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Abstract
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before flowering in spring. Her e, I showBéehat fo
napuwequiches!ling to promote floral devel opment a
warming applied to emerging floral buds is asso
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Swedkshow accelerated floral devel opmBetleisnhaws po
that during wint#¢y@Bearmmipg®niers wisrstoen ated wi th bt

upregul ated in developing inflorescences, includ
BRANCHEDdor mancy modul e. Thi d nprwd witBee s ntaypgpiest e n ¢ e
fl oral delay induced by winter warming is a bud
B. napls uncevetried wwariation in the control of v

present evidence that the activation of bud d
FLOWERI NG LOCU&Gelke¢ FLIECAt remain active after the

that the control of flowering time bot hFlbefore

regulPdLtANIrT HOMOLOGOUS TO PARA&HhBROMN &t i( CAHNPRr i at i
is associated with control of fl owering time and
wient fl oral development is associated with yield

bud dormancy ioficltitmateorctheaetge and presents a gen

climate resilient rapeseed.
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Chaptter I ntroducti on

1.4l i mat e tchhrammgteens gl obal crop produc
Globally, c¢limate change is predicted to reduce
of 5-86% % per degree( AAS€Engfetwaami ngl011202615Zht
et al .., E2@Dh7)mi | d t e mpcearuasteudr eb yi nf d ruecalN\sue§Sooi uot nhse rinn t |
Oscillation (ENSO) and North Atlantic Oscillati
American maize yields and European wheat yi el ds
moderate temperatutempeameataliieeds rfeaducti ons i n c¢cr o
et al ., ®299B99<€hneThe effects of <climate change
region and crop, but overall, st wislexpeutced fim
For instance, climate change wil!/ directly | ower

(MacDonal d and Gl en, 20Ek0) , 201822t st oesls ng Tainxde if
(Bardtowa0l5) and indirectly through changds to s
al2Q010) , increased disease and pest buratenal(.Chak
2023) and timing odt fH®OMW3e)r.i nwhi(lRsotb ealtismat e c¢han:g
negativelg pmpdottiwity of many crops globally,

trend. For instance, in some regions of the wor
maj or winter annual crops, such as wheat,e barl ey
due to milder winters and ledn@®02gr eeilie@d@nideason:
Fayet 2023). However, due to the complexity under
yields and arable environment athode®ingdi showmlsd nadt k
from the severe threat climate change p,oses t
understanding how climate change wil |l affect cr

breeding strategies to ensure future food secur.

1.1.1 Climatité¢éédhargeéhe reliability and inten
While climate change may benefit northern Europe
and perennial c¢crops grown in this region require
described as o6winter chill d)nttoanfdcidad aset op$u
include winter oilseed rape (WOSR), wi rtteral whe af
201 3; Feenaa@d22) . Climate change threatens thes:¢

intensity and prediicltlabddgdruegadsd i wgnt 20 12FoirL b e @l i



i nstance, in some perenni al crops | ike apples a
results in delayed bud break which consequently

of key eyiagledd ecol ogi cal and physdotbgveah! pgaome

pollinator emergence, fl ower f ertAitlkiieitst@&ddm,) .and
This delay to bud break and anthesis often also
resulting in smaldtdecedrfhbwet edi badandrpepedicel |
abnormal size and shape of fr iAttk iamsd nl dAuheirad d ,f i2
hi ghlights t he i mportance of sufficient winteil
devel opment al events in overwintering crops whi
intensity of cold needed before war mthhe ccahi |da g
requirement (CR) . This chilling requirement det
many temperate crops, and as such, <climate chang
arable | and where such cropsdicmg fef grrtosvnar d nn o we
to produce O6low chilld crop varieties in an att

war mer cl i maette A0At3Kk i rCeatmp2olyl 8§ ; eévdah21) .

1.1.2 I naccuracies of predicting crop respon
Crop models are used to anticipate the impacts
inform the potential i mpact of adaptation strat
accurately reflect what i setsedrr2Qi)n fwihalcch ememerrsi m
underestimate crop l2addYdes FeeEnmpm@rG; aManzgd 20 ;

Wangt 24022). These inaccuracies often arise from
For instance, many models rely on statistical d e
due to a lack of sufficient hi ghwatuearl i ¢ gnthe rstt ,0r
sowing dates), this introduces unceretaiaf®ff2zi2es an
Kephda 2021; Chaepa@gai@a,; Rdsladyw 3) . The stringency
potenti al errors in inputacdat d har enodeatietpaatlipaud d (
2022). Another source of error arises from inac

Agricultural Productions Syst eBmsa sssliMug raet aopro s SAIPYS |

relied on inaccurate physiological i nformati on
rapesdeeevde | opmenht2a@ Hega). While most models rely o
the biological | imitations of pest, diseade and
al2023). Eeetmnhevheris sufficient data, predicting
i n silsiucdh as Nitrogen stress and soil water bal e

model wuncerteai ma0R2() Wang



One of the greatest sources of model variation ¢
pl ant growth to tetmpzelrla3t;u réeh s@Asldlendadlyh) , whi ch
can account for >50% of the unceetaB®d1y)inTipiredi
in part because crops do not show a consistent r
devel opment . I n winter annuals for instance, war
development, but in spildiln@ctcled esame wWarnomwitmg wWher
understand how a changing climate will i mpact <cr
and document the processes by which crop physi ol
conditions. d@hagrwcultumakomodel s.

1. Rhe effects of c¢climate change on Oil
1. 2WASMr assi cai ;natplurseatened by warm winter t
One key crop at ri skBrfawosn ocd i omeamees nclhya ncgael liesd o |
Winter Oilseed Rape (WWSR)absiufifteyr:s ifnr otnmey iUK d ap ¢
year vyield fluctuatiwhscbfcaddd@8s66smnepiba in | osi
each degree (AC) of weitntdebDrl 9Wwa r nHehmeqp uiénBreeram i at i o
rapeseed yield is predominantly caused by weat!t
temperature. Despite breeding efadnmrual owieal d hvea rp
has remained a pdopltecthuter seath RPdlddani Di fferences
genyoptes, and their interaction with theanearuailronm
yield variation (Sidal aukasetana0d Bekaentotabl 7 ;200 3;
Roberésozmdlh; R oentd @&a0ilmRi) .

Compared to other crop species |ike wheat, I i mi
gl obal yield potenB.i ahg@ied 20b3hr aVa®® 227§ . [
predi ctBed ntatpalits f ace yield decline in most growi |
high temperature stress, increased disease pr e
reduced time for graineti 009y, Amwa0 1d5 ;0 uRguhltl e(nEsv ¢
al2Q19). This wil!/ reduce the area wheret ralp.e,see
2018) ,

It was previously assumed that, unl i ke war mer r
increase in cooler regions l i ke northern Europ
temperatures reetduddd 9() PulHloevewv er , more recently, S

approaches showed that warmer winter temperatur
rapeseed witelaD 1(yHe ®haradbDiify; BitowanD 1 9) . Speci fic

temperature between the end of NevemBehighdtdytipee

4



of high or | ew.ywil®0dIMBrowmui ngl y, dxeocrernebleart et ewmpt
the North Atlantic Osciéeta@bDdd) (NAO) ai mdsyp h ¢ Birc
phenomenon that influences temperatumb®97)n The I
NAO also influences wheat greai ma9yi9el, d i awpd ydual iwt

winters may i mpact other winter annual crops to
war mer conditions in nortdlserorf Hnarj ope wiinltleri ramrnesia
as wheat and barl ey, weét haldll)mate change (Ol sen

1. 2l.mportance and evolBrnaoniacy mapudry of

B. napusa diverse crop and the third | argest sour
for ani mal feed, bi odi esel, or tubers from swedE®e
et al ., 2e0t1 80 1\gdng I n thBe wW&swmdwone7/0D2A6mMd | i on to

economy abefuraddKy-2@@0Hherefore, undB.r snaamep oorgd how

to climate change is of huge agronomic i mportanc

B. napsusa-alnleot etraplm* d3§)AACCop 2from the Brassi
originated in the contact zone of its two progen
around-718Q@0years ago f ol IBowirfaefplah=y d2rOi)8iasnadt eonac et
(CCn=218) e(tAni0dd; Cheal BOGY; etSuzm0 17 etLZ019). The

ori ge.nanlavmss a winter oilseed rape (WOSR) requiri
promotion, withtgpbsemiuuickhe wvanipeiileesedndanoprti es
as Swedes, selectively bred afterwards.

1. 2Br3eeding oil seed rape

B. ndmpss been domesticated across the world in a
et a019) . Bi. f fneefparrsdp t ypesd form distinct breedi
fl owering time and requirement for winter cold t

oi |l seed rape (WOSR) i s-ysgteilldli nghermpmed ymienagmtowmi g

is fhowering, requiring a prolonged period of v
type oilseed rape (SOSR) is early flowering as
fl ower . SOSR are predominant| yEagrtowns ivant aMaadritéh

(Friedt and Snowwdiomt er20®i9)seé&skmiape ( SWOSR) vari
1946¢8s (i aad06G) and have a reduced vernalisati ol
mild winters common in the Yangtze River basin,

(Wermterza018). Flowering time differences between



associated with allelic variationBaaokbBRHO, kByafFb
an®na. WAich wil/ be (&ic & ceats s20d1 5l;a td&darny 0 11 ) . Mo st
breeding effort has focussed on flowering ti me,
guality while the impact of winter temperature
Snowdon, 2010) .

1. 2T.hde phenol ogy of WOSR

Winter annual crops, including oilseed rape, are
high yield potential. Farmers sow winter annual:
vegetatively before overwinterimrg, nghi aohtihe fs@lrl
subsequently fruit development and seed set in e
in spring, not winter, they require a prolonged
warmer and | onger danyoswno fass porvienrgn,altitsiasFiigandlk ( Ch c
1.1A). Labor aM.ortyh asbtgugdaiaetse di nt hat vernalisation 1t
of temperatures between 1 and 10 AC, after which
conditions (SimpsBihgan@d ApbeaHow206f2; more recentl
B. napud undergo the floral transition datn dla.t,e a
201Bi;gur. dB) . This phenol ogy seems gener al to th
brussel Bsprooluetrsac(leae )v,arcalBreargod E(e aBeaeapi tata) a
per enAi aladapidn.a | wit &t proceed through the floral

condi ( Bopaokes and Ver ketr k20 0199;5 EKient@ a § ) . Critical
WOSR, warmer temperatures a&fardry twhertfelroraale tasam<s
|l oss (eBr @@iRi;gdr &B), in a process that appears i
the floral transition. While the mechanism behin
be important Bf omatpodawdrn migng environments, consi
temperatures after the floral transition are ass



A Winter Annual Phenology

L “ Vernalisation 4‘ # %

Vegetative Bolting and flowering

Autumn Winter Spring Summer

WOSR Phenology

Floral Flower bud
transition break

e iy — B
e !

Vegetative Reproductive Bolting and flowering
0.5

Warm = high yield

T.
|

Warm = low yield

Yield temperature
correlation (R?)
o o
B e B

-0.5
Autumn Winter Spring Summer
Figuré& Phenology of winter annual and WOSR over a t
stages mar ked in diagr aAns Taynpdi cpaulr ppl hee naorlroogwys .of a wi nt

| abor at or yA.s ttuhdailaMamdaer annual s require prolonged col
in spring but remain vegetative under wi mBt.ernacpoarsdi t i
florally transitions in | ate autumn (O&6Neill et al .,
fl ower in spring. The yield temperature correlation
war mer temperatures arewheseveatetdewsbhi doWwineel d, ab«
indicates warmer temperatures are associated with higdg
dashed |ine it indicates warmer temperatures).are assc{
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ca

2T.r5ansf erring kno®l edaapudb. e ttvheael ni a n a

ny genetic studies on the control of vernalisa
t in the wWwodeéli deopschersthuan ataenlay.,, t hese findings
ansfeBrenapat oot hecausepaphuds t he model thpaddiama
verged recently in evol20i4nmrll hostpegr sangar

mbers of the Brassi®acaéd)amily (Chal houb

-

we vV

D

r, there are still complB.canndpuwsn tdhalnbaear

mo |

o

gs. This is because whole genonBe tnraippulsi ca
ve resulted in | arge genet natilbde)r, cwiptyh vam iaud ro:
py number oA. 4t Hbhlbimah @&qcing PPagekti ad 10Q) . However
me genes including key flowering time regul at
ich varies from vaet eaW.4¢% o Swedin id@tEyY b() Schi es s

ring the evol utiBonaaragjuudatvieaorngse nfteeveofaccumul at edc
ted gene copi es. Thi s resulted i n g
ctionalization), |l osing some of their or

ctionalisation)unocrt ilomsienngt itrhediyr, @momedti ma

D
o
—
c
O S S

S genesd (Conant and Wa®Irfaes,g e2n0a0s8 )t.h e rlen dheaevde,
en a significant number of chromosamtaz, rBEa98 ar
keas 2a003), whi ch can further complicate COCf

ctionalisation.

=]

spite. thadpud ! shows remaAkabhahdgabhengswuphto
ding simiétaarakyy;(eLtfarrkk@i@ng) . That means many hom
nctionBbenamds t hahdakaowl edge transfer betwee
n inform, although not f uB.l yndgmumsolumgs .f 03t, udjieanse

thateanherefore useful fBr naagwes.ring gene fun

.ol ecul ar control of fl or al transit.i

3.1 Why flowering time is important.

e timing of flowering is critically important
flowering is influenced by endogleenmogutsh ,a nadmleinesr
mperatur e, nutrient status andeharmenwsntken peé

mperature before bud break inketuzadt®s. ti ming o

rly fl owering can expose plants to damaging f

use ecol ogical mi smatch where flowering occur
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2010; Kudo and | da, 2013 ; F r w ingkdssshe @r@alt 5u)r.a t Whoinl & nli
| at e summiemwgulenxeproasbl e reproductive structures to

temperatures (Yang BndnZpaepgming@Oo0dabD)f|l dwering cor

yield, nitrogen use efficiency, oil @euakbidlLg,; pl al
Ramaent =2a0iRamant 2019). Furthermore, in rice and b
are either directélydiompldlcasteldy  aegond @8 ygdZwang
et 2a012; Owmeceos 2009). This underlies the i mport:
mol ecul ar control of flowering in crop species.

1.3.1.nMolTelhceul ar pat hways that control fl ower.|
Extensive wor k i nA.t hteh anbosdaed & sscpoevceireesd t he mechani
time control. FI owering time is controlled by i
endogenous AjgthhbdkEioamea,i ng time is controlled by
ageing, vernalisation, photoperiod and hor monal
timing of fl owering depends on the combined eff
on the clorentfdgrraf OOWERAMeG LOEPSUPPRESSOR OF
CONSTANGSOLD)L alnBHARIYF)Y ( SaemachA00Q; eviooznd 0 3 ; Lee and
Lee, 2010; eKalhdng)l.sky

The ageing pathway is regulated by opposing acti
whi ch aSQUAMOSA PROMOTOR Bl NDI NG(SPROTDEINe s L lakH
APETALMRRl i ke fl or al repressors (Wu and Poethig,
Fi gulr.e2) . The hormone pathway, predominantly i n
flowering through the balance of GA |l evels and i
days (Wil son, Heckman and Somervill eRi glOr92);. Jac
The photoperiod pathway enables fICONMSTAE® duri ng
which in turn pronol( &a meedh RADOrQIi; p EStaom@ad OF i, gur e
1.2).

Lastl vy, vernalisation describes the promotion o
winter cold necessary for FiLIOMERI NG &wfOCtUBe Cf I( ¢ 1
promoting flowering rFagalmdl)esslThafs dasy deesncgtihbe(d i



Vernalization| (Autonomous GA Age
pathway pathway pathway | |pathway

Photoperiod | ™,
pathway N

Figure Overview of the maj &r filhaWwe minmgu pad hfvagm Teaot
Tang (2015) . Here the gener al RRNRAEGppoeasssiomg i fsactedres |

the 6autonomous pathwayo.

1.3.2 Molecular control of vernalisation in
I'n winter annuals vernalisation response i S <cruc
et. al2005). There are two major genes FRh&t DIAnf | u

( FRI amldOWERI NG L@EQULS C€ogether they control wup to
in flowering time and veIZnahj sh96bn Beqgmuiet meln.t,
et al ., 1994; Clarke and Dean elt9 940;0 5J o headin saadm ,e t

2005) .

The downr edguwlCant iroens poofnse to winter cold enabl es
is shared across many eudicots anedt acztOhOe/r)A..spenci e:
thali ama,t sFlaG a f Iprreave nrteipnrge stsPA80Can@®Di drhucf

preventing flowering edurdbn0gf; auHetnmniaedcd)a.r | Pur i ng
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vernalisation, col der t enplLe@xaprug £ssi d RTaadltli wwvaian gherc
and subsequently wenabling fl owerirg ®@&WbrOi6gg tAhe
complex network of environmentally and internal

|l eveFlL@xXpressi on.

=]

addFtConhépoe arFd Cfliavdee oniehmebrer s t hat al so i nfl
and are involved in veMARS i AREEON. NG hEMEWE RIcNG d
(commonl y KhoWHEhRIaMG L OCUSa nwl A F3aw\)i)c,h are | ecated
kb tandem repeAt abi dgoepnso,meefd Itlheact as fl or al repr
e 2003; Seorh@etj] PaerenhCO®I¥)la. The FebMuouMaAtron of
i nvol ves teesrgpeciadtuade alternati WAFRpghti ving €vennt

=]

(@)

—

pronounced at | owett enffple3dr)a.t ulrnmacf adnQua Bnsutt,ant s t end
to flower slightly earlier and exhibit greater s
suggaBAtFAn MAFpPl ay a role in the | ateet salg®,s of
2015; ekam® 15) .

