every 3 mins. Al3liquot of Buffer P3

was added to each sample and mixed. The tubes underwent an incubation step on ice for

5 mins.

After centrifugation for 5 mins, each sample was added to a QIAshredder spin column and

centrifuged for 2 mins. The flethrough was tansferred to a new tube (being careful not

to disturb any pellet that may have formed) and 1.5 volumes of Buffer AW1 was added and

mixed via pipetting. The samples were each passed through a DNeasy Mini spin column in
650 ul aliquots via centrifugationegts of 2 mins, with the flodhrough discarded after

each spin. Collection tubes were replaced with clean ones and 500 pul of Buffer AW2 was
added to the spin columns before centrifugation for 1 min. FHbmwugh was discarded,

another 500 pul of Buffer A®/was added and the samples were centrifuged for 2 mins.

Spincolumns were transferred to 1.5 ml Eppendorf tubes for the final elution steps. A 100
pl aliquot of Buffer AE was added to each spin column before incubation for 5 mins at room
temperature fdlowed by 1 min of centrifugation. This step was repeated once more. A
spectrophotometer was used to measure DNA concentra(i@hapter2.6.1) and DNA
precipitation was used to clean up samples and increase concentration, where necessary

(Chapter2.7). Stocks were adjusted to 100 nd/and stored at70°C

2.4.2 Bacterial Miniprep

This method was used for dl. coliminipreps, including those for destination vectors
before and after recombination during the Gateway cloning procedGteaptes 2.11.9%
2.11.1Q. It was also used to obtain crude DNA extract fridgnobacterium tumefaciens
(Chapter2.14.3. Centrifugation steps were carried out a2@0g,. All reagents and spin
columns came from the Wizard Plus SV Miniprep DNA Purificagistem.

A 1 ml aliquot of the bacterial culture in liquid LB was used to make a 30 % glycerol stock
solution for long term storage a0 °G when necessary. The remaining culture for each
sample was centrifuged in a 2 ml Eppendalde before repeatinghis step in 2 ml aliquots

until all the culture had been processed to form a pellet. The supernatant was discarded
and the pellet was resuspended in 2B0of cell resuspension solution. Samples were not

vortexed after this stage to prevent damage tetDNA.
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A 250 pl aliquot of cell lysis solution was added and the tubes were inverted four times
before incubation at room temperature for 3 mins. After adding 10 pl of alkaline protease,
the tubes were inverted another four times before further incuioatfor 3 mins at room

temperature. A 350 pl aliquot of neutralisation solution was added to each sample before

undergoing another four tube inversions and centrifugation for 10 mins.

The liquid from each sample was transferred to filter tubes (withdigturbing the pellet)

and underwent centrifugation for 1 min. After discarding the fitwwough, 750 pl of
Column Wash Solution was added before further centrifugation for 1 min. The flow
through was discarded and 250 pl of Column Wash Solution waslad@ach tube. After
centrifugation for 2 mins, the filters were transferred to 1.5 ml Eppendorf tubes and 35 pl
of elution solution was added. Samples were left to stand for 5 mins and then centrifuged
for 2 mins. This stage was repeated once. Tlmiltent DNA concentrations were

measured via spectrophotometi{Chapter2.6.1).

2.4.3 Yeast miniprep

Yeast minipreps were used to recover vectors from yeast cells during yeastytwial
assaygChapter2.13). This allowed for PCR to be carried out on Bkiacted from the
transformed yeast cell for final confirmation that theast twaehybrid KFB construcs
were correct Thesametechnique wasused later to identify cDNA fragments from
potential positive yeast colonies that had displayed interactiothwthe KFBprotein in
library screengChapter2.20.3).

Liquid yeast culture was added to a 2 ml Eppendialole and centrifuged for 5 minat
22000 gn. The supernatant was removed and these steps were repeated until the
remaining sample had been processed. The final pellet was resuspended pd 800
extraction buffer, which had been prepared in advance of the miniprep. The extraction
buffer contaired 1 % SDS, 1QM of NaCl, 1uM of TRIS (pH 8), 1 md EDTA and 2 %
Triton %100.

After the addition of 0.3 g of acid washed glass beads 8@ chloroform was added to
the cell suspension. Samples were vortexed for 5 mins. After centrifugatidmims, the
agqueous phase was ethanol precipitated accordingtapter2.7 and resuspended in a

final 20l volume of TE buffer. This crude DNA extract was suitable for direct use in PCR
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or 2 ul could be transformed into chemically competeat colicels via heat shockor

plasmid rescu¢Chapter2.12).

2.4.4 RNA Extraction

RNA extraction fronf. vulgariflowers was used for the spatial and temporal analysis of

KFB expression(Chaptes 4.14.5). Specimens were cut from plants and immediately

transferred to precooled tubes lodged in dry ice. Samples were frozen in liquid nitrogen
prior to tissue disruption. All reagents and spin columns wesed from the RNAqueous

Total RNA Isolation Kit made by Ambiddentrifugation steps were carried out at @2
On.

Samples were weighed and these figures were used to prepare a master solution
containing 12ul/mg of Lysis/Binding solution and 1 pl/naf Plant RNA Isolation Aid from
Ambion. The master mix was incubated at room temperature on a roller mix20forins
before use. A heating block was set at’@and used to heat the final elution solution, of
which 70 pl/sample was prepared. All tubes and utensils that came into contact with the

sample during or prior to tissue disruption were greoled in liquid nitrogen.

Cooled pestles were fixed to a coedb pestle motor and used to disrupt each tissue sample
before immediately adding the prealculated amount of master mix appropriate for the
sample mass. Tubes were centrifuged for 3saind pellets were subsequently avoided
with the pipette tip as eaclsample was added to one volume of ethanol. Samples were

passed through the filter cartridge in 7@0aliquots and 1 min centrifugation steps.

A 700 pl aliquot of Wash Solution #1 was centrifuged through each filter cartridge for 1
minute. This was meated with 500 pl of Wash Solution #1/#2. Each sample had a further
500 pl of Wash Solution #1/#2 added before centrifugation for 2 mins. The filter cartridges
were moved to 1.5 ml Eppendorf tubes and 35 pul ofpeated elution solution was added,
allowed to stand for 3 minutes and centrifuged for 1 min. This elution step was repeated
once. Nucleotide concentrations were quantified using a fluorom@@#rapter2.6.2) and
samples were precipitated to remove impurities and increase concentration, gssacy

(Chapter2.7).
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2.5 cDNA Synthesis

A HighCapacity cDNA Reverse Transcription kit with random primers was used to obtain
cDNA fromP. vulgariRNA, in coherence with the established gPCR protocdPrfionula
(Kent, 2016).Although the true quanties of gene transcripts can be misrepresented by
these random primers, the amount to which they are misrepresented should be equal
across samples, therefore the systematic error does not invalidate results if only one gene
is being screened. This would nio¢ suitable for comparing the expression levels of

multiple genes.

An 8pl aliquot of each RNA samples treated withl pl of RQ1 DNAse enzyme and 1 pl

of RQ1 bufferfor 30 mins at 37Cbefore 1 ul of DNAse stop solution was added to the
mixture, whichwas incubated for a further 10 mins at 86 An 8ul water sample was also
passed through this process, to be used as a negative control containing no template. The
DNAsetreated RNA was added to 10 of master mix containing 2 pl of buffer, 0.8 ul of
dNTPs, 2 ul of random primers, 4.2 pl eOHand 1 pl of the reverse transcriptase enzyme.

All of these components were used directly from the kit. A second negative control was
setup that contained the RNA template but had 1 ul eOradded instead ofhie reverse
transcriptase. This is common practice in qPCR so that the source of any contamination

can be quickly localised.

A PCR thermocycler was used to incubate the samples &@€@% 10 mins, before raising
the temperature to 37Cfor 2 hrs and fially increasing it further to 88Cfor 5 mins. The
machine was chilled to 2Cuntil samples could be removed. The QUBIT fluorometer was
used in ssDNA mode to measure the final concentration of c{@apter2.6.2). These
were diluted for normalisatin against the sample with the weakest concentration before

use in PCR. The two negative control samples were not diluted.

2.6 Nuclec AcidQuantification

Nuclac acid concentrations were measured for samples after DNA extraction, RNA
extraction, plasnd minipreps, cDNA synthesis and purification of PCR products. This
confirmed that the processes had worked correctly, enabled standardisation of PCR
template concentrations and allowed for the suitable dilutions required for DNA

sequencing.
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2.6.1Nucleic Acid Quantification by NanoDrop

The NanoDrop Lite was used for spectrophotometry of DNA samples. To initialise the
machine, two blank measurements were first carried out using the same buffer that the
DNA sample was dissolved in, such as nucl&agewater or TE buffer. A 18 droplet

was consistently used on the pedestal, which was cleaned with-fdiattissue between
measurements. The 260/280 ratio provided by the NanoDrop was used as an indication of
sample purity; valug of ~1.8and ~20 was expected for good quality DNafad RNA,
respectively (Thermo Fisher Scientific, 2012)

2.6.2Nucleic Acid Quantification by Fluorometer

The QUBIT 2.0 fluorometer was used for the quantification of RNA after extraction or
sSDNA samples after cD¥gnthesis. It was also used for DNA samples when improved
accuracy over the spectrophotometer was required. This increased accuracy comes from
fluorescent dyes that are designed for specific binding to the desired nucleotide type being
measured, thereby eliminating any sample impurities or alternative nucleotide

contaminants from interfering with the quantification result.

A master mix was made containingiisample of the appropriate fluorescent dye and 199
pl/sample of the corresponding buffer from limogen® A 199 pul aliquot of this master
mix was added to each 1 ul sample to be measured. They were thoroughly mixed and

allowed to reach room temperature before measurement on the fluorometer.

2.7 Nuclec AcidPrecipitation

RNA, cDNA and genomic DN#&mples were precipitated and resuspended in a smaller
volume to increase their concentratipnvhen necessary This method also aids in the
removal of impurities from the solution. A centrifuge was cooled f€4dnd both 100 %

and 70 % ethanol were preooled in a70 °Cfreezer before use. A 10 % sample volume of

3 M sodium acetate was added to each sample and thoroughly mixed before adding 3x
volume of 100 % ethanol. After mixing, tubes were stored78t°Cfor 30 mins before

centrifugation at35000 gn.

The ethanol was removed and the pellet was resuspended in 500 ul of 70 % ethanol for

washing. Tubes were centrifuged for a further 10 mi{@8000g,). The ethanol was
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removed and the tubes were air dried before final resuspension to the desiredneoin
nuclease free water. The new concentration was checked on a spectrophotometer

(Chapter2.6.1) or fluoromete(Chapter2.6.2).

2.8 Polymerase Chain Reactions and Product Purification

Non-quantitative PCR was used frequently for various psgs, such as acquiring
amplicons for plasmid vecto(€haptes 2.11.22.11.6, detectingK FBtranscripts(Chapter
2.10 and findingKFB-interacting partners through the yeast twhybrid assayChapter
2.20.3). Quantitative PCR was used in the spatial @mporal expression analysiskKiFB
(Chaptes4.2-4.4).

2.8.1 NonQuantitative PCR Reagents and Primer Design

Primers were designed manually, purchased from Eurofins Genomics and diluted to a stock
concentration of 100 ngl for long term storage aR0°C They were aliquoted and diluted

to a 10 ng/ul working solution before use in PCR. GoTaq Flexi DNA polymerase was use
as standard. For products longer than ~Icldy when proofreading ability was required
Phusion kgh-Fidelity DNA polymerase was utilised. The dNTPs were used at a 10mM

working solution.

2.8.2 Gel Electrophoresis and PCR Product Purification
To visualisé®CResults,products were electrophoresed at 80 V on an agarose gel for 1 hr.
The gel mixture antained 1.2 % agarose that was dissolved in 0.5x EDTA buffer under

heating in a microwave before 20 ul/l of ethidium bromide was added after cooling.

Where possible, PCR product purification was carried out via the QIAquick PCR Purificatior
Kit (QIAGEN2018) Centrifugation steps were carried out at 2200 The PCR product

was mixed with 5 volumes of Buffer PB and centrifuged through a QIAquick spin column
for 1 minute. The flowhrough was discarded and 750 ul of Buffer PE was centrifuged
through the spin column. After discarding the flelwough again, the column was
recentrifuged for another minute to remove any excess buffer and ensure the filter was
dry. The filter cartridge was transferred to a labelled 1.5 ml Eppendorf tube for final

elution, in which 30 pl of Buffer EB was added to the filter disc and allowed to stand for 5
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mins before the final 2 minute centrifugation step. This step could be repeated to ensure

maximum product was obtained.

If multiple bands were present after electroplesis, the desired product was excised from

the gel under UV light and purified with the QIAquick Gel Extraction Kit instead. The excised
gel block was weighed and 3 volumes of Buffer QG was added to 1 volume of gel. The ge
was melted in the buffer viancubation at 50Cfor 10 mins with vortexing every 3 mins.
After 1 gel volume of isopropanol was added to the mixture, the sample was centrifuged
through a filter cartridge in 800 pl aliquots before continuing from the same Buffer PE

washing step in théirect PCR purification protocol above.

2.8.3 Suitable gPCR Reference Genes

In addition to nonquantitative approaches that screened for the presenckieBin flower

buds of different sizes, qPCR was used to quantitato@typare relativeexpressiondvels
throughout flower development. Template concentrations were normalised across
samples to ensure fair comparison of gene expression levels. Reference genes were als
selectedto reinforce this, which must exhibit stable expression levels acrossdahwle

set. These provide a baseline for relative expression analysis and allow for the difference
in expression quantity between a target gene and reference gene in one sample to be
compared against the difference between the target and reference in lmrosample,
which is more reliable than directly comparing raw Cqg values that can be significantly
affected by the error margins of pipettes and nucleotide quantification equipment. Raw
Cq values are usually only used alongside standard gPCR templatedcttate the
absolute nanogram quantity of target template in the sample (Life Technologies, 2011).

These qPCR assays used relative expression analysis instead.

Primers had previously been designed to screen reference genes suitable for use in qPCF
analysis of P. vulgaris(Kent, 2016). For added reliability, the&KkFB qPCRs underwent
technical repeats with multiple reference geneprotein phosphatase 2APP2AF:
TCATGGGTGACTATGTTGATRRGATTTGCCGACTTTCGTGAT®langation factorlh (ELF1 F:
TTATCGACTCGACTACTGEGAGE GGTAGCGTCCATCTTGTTIACARd alpha  tubulin (F:

CTATCCTTCCCCTCAGGTARBAGCACAGCCACGTCTGTATG
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2.8.4 Efficiency and Design EFB qPCR Primers
The SYBR Green PCR master mix was used KFthgCPR assays. Although thisteys

is suitable for use in onstep gPCR where RNA is used directly and a reverse transcription
phase is added to thlkeginningof the thermocycling protocd] this was not used in these
experiments because cDNA had already undergone synthesis and/auaalitol previously
(Chapter2.5. The SYBR method combines both annealing and extension stages of PCR
therefore primers were designed to function at 8D and generate a product of ~:260

bp from the KFB coding region. The Primer3 online primer w@stool was used to
highlight candidate primer pairs that fit these criteria (Koressaar & Remm, 2007;

Untergasseet al.,2012).

An initial nonquantitative PCR was carried out to test the suitability of six primer pairs, of
which two pairs were carried forward into a gPCR trial designed to calculate primer
efficiency. Primer efficiency was queried because gPCR is based on thenmatital
model that template quantity doubles after every PCR cycle, therefore it had to be ensured
that the primer pairs fit this model and amplified with ~100 % efficiency. This was achieved
by using a trial gPCR to test the primers against a seriglatilof P. vulgaricDNA. As
template concentration halves, the Cq value should increase by©hapter2.8.50utlines

the component quantities used in this qPCR reaction.

A primer efficiency curve was made by plotting the log of the sample dilutigamst the

Cq values of each primer pair. The gradient of the trendline was calculated. A slope of
3.32 indicates primer efficiency equivalent to 100 % (Thermo Fisher, 2016) PPk
reference gene was used as a positive control to check that ttal sidution gPCR worked

and reconfirm validity ofhe previously defined primers (Kent, 2016)

2.8.5 Standard qPCR Reaction

A series of gPCR assays were designed to investigate the spatial and temporal expressiol
of KFB acrossvariousP. vulgarisamples, including dissected floral whorls from thrum, pin

and homostyle morphsin each investigation, sampt®NA concentration was measured

on the QUBIT fluorometefChapter2.6.2) and subsequently normalised to that of the
weakest samplen the series TheNo Reverse Transcriptase and No Template negative
controls from cDNA synthegi€hapter2.5) were also used without dilution. Sterile distilled

water was used as a third negative control.
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Samples were tested fd€FB expression and repeated to screen treference gene too.
They underwent three technical repeats, amounting to six wells for each sample. Individual
20 pl reactions contained 1l of SYBR Green Ready Mixil bf the forward primer, 1ul

of the reverse primer, Tl of HO and 1ul of cDNAtemplate. The series of gqPCR assays
were carried out in 98vell plates.Master mixes were made that contained all components
except for the template which was the varying component across samplasd an extra

10 % volume was added to account for gtpe error. One master mix was made with the
KFB target gene primers (FTGATTTGGGACGGGATGARTCTACTGGTGTCGTATCL@0U a

second was made to contain the reference gene primers.

The plate was sealedith transparent film positioned in the gPCR thermocycler and
heated to 94°C for 2 mins before undergoing 40 cycles of®@4or 15 secs and 6C for 40

secs. After the reaction, the thermocycler carried out an automated dissociation step on
the gPCR products to plot a meturve. Monitoring peaks of this melt curve offers
information about the characteristics of the gPCR products (Thermo Fisher, 2016). Multiple
peaks indicate noispecific amplification and shoulders in the peak are indicative of primer
dimers. This isital to confidently rule out any spurious fluorescence in negative control
samples and identify anomalous results in others. The Cq values for each sample were
exported into a spreadsheet for mathematical analysis usingjth®t method (Livak &
Schmittge@ H A A MO @ ['lj FYyR [ G IITNB AyuUSNOKIy3
0KNBaK2t RQ FyR gAff 0S dzaSR KSNB2y | a
publications regarding qPCR.

To calculate the expression fold change viajth€t method, the indiual KFB Ct value

from each sample was first subtracted from its corresponding reference gene Ct value
(Figure2.8.5A). This method is regularly used to compare gene expression before and after
I GNBFGYSyidz a2 4G GKAA B GsualySsubtrastéd frdhotBeT 2 N
WEFAOSNI GNBIFGYSY G Q 7FA3&NBRRCR assdys) sb instdadithedig(r@ dz/
from sample one was subtracted from each of the others, thereby presenting gene
expression of each sample relative to the filsSiglire2.8.8). These are thp )€t values

and calculating 2 ®tprovided the final index (Figu8.5C). Sample one therefore always

had a value of 1, relative to itself. In this way, the reference gene provides a baseline and
gPCR finds how much gtea the target gene expression is over the reference gene

expression in one sample, compared to how much greater that target gene expression is
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over the reference gene expression in a second sample. Standard error bars were also

calculated across the thigate repeats for each sample.

Ct values

Sample A Sample B Sample C

Target gene 35 33 36
Referencegene 30 31 29
|
A v B
Atarget - Areference = AﬂCt =5 Aﬂ.Ct - A&Ct =5-5= Aﬂ.ﬂ.Ct =0
Btarget - Breferent:e = BﬁCt= 2 [—» B.‘_\.Ct‘ A.‘J.Ct =5-5= Bﬂ&Ctz -3
ICtarget - Creference = CﬂCt =7 CﬂCt - Aﬂ.Ct =5-5= cﬂ\ﬂCt =2
|
C v
Z-Aﬂ.ﬂ\(:t = 2—[} =1
>-BAACt — -3 g Relative gene
-CAACt = 52 = 9 25 expression

v

Relative Gene Expression

J\l :.l

Samples

Figure 2.8.50utline of tre p €t mathematical method to calculate relative gene expression betw:
samples via gPCfRivak & Schmittgen, 20017) Reference gene Ct values are subtracted from tar
gene Ct values for each sample. B) The resultant value of sample A is further subtracted from eac
from step (A). C)A calculation of two to the power of the negative values from step (Bjgwthe final
relative expression index for each sample.
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2.9 Comparison oKFB in SelfCompatible and Selfncompatible Plants

To assess a possible role FB in the heterostylous selihcompatibility systemKFB
sequencs were queried in DNA sangs from mutant plants identified as being self
compatible(Chapter5.1). This screesd for mutationsto find whether plants that acquired

a dysfunctional incompatibility system also possessedutated KFB sequence, which
would link this gene to a roli| selfincompatibility. If this was the function &FB then
mutants from the planned transgenic experiments would not present a morphologically

obvious phenotype and crossiegperiments would have to be carried out instead.

DNA was extracteChapter2.4.1) from the young leaves of eight plants across four lines

of selfcompatible P. verismutants. These were identified from a population that
underwent mutagenesiat the International Atomic Energy Agency in Vieforaa reverse
genetics experiment (let al., unpublished). DNA was also extracted from three wildtype
plants, to be used as a control in the assay. After quantificgt@ivapter2.6.1), 2ul of

each sample was used in a PCR to amiiff from the genamic DNA Each 40 pl reaction
contained 23.6 pl of #D, 8 pl of Phusion Higkidelity Buffer, 0.8 pl of dNTPs, 1.2 pl of
DMSO, 0.4 ul of Phusion polymerase and @f jglach primer (FATGGAAGTTATTCCTGGTCTGC
R:TCAAATTTCAACAGAACAGECARRese primers antified from theKFB start codon through

to its stop codon and so gel electrophoresis of the PCR products would highlight any partial

or entire gene deletions.

After checking 1@ of the PCR products on an agarose gel, the remaining 30 pl was directly
purified (Chapter2.8.2 and sequenced by Eurofins Genomics. Clustal Ontgeefset
al., 2011 was used to aligkFB sequences from the eight setbmpatible samples against

those from the three wildtype plants to find any potential mutations betweeenth

2.10 Screening for PresenceFB in Flowers of Four Developmental Stages

Assays were designed to understand the location and timingFd transcription, which

could indicate gene function in #t correspondinglocation and phase of heterostyly
development To understand the timing &fFB transcription, anon-quantitative PCR was
carried out to initially screen for the presence or absenc&BB across flowers of four

developmental stagefChapter4.5). This presented a broad overview of tempok#B
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expression to inform which developmental stages should be included in the downstream

gPCR experiments for observing more intricate details of dynKieitactivity.

Long homostyles were sampl@uthis prelminary screerdue to the restricted availability

of seasonaflower materialat that time. RNA was extractgChapter2.4.4) from each of

the four developmental flowering stagesfef vulgarigChapter2.1.1). One sample set was
taken from a glasshouserig homostyle lindChapter2.1) deriving from a UK population

in the Chilterns (Crosby, 1949) and another was taken from a Somerset popuGtosiy,

1940) This process was repeated so a total of sixteen RNA samples were collected,
consisting of two Imlogical repeats of four flower stages from two long homostyle
populations. There is no known phenotypic difference between the Chiltern and Somerset

long homostyle lines so actually four biological repeats were made overall.

Gel electrophoresis and th@UBIT fluorometer(Chapter2.6.2) were used to check
concentration and quality of the extracted RNA before cDNA synthesis. After normalisation
of the final cDNA concentrations,ul of each sample was used as template in a 20 ul PCR
containing 0.1 pl of dq polymerase, 4 pl of buffer, 2 pl of Mg(@5 mM), 0.4 ul of dNTPs,

11.7 pl of HO and 0.4 pl of each primer. The reaction was held 4Cor 2 mins and then
underwent 35 cycles of 95 °C for 45 secs, 60 °C for 45 secs and 72 °C for 30 secs before

final extension of 72 °C for 5 mins.

Primers were used to amplify a 402 bp fragment from the middle oK#RB coding region

(F: AACATTCCGAGTCGTTTCCGCARAGCGTTTGGACGGCATATCTJTACA second PCR was
simultaneously carried out on each sample using positive control primers to confirm cDNA
integrity and support the KFB results (F: GTGATAATGGGACCGGAAT®R:
TGCTTCCGTCAACAAAACAIG was important to confirm that cDNA was the only tdate
present, so these primers were designed across an intron in the actin gene, which proved
that the earlier DNAse step prior to cDNA synthesis had worked because amplification from
residual genomic DNA would have given a significantly larger prodint.PCR products
were electrophoresed on an agarose gel and photographed under UV light to confirm the

presence or absence &FBin the sampled flower transcriptomes (Figut&-2).
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2.11 Gateway Cloning

Gateway Cloning was used to generate plasmid vedir plant transformationKigures
5.2-5.4), yeast twehybrid screeningRigure6.1) and Virus Induced Gene Silencikg(re
5.7-1). These experiments were used to deduce the function and preteatein
interactions of KFB Gateway cloning involvesiaking plasmids in two stages: initial
ligation of the amplified fragment of interest into an entry vec{Ghapter2.11.8) followed

by recombination of the entry vector with an appropriate destination ved@hapter
2.11.10. Entry vectors carry a Gateyaassette either side of the fragment insert that
allows for recombination into the compatible Gateway cassette found on the destination
vector (Figure2.11.1Q. The cassettes contaatt sites for bacteriophage lambda i coli

and those on the left amh right of the insert differ to preserve orientation during

recombination.

A ~3 kb pCR8 plasmfthermoFisher: K25002avas used as the entry vector. It contains a
spectinomycin resistance gene to allow for selectiok.icoli. The kanamycin or ampicillin
resistance genes are used as a selection marker in the destination vectors. The pCR¢
plasmid is linearised so thahty circular plasmids (formed after successful ligation with the
fragment of interest) survive i&. coli Destination vectors that fail to recombine do not
interfere with the experiment because they contain a lethatiBgene that is otherwise
swapped ot for the fragment of interest during successful recombination with the entry
vector. Lethality of theecdBgene is derived from its interference with DNA gyrase that

results in destruction of the chromosome (Bernard and Couturier, 1992).

The entry vectogeneration process is outlined in Figur&2 Onceestablished, the entry
vector acts as a checkpoint that can be kept in long term storage and used in combination
with any Gatewaycompatible destination vectors. Reading frame is always conserved
becawse recombination with the destination vector is conservative in that there is no net
gain or loss of base pairs (Invitrogen, 2003).a#\Rsites recombine witfattL sites and all

attB sites recombine only withttP sites. Mutations have been made ire$ge sequences

to ensure this specificity and eliminate stop codons (Invitrogen, 2003). A 43 bp fragment
of the attR sites has also been removed to improve efficiency and ensure the reaction is
ANNBOSNBAOGE SO Ly & d-aysiewNR H 8y S oSESNBRE A
att site will reside in the upstream untranslated region. Gateway cloning can also be used
for gene fusion but the interveningtt site will code for a linker of eight amino acids

between the gene and its fused domain.
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A) DNA Template

B) PCR Product KEBT

C) A-tailing

D) Ligation Entry Vector

pCR8
Entry Vector

E) Entry Vector

[ | spectinomycin resistance gene

Figure 2.11:Ligation process to generaéntry vectors for Gateway cloning. A) The fragment of interest is amplit
.0 ¢KS t/w LINPRdzOG A& LJzNR FA S Rehds offthé putiiRdSPACR gr&uctNIDET
adenine tails ligatél KS t / w T NthyaiteSoyeiihangs2on theQinearised entry plasmid. E) The compl
entry vector.
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2.11.1 Destination Vector Preparation

Gateway cloningan be utilised witha binary vector system in which the pSoup helper
plasmid (Hellen®t al., 2000) carries the necessary virulence genesAfgnobacterium
mediated transformation and the ewansformed destination vector contains the
appropriate format of genes required to generate the desired mutant. It was discovered
in 1983 (Hoekemat al,, 1983; de Framonet al., 1983 that transformation would occur
successfully if this machinery was held on separate plasmids, both contained within the

sameAgrobacteriuncell.

A list of destination vectors used in this project is providedable2.11.1 Dueto the
presence of thecdBgene in these plasmids prior to recombination, all destination vectors
were transformed into One ShatdBSurvival T CompetentE. coliCells(Chapter2.12).

The plasmid region swapped out during the recombination reaction also contains a
chloramphenicol resistance gene, so transformed cells were grown on LB agar plates

containing 25 mg/ml of kanamycin and 25 mg/ml of chloramphenicol.

Tale 2.11.1 Gatewaycompatible destination vectors and their usage.

Destination vector Usage Chapter
pGWB203 KFBT promoter driving GUS reporter gene 4.8
pBRACT114 Constitutive overexpression of KFBT 5.2
pBRACT103 Transgenic expression of KFBT regulated by native promoter 5.3
pBRACT507 RNAi knockdown of KFBT 5.4
pTRV2 Virus Induced Gene Silencing of KFBT 5.7
pGBKT7 Yeast Two-Hybrid binding domain vector (5’-fusion) 6
pGADT7 Yeast Two-Hybrid activation domain vector (5’-fusion) 6

To generate KFBusions with the necessatyanscriptionactivation (AD) an®NAbinding
domains (BD) required for yeast twybrid assays(Chapter2.20), pGADT7AAD) and
pGBKT7BD)vectors were used. These vectors had been modified from the original
Clontech backbones by Dr Barry Causier at the University of Leeds via the additiattof an

cassette for use in the Gateway cloning system.

