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1Li terature Review

1.1 Beedl opimme ntthe Br assi caceae

1.1.1 OvdBrwisswealfl devel opment

of all the agriculturally relevant crops, few
Brasgemcus. The various subspeaoiassxlcimbdi vati eméedows
variation both vegetatively and reproductively an

in theBwas#fibwba®s diversity isBrepsiesenwleidcthesa wi

accounts for many of the crops grown in the Brass
sprout s, broccol i, cabbage,(Moaddirambmi , Claadblé.a, a2l
Brassida)napudg he second most economically i mport e

(FAOSTAT, 2a0nmd8)i s particularly i m@duritlalniton nd odalnaardsa ,

Canadian economy2@h,d0 @G mjecothdai Counci |l. offheCanada 20
cultivat &8d fma@mpeasrod! a, was developed in part at t he
oil seed with | ow erucic acid and | ow glucosinol at
gl obal i mportance as an oil seed. Despite the reno

ot he seed is understudied at the B.narisogmiana l and g
all opolyploid formedBby(#ba ddyd oi(@édcpaarippnoaf mat el
7, 51020, 500 y(eCarasl haoguob et Téhle. ,r esQul4a)was an amphidi pl
contains both constituent diploid geBomaspusffect
( MAACC") is therefore a globally important oil seed |
few studies exploring the genetic regulation unde

through the | ens of polyploidy.



Seed development is a complex and highly orche
coordihbat ween gene expression damd pamapteo hiyc @lr grand iz
nourish, and protect t e aagmsbrbfitdvegihiiet Bgamsentageace

campyl ot(rwiiptonust he chal aza and micropyl e adjacent t

(single epider mal nucel |l us loavyuelre ss u(raVo)u naddijnogi ntehde t
nucell ar epider mi g Fatg utr(ldé 1ckHignl saozna.l e Ffoaslke. i, | i2Dd19i) on ,
proliferation of the outer integument places the

another, shifting to (a8t hamedghizt reapads ,p dQi%thieonSki nn

embryo proliferates and develops in two distinct
Mor phogenesis is initiated when the zygote first
basal <cell and the apical aced |l wi tTthien |talheg emi dras@my | ¢

the progenitor ceBdso§ e¢thealhwes p2ndeHHae)r api c al cel l

cytopl

o))
(7]

mically dense and divides to form the emb
to the distal end of the basal cell, and proceeds
di vi sions forming the&zZglldb wltaarg eee mblrhyeo EaPt otrhgeani z e s

gl obul ar stage (GLOB) to tranditgiug)ie ilDuroi nd et hiesar

transition, the cells at the apex of the EP divid
The rteastage is characterized by the delineation o
apical meri stem, the root apical meri stem, as wel

position of ©®bhy tvlascandtaufr et he heartt het eqd itrree YEP

the plantds tissues. The heart phase is followed
transitional phase of seed developmeni(Belommrice i @ty
al ., .2Ma3a)rati on begins once the EP el ongates to

deposition of storage &dthpdrdasc taenrdi zpirmg etimes manti Uriea tg



Once the accumul ation of storage reserves compl et

seed stage (DS), wherein the seed desi (cNetlessonand
et al., TRO@4&)processes necessitate strict control
components of the seed, which adds further quest.:
and coordéesnpaeciioanl | y i n species with lesxeteednss.i ve st or

|:| Funiculus
Embryo Sac

2 |Bl chatazal seed Coat (czsC) Ml Emory
2 Bl outer Seed Coat (0SC) = 5 ;waolprzpzr (EP) .
I [] inner seed Coat (ISC) = icropylar Endosperm (MCE)
é . Chalazal Nucellus - |:| Peripheral Endosperm (PEN)

Il chalazal Proiiferating Tissue (CPT) Bl chalazal Endosperm (CZE)