During floral relp@ & shiomd i tho wgennes ,al one or as p:
As sWEFdhe,ont ains sever al domains that can i nterac

activity varies depending on the ot her 201 &0 ei ns
For ex&mEloeg,.ms compl exes with skwxrtad amd dhirirptoitdrrer
i ncl B&iPpg MAF3anBMAN Gat 2013any of these compl exes

spati al and tempor al expression. However, some
MAF3 and SVP alter in abundance as MAE3 aandeSVP
contr ol (Fujiwara et al ., FLOOWS;r geu etpeali.f,i cAQIl3)e
is determined by the protein/s with which it for
2013) .

1. 3102.her roles of FLC beyond vernalisation

Prior to vRUGalddctaitMelny transcribed to prevent pi

stably sil enced by vernalFiLas i orne.ac Af vtat edvedna
embr yogeFiegsurse )(, this acts to reset the wvernal.i
generationsest (B©%®9,de@h &bdo09; Ceevabdle#hwill interac

withregwl atory el ements of genes to either promo
50BL®i nding sites inimavehebdgre npmadicdtedrdll ) .

CritiFdalulnyc,t i on is not | imited to vernalisation
pl ant devel opmemnatd 2QYopFeorFLelxampheol ved in seed

11



(Chianga009; eGheznd14; Chen and Penfield, 2018) ;

(Edwaertd s1005); the juvenil e ettoa@dda)t ot amnsaitioomnyal
(Derpyg 22011); outgrowth of aexti A0DAYdmerviest émaf ( ¥a
Cardami ne Chairrtsedtagadbl 5) .

(b) Embryogenesis

FLC resetting

10) Germination

High FLC

Maintenance of
FLC expression

Flowering Low FLC

Maintenance of
FLC silencing

FLC silencing

Vernalization

Figur & ExpreslsElmmowdhout dewvel aphrmadntapiaroduced fr ¢
Berry and D&8amof20abh)d. af tFerC sv esrtnaablliys aetxiporne s s e d,

vernalisation c¢auskFls@hiolwantr eggrubd ray o geaneodi s causes
FLC

1.3.3 Comu@xpr egssA.ont hal i ana

1.3.3.1 RNA processiFgC dparcea sosriso maiimtlaamg and

days
Gener al RNA processing factors ar e Fré&ceepsrseasrsyi ofnor
in both I ong and short days, this transcription

6autonomous pat hwaeyté B@®ABPO6 )L eivio amme OfetamrfFeleC9 98) .
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processing factors, outside of floral Laehgay ge
et 2017). FLHENsAe processing proteins aciLGhor di ff e
i nst &n/EEe,abhBLBi | éen,cCehr ough chr omae¢et nZalcOhGa;@ gleiad ( Ki
2007:etYW®016) FVa8amd agoni ses upr®@gulF®&tioopl ek (Lee
and Amasino, e201230;2 13c hoMeRmMAvhi E€& Ymedi ateend 36
antisense transé€&LGpi mpstoe@di0OBg edfi @a8D10), -or pos
transl ati onalF Chonddli PFAl ccaeg peomdsent | yWYi mt er act wotpro
t hese to theOQlk AdxmRtniadense pol y(A) siRLeC Wdri reyhi kact
et 201Q;etLizZa@ 1Q) .

1. 3. F1.@ctivation compl d&xXdsx plreeasds itoon hbiegfhor e

vernalisati on

Cont rFoU@»xgression is coordinated throughout the
FL@xpression is high due to a conRilifAatitbonl b&nae
functHAPRinsalpartly responsible for the ecoteytpebds v
al2000, GatzzzaniFRpr omotes t he arcLcaRMNA apiriioonr otfo wi
(Si mpson and Deart 2002; BetzaaW0w). To akRli eve t
forms a scaff ofRI GlrDoAt eli InKEWi t(hFRL1) , FRI GI DA ES
SUPPRESSOR OF FRIGI ®AFUC (BYFRESYORX, X forming a
transcription acfvatlTei scecompéEePrmRIOgOr s anker ec
chromambdnfication factors, the SWR1 complex an
collectively |l eadi R CtChata n2AWIHAN gglu)dat i on of

Mut ant screens Af ehhl yaftbioweni nffi ed several gen
ot hFelr@cti vati on compl exes. This |Ied to iFL®G,ti fice
includi ”Cg FORRand -PAFéle 22004 ; e€ChZal11; Beetz&aldNd) .
Protein comp&€nehmysiacfal FRI i nteract-Cwptbtand cempl
t FLCSWRL assists in the i ncorporation of t he H
i ncr eFals@»xspressi on underatwaremetr( Bi@é&dmp e Kumar and Wi
2010)-C BRBO recruits other histone methyltransfe
whi ch contri but e Lt€or anhsec riinpetrieatc®eg HenBra@® Q 9 ; Choi
et a011) .

13



1.33.3. The r olCe iAmf tPhWAAFI1li an a

The Polymerase || Associ aCerdadsgaicttos RNMpPekymdéy
transcription elongation and promotes hi stone |
Forward genetic scr eefnlsoweornidnugct eudt aonnt se arrelvye al ed
component s of-C taree PiArFFVIOUGaed i v ant i o np.a fclhout taabnl tys,
demonstrate decreased deposition of the active |
but an increase of the repressive H3K27meB mar k
al2003;etHeaa0 04 ;etORO04) .

Among t h-€ eAmponent s, t heCkUdLanDl WoloSoON gCYoGLE 3 (
knownPlLaASNT HOMOLOGOUS TO PRRREFI BROMMNtyY is | imit
ti me ¢Paakl®PHR argets a select nunfble@naofi tgenelsad:
me mb eR LsM, MATFMAFS Yu and Mi chthewey, e r2,®ddotkhuebruni t
mut ants induce more varied phenotypes, encompas s
abnormalities and | ead to thousands of tdypeerent
(Het 22004 ;etOm004) .

1.33. 2. The role of PHP from the PAF1C

The reasomdwifmph@nt sdé f unctFiLdannd si tlsi ntiltaedde tnoe mb
yet to be understood. I n yeast, CDC73 <chiefly |
termination of transcripts redtm@t5) haRhuthbher, el o
CDC73 Dbinds -Qsot Fa RONMSFprocessing complex to prom
(RozenrRolsastnt 2009) . Thi s sugaaesttss aGDQG@ hE/ BHHP end of
This demonstrates similRUr@®@byerwEdiGRNA 3@r oaccetsisviint g,
(previously known &shwahyed)o a uFtCoAn o rfrdPlAs amal FY, ar e
binding and proces&LCIgheayt atlhseo 3ionteerdacdfCswi Fh t he
complex and enhance pr oQOmaAil &goul |l yaatdieonny le(aS wadenz,eow s
20009; Heotr ria@ill ;etlLiza@d 1 Q) . I nterestingly, Yu and Mi
thadc73mphants suppressed |l ate floWwWe€@xpgeasdoni
i fca,anffllykut ant s ,fl bduarfdnet aotde73bphpgp slightly acc:
fl owgrand showed rd @dipfrfeesrseinocne iTnhese findings s
functiPinG ® nrel ated to RNA processing, but not

Si mpson, 2013) .
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1. 33Dbwnregul Etdanm infg wAnttelmal inana

To facilitateFEgsidgwhregeltabhgegd by winter col d.

FLGccurs in two stages. During the first two wee
the nucl eatHLlo@n riemgtiroomn o¥f and then HDA19 FRFIsCrecr ul
transcriptetora0(l@yestbaaring this phaBl®amntgi sans a gt
from the FALLCr agpidon ogfeCOOL AnBameed upr egul &tLeCd and

expression by alteriegg 1 narmsdce lpeotatmt ndnganrame r S
ensuring the replacement of active H3K&8ttmalB. wit
2014; eRod 1.6)

Mol ecul ar genetic analyses andermo@eul dogn hpviemahn
invol ves chr omatFLnC cchuasng elsorme® h utthdeown i nvol ves r e
of the Polycomb Repressive Complex 2 (PRC2) and
proteins VERNALI SATI ON I NSENSITIVE 3 (VI N3) anoc
(VRN5/VIL1) to theFn@QWoedtZBOMNOGE ;r eGridhQ dD)f. TFThe PHD
PRC2 complex catalyses the deposition of H3K27m
H3K36me3 and H3K4mad0§ Wodwua®ll; -XKutkdgemal ), 2014

The expression of VIN3 is influenced byVicho3d d ter
is upregulated in response to several weeks of

This is mediatedetplemadegh talte uenal édti on of NTLS8.

domain transcription fVdidN8od COOLAWRomacttdry. bNTLdS
concurrently activates tFhe@ ntriasnesncseet p@DRa@)g o0Z h £OO0L
et 2021). On a shWwirNtImantsicmeé p¢ &1 edreed rfaod il dlwi nde grpa
warm temper at uete ZOHeSpwoand VI N3 expression var.ie
influenced by the ciKrouaddiwati &dlilddck ( Antoni ou

Two | ong noncoding RNAs (Il ncRNAs), COLDWRAP and
response to cold. They are i nmoPotenti naltheg bhegre
PHEPRC2FLA&.Heo and Sungt A®NU7]; Kim and Sung, 2017

The active rHFd@rresseosmomde to cold happemmsC al ong
activation. For instanERlunder goporgest @ @sendaiéaitseadt i O |
degr adlaniwvwearnal i si iFR1toe mse maitch rea@as RN dod MDsAa tl @ Kk ew i
( FRwh)i c h s eFgRaevatye rf rFoLn@ rt chneot ocert ORI he accumul ati
of these condensates is promot edCc@OL AdwR jacl ht eirtnsaetlif
i s i nducRedeslpyonse Itrmopocrotladn.t | y, {rehsi pso ntse nvpee rcad nudreen s
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formation is dynamic. During spikes of warm temp

reversible, |l eadFbhb® VWVWR( Zrteua ca0i2via)t.i on of

The winter cold response therefore involves nu
ti mescal es. Di fferent sensory i nput s l'i kel y co
tempersadmnugieng net wor k, enabling a precise resp.
environment al KtoiumwlwEni (@Jtloni ou

1. 34S3.abil i satFiLd&@nt aotfe tahfet er wi nter

I'n | aboratory eAxpeéerhiagrheanathss wahreen r et urned t o war mt

treatment the repressive H3K27mel36€mae&kdsosnathes su
entkFkt®ocus, causi ng sFtLa®iea g parneds sBeoregteorhd 1270917 ; Y
The chromatin modifying enzyme LI KE HETEROCHROM,

crucial role in facilitating thkeLEGpcesddtBgaloy, t h
2017; eYam@17). LHP1 physically associates with V
bel i vk ta positive feedback mechanism for chror

LHP1 binds with H3K27me3 and interacts with the
H3K27me3 FatCotchues ( Deetk a&adHagyaeXuall)lg These changes
subsequently preserved tehr 0 0.8hcethbhkerviasdoDe @My
propose that the process of <celll division in wa
H3K27me3 across the | ocus. Thi santss bwisteld alnt eorbest
pol ymerase function cannot st abFLyC Hhyaedm t20il8)hi st o
This could explain why an i mmediate increase to
inhibits H3K27me3 despuosstiatiinoend bgurto wt cht aaf t2e2r AC, W
di vi(sBownmeh®a015) .
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FRI/FRL % COLD
condensates
\s\~ /\M\
COOLARR

FRI-C COLDWRAP
- — <
DI
SWR1-C |

PAF1-C Floral Integrators @ PRC1

(FT, SOC1)

| Repression
lv <— Activation

Flowering === Interaction

Figurel Scheme showing up amdC downregul ation of

1.3.4 Spring flowering

After wvernalisation, spring conditions promot e

pat hways. One of these is the photoperiodic pat
Bl NDI NG, KELCH REPEAT F BOX 1 (FKF1) andcv@IGANTE
in the afteremtooad Q%o rcédtawzed 0 7) . FKF1 and Gl form
compl ex i n a blue Il i ght diependedd|F kadmelre x Tthlee
degr adeGONShHTANBSanscri ptional repressors CYCLI NG
emabl Cotgranscription at the eean@®0@f;| omai 2@s; ( For

Sawat 2a007) . I n addition, in I ong daysr,edt hhei ghQ ¢
photoreceptor PHYRQPEHBAOAWMEt dc haroymewh2i c(h acts as a
Il i ght photoreceptoretanad OMKF 18 u(fedtzv eArDdDel ) . Once
stabilised, CO FsLtOWEMRG INVG iLn@EcOUcSeasTound dusk thr ouc

bindi ngFTpboombdteor RBTrde gatlhaadroets 2 0Slo2n;g Satmaz0h0 Q ;
Val vend&a004). Foll owiTsgbsaegueatlipynpr ¢dcimgtlese )f | owe

War mer spring temperaturesPHE4fTOGHROMBPpTrioMmbDERAGTION
FACTOR4 €eRbPF4ksion is enhanced by W8prrmotnho teorrd itnh

|l eaves activating it . FTdIlnsovaexyeer iteemcpeesr alt awers H2
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enabling its activity andetf |l2dA&ni ndvafWi ggeenpe2 @i I
promote the alt&LMant itvhee ssphloiocti nagp i ¢cftrd | aneeu b rsd rmann i( &
et anoe) , reducing EFEb®wpiewalummrdea dfow temperat
repressor cSOWpod exep@@iilseed 2013; eRo@ad 13) .

OnckTis transcribedTand tmamslpatrace,d from the | ea
meristem (SAMFT At md ha SAMpl ex with FLOWERI NG L O
FD complex initiates the transcription of genes

integratSoC.lga®@8and EW®Ocompl ex then activate ger
floral meri stemAP&EdELAARLEARXERF YO)hiEMRdJTI TFRUL)
(Abee 2005 ; Wi gHkoki;gdr &) .

Ambient Winter LONG DAYS
temperature temperature

i %
i \' FKFJjI-GI

= 9

PIF4 FLM- B“SVP“FLC 1
CDF
co
H2A.Z
eviction
[—>
FT
Long distance
transport from
leaves to SAM
FT-FD
l’ J_ Repression
SOC1
/ \l/ \ i/ Activation
LFY FUL

Figurée& Spring flowering is promoted through the
temperature Fpagtamagpytx.d fto®mdX¥4n
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1.4 The contr ol of vernalisation in tF

1.4.1 Laboratory conditions do not <capture f

Unli ke controlled | aboratory experiments where n
environment al conditions in the field are compl e
in fluctuating field condiA.i otnlsat mpltetmpd ivweart real.i

sooner when the same average temperature was (¢gi"

temperatur eset( BRWrligh a edihtazod 2 0 a) , suggesting that
phenomena in complex envi rboen ndeinftfser elnitk ef rtohme tfhioesl
from controll ed | aboratory conditions. I ndeed,

di scovered in | aboratory studies iet (RIRO6BY yYoele

A. thdélioamd pat hway mutants in the field and t|
compl etely absent in some | ocations, suggesting
the field, |l i kely as ot her processes aadrog adt©c yr r

condi tions.

1.4.2 The control of vernalisation and fl or a
I n |l aboratory experiments plants are di-tekely m
warm | ong days, this enables the trakhls€Caigat s$o f
SUPPRESSOR OF OVEREXPRESSI|I ON(SOE)1 CONKBOWRIBI NG

LOCUS(F?T by warmth and red | i ght 2004t héeMeechakil 59 |
2005) .

However, in the field chilling occurs oVAer l ong
thal wahh saturate its vernalisation requirement

fl owers ready to oetnalilng)s.pr ibBwgen( Dunncuannc har act er i

vernalisation saturation ocetr 2086 1) oA.ea ntahi adlwii annt ae
accessions with strong vernalisation requirement
not spreitnZzad9B. haposfl orescence meri ssaemamar e f
before spring boltirg 208Af hbwennbdgapO®dNesi b | yr
wi || also complete the vegetative to floral tr e
enough éwa@da@o9; led z &r0dl 8 ; eKieng019) . Thus, it app
autumn and winter fl oral initiation i n short day

is matched by autumnalFL9®ielnerBc. ii nmgaspoufseati RO COTf t twb e
orthoPBRlmmedi ately before wA.ntadamidnldooa |FI@veainsi o
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expression in autumn seen ik etard 90 HaBtoOIRMODLiI9Ng ac
Hy uent 22019; Hepgwad2h) .

This is consisteAt twhabhndwadmalgisse hat temBperatur
napup to 17 AC and even hexaploid bread wheat up
OONeit]l B019; eti x2a0n 9). Theoretical studB.esnapwse al

can ful fil its vernalisation requirement in autu
field vernalisation is responsive to autumnal c |
alongside the floplaadntsansition in many

I'n autumn and wi nF ®rx pfrieeslsd omon di tlioomsdjue to t he
et 2019; O©6Nadl19)A. lanwpinnar fl or al i niti atFi on t he
ndependent manner. This o&€t®md htolPreE®@wdh chi laenci r
NSPLMWhich can then pr onioytaeh 2I0dRa b Ui @)ELFidd tsioo n

cts on genes invdglGAed mien alg o bPbEsPmiesl Whirlnenced dut
ernalisation higher GAr tl edvaeyl sf Ifoaourra lheettr r 280nds@i;tl ii o ma t
i | neets a019) . This is consistent SPLAr i hdo wiy s
egul aF@rmsd epfendeaemty sHomweri ng and PBFoaCHIlsmaoman stuar
and King, 200A0QWare m§ 11 ; Mat a6 &5,; dt | akls9g) .