The pBRACT507 destination vector contains a double Gateway cassette in alternative
orientations, spaced by a linker (Figused). Therefore, upon expression, the inserted
fragment folds into a hairpin loop and triggers the RNA interference pathway that

consequently targeted alKFB transcripts for degradation (Giriet al., 2010).
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TheKFB coding sequence was installed into the pPBRACT114 destination vector, containing
the 35S promoter (Figurb.2). The 35S promoter is from the Cauliflower Mosaic Virus
(Hohn & Hohn, 1982) and is used to provide constant expression througmogettire
transgenic organism. This extreme overexpression presents the greatest chance of
observing mutant effects, though it can cause rspecific or deleterious phenotypes that

do not represent true native gene function (Bolognesi & Lehner, 2018).

The KFB promoter region underwent Gateway cloning into the pGWB203 destination
vector, which was obtained from Dr Tsuyoshi Nakagawa at Shimane University. This vectol
contains a Gatewagecombination site immediately preceding tkdJSyene, directing the

KFB promoter into a position in which it drives expression of the reporter. The final

construct (Figure 8-1) therefore allowed the location dFB activity to be visualised.

The pTN2 destination plasmid was used for virus induced gene silenEiggré 5.71).

¢tKS RSAdGAYFrGA2Y @SO0G2N) gl & 20601 AYySR FNRY
Innes Centre and had been modified for Gateway compatibility. However, the Gateway
casséte had been attached in reverse. Although this would not impede the VIGS
experiment (because the fragment is reverse transcribed after expression), since the TOPO
ligation occurs randomly in both directiof@hapter2.11.8), an entry vector containingeh
antisenseKFB amplicon was simply selected anywaythereby being installed in the

forward orientation after recombination between pTRV2 and pCR8 (F&jifelQ.

The viral replication machinery for pTRV2 is held on a separate pTRV1 plasmid. ¢k stock
the pTRV1 partner plasmid transformed into the GV3101 Agrobacterium strain was
obtained from Dr Mark Smedley at the John Innes Centre. These TRV vectors are derivec
from tobacco mosaic virus, which has a bipartite genome (Ramegawdd., 2014)
consising of two RNAs; one encoding the coat protein (ktual., 2002)and the other
responsible for RNAependent RNA polymerase, movement protein and cysteine rich
protein (Macfarlane, 1999). The two vectors were only mixed at the momeinjexftion

and this is one of the biosafety methods used to ensure containment ofiths.v

Bacterial colonies containing these destination vecteese used to inoculate 5 ml of liquid
LB containing 25 mg/ml of kanamycin and 25 mg/ml of chloramphenicol. They were
incubated at 37Covernight on a platform shaking at 180 rpom. A 1ml aliquas added

to 1 ml of sterile 60 % glycerol for long term storage7&°C A miniprep was carried out
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on theremaining liquid culturéChapter2.4.2) andplasmids wereligested for 1 hr at 37
°Cwith the BsIGI restriction enzyme to check integrity dietvectorgChapter2.11.17).

2.11.2 Amplification ofKFB Fragments for Y2H Vectors

To generate bait and prey constructs for yeast #mydorid assaygFigure 6.1)the KFB
coding region was amplified without its start codon for suitable fusibth K Sengvih
pPGADT7 and pGBKT7. HKi#eBfragment was obtained via a 1OPCR containing 30 of
Phusion HigHridelity Buffer, 21l of dNTPs, {ul of P. vulgarisgenomic DNA template, |3

of DMSO, 63ul of HO, 1l of Phusion DNA polymerase andubof each primer (F:
GAAGTTATTCCTGGTCTGRATAAATTTCAACAGAACAGECABE reaction was heated to 96
for 30 secs and subsequently underwent 35 cycles &tCI8r 10 secs, 57Cfor 30 secs
and 72°Cfor 40 secs beafre a final 72°Cextension stage for 10 mins. Products were

electrophoresed and excised from the gel for purificati@mapter2.8.2).

The purified PCR product was used in the Gateway cloning procedure to generate the final
KFB yeast twehybrid vectorg(Figure6.1). Ampicillin and kanamycin were used to select

for the pGADT7 and pGBKT7 vectors, respectively.

2.11.3 Amplification ofKFB Coding Region for Constitutive Overexpression Vector

A vector was assembled with the pBRACT114 plasmid (Smedley v8oddiar2014)
containingthe 35S promoter to constitutively drive overexpressiorK&B in an effort to
generate mutants and elucidate its functigRigure5.2). TheKFB coding sequence was
amplified from the start codon to the stop codon for eventual recombination with the
destination plasmid (Figurg.2). To maximise amplicon concentration, a 180PCR was
used containing 36.13 ul of Phusion Higlelity buffer, 3.63ul of dNTPs, 9.03 pl of thrum
genomic DNA template, 5.42 pl of DMSO, 105.94 ubGf, H.81 pl of Phusion polymerase
and 14.4 pl of each primer (KTGGAAGTTATTCCTGGTCRGCAAATTTCAACAGAACAGELCAlge
PCR product was directly purifi€@hapter2.8.2)and underwent Gateway cloning into
pBRACT114 to generate the final overexpression vector (Fig)re

2.11.4 Amplification oflKFB Fragment for RNAi Knockdown and VIGS Vectors

A 549 bp fragment was amplified for use in pBRACTB@dIe 5.4Smedley & Erwood,
2014) and pTRVFigure 5.71) plasmidsfor the elucidation of gene function vieNAiand
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viral knockdown ofKFB. The targeted region commenced 450 bp upstream ofKR&
ai2L) O2R2Yy | yR 02y iAy dbtRanslatedfregNdi(Kigh®11d)d o6 LJ

ATGGAAGTTATTCCTGGTCTGCCTGAAGATCTTGGACTCGAGTGTATGATTCGTTCACAT 60
TACACAACATTCCGAGTCGTTTCCCAAACATGCCATTTATGGAGAAAACTTCTCCAAACC 120
ACAGATTTTCATAGTTACAGAAAGAACARAGGATACAGCCACAAAATGATTTGTTTTGTA 180
CAATCTATTCCGCCAAATGCTCTTGCTGATGAAACTGGAAAATCAGCCAACTCGTGCGGT 240
TATGGGATCACTGTATTCGACGAAGTCGGACATGGGGGAGACTTAGTCAGGTTCCCAAGT 300
ACCAAAGCGGGCTCCCCTTGTTTTGCCGTGTGGCGAGCTCCGGAAATAAGCTCATCGTTA 360
TGGGCGGGETGGGACCCGTTITAGTTACCACCCAGTTAAGGACGTGTTTGTTTATGATTTTG 420
TGAACCAGTTGTGGCGACAAGGTARAGATATGCCGTCCARACGATCATTTTTCGCTATGG 480
GCGCCATAGATGTTAAGGCATGTATACGTCGCGGGAGGCCACGATGAGAATAAAGGTGCT 540
TTGAAATCAGCTTGGGTTTATGATTTGGCGACGGGATGAGTGGACTGAGATGATACAGATG 600
GCACACGAACGTGACGAGTGTGAGGGAATAGTGATGGGTAATGAGTTTTGGGTAGTTAGC 660
GGATACGACACCAGTAGTCAAGGGGTGTTTGTGACGAGCGCAGAGTCCTATTGTGTCAGT 720
ACCAGGATGTGGAATCTAGTTGAATCTGTATGGAAGGCGGGCCAGTGCCCGAGGTCATCT 780
GTCCTAAGTTTAAAACCTAGTCAGTTGATAAGTTATACCGAATTCAGCTCGGCTATTACA 840
GATGGAGCATTTGGGATCGCGCTGGGCGGECCAGATTCTCTTAAAGGAGTCAGCAGATGTT 900
GATGTAAAGAAAGCTTTTTTTTTAGTGGATGTTGGTGAAGGGCARAACTATAGAATCGAG 960
AAGATTAATGTGCCTGATCAGTTTTCTGGTTTAGTTCAATCTGGCTGTTCTGTTGAAATT 1020
-TAGTTAAACGCCTTTGCTMCATTTT%TGTAGTATGTGTTCTATTTGATTTTGT 1080
TTTTAAAAGAATACAAGTATAAGTAAGTACGGTTTCTACAAATAAAGAAGAAGATAGTCG 1140
TGATATTGATAAATAACATATAAATCCTTTTGGACCACAACCAACAGCCAAATAACTAAT 1200
ATGGCGATATGACCAACTTTATACGARAAACTAGCATAGTGCCCCGTGCAATCGCCCGGGET 1260
CAGCATCATAGTGTTCCAATCAATGTTGCCACGATGTCATTTCTATATAAATTTTACAAT 1320
TGTAGCAATCCATCCTCTTAGCTCCTTTCCTCGCATCGET 1380
Start Codon FESEJEEEEE rorward Primer Reverse Primer

Figure 2.11.4¢ KS FNI 3YSy i | Yehd ofKFBfoB ue iffitd ndtkdivih Sia RNA interference and vi
induced gene silencing.
The fragment was obtained via a ADPCR containing 36.3 pl of® 12 pl of Taq Buffer,
1.2 pl of dNTPs, 6 pl of Mg@25 mM), 1 pl oP. vulgarighrum genomic DNA templat
0.5 pl of Taqg polymerase and 1.5 pl of each primer QBGGATGAGTGGACTGAGAT
GTAGAAACCGTACTTACTTATRAE reaction was heated to 96for 2 mins before undergoing
35 cycles of 98Cfor 30 secs followed by 5Cfor 30 secs and 7ZCfor 1 min. Afinal 72
°Cextension step was carried out for 10 mins and samples were maintainetCairdil 15
pl was electrophoresed on an agarose gel. The remaining 45 pl was directly purified

(Chapter2.8.2) and used in the Gateway cloning procedure.

2.11.5 Ampification of KFB and Its Native Promoter

ATi plasmidvector was made witkKFB under regulation by its native. vulgarigpromoter
(Figureb.3) to observe the effects of expressing this gene at normal levels in isolation from
any otherSlocusgenes This could be achieved via transformation into pin plants or

Arabidopsis An amplicon beginning 3 kb upstream from the start codon was usedifor t
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vector, usually ~2 kb is suffice however inisglquenceanalysis suggestedFB may have

I -PTAR in excess of 1 Bhapter3.6). The fragment extended through the open reading
frame and continued until ~450 bp downstream of tEB stop codon toensure inclusion

of the transcription terminator. A total length of ~4.5 kb was therefore amplified inja 50
PCR containing 1.25 pl of thrum genomic DNA template, 29.85 (mf1 ul of Phusion
HighFidelity buffer, 1.25 ul of dNTPs, 1.4 ul Md&60 mM), 1.25 ul of Phusion polymerase
and 2.5 pl of each primer (IBTTAATTATGGTGTGTTCACCTGAAACTTCAACAAACTAdte
entire PCR product was electrophoresed on an agarosgCpelpter2.8.2). This presented

two bands, of which the upper ~4.5 kb fragment was excised from the gel and purified for
use in pBRACT1(QBhapter2.8.2).

2.11.6 Amplification of theKFB Promoter for Use in theGUSReporter Gene Construct

The KFB promoter had b be amplified(Figure 2.11.6jrom the P. vulgarisgenome for
inclusion in theGUSeporter gene vecto(Figure 4.81)to visualise location of KEBctivity.

¢ KAA Ay OUTRafidrthaltrinScrigiidd start site, so tB&JJeporter gene may be
subjected to any regulatory activity that this regiomight natively impart oilKFB. Simply

F YL AF@AYI H 106 dzLJAGNBIY 2F GKS adl NI O
LINEY2GSNI w201 YFY 3 2NI @3 Hauntmaoshtededian 83 S NJ
KFB (Figures3.6.1-1 & 3.6.33) meant it was decided to amplify a ~3 kb region upstream

of the KFB start codon instead (Figu211.9.

DNA Template <
KFB' upstream promoter region | KFBTcoding region -

—
Figure 2.11.6:The 2.9 kb region immediately upstream of tKEB coding sequence was amplified for use in tt
promoter-driven GUSeporter gene construct to highlight the location KFB protein productionin viva

To improve PCR efficiency and reduce any riskookspecific amplification from the
genome, a vector containing the same desikdeB promoter region(Chapter2.11.5) was
used aPCRemplate. Phusion polymerase was utilised due to the requirements for high
fidelity and large product size. A fibreadion volume was used, containing 34.4 ul ekl

12 pl Phusion higfidelity buffer, 1.2 pl of dNTPs, 0.6 pl of polymerase enzyme, 1.8 pl of
DMSO, 3 pl of Mg&(50 mM), 2 pl of DNA template (10 ng/ul) and 3 pl of each primer (F:

GTTAATTATGGTGTGTTCRIOTATTTTCAAAAGATTGGCTATGARATAG reaction was held at 98
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°Cfor 30 secs before undergoing 45 cycles of@tr 10 secs followed by 5%for 30 secs
and 72°Cfor 5 mins.

After a final extension step at 7Zfor 5 mins,products were maintained at 2Cuntil 10

ul could be analysed via gel electrophoresis. Although minorspecific bands appeared
faintly on the gel, the remaining 50 ul were directly purifighapter2.8.2) because the
brightness ratios between gel bds showed the majority of amplicons in the product pool
would be correct and proper downstream screening checkpoints were in place to confirm

this.

2.11.7 Atailing BluntEnd PCR Products

TheTagpolymerase enzyme automatically adds an adenine residiieKoSenaofall PCR
products (Figure 2.11G but Phusion polymerase does not. This adenstieky end
FILOATAGIFGSA A3l GA-fhyming fedidies dnkiie pGRS SMtK tegfal A Y
(Figure 211D). The bluntend PCR products generated from Pbagpolymerase must first
undergo Atailing before their use in Gateway cloningo achieve this, 4 gl of fresh PCR
product was added to 2 pl of GoTaq Flexi Buffer, 1 pl of GoTaqg Flexi DNA polymerase, 2
of dATPs (1@M) and 0.6 pl of Mgel25 mM). Te solution was incubated at 7Zfor 6

hrs.

2.11.8 PCR Product Ligation into the pCR8 Entry Vector

Cloning of PCR products into the entry vector (Figutdl?) utilised the pCR8/GW/TOPO
TA Cloning Kit. This reactiortluded 1 pl of pCR8 vector and lofilsalt solution (1.2 M
NaCl and 0.06 M Mg{tl A volume of PCR product was calculated to allow for a 3:1
molecular ratio of insert to entry vector (Equati@ill.§. The product concentration in
Equation2.11.8must consider the 2.27x dilution that the PCR underwent during the A
tailing reaction(Chapter2.11.7). The pCRS8 plasmid is 2817 bp in length and Invitrogen
provide this at a concentration between 5 and 10 ng/ul so a figure of 7.5 ng/ul was assumed
and wsed in the equation. After the addition of this pealculated volume to the ligation
mixture, the solution was diluted with water to a final volume of 6 pl. Ligation was carried
out overnight at room temperature and the products were subsequently tr@amséd into

E coli(Chapter2.12).
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PCR product length
pCR8 length

PCR product concentration

(3 X pCR8 concentration) +

volume of PCR product =

Equation2.11.8 Volume of PCR product required in ligation reaction to ensure a 3:1 molecular ratio betwee
PCR product and the pCR8 entry vector.

2.11.9 DNA Sequencing

Fragments undergoing TA cloning can be inserted in either orientation, so the direction and
integrity of thesenserts had to be checked. After miniprigpm E coli, DNA samples were
therefore sent for sequencing.Products less than 1 kb in length wepeovided at a

concentration of 5 ng/pl and longer products were provided at a concentration of 10 ng/ul.

Entry vectors were sequenced by Eurofins Genomics using primers with the standard M13
Uni (21) sequenceTGTAAAACGACGGCCABEctors with larger inserts were also sequenced
using primers with the standard M13 rewd®) sequenceGAGCGGATAACAATTTCACACAGG
Plasmid samples were provided asl@liquots containing DNA at a concentration of 50
100 ng/pl. When notvector PCR pducts were sequenced that did not contain a standard

primer site, 2 pl of an appropriate usdefined primer (10 ng/ul) was added instead.

A chromatogram was used to allow analysis of the presence and fluorescence of each base
throughout the sequencing ru This aided in identifying regions of low intensity or areas
containing multiple sequences. Sequencing results were provided as raw reads and also a:
Of ALJILISR & S| dzSy O-8gionsi ok podr quiglity Rempved. Thgsk waeseuised in
BLASTNn sedres to check their identity. Clustal Omedaieferset al, 2011)online
alignment software was used to screen for errors. If anomalous bases were found, it had
to be established whether these were sequencing errors or if they were integral to the

amplified sequence, in which case the cloning was repeated.

2.11.10 Entry Vector Recombination with the Destination Vector

To complete the Gateway cloning procedure and assemble the desired construct
containing a DNA insert of interest, the entry vector wasombined with the destination
vector (Figure.11.19. Recombination occurred between th#Lsites of the entry vector

and theattR sites of the destination vector in a il0reaction consisting of 6 ul of TE buffer,

1 pl of destination vector, 1ul aéntry vector and 2 pl of LR clonase Il enzyme. A vector

(150 ng/ul) to entry vector (50 ng/ul) ratio of 3:1 was used for most recombination
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reactions A 1:1 ratio was found to be more effective in assembling the VIGS construct

(Figure 5.71).

The recomination solution was gently mixed and incubated at’€5overnight before ful

of Proteinase K solution was added and the reaction was incubated for 10 minS@t 2V

2 ul aliquot of the reaction was transformed infodzo Of 2y Ay 3 9FFA QA SY (
competent cells according to the heat shock method outlined @hapter2.12  After
overnight incubation on LB agar plates containing 50 pg/ml of kanamycin (or ampicillin for
the pGADT7 yeast twhybrid vector), positive colonies were selected and used
inoculate 5 ml of liquid LB. The culture was subsequently incubated°& 8Vernight with

shaking at 180 rpm before minipréghapter2.4.2 the following day.
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- Spectinomycin resistance gene
|:| Gene of interest

pBRACT114
Destination Vector

- Kanamycin resistance gene
- Constitutive promoter
- ccdB toxicity gene
_ Recombined region

Figure 2.11.10:Recombination between thatt sites of the entry and destination g®rs during Gateway cloning
A constitutive overexpression vector is shown but the principles apply to the entire series of Gatewpstible
vectors.
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2.11.11 Restriction Enzyme Digest of Plasmid DNA

After the Gateway cloning procedure, BsiGl restriction digest was used to confirm
integrity of the final assembled constructs (Figaré1.1). The &pected band patterns
were derived from the known vector maps and insert sequences.séljppredicted band
patterns, plasmid concentration and total size were used to calculate the specific amount
of template required for digestion to ensure the smalleshdavould contain 50 ng of DNA,
which is the lowest amount generally visible on a gel after accounting for losses through
inefficiency and error (Equation?l1.11). The digest reactions consistefithis calculated
sample quantity with 1 ul dsIGFHF (hgh fidelity) restriction enzyme, 5 pl of 10x CutSmart
Buffer and HO to dilute the mixture up to 50 plThe reaction was incubated for 1 hr at 37

°C before undergoing DNA precipitati@hapter2.7) to clean up buffer salts and enhance
the gel electrophoesis quality.

50
Smallest fragment length ~ Total sample length

Sample volume to digest = + Sample concentration

Equation2.11.11 Volume of sample required in digestion reaction to ensure smallest fragment is visible on a¢

gel.
Digested DNA fragments were separated by size via electroph¢@¥mapter2.8.2) and the
agarose gel was subsequently photographed under UV light. The band pattern was
compared against the expected pattern to confirm successful recoribmaf the correct
fragment into the destination vector. This assay also ensured no parts of the vector

backbone were lost during cloning.

The Gateway cassette containBsiGI restriction site on either side of the insert, therefore
this enzyme excisdbe insert fragment and allows plasmid integrity to be checked by band
size. However, the sequence of some Gateway destination vectors contains &sidrjle
restriction site in the vector backbone. TH&B sequence contains aBcdrl restriction

site too. Therefore, usingcdrl resulted in assymetric digestion of the insert fragment and
allowed for the final orientation of the insert to be screened as well as just the fragment
sizes. This should not have been necessary due to the specificity ait tieeombination

sites but it did implement a secondary check for earlier user error. This was useful when
using pBRACT507 to generate an RNAI vector to knocké&Br(Chapter5.4) as it was
imperative that this vector contained two copies of the insert in inverted orientations to

form a hairpin loop.
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_ Spectinomycin resistance gene
- ccdB toxicity gene
- Recombined region

|:| Gene of interest
- Constitutive promoter
- Kanamycin resistance gene

Destination Vector

Figure 2.11.11Products of the recombination reaction in Gateway cloning. The gene of inteeggtrispriately inserted into
GKS RS&GAYL GA2ndofthe Qrdndtsidelenient.( AKcBnstilufve overexpression vector is shown but there ¢
multitude of Gatewaycompatible vectors for various other functions. The recombined entry vectors¢camdied and the
completed destination vector is transformed.
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2.12 Transformation ofE. coli

Heat shock was used to transform vectors ifocolicells. One Shot TOP10 chemically
competent cellst N2 Y Ly @veré NSBETS yntry vector transformatioafter the
ligation reaction. For preparation of destination vectors prior to tateway
recombination reaction, One ShatcdBSurvival Tt competent cells were utilised for
transformation. For all othelE. colitransformations, including successfulfoned
RSaAUAYIlI GA2Yy @SO02NERSX {dzoOf 2y Ay3a 9FFAOASY

To transform products of the TOPO cloning reactiGhapter2.11.8), a water bath was
heated to 42°C and ice was used to pehill 2 ml Eppendorf tubes contaimgr2ul of ligated

entry vector ligated with the Aailed PCR product. After slow thawing, [ B3@f E. colicells

were added to the Eppendorf containing the ligated entry vector before being briefly
vortexed to gently mix. These cells were left for 30 mins on ice before being heat shocked

in the 42°C water bath for 30 secs and immediately placed back on ice.

After remaining on ice for 2 mins, 2Q0 of S.0.C. medium was added and the tube was
shook horizontally at 200 rpm for 90 mins in a €7 incubator to allow for the cells to
recover. Both 50Qul and 150 pl aliquots were spread onto separate LB agar plate
containing 100 pg/ml of spectinomycin. The remaining 50 pl of transformed cells were
stored at 4°Cin a refrigerator. The plates were incubated at “€7 overnight in a static
incubator. Positive colonies were used to inoculate 5 ml of liquid LB ioamgal00ug/ml

of spectinomycin before further overnight incubation at 37 °C with 180 rpm shaking.

2.13 SmaltScale Yeast Transformation

TheKFB bait and prey construct@Chapter 2.11.2or yeast twehybrid (Chapter 6\were
transformed into yeast stragY187 and AH103, respectively. Stocks of both yeast strains
were prepared for transformation by growing on YPDA méGiaapter2.3.3)at 30 °Cfor

three nights. ColonieBom both strains become pink over time but AH109 gains colour
faster than Y187, gecially on media containing a low adenine quantity. This was used as

visual confirmation that the yeast strains were correct before transformation.

Centrifugation stepsvere carried ouiat 22000gn. Salmon spernbNAat a concentration
of 2 mg/ml wasboiled for 10 mins and immediately chilled on ice prior to usepipette

tip was swiped once across the yeast culture plates to collect a cluster of cells, which were
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resuspended in 1 ml of sterile distilled water. They were centrifuged for 15 sedb@and

pellet was resuspended in 900 pl of@Hand 100 pl of 10x lithium acetate (1 M).

The solution was centrifuged again and the supernatant was removed before the following
reagents were added in this order without mixing: 240 pl of 50 % PEG, 36 | kithiiim
acetate, 50 ul of denatured salmon sperm DNA, 5 pl of plasmid DNA to be transformed and
29 pl of HO. The mixture was vortexed to resuspend the pellet and then incubated at 42
°C for 30 mins, with tube inversions every 10 mins. The purposed?EG was to sink to

the bottom of the Eppendorf and form a barrier to limit contact between the cells and LiAc

until transformation commenced after vortexing.

The transformed cells were centrifuged for 15 secs before finally being resuspended in 100
pl of HO and spread on a plate for incubation at 30 °C. To select for the correct cells,
pGADT7 transformants were grown oieucine ¢L) dropout media and pGBKT7
transformants were grown ortryptophan (W) dropout media(Chapter2.3.4)

2.14 Transformatiorof AgrobacteriumStrains

Transgeniplantswere generatedto deduceKFB function by monitoring the physiological
effects of modified gene activifChapter 5) ThesdPrimulaand Arabidopsidines required
the use ofAgrobacterium tumefacierthat had been cdransformed with both pSoup and
the desired destination vectorMultiple vectorshad beenconstructed(Chapter2.11)to
analyse the function and location BFB via theAgrobacteriummediated transformation

of PrimulaandArabidopsis Electroporation was used to transform these vectors into their

respectiveAgrobacteriumhosts.

2.14.1 Preparing ElectrocompetertgrobacteriumStrains

The AGL1 strain was obtained from Dr Mark Smedley at the John Innes CentravichNo
and used for the overexpression, knockdown and reporter gene consti@beptes 4.8 &
5.2-5.4). The GV3101 strain containing the pMP90 helper plasmid was obtained from Dr
Laurence Tomlinson at The Sainsbury Laboratory in Norwich and used inGBeas$ay
(Chapters.7).

To prepare arAgrobacteriumstock for long term storage, one colony of the AGL1 strain

was selected and used to inoculate 5 ml of liquid LB media. This was incubated for 6 hrs at
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30°C with shaking at 220 rpm before being direpityired into 100 ml of LB containing 25

pg/ml of rifampicin and 25 pg/mdf carbenicillin, which are the AGL1 selection markers.

After overnight incubation at 38C with shaking at 220 rpm, the culture was sfarb mins

at 8400gn. The pellet was resuspended in 50 ml of¢odd sterile 10 % glycerol. These
centrifuge and wash steps were repeated three times. Cells were resuspended in 1 ml of
10 % glycerol and aliquoted into #Dstocks for storage a0 °C. The same procesas
followed for preparation of the GV310Agrobacteriumcells by Dr Jinhong Li, except

gentamycin was used instead of carbenicillin to select for the Ti plasmid.

2.14.2 Electroporation oAgrobacteriumcells

Electroporation was used to transform the bigarector system inté\grobacterium The

St SOGUNRBLERNYGI2N gla aSdid G2 wp xCX Hdp azx |
on ice. Cuvettes were stored in the freezer until imminently required. A 1 pl aliquot of the
pSoup helper plasmid and 1 pf ehe destination vector was added to 50l of
Agrobacteriumunder a sterile flow hood. The pSoup plasmid was not included in
transformation of the VIGS pTRV2 vector into strain GV3d@ich already contained the
pPMP9O0 helper plasmid The mixture was énsferred to a precooled cuvette on ice and
slotted into the plastic mount of the electroporator. The mount was slid into the
electrodes, electroporation was carried out and the cuvette was immediately returned to
ice. It was ensured that the time coasit on the electroporator read no lower than 9 ms

to indicate sufficiently slow electroporation.

A 450 pl aliquot of LB was added to the transformed cells and transferred to an Eppendorf.
This was incubated at 2& with shaking at 180 rpm until the eafithe day, at which point

they were plated on LB agar media containing appropriate antibiotics and returned to the
incubator. A combination of kanamycin and rifampicin were each used at a concentration
of 50 mg/ml to select for the pBRACT destinatiorttoe and pSoup helper plasmid,
respectively. Gentamycin wadsoadded at 50 mg/ml for selection of the pTRV2 VIGS

vector.

2.14.3 Growth and Screening of TransformAdrobacterium

The incubation of transformedgrobacteriumcontinued over approximatelyhtee nights

until the selective plates presented growth. Four colonies were used to inoculate 10 ml of
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LB containing kanamycin and rifampicin, each at a concentration of 50 mg/ml, which were
incubated overnight at 28 °C with shaking at 180 rghrdigeston had to be carried out to
confirm final integrity of the transformed vectoré& miniprep was therefore used to obtain
constructs from 8 ml of the culturg€hapter2.4.2 for transformationback intoE. colvia

heat shocl{Chapter2.12) because the higer copy number oE. coliover Agrobacterium
provides greater material for digestionThe remainind\grobacteriunculture was used to

form 30 % glycerol stocks for long term storage7é °C.

PositiveE. colicolonies from the heat shock transformation were used to inoculate a liquid
culture, which subsequentlyinderwent miniprep the following day. The extracted
destination vector underwent digestion witBsiGIl (Chapter2.11.1) to confirm integrity

of the final plasmid inrAgrobacteriumbefore moving forward with plant transformation.

2.15 Transformation oPrimula vulgarisSeedlings

The transformation oP. vulgarisvas carried out to generate overexpressi@haptes 5.2

& 5.3) and knockdown(Chapter5.4) mutants alongside plants with virally inducedFB
silencing (Chapter 5.7pr the elucidation of its function. This was achieved via vacuum
infiltration of seedlings withAgrobacteriumcultures that were previously electroporated
with the desired Inary vector system. Dr Sadiye Hagtad developed a transformation
system inPrimulaand continued to optimise the protocol throughout the duration of this

PhD projec{Haytaet al., 2018) The final method is outlined here.

2.15.1 Vacuum Infiltration 6P. vulgarisSeedlings

For vacuum infiltration oPrimulg P. vulgarisseeds were sterilise@Chapter2.2.1) and
germinated on MS medigChapter2.3.1). They were grown beyond the cotyledon stage
until their first mature leaves had formed. A 200 pl atigof transformedAgrobacterium
(Chapter2.14)was used to inoculate 10 ml of LB containing kanamycin and rifampicin at
25 mg/ml each. This was incubated overnight at 28 °C with shaking at 200 rpm. A 500 pl
aliquot of this culture was used to furtheranulate 50 ml of LB, supplemented with 5 uM

of acetosyringone and the same antibiotic concentrations from the previous step. This was

incubated overnight at 28 °C at 200 rpm.
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The culture was decanted into a 50 ml falcon and centrifuged at 8268 10 mins with

the brake setting switched off. The supernatant was discarded and the pellet resuspended
in 10 ml of MgGI6H:0 infiltration buffer. Optical density of the sample was measured at
600 nm and the suspension was accordingly adjusted to 0.5 @D thsi infiltration buffer.