GAMETOGENESIS MORPHOGENESIS MATURATION

Nucellar Embryogenes_ls, patterning, Deposition of storage materials
development and and establishment of and initiation of dormanc
fertilization symmetry y

Figure 1.1. Seed development ofBrassica napusSeed development is initiated by
gametogenesis, when chalazal nucellus is subtending the newly formed embryo sac. Post
fertilization, the EP enters morphogenesis and the CPT proliferates intramarginally to the CZE
and CZSC. The ISC and OSC elongate anduse at the micropyle immediately following
fertilization, sealing the EP off from the outside. The MCE, PEN, and CZE form a continuous
syncytium during morphogenesis. Gradual cellularization occurs throughout seed
development, and by maturation the MCE an d PEN have cellularized. After the deposition of
storage materials has finished during maturation the seed enters dormancy.



1. Subregions of the seed

The genetic diversity of the seed i sdwinteh otfhrietes m
highly distinct genetic identities: i) maternal,

accommodates this complexity iisn osneee do fd etvheel oopvneernatr
research. Further mor e, many regions of the seed a
complexity of the structure. I n the Brassicaceae,

subregions including ohteli naeed seeat cPC@FC)Y | SEhal a:
(CzsC), and the chal azal proliferating tissue (CP
mi cropyl ar endosperm (MCE), peripheral endosperm

the embryo prgpelke. (EPoh (0of these subregions have

uni quely to devel ogmBehnmoint eArabiadopsi2®13a)

The integuments of fl owering plant ovules fuse
fertilization. Despite the similarity between the
and the asymmetric growth of the twoenitnt dgwu mehret s
Brassicaceae, the outer integument proliferates t
sac, subtending the developing inner integument.
autonomously from one anot heent alequraodmamgitid etr lreai
el ongation in ovYGdendetvehlopme®l7FuBt menmetealthe.
which acts as the receptacle for the nucellus in
the cellul ar and (uMitlrlaasrt reutc thlirea,|C 219€lvoealgs adj acent t
and,Briars si ¢ceax tneanpsuisve pl asmodesmat al net works conne
ti ssues enhancing both apoplastic and symplastic

Additionally, the subregion has abundant endomemb



storage products as well as communication. The <ch
its independence from the rest of the seed coat a
bet ween the funiculus and the Idiee®ltolpe nQP B,eeldoc Dt «
intramarginally to the CZE and CZSC. The precise
Kknown, and its function has not been characteri ze
in the Brassicaceae, benienage d(iimdenpustaiiviegaibm diolpes i Ga me
while being comparatively maSstsainlecaynad mos h t mpoflha
the oil sBeds sBft adgdbsechul z and Jensen, 19DéspBtewn

the apparent complexity and i mportance of this su

The endosperm subregions and the EP comprise t
di stinct. I n angi osperms, the endosperm forms fro
sperm nuclei from the pollen grain falséingwiwti hHihn btol

embryd Zhang et.Wiat hin20R2€6&)Brassicaceae, one hapl oi

two haploid polar nucl ei, for mi n(gBraownr ieptl oaflH. e, e nld9o9
endosperm then proliferates through karyokinesis
that wholly encircles the embryo. As the |1 SC and
the endosperm adheres to the i nnserposiuntf,acteh eo fe ntdhoes
can be described as three distinct subregions: th
adhered to the micropylar pole, and more specific

adjoined to the EP i n ecarmpyr idseevse Inoopsnhe notf. tThhee ePEIN s
the periphery of the seedbs | SC. Finally, the CZE
chal azal pole is directly adjacent to the CPT. Wh

entirety odredilonshreeel Iswl ari ze as the seed matur e:c



mi cropyl ar pol e, addkper oomwde dan itrowarwissvd he chal aza
consequence, the CZE cel |(Maarsifa ed dl athnel iBnm idevegl ofd
al ., .20h®a)subregions of the endosperm appear to s
a8el monte agtepalrtedadhbdei ptCZme i gf dise i nct from t he
and PEN, which both share more transcriptional S i

do with the CZE. Further mor e, the CZE was-shown t

enriched genes immemntr.l yAlsteege tdlreevre,l ot he chal azal er
more investigation into its functions coordinatin
1.1.3 Anatomical diversity of the seeds of