This suggests that winterFFFhdepéndeaent i mmBinsoaer oan

-4 < 9 O

-

instead active in | ater floral devel opmemtal .n, sp
2019; GONRAODNLRB gur. &) . This censtrrdsti shewdt conhheol
devel opment from |lAbotrhhwbrghasudgesteéead only in |
spring days can fHFioghddé&)nitiation occur (

Al so, unlike | ab&L&tsomytexap avraiymemtosvnr egul ated f o
For example, short peRFlL@psegtl| &todltadnad@iByn gpehwac i gl

temperaturesFcLE@nppreemévieer npmdstsati on to prevent pi

( Gaent 2a014) . I n tAhe apdeprpesmmmit &@Ir r e a c tFiLv@artti hoonl oogfu et h
PEPils essenti al for thda RmOAONMniaald kabist t OHBwWMPPT ¢
of axillary meri stP&EmMdsespboassbfggesorngontrol |l inq
floral devel opment .
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A FT-dependent floral induction in A. thaliana

Winter cald

FT
N Lang days
Gene
expression
FLC
Auturmn Winter Spring
B FT-independent floral induction in A. alpina
Winter cald
SPL15 /\ PE
Gene N o .‘hx-.__ﬁ\ ll.'ll
expression \ y ﬂ\‘c\
"‘-_‘ /// f:___-" \\\
A N N GA
S - \ O
Autumn Winter Spring
Figure. The E@&retpreonlddadtr al i PAi.t itahtadln@einiadeperdd onmtal
initiation A.n lhf)ildBhneg mond e | of vernAlishhbhbanaobopuyar
experiments, whereby FlLo@ rda dloevan r emruil mg i folno rod | devel opr
days Whceann be activated (Whittaker AndalDkiemal 20hduct B
during chilling occurs through mutu®EPdpopwegeyakt abinom
facilitating floral iaduakl P;neHyna®dEhd)r.t days (Til mes

1.AThe r FlILeCmfoi |l seed rape

Being a cl ose Acr otph,arl d [mantair vwod dolLfa@fe nreuB .tiinpdhpwse

been extensi Vealey tsot uadi lkeidst ori ¢ genome triplicat]
segmental duPl imcgpein®me theoderRsL Geond o ehd@dEl 2 ;

Caet 2a014) .

Al | BnaLeFsaact as floral repressors, al bei t t o di
regul atioat (G0 gedona8lg) . Among these nine geil
sequence is hi gHhI9%%)c oyreste rdviefdf e(r8&Onces in intron e

including transposon insertions, | Baagl Bendsver s

21



and crop

Schiessadl9a;

number of
may have

paral ogs

the strongest

typesaOih,deatenznd 12 ; eHoan1l 2 ;
Bamadl9;etYyiawd20) . The retention

par aBnoad d@asn e snpimay sbe
acquired
have different
effectevonawkl; ;naltd@dAa] ;oenHdaalde g e

eSh a1 8§,;

of

dosage sensitive

reaw2afl0grti bndegeMaetber e
vernali saBhahG.rAlsOsonses

Whi |IBen aL & AOBRnaL &. AO3 a,

downregul

ated begt

BnaL &G. COMbB n al &. Cth3Aa e

have sub

functienakhis5%a)BnSaiFd €6 &b a

al2012; Sethizlsls9a) .

More recently,

BnaLGgenesB.i nnadpeutser mi nes
paral og expressebona@Zh) deAlwtolmau g h,

| ost

vernalisati on

BnaBheL &ROGWMRnaL . AT &
cd0 U6 ;( Raenmin@ddI9 a)Bnaub &. C09 a,

evi

their cold responsive

computational

model |l ing has

pseudegene

di fferenti al

( 2

sugage
requir eme

transi
(O6Nei Il

BnalL Gsmay still contribute t o noBredlL Cf CA@Wi onal i
BnaL&. A0 @main active following the floral
a role beyond winteretfBm@a08).initiation
Table 1.1 Knowmal Grecnteisons o f
FLC gen|Known Functi on Citation
BnaFLC. | Downregulated by col dfRaman et al
Schi ess| et
Associated with fl owe|lTudetr 2020(Q
vernalising condition
Associated with fl owe|Scheks s28011.7,;
necessarily under ver|Ramaent 20186
Hi gh expression requi|lHoet 2012;et’
types (MITE insertion|al2020
i nduced repression in
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BnaFLC.|Downregulated by col dfRaman et al
Schi ess| et
BnaFLC.|Downregulated by col dfRaman et al
Schi ess| et
Active after the fl or[O6Neill et
Differentially expres|Schiessaldl9g
SOSR
BnaFLC.|[StrongestB.efrfagpusanahi s|Tadege et al
Long et al
et al . | 201
Downregul ated by col dfRaman et al
Schi ess| et
Duplicated in Swedes,|Schiessh017lk
bol ting
Sequence veaooObhAbiBmdian|{ Schi essa01l9
accounts for crop typ
BnaFLC.|Downregulated by col dfRaman et al
Schiegas$l ,el
Active after the flor{O6Neill et
Associated with fl owe[Schiessh017,;
generally (not necess|Ramaent 20186
vernalisati on)
Hi gh expression requi|fYiet 2020
types
BnaFLC.|Lost -reeslpdonsi veness Schi ess| et
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BnaFLC.|[Likely a pseudogene Zou et al .,

Schi ess| et
BnaFLC.|Lost -reeslpdonsi veness Schieas$l ,et
BnaFLC.|Lost recslpdbnsi veness Schiessl| et
1. 4T he r oFlLe@amd ot her chi |l |l i ngborxe sgpeonnessi vien MADNS
model pl ant s
The rdlLedasofa chilling responsive floral repress

Brassicaceae and distantly related eudicot speci
as monocot Apkbrtumsamd kttewma | esser exatenad07c,er eal
Bl ¢ el 22a015; BenetMizddi2ade ke tL ya0d 2 Q ; Reite 1 280n1s3 ; dAgust i
al2020) .

However, tFhe@sr od echoifl |l ing responsive floral repr
annuals and perennial sidwend ft hesu@h cwarsrea lvieda tpir mrc
i Beta vulgapiaysBaFmiChor r ol eeti rtadvlelr)n alwihg dtei om (s
and kiwi@Gomokogs act as floral promoéebrZaldIHi.raka
Certain plants such as FMd&dinmd gpag samedtguied oya alnac k |
other fl oral pat hawbysatoetom@éshesSwlewdnzq) . Whil e
in cerebBL&omoheq@DuDeSO®2 ays a minor role in wvern
mechani sm instead being controlVIRNdA, b yYR&RNSBr e mod
(Yeent 22003, 2004, 2006) .

Despite this, a common theme across diverse plan
may not al ways FheC tcsoenltfr,olilted sby egul arly control]l
MAD®ox genes. For -biomxs tgeemees, cMARDS ol vernalisatior
oil seed rape, broccolii ared @dilestyah®®ddaglton dcor e €
al2007; etHoad12; eltr WO DHG;,etWr012) .

Many perenni al tree species have also evolved a
vernalisation overwintering buds wil/| undergo a
break (Hovarth, 2009) . I'n perenni alledf rbuyi t c htirlelei:
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responsi vbeo xMAgDeSn e s the most DPRMANCY¥NtASBOChATED
MAD®SoOAM genes (Bitel2®0OBé¢rgwhich belong to the
MAD®ox genSeHsORals VEGETATI VE PHASE Af @8¥PHdopsis (Sri

Schmid, 2011). Thus, it -mgpetaranscommwtni ¢ maft a MtADIS
the chilling response between distantly related
1.Gontrol of perenni al bud dor mancy by
MAD® o0ox genes

Unli ke annual s, perennials complete many gr owi ng
I n perennials shorter days or declining temper af
vegetative and reproductive growth irsonmemneadsec
condi ti omts HIBain)g. Endodormancy is O6brokend after
Foll owing sufficient chilling, buds transition

dormant but have recovered colmpedrewvicryornme mgtralw an
The molecular contr ol of endodormancy is similar

silencing of chil-bbrggereponsi vegWMADS8d in both p

For exampl e, during Fadanmhomrmams verotéin atBil@RITI exes
VEGETATI VE PHAISE (g rSe/Wwegnt fl oweringVBads of Ifoorrars t
complexes with floral repressors and promoters t

AGL23n AP X1 Gr eggti sa0 0 6 ; 6t ed®88) and contr ol gi bbere
(Andetesal0l4g) .

Yet in perenyMAal kespgenes, contr ol endodor mancy i
Rosaceae sPpPAbjieensess i x| os 8Viarreelaacttedvet ot hr oughout
stages, initially dieveoydregmamut amt t whai PAR&Ad al
mi ssing and could not eat ea0 dd®;r meinmiPOODBi) el €Emlcdr
DAMene shows a distinct seasonat 20x1@ri; gglgidon pat
but all are downregul ated by eetnd20dlod;mavvitmoartte| e a
2019). For i ngqtMand awes, diomesppicéig DAVMDAME equi red t o
dormancy e(tMo&e20; eWu 21021), MdJUDIAMbdrH dMd SV Paar e

overexpressed in apples bud break is delayed b
i nduction iseutnaffiéegtedh{®Wucould therefore sugge
required for exit from endodor mancy. DMdreenersecent
can form cormBpIRenxBelsQ evigsh i n appdte Z0R2all)aviAngaa ogous

FLECn annual PaMoiess are si lrenlcoendgeddurconlgd pby t he
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chromatin mark H3K27me3 andeanh0Ekgnske tértm nSlcentpe
2015; elteizdd 2;etZhad 2Q) .

HoweveArMenes do not FEla®R eDurhieng oR®es a8 ¥ &d keev gglenteiso r
expandedL®n@enes wereetl 02s0t2Q)Li uwhi ch may -have fa
functionaSvVibagewmes of n dormancy contr ol which i s
rol eBAMeEnes acrosdFidammadncy n(stMbadFiLi6 sappdest ed t
inhibit growth aftto ¢caede:iMdoonL & rsoema seocndaol |y e x p
during ecodormant buds and has been identified f
et 2a015; BEuma®l7; it ozaltlog ) .

A Bud set CR satisfied HR satisfied

4 4 4

Growth Endo Eco Budbreak

Expression pattern #1 Expression pattern #2 Expression pattern #3
EesDAM1 EesDAM2 AdeSVP1
MdoDAM2 MdoDAM1 AdeSVP2
PmuDAM1 MdoDAM3 AdeSVP4
PmuDAM?2 MdoDAM4 MdoDAMb
PmuDAM3 PavMADS1
PmuSVP1 PavMADS2
PmuSVP2 PmuDAM4
PpeDAM1 PmuDAMS5
PpeDAM2 PmuDAM6
PpeDAM3 PseDAMA4
PpeDAM4 PseDAMS5

PpeDAMS
PpeDAM6

PpyMADS13-1

PpyMADS13-2

PpyMADS13-3
PpyDAM3

Figur.es/ Seasonal expressi orDAAW n & MRges ecsf adidf fceorrarets ponc

dormancy phases in perennial species reprodtuucatd. fron
201BlLack shading indicates expression peak of genes
requirement and HR is heati ng rdeeqvue lroepmeenntt nweieldle dp rboecf e
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Work in hybrid aspen has $VPtaerwshlowasthleekplyt
abscisic acid (ABA)nandngrbbepoéel bied B&EEAHaANZOLY SI
Tyl ewitca018) . I n hybri &Vdsipkeaen gleéaMvek)ivreq ettlad i ve mer
cannot enter dormaevgeaekaomult pett i XL &)g.e Dor manc )

occurs $SYbbobodhBR)Clthoi ch upregul ates abscisic acid

receptor genes as wel/l GA2 oxidasesetwha&h8)r.educ
This mechani s m-BRIiCrlr onvosd utl ke t Bt prevents | ateral
meri stAmsthéaaNiawwbaadl3d). The dormant state is the

positive feedb@&dknldo ABAbetnwedegmbri dt asmenol hef edec
ABA l evels which in turnet ea@bkSitnagtb @@ 18 )se aiksh( Ty I
similar to perenni al fruit trees, wher eDAAVMBA bi o
promotors, are activated at the beginning of dor
the end of dor mancy. Thus ABA | eveéts 2alrQe3 ;e sTsueannt i
et A4017; eYamlm® 18et RaOI1L.8et LAODL19; eXam®@2qQ) .

1. ®hesi s Overview

This thesis wildl investigate the continuwuded phys
fl oral tBansmmuwen niviresti gate how this chilling
thesis will also explore the genetic basis for t

future breedinB. ehapuoas cthangdagt environment .

The first results chapter aims to understand t

foll owing floral i niBt. i atalipatse.$h hai vepoesi hgsisett lu
di versity panel there wild. be wvariation in the
transition. To do this, [ investigate the effect
B napduws al devel opment and seed characteristics
shotwhat the physiological response to winter w a
dependent. I n WOSR winter warming causes a flora
grmiweight (g) but in SWOSR and Swedes winter wa
and in SOSR there is no effect on floral develo
perenni al bud dor mancy. This previouslytundefin
certain WOSR and SOSR varieties implying it is wu
I n the second results chapter, | aim to under st a
do this | used transcriptomicisndwecoeng abucdc gdar mamd
second in which war ming sphroowmowseisregecant gl ¢ 4 pwamainyg

l ustering analysis that the main differences b

(¢
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do
Ma

nes known to have roles in dormancy processes.
dormancy response to w&t@inndg MAaFc kg eenxepsr,e s @\
i denckeL Gishand their calcade amemhldemd,i al regul ator
rmanBy nadpuGenome Wide Association Study (GWASES
rker Analysis (GEM) further Baalp@.0CQxXptrheisss i noont iics

correlated to flowering time respowmaesatoomwi nhe
FL€CegulBamtaoPHR.OAUS | ates with the effect of wintei
The final results chapter focusses on further a
Bna. PHPal®®5 f | owerHenrge, t ilmei.dent i fy putati ve | oss
Bna. PHR.nNAOebar |y fl owering varieties Bndrliaeppadve t hat
to early. lflsthhwer iewg dence that BmpatPHMBACGRRE vaapli og)
effects on fBowa@amipmg.ti me in
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ChaptMat2rials and Met hods

2.0iversity Set Analysis

Ninstix |ineB. fndmwvehesi ty Fi xed Foatn dzaltliZ2o)n wseerte (
sown i n a-f lcomrcacket pol ytunneww. kkelccergr bepbaviig d. c o
maxi mum ventilation (sides down, doors open), no

irrigation twice dal7:y0®)nds wlvehwmr ghur ni2rkg .0 OWOSR,
l ines were sown on 24/08/ 2020, whowr SWOSRKR amdt
09/09/2020 and 21/09/ 2020 as past fleawdihaemg ti nm
WOSR | ines. For each variety we used the sowing
timing of floral initiatiodi catédéateamaueuimas ofr em
(Spring: St eWwlarermdH; ZIiBemmgs huang 11l:wi B8wede: VAt a&
Latwé nt er : Diwipnetse;r :EaCaltyana; Exotic: Slapska Sl ap
the growing seasotni niongdedaferfmimrealt hteransi ti on, wh
di ssecting one plant offt eeracthhd i hleor allwot rwerekist i«
replicates of each vawaemtbyutweurnel ittr agnl saf sesrhroeuds et omaa

AC/ 16 AC Day/night temperatures for four weeks ¢

kept i n @onctpractly bunnel . I n practise the |l ines we
treat ment in 5 cohorts depehiddw®rrgel on Tdblog ak. 2)n.i
treat ment , al | plants were returned to the pol yt
comptosand then sorted into a randomised incompl e

(http:// designcomp.utlimgt mteal/ gtemalreex/ wer e 12 bl ocKks:s

density of2 1Pl phast wéme scored for date to first

using the BBCH (Biologische Bundesanstalt, Bunde
scale (Weber and Bl eiholder, 1990) . Accumul at ed
days, chlasulbB&ier) y24 where T was temperatpise in ¢
the base temperature of 3 AC (Habekott®, 1997).

(Juinhfeugust, depending on variety) waterifnuyl Ilwas s
dry. Maturity was judged based on fully set pod
cessation of vegetative growth. When matured pl a
harvested from the primary raceme lalnac tseedc.0o nRirairma
and secondary raceme materi al was then threshed
calcul at®™Mdroh 3021 and at final harvest. Seeds f
raceme were analysed for Thougand (grnai Muwddiegh tof (

29


http://www.kedergreenhouse.co.uk/
http://designcomputing.net/gendex/

Seeds Per Pod (SPP), Area measurements (includi
MaRVi N ProLine Seed Analyser (http://marvitech.d

resolution.