A 25 ml volume of this final culture was prepared to contain a 100 pM concentration of

acetosyringone and incubated for 5 hrs at room temperature with shaking at 120 rpm.

Silwet L77 was added to the infiltration culture at @mcentration of 10 pl/l, using 4 ul

from a 1 in 10 diluted stock solution. This is a commercial surfaosed here to aid in

the uptake ofAgrobacteriunby reducing the surface tension of water. Approximately ten

to fifteen seedlings were transferredtp the 25 ml culture from the MS plates on which
they had germinated. The open falcon containing the seedlings was positioned in a vacuum
chamber and 600 mbar of negative pressure was applied. After 15 mins, the hose was
pulled to rapidly release the eaum before being reattached. This process was repeated

a further four times across an hour. The tube was closed with a lid and left overnight at

room temperature with shaking at ~120 rpm.

The transformed seedlings were washed six times in sterildléistvater and returned to

the shaker for further overnight incubation in MS containing 250 pg/ml of cefotaxime.
Filter paper was used to dry the seedlings under sterile conditions before being planted
onto MS media. They were allowed to recover for eveek in a growth chamber before

the tissue culture process was executed. Growth chamber conditions are provided in
Chapter2.1.

2.15.2 Tissue Culture of Transform&d vulgarisSeedlings on Selective Media

After vacuum infiltration, the seedlings werehimeric for transformed and nen
transformed cells (Haytat al.,, 2018). Tissue culture was used to indoakusfrom only
transformed cells that were selected to eventually regenerate an entire mutant plant
(Haytaet al., 2019).

The following reagent sttks were made in advance: thidiazuron (TDZ) at 2 gll,
napthaleneacetic acid (NAA) at 1 g/l, AgOL.7g/l, Timentin at 160 g/l and kanamycin at
125 g/l. The TDZ was dissolved in DMSO. The other reagents were dissolk©daimdH
filter sterilised with~1.5 ml of NaOH used to help dissolve the NAA.
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Thecallusinduction media was made in two halves, which together amounted to 500 ml.
The first half contained 2.5 g of agarose in 250 ml #D ldnd this was autoclaved, as
described irChapter2.3. The second half contained 0.5 g of Gamborg B5 macro salts, 0.25
g of MS micro salt mixture, 0.052 g of MS vitamins and 15 g of maltose in 250 a®of H
This underwent heating and stirring until the salts had dissolved. The pH of the mixture
was adjusted to 5.8 before being filter sterilised into an autoclaved flaskas maintained

at 60 °C until use.

When the first half had completed the autoclave process, both medias were combined and
mixed in a sterile laminar flow hood. They were left to cool below ~50 °C to protect the
next reagents from degradation. Whenetimixture could be handled comfortably (and
before the agarose had solidified), 250 ul of NAA was added with 500 pl each of TDZ,, AQNO
Timentin and kanamycin from the aforementioned stock solutions. This was finally poured

into petri dishes.

After a week of recovering on MS media, the transformed seedlings were cut into ~1 cm
leaf sections and positioned with their adaxial surface onRhenulacallusinduction (PCI)

media. The plates were sealed and returned to the growth chamber. Samples were
tranderred to fresh PCI media every two weeks. They were monitored for positive
selection of transformed material by kanamycin and regularly checked for growth of

contaminant fungi.

2.16 Transformation ofArabidopsis thaliana

While Primula would be the idealtarget for transformation assays aimed toward
discovering the true function &€FBin floral heteromorphy, transformation dfrabidopsis
was also carried out due to its rapid life cycle and wwsthblished protocols (Sanchez
Serrano & Salinas, 2014helreliability ofArabidopsidgransformation techniques has been
proven and developed over decades, thus were used to gain initial cdgesdingKFB

function within a heterologous plant system.

2.16.1 Floral Dipping oArabidopsisPlants

Floral dippingwas used to transformArabidopsiswith vector constructs designed to

generateKFB mutants (Figures 5.2 & 5)3 The Colombia G6l ecotype ofArabidopsis
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described inChapter2.1, was grown under long day conditions in trays with 3x3 rows of 7
cmpots@ y il AYyAy3d W!I N 6AR2LIAAE YAEQ o0& G(GKS Wws
was monitored until the optimal stage for transformation; when plants had many immature

flower clusters and only a few fertilised siliques.

A 400 pl aliquot from a glycerolatk of Agrobacteriumcontaining the desired construct

was used to inoculate 10 ml of LB supplemented with kanamycin and rifampicin, both at
50 mg/ml. This was incubated overnight at 28 °C with shaking at 220 rpm. The culture was
subsequently poured int&0 ml of LB containing the same antibiotic concentrations and

returned to the incubation conditions overnight again.

The incubated culture was centrifuged for 10 mins~8200 g with the brake setting
switched off. The supernatant was discarded andhiiemade infiltration buffer was used

to resuspend the pellet to an @Eof 0.8. At least 500 ml of infiltration medium was
prepared for each construct to be transformed. A litre of infiltration medium contained 4.3

g of MS salts, 1x B5 vitamins, 5 %rese, 0.044 uhf 6-Benzylaminopurine and 0.03 %
Silwet L77. The pH was brought to 5.8 with KOH. The resuspended culture was kept cold

on ice.

The Arabidopsiglants were watered prior to transformation, to minimise the uptake of
infiltration medium bythe soil. Any fertilised siliques on the plant were also removed with
scissors to reduce the amount of unwanted Awansgenic seeds collected later. The
culture resuspended in infiltration medium had been decanted into 400 ml plastic beakers.
The plas were individually upturned and dipped into the culture for 15 secs, with their
flowers and stems completely submerged in the beaker as the culture was gently agitated
to ensure infiltration. Plants were immediately placed in a plastic biohazard baspateti

for 24 hrs in the presence of light before being unbagged and allowed to continue growing

and set seed.

2.16.2 Seed Collection and Transgenic Screening

Once transformed plants presented siliquelse twatering routine was ceased and their
aerial pats were bagged to capture any dispersed seeds. When the seed capsules had
dehydrated and turned yellow, bags were squeezed to make the seeds fall to the bottom.
The corner was cut off the seed bag and its contents were poured onto a sieve with a pore

size of 300 uM. Sieving took place over a sheet of white A4 paper that had been creased
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down the middle. Seeds were subsequently tipped down this crease into a 1.5 ml

Eppendorf for storage.

The seeds were sterilised with chlorine g&hapter2.2.2) and @nted on MS media
(Chapter2.3.1) containing 50 mg/ml of kanamycin. The kanamycin resistance gene from
the Gateway destination vector was -tansformed into the Arabidopsisgenome
alongside th&KFBfragment of interest, therefore successfully transformed plants survived
on the selective media and untransformed plants quickly turned colourless and died after
germination. Genetically modified plants were kept in a CER chamber with a 16 h light
period, a daytime temperature of 22Cand a night temperature of 20C Their seed was
collected and secondgeneration plants were germinated and grown alongside wildtype

Arabidopsidor fair comparison to identify mutant phenotypes.

2.16.3Genotyping and Pheotyping Transgeni@rabidopsis
The ExtracN-Amp Plant PCR Kit from Sig#larich was used for genotyping secend

generation plants and confirming successful transformation. A <keation of young leaf
tissue was cut from each plant, added to 100 péxtraction solution and incubated in a 2

ml Eppendorftube at 95 °C for 10 mins. A 100 pl aliquot of dilution solution was
subsequently added to the incubated samples and 4 ul of DNA was used in a PCR with 1(
pl of ExtractN-Amp ReadyMix, 4 pl of . and 1 pl of eachnptll primer (F:
GAGGCTATTCGGCTATGACTRG ATCGGGAGCGGCGATACCA@signed to the kanamycin
selection gene. The PCR products were electrophordS€dthpter 2.8.2)and those
presenting a band were shown to contain the kanamycin resistance deme a
successfully transformed plasmid. Leaf samples and flowers across the full range of

development were screened for mutant phenotypes (Figufs).

2.17 \irus Induced Gene Silencirig KnockdownKFB Transcriptsn Primula

To observe the functionadffectsof silencingKFB transcripts,a KFB VIGS construct was
introduced intothe Polyanthus horticultural variety &frimula(Figure 5.71). This variety

was partially chosen due to their high commercial availability but mainly because their
flowers dl emerge from a central thick stem that is wellited to injection, whichP.
vulgarisdoes not have. Open flowers, mature buds and dead leaves were removed prior

to treatment. Plants were transferred into 1 | pots containing peat and sand compost and
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moved to insecifree level 2 containment chambers at the John Innes Centre on the
Norwich Research Park. The chamber was maintained @@diring the day and 12Cat

night.

The Agrobacteriumwas prepared by using 400 from a stock containing th&FBVIGS
vector to inoculate 10 ml of LB supplemented with kanamycin, rifampicin and gentamycin,
each at a concentration of 25 mg/ml. A second inoculation was prepared with a negative
control vector. This contained the vectbackbone without anything at the cloning site

and was used to prove that the VIGS machinery and injection process was itself not causing
any mutant phenotype. The phytoene desaturase (PDS) gene was also used, the silencin
of which leads to reduced daoplast pigment and causes white patches on infected plant
material. This was carried out as a positive control by Dr Jinhong Li to prove that the VIGS
assay worked correctly. A pTRV1 stock was used to make two 10 ml LB inoculatigns. The

were all inclated overnight at 28Cwith shaking at 200 rpm.

These overnight cultures were poured into 50 ml of LB supplemented with the same
antibiotic concentrations and returned to the previous incubation conditions for a further
overnight period. The infiltrédn buffer was prepared the following morning, containing
10 mM MgGand 10 mM MES. The cultures were centrifuged3200 g with the brake
setting switched off. The pellets were resuspended in 25 ml of infiltration buffer and the
ODsoowas adjusted t®.0 before the addition of 200 mM acetosyringone and subsequent
incubation for 45 hrs at room temperature on a rocking platform (~40 rpm). The VIGS

treatment was carried out immediately after this incubation.

Treatmentwas carried out in a level 2 comment glasshouse. Equal amounts of pTRV1
and pTRV2 culturegsere combined and mixed within 50 ml Falcon tubes. A needle with a
0.6 mm pore was affixed to a 1 ml syringe for injection. After being filled with
Agrobacteriummixture, the plunger was gemntidepressed while being slowly inserted into
the stem of the plant until culture was no longer dripping from the needle tip and was
instead being taken up by the stem. This was a good gauge of the optimum depth to insert
the needle to find conductive vasiar tissue without penetrating too far into (or entirely
through) the plant stem. It was essential to very slowly depress the syringe and allow
uptake of the medium at a rate manageable by the plant. In the best cases, droplets of
Agrobacteriunfluid cauld be seen emerging from the base of the floral umbel, proving that
the viral medium had been transported to the flowers and the vascular tissue was loaded

to maximum capacity.
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Each stem was injected a single time until maximum uptake, which dependie gtem
maturity and volume. If more than one wound occurredither by accidentally pushing

the needle all the way through the stem or by making multiple penetration attemfiien

a path of least resistance was created and acted as a plugholehbanedium simply
flowed through instead of reaching the apical flowers. Likewise, if the syringe plunger was

overly forced, the stem would entirely rupture and became unusable for VIGS.

It was important to wear safety goggles because the plant cant negestion with such
pressure to spray the medium back upon removal of the needleatifrentwas repeated
weekly until each stem had been treated twice and the plant had stopped presenting new
flower buds. Young stems that were too thin and flexiblgtoperly treat were left to
mature until deemed prime for injection during one of the later weekly repeats. Plants
were regularly monitored and any mutant phenotypes were photographed. Mature

flowers were also selfrossed to check for modifications dig selfincompatibility system.

2.18 Execution of th&sUSReporter Gene Assay

To visualisen situlocation of KFB aconstructhad beenassembled containing thiKFB
promoter| Yy RUTREgiors driving expression of th&USeporter gene(Figure 4.81). It

was electroporatel into Agrobacterium(Chapter 2.14) and transformed in#. thaliana
(Chapter 2.16) due to its rapid life cycle and reliable protocbleGUSassay solution was
made in two parts. Containers at all stages were weapin foil to exclude light. The first

part consisted of 70 mg ofgluc (5Bromao4-chloro-3-indolyH -D-glucoronide) added to 2

ml of dimethyl sulphoxide (DMSO). For the second solution, 7.602 g of sodium phosphate
was added to 150 ml of H20. The pHssvadjusted to 7.0 with concentrated hydrochloric
acid before the addition of 4 ml of N&DTA (0.5 M) and 2Q0 of Triton X100¢ the latter
should be pipetted with a severed P1000 tip due to its viscosity. Both solutions were mixed,

diluted to 200 ml ad stored at-20 °C in 50 ml aliquots.

Working solutions were maintained at 4 °C. Leaves, root samples, siliques and flowers from
all developmental stages of transgericabidopsiglants were excised and added to the
thawed GUSnix before incubation at 37C with shaking at ~70 rpm. Samples were washed

in 100 % ethanol and incubated overnight in fresh ethanol on a rocking platform at ~45 rpm
to remove chlorophyll. This was subsequently replaced with 50 % ethanol before

inspection under a light microscoper blue GUSctivity.
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2.19Timing and Location of KEBrotein Expression

A series of gPCR experimer({tShaptes 42-4.4) were designed tanvestigate the spatial

and temporal expression d{FB at the transcript level. Antibodies were raised against
KFBto also carry out these investigations at the protein levidlis was designed to acquire
data that either supported the gPCR findings or provided alternative models. For example,
differencesbetween the two datasets could be indicative of ptrsinscriptional regulation

or protein accumulation that highlight important areas of the Kg®hway and its function

in floral heteromorphy.Flower buds had been preserved and sectioned in prepardto
immunolocalisation assays. A dot blot was therefore utilised to identify a suitable antibody
and Western blots were used to locate KikBthe dissected whorls d?. vulgaridlowers

across several developmental stages.

2.19.1 Production of KFBAntibodies

Specificpeptideshad been previously designéd generate polyclonal antibodies for the
five Slocus genegKent, 2016) The KFBpeptide sequence used was: EVIPGLPEDLGLE.
These antibodies were produced by Dundee Cell Products in two rabbhsy were
injected four times each and immunoaffinity chromatography was used to isolate the

antibodies from antisera after the second, third and final immunisations.

2.19.2 Identifying a Suitable KFB\ntibody

An initial dot blot was carried out to ofirm interaction between the KFBeptide and
antibody (Chapter 4.6). Before testing affinity with KFEBextracted from Primula
interaction was first tested against the peptide that the antibodies were raised against.
Dundee Cell Products synthesisedotweptide conjugates; one bound to bovine serum
albumin (BSA) and a second conjugated to keyhole limpet hemocyanin (KLH). They
provided images of their affinity purification that showed the most concentrated antibody
fractions. The aim of this initial tlblot was to show interaction with both peptide samples

(thus confirming antibody affinity with KF&nd not just the BSA or KLH tags).

The peptide conjugates were at a concentration of 2 mg/ml apdld® each were dotted
onto separate nylon membraned.hese were blocked in 5 % milk for 90 mins. Incubation
steps were carried out at room temperature on a rocking platform. The blocking solution

was made from milk powder dissolved in phosphhtdfered saline (PBS). This process
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allowed milk proteins tdill any vacant area around the sample, ensuring the antibody
could only bind to the protein of interest and any excess was washed away. This is because
the membrane has a very high affinity for any protein and would otherwise simply bind to
the antibodyitself and give unusably high background results and present false positives.
Milk was used as a blocking substrate to easily obtain unrelated proteins that were

assumed to exhibit no binding activity with the K@Btibody.

The membranes were furthemecubated for 2 hrs in a 50 ml solution containing the primary
antibody at a dilution of 1 in 10,000. The membranes were subsequently washed in 1x PBS
for 10 mins. The PBS was replaced and this was repeated for 20 mins and finally for 40
mins to wash awathe primary antibody, which refers to the antibody raised against KFB
The secondary antibody was an argbbit immunoglobulin G from goat, which binds to

the primary antibody. It was conjugated to horseradish peroxidase by the manufacturer to
undergo a lightemitting chemical reaction that allowed for visualisation of the target
protein to confirm presence and successful binding. The membranes were incubated
overnight in a 25 ml solution of 5 % milk containing |0l ®f this secondary antibody (2

mg/ml).

Substrates from the SuperSignal West Femto Chemiluminescent kit were used to trigger
the horseradish peroxidase reaction. The peroxide buffer and luminol enhancer were
mixed at a 1:1 ratio and 800 ul was added to each membrane, which were positioned
transparent laminate plastic. A second sheet of transparent plastic was laid over the top
and air bubbles were removed before touching the edge against blue roll to absorb any
excess drops. The membranes were immediately enclosed in ghigbit boxfor transport

to the photographic developer machine. In a darkroom, sheets of photographic film were

laid over the membranes for different time lengths to provide various exposures.

2.19.3 Crude Protein Extraction frorR. vulgarisand Concentration Norralisation

The KFBantibodies had been preliminarily screened for affinity to the peptide that they
were raised against. Before carrying out an immunolocalisation experiment to visualise the
location of KFBin situ, the antibody was initially tested faffinity with denatured KFB
within a crude protein pool extracted fromR. vulgarigChapter4.6). Concentrations of
extracted protein pools had to be normalised across the sample set prior to this preliminary

affinity test.
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Flower samples were previousdxcised from petioles and stored in20 °C freezer. For
protein extraction, samples were ground by hand with a mini pestle in a 1.5 ml Eppendorf
containing 2x LDS buffer. The buffer was incrementally added as required until the tissue
was ground intoa viscous solution; adding too much leads to an overly diluted protein
sample and too little gets entirely soaked up by the bud. A 2x LDS concentration was used
and was estimated to dilute into a 1x solution due to the high water content already

present n the flower tissue. The ground samples were boiled at 80 °C for 10 mins.

A gel was used to estimate the amount of extracted protein so that concentrations could
be normalised across the sample range before use in a Western Blot assay. The sample
were lriefly centrifuged to pellet any tissue debris to the bottom of the tube. To prepare
them for loading, a %l aliquot of each protein extract was used to make a 20 pl solution
containing 10 % dithiothreitol (DTT; 0.5 M), 5 pl gdtand 10 pl 2x LDS. Tamples were

boiled in this solution for a further 10 mins at

To run the protein gel, 950 ml of,8 was added to 50 ml of 20x NuP® 9 SDS Running
Buffer (ThermoFisher NP00J1 The packaging, tape and comb was removed from a premade
gel before having its plastic cassette and wells briefly rinsed J0.HIt was clamped
vertically into the electrophoresis apparatus and an empty cassette was fitted into the
second slot, if only a single gel was being run. A 500 pl aliquot df BudPantioxidant
(ThermoFisher NPOB) was added to 200 ml of the running buffer (immediately prior to
running the gel) and poured into the central compartment between the two clamped
cassettes. Upon ensuring no leaks were occurring between the apparatus partitiens,
outer compartment was filled with the remainder of the running buffer that did not contain
antioxidant. The boiled samples were pipetted into the wells alongside an appropriate

protein ladder and 200 V was applied for 50 mins.

After electrophoresisthe fragile gels were carefully disassembled from their plastic
cassettes and incubated in InstantBlue Ultrafast Protein $&gmaAldrich ISBILfor 1 hr on

a rocking platform. The intensity of bands was judged on the gel lanes and necessary
adjustmerts were estimated regarding the volume of each protein extract to be used in
subsequent analyses that were required to achieve equal concentrations across the sample

range.
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2.19.4 Electrophoresis Transfer of Protein Bands from Gel to PVDF Membrane

After the initial loading gel, a second gel repeat was run containing normalised
concentrations across the sampl@sgure 4.61). The vertically separated bands then had
to be horizontally transferred onto polyvinylidene fluoride (PVDF) membrane to immobilise
the proteins for downstream Western Blot analysis. To transfer one gel, 1 ml bf N@u
Antioxidant was added to 50 ml of NuFD 9 Transfer Buffer and 100 ml of methanol
before being diluted with kO to a final volume of 1 |. To transfer two gels simultarsdy,

the same solution was made containing 20 % methanol instead.

Prior to carrying out the gel transfer, this buffer solution was used to thoroughly soak six
blotting pads until their air bubbles were completely removed. PVDF membrane and two
sheetsof filter paper were all cut to the dimensions of the gel. The work area must be
clean around exposed PVDF membrane to avoid contamination due to its high affinity for
proteins. It was soaked in methanol for 30 secs, briefly rinsed in deionised wat&ephd

in the transfer buffer for several minutes before use.

The cassette was disassembled and wells were excised from the gel. Filter paper was briefly
soaked in transfer buffer and laid just above the lip at the gel foot, with air bubbles being
removed. The gel was overturned, the foot was cut away and the surface was wetted with
transfer buffer before being overlaid with PVYDF membrane. Air bubbles were removed and
the second piece of filter paper was placed on top. Guidance for assembling the ajsparat
for two gels is provided in the NuPAGBIsTris Gel Instruction Booklet by Invitrogen Life

Technologies.

The gel sandwich was placed onto two of the-poaked blotting pads inside the cathode
core. The remaining space was filled with blotting pauisl they rose 0.5 cm above the

rim of the core before clamping it shut inside the electrophoresis block. The central core
was filled with transfer buffer. The outer space was filled with deionised water until it
reached 2 cm below the rim of the appanat This acts as coolant during electrophoresis,

which was carried out at 30 V for 1 hr.

2.195 Western Blot Screen of KFi& Crude Protein Extracts frorR. vulgarisFlowers

A Western Blot had been used to identify which rabbit had produwsgtodies exhibiting
greatest affinity for KFB(Figure4.6-1). However, eight fractions of this antibody were

available from the blood purification step carried out by Dundee Cell Products. A Western
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Blot was therefore required to identify the most table fraction for use in downstream
immunolocalisation assay§igure 4.62). This was carried out on the denatured crude
protein extract from ~5 mm stage orfe vulgaridlower buds(defined in Chapter 2.1.1)

In addition to checking validity of the #@ipody, this assay also confirmets affinity for
denatured KFBprotein from the plantg as opposed to the synthesised peptide conjugates

previously screened.

The protein pools extracted from. vulgarisvere separated vertically by electrophoresis
(Chaper 2.19.3) and then horizontally transferred to PVDF membrg@dapter2.19.4).

The transfer apparatus was disassembled and rinsed in PBS. The PVDF membrane we
blocked for 20 mins in 5 % milk, asdhapter4.6.2. The milk was replaced and the primary
KFB antibody was added. Antibody dilutions of 1:1000 and 1:10,000 weréettialThe

immobilised proteins were incubated in this solution for 2 hrs on a rocking platform.

The PVDF membrane underwent three PBS washes for 10 mins each before three further
washes in PBS containing 0.1% Tween. The blocking process was repeatdddst 15

mins. The secondary antibody was subsequently added directly to the milk and maintained
in a 4 °C cold room overnight on a rocking platform. Secondary antibody dilutions of
1:100,000 and 1:1000,000 were trialled. This goat antibody wastnabbit horseradish
peroxidase conjugate. The previous PBS andTM&8n washes were repeated. In
accordance with Chapter 2.192, chemiluminescent substrates were added and
photographic film was developed to visualise presence of any pieRin onthe PVDF

membrane.

A staining solution was prepared that contained 250 ml &9 00 ml of methanol, 50 ml

of acetic acid and 0.5 ml of Coomassie Blue. The Western Blot was stained for 5 secs in thi
solution to reveal the proteins from the crudB. vul@ris flower extract that were
previously sizeseparated. The staining solution was also made without the Coomassie Blue
and used to wash the blot three times at 10 mins each. The translucent developed
photographic film was then laid over the stained memnte to align blots against

corresponding protein bands, to allow protein size and sample lane of blots to be identified.
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2.20YeastTwo-Hybrid

Yeast twehybrid assays were used to test for protgirotein interactions involving KFB
(Chapter 6) This cold identify the protein targeted for degradation by KFhd offer
functional insight. The paired mating asg&hapter2.20.1) was used when the target
protein to be tested was known, otherwise protein libraries were screened when this

partner was unknow (Chapter2.20.3).

2.201 Paired Individual Mating

The interaction between KFRnd a range of knowR. vulgarigroteins were tested via
yeast twehybrid mating. Thé&FB coding region had already been assembled into the
PGADT7 and pGBKT7 activation and binding domain vedtasré 6.1 Binding and
activation domain vectors are respectively referred to as bait and prey constructs. Bait
constructs were transformed intdhe Y187 yeast strain and prey constructs were
transformed into AH103 cell@Chapter2.13). These two cell types are compatible for
YFEGAY3 6al GOKYF{SNME HAanTO®

A GLO fragment had beemrepared in both bait and prey constructs by Dr Barry Causier
via Gaeway cloningor a previous study at the University of Leedswo further genes,
PvGLGndPvDEFwere also prepared in the same wlay Dr Causier Theseroteinsare
known to interact with each other (Trobnest al, 1992)and were therefore used as a
positive control to ensure the mating and yeast tlvgbrid screening functioned correctly.
Stocks ofKFB, GLO, PvDERand PvGLQwere therefore obtained as both baénd prey
constructs transformedChapter2.13) into yeast strains Y187 and AH103, respetyi

A 10 pl aliquot from each prey sample was pipetted onto YPDA general purpose growth
media(Chapter2.3.3)and 10 pl aliquots of th&FB bait sample were pipetted on top. To
simultaneously execute this test in the reverse direction, B prey sample was also
pipetted onto aliquots of each bait sample too. Mating assays were therefore carried out
between KFB againstGLO, PvDEFPvGLQand itself. Samples of the known interacting
pair, PvDERNd PvGLQwere mated with each other as a pdge control. ThePvGLMDait

and prey constructs were also mated with each other, which was a suitable negative control
because they are known not to homodimerize. All plates were incubated at 30 °C for three

days to allow mating between the compatiliells to take place.
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The centre of each sample of mated cells was swabbed with a pipette tip and resuspended
in 20 pl of sterile TE buffer before being transferred-WL SD media plates lacking
tryptophan and leucindChapter2.3.4) These plates seleaeonly for diploid cells that

had successfully mated to contain the tryptophan and leucine biosynthesis genes on the
pPGBKT7 and pGADT7 plasmids, respectively. The plates were incubated at 30 °C for
further three days before this suspension and transdéprocedure was repeated onto

WHL media.

The-WHL plates lacked tryptophdhV), leucine(L)and histidine(H). Thismediaselected

for diploid cells containing constructs thakpresseda pair of interacting proteins that
bring togetherthe binding andactivation domainof the respective fusion proteint
enable expression of the histidine biosynthesis gene. Cells without interacting partner
proteinscannot survive ithe absence of histidine. The test was repeated with the addition
of 3-amino triazde (3-AT)to the -WHL media at concentrations of 2.5, 5, 7.5 and 10 mM.
This molecule inhibg&binding and indicated affinity between the interacting proteins. Dr
Barry Causier(University of Leeds)had previously confirmed a minimum-AT
concentration & 2.5 mM sufficiently prevented autactivation of the KFB construct

(Figure2.3.4). The results of the screen were observed after five days (Feg2HB.

2.20.2 ObtainingPrimula vulgarisand Arabidopsis thalianaY2H Libraries

Yeast twehybrid libraies ofArabidopsisnd Primulawere usedo screen for proteins that
interact withKFB(Chapter 6) RNA was extracted froRrimulaflower buds by Dr Jinhong

Li and the Matchmaker Library Construction Kit was subsequently used by Dr Barry Causiel
at the University of Leeds. This involved synthesising cDNA from the RNA pool by using ar
2f A32R¢ LINEnY &hgdtopskqudacel A seddnd adaptor sequence was attached
G2 -8 of h&cDNA fragments during synthesis. Primers designed agadrsst t

adaptor sequences were used to amplify the cDNA library via PCR.

Amplified products were ctransformed into the AH103a8charomyces cerevisigeast

strain alongside the pGADT?7 prey vector, which also contains the tag sequences. The cDN.
fragments vere thereby incorporated into pGADT7 via homologous recombination that
occurred between the cDNA adaptors and these matching vector sequences. This resulted
in a library of AH103 yeast cells that each produced a protein froRriraula cDNA

fragment fusedo the activation domain of the vector.
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The process was repeated to generate th@bidopsidibrary and an aliquot was sent to
the Gilmartin lab. Approximately 1.5x16ells were plated across one hundred 15 cm
plates of-L SD media and incubated foddys. Colonies were subsequently scraped from
the plates into YPDA liquid containing 25 % glycerol for-teng freezer storage. A
thawed aliquot underwent serial dilution before spreading onto plates for further

incubation to calculate the viable cekensity of the library.

2.20.3 Yeast TweHybrid Protein Library Screens

Protein libraries were screened via yeast tiwbrid to identify potential partners of KFEB
(Chapter 6) Medias were prepared in advance and the entire screening procedure
required50 ml of-W gel, 50 ml ofW liquid, 50 ml of 2x YPDA liquid, 10.5 ml of 0.5x YPDA
liquid, 200 ml of WL gel and 1 | 6WHL ge(Chaptes 2.3.3 & 2.3 %} TheKFB-DNAbinding
domain vector had been transformed in®accharomyces cerevisisteain Y181 Chapter
2.13), which is compatible for mating with the AH103 strain that was made to contain the

cDNA library in the activation domain vector.