Considerabl e evol uti onBr §sgda nsuhsa Afircred ris, & @aars da ¢ beys  t
extension, there is notable diversity in seed ana
Brassicaceae is sister to the Cleomaceae and is ¢
307 ranked genera and 36mMbGts paciidsy. dTihvd de dt rbiybd d n
outli Frednzhe ethat .dekROddberi mary | ineages within
varying taxonomic resolution. Lineages | and |11
Br asiss craanked wi tAriarbildienpesaugger elnlt,l y assigned within
di stance necessitates consideration when interpre

the Brassicaceae.

The subregions di srcansag eodni rraildry arned diefvfed op ment
Brassicaceace. I n particular, the chal azal pol e of
in tribes belonging to Linféagerlee @indn@drond@wms i n
(Lepi,ddaeneage Ar)amisdofdps(eslsdmel i neae, Lineage | ) &

similar chal azal anat omy, with a smaller CzZzSC and



cells, which are morphologically in@@Nguyentefram.

2000 a; Brown eA sadant 20QRTEaiyss ienHusme pseeedenr, Li neage

is compounded with a compressed chal azal chamber
the CPT demonstrates this diversity across | ineag
documented species inithénBtaesicoadeasgegdecbnmal wzal

Erysi(nBrmown et . aConvB0@Qdsbpgecai es (Brassiceae, Linea
a highly specialized CPT, with numerous | ayers of

from the chaBazalapaya®BlLohaplaseamonstrate this un

mor pho( Brgoywn et al ., 200.4aT,heMiel Isapre ceite salar,e 2t0Ohle5 amo
within the Brassicaceae, and as such investigatin

subregions is of high priority.
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Figure 1.2. (A) Hypothetical model of genome evolution post -WGT. Ancestral genomes

undergoing triplication will frequently experience subsequent asymmetric gene loss, creating
distinctive, fractionated genomes. (B) In the Brassicaceae, Lineage Il (containing the Brassiceae)
awhole genome triplication ( WGT) occurred which has lead to the specific genome

fractionation within Brassica. (B) is a simplified version of the phylogeny presented in Franzke et al.,
2011.

1.2 Polyploidy in the Brassicaceae

1.1Zenomic archiBeasgeeasf the

ThBr asgsemcuws i s founded on several ancestral get
whol e genome WGD¥diocaitnemntse d( wi t hin tBreasgé@omcms | i nea
hatswoni que WGDs. The first occurred approxi mately
di vergence of Lineages |, 1, and 11, and is thu

(theAWSGID evEehitdanzke et Aluni 2wel lvaho!l e @Q@W@D)me tri pl i
foll owewd thtin Lineage |1 and is shetyésak eb ahe, BP
Thys Bhasgednuwus has highly convoluted genomic struc:

all opol ypl oiBdbksasggetcteas ncompl i caMesedohérs, fumhée hWGET o0 cC

millions of years ago, and as a result all three
one anot he2A)((LFiiuw uerte all.. , 2014aThiPard&«iiwnerdemde ,i 2004
defined by the retention (or |l ack thereof) of syn
Brassicaceae AgamhomdepGamabi neae, Lineage | ) as the

fractionated genomes only exist withiR)Bt hel aBbruass s
represent the union of three fractionated genomes
investigate both the effect of recent polyploidiz

devel ompmantt,he dynamics of the fractionated genome

I n addiAtriadon dtogrxiss & a | polBy.pln@pdiszastsieeansa,n over a

si xfdalpd i cati-Anx)Brasn Bel | as the all oFettrheitoiid hy

10



known tBat oltgheenaocreea has foll owed a starkly differen
i ts sistBer rsappadilees ,subst aBit & spdri egdeant ee sl otshse Bidni ver gen
ol erfacoBma y apamer ous chromosomal tr &nslobgearnadacmeaas C h e
(Liu et .alThi s20clodnbt)r asts with theSdliamumglsyd opern die
angB8ol anum t(uShodramsacre ae) aPywaellsl baa niathwdamesit i ca