A Varieties transferred dependent on when
they reached the floral transition

Transfer 1
Different sowings of SWOSR and

SOSR to synchronise floral

development with WOSR Transfer 2
WosR, |[ swosr |[ swosr |
Exotics, /SOSR /SOSR | | T
Swedes sowing sowing b Transfer 4
sowing 1 2 : ‘ 1

Transfer 5

\ |
1 1 1 T 1T 1T 1

Augusi. September  October November December January  Februa’y March

[

4-week warming treatment, applied

dependent on when varieties reached Randomised
floral transition L .
3reps \ in |ncomp|_ete Maturathn,
block design ‘ phenotyping
20 °C day 16 °C night in unlit and

Floral .
,‘ =) Initiation unheated harvesting

Control treatment / polytunnel

Unheated Unlit glasshouse

3reps

Fi guwr.el. Schematic showing the experimental desi gn fo
timeline for sowing and treatment transfer. B) Schem
of each variety wwa e mglraasnsshfoeursree da ntdo 3a r e maci onretdr oiln a
polytunnel

Tablldines Grown from DFF&O0Rilvegmroiwti yn gs ste aison202heir ¢
type, sowing dat e, trangfl&r 12au@dbeo; ( Ti2z 6 /2182//1214 200;2 0T 3 .
17/ 12/2@20®1/ 2021; Ti40:8/1012//0210/2210; 2 1Ti50:4 /0043// 0220/2210)2 and <c O U |
origin.
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Line Crop Type Sowing Transfe | Countr
Chosen r y of
number | Origin
ABUKUMANATANE Exotics 26/08/202 | T4 JPN
0
BRAUNERSCHNITTKOHL Exotics 26/08/202 | T5 FRA
0
CHEMBEREDZAGUMHANA Exotics 26/08/202 | T5 GBR
0
COUVENABICA Exotics 26/08/202 | T5 GBR
0
GROENEGRONINGERSNIJIMOES | Exotics 26/08/202 | T5 FRA
0
Q100 Exotics 26/08/202 | T4 USA
0
RAGGEDJACK Exotics 26/08/202 | T4 USA
0
RAPIDCYCLINGRAPE(CrGC5) Exotics 26/08/202 | **** NOR
0
SIBERISCHEBOERENKOOL Exotics 26/08/202 | T5 NZL
0
SLAPSKASLAPY Exotics 26/08/202 | T4 NZL
0
Taisetsu Exotics 26/08/202 | T4 NZL
0
Chuanyou2 Semiwinter OSR | 09/09/202 | T1 GBR
0
Ningyou7 Semiwinter OSR | 21/09/202 | T1 GBR
0
Shengliyoucai Semiwinter OSR | 09/09/202 | T1 NZL
0
SWUChinesel Semiwinter OSR | 21/09/202 | T1 NZL
0
SWUChinese2 Semiwinter OSR | 21/09/202 | T1 NZL
0
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Xiangyoul5 Semiwinter OSR | 09/09/202 | T1 FIN
0

Zhongshuangll Semiwinter OSR | 21/09/202 | T1 GBR
0

Zhouyou Semiwinter OSR | 21/09/202 | T1 GBR
0

Liho Spring fodder 09/09/202 | T1 DEU
0

Bronowski Spring OSR 09/09/202 | T1 FRA
0

CeskaKrajova Spring OSR 09/09/202 | T1 GBR
0

CRESOR Spring OSR 09/09/202 | T1 GBR
0

CUBSROOT Spring OSR 09/09/202 | T1 GBR
0

Drakkar Spring OSR 09/09/202 | T1 FRA
0

Duplo Spring OSR 09/09/202 | T1 FRA
0

ERGLU Spring OSR 09/09/202 | T1 FRA
0

HELIOS Spring OSR 09/09/202 | T1 GBR
0

KARAT Spring OSR 21/09/202 | T1 SWE
0

KAROO-057DH Spring OSR 21/09/202 | T1 SWE
0

MAZOWIECKI Spring OSR 21/09/202 | T1 GBR
0

MONTY-028DH Spring OSR 21/09/202 | T1 GBR
0

01D-1330 Spring OSR 09/09/202 | T1 GBR
0

N02D-1952 Spring OSR 09/09/202 | T1 GBR
0
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STELLARDH Spring OSR 09/09/202 | T1 NZL
0

SURPASS400-024DH Spring OSR 21/09/202 | T1 NZL
0

TANTAL Spring OSR 09/09/202 | T1 NZL
0

Topas Spring OSR 21/09/202 | T1 NZL
0

Tribune Spring OSR 21/09/202 | T1 NZL
0

WEIHENSTEPHANER Spring OSR 09/09/202 | T1 FIN
0

WESTAR Spring OSR 21/09/202 | T1 FIN
0

Willi Spring OSR 09/09/202 | T1 FIN
0

Altasweet Swede 26/08/202 | T5 USA
0

HUGUENOT Swede 26/08/202 | T5 GBR
0

JAUNEACOLLETVERT Swede 26/08/202 | T4 POL
0

SENSATIONNZ Swede 26/08/202 | T5 NZL
0

Tina Swede 26/08/202 | T4 NZL
0

VIGEDH1 Swede 26/08/202 | T5 NOR
0

Wilhelmsburger Swede 26/08/202 | T5 FIN
0

YORK Swede 26/08/202 | T5 GBR
0

Aphidresistantrape Winter fodder 26/08/202 | T5 GBR
0

CANARD Winter fodder 26/08/202 | T4 GBR
0
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DwarfEssex Winter fodder 26/08/202 | T4 FRA
0

EnglishGiant Winter fodder 26/08/202 | T5 FRA
0

MOANAMOANARAPE Winter fodder 26/08/202 | T2 GBR
0

Apex Winter OSR 26/08/202 | T3 DER
0

APEX-93_5XGINYOU_3 Winter OSR 26/08/202 | T2 GBR
0

Baltia Winter OSR 26/08/202 | T3 GBR
0

BIENVENUDH4 Winter OSR 26/08/202 | T3 FRA
0

Cabernet Winter OSR 26/08/202 | T3 GBR
0

Cabriolet Winter OSR 26/08/202 | T2 GBR
0

CANBERRAXCOURAGE Winter OSR 26/08/202 | T3 GBR
0

Capitol Winter OSR 26/08/202 | T3 GBR
0

Castille Winter OSR 26/08/202 | T2 GBR
0

Catana Winter OSR 26/08/202 | T2 GBR
0

Coriander Winter OSR 26/08/202 | T2 GBR
0

Dimension Winter OSR 26/08/202 | T2 FRA
0

Dippes Winter OSR 26/08/202 | T2 FRA
0

EUROL Winter OSR 26/08/202 | T3 FRA
0

Excalibur Winter OSR 26/08/202 | T2 FRA
0
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Expert Winter OSR 26/08/202 | T3 FRA
0

Flash Winter OSR 26/08/202 | T2 FRA
0

HANSENXGASPARD Winter OSR 26/08/202 | T2 GBR
0

HuronxNavajo Winter OSR 26/08/202 | T3 JPN
0

IncaxContact Winter OSR 26/08/202 | T3 JPN
0

JanetzkisSchlesischer Winter OSR 26/08/202 | T2 AUT
0

Kromerska Winter OSR 26/08/202 | T2 CSK
0

LEMBKESMALCHOWER(LENORA | Winter OSR 26/08/202 | T3 DEU

) 0

Lesira Winter OSR 26/08/202 | T2 DEU
0

LICROWNXEXPRESS Winter OSR 26/08/202 | T2 DEU
0

MADRIGALXRECITAL Winter OSR 26/08/202 | T2 YUG
0

Matador Winter OSR 26/08/202 | T3 GBR
0

NORIN Winter OSR 26/08/202 | T3 GBR
0

Palmedor Winter OSR 26/08/202 | T2 GBR
0

POH285Bolko Winter OSR 26/08/202 | T3 USA
0

Quinta Winter OSR 26/08/202 | T3 USA
0

RAFALDH1 Winter OSR 26/08/202 | T2 USA
0

Ramses Winter OSR 26/08/202 | T2 USA
0
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Rocket Winter OSR 26/08/202 | T2 NOR
0

Samourai Winter OSR 26/08/202 | T3 NOR
0

SHANNONXWINNER Winter OSR 26/08/202 | T2 NZL
0

SlovenskaKrajova Winter OSR 26/08/202 | T2 NZL
0

TAPIDORDH Winter OSR 26/08/202 | T3 NZL
0

Temple Winter OSR 26/08/202 | T2 NZL
0

Verona Winter OSR 26/08/202 | T3 NOR
0

Vision Winter OSR 26/08/202 | T3 FIN
0

2.2 Winter

A subWOSRofvarieties
t he

wer e
treat ment ,
As before,

was

Tabl2Li2nes

war mi

chosen

phenotyping

grown

ng repeat

was

devel opment al
recort!dvar com 202 2.

grown
represented

and

dat a

to
t he

conf i

experi ment

rm

response

finding
of V

recor dainrad yvwsdrse i

progression

was

confirr

from DFF30@Rvegrewinwgseeasnn20LEZb!

each |

crop type, date, transfer date for
Cultivar Crop Type | Flowering Sowing date Transfer date
time (UH 1
H) in 2020-
2021
Castille Winter OSR | 13.7 (**) 25/08/2021 24/11/2021
Excalibur Winter OSR | 17.3 (*) 25/08/2021 08/12/2021
HuronxNavajo Winter OSR | 12.7 (**) 25/08/2021 08/12/2021
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IncaxContact Winter OSR | 11.2 (*) 25/08/2021 08/12/2021
LembkesMalchower Winter OSR | 18 (**) 25/08/2021 08/12/2021
(Lenora)

Lesira Winter OSR | 12.3 (*) 25/08/2021 01/12/2021
LicrownxExpress Winter OSR | 22 (*) 25/08/2021 01/12/2021
POH285Bolko Winter OSR | 16.7 (**) 25/08/2021 08/12/2021
Rocket Winter OSR | 16 (**) 25/08/2021 01/12/2021
Temple Winter OSR | 16.7 (**) 25/08/2021 08/12/2021
Vision Winter OSR | 14 (***) 25/08/2021 01/12/2021
TapidorDH Winter OSR | -2.6 (ns) 25/08/2021 01/12/2021
Palmedor Winter OSR | 0 (ns) 25/08/2021 01/12/2021

2.3 Controlled Environment Room Experi ments

Two past growing seasons were simulated in two c

two growing seasons chosen cool w

(201D) and a

was taken

represented a
warm wi nt erl@)o.w Tye nep edri antgurryee¢ &dea t GE Gubshe
the Met Oof fice
uk). Col eshill
chosen as the BRW&O peprn oiwt h Thhe

from I ntegrated Data

(www. catalogue. ceda. ac. station in
-1.69072) was
ARGUS
mi nute set

l i ght

| oc an

with an controll er (Conviron; Controll ed

points for temperature and | ighting c

chambers intensity wa@stoebpati mapedi gihe Il ew
experiments foretCRRR 2,8)xpred i me nms mid
I i ghgmdle/vre]l/ss Ts t cant Aseigim @it a tieydb o2 4

andsir ali5sOi ng

in past (used

photoperffihod meant

decreasing to the following | evels

emol / m) / sT; SNol@m@mbem] AsT ; Nowembem| 247 ;"FellOrOuary
emol / m) / sT " Mabn@lh/ m|7/ st ; 1lekvh®Y / In) / sTth 2end &/ MB/ s T .
Si B. napFUFSS | i nes were chosen for the experi mel

Di mensi on, Temple and Vision) as théeyi alepWOSRNI
st¢wia 0d ® , s ia mdll 0OAlt6g dr sesupgedcstti V2e

first

varieties. Seeds wer e

date to fl ower

1990) .

scored for
Bl ei hol der ,

Pl ant s
(Weber and

wer e open

Mature p)labéesowere

37



20 representative pods from the primary raceme

characteristic differences.

2. Brassicmutrampta anal ysi s

Brassi cvl3 rseepead of -bt hhee tjeir4olzly9gdo us-cpdema fTu Lé& | NtGo pnu t
was obtained from Ree# GEANULK])(.StSepehde mmsacsn sown i n a
pricking out into a 2 L pot. Pl ants kept in it
day (DD6000) from iOkambaery 20@®23, 20 AC/ 16 AC day

with twice dairliyataubomatnidc oiver ni ght sul phur bui
pl ants were crossed by hand in a gHdassldou®esolwef
Seedlings were confirmed as homoztyygpoeusbymuSamg s 1
sequencing. 10 homdzyyesestagantiO swielddi ngs where
to a Hettich CER cabinet (HetticArbbsdopmest s hat
experiments had shown there was a stronger effe
phenotype (Nassim et al., 2022), pl ant sshoware gro
days, under ambient humi diat yd,a ya uatnodm aktreigdt / ity isl7ax |
Pl ants were then scored for time to BBCHS51 and B
2.5 Vernalisation Experiment data analysis

FIl owering time data from an independent experim
Penfield | aboratory was used for anal ysicalien th

seed phenotyping experiment on 34B56 npadpmasstrsi huesd ng
in 2.1. Plants were grown under twelve different
AC for either six or twelve weeks and then plant

18 AC or 24 AC. Three pl eenatcsh ocfo nedaicthi o ni naes wbeiroel osg

Sowing was staggered to ensure vernalisation com
Only days to BBCH51 and BBCH60 from the end of v
Bl ei hol der , 1990). SnlwarwW@SR eandvi 8B a C or T

Cab041204. 2: 750 mertk@2l0.12 o mwelme pamal ysed, whil e
ignored for the analysi s. Ti me to BBCHS51 and BB
then compared bet wegesnn WLsiamg a Igirmeaigpri mi xed model
gene were used to manually categorize haplotypes
Robi neston2a0l1.1,) witihzHWar mbon 4.0 ref etenabel 4) Chal h
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Hapl otypes were considered to be the same if thi
the entire gene. The time to BBCH51 and BBCHG60
hapl otype.

2.6 Gener al Pl ant Growth Met hods

AlIBlrassi caeerdpussed were from a subset of 96 fi xe
S4 and abovBr,adgioo®itthaapssty Fi xed Foundatiah. Set

2012). The subset was chosen to represent the ph
the Brassica mapmpsl as m. Diversity set dat a
https://www.brassica.info/ré@bheusadisgltantnsc/ldiidveedr s

oil seed rape (WOSR), 22 spriwigqtoeoeirlss eodd sreaepde r(ap@S

7 swedes and 11 exotic oilseed rape.

Seeds were sown inbasé&dmsopiokt s( Tablpea2. 3) . One Wwe
seedlings were pricked out into individual 9cm p
t wo weeks plants were potted i ntaompldstp o(tTsa bwiet h2 .
When plants reached the devel opment al stage of
pl ants were potted into cereal mix in 5L pots.
Table 2.3. Compost ingredients for all experi men
Compost Components Purpose

Peat-based sowing soil (John | 10% Grit, 90% Levington F2, | Sowing Brassica napus

Innes F2 Starter + GRIT) 4kg/m3 Dolomitic Limestone, | and Brassica  rapa
1.2kg/m3 Osmocote Start seedlings
Cereal mix compost 65% peat, 25% loam, 10% grit, | Initial 1L and final 5L sail

3.0 kg/m3 dolomitic limestone, | for Brassica napus and
1.3 kg/m3 haif multimix | final Brassica rapa 2L
14:16:18 +ME (0.2Mo), 3.0 | potting soil

kg/m3 Osmocote Exact 15:9:11
+ 2MgO+TE 8-9 months

Reduced fertiliser cereal mix | 65% peat, 25% loam, 10% grit, | Intermediate low-fertiliser
compost 3.0 kg/m3 dolomitic limestone, | soil for 2L Brassica napus
0.25 kg/m3 haif multimix | pots for overwintering

14:16:18 +ME (0.2Mo)
Levington F2 Starter + GRIT | 10% GRIT, 90% PEAT Arabidopsis thaliana

seed sowing
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https://www.brassica.info/resource/plants/diversity_sets.php

2.7 Microscopy and dissections

To determine when the fl oral transition had oc:«
di ssected using a scalopel and photographed usi ng
with a Leica DFC295 digital camera. €&hoeadf tfrlamrms:
pri moFidg @R)4.

KEY

Fi gkr & hematic shmwiggnteeokt fl oral primordia, indice

2.8 Photography

Unl ess otherwise detailed, plants were photograp
using a Canon Power Shot SX620 HS digital camer a
software by Fit]j i20029hi rPdelfierssi onal photography

Robinson (Photographer, John Innes Centre).

2.9 Seed measurement s

When each pl ant had reached maturity (pods had
growth had ceased) pl ants were harvested to an
racemes were collected for seed yield ananaygi s.
raceme were collected and seeds removed from the
t wenty pods were analysed for Thousand grain we
seeds, Seeds Per Pod (SPP), Area meaengteh)e nussi n(g
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a MaRVi N ProLinehb¢pd/ Amatyswed{.adedteeandard bal
0.001g resolution.

2.10 Data Processing

Data for the Genome Wi de Association Analysis we
was checked for anomal ous data using the foll owi

whewies t he dadtsa trhei dtat ases mbanstandard deviatio

No anomal ous results were idenP)fiedangiaegpé&€r sme
Seed traits (TGW, SPP, Wei ght , Ar ea, Pod Number
removing all data sets for individual |l ines wher

the chosen twenty on the primary r acesmet hahte rvee r<e
heavily diseased, damaged before or during mate
habits (fasciated, cojoined stems or missing pri
were removed when there was wi@géivcateation abedtrw

measured by a standard deviation greater than 3.

in a treat ment had a similar measurement , t he an
All exotic lines were removed from the data set

vari ety meaning they received treatment we l | b e
Removing exotics, along with heaivetliyesd, i sreeansoev ilnignr
with wide variation left 78 lines for analysis.