A Y187 colony transformed with ti&=B bait plasmid Figure 6.1 uppérwas selected from

a-W plate and used tanoculate 55 ml ofW liquid SD media. This was incubated at 30 °C
for three nights and a 1 ml aliquot was used to make a glycerol stock for long term freezer
storage, 4 ml was used in a minipré@hapter2.13) to confirm vector integrityvia
subsequendigestion(Chapter2.11.11)and the remaining 50 ml waarried forward into

the mating procedure for geast library screen.

A 100 pl volume of culture was used with a haemocytometer under a light microscope to
estimate average cell density. Thias used to calculate a volume containing SXi&it

cells to be mixed with 2.5x8@H103 cells from a prenumeratedPrimulaor Arabidopsis

prey library. The cell mixture was centrifuged at 1000 g for 10 mins and resuspended in 50
ml of 2x YPDA liquid rd&. The suspension was incubated in a 2 | flask across three nights
at 30 °C with shaking at 50 rpm. It was essential that shaking did not exceed this speed or

mating does not take place.

The mated cell suspension was centrifuged at 1000 g for 10 nmdstle pellet was
resuspended in 10.5 ml of 0.5x YPDA liquid media. A 10 pl aliquot of the culture was used
to plate serial dilutions of 10 thousand, 100 thousand, 1 million and 10 milliewarplates

to select for diploid cells containing both the Ey activation domain an&FB binding
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domain plasmids. This screened for successfully mated yeast. It was not necessarily
suggestive of protein partner interactions but the number of growing colonies was instead

used to estimate the total number of ges@ssayed by the yeast twybrid library screen.

The remaining culture was spread in 500 pl aliquots acrosSVML SD plates containing
2.5 mM of 3AT. This media selected only for diploid cells containing a pair of interacting
proteins. All yeast ptes were incubated at 30 °C. Colonies on-hW plates could be
enumerated after approximately four days to calculate the total number of genes screened
in the yeast twehybrid library. After two to three weeks, positive colonies on tAéHL
media wereeach transferred to 10 pl of TE buffer, which was then pipetted onto fresh
WHL media (but not spread). This allowed a larger circular colony to grow from the droplet,
which was used to inoculate 6 ml elVHL liquid media before incubation at 30 °C with

shaking at 180 rpm.

The incubated samples subsequentiyderwent aminiprep a procedure(Chapter2.4.3

and PCR was carried out on the extracted DNA using primers designed to either side of the
cDNA insert within the activation domain vector. The ligrnagment was therefore
sequenced so the interacting partner protein could be identified. A 50 pl PCR volume was
used containing 10 ul of Phusion Highlelity buffer, 1 pl of dNTPs, 0.5 pl of Phusion
polymerase, 2 pl of crude DNA extract template frdra yeast miniprep and 2.5 pl of each
primer (F-TCATCGGAAGAGAGTRBGTGAACTTGCGGGGTTTTTCAGTATCTATBATeaction was
heated to 98 °C for 1 minute before undergoing 35 cycles of 98 °C for 30 secs followed by
60 °C for 30 secs and 72 °C for 3 minserAsffinal 72 °C extension period of 5 mins, 10 pl

of PCR product was electrophoresed on a gel to confirm only one band was present in each
lane. Samples were directly purifié@hapter2.82) and sequenced by Eurofins Genomics

to identify the cDNA libny fragment that produced the interacting partner protein.
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Chapter 3

3 Bioinformatical Analysis of th&FB

TheKFB gene was initially identified by Dr Jinhong Li while locatingRthimula vulgaris S
locus (Let al., 2016). It was found to be homologous to the féliss Me Deadlgenes in
Arabidopsis thaliana The Arabidopsis Information Resource (TAIR; www.arabidopsis.org)
indicated that these genes were also known Kelch Repeat-Box or KelchDomain

Containing~Boxand so theP. vulgarigiene was thereafter calledelch FBox™RUMKFB).

TheKFB sequence was analysed to gain early information about its function that aided in
forming initial hypotheses and directing the lab work. This involved sequence alignments
to homologous genefChapter3.4), transcript quantificatioiiChaptes 3.7 & 3.8),ifiding
LINSRAOGSR NB3Idz | (i 2pkdEnotes fe@ori Eo¥iaptar 3.6), yidentifing  p ¢
functional domains in the coding sequen@ehaptes 3.1 & 3.5), finding other geneskn
vulgaristhat contained these domain€hapter3.2) and investigating thephylogeny. The
KFBgene was also identified in other members of thémulaceadamily as part of a study

to explore conservation of th8locus across speci¢€hapter3.3).

Bespoke programs and scripts were written personally for the project. Thislétttools
for dot matrix alignment(Chapter3.6), nucleotide translatiorfChapter3.3), stemloop
structure screening(Chapter 3.6), comparative genomicfChaptes 3.3 & 3.4), non
synonymous mutation enumeratiofChapter3.3) and Kelch motif queries (Appdix A).
Notable exceptions were the Clustal (Lar&iral., 2007;Chapters3.1-3.4) and HISATK{m
et al., 2015;Chapters3.6 & 3.7) alignment packages as well as the StringTie (Retréda
2016;Chapters3.7 & 3.8) assembler.

Bioinformatics was carried out in the Bourne Again SkeAvw.gnu.org/software/bash

using its iAbuilt command library on the cluster at the Earlham Institute, developed on a
Red Hat Linux kernel andhaintained by the Computing Infrastructure for Science
department at the Norwich Research Park. Graphs were generated in version 3.4.3 of R
(www.r-project.org. Sequence alignments carried out in the command line interface used
version 2.1 of ClustalWdtkinet al., 2007) and those executed in the web interface utilised

the online version of Clustal Omega (Sieadral., 2011).
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3.1 Location of the Kelch Domain KFB

The Kelch domain consists of a number of tandem motif repeats that each form atee bla
2 T -blarrel propeller for directly aiding proteiprotein interactions (Lét al., 2004). There
are usually five to seven Kelch repeats but plants often have fewer (Schuehalhy2011).
Kelch motifs are variable and may only loosely obey a causesequence with as little as

11 % similarity (Bork & Doolittle, 1994).

To locate the Kelch domain KFB and identify the number of Kelch repeats within it,
Clustal Omega (Sievessal.,, 2011) was used to align t&B amino acid sequence to the
following Kelch consensus sequen®&SGAGVVVVGGKIYVIGGFDGSQSLSSVEVYDPETNTWEKLP:
(Prag & Adams, 2003). Upon aligning this consensus sequence to the best m&fEd) in

the identified region was manually removed from ti&B query sequence and the
alignmer was repeated to find the next closest match. This process continued until no

further reasonable matches could be found.

A scoring system was established to rank the similarity of the identified Kelch repeats.
Amino acids that perfectly matched the ca@msus sequence gained three points, those
that shared highly similar properties scored two points, those that shared lowly similar
properties were granted one point and totally dissimilar amino acids received no points. A
sequence that perfectly matcheti¢ entire 46amino acid consensus sequence would have
achieved 138 points. The score for each Kelch repeat motif fouk&Bwas converted

into a percentage of that highest possible score.

Five Kelch motifs were confirmed KFB, with the fourth and fith repeats intervened by
29 amino acids containing a fractional Kelch motif (Fi§ute The other four repeats were

almost entirely continuous.
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* = perfect match . = highly similar properties = lowly similar properties

MEVIPGLPEDLGLECMIRSHYTT FRWSQTCHLWRKLLQTTDFHSYRI{NKGYS H_KMI CFV 60

QSIPPNALADETGKSANSCGYGI TVFDLRSRTWGRLSQ_ 120

. : * e« F ek *
_KAGQCPRSSVLSLKPSQLISYTEFSSAITDGAE‘GIALGGQILLKESADV 300

. *-k *
DVKKAFE‘LVDVGEGQNYRI BRINVEDOFSGLVQSGCSVET 3 4 0
Length /aa Start position End Position Similarity Score
54 45 99 38.4

46 280 326 45.7

Figure 3.1Five Kelch repeats were identified in Rfipper). The underlined region represents identification o
fractional motif. Similarity of each motif to the Kelch consensus sequence (Prag & Adams, 2003) is shown (I

3.2 Identification of Kelch Proteins Encoded by tRevulgarisGenome

Amino acid sequences derived from thHe vulgarisgenome were screened for other
potential members of the Kelch protein family to explore the possibility that other proteins
related toKFB may also exist iP. vulgaris Phylogenetic analysis of these candégavas
carried out to potentially identify a protein tha€FB had derived from or, if the function

of its most closely related proteins was known, offer insight into the possible rd{&Bf

in floral heteromorphy.

The genome of the long homostyle matavas used for this investigation (Cocletral.,

2018). It was assembled by Dr Jonathan Cocker from the DNA of a single plant and is
homozygous for theéSlocus, therefore making it the best draft genome available Ror
vulgaris The only known mutatioin this genome exists in tf@YPgene (Let al., 2016),

the dysfunction of which leads to reduced suppression of style length usually observed in

thrums and therefore causes the long homostyle phenotype instead.
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The genome had been annotated by Dr lbaa Cocker, which provided the general
feature format (GFF) file that was here used to acquire the coding sequences for each gene.
A script was written (AppendiXl) that utilised coordinates from the GFF to locate exon
positions of every. vulgarigere and join them together, thereby obtaining the complete
coding sequence for every gene in the genome. Of the 24599 genes presented by the GFF
15 % (3812 genes) were discarded due to not having an appropriate codon at either the
start or stop position.This is likely due to the automated annotation process detecting RNA

reads that map to areas without complete sequence data available.

The remaining genes were translated into amino acid sequences. The C program written
to achieve thigs available on GitHulgithub.com/calumraine/cranslae Thefollowing

grep querywas usedn the Linux command line to search the amino agduences from

each genegrep -B1 -EGG. {9, 25} [ LFY] ééW. * GG. {(Biguze3 R-[L)L Fhe] é é w
grep command is a tool used to search files and extract lines containing at least one match

to a given query. Thee flag was used to dictate that the seardrm was in the format of

an extended regular expression and the1 flag requests for both the matching line and

its preceding line to be printed, which here meant gene names would be obtained from the

FASTA file as well as the matching sequences.

L L
9 - 25 amino acids [ Ok 1 6 amino acids \ Any distance / 9 - 25 amino acids | OR { g amino acids
e e (T v e
OR OR
Y Y

Figure3.2-1: Key motif parameters and amino acid landmarks used to identify Kelch repeat prot&inaiigaris

This query searched for thiycine pair(a fundamental signature of the Kelch consensus
sequence)followed by between nine and twerdffve amino acids of any identity a
number estimated from literature review (Prag & Adams, 2003; Andtdal., 2001;
Adamset al,, 2000). The query parameters ensured this linker wamediately followed

by acommonly occurringeucine (hydrophobic) or phenylalanine (hydrophobic) or tyrosine
(aromatic) residu@nda final signature tryptophan separated by a linker containing exactly
six of any amino acidThe length of this linker was used due to its occurrence in ~70 % of
analysed Kelch domains (Adaetsal, 2000). The query ignored candidates that did not
contan at least two of these Kelch repeat motifs separated by any number of amino acids.

The search was repeated with modified sizes of the 9 to 25 amino acid linker to see how
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this affected the number of results. Amino acid sequences from candidate gemeiedl
by this Kelch motif screen were aligned agaiksB (Figure 3.5 lowerAppendixA2) to

compare similarities and begin phylogenetic analysis.

This motif query identified 155 genes in tRe vulgarigenome that encode proteins with

a Kelch repeatlomain (Figure3.2-2 upper). One of these candidates wWii&B, which
provided reassurance that the search technique had worked. Each identified Kelch protein
was aligned t&kFB and the number of matches was converted into a percentage of the
total 340amino acid length okFB (Figure3.2-2 lower). Their similarities ranged from 7.65

% to 44.71 %.
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Number of Kelch Proteins Found

Varying Search Parameters and the Number of Kelch Proteins Identified
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Figure 3.22: Kelch proteins identified iR. vulgaris The Kelch motif consensus sequence contains a linker regic
variable length. Several ranges for this linker were tested (upper) but a value of 9 to 25 amino acids was u
identify 155 Kelch proteins. Their similarity to KwBs calculated (lower).
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A BLASTp search was carried out on amino acid sequences of the top fifteen Kelch proteins
(Figure3.2-2 lower) encoded by. vulgarighat presented greatest similarity t6FB (Table

3.2). One of them was exactly the same lengtiK&8 and presented a top match MD3

The third most similaP. vulgariKelch protein toKFB was found to match &MD2like
protein, seven more identified as Kelchbé&x proteins, afurther Kelch protein was
identified and a final match was found to have involvement in the ubiquitinase degradation

pathway.

Table 3.2 Top BLASTDp results for fifteen Kelch proteins frovulgarsthat demonstrated greatest similarity #6FB.
The number of matching amino acids was enumerated and converted to a percentage of the total query len

Coding Sequence  Similarity to KFB" Amino Acid Sequence

Rank

Length faa Matches % Top BLAST Hit
1 340 152 44,7 Kiss Me Deadly 3 like
2 349 152 43.55 F-box/Kelch-repeat protein
3 352 105 29.83 Kiss Me Deadly 2 like protein
4 356 105 29.49 F-box/Kelch-repeat protein
5 1785 85 4.76 Arginine-tRNA ligase
6 439 85 19.36 F-box/Kelch repeat protein
7 359 83 23.12 F-box/Kelch repeat protein
8 359 82 22.84 F-box/Kelch repeat protein
9 965 82 8.50 Kelch-like protein
10 357 81 22.69  Ubiquitin carboxyl-terminal hydrolase like
11 1226 81 6.61 RNA-binding protein Musashi Rbp6 like
12 737 79 10.72 F-box/Kelch-repeat protein
13 413 79 19.13 F-box/Kelch-repeat protein
14 870 78 8.97 Rab9 effector protein with Kelch motif like
15 667 78 11.69 Acyl-CoA-binding domain-containing protein

Alongside the similarity assessments of these Kelch proteins, Clustal Omega @ial/ers
2011) was used to generate a phylogén tree of all 155 candidates. The clade containing
KFB is displayed in Figur8.2-3. Contrary to the similarities presented in Tat8e,
subsequent BLAST results suggested reductase and phosphatase proteins as the mos
closely relatedP. vulgarisKdch protein candidates t&KFB. The former analysis (Figure

3.2-2lower) calculated these proteins to be the®a@nd 137 most similar, respectively.

Serine/threonine-protein phosphatase

L-2-aminoadipate reductase

— KFBT
- e Putative ABC transporter

Non-canonical poly(A) RNA polymerase
F-box/Kelch repeat protein At3g23880-like
Arginine—tRNA ligase

Kelch F-box: COPS Signalosome Interacting-like

Figure 3.23: The KFBcontaining clade from a phylogenetic tree of all 155 Kelch proteins ideahiif
P. vulgarisvith their corresponding identities.
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It was noted that the 7 and 8" most similar Kelch candidates KFB (Table 3.2)vere
situated within close proximity of each other in tRe vulgariggenome, separated by only
one gene. Relationships between all 155 identiffediulgarielch genes were therefore
investigated and six pairs were found to be immediately adjacemt.instance of three

Kelch genes interspersed by only one other was also found (not shown).

To assess whether this was due to chance or if Kelch genes are momoobmco
localised, the GFF annotation was used to calculate average distances between all
consecutive genes in the genome and compare them to the distances between these
adjacent Kelch family members (Fig&.@-4). Alignments were also carried out beteve
these adjacent Kelch genes and the other identified Kelch candidates to investigate

whether similarity was negatively correlated to the distance between them (FR)@r4).

Distance and Similarity Between Adjacent Kelch Genes in
the P. vulgaris Genome
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Figure 3.24: Similarity and distancbetween pairs oKelch proteirencoding genes that are adjacent
the P. vulgariggenome plotted on a line representinthe distance between all adjacent genes from tt
genome. Adjacent Kelch genes are not significantly closer than other adjacent genes and similari
not correlate with proximity.
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Figure3.2-4 shows that proximity between members of the Kelch family inFheulgaris
genome is not significantly closer than other consecullvgulgariggenes. The figure also
demonstrates that the percentage similarity between these Kelch pairs does not secrea

as distance between them decreases. Though some pairs were found to share as little as
30-35 % similarity, this is not a good criterion on which to measure homology here because
high variance often exists between even closely related Kelch proteiasn@sd al.,, 2000).
Similarity between adjacent Kelch partners was therefore compared to their similarity

against the other 154 unconnectd?l vulgariKelch proteins (Figuré.2-5).

Figure3.2-5 demonstrates that genes encoding Kelch proteins may ksedasilar to their
adjacent partner than they are to other Kelch family members positioned more distantly
on the P. vulgarisgenome. This further confirmed a lack of correlation between gene
distance and similarity. While four of the pairs were the finssecond most similar Kelch
candidate to each other, other partners ranked as little a8 80112" in similarity (Figure

3.2-5),
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Keld protein encodineggenes. The adjacent gene encoded the most similar Kelch protein 42 % of the
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3.3 IdentifyingKFB in Other Members of thePrimulaceaeFamily

A sequence capture experiment was used by Li & Cocker (unpublished) to identBy the
locus genes in other species of tReimulaceadamily. Amino acid sequences converted
from contigs carryingFB were used to assess the evolutionary selection preseni¢FB

and prove its importance in heterostyly by confirming conservation across the family.
Similarities along the protein sequences were compared to explore phylogeny and identify
the most variable or conserved regions in each. This were used taiadirotein motifs,

such as Kelch repeats obbx domains.

3.3.1 ObtainingK FB DNA Sequences from Sixte@rimulaceaeSpecies

Sequencing data from sixteen species was analysed, fifteen of which were from a sequence
capture experiment by Dr Jinhong hat utilised oligonucleotide primers designed to the

278 kbP. vulgaris $cus and its ~170 kb flanking regions to obtain 8ieci from other
Primulaceaspecies. Those species includkahungensis, P. cockburniana, P. concholoba,

P. cuneifolia, P.dlleri, P. incana, P. kewen§s floribunda x P. verticillateP. laurentiana,

P. prenantha, P. prolifera, P. scotica, P. vulgahsrt homostyle mutant)P. watsonii, P.

yuparensisand Hottonia palustris

TheP. vulgarissample was included in the gegence capture as a positive control. Aside
from the H. palustristhrum morph, homostyle plants were otherwise used because this
experiment was originally designed to determine whether homostyle morphs in these
species also arise via mutation in t8&Pgene (Let al., 2016)¢ which has been shown to
regulate style height (Huet al., 2016)¢ but it also generated sequences of the otHgr
locus genes and providadFB data for this investigation. Thid. palustrismaterial was
taken from a pondhear Watton in Norfollkand all other plants were sampled from Kevock

Garden Plants in Midlothian, Scotland.

The contig from each sample dataset that contained the closest matkkBowas isolated
by Dr Jonathan Cocker. A sixteettRB sequence waslso included from Dr Jonathan
/ 201 SND& RNJ TR verighd@r yeaome; thiz d@id nidtkc@ne from sequence

capture but was included to maximise data quantity.
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3.3.2 Similarity BetweerKFB Nucleotide Sequences from SixteéhrimulaceaeSpecies

To &sess whetheKFB was present in these sixteen test@timulaceadamily members,
percentage similarity was calculated between the isolated nucleotide sequence from each
species and th®. vulgarikFB sequence, which was here used as a template. Tabésh

the threshold below which it would be determined tH&FBwas not present in a particular
species, the?UM Slocus gene was included in the analysis. This was arbitrarily selected
as a negative control to demonstrate the chance similarity presgity the alignment of

an unrelated gene. The script used for this analysis is included in Apgehdix

The similarity calculations were carried out as presenitedrigure 3.3.2, with use of
nucleotide sequencesClustalW (Larkiet al, 2007) was used to align th&B sequence
from each species to that of tHe vulgarigemplate Figure3.3.2A). The sequence capture
contigs could have containedFB in either the sense or antisense direction and so
alignments were performed againsoth the forward and reverse complement sequences.
Whichever presented the greater number of matches was carried forth. The output text
files were then manipulated to extract only the alignmelata Figure3.3.2B), separate

the sample and template sequoees into discrete files as sindieres Figure3.3.20 and

then rejoin them as vertically alignedolumns Figure3.3.2D) to enable intercolumn
comparisons and thereby allow better operation of BASH command line interface tools,

which are usually wrign to handle files on a lirky-line basis.

Differing sizes of somguery sequences caused gaps in the template sequence during
alignment, to which no nucleotidaligned Figure3.3.25). These gaps were discarded
because the overall aim was to calculate number of template nucleotides that appeared

in the querysequence, not to count the number qtierynucleotides that appeared in the
template sequence. This is an important distinction that could otherwise significantly
underrepresent the percentageirsilarity of large sequences and overrepresent it in

smaller ones.

The number of matches between tiggieryand template sequences were enumerated and
converted into a percentage of 1023 (which is the nucleotide lengtFdin P. vulgarik
The percentage similarity of th€FB candidate from each species was presented in a bar

chart (Figure3.3.4upper).
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A) Raw Clustal Alignment File

Seql MEVI-—-PEDLGLECMIRSHYTTFRVVSQT 30

Seq2 MELIPNLPDDVARECLIRSSYTTFPVIASV 30
e B) Sequencedata  wpy1-——PEDLGLECMIRSHYTTFRVVSQT
o T o T extracted MELIPNLPDDVARECLLRSSYTTFPVIASV

A J

QSIPPNALADETGKSANSCGYGITVFEDLRS

Seql QSIPPNAIADETGKSANSCGYGITVFDLRS 60
- 2 ° QARPGLVDPAGSGKIIATPEYRISVLESGS

Seq2 QARPGLVDPAGSGKIIATPEYRISVLESGS 60
* - . s kk = * k-k-- &
C) Sequences separated into single lines

MEVI---PEDLGLECMIRSHYTTFRVVSQTQSIPPNALADETGKSANSCGYGITVEFDLRS

MELIFNLPDDVARECLLRSSYTTFPVIASVQARPGLVDPAGSGKITATPEYRISVLESGS

D) Sequences re-joined as vertical columns

M M

3 E MM 1 1101101000 =5 = 50%
u : E E 1 1100110111 =7=7170%
I v T 0 1010000101 =4 = 40%
= P x I T 1 D0O0O0O0ODODO0OO0OT11 =2 = 20%
- g}{ P P 1 D0O0OO00ODOD1O010 =2 = 20%
; - X E D 0 1000011100 =4=40%
= p E)Unaligned D D F)Matching ' G)Similarity

D D amino acids IG“ : amino acids :: calculated per

L V removed ; g counted , 10amino acids

' —_— >

s & E E 1

L R = = 1

E g M T 0
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- s s 1

R R 7

s s ? i 1

i i T T 1

T BT :

T T

Figure 3.3.2 The process by which raw sequence alignments betwMe€EB and the four AtKMD proteins were
converted into graphs for comparing how similarity changes across these sequences. A) Clustg|Stavegat al.,
2011 was used to align eachtKMDprotein againstKFB. B) The sequence data was extracted to remove lab
numbers and alignment symbols. C) RiBandAtKMDsequences were separated. D) The sequences were conve
to vertical columns and r@ined. E) Gaps from amino acids that did not align were removed. F) Matching amino
were enumerated. G) Average similarity was calculated for every 10 amino acids and the data was plotted on ¢
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3.3.3 TranslatindKFB Nucleotide Sequences from Sixte@rimulaceaeSpecies

Nucleotide alignments are affected by synonymous substitutions that do not functionally
modify the primary protein structure. Analysis of the inggreciesPrimulaceaesequence
capture data was theffere repeated with amino acid sequences instead. A program was
written in the C programming language to translate the candidefe8 nucleotide
sequences from each species. The process is outlinEdyime3.3.3 the source code is
available on GitHubg({thub.com/calumraine/cranslajeand the program was compiled
using version 5.3.0 of GCgr¢.gnu.ory It functions by accepting the name of an input
FASTA file as an argument on the command interface. The program ignores any line that
does not begin wih a sequence base (in capital letters only), therefore skipping blank lines
YR KSIFRSNIftAySa O2yilFlAyAy3d GKS WpQ &@Yo:
The program moved through the given sequence in tHrase windows. Upon recognition

2F F &l NI O2R2y 3> IitbegaiNdanslatig edch hudleotide @ipleNJ A
into the corresponding singlketter amino acid code. This continued until the stop codon
was found or the end of a line was encountered. A newline was triggered in the output

stream to position the cursor fgrinting the next string.

If the end of the sequence had been reached, the process was repeated with the second
and third reading frames. The input sequence was subsequently reversed and the
complementary nucleotides saved in memory as a new sequeocegdons in the reverse
three reading frames could be translated and queried too. If at any point the program
encountered ano I &S f SGGSNI 64dzOK | & &aSljdzSyOAay3
GKS O2R2y O2dzZ R y2i 0S5 déclakdirfstatziviich colldNdoty” a f |
be mistaken for any of the other singletter amino acid codes. Where possible, the

program would attempt to translate a codon if the first two bases were available.
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Import first line of
input file

o
-

4

Does the line begin with A,
G, TorC?

Go to next line

l

Y

Y Have the reverse reading
frames been screened yet?

¥ 3

Go to next line

+N

Have the forward reading Y Reverse complement
frames been screened yet? input sequence

A J

IN

Print flag = OFF Read codon

A *

Move to the next Y Have you encountered the
reading frame end of the line?

3

IN

Translate codon

v

Print flag = ON Is it methionine?

IN

Is the print flag on? — Go to next codon

A J

Y |

Have a stop codon been N . . .
P —P Print amino acid
encountered?

F 3

Y
Print flag = OFF

Figure 3.3.3A program was written in the Criguage to find open reading frames and print their translated amino acid sequences
a nucleotide input file.
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3.3.4 Similarity BetweerK FB Amino Acid Sequences from Sixte@mimulaceaeSpecies

The program outlined irChapter3.3.3 was used to generate a file containing all the
possible open reading frames from each candidate nucleotide sequenceKFByrotein

is 340 amino acids long so the sequence closest to this length was extracted from each
output file and carried forwardis the finalKFB candidate amino acid sequence for that
species. ThPUM coding region was translated using Clustal Omega (Sievais 2011)

and its amino acid sequence was added to the sample set at this stage for use as a negative
control. The gbsequent alignment process used was the same as th@hepter3.3.2
(Figure3.3.2. A final bar chart (Figurg.3.4 lower) was produced to represent the
percentage similarity between the amino acid sequenceski and its closest matches in

these sixeen species from th€rimulaceadamily.

Alignments of both nucleotide and amino acid sequences sud¢jeBtis present in all
sixteen sequence capture samples, with only minor disagreements regarding the ranking
of species based on similarity (Fig@r84). On average, there was only a 4.53 % reduction

in similarity between alignments of the nucleotide and amino acid sequentke. most
dissimilar of the sequence capture samples Whntonia palustrisand this was also the

only sequence in which theat codon did not align to that iR. vulgaris The next start

codon was 22 amino acids further upstream in Hhepalustrissequence.
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3.3.5 @nserved Regions iKFB from SixteenPrimulaceaSpecies

The ratio of synonymous to nesynonymous mutations is an indicator of evolutionary
selection for purification or diversificatiofzhang, 2006). A consensus sequence was
generated by aligning the sixted?rimulaceae KFBwcleotide sequences to each other
(AppendixA3). Each species was subsequently aligned to the consensus sequence and a
script was written to detect synonymous anén-synonymous substitutions within each
codon (AppendiXA4). The overall ratio for each species was presented on a stacked bar
chart (Figure3.3.51) and the average mutations across all sixteen nucleotide sequences

were also plotted (Figurd.3.53).

Synonymous and Non-Synonymous Mutationsin KFBT Genes of

Sxteen Primulaceae Secies
250
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Figure 3.3.51: Ratio of norsynonymous to synonymous substitutions betwd&rB nucleotide sequences from
sixteenPrimulaceaespecies. Thél. palustrissequence contained the most mutations bt proliferaand P.
cockburnianadlemonstrated the highest diversifying selection.
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The lowest mutation counts (FiguB3.51) were observed in eight species that appear to
share the most distant common ancestors from the clade contaiRingulgarisaccording
to the phylogenetic tree in Figurd.3.52. These samples also demonstragarifying
selection whereasP. chungensis, P. cockburniana, P. prolifared P. prenantha
demonstrated diversification with ratios between 1.21 and 1.33 for-sgnonymous to

synonymous mutations.

Clustal Omega (Sievees al., 2011) was also used to prace a phylogenetic tree of the
Primulaceaespecies from theiKFB amino acid sequences (Figue3.52). The ranks are
taken from the similarity assessment between tKEB amino acid sequences in Figure
3.3.4(lower). The Clustal results are largelyerent with those similarity ranks except
vulgarisand P. verisappear to share a more recent common ancestor with the most
dissimilar species than the former alignments would suggest. Clustal also praced

kewensigloser toP. vulgarighan the Figure3.3.4analysis proposed.