2.11 Statistical software

Al i et s, ANOY¥Aar eCh i ahnodc ptoesstt s was perfor med i n

(OriginLab Corporation, Northampton, MA, USA) .

Linear modelling was performed in R version 4. 3.
fit with a Gaussian family function. Pairwise co

package. Pl otting was performed using ggplot2 pa

2.12 DNA Extraction
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http://marvitech.de/en/

Unl ess stated otherwise 8l hsgkeooabBrnmapdDNAavarsopu £ i |
extracted using a modi eitdd9®rlgt o dadlasfthr dym @& dawmatr( d .
| eaf or apex tissue (around 5mm2) was ground usi
buffer was add-EHGI (BOBMOTri2580mM NacCl , 25mM EDTA
Each sample was then vortexed at rodbmrtemper smt ue
Then samples were centrifuged for one minute at
300 Ol of supernatant and 30@mi xdd oifn isoprepan
mi crocentrifuge tube before centrifugation at ma
was then discarded. The pellet was then dried wi
for 15 minutes. The pel 560t Owaoft Mérstrdd wsdp evad eed
storageAet

2.13 PCR, Genotyping and Sequencing

Al l PCRs used the following reaction:

12.5 @oTaq G2 Green Master MélxQH PagldrmeogavaBido tpa d hme
1 le rever seclprtiemmeprl att e1 DNAO (tdo | mlG)emdg /wi t h H

PCRs were run in a GStorm ThermoCycl er. I nitial
This was followed by 35 cycles of: Denaturati on
Tm of primer pair) and Extensionwégé60Osaperekboat

AC for 5 minutes.

Unl ess otherwickeofpampli éded5sample was run on

using a wBvwmhbadadr)(ad.edom!| ectrophoresis tank power e
( model PAB) . For everyellOo0fmle tohfi da guanr obsreo ng edle, wha s
ot herwise specified the DNA | adder used was t h
Bi ol abs) .

List of all primers for each rTaddtei @&l 4u sped niemr st h

designed using Shtatpgse:n/e/ Www.wermrapgdgegneWweom/ snapgen

Al'l DNA for sequencing walageuNuicfliee@SYeibni agdaP®RcF
Cl eap Kit according to mahubbdcpurerfi eds  ODNAc i ¢ w4

was sentel wiotfh 55mM of the respective pri mer t o (

https://www) akentsacgelw sequencing.

Tabl4Pr2. mers used in this thesis

Na me Sequence Descript/Pur poscs
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http://www.biorad.com/
https://www.snapgene.com/snapgene-viewer
https://www.azenta.com/

FP1IBnPHPcC

RP1BnPHPC

ATGGATCCGTTATCGGT
GG

GAACAATTTAACTCACC
G

FP1BnPromo TGCGAGAGAGAGAGATT

c

TC

RP1BnPromo TCACCAACAACAGATCC

c

F1

R E1

A

GGAGGTACCGTGCTGTG

CGCTCCCATTGGTAACT

Forward
25bp

Dar

of
mo r
(ensembl
p |
Bn

D

nt s)
A0O5¢g1
PHP)

-~ 9 @9 >

Reverse

(reverse
compl e me
25bp
C al

en

of
[ el
sembl
of
Bn
D

aAO0O5¢gl1l

Fo

of

rward
2kb u
gi on

A0O5¢g1

pot e:

r e
Bna
D -

promotor

Reverse

upstrean
of
Bna
D -

pro

A05g1
pot e:

mot or

B. n

hou

apus
sekee

gene for

AS ABOVE

reverse

Sequer
g gb
and cl
Sequer
g gD
and clI
Sequer
g gD
and clI
Sequer
g gD
and cI
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genotypi ng/GTAATCAACGTCCTCTC|B. rapa

genotypi
sequenci

check ge

Genotypi nglGTTGGACCGAATCAGCA Rapa
genotypi

2.14 Diversity seBngeBRHPaA@% ysi s for

RNAseq data for each variety in the DFFS set was
PRIJNA309367; Bi oProject 309367) . I ndi vi dual fas:
Tool kit (version 3.0.5bzlefrcgri®@naldi greifreg em@ceDarm

TopHat (version 2.1.1). Il ndi vi dual bam files wer
and visualised inet GadEWerugiRmdoi bsmomor v4 as ref
et al ., 2014) . Consensus sequenaesds wWeféeéogkse(ate

1.0.0) before seqtk (version 1.0.0) was used to
in Qiagen CLC Main Workbench ( Qi agen, Hi l denm Ge
vari ety was compared.

SNPs in each gene were used to manually categori
(Broad Instieut2e0l1.1Ro bwintsha tDearrsmoan 4. 0 refetrence
al20,14). Haplotypes were considered to be the sar

across the entire gene.

FL@apl otype analysis was determined from exome ¢
of Banlal. Elo@i es. Again, haplotypes were manually s«

generate dataset avat I(&®I12d )i n Steuernagel

2.15 Protein sequence alignments

Protein sequences of BnaAPHPR. hAal B PaShadBcncah rPoHPRPY CCd 5
CereviCHE&E Ho mo sa@DEnRS wer e downl oaded from wuni
Al i gnment was done in QI AGEN CLC Main Workbench
of changes in protein sequence were analysed by
for each pretemd@2f)Yumper

44



2.16 Associative Transcriptomics

2.16.1 Genome Wi de Association Study (GWAS)

The GEM and GWAS Automation version 1.0 (GAGA p
( GEM) and Genome Wi de Associati on Study ( GW£
https://github. comlNibcmolchol WelGA&A arnnd wMaer ruisse,d utno
analyse all traits of interest (Chapter 4; Tabl €
trait score and SNP identities. The GAGA pipel il
The pipeline uses GAPI T3 (Wang and Zhang, 2021)
SNP data wused in the pipeline contained 355,536

subset of the DFFS set, as described in Harper e
in the pipeline was derived from STRYCODWREt anheé)
John I nnes Centréhd Npirwethpe UKt omatically sel
Far mCPU, BLI NK, GLM or MLM, i ncoraporCéPtUed MLM G@ARII
BLI NK all account for population structure and
contr ol Type | errors than GLM and MLM. BLI NK «c¢
linkage disequilibrium. B LIl dNKu s& mrdotdea t mGR U glese an
across a geneotmeal(lHu atLgizud 16 ) . BLI NK runs two fi Xxe
iteratively. The first tests each marker with as
for popul ation stratification. The second model

with mar ker st ftreosnt ,t htehifsi rcsontrol s for spurious a
kinship (Zhang, 2014). As BLINK uses multiple ma

significant minor -faillltedrei fg eqfuedINP e swi tph aan al |l e
not performed. Therefore, I manually filtered ge
5B. namus eties with that SNP after results were

When the GAGA pipeline runs GWAS analysis it det
di scovery rate (FDR). FDR is cal cuivatl auck si f dbirv iedau
trait t o determine false di scoveriseisd.er Rels utlot sb e

significant.

Tabl5GA2GA Pipeline model s

Acronym Model Type
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https://github.com/bsnichols/GAGA

FarmCPU Fixed and random model Circulating

Probability Unification

BLINK Bayesian-information and Linkage-
disequilibrium lteratively Nested Keyway
GLM General Linear Model

MLM Mixed Linear Model

2.16.2 Gene Expression Marker Analysis

The GAGA pipeline al so perf or ms gene expressio
expression data frdawy | elad g8 esdluiersg 0 fgterflaRlN.2tlgd by
for the diversity set. GAGA removes all mar ker s
RPKM, |l eaving 117,784 mar kers and then perfor ms
mar ker s to predict and compar e genet raxpr ebsesiinogn

i nvestigated. The GAGA pipeline automaoisalaingd pl

produces significance tables. Manual searching o
Analysis uses FDR to filter for siAgmiofiecanceénige
Bonferroni correction was added manually to fil
mar kers in each set.

2. 17 Transcriptomics

2.17.1 RNA Harvesting.

The WOSR Castille and SWOSR Ningyou7 from the DF
sampling to investigate the role of genetic con
were grown. Each | ine was chosen fop. i€Casftillolwerw
sown on 25/08/ 2021 while Ningyou7 was sown on 21
floral initiation. Two weeks after floral-initia
week warming treatment itngaa28hAGtel66adACNdaygyau
devel oped at different times this meant treat men
shoot apices were harvested for each timepoint
four ti mepomManrtmenrdontcoonkdi ti ons: one day before t
hours after treatment began; 7 days after treatm
(Fig@r&8). On each occasion, RNA was harvested t wi
Harvestewag iismmedi ately flash frozen in |liquid n
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Glasshouse 20 °C
™
/ ‘i} - T - X
Floral
P — N
Initiation

Unheated Polytunnel
ambient temperature

Before Treatment 24 hours 7 days 14 days
Castille  25/11/2021 26/11/2021 01/12/2021 09/12/2021
Ningyou7 18/11/2021 19/11/2021 25/11/2021 01/12/2021

FigweB3®ates andotri masanscriptomic eAlplersiamepnite ss awmeprlei nhga r
bet ween 2 hours 30 misuhes$ Sampl 2shdadarkenaffrem t he Jol
Norwich, UK (Latitude 52.620, Longitude 1.222).

2.17.2 RNA Extraction

Frozen RNA apex tissue was ground to a fine pow
sterilised 3.5mm stainless steel UFO Beads (ht
Geno/ GrinderE (http://spexsampleprep.com)hi dor 1
and DNase treat ment were carried out using a E.
protocol (Ome@patBi oft eknebabi).ptRokurc obrni/ slt mgiedal rep

used Apredk ti ssue from each replicate waswihtahr vest
the highest 260/ 230 and 280/ 260 scores,Owenkl the
samples were brought to 50ng/ Ol before sending f

were processed and sequenced by Novogene wusing
Cambridge, UK). Complementary DNA (cDb@)aihkiedr ar i

end sequences with a minimum of 30 million reads

2.17.3 Transcriptomic data analysis

Al l transcriptomic anmadmesiwawa@)e. peQufaolrimeyd otfh er e a

analysed running Fast QC (Andrews, 2010) on raw s
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necessary. Trimmomatic was used to trim adap
del 2014) . Reads werdzhl rghmnedenhoe t pen dDmea mov
al houb et al ., 2014) downl oaded fromthttp://
g the alignment software TopHat (version 2.
rsion 1.7) with default parameters (Kim et al
n reads and output gene exprerstss ofmerd aKial alsa s

nscript per Million mapped ré¢athd 0o FP.KMPaiarcwio

mpari son of i ndividual varieties and timepoin

ording to Trapnell et al (2012), whikeuantire
a larmypdil seDE2et( FAGL®h)er Genes whereemBKBMd=f Dome
|l ysis. Significantly differentially expressed
d change > 2, fal swaldiescov®e.r5 rand KPKM 0&qg u 3l

moved fr olho aennasluyrsei seexpression | evel s werreaw 0mp

nts were nor malmesdeida nu safn gr a@DiEISdsmamed hpub !l i cl y
hd t ut(oGiitanhubi:Li,uJditheet amidal scavatl abl e at

™

:/ / github. com/ hbhctraining/ DGE_wor kshop

©
(7]

nci pal Component Analysis was performed on fi
se script performed using prcomp from R stats
m the tidyverse package in R (vadresican b4.n3. & h
erentially expressed gene | ists were gener af
omi cs Venn Di agram Web Tool (http://bioinfc
rarchicadmealhnsstcémnuisngeyrilbhg andrlekegemap agendenuat in

pheus tool (https://software. broadinstitute.

ore hierarchical cluet malcingedva daadmred owmemde ot
0 exprfesrsiemanch ti mepoiwetr eameéhmodoeedr pbi oal cl us
carried out wusing one minus Pearson correl a:
m enrichment anal ysis was performed wusing t
nt her 15. 0, GO Ontology databafRel DO 3dAat 8283
o), the GO terms with p < 0.05 were taken a
ualised using the enrichgo function in clust

ggplot2 from the tidy8etlstopawkadewsh. R (ver
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Fi gRrdNAS eq anal ysiSunmapreylRbhfseagl lanal ysidswstaps u
the thesi s, refermed to in section 2.17. 3

RNA Extraction
and
Sequencing

Quality check
= | Adaptor Trimming
FastQC, Trimmomatic

Prep
Data ] Alignment to Brassica napus Darmor
Expression (version 4.1) genome
Quantification —
Cufflinks (version TopHat (version 2.2.1), Bowtie2 (version 2.1.0),
221) samtools (version 1.7)
Statistically accounts
Sort Time course Gene filtering for the effect of
Data significance testing —> | [FC<2 FDR <005, p- treatment (heating)
value <0.05 and time
ImpulseDE2
Clustering: Fuzzy
cMeans, Hierarchical » GO term enrichment Visualises data in
Ve Clustering PANTHER version 15 O'Idertt;’ generaLe
Data Morpheus tool, R (version PSS
3.6.1) BiocManager package understand data
Gene comparisons:
What is different? Answers biologically
meaningful
\ questions: what gene
l changes, exclusively
Compare as a result of heating,
Data over time account for
Castille v Castille v Palmedor v differences between
Palmedor Ningyou7 Ningyou7 varieties
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Chapt.®™ n3er warmth post fl or al I n

devel opment | Brwawisstie€erma hwupes

3.1 I ntroduction

The timing of flowering is crucial for successfu
annuBarlassi cat hreaptuismi ng of flowering influences f
(Ramanh ,al2019n wi ntveerr naaniniusaaltsi on i s genetically c
silencing of theOWERIKFrEG L@@gUs ¢GBleneerZz®mM3) whi ch
prevents winter flowering. After winter cold, sy
through the photoperiod and ambienfFLOWERIENG!t ur e
LOCUSF? (Samach et al ., 2000; Sawa et al ., 2007
201 2; Pos® et al ., 2013) .

I n contrast to the above model , it VWIAGS Rdi s c oV e
undergoes the floral traetsi2®lo9) .i nWilnatteer afultourmanl (

al so beeld. sadamidina | yWwWared 2009; eKkemddl9) suggestin
may be common across BrassicaceBe.ndmpusmaboheadcdinby
the silencing FAfC ospixe so gttO 62NDelifljAn e lart mkelbh&@ o mo | o g

PEPls also silenced topfmaot!| duat egflchi aFFT dgyeth
i ndependent manner durirg @abag) . winter days (Hyu

I n most winter Aannhbhalfg 2nafdrad i nitiation war me
reproductive devel opmertt GWRgye, HAWE28Br Bnaph®WPBER
warmth in early winter is asetozllad)ed awfittehr |tohwee rp c
WOSR is assumed to have undergene 2006 ) fl Ar al mik
phenomenon, where | ate winter tempieBanha,pelsasare
al so been reporetted@0il)China (He

I't is unclear whether chilling oBf. meawwe Ifopmerdt f
and yield formation. I'n preliminary (waoapkbbysKedr
dat a, Xiang Lu, Car me]| Wé Nei stovStedet Panfiwiehdeér
floral initiation delayed reproductive devel opme
a process independent of the contr ol of fl oral i

was a gea®es atesponsdeespmr eadwph®&nomatphuiss i hed t o t

experiments presented here.
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Selective IBreedapugs dtoires adapted to different e
di fferent crop types that form distinct Obreedi
requirement and fl ewemhd2@g)ti mMeesScbiepstypes are
their growth type: winter-haitdgeaddrdepeflWOSKNI Ve
for spring flowering, spring oilseed rape (SOSR)
prolonged col dwtntflrowednl s8Fmaapead&WOed t o mil
whil e Swedes have a strong vernalisation require
to produce these crop typFelsg dmts¥Wareg uai2 6 dleitnHoar i
al . 2012; eSc hmikRedsls7l, 20t19al2 BdHmyY breeding has produc
with varying responses to winter temperatures,

variati on otrcalpadsntiti ati on war mth.

3.1IHypot heses and ai ms.

I n this chapter | investigate phenotypic variati
floral initiationBacnampes a&tdiesern i threet iomfdepend
experi ments. I use time to visible bud emergenc:
(BBCH60) and bolting as (m&dxur eas do Bl falindiwdardisregs stli9
varieties for differences in key seed characteri
and Seeds Per Pod (SPP).

Due to historic brBednapus&affwodtes ramgadapt enviror
conditions where there is reduced or no vernal.i !

also be different requirements fBr wapweer cold p

As historically warmer temperatures after fl ora
decl ine, I also hypothesise that WOSR plants gr
lighter seeds, measured by TGW and SPP.

3. Rhe effect of post f | @rnaalpdidndartalat i on

devel opment
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3.2.1 Poisni tfil otriadn wi nter warning del-ays fl o
t y Be napus

To investigate the effect of wintemewanodcdtubt if vod
devel opnmBentnaaphiuds t he extent of vari atBi. omalpaoaswint

performedgcalleawgeter warmingceppetymentdi d8ar ai my X

napudis diversity panel included 96 | Bnassiepmares
napdgom the Diversity Fixed Feundall d)n. Sleot t(alkF
advantage of natur al winter coas dappmldi eedhsatr e a wi
devel opment al stage across varieties, I ai med
di versity set. | segweadriahyg NMNetewml f satwveonng WOSR
Swedes in | atéRAggmmer2®@2024and staggered | ater s
SWOSR and SOSR so that all lines passedFiguoegh
3.1)Some crop types, l' i ke Exotics and some Swec
fl owering until very |l ate winter so were removed
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POH285Bolko Ningyou? Apex73_Ginyou Cabriolet Castille Coriander

RAPE

_' ) Image: Image: Ima Image:
Image: Image: Image: Image: ge: 25/11/20
17112120 16/12/20 16/12/20 19/11/20 2511720 2511720 25/11/20
SWUChinese2 Tribune Zhouyou Cresor Dimension Excalibur Flash Hansen x Gaspard
; Image: Image: Image: Image:
Image: Image: Image: Image: 0 25/11/20
19/11/20 19/11/20 19/11/20 19/11/20 25‘:1”20 " 2snzo 2z
tz
B°“°‘""" Ceska Krajova Duplo Scl:ITslsc: or Kromerska Lesira Licrown x Express
Image: Image: Image: Image: Ima Image: . | :
ge: g | e: mage:
19/11/20 20/11/20 20/11/20 20/11/20 25/11/20 25/11/20 2";7191 120 25/11/20
Helios Karat Mazowieki Surpass Madrigat ~ MOANAMOANA  pyjmedor Ramses

Image: Image: Image: Image: Image: Image: Image: Image:
20/11/20 20/11/20 20/11/20 20/11/20 25/11/20 25/11/20 25;‘: 1/20 xa 25/11/20
Shannon x ovens!
SWUChinese1 WestarDH Wwilli Chuanyou2 Rocket Winner Krajova Temple
Image: Image: Image: Image: Image: |magei Image: ‘magel
20/11/20 20/11/20 20/11/20 09/11/20 25/11/20 25/11/20 25/11/20 25/11/20
Cabernet Dwarf Essex Hugenhot Huron x Navajo Abukumba
Slapska Slappy Taisetu Tina Natane

Image: Image: Image: Image: Image Image | Image:
02/12/20 02/12/20 02/12/20 02/12/20 : - mage: .
06/01/21 06/01/21 06/01/21 06/01/21
Samourai Lenora Canard Ragged Jack Tantal Cubsroot Jaune A
Image: Image: Image: Image: - - *Image
Image: Image:
02/12/20 171 06/01/21 9
2/22 06/01/21 10/11/21 27/10/21 06/01/21
KEY Initiated >
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Fi gwWr.el. Ther e iins fvlaorriaalt i daenw ecdsdsipynemg io fByr assesti cai napus

early aMAtmenmresentati RDevemudbistey Bif xad eFodiindert s iotny Ssedt
representedglesr eepr es ecrBt. dniasgsuesd i loantseg raoustnu minn a vent il
polytunnel i(Ai Na@riTah) BKRarli eti es iaddcdboee by damsese
i ndicated belTohwe ikneaygeisndi cates fl or al devel opment al [

indicates fThbraotwnal ¢i hai onoOmesponds to 2

Foll owing floral initiatwarremlpd asnh cu saeerdelosg rdomnanr i
fl oral devel opment was compared to pdamtusdlkéept i
pol yt kn medlr () . The heating treatment approxi mate

ti me when warm temperatures are associated with
et 2019). As there was variation in whiegnB8rpd)ant s
the winter warming treatment was applied across
vari ety ifrdiofriagl@ied Met hods Section Figure 2.1
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Control
Warm winte

Temperature (°C
o o« o & o

-5 4 T e—
Transfer 2 —
window 4 Y—
S OND JU F M A M J J
MONTH
B % 2000 - Polytunnel
) ]1—T1
g 1750 ™
J=—T3
% 1500 T4
E 12504{—T5
g
g 1000
2 7504 Fl.i
f \
]
500 -
%
S 2504 J Treatment Period
§ //
O 0 - T

Oct Nov Dec Jan Feb Mar Apr May Jun

C

4 week
heated A
Staggered / treatment \ Ry /7
sowing of ' J . {
WOSR, g Floral .
SWOSR, — ; " |nitiation \ / M/ Y ""?""
SOSR, Swedes Sontml & /i
winter Phenotype Phenotype
BBCHS51 and TGW (g), SPP,
BBCHB0 Seed Weight

(@

Figuwr.e2 Comparison of ambiwartmitnegmpemanhtused ant he
2021 winter war mAhg Temp e maoomapread.lyt unnelwgrbthaie) an
gl asshouseFHfrerds otral i niottB.at n appluash F.s| .ggcroomtnr oil n

polyt.dinae$fer windows indicate the time at which
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the heating treatment depending onFiwhbalje. t By f |
Cumul ative i héecomaiprodlyme nnel and each transfer (oc
calcul ated accordi B8.9g2.t3) .MeC@)h oElxp esraicrnd retna |[® ad ersi ingn
nappbBenotyping BBCH&LIi merdttrs to bud6édmeredenmce taond

fl ower emergence. TGW is thousand grain weight (
To assess how floral devel opment was affected by
according to the BBCH scale for time to BBCHS51 (
fl ower emergence) . Across varietieswerpgeti mhenr
advanced or del &ygdBrt8cAA)BBCHBIBCHG60 bli gv@m@&@ BY . war
In general, the effect of warming correlated wit

more frequently showed del ayiedar ffllooweér idregr ell iopanse |
l' i kely to be advRingc®rd8 by) .waWmilngt (nhot comppetely

types, winter warming of floral buds del ayed fI
SOSR, but advanced fl oral devel ophiegBr 8 nh. mobits S
indicates there is variation iB. reamposas®ds eso Wh

suggests t Hantduweaerdmigrgowt h del ay may, baes gcernoept itcyad

have been selectiveégvbredméorsdi fferen
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FigwBre8 Late VdriwetBi.anspmue del bByddemer(BBaGEPaln @i r st

fl ower oPBRGHPON (wawmeteompared to conthwtl emvarnityerfsl owe
vari etrieexc el el adéed i dual ddhteeanepfedsdmtge owaplf iBec ateaas h

napuysMet hods Tablae wd.nt)er warming experi benhs O(Met hedédl
' i nesaniBn ndi cate flowering time wabeideatvanikdip beota
I i intendiswvatre et i es that €boweambad ntereat mentt h@eoi nts bel
the opposite. Red |ines indicatewiatfiviaR eers mpeFgresd iean

refers to floral initiation. H refers to heated trec
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treatAmenB) . Days to BBCH51 and BBCHG6O0( Firjesp®®DlL vel vy,
experimenthods s.ecQ)i olhi n2e. 1t)o BBCHG6 Q@ FAgamnklkt ot alk imeiani a
of war mi ng. Lines below the dotted grey Iine indica

warming and | ines above this |ine indicate |ines wherit

3.2.2 Winter warming either advances or del a

dependi ng-togmpecrop

To determine how time to BBCH51 and BBCH60 from
warmth across the diversity set, I ran sever al p
experi mental factors significantlg rdrrneéecmiese @BiCid
incomplete block design to account for any | ocat
for the effect -vody bAM@WKA Imordaenl af ooonebot h BBCHS51 ai
was the mean, OWas st beoc&smamnésemrtrend ilser e:

6660 b -

Tabl e 3wdy OmMNOVA for effect of |l ocation on BBCH51 and BBCHG®6

Df Sum Mean F Value Pr (>F)
Squares Squares
BBCH60 Location 1 18 18.0 0.036 0.849
Residuals 400 198889 497.2
BBCH51 Location 1 28 28.3 0.05 0.823
Residuals 408 231946 568.5
This indicated that the | ocation of plants (bl oc

BBCH§@OTabl e Bhdnefore, blocking effect was not <co

As preliminary analysis indicated there may be a
BBCH60 i n waFimg®i &)Y erlk @grouped varieties into th
(Haretera012). ThemwdapAN@WA af or time to BBCH51 and
accounting for crop tbwase.t k& iescdopl tyeemand

5660 &Y -

Table 3waday PANOVA for effect of crop tyd@2bneBB&€HSmemind BBCF
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Df Sum Mean F Value Pr (>F)

Squares Squares
BBCH60 Crop Type 5 80942 16188 54.34 <2e-16
Residuals 396 117965 298
BBCH51 CropType 5 117160 23432 82.45 <2e-16
Residuals 404 114815 284

This indicatsecndowkidbpergegpess in time ( DalBIBELCHH.12)and

Next, I determined whether plants being exposed
significant effect on time to BBCHS51 or BBCH60 a
usithwoeay ANOVACWhies ecrop type, T is treatment (wa

CT) is the i nttwewaascttihoen rteesrind uaanld t er m

5660 Y Y Y 8'Y -

Tabl e 3waldy TAWMMOVA for effecttypetamatmeaat mendt caowed crop type
BBCH51 and BBCH60 in winter warming experiment

Df Sum Mean F Value Pr (>F)
Squares Squares

BBCH60 Crop Type 5 80942 16188 54.34 <2e-16
Treatment 1 38 38 0.136 0.713
Treatment. 5 9717 1943 7.004 2.78e-06
Crop Type
Residuals 390 108210 277

BBCH51 Crop Type 5 117160 23432 86.071 <2e-16
Treatment 1 828 828 3.043 0.08187
Treatment. 5 5635 1127 4.140 0.00112
Crop Type
Residuals 398 108351 272

The interaction amadt waemtomepg tiyspebynbuitcaneaf me:
alone is not (p = 0.7123). This indicates that th
and different crop types have a di(ffaddent3. B38dspon
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To understand how crop type influences bud devel
to BBCH51 and BBCH6OFifigB8rdachToropstghpiesé the ef
time to BBCH51 and BBCHIEOst@Gltrr eecatcend ctrhogp ttiyme t «
BBCH60 for the warming treatment from the ti me
treathmegdr 4) .

For BBCH51, Winter oilseed rape (WOSR) required

i n wérethter eat ment (SEM = 1. 1chobnt(radald FT¥. H2a4xs, ia dihEk
of four days. For BBCH®6 0, WOSR requi rwadr dle28 da
treat ment (SEM = lcdanafd)0oBFiryg BH{@ )i, n at de f f er ence
This indicates that, in general, winter warming

time from BBCH51 to BBCHG6O0.

Semvi nter oilseed rape (SWOSR), bred for a redu
days to reach BBCH51 awdrethterfelaotrnaelnti n(iSE M t= o3n. 6i8n)
i n d¢ddrettrelat ment (SEM = 3.63), a difference of 19
days after fl owal nerndatimenton( SEEMt=hes5. OkdDNtwwtd 10
treatment (SEM = 1.706), a difference of 16 days
to floral devel opment by warming.

Swede vVvdaroiokt i20s 2 days to reach BB@Hb thteaéatmehl or

(SEM = ahd8s87) daycsonittnr gldhtement (SEM = 4. 32), a dif
While Swedes took 67. 4 dawasr diec erad aneimt BB GHEOMO =i 17 . t
83.57 dagenitmetkhhenent (SEM = 4.71), a difference
for most, but not all, Swedes floral devel opmen

Spring oilseed rape (SOSR) rmowevdreraid smate o w
advanced whil st skPimpd3mweye del ayed (
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. w 1 s *
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= ' 51 Delayed by warmi
" ; elaye warmin
“ Delayed by warming 40 .y yV . g . .
- T T T T . . . -
Semiwinter Spring Swede Winter Semiwinter Spring Swede Winter

FigBrdherop bYpessi casempwbsanpgreirng, swepreed iwthomd lee )
winter warminglayuoes aalvancement tBadhoblaackedetl opme
the mean of 3 rapliietgtéMeohAPamiEhldtbe e de (ByBOHPpeLf
unheactoendt(rUd#)u bt r a omtaea dhelyH) t.r eddalmeens above zero indica

are advanced whilst values below zero indicate varie
highlighted by grey acoowssdltB)a oiiaeneebtyol BBLH6G6MdIi cat e t
as in A. Statistics persftfomwmead Weilrtd 6st chemte@d i ton.

To understand indivisdwalwigdareat wmea nienggpdnsaaemal ysed

for time to BBCHMI and BBCHGQ.ies in every crop
uni formly Fiog &Eg® mg 8 gé (

For time to BBCHS51, most WOSR weekegWSRaywedr et 0 E
significantly dEeil a@ggmé8 tMe aBlBvGHI 2 ,( the only Ilines
advanced to BBCH51 wer e SOSR, Swedes and SWOSR
i ndividual varieties that showed del ayed fl ower.
Erglu, Cresor, Talnltialandetlh e sSVHNSIR WWUChi nese?2. F
Erglu was significantly del ayed to B®BiCHdtled otl h atv
whil st crop type is a useful indicator of respon
speci fic effect.

For time to BBCH60 most WOSR were deHiagy®rfd t o f |

However, one WOSR variety, Aphid resistant rape,
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(Fi g B6)e. I n SWOSR varieties, where bud war ming al
fl owering, Xiangyoul5 and Zhouyou were del ayed
however this effectFiwad.6noMeasnwhiilfe cabhe ( SOSR
significantly dEIl gge)é tQveBBdHG60 t(his indicates t
usef ul predictor of time to BBCH60 following bu

variation
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323When accounting for thermal time all wvari.

Wi nter war mt h

Pl ant development i s mediated through environmer
for fluctuating temperatures across different t
varied between varieties accounting tfhoe tahcecrunmaull ;
time to BBCH51 and BBCH60 wusing the following f
BBCH51 or BBCHG6O0:

6000 Y Y
Where Growing Degree Days (GDD) is the cumul atiwv
floral initiation wadebl thbhebdateBeoempémdewerehpgéhT
no devel opment occur 9G Hab sk me de, hqls@otzhe Jaily m
temperature, calcul ated approxi mately as t he r
temperature where the returned value is never ne
er !,Y "Y ”n, 14 1 l,Y "Y
Y Q¢ + T
C S
This analysis showed that all/l varieties are del
GDDFi(g®rg). 1t also indicated that in both treat

time than otlkémgdc@9gp tThpess indi cates that GDD was
di stinguishing between crop types, so for futur

BBCH60 for calendar time only.

65



1250 -

T
o 1000
=]
Q
=
£ 7501
Eﬂ m WOSR
@ B SWOSR
£ 500- M SOSR
E Swede
[
g 250 4
ar
i
- 0
0 250 500 750 1000 1250

Thermal Time to BBCH60 (GDD) (UH)

Fi gux.e7 BAlalssi cavaapeasies are dellyedi ntoerf whammi mg
accounting for Dabher pal rtacthe hmavppur s(eMeyt hods Thaecbalne 2. 1)

fl oweringr owimeg Deagm@eaer neeryls control treatments. Vari e
line indicate varieties that reqwiar endr anaotrme ntth.e r @all o L
repreBemzpwop type: blue is winter, green i s spring,

A) Ther mafll avBEBre HBion 220201 experi ment ; B) Ther mal ti me

2022 experiment.

3.2War med WOSR varieties were shorter at BBC

| 1B . na@@Tuls ,st udi eyi eolnd pHawmdgdmepd i xasagedi ated with |
indicating there is a relationship at @848 )pl ant
To understand whether the warming treatment affe
BBCH60 (cm) and plant height at harvest. At BBCH
conttrroelat me g tBIBA) yet by harvest there was no di
SWOSR which were taller iIFing u3f@ed ; w& i me.d e WaSrer®d dne n
SWOSRre taller at harvest |ikley due to the enhe
war ming accelerates SWOSR devel opment . For WOSR
af fects plant height around fl or al devel opment .

contr ol pl ants was comparable to warmed plants.
| at ewarimermreat ment , this is because height at BBC
measure of when plants have bolted relative to f
the experiment and time constraints, the exact

bolted or when they no | onger show devel opment al
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FigwBB®ifferent c.r Nbadywppsa nblf KHdfdighstt aftl owe (@B BEHFOgenc e
and hafeoekebbowi ngwerir mhwimteand contr ol unhkelatdéM nwient er

tyBe napusignificantly shorter at BBCH60 foll owing v
types are unaffewhedelrd8it Byc ehtactvesg and t here is no
ex caevptr MBWOSR ar e tcaolnltWwOISh.awadwoANOVA with treatment a
as factors were used to test for ce®inganiod irceachcree prAss @n
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Cabriolet

UH H
Hansen x Gabbard

UH H
Excalibur

UH H UH H UH H
Catana Huron x Navajo Ramses

Fi guBRe her eodisf fne mdm @& sii ¢c as thnatpwrse or hebghweain Wamiest war me
(H) or cdretrr diéipywiensent ati ve I magez0 2 h kexapsfhroownieimfh e r22x0e s
bet wowanthandontpdlalnt s at final harvest. White to scale metre
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3.2Post filnonralati on warmth reduces TGW (g) in

I B. ndpuwsal seed yield is determined mainly by s
and silique number. To determine the relationshi
seed traits, 20 pods were harBeshduwudhtemanide TBGW
SPP and total seed weight (g) of seeds in all 20
I ran sever al preliminary ANOVA analyses, on the

significantly affected deaddh seharacteristics acro

To account for the efwagyc tANOIVAbImodl! | foanadl onée
characteri &t ivas, t wbemeanpwasishdl oe&ki amal term i

her e:

YQ®AY Hno Qi Qi b QO

Tabl e 3waly OMNOVA for the effect of | ocation on seed charact

Df Sum Mean F Value Pr (>F)

Squares Squares

Total seed Location 1 0.87 0.8707 2.639 0.105
weight (g)

Residuals 387 127.70 0.3300
Seed per Location 1 20 19.55 0.551 0.458
pod (SPP)