. Similarity
Clustal Phylogenetic Tree Rank

— H. palustris 16

— P. cuneifolia 12

[ P.chungensis 13

— P. cockburniana 11

— — P. prenantha 14
L p. prolifera 15

|| T P veris 2
| r— P. vulgaris (Short homostyle) 1
B L P vulgaris (wildype) NA
P. kewensis 10

— P. concholoba 9

L P. watsonii 8

P. scotica 7

— P. halleri 6

L P.incana 5

— P. laurentiana 4

— P. yuparensis 3

Figure 3.3.82: Clustal OmegaSjeverset al,, 2011 was used to aligkFB amino
acid sequences from Irimulaceaespecies and produce a phylogenetic tree. T
rank value (right) is based on previous similar@ialculations and here allow:
comparison between the two methods.
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Contigs containingFB from the sequence capture experiment had an average length of
~1.6 kb. However thE. vulgarishort homostyle contig was almost 48 kb long and so was
screened fo other genes. It was found to contain ten potential open reading frames that
were longer than 100 amino acids. The BLASTp results indicated that these did not
represent novel identified genes but likely retrotransposon insertions or genes bordering
(Cfo'Y or internal PUM and CYP) to the Slocus(Table 3.3.5)

Table 3.3.5: A sequence capture experiment to target tBéocus was carried out in 1Brimulaceae
species and contigs containingFB were identified. TheP. vulgarisshort homostyle contig was
approximately 30,000 times larger than any others. It was found to contain ten potential open rei
frames longer than 100 amino acids.

Open Reading Fame  Length/aa BLAST Identity
1 509 PUMT (P, vulgaris)
2 398 Gag-Pol polyprotein (Trifolium pratense)
3 340 KAB' (P wulgaris)
4 312 Glycosyl transferase (Pseunocardiales bacterium)
5 220 Transposon Tv3-1 Gag-Pol polyprotein (Vitis vinifera)
6 145 No matches
7 130 Hypothetical protein (Thiohalocapsa sp. ML1)
8 128 CYP" (P vulgaris)
9 116 Hypothetical protein (Auxenochlorella protothecoides)
10 107 ab™ (P vulgaris)
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Average Number of Mutations

Figure3.3.53 presents the average number of both mutation types per ten codons along
the KFB sequences. The graph demonstrates a clear crossover of synonymous mutations
above nonsynonymous mutations across the central gene regions; an area directly
coherent with the middle three repeats of the previously identified Kelch domain (Figure
3.1). This represents evolutionary effort to conserve the integrity of this domain, unlike its
diversified bordering regions that present far higher ratios of 4sgnonymous to

synorymous mutations.

—— Synonymous Mutations

™~ —— Non-Synonymous Mutations
Mean Synonymous Mutations
o - -~ Mean Non-Synonymous Mutations
© [ Kelch motif
o]

0 50 100 150 200 250 300 350

Codon Position

Figure 3.3.53: Average number of synonymous and rgynonymous mutations acro&$-B sequences from sixteer
Primulaceaespecies. A central region of purifying selection corresponding to the middle three Kelch repeat
identified.
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The large red peak immediately preceding the Kelch domain in F3gBu®3 corresponds

to the space between the fourth and fifth Kelch repeat, in which a fractional Kelch motif
was identified (Figurd.10 ®  -@h&dbthepg€he near thaart codon shows more modest
counts of norda @ y2yevY2dzi VYdzilGAz2zya YR (GKAa- A&
terminus exhibits resistance to change. Sequence corresponding to the second Kelch blade
(codon 98 to 152) presented strongest purifying selectiorhe lowest number of both
mutation types was observed in the third motif, in which the ratio between them suggests

the presence of neutral evolutionary selection pressure.
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3.4 Homology oKFB to ArabidopsisKMDProteins

Similarity between the fouArabidopsiskMD (AtKMDproteins andP. vulgarisk FB was
calculated across their amino acid sequences. This allowed identification of the most
similar AtKMDprotein to KFB and also highlighted the more variable or highly conserved
regions of their amin@cid sequences. ldentification of the closest known homologue to
KFB could provide early clues regarding its function and help direct the lab stuBigare
3.3.2outlines the process used to make these calculations and produce a graph. The BASF

script written to carry this out is included in Appendh2

TheKFB coding region was obtained from tH& vulgarigenome (Lét al., 2016) and the
nucleotide sequence was converted into an amino acid sequence via the ExPasy online
translation tool (Gasteigest al., 2003). Amino acid sequences of the fAmbidopsisKMD
proteins were taken from the TAIR online databasenyv.arabidgsis.org. EachAtKMD

was aligned individually to th&FB amino acid sequence via the Clustal Omega online

multiple sequence alignment tool (Sievextsal., 2011).

Table 3.4:Amino acid sequence similarity betwe&#B and the fourArabidopsisKMD honologues
Similarity is presented as the numberkiFBamino acids that align t{MDand these matches are a
provided as a percentage of tiéMDamino acid sequence length, shown in column 2.

Coding Sequence Similarity to KFBT Amino Acid Sequence

Protein

Length /aa Matches %

KFBT 340 NA NA
KMD1 354 113 31.92
KMD2 359 120 33.42
KMD3 409 110 26.89
KMD4 418 108 25.84

TheKFB amino acid sequence was found to convey most similariti{MD1and KMD2
than KMD3or KMD4(Table 3.4) AlthoughKMD3and KMD4are the longest of the four
homologues, they have the fewest number of matches and therefore the lowest overall
percentage similarities. The function BIFB was presently unknown but these four
homologues had been studied iarabidopsis Literature regeding the most related

candidate was therefore reviewed to infer functional predictionsK&iB.
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3.5 Identification of Conserved KEFBomains via Comparative Genomics

To highlight conserved domains withKFB, three sets of alignments were carried out
between KFB against the fourArabidopsikKMDhomologuegChapter3.4), the other 154
Kelch proteins identified if. vulgari{Chapter3.2) and theKFB paralogues identified in
fifteen other Primulaceaespecies(Chapter3.3). Simildty alongthe KFB amino acid
sequence helped to identify potential functional domains alongside regions of variability in

the protein.

In accordance with Figurgl, Clustal (Larkiet al., 2007) was used to align KRgainst
the query amino acid sequenceEBhe raw alignmenbutput was copied into a text file
(Figure3.1A) and the sequence data was extracted (Figdiid3) to remove any surplus
lines, labels, numbers and alignment symbols. Tools commonly used in the Linux command
line interface are usually designed to handle files-liydine, so scripts are far smoother
when they make comparisons between individualuoohs instead of between separate
lines. The sequence for each sample was therefore extracted into a single line &i@)re
before both being rgoined as vertical columns (Figu8dD). Lines containing amino acids
that did not align to KFBvere removed (Figure3.1E. The number of matches at each
position were then enumerated (FiguB1F) and the average similarity across every ten
amino acids was calculated (FiguBelG to generate a smoother graph line when

displaying the resulté~igure3.5).
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Amino Acid Sequence Alignments Between KFBT and Various Homologues
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Figure 3.5: Amino acid sequence alignments were carried out betwK&®B and: Upper) fourArabidopsisKMD homologues,
Centre) KFB from across sixteerPrimulaceaespecies, Lower) 154 other Kelch proteins identifiedPinvulgaris They all
demonstiate a central region of raised similarity across the Kelch repeats.
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A central region of raised similarity was common to all three alignments (Rdp)revhich
corresponds to the middle three blades of thK&B Kelch domain (Figur@.1). Similarity
reduced over the fourth motif when compared across the enBrevulgariKelch protein
family but remained above average. Although a spike of similarisyolsaerved in the fifth
Kelch repeat, the region between the fourth and fifth motifs (found to contain a partial
Kelch motif) was highly variable in all three alignments. Similarity across the first proposed
Kelch repeat it FBwas not strong across aw§the datasets and this was also the weakest
match to the Kelch consensus sequence (Fi@utg Similarity consistently increased at

the Gterminus of the protein but an even greater increase was observed at-feerhinus.
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3.6 Transcriptional and &nslational Regulation oKFB

Upstream and downstream regions of tH€FB gene were screened for potentially
significant regulatory elements, such as secondary structures, open reading frames, a
transcription start site and promoter components. Annatatbinding sites and modelling
secondary structures can provide understanding of the pathways that a gene may be
involved in or respond to.Such insights aid in better hypothesis formulation to direct
experimental design. Placement of the transcriptidaris site was also required for
deciding how much of the upstream sequence to include in a vector designed to contain

the KFB promoter region(Chaptes 48 & 5.3).

3.6.1 Manual Screen for Promoter Elements and Transcription Start Site

The KFB transcrig was isolated from a thrum transcriptome assembled by Dr Jonathan
Cocker(et al., 2018 and the sequencing read was found to end 1275 bp upstream of the
a0 NI O2R2Yy 3> ¢ KA OKITK dodKbe atFeksi Z5Rbp foKgeritharnitie S
1023 bpKFB coding region itself. Following this, manual analysis of the upstream region

was carriecut.

Transcription start sites are usually overlaid by an initiator element positioned 25 to 30 bp
downstream of a TATA box (Juv@ershoret al., 2010), often located in a G{€h region
(Lewin, 2001). For identification of th€B transcription stat site, the 1900 bp region
upstream of the start codon was queried for a potential initiator element linked to a TATA
box by this distance. An initiator element consensus sequence was used for the query:
[C/T][CITIAN[T/A][C/T][C/T{Javahery, 1994). Alblagh identified in mammalian genomes, its

functionality has been confirmed in plants (Nakamura, 2002).

A total of 184 TATA box candidates and 43 potential initiator elements were identified in
the 1900 bp upstream of thKFB start codon. The TATA boxasre identified as mixed
strings of eight adenine or tyrosine bases but only five of them were between guanine or
cytosine residues, suggesting the others were simply strings of AT repeats and not true
TATA boxes. All candidate initiator elements obayedconsensus sequence but only one
(Figure3.6.1-1C) was paired with a TATA box (Fig8u&1-1B) positioned 29 bp upstream
within a G@ich region. This potentially placed th&-B transcription start site at the
adenine base underlined (Figuses.1-1C) 1644 bp upstream of the start codon.

99



The region was also screened for other common promoter elements (leorb, 2014),
such as Downstream Promoter Elements (DP¥}IG[A/T][C/T][G/A/C[Burke & Kadonaga,
1996) A total of 35 potential DPE fragmenwere identified (not shown) and thréavere
24, 30 and 37 bp downstream of the identified initiator element (Figue1-1C). True

DPE sequences are approximately 30 bp downstream of the TSS (Burke, 1996).

attempts to identify suitable upstream CAAbox (Bucher, 1990), Spinding GC box
(GGGCG); B recognition elemen{G/C][G/C][G/AlCGor gibberellin response siteAACAGA

were successful (Portet al., 2014).

It is possible that not every gene in tB&cus elicits direct function in florakeberomorphy
but instead ceordinates other members of th8locus. AGLOis a known transcription
factor with a MADSo0x domain, the upstream region &FB was queried for a CArG box
(CCIA/TgGQ, which is the consensus sequence for MAIDS binding sites (Reichmarat
al., 1996). A match to this consensus was found 1877 bp upstream KFRfistart codon

(Figure3.6.1:-1A).
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A) CArG TCTCTAGAGACCACACAAATACTATATAAGSTTTTATT - 1860
CTCCAACATACTTTTGTTTAATTCATCTAGCAAAAACGTTTCATCCACATCCAAAAGEBOT
TAGATTTGCGATGTTTTGCATAGATTGGTGATGATTGGTGTCGATTAAGGACCTARMUN G

B) TATA TTGATCATGTGGTTGTGGGTGGATGACGGATGCCGATGACTGTTCACTGCRGT-GGEIL

C) Initiator ATAATGGTGCTCCGACGTTCTTTGGTCACTIGAGATIAGGGATTCTTTACTTACTCAE 620
GATCTGGTTCAAGGATATTGGAGGTATGAAAGTCCAGTAAGTGTTTGGGACAAAGIEGA!
ATGGCGTTCTGGAGGAGGAGAGAATATGAAAAAAAAAATGATTTATATATTATTATSUUC
CTAAACTATAGATGTACTTATCTAAATTGATGTGCACATATTGGTAGATACACGTAIMMAC
TCTCTTATCTAGCTGCATTTGTCTTATATTCGTCTTATATCGAACTATTAGTTGGGARIO
TGGGATAATATAAGTAAATCTTTACAAATCTAATGAATTGAAACCCTAAACCCTAARIZIA

D) Transcriptome  CTAACAACTCAATTTTAATAAATAAAAAAATTTATTTCTGEAATGATTAAATATATA 1260
dataend GAATAGAGTAAAAAACTGTTAATATCGTCCTAAATAAATAAATTGAATCTAATAAACITA
ACTTCGTATGGGTTAGAATCTAATTAGAATTTTATTTTATTTTAGTATAAAACTAATTAMD
TTGAAAAGATTCTTAAGTATTTAATAAGTTTAATAATGAATTTACATTAAAAAAAACBISD
TTAACTTATATTTATTAATTTGTAGCAAGTTGTTTTGTAGTTTTATATCATTTTTAAAITR0
TGCTTTTATAAAATGTTTTTTTTTTCAGTTACACATAATTTTATAAACTTTCAATATTIA0
TATATAAGTGTGTAATTTATAAAATTTTCAAACGTTTATTGTAAAGTGTTAAACTATAMA
TAATAAATGGAAACTTTAAAATGGGTTCTATTCAAAAAATGTAACGATGGATCAGTRURAA
CAATCCAAATTTAAAATTTAGACCAAATCAGTAGCAAAATATGATTAACGTTACAARGIAT
TTATAGTCACCCCGTTCCAAATAGAGTTATTCTAATTTGGGATGTATCTGGAAATGRBAC
TTTTCCGAAATTGATGTCTAATACATATGCATTTTTACCCTATTACTCTACCTGTGBACA
TAGTAAAAGAAATATTATTTTAACTAAATTGAAGGATATTTTTAACAAATAAATATAGHA
TCACTAAATTTTCATGAATAATTGGGTTCTCCAAGCGTCCTAATGAATATAACGAASZRTAG
TACAAAACAAATGTGCGGTGGACACTTTAATATATTCTCCAGTACTCGATCAACAGAGTT
TTTAGAAGTATAAGATTAGATTAAAATAAATTTTGATTAACAGATAGTCCCACATGE2TA
ACTGCCCAAAGGCACCGGCGGGATAAAGAGAGCGAGAGAGAACTTTGCCCACAZGUITC
CATCATTCTATTCCTTCGGCAAAAACCTTGCTATCTGAATGTACACTAATCTTTTTGMEAA
TTCTTCAAGTCTTTTAATGACACACTAGTTGAAAGAACCTAGCTAGTAGCAGGGTZAITAC
TCCCGCTACAGTTACCCAAGAGTTACTTCTTCATTCTTGACAGTTGACACGTAAAABOTA
ATATTAAATCTTTTCTTTTTTCTGTGTTTATATATATTTCAGCATATTATAAGTACGTIZA
CTTACTGGTCTCGGTATTTCATATCGTCATATCCCTCCCACTTCGTGAATAAAAGGUTCA
E) Start codon TTGACAAAACTTAAATAAATATCTAAACTATTTCATAGCCAATCTTTTGAAAATAAT

Figure 3.6.11: The upstream region ofKFB was searched for common promoter elements. A) CArG consel
sequence for MABBox transcription factor binding sites. B) Potential TATA box, 30bp upstream of an initiator ele
C) Possible initiator element, the third basewdiich could be theKFB (G NI y & ONJ LJi A 2 y6nd &fitHe K
sequencing read from thB. vulgaridgranscriptome. EKFB start codon.

This candidatetranscription start site (Figurg.6.1-1C) is a further 367 bp from the end of
the KFB sequencing read in thE. vulgarigranscriptome; a total of 1644 bp upstream of
the start codon. To assess the hypothesis that this was significantly longF&#eoding

a S lj dzS y O8TRHeygihs wefe aapared to those of all otheP. vulgarigienes (Figure
3.6.1:2). This put the proposedFB p-QTR within the longest 1.15 % of Bll vulgaris
genes. In addition, length of tH€~B coding sequence was almost average (Figuéel-2

lower).
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Figure3.6.1-2: Lengths of th&KFBp -QTR (upper) and coding sequence (lower) were compared to those 1
all otherP. vulgarigienes.
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3.6.2 SeHComplementarity withinK FB
It was hypothesised thaguch af 2 y-BTRpoRFB (Figure3.6.1-2 upper)could exhibit a

regulatory role. To investigate this further, a dot matrix alignment was carried out between
the KFB nucleotide sequence and its own reverse complement to identify- self
complementary regions that may have regulatory function. The screanea included
untranslated regions surrounding th€FB coding sequence. ThiKKFB sequence was
broken into consecutive kmers and each one was used to scan the reverse complement
sequence for matches. The dot matrix presented the frequency and locations at which
each kmer occurred. Dots that appear close toxthagline represent mathes that are near

to each other in the sequence, while dots further from this line represent greater distance

between the two matching regions.

Any matching kmer between these two sequencesuld form a potentially sel
complementary regiofin viva The pocess was repeated using kmer lengths from 6 up to
40 bases and the longest match was selected for each position and presented on the final
dot matrix (Figure3.6.2-1). Aside from identifying setfomplementary regions, areas of
high repetition presentedhemselves as clusters of dots on the graph. The script used to

generate this data is included in Appendi&

A heat map of GC content was generated for the samples by using a sliding window that
analysed each sequence in consecutive 100 bp kmers tonerate the frequency of
guanine and cytosine occurrences. This allowed the corresponding GC content to be
identified for any part of the sequence, meaning areas of interest on the graph could

quickly be identified as either AT repeats or something morapiex.

TheKFB coding sequences corresponded to an area of increased GC content @igj2re
1). SeHcomplementary matches were less dense within this region than outside of it
(Figure3.6.21). Aside from a setfomplementary 13 bp fragment betweel69 bp into
the KFB coding region and 451 bp upstream of the start codon, no other matches longer

than 9 bp were identified within the coding sequence.

There were two significant matches between tiEBo - ¢ w -y TR; agd®bp match
linking position+1384 with-1359 and a 14 bp match linking position +1865 w&th7. A
palindromic 14 bp fragment was identified 20 bp downstream of i#B stop codon:
ACATTTTAAAATGTA second perfectly palindromic fragment of the same length was also

identified in he KFB 0 -QTR, 444 bp downstream of the stop COdDOAGTTATAACT.GA
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Transcription start sites are commonly found in areas of high GC content (Lewin, 2001).
One predicted transcription start site BFFBis 1644 bp upstream of its start codon (Figure
3.6.1-1Q and is positioned in a @G€h region according to the heat map in FigGr6.2-1,
providing further evidence that thisould be thetrue transcription start site oKFB.
However, multiple G@ch regions also occur in tHekbimmediately preceding theKFB

start codon, which is where a transcription start site would usually be expected to be found.
Two main clusters of repetitive regions appeared-D.5 kb and 2 kb upstream of the

KFB start codon. These largely corresponded to areaswf®&C content in the heat map

and are therefore indicative of AT repeats in the promoter.
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Figure 3.6.21: A dot matrix alignment between thKFB nucleotide sequence and its reverse complement
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The graph allowed identification of se@lbmplementary regions across a range of distances,
however dots closest ta=y are nearer in the sequence and gent a higher chance of
forming RNA hairpins. The sequence was subsequentgreened for potential stem
loop structures (AppendilA6). Stem lengths of 5 to 15 bp were used based onkRe

dot matrix alignment results. Loop lengths between 3 anch2€leotides were screened
because those under 20 nucleotides are most common (Schueébala 2010). Upstream
and downstream regions d{FB were also queried for alternate open reading frames in
GKSOP @2NASY (Gl GA2Yy @

The results were mapped over th@B" nucleotide sequence alongside results of the RNA
hairpin analysis (Figur@6.2-3). Figure3.6.22 depicts the distribution of stem and loop
lengths for each identified RNA hairpinOverall, 232 fragments mapping across ~71
positions were identifiedigure3.6.23) with the potential to form RNA hairpins and 98.77
% of those had a stem length of 5 or 6 nucleotides (Fig§u8e2). Figure3.6.22 depicts

the distribution of stem and loop lengths for each identified RNA hairpin.
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Stem and Loop Lengths of Identified RNA Hairpins Surrounding KFBT
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Figure 3.6.22: Distribution of stem and loop lengths from potential RNA hairpin structu
identified within and around theKFB nucleotide sequence. The query searched 3000
upstream of theKFB start codon and 200 bp downstream of its stop codotenSfragments
between 5 and 15 nucleotides were screened. Loops between 3 and 20 nucleotides
included.
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One potential RNA hairpin, with a 5 bp stem and a loop length of 8 nucleotides, was found
to span theKFB start codon (Figur8.6.23). A furher three were located in th&FB o -Q
UTR. They also had 5 bp stems and possessed loops of 48d 1IZnucleotides each.
There were no hairpins identified around th@anscriptionstart site predicted inChapter
3.6.1but fourteen were found within theegion of a second potential start site (discussed
below; Figure3.6.32).

A total of thirty open reading frames at least 10 amino acids in lehgth GoK(S 2oNR Sy (i
were identified inthe untranslated areas surroundi{fFB. Those in excess of 20 amino
acids were mapped to th&FB nucleotide sequence alongside the 232 predicted RNA
hairpin structures (Figur&.6.23). The longest consisted of 64 amino acids and was

situated ~200 bp upstream of the tru€~B start codon.
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RNA Hairpin Structures and Open Reading Frames Surrounding KFB™
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Figure 3.6.23: Potential RNA hairpin structures identified in and arolfB. Stem lengths (red) between 5 and 1
nucleotides with linker regions (green) between 3 and 20 nucleotides were assessed. Alternative open reading
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3.6.3 RNASeq Screen for Transcription Start Site

RNASeq reads from pin and thrum with both long and short homostyle samples had been
aligned against th®. vulgariggenome to allow quantification d{FB expression levels in
various floral morphgChapter3.7). A secondary benefit to this alignment wihe
potential discovery of previously unidentified transcripts in or aroiB. The StringTie
(version 1.3.3; Perteat al, 2016) assembly and quantification tool was used on the
Sequence Alignment Maps from HISAT (fl@hapter3.7.1). The output files contained a
table of exons and transcripts predicted from the R8Kq data of each sample. All
transcripts predicted for the scaffold on whilFBis known to be situated were extracted.

An R package (version 5.3@ww.r-projectorg) was used to plot positions of these
transcripts from each sample onto a graph. Start and end locations on the scaffold for each
read were adjusted in relation t&FB ¢ with positive and negative values indicating
upstream or downstream positions. hdse were used as thg-coordinates for each
transcript and a common-yalue was assigned to those from the same sample set (Figure

3.6.31).
RNA-Seq Transcripts From P. vulgaris Mapped to KFB" Gene

Thrum

Pin

Somerset Long
Homostyle

Chiltern Long
Homostyle

Short
Homostyle

— KFB Tcodlng sequence boundaries
—— Transcriptome Sequence Read

I T I T 1
-2000 -1000 0 1000 2000

Genome Position Relative to KFBT Start Codon

Figure 3.6.3L: Position and length of RNBeq reads that mapped to the vulgarikFBgene.
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Assembled reads in the majority of samples appear to continue ~1 kb upstream of the start
codon with a second500 bp transcript after an intervening ~350 bp gap. However, one
short homostyle read and another from the Somerset long homostyle sample both span
the entire 2 kb distance into th&FB coding region. This is even further than fhatential
transcription start site predictedChapter3.6.1)1644 bp upstream of th&FB start codon
(Figure3.6.1-1C).

Figure3.6.32 displays transcript positions that mapped to the widdocusscaffold and
not only theKFB gene. AsKFBis at the end of theSlocus, dowstream transcripts were
outside of this unit and are therefore common to all samples whereas upstream reads did
not appear in any of the pin samples. This supports the current model the ltheus is

not present in the pin genome (&i al., 2016).

RNASeq reads also mapped to the fell&locus genesCYPand PUM (Figure3.6.3-2).

Reads upstream o€YP were 2061456 bp in length and all only mapped to various
bacterial artificial chromosomes made from the vulgarisgenome for an alternative
experiment by Dr Jinhong Li. These were discarded as insignificant and one was a cleal
spurious misalignment that had mapped to the pin sample. The remainingStaous

genes are further upstream on a different scaffold and are therefore not shown.
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RNA-Seq Transcripts Mapped to Primula vulgaris Genome
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Figure 3.6.2: Position and length of transcripts assembled from F8¢4 that mapped to th®. vulgarigenome
scaffold containindKFB. Two otherSlocus genes were identified alongsi#&B. Reads to the right dFB are
outside of theSlocus.

Although output files from StringTie had been used to annotate transcript locations in and
aroundKFB, nothing was known about their coverage. This offered a third way to visualise
expressiorand predict the transcription start site &fFB. The HISAT package (Kihal.,

2015) had been used to map RISAg reads to th®. vulgarigenome(Chapter3.7) and

this had produced sequence alignment maps. The depth files associated with these
sequence alignment maps were analysed to infer trapsa@kpression levels from their
coverage values. Mean coverage was calculated between the four biological repeats of
thrum, short homostyle and two long homostyle varieties (Figdu@33). Transcripts

situated within 2000 bp on either side of th&B start codon were included.

The upstream transcript in FiguBe6.3-3 ¢ approximately 2 kb away from thi€FB start
codon¢ demonstrated significant expression, higher than #¥€B coding region itself in

all but the Somerset long homostyle sample. A peaitaining theKFB open reading
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frame commenced approximately 900 bp upstream of the start codon (Fig@&3),

which is a more expected position for the transcription start.site

Around 300 bp after the start codon, depth momentarily dropped tazerthe homostyle
samples before resumingDepth values in Figurg.6.3-3 are a mean average across four
biological repeats for each sample but the individual datasets were each checked for this
premature transcription termination. It was confirmed thall eight biological repeats
from Chiltern and Somerset long homostyle morphs exhibited this termination ~300 bp into

the KFB coding region.

The four short homostyle biological repeats also demonstrated this loss of coverage; one
of which terminated everarlier at position ~200 and another presented a complete loss
of expression across almost the entire first half of the coding region. Only one of the thrum
replicates appeared to lose coverage at this position, with another showing no reduction
in depthat all and two more demonstrating approximately 50 % loss. Furthermore, the
homostyle datasets included a technical RS repeat (thrum did not) and therefore had

greater chance of containing a read to span this gap but this did not occur.

Some transdpts also ceased 200 to 500 bp upstream of ik start codon. This is most
notable in the short homostyle sample presented in Figdig3-3 but was also observed

in two thrum samples and one Chiltern long homostyle. This did not occur in the Somerset
mutant line. Coverage declined rapidly in all flower morphs after the stop codon at
downstream position 1023 (FiguB6.33). The coveragdata in Figure3.6.3-3 suggests a
transcription start site approximately 900 bp upstream of tiEB start codon. This is a
FIEN Y2NB NBlFaz2yloftS LINR-udanslaied ggion prévioysly (0 K
proposed (Figure3.6.1). According to the RN&q coverage data (Figui26.33), the
transcription start site from the previous predictiq€hapter3.6.1) is positioned in the
middle of what appears to be a short ~500 bp transcribed region. This expression could

explain why the TATA box was surroudds a G@ich region Figure3.6.1).
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3.7 Differential Expression d{FB Across Multiple Floral Morphs

The expression levels &FB in various morphs oP. vulgariflowers were quantified via
RNASeq analysis. The floral morphs were pin, thrum, a short homostyle mutant and two
lines of long homostyle mutants @tial., 2016; Crosby, 1940; Crosby, 1949). Sloeus is
absent from the pin genome but this sample wasluded as a negative control to prove
that expression does not occur. The flowers present different morphologies and this
experiment was used to potentially connect these morphologies WEB expression and

provide early indications of its function heteromorphy.

All five Primulalines were from the lab glasshouse populati@hapter2.1). Both long
homostyle lines were derived from UK populations naturally occurring in the wild, one from
Somerset (Crosby, 1940;dtial., 2016)andone from theChiltern Hills (Crosby, 1949t i

al., 2016). Mature flower buds were sampled prior to opening at a length -@0lmm by

Dr Jinhong Li. Four biological replicates were used for each morph. RNA was extracted by
Dr Li and Illumina sequenced as paiads by the Platforms & Pipelines team at the

Earlham Institute, Norwich.

3.7.1 Mapping RNASeq Reads to the. vulgarisGenome

Before expression levels KFBin the sample transcriptomes could be quantified, the raw
sequencing reads had to be mapped teetP. vulgarisgenome. The long homostyle
assembly by Dr Jonathan Cocker was used as the template because it is the highest qualit
P. vulgarigenome available (let al., 2016). Contigs smaller than 200 bp had previously
been filtered from the genomeayhich was queried against a library of known contaminants

to remove such sequences and improve its qualite{lal., 2016). The twelve homostyle
RNASeq samples (containing four biological repeats for each of the two long and one short
homostyle mutantiines) were individually sequenced on two lanes, meaning there was a
technical repeat for each. The four biological repeats for each pin and thrum sample were
sequenced at an earlier date on just one lanee(ldl,. 2016).

+SNBEA2Y HOMdn 2F GKS WI ASNI NOKAOFE LYRSE]
et al, 2015) package was used for alignment of the f&ldé reads to thd>. vulgaris
genome. Using a spli@avare tool was essential due to the alignment of RNA DNA

template, therefore it was imperative that the algorithm accommodated gaps caused by

the removal of introns. Theisat2 -build command was used to make an index of the
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reference genome, as required by the HISAT tool @iat, 2015). Thaisat2 command

was subsequently used with each set of paired read files for each sample to begin
alignment of the RN/&Seq reads to the reference genome. The input files were in FASTQ
format so the- g argument was used with this command. Theargument was usé
because paired reads were being provided as separate files and tie argument was
used, as stipulated by the StringTie package (Peeteal., 2016) which was used for

downstream analysis.

3.7.2 Quantification oflKFBin Multiple Morphs of P. vulgars Flowers

To quantify expression levels KB in the various morphs that underwent RMNeq, the
number of transcripts that mapped to this gene were enumerated. The output from the
HISAT tool consisted of a Sequence Alignment Map (SAM) for each sdinesamtools

depth command was used with theaa argument on these files to display the coverage for

every base in the genome; including those to which zero transcripts mapped.