Residuals 402 14269 35.49
Thousand Location 1 3.8 3.813 1.894 0.17
Grain
Weight (g)

Residuals 387 779.3 2.014

Thiswndicated that blocking had no effetTabheany s

3. &fherefore, blocking effect was not considered
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Next, I -way ANOWA to test for the effect of crop
dataset, where O was t heUwmesant,heCTr eissi dcuraolp tteyrpme i:

her e:

YQBAI GOO QU DNG

Tabl e 3wy MAONOVA for the effect of crop type on seed traits

Df Sum Mean F Value Pr (>F)
Squares Squares

Total seed Crop Type 5 26.1 5.220 19.51 <2e-16
weight (g)

Residuals 383 102.5 0.268
Seed per Crop Type 5 1056 211.15 6.351 1.09e-05
pod (SPP)

Residuals 398 13233 33.25
TGW (9) Crop Type 5 277.3 55.46 41.99 <2e-16

Residuals 383 505.8 1.32

This indicated that crop type had a significant
total seed weight(Tabltdheld3 em}tire dataset

Next, | determined whether the heating treat ment
on any seed characteristics across theodadtlaset.

seed characteriwday cANOVA rtam taesttwot he effect of

whefbdewas the mean, CT is crop type, T is treat me
bwas the residual term
6660 “ Y O0Y Y O"Y -

Tabl e 3wady TAWMMOVA for effecttypetamatmeaat mendt caoed crop type

seed characteristics in winter warming experi ment
Df Sum Mean F Value Pr (>F)
Squares Squares
Crop Type 3 2.201 0.7338 5.819 8.76E-4
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Total Treatment 1 26.353 26.353 208.97 0.0601

seed Treatment. 3 1.853 0.618 4.897 0.280
weight Crop Type
)
Residuals 146 18.4123 0.1261
Seed Crop Type 3 575.93 191.976 6.50097 3.69E-5
per pod  Treatment 1 0.325 0.325 0.011 0.91661
(SPP) Treatment. 3 31.4647 10.488 0.355 0.785
Crop Type
Residuals 146 4311.449 29.530
TGW (g) Crop Type 3 127.088 42.365 33.441 0.0001
Treatment 1 0.086 0.086 0.0681 0.7945
Treatment. 3 2.899 0.966 0.763 0.001
Crop Type
Residuals 145 183.682 1.2667
This i nadmgpean a&tsuntoe ehfafsect on t ot al seed weight (g
dat a(sTeatb | eHo3webv)e.r, t he i nteraction between crop t

for TGW, this suggests that the effect of treatnm

To determine how TGW varied between treatments a
pairwise comparison for the moeatamhdnts eadr otsrsaid \s
(Figure 3sHdwed Tthh st for WOSR there was a signi
bet wewam chendonttrreelat ment (p = 0.0041, estimate si
contr®&E = 0.162). However, there was no signifi

(FigBdi®. This suggests that i n WOISRI duidomwalr ena ch g
TGW (Fgi)g &t @ .
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Fi gu3l1e0l n t he2 022012 0e x p grMemehmtds s ectomihynt2e rl WMOBRe (

Brassicasmawusignifichowulsanldi ghaiTcWwermgdhnt wioht er

compar edatrabeavi nt.&t | (HY her seed traits (Weight of sece
per @E®MEP)are not significantly different from each o
representative 20 pods of the primary raceme. SPP was
was the weight of a thousand seedsed nl igne aSi gefiffea cctasn
summarised in Table 3.11 and 3.12, ns = not significese
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To understand the response of individu&li ggerotyp
311; 3.22; TBis3indicated that mo st varieties tha
i n ¢dhrettrelat ment were WOSR, with one exception, /
significantly hiwgh eterrefecGtWmd mgt). i g aihre, for SPP and
WOSR showed greater SPP amadntSeoedt miien tg,ht wii tnh t e

including Samourai, ShannonXWi nner andwalremgprl e wh
treatment and Castille, Quinta and Palwedmer whi c
treat ment . By contrast, the TGW (g), SPP and We

Swedkgr some vari ettiheearwies ehiagrkdats done n tifmiodur e
311; 3.1312; b3tl18here was no specific trend for ea

warming post floral initiation negatively i mpac
types showed a genotype specific response. Thi s
TGW (g) reduction in warm winters. It also sug
genetic control that varies frbmdgenootypeoltlbobegen
yield | cannot comment on how warming may infl ue
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3.3 Winter warming delays fl owering in WOSR

To confirm findings from the previous experi ment

with alternate weather conditions and that WOSR

from bud warming | grew a subset of eW®PSER ivremitet
(Section 3.2). A ssubasceet |wansi traetgimrabnusgh parsement eddi ve
set agai n. WOSR varieties grown in the subset w
response to warmer winters. Abebetoneropl anhhsewe
i n comtumadlit polytunnel thweealghbadt wingttereatrmant of

initiation ( MetFiiogdBr.&s.ecWarmomer2.W®i;nters al most un
BBCH51 and BBCHG60s U bskeitgh#g58WO SR t hough there was \
in time to BBCHS51 within individual varieties,
confirmed that warmer winters delay time to BBCH

a robust response seewrenitis.i ndependent experim
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To understand how winter warming affects plant d
a proxy for bolwadrndya ntd ommetvrdaelit evte ietdsa rocnh 320022, t o m
the beginning of spring. In nearly all WOSR vari
height. ThdoeontWodlRcat asts bolwardm8dSrRl ipd Ring ba A

3 .61 .

[o2)
o
]

A lp=0.008 [ Height Unheated
704 L I Height Heated
: p = 0.020
60 ] p=0.010
p=0.174 p=0.961 p?0.001
T p = 5.5E-4

p =0.036

p=0.036
: p =0.051
' p=0.023 p=0.014 p = 0.399

Inca
POH

Huron - E—
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Vision gy

Temple

Height on 30th March 2022 (cm)
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Huron x Navajo

Castille




Figwre&ln ear |l y '$vparricnhg 2(08202Wiornt e rBrtayspsei ¢ aa mimapl dlsea n

B. naguewn unwlienmt ear war mi ngMdtrread sneB8e &) i oPl a2t 2)hei gh
di fferences at spring bolting. Studentodés T test B) In
i ndiwarn rderreat ment plants, | magerstpwalhhsbl Wai baer bandi sa:

20c,m 6 per genotype.

To under stand how wi Bternawwmdsmidey eladpmrents | ScCC
devel opment for three replicates of each variet)
scale at the st®WMatcbf26pRingnoal BOlinewaemeept T
WOSR plants were at an earlier growth stage, be

hidden by | eaves), BBCH51 (fl ower buds visible f
| evel with yolkingg@rsrd ¢ e mp aocsdtWOBIR b.lCdn tWDIR
plants were more developed (flower buds raised &

in an independent year WOSR bud devel opment is s
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51 (Detail)

Principal growth stage 5: Inflorescence emergence

50
51
52
53
55
57

59

Flower buds present, still enclosed by leaves

Flower buds visible from above (“green bud”)

Flower buds free, level with the youngest leaves

Flower buds raised above the youngest leaves

Individual flower buds (main inflorescence) visible but still closed
Individual flower buds (secondary inflorescences) visible but still
closed

First petals visible, flower buds still closed (“yellow bud”)
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B Development snapshot: 30" March 2022

Huron x Navajo Excalibur Inca x Contact

Rocket Tapidor DH Vision

Fi gBrr& | or al bud doefvewionptidermts yipeai <n agplicwielrowi ng a war me
winter compared t oSaampd cerst rt@k evaihn3tRQOr2BBCH Bui dea ptus

bud devel opment, according to Weiber and Bl eiholder
representative of replicates forwdrmmtdnrelaitrmmenandntdr ed
i ndi catndtsrcelat ment . Photos taken from 20cm abdW%e buds
March 2@2Mepwuds generally more compact and | ess open,
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To understand i f delayed reproductive devel opmen
the final pl ant height (cm) of each plant at m
bet ween pl antwalr@ieghotn tvraw litehtei es f or aHilg BNGS R var i
This indicates that winter warming delays WOSR b
ofvar meari eti es cavoalvegliwepg iwist tbef ore maturati on.

to record when this happened.
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Fi gBr&Wi nt erBrtaypei c av anraipautsi es s how no difference in p
whewarened after f | damalt hieh(0220224dl¢ x p@Memboids SesAlYiPBoaurz. 2)

representative WOSRrimemeésnicreqlp acianes. Metre rule in |
every image (brown stick). B) Each WOSR variety shows
ns indicates no significant diff er enmc e6 dpeetre rgre nnoetdy poey

To understand whether del ayed reproductive devel
varieties in the repeat experiment | harvested p
area per pod and total weight of nms etehdes spaeme ploodc &t
under the same condi-t e®ngswetdoo tae sstt ufdoernt disf fter e n.

treat.meMda sWOSR variety showed any significant di

seed tFrigiBr8l .( However, thebeéel wagy Whthenvahiae r |
indicates the study size was l' i kely insufficie
measures, so | cannot make conclusions about t he
yield.
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3.4 Controlled Environment Room Exper.

3.4.1 Simulating growing seasons in Controll
shows that i n wdaremer iwi ndtedrayyed reproducti ve
Hi storically, war mer winter sB.haweap bkesn cdBadwn at e
2019) . I wanted to understand whether wvariation
explained by differing temperatures between t hos
confirm that temperature, i nstead oonfg odehteerr nail ni aanst
final plant vyield. I al so wanted to confirm tha
conditions that would be seen in the field.

To do thasd bcsdmxedOSR varieties repreBennapuve
cultivars in simulated conditions from two past
Rooms (CERs), adjusting temperature profiles bet
variables constant. | -thogeowiong i €168 &8ld eg rtohveien2g0 1
season had a compaFagB2@®| gndobaddwi héeehi ghest yi e
oil seed rape in England since 1999 (-6 0hadnaes/
comparativel yFiwpB8ind wamd ewa¢ foinvee olf o wehset yi el di ncg
winter sown oil seed rape i n Engl and since 1999
Environment, Food and Rural Affairs, Cereal and
sown Oi |l seed Rape i n Engl and, 2022,
https:// www. gov. uk/ g o vaenkdn nhesnetefule toaltuicd tiiomg /. cer e al
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warm | ow yi ellédi(nrge d20 1gsr owi ng s easyadrel an dilglt Rgelado | hi gh
(bl demperature data taken from weather station in Col

2.1.2.3), GDD calculated according to Methods Secti ol
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I n the watlfhegr @@ilbg season time to BBCH5Mland BB
in al most BIOgOBR@ari enlic2odviebri eti es took from 3.1 t
BBCHS51 after soWi,ngaltthtacmu R0 1t0Oher e was dnaoy ssitgoni f i
BBCH5 Wi si on. Whi6 eTempl2e0 1t5oo0k 8. 9 daysFilgounger t ¢
32). 1 nRl620all5l varieties took |l onger to-lleadmhm oBBCFH
11.9 to 26. FiggadePe .| dmeed ehgth of the difference

2021156 and-120wé@s | arge, for example Temple reache
201156 tha#1120D0fferences this | arge in flowering
exposed troosstpsrianngd fchange the environment for se
i solation would affect final yield. The variati
there is a genotype dependent response tos winter
that the warmetitb6bwdetayedffROWEring i n WOSR, mai n
BBCH51 to BBCH60. This also indicates that real

del ays to BBCH51 and BBCH60, al bwarnmilmag gexpdareil meg
performed in polytunnels (Section 3. 2, 3.3).
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Fi gBR2d&or al IBrWOsSsRi ¢ av araipeutsi es, except Temple, time to
was |l atefl6if shoOWwsn i n rleld)( sthhobavn ViGollM Inue) ot s show dat s
Date from sowing as floral initiation date not <checl
st udetnd,sst tQber genotype.
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3.4.2 THé& w@daitmer winter |l ed to | elteri nNSPP con
varieties that set high seed in the CERSs

To determine i f the del aykidg @Regpriond-1BQl vempavedop
2 0 1101 , al so causes reduction of key measures of
weight (TGW) (g) and seed per pod (SPP) of 20 r ¢
on each plant in both sigoli &dtednyedr § fteddte cvei tya
Wel chds correction) bet ween TGW of FeiigiBredr2 gr owi
However, for SPP, Temple and \VSPsPi o-finl h2e0dla0d 60 1L 5 i ¢

(studedrets@s, tp = 0.0219, p = 0.045, respectivel y’
Di mensi on however, SPP is far | ower than woul d |
seasons show very | owsSPRerkomwetrkesewear itdtain 18

raceme (individual pFiagn&2sg mahke dhi ghlpi gkt $§ na key

of CER experiments, where some plant varieties,
not representative of the field. Fertility 1issu
experiments in tdrey.PeTnhfiiselrde duacbeosr adur abil ity toc
processes from these varieties. However, for vV al
Temple and Vision, this suggests that temperatur
suffitoi emtuse | ower SPP, but not TGW.
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i gBR&ari eafBeassi car en;aipluisent to yield defects seen in

oms (IC&ERg grSextdsr peSPHoad QER si mu2 @110l1o n h@&fhl56 .

ed trait diffefléénde e d)eltdmaecr W21 = St uwietnh Wel chdés cc
r significance testingsfiWwWhede posntsPrOdO0bat i nkdidy
able to form the f uyl |t a2cOe meo dnse edre d te if @,pnm d4i0tresgl
notype
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3.5 Discussion

Vernalisation has been described as the promotii ¢
period of prolonged winter cold, typically of o1
and 10AAC igmBi mpson and Dean, 2002; Hepworth and
i . t hdlaisamehown that after vernalisation, war meé
t hr oughotttog ertihoed aambdi ent temper ateur &0 8t heawa( Sa
al2Q07; Ble§ z 06 3 ; Eutmadl2,;, ePoa®.13) . However, rec
was shown tBatnawo®® proceed through the fl oral
(O6 Neeti 12019) . Her e, I show that contrary to exp¢
transition delays flowering in WOSR varieties. I
foll owing the fl oral transition, thare assoal abe

with KFieBd® This suggests t-Empemnbhtuméedi posbon are

wi nBernalpwe!l opment .

3. 5Wilnter warmth delays flowering in WOSR

Crucially, I show that simulating temperature

phenomenon, is enough to sSd nf |WOAR vdaerk defteiaehsd d r ¢
by CER fer (Fiilgi®Ry® Tihsesskeesgr owi ng seasons differed

after the time when WOSR is assumed to have pas
3.20; etdb N0ill9l) and resulted in siThri fti wonamptasdelga p:
seasons recreated here repréeddtiedy lyiesatresr ism Hihgl
del ay suggests the cause of these | arge yield di
alorFrer instanteé,pliant291600k from 11.9 to 26.6 d
20110lFi(gB2%. This was -damyavieomger 1tOhan equi val ent
the polytunnel experiment in either treatment, e

to BBCH60 would shift the temperatures folrdseed

Thi s del ay i s l'i kely influenced by war mer s p
devel opment -liln CtElReg 32®1Tthe gr eater fl or al del ay i
than polytunnel and glasshouddacdedxmdr inge wisntrmay t
treat ment in the CERs compared to the constant
experiments. Whether winter temperature is const

vernalisation a plantotwiulnlr eax paribtéhescte ,of lwicss iudmefi fse
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could also influence the chilling requetemént f
2016,; Tetphzaldn 7; eZh&a02Qa) .

This highlights the need for representative exp
may underestimate the extent of floral delay fro
fertility issues resul ti g giBr2 2an Wen al isloi trye ctemtd g
that in a field experiment on the WOSR Cabriol et
war mi ng, this supports the findings here,- althol
day deleaya@QRB), which is representative of the d

diversity set experiment.

3. 5W@SR warmth induced floral delay resembl e:

The necessity for wi nter cold to accelerate f1 ¢
WOSRohysiologsembl s perenni al bud doBmamay.uslt
demonstrates bud dormancy or whet her the del ay
war mer years occurs by another mechani sm. Howeve
t hBE. napwgs er bud physiology and per enbnuidasl fboudm dc
before wiwitetrleirddafngnewl y e meprrgoendo t e dss priinmgg fl
independently of the comitg®r)é& ofSimheé affll gr ali nt pam e
form before winter and then remain dormant wuntil
cold after bud initiation is required ®mO18breakt
I f there is insufficient chilling peetnallaj) .spec
This in turn alters the time of anthesis which
and seed sthatcit mpast eti €ed0d 9 HA® &ri ZabsloP) mi Ilnar |y, i
B. naweuss,howed t hat WOSR Cabriolet floral structu
wi nt erest (20w 2) . Crucially for perenni al speci es,
determines the cultivation boundaries of perenni
(Yamato 2010 ; Aeki ad4ag) . Limited soBt hemrampsusaul t i v

predicted consequence of war mer sunemerz0 li8nducin

evidence here suggests reduced winter chill i n E
optimal cultBvanapuans!|imits of
Winter floral transition appears common across

brussel Bs.prooluetrsac(leae )v,arcaBeargod (e aBeaeapitata) a
per enM.i adlamidna | wi &t aundergo the fl oral transiti
before spring (Stokes eatn da0VWer; k elreki0 119)5.1 ; | nvhengd |,

basis of the harvestabl eB. c oonipeornaecneta iovda ra @buaitariytoi
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inflorescence buds. This suggests that, at | east
by a period of overwintering floAs|l shwlkist mayt be
undi scovered secondary rneagyuiarl esnoe nbte fiomp owitnatnetr i cno
I n wheat it has also been shown that l ower wint
(Di »an2a018) and are associated emi tE9 9i)g h eArl tyhioaulge
whet her there is a pornteynitelad pemanlaimy ydwsritiamgeg, war n

annual speciks mapwai hbhanho be determined.