TheP. vulgarigeference genome (let al., 2016wasqueried with theKFB coding region

to locate the exact scaffold and position at which the gene is located. The mean coverage
was then calculated across these-@alinates for each depth file, to quantify the average
expression levels €FBin each sample. The number ofwvaeads was deduced from the
RNASeq files so that the calculated expression levels could be converted into figures of
WINI YAONARLIIA LISNI YATEAZ2YQ oO0¢taldX ¢KBaQK A
data. The mean TPM values and standard erraewalculated across the four biological

repeats for each floral morph and presented as a bar chart (FRyur8.

The analysis was repeated in three different ways to check consistency across the results.
Average TPM values from the StringTie (Pedeal., 2016) output across th&FB region

were calculated and presented on a bar chart. A second check used the average read
counts from StringTie instead. The final check involved using version 0.44 of the Kallisto
package gachterlab.github.io/kallist/) to align and quantify the RN3eq reads against

the KFB gene (not the entire genome). Expression level patterns were consistent across

all four methods, which confirmed authenticity of the results.
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KFBT Expression Levels in Various P. vulgaris Floral Morphs
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Figure 3.7.2: Quantification of KFB expressim across thrum, pin, short homostyle, Chiltern lor
homostyle and Somerset long homostyle flowers via f8dé. Error bars represent standard error.

The Somerset long homostyle morphs presented a mean-lg4increase inKFB
transcription when compared to thrum, however the Chiltern long homostyle and thrum
samples displayed similar levels KFB expression (Figur8.7.2. There are no known
phenaypic differences between long homostyles of the Chiltern and Somerset
populations. Short homostyle flowers exhibited a mean Zd8 decrease iInKFB
expression levels when compared to thrum (Figduwa2. The short homostyle phenotype

is linked to anutation inGLO that causes a reduction in anther heightdt.al., 2016). The

pin flower presents ndKFB transcripts because this gene is part of tBéocus, which is

absent from the pin genome (&t al.,, 2016).
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3.8 Differential Expression d?. wigarisGenes In Multiple Floral Morphs

RNASeq data had been used to specifically quarki2 expression in flowers of thrum,
pin, short homostyle, Chiltern long homostyle and Somerset long homd§ihkepter3.7).
However, the dataset also containe@hscriptomewide information. The long homostyle
phenotype is caused by a mutation@YP(Huuet al., 2016; Let al., 2016) and the short
homostyle phenotype is linked to@LO mutation; both of which lose selhcompatibility
(Liet al., 2016). Thenorphology of pin flowers is caused by absence of the egloeus

(Liet al, 2016).

The phenotypes presented by these flowers are expected to be a result of differential gene
expression. It was therefore hypothesised that elucidating differentiadbressed genes
between these RNAeq samples could identify candidates involved in the networks that
ultimately regulate these various physiologies. This information would offer insight
regarding the endo-end pathway that underpins both floral heteronmhry and sel
incompatibility inPrimula It was also important to establish this dataset in advance of a
planned yeast tweéhybrid experiment (Chapter 6)o query for potential differential
expression ofgenes encoding any identifiedFB partner proteins which could offer

significant support for functional models KfB.

StringTie (Perteat al., 2016) was used iBhapter3.7.2 to map RNAeq reads from each
sample to theP. vulgarigenome. These output files also contained normalised expression
levelsfor each predicted transcript, in the form of Transcripts Per Million (TPM) valées
shell script for the Linux Command Line was written (AppeAd) that utilised the General
Feature Format file from th@. vulgariggenome annotation with the StrifAge output files

for each sample to calculate the average expression levels of every gene.

With reference to wildtype thrum, overexpressed genes in each sample were separated
from underexpressed genes. Genes were first sorted in order of their expreksiels.

The difference between thrum TPM and corresponding sample TPM value was calculated
for each gene. These differential expression figures were either converted to a percentage
of the sample TPM for overexpressed genes or a percentage of the thRivh for
underexpressed genes (i.e. the larger of the two figures). Values foriexgeessed genes

were multipled by-1.

Differential expression percentages were presented on bar charts for each sample (Figure

3.81). As genes were first ordered by theawwv TPM values, bars further to the right were
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deemed to exhibit more significant differential expression. For example, a 100 % bar on
the right of the overexpression graph could mean 6000 transcripts in the sample flower
versus O transcripts in the thnu, whereas the same bar on the left of the plot could
represent just 1 transcript in the sample against 0 in thrum. The bars were filtered to only
include those on the righthand quarter of the graph with differential expression figures that
exceeded 80 %.These thresholds were arbitrary but presented a hugority list of

candidates for further investigation.
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Differential Gene Expression Between P. vulgaris Thrum and Various Floral Morphs
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Figure 3.81: RNASeq data was used tstimateaverage expression levels for every gene from RBvevulgaridloral morphs. After

ordering genes by normalised transcript levels, differential expression was calculated between thrum and the other marghs
filtering. The most significant 25 % of genes with >80 % differential expression were extracted for further analysisTheeethers

were discarded (red).
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Resultant gene lists from each sample were compared to identify common entries (Figure
3.82). For example, genes common to the Chiltern long homostyle, Somerset long
homostyle and pin sample lists could be indicativedifferential expression that occurs
when CYPis disrupted by mutation (Huet al., 2016; Liet al., 2016). Likewise, genes
common to the short homostyle and pin lists may be affectedGihy) absence (L&t al.,
2016). Genes in only the long or shooinmostyle lists could be candidates for involvement

in the selfincompatibility pathway, which is broken down in these mutants.

The Somerset and Chiltern long homostyle plants each respectively presented 271 and 139
overexpressed genes for further investiga, of which 65 were common to both lists
(Figure3.8-2). These were carried forward and 19 were found to be in common with the
overexpressed genes identified in pin flowers (Fighi&2). Both long homostyle and pin
plants have notffunctional or absat CYPgenes that fail to suppress anther height (Hatu

al., 2016).

The GLO gene is dysfunctional in short homostyles and entirely absent from the pin
genome (Liet al, 2016). Short homostyle and pin samples were found to share 33
overexpressed gerse(Figure3.8-2). Of the 65 overexpressed long homostyle genes, 40
were found to be in common with those from short homostyle flowers (Figu8e2).

Mutations present in these homostyle genomes leads to a breakdown in the self

incompatibility system.

There were more undeexpressed than overexpressed genes identified (Figug&). This

is true for every sample except the Somerset long homostyle, though there was still an
increased number of undezxpressed genes in common with the Chiltern long hstyle
(Figure3.8-2). Of these 116 long homostyle genes, 32 were shared with vexjaessed
genes identified in pin and 90 were shared with those from short homostyle flowers. A
total of 73 underexpressed genes were found in common between the shomdstyle

and pin morphs. There were 14 overexpressed and 25 uexi@ressed genes common to

all three tested morphs (Figu@®8-2).
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Number of Differentially Expressed Genes in Various P. vulgaris Flowers
Compared to Thrum
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Figure 3.82: Number of most significantly upregulated and downregulated genes in&pdatasets from flowers
of thrum, pin, short homostyle and two long homostyle populations.
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Transcript levels of nineteen genes that were deemed to exhibit the most significant
differential expression in at least two morphs are shown in FigB/@3. Their
corresponding descriptions were obtained via BLASTx and presented in3T&bl€his
identified two genes encoding lipid transfer proteins as well as two genes involved in the
transport of UDP. The plant séficompatibility S1 gene froi@orchorus capsularshould

also be a top priority for further investigation. Transcription of this gappears to be
significantly upregulated in pin and long homostyle plants, which both lack a functional
CYPgene (Huiet al., 2016; Let al., 2016)
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Differentially Expressed Gene Candidates Between P. vulgaris Floral Morphs
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Figure 3.83: Transcript levels of genes predicted to exhibit the most significant differential ssijore betweerP.

vulgarisflower morphs of thrum, pin, short homostyle and long homostyle. Only those that demonstrated differe
expression across at least two groups were included.
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Table 3.8: BLASTx results to identify candidate genes that exhibit greatest differential expression between t
pin, short homostyle and long homosty#e vulgaridlowers.

Description Species E-value Accession
Non-specific lipid-transfer protein Prunus yedoensis S5e-26 PQP98495.1
Non-specific lipid-transfer protein 1-like Quercus suber 3e-33 XP_023900811.1

Thiamine thiazole synthase Coffea arabica 0 XP_027064965.1
Plant self-incompatibility S1 Corchorus capsularis 2e-04 OMOQ053010.1
UDP-N-acetylglucosamine transferase Camellia sinensis 2e-91 XP_028100452.1
Histone H2A.1-like Lactuca sativa 2e-76 XP_023755243.1
Calvin cycle protein like Actinidia chinensis 3e-40 PsSs14728.1
Hypersensitive-ind.uced response Juglans regia 0 XP_018831584.1
protein
Tra"Smignnbt:i'zien:':'r::i:‘mai”' Coffea arabica 7e95  XP_027098355.1
Dnal protein homolog Ananas comosus 0 XP_020092053.1
Cation/H(+) antiporter 19 Eucalyptus grandis 0 XP_010043343.1
UDP-galactose/UDP-glucose transporter Actinidia chinensis 0 PS513978.1
Integrin-linked protein kinase 1-like Camellia sinensis 0 XP_028062147.1
F-box protein Actinidia chinensis 0 PSS29169.1
P;?Oit;':n?;:fsﬁfrgfl?;:ie Vitis vinifera 3e54  XP_002269538.2
Subtilisin-like protease Actinidia chinensis 0 PSS216061.1
Vacuolar protein sorting-associated 8 Camellia sinensis 2e34  XP_028073451.1
homolog
Probable L-ascorbate peroxidase 6 Glycine max 0 XP_003523435.2
Oxygen-evolving enhancer protein Parasponia andersonii 7e-103 PON31702.1
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3.9 Discussion
3.9.1 Comparison okKFB AgainstArabidopsisKkMDHomologues

Comparisons @are made betweerKFB and homologous proteins with known function to
gain early insight into potential roles withiivulgaris TheKFBaminoacid sequence was
aligned against the&Kiss me Deadly (KMpyoteins from Arabidopsis its four closest
homologues (Figur8.5upper). It was found to be more similar to bdttMDland KMD2
than KMD3or KMD4(Table 3.3.5) Although longer sequences would be expected to have
an increased chance of containing matches during alignmédD1and KMD2were the
shorter of the two pairs by approximately 15 %. KiMDland KMD2genes are on the
sameArabidopsischromosomeg on opposite sides of the centromergand KMD3and

KMD4are near the telomeric side of two different chromosome arms (&uwai., 2007).

Of the four KMD proteins, KMD1 and KMD2 have been shown to interact with the
ArabidopsisSKP1 (ASK1) subunit of the SCF complex responsible for protein degradation
but KMD4 did not (Zhangf al., 2013). Conversely, binding between all foMXproteins

and ASK1 has elsewhere been confirmi€in(et al., 2013a While these studies present
conflicted findings, they both agree on the affinity between ASK1 with KMD1 and KMD2,
which together displayed most similarity ki=B. Expression dfMDlandKMD2was most
abundant at the shoot meristem israbidopsiswith KMD2and KMD3accumulation in the

root meristem too Kim et al., 2013a Root expression &dMD2was the highest of all 97
Kelch Fbox genes imrabidopsis demonstrating an approximate-f8ld increase over all

but one of them (Sumet al., 2007). Both areas rich irKMD2transcripts are active regions

of cell division.

TheKFBamino acid sequence shared greatest similarity with tha&kiiD2 which was the
ArabidopsikKMDfoundto exhibit greater expression in flowers and buds than other tissues
(Zhanget al, 2013). This study did not examik&D3but KMD2displayed the lowest
average expression compared to the other two. Conversely,&ah,(2007) found KMD3

to have the highest expression of all 8rabidopsisKelch Fbox genes in young flower
tissue by approximately double in comparison to those outside of KiMD family.
Moreover, KMD4 exhibited second highest floral expression and approximateiglB
greater anther expression than all othérabidopsisKelch Fbox genes. The former
experiment utilised quantitative PCR and the latter employed a microarray method, which

possibly explains disparity between their findings.
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Further differential expreson analyses uncovered reducddMD2 transcription in
sunflower embryos treated with methylviolgen, which inferred a role for this gene in
abscisic acid signalling {#haroutBouteauet al,, 2014). IrArabidopsigrown in reduced
gravity on the Internatnal Space Station, a 18ld increase irKMD2expression was
observed alongside 1.28ld and 1.23fold increases oKMD3and KMDJ, respectively
(Weitzelet al, 2016). The overexpression ddMD2was linked to lightening of the UV
protectant seed coatn Arabidopsisand the KMD proteinswere subsequently shown to
regulate phenylpropanoid biosynthesis by degradation of four phenylalanine ammonia

lyase enzymes (Zhamgal., 2013).

In a separate experimenkMD2was the only one of the foukrabidopsisiromologues not
to undergo transcrigbnal reduction when plants were exposed to cytokinin for 1Kim(
et al., 2013y although in the same year the authors foukdMD2to downregulate
cytokinin response in ric&kim et al., 2013c Unlike the other three&KkMDgenes,KMD2
was not found to deonstrate circadian dependence in response to environmental factors

(Kim et al, 2013).

Functional redundancy amongst tké&/1Dfamily further impedes speculation regarding the
role of KFB. For example, the lignin content éfrabidopsisplants has been siwn to
reduce when eitherKMD1 KMD2 or KMD4 are overexpressed (Zhang, 2013). The
knockdown ofKMD3transcripts has also been accomplished by usikgvib4antisense

construct inArabidopsigKim et al., 2018).

AlthoughKFB has displayed greatest similarity to what appears to be the more flower
specific of theKMDhomologues (Zhanet al., 2013), the vast number of diverse roles for
these proteins has made it difficult to establish refined hypotheses regakdrtfunction.
However, it is reasonable to expect tH&FB may contain an $ox domain for interaction

with SKP1 of the ubiquitinase pathwayHnmula As roles in both cytokinin response and
the abscisic acid pathway have been discussed in literakF¥8,could Ikely have a role in
modulating sensitivity to plant hormones. Its method of action may also be indirect, as
seen in the targeting of the phenylalanine ammalyase enzyme to limit phenylpropanoid
biosynthesis (Zhangt al, 2013) and targeting of trandption factors to modulate

cytokinin response iArabidopsigKim et al., 2013

If KFBcan recruit numerous proteins for degradatigrike KMD2¢ then target specificity

must be conveyed by tight regulation of its spatial and temporal expression instead. It
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follows that seemingly functionally redundant Kelckbhdx genes have demonstrated
differential expression, which so far remains unexplain@&thumannet al, 2011).
Increased impetus was therefore placed on analysis of regulatory promoter elements
(Chapter3.6) and gPCR experiments (Chapter 4).

3.9.2 Characterisation of Kelch Repeat an@&x Domains irKFB

Kelch proteins can be phylogenetily grouped based on their number of Kelch repeats
(Schumanret al, 2011). Kelch proteins withoutldox domains usually contain five to
seven repeats (lat al, 2004) but Kelch-Box proteins in plants contain between one and

five (Schumanret al, 2011). Of the 263 Kelch proteins tested Arabidopsis 14 %
contained a single Kelch repeat, 59 % had two, 19 % possessed three, 4 % had four and th
final 4 % contained five (Setal., 2007). Analysis of the entire Pfam database found 65 %

of Kelch progins to only contain one repeat (Schumaen al, 2011). The author
speculated how the propeller structure could be completed with just one Kelch motif but
concluded that these proteins were likely to contain further repeats that simply went
undetected bythe bioinformatical tools due to degradation of the Kelch consensus toward

the Gterminus.

Five Kelch repeats were identified KiFB. Unlike the gradual-@rminal degradation of
Kelch motifs observed by Schumaen €l., 2011), the fifthKFB Kelch epeat was a closer
match than the first (Figur8.1). These motifs did not exhibit less coherence with the
consensus sequence toward thet€minus of the protein. The fourth and fifth repeats
were separated by a 29 amino acid spacer that appeared téagomalf a Kelch motif.
Fractional Kelch repeats have been identified in other proteins (Kutezaly 2002). Only
two or three Kelch repeats have been identified in the AtKMD proteins (Zétaaig 2013).

Alignments of theKFB amino acid sequenceo four ArabidopsisKkMD proteins, 154P.
vulgaris Kelch proteins anKFB sequences from sixteeRrimulaceagfamily members
(Figure3.5) all presented a central region of high similarity that directly corresponded to
the middle three Kelch repeats KFB (Figure3.1). The region between the fourth and
fifth Kelch motifs was highly variable and similarity also reduced over the fifth kegdeat

but significantly increased toward their-t€rmini. While this region has not yet been
associated with a functional domain, it has been proposed that theri@inus of proteins
containing Kelch domains may fold to play important roles by capthiegropeller and

protecting the hydrophobic core (et al., 2004). A truncated Kelchconsensusas even
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been found tocommenceprior to a stop codot i GefaBof thefumanKeaplgeneyet
the remainder of the blade resumeadter the start codon (Let al., 2004)¢ though this did

not encodean Fbox protein.

A string of 45 amino acids precedes the Kelch domaikFi&. The first 48 amino acids of
the ArabidopsikKMDproteins were found to contain the-lbox domain Kim et al., 2018).

The Fbox consasus sequence used by the authors found six matches, nine highly similar
hits and seventeen weak matches to tiDproteins. This same consensus sequence
identified ten matches, eight highly similar hits and six weak matches to iteznhinal
region of KFB (not shown). Findings by Kimat(al, 2013A) thus support these position,
length and consensus sequence analyses to confirm presence and location ebalxe F
domain inKFB. This explains the highly similast&tmini consistently observed across

alignments in which no Kelch repeats were located (Fig8re& 3.1).

While attempts have been made to elucidate abhdx consensus sequence, these domains
are notoriously difficult to identify due to the low number of consistent positions (Kipreos
& Pagano, 2000). Similarity between thdédx regions oKFB and other prokins was
perceived to decline toward the-terminal Kelch domain (Figuf®5). Divergence at the

Gterminus of Fbox sequences has elsewhere been observed (Matat, 2005).

Although Kelch domains on differeRt vulgarigroteins have different taget substrates,
the Fbox would be expected to bind with the same partner protein: an SkeBXubunit
of an SCF complex, of which there are approximately nineteen variamsalndopsis
(Takahashet al, 2004). However, this-Mrminal region of simdrity was not as wide
between the 155P. vulgarisKelch proteins than in the other two alignments. This is
because not every member of the Kelch protein family has a@ridinal Fbox domain.
There were also far more samples compared in this alignmdmthwnevitably introduces

much greater sequence diversity.

The number of synonymous to neaynonymous mutations across tK&B sequences from
sixteenPrimulaceaespecies were tallied (Figur8s3.51 & 3.3.53). This is an indicator of

the direction d evolutionary selection pressure toward either divergence or purification
(Zhanget al., 2006). The average number of agynonymous mutations increased toward

i K Sengofthe Fhox consensus sequence identifiediRB, reinforcing the earlier point

ot -emdVariance in4ox sequences. However, a clear crossover was observed between

the two mutation types and a raised ratio of synonymous to-8gnonymous substitutions
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was contained to the central three Kelch repeats, suggesting their evolutioasistance

to change. The most conserved region was across the second Kelch motif and crystal
structure analysis of the human Keapl protein showed that extra residues at this second
propeller blade form protrusions that directly interact with the recruitidget protein (Li

et al, 2004). Preservation of this positively charged structure was so imperative that
mutations here resulted in total loss of binding affinity to the substratet(al,, 2004). The
mutation comparisons (Figui@3.53) show a stngly diversifying region across the fifth

KFB Kelch repeat and the preceding space to the fourth motif, in which a fractional Kelch
repeat was located. The graph returns to purifying selection at ttexri@inus. This latter
region of conservation reinfces an earlier proposition that thet€rminus may present a

structure important in closing thie-barrel propeller formed by the Kelch domain.

3.9.3 Identification ofP. vulgarisKelch Protein Family

Amino acid sequences from thR. vulgarisgenome werequeried for other proteins
potentially containing Kelch domains. Kelch motifs are usually 44 to 56 amino acids long
and share as little as 11 % similarity between different proteins (Bork & Doolittle, 1994),
which makes them difficult to identify via carsus sequence. Kelch motifs at the same
position in different proteins have been found to share more similarity than different Kelch
motifs within the same protein and this suggests each blade may have a particular role in

the final folded propeller (Setmannet al,, 2011).

The motif search parameters therefore had to be designed around common landmarks of
the Kelch consensus sequence (Fighiel). A diglycine pair, leucine and tryptophan are
conserved in over 90 % of Kelch sequences, with the lewamd tryptophan residing a
distance of six amino acids apart in approximately 70 % of motifs (Aelaahs2000). The

P. vulgarisearch parameters permitted this leucine to be replaced by either phenylalanine
or tyrosine instead. The double glycindra important for the sharp turn of the protein
propeller structure and is separated from the downstream leucine by a linker of varying
length (Liet al,, 2004).

Common linkers of 11 to 19 (Adamisal., 2000) and 12 (Andrads al., 2001) were noted
in the literature. A gap of 9 to 25 amino acids was implemented irPthaulgariscreen.
Smaller gaps do exist but, although reducing this lower parameter boundary would have
included more Kelch proteins (FiguB2-2 upper), the primary aim of this iegtigation was

to identify KFB-like proteins and not to exhaustively define the entire Kelch family.
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Another 32 Kelch candidates would have been obtained if this lower gap boundary
parameter had been reduced to nine (not shown). Moreover, candidates were filtered out
that did not contain at least two Kelch repeats, though proteins containing a singé mot
have been identified in plants (Schumaenal., 2011). The number of identified genes
would have risen to 1320 (not shown) if parameters had been adjusted to include single

motif Kelch candidates.

Claims of 96, 97 and 103 Kelchdx proteins inArabdopsishave been made (Zet al,
2009; Suret al,, 2007; Schumanet al., 2011). A further 36 were identified Vfitis vinifera

68 in Populus tricocarpa39 inOryza sativa44 in Sorghum bicolgr46 in Selaginella
moellendorfiiand 71 inPhyscomitrellgpatens(Schumaret al,, 2011). On the contrary, Zu
(et al, 2009) identified only 35 in poplar and 27 in rice. This highlights the difficulty in
defining such variable proteins. Just three Keldio¥ proteins were identified in walnut
and they demonstted greater expression in flowers than nutritive tissues (¥aal.,

2019).

A total of 155 Kelch proteins were identifiedRn vulgarisincludingKFB itself (Figure3.2-

2 uppern. Two of these demonstrated markedly increased similaritgf8 (Figire 3.2-3),

one of which had an amino acid sequence of exactly the same length and its most
significant BLAST hit was kMD3(Table 2.11.1) The location of this candidate in the
genome was checked to see whether it was near any other genes similavge th theS

locus to perhaps begin understanding how this tightly linked supergene was derived, but

no significant findings were made.

Of the top fifteen most similaP. vulgarisKelch candidates t&FB, ten of them were
confirmed as #ox/Kelch repeaproteins by BLAST and another was clearly linked to the
ubiquitinase pathway in whictKFB has expected involvemen{Table 2.11.1) A
phylogenetic tree from Clustal alignments was also analysed (Fig§@r8) but the

irrelevance of its closest hits to Esuggested superiority of the former analytical method.

The most commonly occurring amino acids across alignments of tReseulgaris
candidates were landmarks of the Kelch consensus (not shown) but little significance
should be appointed to this as the dataset was biased toward these landmarks; sequences
without them would have been filtered out by the search parameter criteria. FhexF
binds with the SCF complex and the Kelch domain confers specificity to the substrate

(Gupta & Beggs, 2014). As members of the Kelch family would be expected to recruit
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different target proteins for degradation, information about th&=B target couldhave

been uncovered by alignments with the other Kelch candidates. However it appears that
prevailing similarity across the Kelch domain masks any subtler differences that would be
indicative of substrate specificity (FiguBeb centre). This is likelyeoause most of the
domain is devoted to preserving the important architecture of the complex propeller

structure and only a small region of it is responsible for target affinity.

It was noted that six pairs of the 133. vulgarisKelch proteins were adg@nt in the
genome. The tendency of Kelch genes to gather in adjacent clusters has been noted
elsewhere (Andradet al, 2001). Plant Kelch-dox proteins have been organised into
eighteen subfamilies and those in group 5 are commonly found as tandesateSuret

al., 2007). Th&MD1gene is in this family. Itis believed that 38 of theMg&bidopsiKelch

Fbox proteins resulted from tandem duplication (Setral., 2007). Schumanet(al., 2011)

found a link between gene stability and spatial piosi on the genome, noting that
superstable genes were evenly dispersed across chromosomes while unstable ones were
strongly clustered. The similarity and intervening distances of the six adj&centlgaris

Kelch pairs were compared against those of otgenes (Figure8.2-4 & 3.2-5). It is
believed that the varying similarities between these pairs correlates to the time since their

gene duplication events.

3.9.4 Conservation oKFB Across thePrimulaceaeFamily

The presence dkFB in genomes of akixteen testedPrimulaceaespecies was confirmed
(Figure3.3.4). This is not only suggestive of the importanc&BBin floral heteromorphy

but also supports applicability of the curreBtocus model across therimulaceadamily.
Phylogeny from nostoding chromosomal DNA sequences placed a clade contahing
incanaand P. laurentianaalongside a clade containirig. halleriand P. scoticawith P.
yuparensispositioned independently (Maset al, 2001). Alternatively, the Clustal
alignment in Figur®.3.52 placedP. halleri and P. incantbgether in a clade alongside a
separate clade containin@. laurentianaand P. yuparensisvith P. scoticapositioned
independently instead. Both the former and latter phylogenies are reflected in F3gBie

and appear to be distinguished by whether nucleotide (upper) or amino acid sequences

(lower) are aligned.

AlthoughP. vulgariand P. veridoth hawe eleven chromosomes, they appear to be more

dissimilar from species with the same number of chromosorRepioliferaP. prenantha
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P. chungensj<. cuneifoliaand P. @ckburniand than those with nine R. yuparensisP.
laurentiang P. incanaP. hellei and P. scoticaaccording to phylogeny proposed by Mast
(et al, 2001). Thé. kewensisample is also in this group and resulted from hybridisation
of P. floribundaandP. verticillata which both have nine chromosomes. The most dissimilar
species waHottonia palustris This has a chromosome number of ten and was also the
only tested species in which th€FB start codon was mutated. It is unclear whether this
gene is thereby disabled or if the consecutive start codon 66 bp upstream is active. Thi
start codon is in the correct frame but the extra 22 amino acids would significantly modify
the Fbox domain believed to exist at the-tdrminus and may render the protein
dysfunctional. No differing phenotypic patterns could be found between thesaesptitat

would infer a role folKFB.

The aforementioned group drimulaspecies with nine chromosomes all presented the
lowest number of mutations against a consensus sequence made from the sixteen
PrimulaceaeKFB homologues. However, this could simphean they are very closely
related and therefore skewed the consensus sequence in their own favour. The
synonymous to nofsynonymous substitution ratios &f.chungensisP.cockburnianaand

P. prenanthandicates these species are the most likely to be diverging, which suggests
they contain advantageous mutations undergoing positive selection. Asymmmymous
mutations occur less frequently than synonymous substitutions (Nekrutetiab, 2002),

ratios greater than 1 for these species are probably underrepresented and should perhaps

be emphasised.

This analysis was inspired hyKg calculations that represent the direction of evolutionary
selection pressure to favour or resist change. It would ésirdble to redo this analysis
across the 155 Kelch proteins identified Bn vulgarisbut their sequences are of such
differing lengths and dissimilar content that obtaining a fair consensus across them all

would be impossible.

The method used here compad each codon from a sample to the corresponding codon

in a consensus sequence derived from all sixteemulaceaekKFBnucleotide sequences.

If a codon differed, each base was tested to see whether it would modify the amino acid
and, in this way, the syonymous and nofsynonymous substitutions were recorded.
These figures should not directly be compared agaig#isKalues from other publications
because those are commonly the product of more complex equations in which synonymous

or nortsynonymous sultgutions are enumerated per synonymous Or Rreynonymous
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site. These raw values subsequently undergo statistics to weight transversions against

transitions and account for multiple substitutions.

The novel script written for thiBrimulaceaenalysis wasufficiently intricate to account

for all information without loss through normalisation of the figures. One potential issue
for future use would be oversensitivity of ratios in sequences possessing a low amount of
mutations. For example, a sample copl@ésent a high nofsynonymous to synonymous
substitution ratio of 2 (suggestive of evolutionary divergence) even if it had only acquired
three mutations, whereas a far more heavily mutated sample could present a lower ratio
due to a more balanced mixtuteetween the two substitution types. Such problems were
here circumnavigated by presenting the ratios in context by using stacked bar plots (Figure
3.3.51). These nomormalised raw figures were also useful for the line chart in Figure
3.3.53, which praved to be very informative regarding preservation and divergence across

domains of theKFB nucleotide sequence.

The mechanism by whicls locus integrity is maintained remains unknown. The
hemizygous nature of this gene cluster means DNA repair mestharthat depend on the
homologous chromosome for use as template (such as one model of double stranded break
repair) must be unable to function. Despite this, accumulation of mutationkFRB
appears to be low across thBrimulaceaefamily (Figure3.3.51) and these genes
demonstrated an average reduction in similarity of just 4.53 % when nucleotides were
aligned instead of amino acid sequences (Fi@u8ed. The clear purifying selection across

the Kelch region (Figui3.53) proves that reparation echanisms must somehow take
place. It would therefore be of great interest to use sequence capture and repeat the
synonymous substitution analyses on a gene from outsideShus to compare their

mutation rates and selection pressures. This data tsamailable at present.