Crucially, breeding efforts over the |l ast 40 yea
trees with 6low chillé requirements that can st
et 2a013; Catmpalyl 8 ; eandah21 Ferentanzde2s3) , i ndi catin
bud dormancy is a genetically adaptable trait. H

within crop types and between crop t¥pgsr)én t he
This suggests gbmnetthevaeriatabsoin the presence
i B . n abboauvse v er more work is needed to establish

this developmental del ay B.ndwudpedis by winter war mi

3.5Wa3r mt h i nduced bud dormancy i 8. anppuenti al

yield | oss

I n perenni al trees, i nsuffiei earsts oc hyiailkedel ddo fdi echl & rnv
through many effects including reduced bud break
a |l ess environmentall yetf az0oludr)d.b ller hiesnei At ki naaon
this potenti al bud dormancy phenomena relates to

agreement with a previowsg @&6deOgh atdhiavte tshteu dsye e(dB ry
parameter of TGW iws nt eduaoad mi NWOSeRx pvehré mMmema d d nar

exposed to warmer than aver a(gFei Buertep pr at ures i n e
Intriguingly, in the diversity set experi ment,
BBCH60 from bud warming are also |ines that have
warming treat ment, e. g. Samour ai , Catama, r dipei, on
only WOSR that was statistically accelerated to

of the only WOSR varieties tcloattt rselaotwieedyp Briegkduced T
This suggests that the requirement for bud chil
directly associated with fl owering time and yi el
of the requiremeBt haopwdswi mtnedr idheinltli fiyn ng vari et
winter warmth wil/ be i mportant to adapt WOSR to

needed to establish the reasons why poor yield f
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3. 5T.hde variability of respBansneptuss wi nter war |

The variable response to post floral initiation
effect seen in bud warming. Whilst bud warming d
with yield | oss for most WOSR, bnuedn tw ai rnrmi WO SaRc caenl
Swedes but has varying effect in SOSR, both adv:
(Fig8rd). The extent to which bud warming del ays
ti ming, such that early d l[toawetli aogerliimesbyr go atcc

warmth while |l ate fl cwegmBirmBg .| iThes ameldelagdyed f(l o

which control fl owering time in botBnaRiltntder and
BnaL®enes eWam@ll;, Caledemm@@d@d; Caétdeandwloldlhi s
may explain why some | ate flowering SOSR lai nes

short bud dormancy stage may have beefnl kweerti nqg
| i n(leisg Br.8A)I.t hough, i tSOSRrad sonrld kpdrnysi ve as t he:
photoperiod for devel(dpmerdtt mmmtd tSenmpmvdroant, u r2ed 0 9)

3.5.mplications

It remains to be seen how widespread this phenol

crops, or whether the reproductive delay and yi e
dor mancy Bs.t angaep tienwever, our <current wunderstandi n
i mpact agricultural yields is informed through c
oil seed rape, many of these modcddlep PToLme svamrmaln
modatcounts for the needpifrog WOSR ebru ded | (iHdRHe daetvtee
Del i gétosabd1l2; Wey mard 15) . | f our crop models are
under est i meotrilndg orueaalomes of <c¢l i mate change. Thi s
rice and soybean, where crop models wunderesti ma
( Wa neqgt anza2on) . Therefore, di scovering and charac:
response is important for climate adaptation eff
mechani sm contrfdlolriadng imd ti ation chilling requir
WOSR varieties resilient to warmer winters. This

of this thesis.
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Chapt.&en4tic variation i n war

fl ower bud dBorransasniccya innapus

4.1 I ntroducti on

B. ndamsess been bred for different environments, th
of unique crop types and g8nemniv@udertii eetsi.on na cCrhaas
uncovered phenotypic variation to the response o0
Ishowthat temperature after the fl oral transitio
al poesent evideaecwi hhat temperature i s important
B. nacpounss i st ent with past etomr@dl7at iBvteo viasht 1udd)i.es (
Therefore, understanding the genetic mechani sm

phenomenon will adepiBnpordtwammt cfhoarngi ng environmen:i

A range of molecul ar genetic techniques have bee
traiBs mafpars.i nstsamgeaparati ve twansani gpenpac e

expression profiles of variteda i asadewmi gthandi ftflree en
phenotypic. dBi.uf frecppump @r ati ve transcriptomic studi
genetic control of traits as diverse as root arc
(Duent 2017; &Mana016;etWuall6e)nomke Wi de Association
(GWAS)alagemmonly used to find genes associated wi
by associating phenotypic variation with the pr
(SNPs) across a popul atioB. oidpwensucaesefueby G
genetic | oci influencing traits such as plant he
(Het 2017t LRBO14ptLRAO16; eHel20I12]1; eWeBRO016) . Mor e
recentgene expression marker (GEM) analysis has

mar kassoci atedi wst bBriasspeastesieftHaaOp2r Woodhouse

et 2021 ; etFead23) . I n GEM analysi s, a transcript
reference and the number of reads in RPKM (Read
mapped reads) is recorded as the expression | eve

traié¢ &madugene expression acagmswss ead stea iode nvtarfiye
associations between gene expression markers anc
transcriptomics, GWAS and GEM analysis are al/l |

control of key tr piecs eaf interest in crop s
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4 NMHypot heses and ai ms

I n this chapter, I investigate the genetic con:
response to winter war milngi ndveessctriigbaetde itnr athhsacprtieprt
bet ween Castille, a winter oilseed rape that den
under warm winters awidntNernggiobluSeed rsaeprd t hat S
reproductive devel opmentt aandrede watraan dvi maree about

which warmer winters delay fl owering.

Castille and Ningyou?7, the two varietimwdsntiemvest
variety, mSSekspecitveebyeedi ng pressurewiheedrtso ftrioen

wi nttelriss i s poadmbryelldyendes and its partners and regd

that the difference in response to bud warming
di ffer &ndeesnei f unction, their known interacting |
I n Chapter 3 | identified variation i B. waamuwint

Herien addition to compadr atsievea tGeannosnter i Witdeni £Ass o0 cC
(GWAS) and Gene Expression Marker correlation ar

fl owering time in respoBsassocwi napusbud war ming

4.2 Transcriptomic comparison of bud v

4. 2.1 Transcriptomic responses to warming in

fl ower buds

WitBrassicaheapus s extensive variation in the ef
time (ChBRipge@Be 3zand a stypeaegetfeptFi(cCBept eTrhi F;

suggests the temperature response i s under genet
of fl owering ti me I genersaetqgegd dan aRNArsd egu erfc a e(vl

buds fB.r nawldsi vars which demonstrated opposing |
war mt h, selected using ttehre 3d.atCa sdteislclrei bsehdo wsn dCehla
devel opment after winRiegdmnwaga)y mthut pNi<n @dy W7 )s Ho ws
devel opment (Fp g#Ar.€L) 00 it)huss the differences bet v
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responses of the two varieties are I|likely to I

mechani sm.

p=1.38E-7
1
20 5 Accelerated to BBCHG0
{ by warming T
c
o 15 4 L
® |
£ 10 -
= |
5
(TH 1
eI 0
o ! i
= T
o35 -5-
32
T |
(@] =10
a4)]
@ 11—
o -15 4
m -
>
® =20 4 Delayed to BBCH60
a =
by warming n=12
-25 T T T
Castille Ningyou?7
Fi gud.el. Wi nter warming after bud devel opment del ay

accelerates floweriTngiing Nifngyos? fl ower emergence (
war-tmr eat ed WOSR, expressed as days after floral i niti
for by subtracting the mean time to BBCH60 Dni war med
the control treat ment , such that values below zero |
and values above zero indicate an acceleration to

determined Hysdgtudents t
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As WOSR flowering is del ayed byFiwa¥rmde)r, tle nopoempaa ru
the transcriptomic responses of Castill e and Ni
gl asshouse and plantesomipiodlyaiumercd!i f Mean homisi tsect i
series experi menkRi gpgdre@) t wii weeks7 (was sown after
went through aftl oar asli miQiasrt Eliymden €)s.

i — o _ S

lll

Floral _ % Glasshouse 20 °C Day 16 °C night
e "\
Initiation «»
~ Wil —
ﬂj}g‘ o AN A
Unheated Polytunnel ambient winter temperature

| | |

Before Treatment 24 hours 7 days 14 days
Castille  25/11/2021 26/11/2021 01/12/2021 09/12/2021
Ningyou7 18/11/2021 19/11/2021 25/11/2021 01/12/2021
Fi gur.e. Schematic to represent the sampling schedul e
seri esEaah apl ant and ti mepoint indicates when the ape
four timepoints (before treatment, 24 hours after t

treatment) and two compatmwiaveheenvi ronments (

To identify any differences in the transcripto
Component Analysis (PCA) on all Faqplrh 8sA)f r P 1t h
explained 16.5% of the wvariation and separates
10. 3% of the variation of samples alFti lgdug@m)no cl
This suggested that Castille and Ningyou7 show d

To understand the transcriptomic response to win

Castille ti mepdir BtBg .omPICyL (expl ained 75.5% of the
transcriptome, PC1 separated war med and cont r c
temperature treatment is the main cause of var
expl ained | evsasr ioaft itohne (t70.t4a%) of Castill e ti mepoi
explaFngdr @B) . To understand nse dfr aMiscgy @i d mi o
war mi ng | performed PCA fBrgWnid@dgyouPClamxlpeaai ac
16. 5% of wvariation in samples and appeared to b
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separated fromFilpdre@Cls.ampP€23 ¢éxplained 14% of tr
and appeared to separate s amipg dersd @G)c.c o Hdii sngs u g &«
Casthdal estrespgeamsodgt or al tiemmpteir&ttuomgy ydooue7s. n ot

Next, I performed differential gene expression a
| mpul seDE2. | mpul seDE2 was chosen to compare tt
ti mecourset(BO0OsS8herCastidi ef BadntiDallbgafefxepcrteesds e d
by heating ovedi ftfiaree ratnida I513y0 Biei xgpuree st sdeidQ apget@ili)sl. e  (
By compari son Nidigfyfoaur7e mtaied &g ee r esponse to warm
1197 wudifggberentiabkepnaeaxprespvade FRioguwaDni.ngThi s

indicates that in Castille a |l arger number of g
war ming than in Ningyou?7, or a |l arger number 0
warming in Castille than Ningyou?
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A) PCA of N7 and Castille _ _
Genotype @ Castille A Ningyou7
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Fi gudr.e3. Heating causes significant transcriptional |
most transcriptional. cRangeispalh Nomgeowerdt anal ysis to
response of Castille and Ningyou?7. A) Principal cC on
varieties. B) PCA analysis ofw&rardainjlfe@.PCRCZX erpa prsead rst

C) PCA analysis of Ni ngyou7 timepoints. PC1l represe
Differentially expressed genes (DEGs) bet ween Castil
time, derived from I mpulse DE2 analysis.

4. 2. 2. Bud-adsomamateyd genes are differentialdl
bet ween Castille and Ningyou?

To further understand the different transcripto
hi erarchi cal clustering on the gene expression
(Fi gur & A) . Hi erarchi cal clustering confirmed the
affected by twampendonteéegnep® i nts clusFegadesdpdBa
I n contrast for Ningyou?7, samples clustered bas
were obtained from walfFmgadir.erB) corlmthi ¢l i@l adnutrst her

Castille shows a transcriptomic response to warnm

El even clusters were i demnmgtdirfdiAed fEracrh tcHius tamalsyesy
expression patterns according to genes that were
times and showed different reBippusdéd)t oEabk bEka
was assigned a Ocl uBit @udAh e hdeevsicorui rbd ntga gt hien associ
upregul ated genes with the respective variety a

Two of t hese el even clustens tshaotwed x gixpireesd i a

transcriptional responses of either Wiagdre@B,; i den
Figdr&8C). Cluster 6 represented genes that were
while Cluster 7 represented genes that Riegwr apr e
4. 4A) .

To understand the function and class of the gene

(GO) term analysis. Cluster 7 contains genes upt
but not in Ningyou7. GO term ansalcglsusst eorf itshiesn rcil
genes involved in the response to aklksdiisviad edci
signalling pathway (GO:0009738), <cell communicat
(GO: 0007165) kKFiPr@Aa®OO0OUTB) s (hsautggveasrtmsi g i nduces a
ABA and enhances cell communication in Castille
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Meanwhil e, Cluster 6 contains genes upregul ated

GO term analysis of this cluster revealed that
reproductive process (GO:0022414)000&9uloati posolitt
regul ation of transcriptiFong dd@0.: ODHI50 4i4n d i( PxtOe D O
the course of time floral development progresses
Taken together this indicates that warming ind
devel opment in Ningyou7. As both Ningyou7 and Ca
this indicates that warming does not ABAucdcer ABA
another reason. I nterestingly, ABA is a known |
Further mor e, GO ter ms associated with ABA, cel |
have al/l been identified in transmanpyomh&thaaeaype!
al2018; Vitmoan@l 19) . Therefore, this provides evi
demonstrating bud dor mancy, alongside evidence t
in response to wkihngdrdpudhiwvahmi sgagother hall mar
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!_Fﬂ m l—FH m’iﬂ o\oi:::,e‘ Cluster Behaviour

s2Efo0f O (Gene Activity)
1 Upregulated in All Unheated samples
2 Upregulated in All Heated samples
3 Upregulated in Heated Ninyou7 samples
4 Upregulated in Early Ningyou7 samples
5 Upregulated across all Ningyou7 samples
6 Upregulated in Late Ningyou7 samples
7 Upregulated in Heated Castille samples
8 Upregulated in Unheated Castille samples
9 Upregulated across all Castille, more

upregulation in Castille Heated samples

10 Upregulated across all Castille, more
upregulation in Castille Unheated samples

1 Upregulated across all Castille samples

Downregulated Upregulated

e 5.\‘h UHO: Unheated Before Treatment
UH2 Ningyou7 UH1: Unheated 24 hours
E)J UH2: Unheated 7 days
UH3: Unheated 14 days
H1: Warmed 24 hours
B Castille H2: Warmed 7 days

U1 E}r H3: Warmed 14 days
UH2 106
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C Cluster 7 (Heated Castille)

Cluster 6 (Late Ningyou7)

Cell communication { (@} Regulation of post- Py
embryonic development |
Signal Transduction | L4 Reproductive process | [ ]
. Count
Regulation of Signalling | [ ] Regulation of Flower | PY n«p
Development ®
- . o =
Response to ABA 1 [ ] Positive regulation of | PY 0 -
transcription o -
Response to Alcohol ® Shoot system development { o . 0
Negative regulation of | PY Meristem structural
stimulus organisation | o p adust
ABA-activated pathway 1 [ ] Cuticle development | 0.00015
Negative regulation signal| Waxbiosynthesis | o 000010
transduction 000008
Negative regulation of cell] o Wax metabolic process | o
communication
Megative regulation of | e E_atty at;'d t_jerl\.red {e
signalling iosynthesis . ‘ | ' ‘
0.020 0.025 0.030 0.035 0.040 0.03 0.04 0.05 0.08
GeneRatio GeneRatio
Figudr.ed Hierarchical clusteri ngaronian@acrtitlidhee poondht Bi n
reveals floral devel opment progresses in Ningyou7 bu
dor mancy, may be aA)t i MWieeri aar cCaisctall lel.ustering of ti me
transcriptional categories of similar gene expressic
genes in each <cluster. Mean of three replicnagtes for

separates Ningyou7 timepoints according to time and
Gene ontology analysis oGenel uRsatteiro & e@d ed c e htos gtehr o6 . t
Differentially Expressed genes (DEGs) in the given G(

To further understand how warming affects Casti/l

patterns for individuwanld NdmMay eI adeld Castillre T
filtered cluster 6 and clusteratZvedoovepetimeci ge
response to heating but were not in Ningyou?7, .
bet ween varieties, and were associFatgetd &\wWi.t hl hteh e

dormancy assoRORMANBHSME ATED 1®GRWML ABA signalli
gen B8RANCHEDBRC)laan&dBSCI SI C ACI D RESPONSIWDI NIGEMEN
FACTORABRHand the ABA rRBDPD®ngdr §e¢neéencreased in ex|]
response to warming in Castill e buBtRCdindd MBtA i n
bi osynthesis genes are invol vetd Z0n 8gud |cdo randadn ctyi
call ose syiGLNLARDY yJTeHASIEKEGSL Jias more highly expr
Castille than Ningyou7 and expressi(Bnguwraes) r ai s e

Call ose Hheasst aablweslhled rol e in isolating dor mant b
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synthase is performing that functi ddin GHAB A Ot cl e
| NDUCEaDn 2i(HA ), HA)2n ABSCI SI C ACI D RESPONS8I WBI| RIGEMEN
FACTORARFPHZver e expressed in both Ningyou7 and Cas:c
this wupregulation was oRilguwumAa) nt §hned sugg€atsil

signalling genes may either be upregulated follo
varieties, or signal during a tr ansieennts udsotramannecdy
in Castille. Taken together, the gene expressiol

floral buds -kinnodwnc-eAsBAat wédl bud dor mancy modul e, wh
function in woodetp2a@ E&Nni als (Singh
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