3.9.5 Transcriptional Regulation &FB

The upstream region of thi€FB nucleotide sequence was screened for common promoter
elements to try and identify potential binding sites for transcription factors and other
regulatory features. Firm conclusions were hampered by variation in the consensus

sequences of these elements.

There is a 1 in 512 chance of finding a 5 bp fragment coherent with the Downstream

Promoter Element consensus sequenpeq]G[A/T][C/T][G/A/Q] but 35 potential matches
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were found in the ~3 kb upstream region KFB. A TATA box should statistically be
encountered every 252 bp, therefore seven were expected in the 3 kb region upstream of
KFB. However, a total of 184 were identified due to the excessiveidihess of the
promoter region. It is difficult to distinguish TATA boxes from insignificantgstiah AT

repeats; only four of the 184 candidates were bordered by cytosine or guanine bases.

The region upstream dfFB was also screened for initiator elements (1 in 128 chance:
[CTI[CTIA[TAJ[CT][QTIof which 43 were identified.It can function inplace of a TATA box
(Burke & Kadonaga, 1996), or the two may act in concert when present together (Smale &
Kadonaga, 2003). There is usually an initiator element that overlays the transcription start
site (JuverGershon & Kadonaga, 2010) and thus waghesed as a marker to help locate

the position at whichkKFB transcription commences.

Various attempts have been made to elucidate a transcription start site consensus
sequence, such asCA[GT]T[CTh Drosophileor [CT][CT]AN[TA][CT][CTl mammals (Jahery

et al, 1994). The most reliablealbeit vagueg of these is the YR rule found in 77 % of
Araibdopsigpromoters and also confirmed in rice (Yamametal., 2007). This stipulates
that most transcription start sites are guanine or adenine and the immediately preceding
base is cytosine or thymine. Patterns of up to 5 bp were queried but the authors could not

reliably extend the rule beyond a single nucléeti

One initiator element was found to be located 29 bp downstream of an 8 bp TATA box
candidate that was situated within a GC rich region (Figu853). This would have
positioned theKFB transcription start site at 1644 bp upstream of the stardoa. When

O2 YLJI NBR I 3 AUyRiéngths frdm the aridd@anl yulgarigenome (Figure
3.6.1:2dzLJLISNL = GKA& FAIAZNE 41 & T2 dzy RTRiehgthoirS A
P. vulgarisvas 191 bp. This was supported by studiekiliopsidaein which the average

p QTR length was confirmed to be 129.8 bp (Pesbh., 2001).

A dot matrix alignment was carried out between tKEB nucleotide sequence and its own
reverse complement to screen for the presence of -selhplementary or repgtive
regions (Figur8.6.21). Matches between 7 and 15 bp were identified. Regions containing
a sparse density of matches corresponded to areas of higher GC content, suctK&the
coding region. The manually predicted transcription start sitewittsn an area of slightly

increased GC content. However, raised GC content may also be indicative of coding

135



regions. A search was thus carried out for alternative open reading frames surrounding the

KFB coding sequence.

G201t -020F 2188/ frafaBS exceeding 20 amino acids were identified
upstream of theKFB start codon (Figur&.6.2-3) and most corresponded to areas of higher
GC content (Figur8.6.21). Transcripts predicted from the RM®&q data were also
mapped to theKFB sequenceand largely conformed to two regions: théFB transcript

from approximately 900 bp upstream of the start codon and a second ~700 bp transcript
beginning at position2000 (Figure3.6.31). The-900 bp region corresponds to areas of
progressively increasy GC content toward thiKFB start codon (Figur8.6.2-1).

To further assess the authenticity of these transcripts, their expression levels were inferred
by coverage depth in the RNs&q datase{Figure 3.6.8). The more distant transcript was
significantly expressed in thrum, short homostyle, Somerset long lstyfeoand Chiltern

long homostyle morphg with greater expression thaKFB in all but the latter sample.

The three open reading frames contained within this region were used in a BLAST search
that yielded no matches (not shown). This could represgmteaiously unidentified non
coding RNA within th&locus. The previously predicted transcription start site (1644 bp
upstream of the start codon) is within this spuriously expressed region. This could explain
its situation within a G@ch region and casequential probable false identification as a

transcription start site.

In conclusion, the tru&FB transcription start site is likely represented by emerging RNA
Seq coverage approximately 900 bp upstream ofR& start codon in all samplg&igure
3.6.3-3). However, coverage momentarily drops to zero in all three homostyle morphs
approximately 300 bp into thé&KFB coding sequence before transcription appears to
subsequently resumeThis was only observed in one of tfwair thrum samples but in all
twelve of the homostyle biological repeats. The short homosleiltern and Somerset

long homostyle datasets overall contained an average of 17.76 %, 3.9 % and 2.7 % more
reads than the thrum samples and therefore had greater chan@®wofaining a read that
spanned this gap. The contrary occurred instead and so the significance of this potential

premature transcription termination is reinforced.

The homostyles present opposite mutant phenotypes but share one commonality in the

loss of their selfincompatibility systems. The premature termination site directly
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corresponds to the end of the first Kelch motif. Total loss of the remaining Kelch dgmain
especially the second blade vital for direct protgirotein interaction (Liet al,, 2004) ¢
would result in dysfunctionality of target protein recruitment. It could be possible that
KFB plays a role in the thrum seificompatibility pathway but loss oGLO (short
homostyle mutant) orCYP (long homostyle mutant) is indirectly associatedth
premature transcription termination okKFB or cleavage of its completed mRNA strand to

disable the resultant protein.

3.9.6 Translational Regulation &FB

There are four complete open reading frames betwekFB and the predicted
transcription stat site approximately 900 bp upstream of the start codéigure 3.6.3).

The scanning model of translation proposes that initiation occurs at the first AUG
encountered by the 40S ribosomal subunit (Kozak, 1999). Although 15 to 50 % of genes are
believed to possess upstream start codons (Mignoee al, 2002), the number of
alternative open reading frames prior #FB presents a challenge in comprehending its
translation. It has otherwise been suggested that, even if an upstream AUG initiates
translation, the 40S ribosomal subunit may hold onto the mRNA after encountering a stop
codon and resume scanning to reinitiate translation at a downstream AUG (Resalle

2001).

In this way, multiple proteins could be obtained from a single mRNA strand (Kozak, 1991),
although translation efficiency would be expected to decline (Pesaleal, 2001).
However,KFB also contravenes this model because reinitiation becomes infeai§itiie
upstream open reading frame is greater than 30 amino acids long (Luuklebaén1995).

It has further been speculated that leaky scanning may occur, in which upstream start
codons situated within areas of low GC content are bypassed to fakose tdownstream
(Davuluriet al., 2000; Suzulkét al, 2000) but the alternate open reading framesk#B
ASYySNIrftfe O2NNBalLRyR (2 NBIAZ2Y A -@TRIeAghO NS |
are known to improve translational efficiency and seconddinyctures downstream of the

start codon can serve to reduce the risks of leaky scanning by slowing the ribosome to

increase the chance of AUG recognition consequently initiate translation (Kozak, 1991).

Approximately 230 potential RNA hairpin structuresre identified acrosKFB and its

surrounding regions. Only perfectly sedmplementary stems were screened for but
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multiple bulges from nommatching bases can be structurally essential in functional RNA
hairpins (Hsue & Masters, 1997). These steap structures regulate translation by
presenting protein binding sites and can also act in cellular localisation of RNA (Svoboda &
Cara). The length of steloop components were limited to screen for the most frequently
occurring hairpins (Schudon& al., 2010) but this could be expanded to include ~30 bp
sites common for RNA binding proteins, such as iron response elements (&taaljp
2012). A signature of loop regions within iron response element binding sites
(CAG[TAYITCA) was found in the distahon-coding RNA oKFB (not shown) but it was

disregarded for not being bordered by a pair of s'lmplementary stem features.

One RNA hairpin was found to span #ieB start codon with a 5 bp stem and a loop length

of 8 nucleotides. This could havensed to inhibitK FB translation but the stem structures

have a GC content of 0 % and a negative correlation has been observed between
translational efficiency and the GC content of RNA hairpin stems (Babeatake2006).

In addition, Kozak (1986) found that even a madely stable hairpin across the start
O2R2YyY RAR y2i0 AYLIANI GNIXyatlaArA2y® L KI
end of mMRNA are most impenetrable by 40S ribosomes (Kozak, 1989; Kozak, 1994). Figur
3.6.3-3 suggests transcription begins ~96p upstream of theKFB start codon and there

were fourteen potential steroop structures between positior800 and-1000 bp(Figure
3.6.23).

CNF yatlrdAazylf STFFAOASYOe& Oly | faz2ute®o SyK
¢KS | gYNRiAikpswldd LISOASE 6 a HTOo®o 0L UBR/IOD
lengths (Pesolet al,, 2001) but this is not apparent IWFB. A transcription termination
signal (AAUAAA) is situated 97 bp downstream of the stop codon and appears to
correspond withthe end of mMRNA strands in Figu8#.33 (Connelly & Manley, 1988). A

Mc YS NI AYTR ofknfpanaséna brucevas found to be essential for translational
efficiency of a procyclin protein (Hedtial., 1994). There were four RNA hairpins identified

in the region downstream oKFB, one of which began at the central base of the stop

codon. They allad 5 bp stems and loop lengths of 19, 15, 14 and 4 nucleotides.

The dot matrix alignmen{Figure 3.6.21) identified two selfcomplementary matches
betwSSYy GKS 0Q YR pQ dzyUNIXyathriSR NBIAZ2Y
transcript. It has beeapeculatedhat this could enhance translation (Gingetsal.,, 1999)

¢ although themodel has no founding evidence. Unfortunately, both matches extend
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0 S @ 2 y Rend & Be noRNYA strand by at least 250 bp. Two perfectly palindromic 14 bp
TN IAYSyiGa ¢ SNB | tUZR buthti®s SnprobladeitatRheyicguld dokl Svero Q

on themselves to form a structure without an intervening linker region.

3.9.7 Differential Expression dFB and OtherP. vulgarisGenes Between Morphs

Expression levels &fFBwere quantified between flowers of pin, thrum, short homostyle,
Chiltern long homayle and Somerset long homostyle plants. If thesilicoobservations
of premature transcription terminatiofFigure 3.6.38) are mirrored in nature then varying

KFB transcript levels would have negligible efficacy in homostyle flowers.

In support ofthe current model regarding mediation of floral heteromorphy, no transcripts
were observed in pin samples (Figu6.31/2/3). The Chiltern long homostyle flowers
presented similakKFB transcript levels to wildtype thrum, howev&FB expression in the
Somerset long homostyle samples appeared to be vastly incre@Sgdre 3.7.2) No
phenotypic differences between the Chiltern and Somerset long homostyle mutant lines
are currently known. Such spurious results must be rechecked via wet lab methods
(Chapter 4).

A significant reduction ilKFB expression was observed in the short homostyle flowers
(Figure 3.7.2) The short homostyle phenotype is linked to a mutation in@ied Slocus
gene, which is a MADS box transcription factorefLal, 2016). IfGLO activatesKFB
expression then this would infer th&FB is natively responsible for raised anthers in the
wildtype thrum and its failed transcription leads to reduced amtheeight in short
homostyle flowers. MADS box transcription factors (suchGa§) bind to CArG box
promoter elements to activate transcription (Reichmaeinal., 1996). It follows that the
presence of a sequence matching the CArG box consensus wasmeashfi865 bp
upstream of theKFB start codon(Figure 3.6.41), ~900 bp upstream of the predicted
transcription start sit§Figure 3.6.3).

Genes demonstrating the most significant differential expression betwieewulgaris
flower morphs were isolated (ffures3.8-1/2/3). The Somerset and Chiltern samples were
collectively treated as one long homostyle dataset. This enabled the -thireetional
comparisons between morph&igure 3.8) but analysis oKFB expression(Figure 3.7.2)
suggests there mayebsignificant genetic differences between these two mutant lines. As

CYPis mutated in long homostyles (Hwat al., 2016) and absent in pin (&f al., 2016),
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differentially expressed genes common to both plants may possibly result from dysfunction
of that gene. Genes only differentially expressed in long homostyle lines and not pin plants
may highlight the effects o€ YP mutation while in the presence of arfationingSlocus

remainder.

This same logic applies to hypotheses regarding short homostyle plants with respect to
GLO mutation. Differentially expressed genes common to both short and long homostyles
would be candidates for the salicompatibility sygem, which is broken down in these
mutants. There were 39 significantly differentially expressed genes common to all three
morphs and these may demonstrate sensitivity of BBcus network and highlight the

impact of modifying any one (or more) of itsrgetic components.

A probable carotenoid cleavage dioxygenase gene was found to exhibit minimal
transcription inP. vulgaridong homostyle flowers and moderate expression across the
other three (Figure 3.83). Differential expression of genes associavgth carotenoid
biosynthesis was also observed between compatible and incompatible pollinatiBn in
maximowicziilLu et al., 2018). Similar transcriptomic comparisons between developing
pin, thrum and long homostyle styles Bf oreodoxadentified an aerage of 5 thousand
differentially expressed genes (Zhetoal., 2019). Approximately 1.2 thousand genes were
found to be differentially expressed during sgl€ompatibility ofP. maximowicz{lLuet al.,
2018).

ThiskKFB analysis produced a list of thmost differentially expressed genes between the
P. vulgarignorphs. These were used to query the BLAST database. No matdkEB to
were found. This was expected becalded only represents betwee.0005 and 0.002

% of theP. vulgarigranscriptome(Figure 3.7.2and the filter thresholds were arbitrarily
set much highe(Figure 3.8L). Values for the genes presented by this analysis were up to
almost 5000 transcripts per million and differential expressioKBB was thus much too
subtle for detection via this method. It is essential for the Gilmartin lab to pursue this list
of genes and accomplish characterisation of the -em@&nd pathways utilised by floral
heteromorphy. This dataset was readied for differential expression aisabfscandidate
genes encoding potential KFBartner proteins involved in floral heteromorphy (Chapter
6).
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Chapter 4

4 Spatial and Temporal ExpressionKfFB

As the sequence of events leading to floral heteromorphy during bud growth has been
defined (Webster & Gilmartin, 2006), identifying the developmental phase that
corresponds with KF@xpression would offer potential insight into its function. Transcript
levels ofKFB had previously beeuantified by RNAeq in flowers of thrum, pinhsrt
homostyle and long homostyle plan{€hapter3.7). The subsequent objective was
thereforeto analyse how the quantity ¢€FBtranscripts changes throughout development

of the flower bud.

It wasalsohypothesised that gaining information about whef&B expression is localised
would give insight into which part of the flower tlemcodedprotein played a role in the
control of heterostyly This could be combined with knowledge about which aspects of
heteromorphy are affiliated with that floral region and therefore potentially provide early
indication ofKFB function. Further analyses were therefore carried out to locate the floral
whorls in whichKFB is expressed. A gPCR approach was used for these investigations

(Chapters 2.8:2.8.5).

Aside from analysing the transcriptional activity KFB, polyclonal antibodies were
evaluatedto observe the timing and location @f situ KFB protein production(Chapter
2.19. These assays were designed to either obtain supporting data that reinforced the
gPCR results or to highlight variance between transcript levels andtiaostational
quantities of KFBthat would demonstrate regulatory netwks or protein accumulation,
aiding to establish a model for KRRtivity and its function in floral heteromorphyturther

to these immunolocalisation experiments, a vector containing @léSreporter gene
driven by the KFB promoter was also constructedChapter 2.11.6 for in planta

observation of KFBn the flower(Chapter4.8).

A fluorescent dye is used in gPCR that binds to DNA (Thermo Fisher, 2016). Therefore
fluorescence increases as DNA is duplicated during each cycle of the polymerase chair
reaction while in linear phasérigure 4) This is monitored in real time by thd?GR
thermocycler machine. The fluorescence at each cycle is plotted on a graph and forms a
characteristic qPCR cur{Eigure 4) This consists of an exponential amplification phase
followed by a linear phase, in which template quantity is doubled aftenecycle (Yuan

et al.,2006). The PCR reaches a final plateau phase when the reaction is saturated becaust
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all free primers have been incorporated into products and amplification consequently
ceases (Yuaet al.,2006).

The user sets an appropriataifirescence threshold that intersects all sample graphs at
their linear phase of amplification (Thermo Fisher, 2016). The cycle number at which a
sample meets this fluorescence threshold is called a Cq (quantitation cycle) value and these
figures are compad between samples. The fluorescence at this point is relative to the
amount of target template present at the beginning of the gPCR, therefore using cDNA
(which is made from RNA transcripts) as template provides indication of the target gene
expressiorievels in the original sample. For example, if Sample A reaches the fluorescence
threshold at cycle 35 and Sample B meets it at th& &¢cle, it can be concluded that
sample A contains twice the amount of target template than sample B, thus the taget g

was expressed doubly in Sample A. If the living tissue was immediately frozen and handled
properly, gPCR produces a snapshot of gene activity for the organism at that moment of
sampling. This method was therefore used to compare gene expressioa B in
different floral whorls and to observe how this changes throughout flower bud

development.
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Figure 4:Exemplar qPCR fluorescence graph depicting the three phases of product amplification ar
fluorescence threshold used to comparertplate quantity between samples.
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4.1 Efficiency and Design ¢FB gPCR Primers

Experiments were designed to quanti€fB transcript levels throughout the flower during
development, to elucidate the location and timing of its activifihe efficiency btwo
primer pairs designed to th&FB coding sequence was calculated and tested for gPCR
suitability (Chapter2.8.4). A pair opreviously designeteference gene primers were also
included as a positive contr(ient, 2016) ThesePP2Arimers amplified with an efficiency
of 99.71 %Table 41). This showd the test functioned correctly and reconfird validity
of the primers.

Table 4.1: ficiency of twoKFBGPCR primer pairs anc

those for aPP2Areference gene used as a posdi
control.

Primer Pair Efficiency /%
KFBT #1 112.00
KFBT #2 80.59

PP2A 99.71

The twoKFB primer pairs performed with 112 % and 80.59 % efficiency. The ideal range
lies within 90110 % efficiency (Thermo Fisher, 2016) and so the former primer pair was
used (FTGATTTGGGACGGGATGAGTTACTGGTGTCGTATCLGES iciency exceeding 100 % is
caued by template impurities that exhibit decreasing inhibition on the reaction as the
template is diluted (QIAGEN, 2010). The selected forward primer began at position 560 of
the KFBnucleotide sequence and so was situated sufficiently downstream of rtessted
regions Figure 3.6.3) identified in homostyle transcripts, which had an average end site

at position 49 Figure 45-1).

It would be invalidto compare the expression levels of two genes using primers with
different efficiencies. Although effemcy of the primer pairs were checked here, this series
of qPCRs only screened tK&B gene and all assays used the same primer pair, therefore
any errors would have been systematic across all samples and would not have affected

relative expression pattes.
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4.2 Temporal Expression &¢FBin P. vulgarisThrum Flower Buds

To elucidate hoviKFB expression levels change throughout flower development, qPCR was
carried out on thrum flowers of four different stages. This indicated in which aspect of
floral heeromorphy the gene acts and also served to highlitjetstage of flowering tht

other experiments should focus on. Floral developmental stages were defiri&uajoter

2.1.1. A second set of flowers was sampled as a biological repeat. The gPCR was carriec
out (Chapter2.8.5)using the PP2A reference gef@&hapter2.8.3.

Temporal Expression of KFB” Throughout P. vulgaris Thrum

12 Flower Bud Development

0.8

0.6

0.4

Relative KFB” Expression

0.2

1 2 3 4
Developmental Stage

Figure 4.2:Quantification ofKFB transcripts across four developmental stages of thrum flowfeesn ~5 mm buds
to fully open mature flowers. Data is normalised to stage one and was carried out across two biological r
against &PP2Aeference gene. Standard error bars are shown.

145



The greatesKFB transcriptional activity appead in the youngest samples at stage one of
development(Figure 42), approximately ~5 mm in length. The earliest anatomical aspect
of heteromorphy can be observed at this stage and occurs as the suppression of style length
in thrum buds compared to pin (8tster & Gilmartin 2006). Expression subsequently
decreased in stage two and declined further at stage three before rising to the second
highest overall levels in stage four. This increase upon opening of mature flowers was
consistent across all repeasd signifies a clear resurgence<diB expression in the latter
phase of flower development. Heteromorphic features linked to this latter stage include

pollen size, shape and potential preparation of the -getompatibility system.

4.3 Differential Spatial Expression dFB BetweenP. vulgarisMorphs

Transcript levels dlFBwere quantified irthe dissected flowers of thrum, short homostyle
and long homostyle buds. Elucidating héiB expression levels vary throughout the
flower itself allowed identification of where the gene acts. This offered insightki
function by relating the location of its expression tothe known aspects of floral
heteromorphyaffiliated with that location Inclusion of the homostyles allowed further
functional deductions to be made corresponding between the mutant phenotypes and
expression anomalies in that morphlhis also highlighted links at the genetic level, by
observing how mutations irGLO or CYP effect KFB expression in short and long

homostyles, respectiveliLiet al., 2016; Huwet al., 2016)

A pool of thrum buds containing mixed developmental stagesevdissected into their four
floral whorlsfor this experiment Aside from the technical triplicate repeats for each
sample, the gPCR was repeated three times to include assays wiliptinee tubulin ELF
and PP2Areference gene¢Chaptes 2.8.3 & 2.&). This improved reliability if any of the

reference genes were not expressed with perfect stability in these different tissue types.

TheELF reference gene was also used to screen the dissected whorlB .ofidgaridong
homostyle mutant. The long homostyle phenotype is caused by a mutation i@ YIRS

locus gene that leads to failed suppression of style lengtét @li,2016; Huwet al., 2016),

so this assay highlighted alfFB-CYPrelationship and looked for a possitd-B role in

the style. The short homostyle mutant was also screened in the same way. This phenotype
is caused by a mutation in th&LO Slocus gene that leads tanéhers situated lower in the

corolla tube (Let al., 2016).
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Spatial Expression of KFB™ In Various P. vulgaris Floral Morphs
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Figure 4.3: Quantification ofKFB transcripts throughout four floral whorls in thrum, short homostyle and lo
homostyle flowers. Gynoecia transcription KWFB was significantly higher in long homostyles. Expression
almost entirely lost in short homostyle petals. Data is normalised to thrum sepals. Standard error bars are s

Highest levels oKFB transcripts were consistently observed in thenggcium, which
consisted of thestigma, style and ovar{fFigure 43). This is the site of style length
dimorphism; the most obvious anatomical aspect of floral heteromorphy. The gynoecium
is a site of action foselfincompatibility. Although the utiled primer pair was designed
downstream of the region potentially cleaved from the centre of most homostyle
transcripts Figure 3.6.8), some of the missing regions varied greatly from this average
size and position. However, these qPCR samples appeaiee tinaffected by this and

long homostyles actually exhibited the greatest overall quantityKé®B transcripts,
especially in the gynoecium, which here far exceeded levels of all other samples. The
gynoecium in this morph is effected by mutation of & P Slocus gene and presents a

long pintlike style(Liet al.,2016; Huuwet al.,2016)

Short homostyle samples demonstrated almost a total los&l8 expressionin petal
tissue. As the anther filament is fused within the petal, this whorl is responsible for anther
height dimorphism. Shortening of the anther filament in this morph has previously been

linked to a mutation irGLO (Liet al.,2016). The short honstyles also appeared to exhibit
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reducedKFB levels in the sepals, however the only mutant line available at this time were
of the Hoseln-Hosevariety in which the sepals are biologically converted to a whorl of
petals (Webster & Gilmartin, 2003). It ctrerefore be concluded that the reduction of
KFB here was a mirror of that observed in the petals and not a true measurement of sepal

expression.

The two homostyle mutants displayed raiS€BB transcript levels in their anther@igure
4.3). Long andshort homostyles botrexhibit a breakdown of the selhcompatibility
system and are therefore sdiértile (Dowrick, 1955; Ernst, 1955). These anther
measurements include pollen, which & possible mediator of selfincompatibility in

Primula This sugepts a potential selincompatibility role forK FB.
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4.4 RelativeExpression oKFB Throughout the Flower Across Development

A final effort was made to carry out a larger qPCR that repeated the spatial expression assay
but did not mix the developmental stage$his consisted of sixteen samples comprising of
four dissected floral whorls from four developmental stages of floweis Maintaining

both dimensions allowed for detailed monitoring of how the location and quantitgre
transcription changed over time throughout the flower. Obtaining this expression data
across the life of the flower bud provided a higsolution nap of KFB activity. The PP2A
reference gene(Chapter2.8.3 was used in the qPCf&hapter2.8.5 and this was
completed twice to obtain a technical replicate. A third attempt was made with a different

sample set as a biological repeat.

Spatial and Temporal Expression of KFB” Throughout P. vulgaris

16 - Thrum Flower Bud Development
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Figure 4.4: Quantification ofKFB transcripts across the dissected floral whorls of thrum flower buds across

stages of development. Gynoecium expressiorKBB was consistently high and transcription in the anthe

increased toward flower maturity. Data ismmalised to thrum sepals at stage one with tRP2Areference gene

used as a control. Standard error bars are shown.
Expression oKFB in the sepals remained minimal and stable across flower development
(Figure 4). There are nphenotypic aspectsf floral heteromorphy associated with the
sepals of thrum plants. Transcript levels in the petals presented a similar pattern to the
averagye temporal expression data in Figwt. A reduction oKFB transcription in the

petals occurred at stage three of flower bud maturity. It is approximately at this stage when
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cell shape is suppressed in the upper corolla tube and they remain globlilgrthose in

the lower corolla tube become cylindrical (Websg&Gilmartin 2006).

Expression oKFB increasedsignificantlyin the antherstoward the latter two stages of
development. Pollen maturation occudsiring these phaseand begins to sheffom the
anthers. It is therefore possible thKFB has a role in the pollen, which may mediate self

incompatibility.

Levels of KFB transcripts in the gynoecium were consistently high throughout
development; the highest of all four whorls in the firbrée stages and superseded only
by anthers upon opening of the mature flower. The greatk§B expression was
measured in the gynoecium of stage two buds and the only distinguishable feature of floral
heteromorphy at this age is suppression of style tarig thrums compared to pin flowers
(Webster& Gilmartin 2006).
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4.5 Screening for Presence &fFB in Flowers of Four Developmental Stages

Prior to gPCR experiments, a nguantitative PCR was used to initially screen for the
presence oKFBin P. vulgariglowers across four developmental stages. This presented a
broad overview of temporakFB expression to inform which developmental sésgshould

be included in the downstream gPCR assays for observing more intricate details of dynamic

KFB activity.

The PCR primers spanned a site (FiguselXthat was later identified via bioinformatical
RNASeq analysis to contain a gap central tostibomostyle transcripts (Figure 3.633.

The use of long homostyles therefore also allowed assessment of this gap. It was important
to detect intact transcripts and confirm tha€FB does not entirely undergo premature
transcription termination or postranscriptional cleavage, which would render it Ron
functional in homostyle plantg regardless of any expression activity. The exact size and
border positions of the cleaved region varied between samples but the reverse primer
(Figure 45-1) was eitherwithin or after the missing portion in all available homostyle

transcriptome datasets (Chapter 3.6).

ATGGAAGTTATTCCTGGTCTGCCTGAAGATCTTGGACTCGAGTGTATGATTCGTTCACAT 60

TACACAACATTCCGAGTCGTTTCCCAAACATGCCATTTATGGAGAAAACTTCTCCAAACC 120
ACAGATTTTCATAGTTACAGAAAGAACAAAGGATACAGCCACAAAATGATTTGTTTTGTA 180
CAATCTATTCCGCCAAATGCTCTTGCTGATGAAACTGGAAAATCAGCCAACTCGTGCGGT 240
TATGGGATCACTGTATTCGACGAAGTCGGACAT GGGGGAGACT TAGTCAGGTTCCCAAGT 300
ACCAAAGCGGGCTCCCCTTGTTTTGCCGTGTGGCGAGCTCCGGAAATAAGCTCATCGTTA 360
TGGGCGGGTGGGACCCGTTTAGTTACCACCCAGTTAAGGACGTGTTTGTTTATGATTTTG 420
TGAACCAGTTGTGGCGACAAGGTARAGATATGCCGTCCAAACGATCATTTTTCGCTATGG 480
GCGCCATAGATGTTAAGGCATGTATACGTCGCGGGAGGCCACGATGAGAATAAAGGTGCT 540
TTGAAATCAGCTTGGGTTTATGAT TTGGGACGGGATGAGTGGACTGAGATGATACAGATG 600
GCACACGAACGTGACGAGTGTGAGGGAATAGTGATGGGTAATGAGTTTTGGGTAGTTAGC 660
GGATACGACACCAGTAGTCAAGGGGTGTTTGTGACGAGCGCAGAGTCCTATTGTGTCAGT 720
ACCAGGATGTGGAATCTAGTTGAATCTGTATGGAAGGCGGGCCAGTGCCCGAGGTCATCT 780
GTCCTAAGTTTAAAACCTAGTCAGTTGATAAGTTATACCGAATTCAGCTCGGCTATTACA 840
GATGGAGCATTTGGGATCGCGCTGGGCGGCCAGATTCTCTTAAAGGAGTCAGCAGATGTT 900
GATGTAAAGAAAGCTTTTTTTTTAGTGGATGTTGGTGAAGGGCAAAACTATAGAATCGAG 960
AAGATTAATGTGCCTGATCAGTTTTCTGGTTTAGTTCAATCTGGCTGTTCTGTTGAAATT 1020

Start Codon _ Forward Primer Reverse Primer Missing Region

Figure 4.51: Positionsof primers designedor non-quantitative amplification oKFB from flower cDNA samples
Primers spanned a region that was lgaridentified by RNAeq to be commonly absent in homostyle transcrip
The average size and position of this missing region is shown.
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Expression oKFB was identified in all developmental stages of long homostyle samples
from the Somerset population (Figures4&), which is indicative of continuo#$=B activity
throughout flower maturation. Transcripts were also detected in all stages of Chiltern long
homostyle flower buds, though more variation was observed than in Somerset samples.
The actin positive control bands showed consistent integrity of the cDNA pools, proving
this variance was not due to a PCR flaw. Expression appeared extremely mirstagkat
two of the first biological repeat, however the negative control lanes are clear, thus the

faint band must represent tru&FB transcription and not background contamination.

Developmental Stage

Chiltern
Bl
m-
"y |
ml

Somerset

M kB W Actin

Figure 4.52: Non-quantitative detection ofKFB expressionacross flower
development Intact transcripts were detected throughout bud maturatior
Biological repeats were carried out on long homostyle lines from two
populations. Four developmental stages were assessed, ranging from ~!
buds to fully open mature flowers. The actimgevas amplified as a positive
control to prove consistent cDNA integrity across samples.

A gap central to moKFB RNA strands of homostyle flowers had been identified via-RNA
Seq (Figure 3.6-3). This PCR assay importantly confirmed #iafiower buds contain a
detectable level of intact transcripts and therefolFB transcription is not entirely
prematurely terminated or postranscriptionally cleaved, which would render it ron
functional in homostyle plants. However, it remained wacl whether the variation
observed throughout Chiltern flower bud maturation was representative of differential
expression or the podranscriptional modification identified from RN&eq (Figure 3.6:3

3).

This preliminary screen gave no conclusive mtibe of isolated stages at whidkFB
expression is categorically turned on or off, which would have provided strong functional

evidence and a clear area for further scrutiny. No phenotypic differences between the

152



Chiltern and Somerset long homostyleelinhave been recognised that would explain the
observed variation. It was decided to include all samples in downstream gPCR experiments
with a different primer pair to focus exclusively on the intricate mappirigFe expression

patterns.

4.6 Identification of a Suitable KFBAntibody

A dot blot was carried ouChapter2.19.2) to test interaction of the KFRintibody wih the
peptide that it was raised against. Antibodies from two rabbits were supplied as conjugates
to keyhole limpet hemocyanin and bovine serum albumin proteins. After development of
the film, nolight emission had been captured at all (not shown). €h&as no sign of
protein interaction with the antibody. As this could have been caused by a flaw in the dot
blot procedure, the test was repeated via Western Bohapter2.19.4).

Rabbit #1 | Rabbit #2
KFBT conjugate: KHL BSA |KHL BSA

Figure 4.61: Affinity of antibodies raised in two
rabbits against synthetic KFB peptide
conjugates. The Western blot was carried out (
a single sheet; white lines indicate where th
photograph has been cropped to remov
intervening blank lanes.

The antibody from rabbit one demonstrated affinity to tHeFB-KHL and KFEBSA

conjugateqFigure 4.61). While rabbit two also displayed binding with KRBIL, it had far

weaker affinity for the KFEBSA conjugate. This suggested that the former antibody bound

to KFB, whereas the second bound to the KHL tastead. Both proteins presented a
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smear instead of a neat band, however this was still deemed to represent affinity and so it
was concluded that the dot blot method had failed but the Western Blot had confirmed the

rabbit one antibody should be taken feard.

This antibody was subsequently tested against crude protein extract Fowlgaridouds

of mixed stages. Eight separate fractions were tested from the antibody purificstisp
carried out by Dundee Cell Products. This tested for antibody interaction with the triie KFB
protein from P. vulgarisand not only the synthetic peptide conjugates they were raised

against.
Antibody Fraction

Figure 4.62: Antibody attinity for KFBrrom the crude protein extraction of ~£
mm P. vulgarighrum flower buds. Eight fractions from protein purification wei

tested. The assay was carried out on a single sheet; whiteifid&sate where
the photograph has been cropped to remove intervening blank lanes.

70kDa

The second and third antibody fractionsegented a distinct band on the Western Blot
(Figure 4.€2), however they indicated a 70 kDa protein but KisB8 kDa. Fractions five
and eight presented smears that spanned the 38 kDa region but these were background
blemishes offcentre from the proten lane. No discrete bands of the correct size were

detected and the blotches are assumed to be background noise. Thereddras &Vestern
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Blot had failed to identify an antibody fraction with suitable functionality, it was decided to
move forward withthe most concentrated fraction in a final Western Blot attempt to
investigate spatial and temporal production of the KRBotein in thrum flowers.
Information provided by Dundee Cell Products showed that fraction one was the most

concentrated and this ggeared to perform better in initial test@~igure 4.61).

4.7 Investigating Spatial and Temporal KHRroduction via Western Blot

Flower buds from different developmental stages were used in an effort to gain temporal
information regardingproduction of the KFBprotein and spatial data was sought by
dissecting samples into their four floral whorl§hiswas designed to obtain proteilevel

data in support of the transcrigevel gPCR experiments.

Presence of KFB™ Across P. vulgaris Whorls Throughout Flower Development

| Stage 1 Stage 2 | Stage 3 | Stage 4 |
Whorl:{ 1 2 3 4|31 2 3 4/]1 2 3 4131 2 3 4
48 kDa
33kDa
28 kDa

Figure 4.7: Antibody affinity for KFBin dissected whorls oP. vulgaridlowers throughout development.
White lines are a visual aid to align sample lanes.

Two large smears appeared corresponding to the anther samples at the earlier two phases
of maturation(Figure 4.7) This is contrary to gPCR data that indicated an increase &f KFB
transcription in the latter two developmental stagéSigure 44). The blotch at stage one
crossed into the adjacent lane but did span the 38 kDa size marker wheteskkBected,

howeverthe second stage smear was above this size. Itis unclear what is represented here
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on the Xray film but no reliable insights could be gained from these assays. It was
concluded that the antibodies were incapable of eliciting the required function. qPI@R
transcription data would instead have to be supported at the protein level via
transformation of theGUSeporter gene construct driven by tH€FB promoter (Chapter

2.11.9.

4.8 Visualisation of KFBViaGUSReporter Gene Assay

The gPCR assays hidédntified the floral whorls in whicKFBistranscribed, however a-
glucuronidasgGU$ reporter gene construct was made tmmplement these transcript
level studies and explotthe cellularlocation ofKFBexpression in those identified whorls

A vector had beenassembled so that, after transformation into the target organism, the
KFB promoter would be activatedh vivobut had been modified to driv&USexpression

instead(Figure 4.81).

The technique works by taking samples from the transtdnorganism and incubating
them with glucuronide substrates that interact with th@USenzyme to turn it blue
(Jeffersonet al, 1987). In this way, the exact regions KFB production could be
visualised. For the purpose of gaining data efficientlyetiwvector was transformed into
Arabidopsis This also served to elucidate wheth€FB is regulated by a fundamental

housekeeping gene or requires a métemulaspecific transcription factor.
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I Kanamycin resistance/ selection gene

Destination \ector

Figure 4.81: Main features of the construct in which th&B promoter region drives expression of tkEJSeporter
gene to visualise location of KRBotein production.

After establishing transgenisrabidopsidines(Chapter2.16.1) one leaf sample presented
blotches of GUS activity (Figute3-2B) that followed no patterns of venation or stomatal
cells. It was observed in no other leaf samples abélieved to be spurious misexpression

of GUS, likely caused by bacteria. Blue GU&irsgavas also noted on a lethfat appeared

to strongly follow a tear wound caused by handling with forceps (FiguB&A). To
investigate whether this signified stresslucedKFB transcription, leaves were laterally

cut in half and added to GUS assajution. The remaining haifstill attached to the plant

¢ was severed 90 mins later and also added to GUS solution. However, the results in Figure

4.8-2A were not reproducible.

Figure4.8-2C depicts two very late stage flowers undergoing abscissten seed set and
shedding of the siligues. They each had a single seed affixed to the remainder of their
senescing siliques that appeared to have imbibed water during the GUS staining process

and commenced germination. Both samples presented GUS gjamtheircarpels
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Figure 4.82: Location of GUS stainirig transgenicArabidopsidissue when regulated by théFBLINE Y 2 (i S-N.
UTR regionsA) One leaf showed GUS staining around a wound in the torn tissue. The adaxial surface is out:
beyond the depth of field because the sample had curled over due to dehydration under the microscope. B) B
of GUS activity were found on one feample and followed no pattern of venation or stomatal cells. C) Two ma
flowers (both pictured) undergoing pested set abscission presented GUS activity in the gynoecia.
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4 9Discussion

The temporal and spatial expression patternsK&B have keen investigated using gPCR

on dissected floral whorls throughout development of thrum, pin and homostyle flower
buds. This has been supported at the protein level through transformation of a vector
containing theKFBLINE Y2 G SNJ I YR p Q dinyng tidnstriptioh df SRS NI =
reporter gene inArabidopsis The GUS assay presented reporter staining in a torn leaf
sample (Figure 4:8A). This finding was irreproducible and could have been caused by
bacterial infection via the wound. Although & widely accepted that endogenous GUS
activity is absent in plants, endosymbiont bacteria have been known to display false
positives in this wayTret al., 1992). This is also believed to be the cause of the spurious

leaf expression observed in Figur&-2B.

Alternatively, GUS expression in the torn leaf may signify stneksedKFB expression.
Staining was observed during flower abscission (Figur€@)8and this pathway is also
tightly linked to invasive stresses such as wounding and pathogeckattTaylor &
Whitelaw, 2001). Endogenous GUS activity plants has been observed witharticular
prevalercein floral reproductive organs (Alwest al., 1992). However, vhile Figured.8-

2C showgarpelGUS staining, no activity was observed in the male reproductive organs of
any flowers screened. Acidic pH and gibberellic acid treatment were both shown to induce
intense GUS activity in most cell types from 23 model species, incladthgliana(Sudan

et al., 2006). The process of flower abscission observed in HgM&€ is linked to raised
levels of salicylic acid, jasmonic acid and gibberellic & €t al., 2013pSetyadiitet al.,
2006). Such acids associated with the abscission pathway baué provided the low pH
required for exhibiting endogenous GUS activityArabidopsis however this data is
coherent with the detection of greate$¢FB transcription levels fron. vulgarigynoecia

in earlier gPCR experimentBSigure 43).

These qPCRssays also detectedFB activity inP. vulgarigetals that decreased in the
absence of5LO (Figure 43). Failure to observ&USexpression irArabidopsigpetals(that
also lackGLQ) further reinforces the hypothesis th&FBtranscription in the seond whorl
necessitates activation bBLO. It also suggests that a n@locus protein more common
to higher plants may regulatéFB expression in the stylavhichsuccessfully induced the
GUS staininpere Figure4.8-20). Although posseed dispersal expression KFB would

be too late for a role ifPrimulafloral heteromorphy, this transgenic assay was carried out

in a heterologous system and differences were expected.
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Quantitative PCR assays were challenged by low overall levilEBbéxpression and a
genomewide approach by Suref( al.,2007) also found that most Kelch genes were too
lowly expressed to be reliably analysed. However, thesgbral and spatial trarcsiption
analyseshave allowed for speculation of several potentiables for KFB in floral
heteromorphy. One interpretation of the data liekl the presence ofKFB with
suppression of cell length. The temporal expression d&igure 42) suggesed the
greatest transcriptioroccurredin the first stage of flower bud development and the spatial
analysigFigure 44) showed KFBwasparticularly prevalent in the gynoecium at these early
stages, especially stage two. Cell length of the gynoecium styletste is suppressed at

this primary phasef flower bud maturation and this is the earliest observable facet of
floral heteromorphy in thrum flowers (Webst&& Gilmartin 2006). FurthermoreKFB
transcription was observed to significantly increase in the anthers at stages three and four
of flower developmentFigure 4). This is coherent with pollen maturation and release
from the anthers. It follows that thrum pollen remains spherical but patien grains
present a longer oblong shape (Darwin, 1877), thus providing a second example of cell

length suppression in thrum compared to pin that could be connected KRB activity.

However, it can also be speculated that positive correlationexigs between KFB
transcript levels and cell length. There is a reductiofFB transcription in the petal whorl

at stage three of thrum flower developmeffigure 44) and it is here when cell length is
suppressed in the upper corolla tube of thrums (Wel & Gilmartin 2006). Short
homostyle mutants displad almost a total loss oKFB expression in the petal@igure

4.3) and these flowers present anthers in the low position due to reddeadth ofanther
filaments, whichareenclosed within the petl whorl. Vastly increased transcriptionkf#B

was measured in long homostyle gynaetmo (Figure 43), which presents a ptheight
stigma due to the failed suppression of style length that usually occurs in thrum. Again,
this suggests positive coretlon betweenKFB activity and cell length. Moreover, while
thrum pollen shape is suppressed, grain size is actually larger than in pin plants (Darwin,
1877). This could be related to the increasé&KBB anther transcription in the latter half

of flower maturation(Figure 44).

A third model implicates a role fa&¢FB in the selfincompatibility system that reinforces

floral heteromorphy. The greatest levels KFB transcripts were mostly found in the

gynoecium (Figure4.3 & 44) and, although this is the site of style height dimorphism, it is

alsothe site of pollen rejection in seificompatibility. The quantity oKFB transcripts in
160



the gynoecium were only superseded by expression levels in theenat the final stage
of development(Figure 44), which here release pollen; the othenediator of self
incompatillity. Expression dkFBin the reproductive organs was significantly greater in
the short and long homostyles than in thru¢rigure 43). These two mutant lines are
phenotypically similar only in their breakdown of the safompatibility system to become

selffertile.

Observations may therefore suggest a role in-sebmpatibilityand ¢ thoudh it initially
appears counterintuitivehat increasingKFB would lead to less stringenof the infertility
system this could be explained in two possible wayse first is thaP. vulgarisnay reject

all pollen by default an&FB facilitates the breakdown of an unknown molecutegnable
compatibility. This would make infertility the default state and receptivity to pollen the
exception. Secondly, RMN®eq data Figure 3.6.8) suggested the majority oKFB
transcripts in the hmostyle flowers may undergo cleavage via pibahscriptional
modification and therefore be noefunctional. Raise®FB expression may therefore not
signify increased&FB functionality. Failed translation of cleavelFB transcripts could
inhibit a curently unidentified negative feedback system that usually repred$eB
expression. In the event of this malfunctioning feedback mechanism, dysfunctionality of
KFB would lead to increased transcript levels, as observed in the homogfyigsre 43).
Onthe contrary no KFB transcripts were detected in styles & oreodoxgZhaoet al.,
2019), which is a strongly s&ldmpatible species (Yuat al., 2019). Transcripts oCCM

and PUM were also absent (Zhaat al., 2019).

The short homostyle phenotype has previously been connected to a mutation i@ltkke
transcription factor from theSlocus (Let al.,2016). This corresponds with a reduction of
KFBexpression in short homostyle petdSigure 43), which suggest&LO may indirectly
cause the short homostyle phenotype by acting throlfiB; the knockdown of which
could lead to suppressed anther filament length via targeted degradation in a downstream
pathway. The substantial increaseKFB in the gynoea of long romostyle flowers also
suggested a link betweelFB and CYP, mutation of which is believed to be responsible
for the long homostyle phenotype (Huet al., 2016). Althoughthis work revealeda
reduction of brassinosteroid content follomg the loss of CYP function, no direct
mechanism for this relationship was proposed. Alternatively, it has been proven that the

BSU1 Kelchepeat protein modulates brassinosteroid responseArabidopsis(Mora-
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Gardaet al., 2004). It could therefore b&FB that directly leads to the long homostyle
phenotype via its relationship witBYP.

It is known that some Kelch proteins can bind to several targets and therefore exhibit
multiple functions Kim et al., 201& Zhanget al.,2013). It washus proposed in chapter

three that the timing and location of KFBroduction may be tightly regulated to limit
exposure of target proteins and restrict spurious degradation activity. The gPCR assays
have provided a map regarding the temporal and spatial transcription pattei=8.

These assays have presented areas of focus for downstream experiments. However, it is
unlikely thatkKFB could simultaneously carry out all three functions proposed here due to
their contradictory nature. For example, interpretations of the datarelate KFB both
positively and negatively with cell length. A yetsb-hybrid experiment was therefore
designed to identify interacting partners of KiaRd highlight potential protein targets to

infer which pathway it modulates (Chapter 6). Veatonstructs were also assembled to
generate transgenic lossf-function and gairof-function mutant lines to elucidate the role

of KFBin floral heteromorphy (Chapter 5).
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Chapter 5
5 The Function oKFB

Bioinformatics had been used to analyke KFBsequence (Chapter 3) alongside temporal
and spatial expression analyses at the transcript and protein levels (Chapter 4).
Subsequentn vivomisexpression experiments were utilised to investigate the tioncof

KFB. Two knockdown and two overexpression methods were useabify KFBfunction

and provide data regarding its role in floral heteromorphy.

5.1 Comparison oKFB in SelfCompatible and SelfncompatiblePlants

The aspects of floral heteraonphy are easily observed by eye or with a light microscope.
TransgenidFB mutants were therefore expected to present distinguishable phenotypes
that help to elucidate gene function. Howeve@rmulaheterostyly iseinforced by aself
incompatibility system that makes a plant unreceptive to its own pollen (Darwin, 1877).
Expression oKFB had been detected in floral reproductive organs (Figures 4.3, 4.4-& 4.8
2), which are the dimorphic sites of heterostyly but also the mediatofsself
incompatibility. If KFB functions in this selincompatibility system, mtants mayfail to
present a visually obvious phenotype. A preliminary PCR screen was therefore used to test

this hypothesis prior to carrying out the downstream transforioatassays.

Selfcompatible mutant lines oP. verishad been identified from a glasshouse population
that were part of a forward genetics experiment in which seeds were exposed to fast
neutron bombardment athe International Atomic Energy Agency in VianAustria(Li,
unpublished) The radiation caused random mutations throughout the genomes of the
seeds, which were grown and sehlossed to screen for modifications of the self

incompatibility phenotype.

PCRChapter 2.9¢onfirmed therewere no size osequence differences between tid-B
amplicons from sel€ompatible and selincompatibleP. verigplants. However, thisould
not conclusively eliminat&FB as a candidate gene in the se@itompatibility system.An
assay from Dr Jinhong Li fouk&B transcripts to be almost undetectable lveriscDNA
samples (Li, unpublished). This genay have a vital role in sadlifertility but another

gene, either upstream or downstream in the pathway, could instead carry the mutation
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that resulted inlossof seltincompatibility. This cannot be confirmed until the network

that mediates selincompatibility has been elucidated.

5.2 AKFB Constitutive Overexpression Vector

Overexpressing a gene of interest is a method commonly used in functional anayses
observe the mutant phenotypes displayed by exaggerating the effect of a gene in a target
host (Prelich, 2012). Tmsayprovide strong evidence for the role of that gene within the
organism. These assays may cause visible physiological changeshosthinat are
immediately obvious but sometimes the products of pathways and cascades must be

measured to observe more subtle modulations in gene networks.

An overexpression vector was therefore made with pBRACT114 (Chapter 2.11.3) using the
KFB open readng frame under regulation of a 35S promoter derived from the Cauliflower
Mosaic Virus (Figure 5.2). This promoter causes constitutive overexpression of the gene of

interest throughout the entire transgenic plant.

35S constitutive promoter

B -itR
pBRACT 114 KFBT coding region
Destination Vector attR2
for the constitutive overexpression of KFBT _ CaMV polyA

_ Kanamycin resistance gene

Figure 5.2:A pBRACT114 constrweas assembled with the 35S promoter for constitutive overexpressiol
the KFBcoding region
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5.3 A Vector ContainindgKFB and Its Native Promoter

In addition to using the 35S Cauliflower Mosaic Virus promoter for constitutive
overexpressiona vector containing{FB under regulation of its native promoter was also
assembledFigure 5.3) This allowsKFB expression at native levels instead of those from
a constiutive promoter, which may have a deleterious effect on the himssuch high
quantities Use of a nativé®. vulgarigpromoter also removes the potential risk of the 35S

promoter from a Cauliflower Mosaic Virus being ineffectiv@imula

The construt was designed for incorporation into the genomes of plants that do not
naturally posses&FB, such asArabidopsisor pinform Primulaspecies. This plasmid
contains a kanamycin resistance gene and has the components required for replication in
bacteria. This vectowas transformed intcArabidopsisdue to the rapid life cycle of this
species and its wetlptimised techniques (Koornneef & Meinke, 2010; Somssich, 2019).
This tested iKFB could act in other higher plants or whether it requires a mBremula

specific gene for transcriptional activation or downstream function.

B attRisite
PBRACT 103 KFBT CDS, 5’-UTR and promoter
Destination Vector attR2 site
for KFBT regulated by its native _ Kanamycin resistance gene

promoter

Figure 5.3: The pBRACT103 vector was used to generate a construct contiiRBignder regulation of its native
LINR Y 2 (i S-NTRlegiéhs.p Q
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5.4 AKFB RNAIi Knockdown Veot

To complementdata from the overexpression studies, an RNAi knockdown vector was
assembledChapter2.11.4)to investigate the phenotypic effects caused by redud{fd?
transcript levels in transgenic plants. These mutagenesis experiments providemahc
data to aid elucidation of thé&KFB role in floral heteromorphy.Although a viral method
(Chapter 5.7) can present data within two weeks (Baulcombe, 1889)arget genas only
knocked down in successfully infected tissues. It does not elimithet effects of target

gene activity prior to infection and the genome itself remains unmodified.

To obtain stable transgenic lines that inherit the mutation through generations, an RNAI
construct was thus made fa¢FB. This vector contains two inverted duplicate fragments

T NR2 Y -én# & thekKBB transcript that are joined by a linker in opposing orientations
(Girinet al., 2010), thereby folding into a doubkgranded hairpin loop that triggers the

RNA interference athway and leads to the degradation IKFB transcripts.

_ attR1 site

pBRACT 507 KFBT 3’-end
Destination Vector ?ttﬁz site
for knockdown of KFBT via RNAI i18 intron
IV2 intron

_ Kanamycin resistance gene

Figure 5.4:The construct assembled for the knockdowrkéfB via RNA interference.

5.5 Sceening for TransgeniBrimula

The series oKFB vectors were transformed intd®. vulgaris(Chapter2.15.1) which
subsequently underwent selection and tissue cult¢(@hapter2.15.2) Transformed leaf
sections were monitored for survival on kanamycin and growttadlfistissue. Successful

transformants would possess an active kanamycin resistance gene on the destination
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vector. Cells without this plasmid would turn colourless. Meates turned transparent
within a week, which was indicative of unsuccessful transformation of those samples.
Other leaf tissue hardenegldisplaying early signs oéllusformation ¢ but browned slowly

over time. Some leaves appeared to retain theioaofor up to 6 months but did not form
callus Numerous repeats of this experiment had been carried out across two years.
Overall, all tissue diedeither due to unsuccessful incorporation of the kanamycin
resistance gene into thBrimulagenome or beause of failed transgenic tissue culture.
Inmidh nMdp= 5N { I RA&S I Iedl t20FfA&aSR GKS a&:
(unpublished) Two years previously, SigrA&drich had changed the recipe of this gelling
agent and the tissue culture metd had since been ineffective, both Rrimulaand in

Barley (unpublished). Agarose was trialled instead but this proved inadequate. A gelling
3Syd OIFIfttSR DStfly Ddzy FNRBRY !'tFF ! Sal N
problem. There was insuffent time remaining in the PhD project to repeat these
experiments and so it was decided to fully divert focus towarabidopsigransformation
instead. However, this series IKFB destination vectors is available to colleagues and will

be essential incarrying out the future transgenic experiments that are mandatory for

understanding the mechanisms underpinning floral heteromorphy.

5.6 Screening for Transgemngabidopsis

The KFB plasmids containing the overexpression and native promoters were also
transformed into Arabidopsis (Chapter 2.16)  This allowed faster results and
circumnavigation of the issues encountered in transformitrgnula A total of eleven
Arabidopsidines overexpressingFB via the 35S constitutive promoteFigure 5.2 were
investigated. There were four flowers from three plants that had grown an extra petal and
sepal (Figur&.6A). Eighteen transgenic lines containkfeB under regulation of its native
promoter (Figure 5.3 were also investigated, with a further eight thiggneration plants
from one additional line. One of these plants presented three flowers containing only five
anthers (Figuré.6C) and another four flowers from three plants had only four stamens
(Figue 5.6D); one of which had a fifth with retarded development (FigbigB). This was
also observed once in the transge®@t) Splants(Chapter4.7; not shown), which contain
only theKFB promoter region and should not demonstrate any modified function y &ty
suggesting this was a developmental anomaly and not relatétFid activity.
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Specimens with the additional sepal and petal were found only in the constitutive
overexpression line, however the low number of mutant flowers suggests this is also
unrelated to KFB activity. As every cell should carry the same transgenic genotype, an

authentic mutant would be expected to occur with more consistency across flowers.
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Figure 5.6: Transgenidrabidopsislower tissue transformed withKFB overexpressiorvectors A) A mutant flower
displaying an extra sepal and petal. B) Two transgenic stamens; one presenting retarded development. C) /
flower containing only five stamens. D) A mutant flower containing only four stamlesvers were dissectefor
clarity and image brightness has been edited to highlight appropriate flower parts.
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5.7 Virus Induced Gene Silencing KFB

Virus Induced Gene Silencing (VIGS) was us&ddokdownKFB in Primula The RNAI
vector(Chapter2.11.9 requiredAgrokacteriummediated transformation into th@rimula
genome, with subsequentallusformation through tissue culture, further growth and
selection of secongieneration seeds. Alternatively, VIGS vectors are not incorporated into
the host genome and only reqe infection of the virus in order to knockdown transcripts,

thus yielding results far more rapidly (Baulcombe, 1999).

This vector was electroporated in#dgrobacterium(Chapter 2.14.2), of which cells were
injected into the stems of Primroses (Chag2et7). The virus then generates short double
0N YRSR (NJ yaONRLIia o -efidbKNBthat triggiaRah ilnBunes n 1
response in the plant (Voinnet, 2001) that consequently knock dowkiF transcripts

present. In this wayKFB is disabled and the effect of minimising expression of this gene

can be observed and its function deduced.

B Promoter P1

pTRV2 Coat protein
Destination Vector attR2 site
for knockdown of KFB' via VIGS KFB' 3’-end
N -tr

_ Kanamycin resistance gene

Figure 5.71: The pTRV2 vector was used in combination with pTRV1 for theinttused gene silencing &B.
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Approximately 10 % ofreated thrum plants presented at least one flower witma
abnormalcorolla tube(Figure 5.72). Thesealtered corollas were cwwed and the most
extreme samples were warped into arsBaped crinkle. Pin and thrum samples that

underwent the negative control treatment did not present amggularities

VIGS Treated Negative Control

Thrum

Pin

Figure 5.72: Abnormal phenotype in thrum corollas following viral inddaene silencing iFB. The

Sshaped crinkle was not observed in treated pins or plants that underwent injection with a neg
control treatment.
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Theseabnormal plantsould also be identified from the face of their flowers. The corolla
mouth is flush with the petal surface in wildtype Primroses (Fi§ures, right). However,

in abnormalsamples, the petal surface had retracted from the mouth of the flower due to
the lower flower tube crinkling and resulted in protrusion of the corolla tip housing the
anthers (Figur®.7-3, left). Forty thrum plants underwent treatment in this first VIGS assay
and five were used as negative controlBollowing observation of the lowate at which
plants presented altered phenotypés10 %), it was decided that a second attempt would

be carried out utilising neaegqual numbers of VIGiEeated and negative control

specimens.

Treated  Untreated

iv 3

Figure 5.73: Abnormalflower mouth following viral indued gene silencing
of KFB. Left) Treated thrums presented flowers with protruding corol
openings and retracted petal surfaces linked to warping of the corolla ti
beneath. RightIheflower mouth of widtype Primroses is flush with the
petal surface.
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A total of twenty thrum plantsvere used forVIGSanalysiswith the KFB construct and
fifteen were used as negative controlsAdditional flowers with warped corollas were
obtained from this second VIGS assay. A novel abnormality was also observed in the fusior

of the sepal to the corolla along the inner surface of the cdrflewer tubes (Figure 5:4).

Figure 5.74: Abnormalcorolla tube base from &rimulaplant treated with a construct to virally induce gene silenci
of KFB. The flower tube shows webbed tissue fusing the sepal (red line) and petal (yellow line) whorls along the
edge ofa curved corolla. A nefused wildtype sepal is outlined behind (green line).

A potential relationship betweeKFB and theGLO transcription factorfrom the Primula
Slocus had been indicated by observing loss KFB transcription in petals of short
homostyles (Figure 4.3) that corresponded with los&bf function (Liet al., 2016). To
investigate this further, a construct assembled by Dr Sadiye Hayta to si&nGevas
introduced into five thrum plant§2016, umpublished). These plantslso presented the
warped corolla with fusion between the sepal and petal whkofFigure 5.75).
Furthermore, the edge of the petal blade had adopted green sepal identity following the
seam of the petabkepal fusion (Figurb.7-5C), indicating loss of-BBnction floral identity

(Coen & Meyerowitz, 1991).
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