(Rosa¢t8aed et al ., 20wWwh,erWu nett hel s,i sz2®r3)genomes s
degree of conservatibBb.n dlreogpacacdhans Nt mectchr @.mos o mal
~630 Mb i B.sihamagadred chromosomal (Chiat hoabdeitsat+530
and while syntenic genes between the two sister s
structure is not. Transposabl e el emeBnt ol TeR pancaeccac u m
i B. rwapah, TEs in the former (bLeiiunge t3 .adlMh g F2e0algdebn) o me
fractionation of polyploids | eadiB.g dloammaopdaodsdi za
collinear gene sets demonstr Bt emnsplhvet dnt iTdli sr etnan
thdtploi diEE.athagabeen more s8vepoetwliihakmalhhatr ef ai ne
more of t heAawnakistmadutsthre all otetraploid cul minati

with a total hapl oi d (¢Céhmad rheo ushi zza¢ a@fl .~ 1 123001 4Nbh

1.2enome duplications in | and plants

Genome duplications are now understood to be a
and have occurred over many Qt iame eperrGo®mcenmednil O9many
duplications broadly arise via hybridization or a
endogenous chr omosomal pairs (autopolyploidy) or
species (allopolyploidy) to t haet pr7o0oge nyf. elxtt ainst cu

angi osperms and monil ophytes are polyploids, many

11



precedi f@ttmemnd Whitton, 2&ECbhmeedtiuassghyid@ei & )Wei s
details of the advantages of polyploidy are | arge
di verse |l ineages within the angiosperms, includin
Asteraceae, afhdmODcbhhetdaakaeg 2007, Hu an gmaw al ., 2

owe their diversity to ancient polyploidization e

a

ssociation between polyploidy and adaptive radia

with some EeEkamrgepits omts Naolt.abl12y0,18 )t seems that while

a

e

re only |l oosely correlated with a subsequent exp
ugmented in geologic times where there was envir
ndi cat e ptohlaytp Iwhiidlye does not drive diversification
nabl e niche expansion followed by divergent evol
nd/ or are molrte inumeaowuishl e that this additionall\
rtificial selection, wherein polyploid plants ma

haracteristi(Badard speTliiag ei2s0 10s)p eRri aadgdiiywcegme r t i n e |

hBt oleexrhaicbeiat s such remarkable structural diversi
ood crops as it has.

Genome duplications are ubiquitous in ancient
ave influenced all of the extant angiosperms. Po
n all important transition points withds @bhgsakp
ngi osperms), the Chloranthales (lineage directly
he Ceratophyll ales (lineage preceding (diacddtl odi ve
t al ., 2007asReve |l ¢t asl wi t2h0h8)t hd FBmaagkiecatcead .sp

Chal houb et V3@Ds, unldledr)go extensive deletions over

12



are products of polyploidization are -bffenofo2i. 6
milliof0Rgeaaes BHi.s i291@Bgrticul arly relevant in the
a high lineage within the crucifer family that 1is
though the timing of (tFhriasmm zkwe reB. iadiag t aXI0IIpla)rntcil cewalra r
interest as a recently formed all opolyploid that

the WGT, and as such has hypothetically sixfold d
|l ower |l ineages in tAeralBr@€pineh ddheadysrwmemi cashanges

within the genomes of angiosperms are as captivat

that complexity is the crux of genome biology.

1.3%enome fractionation and bias in allopol
Due to hybridization, allopolyploid plants con

progenitors thus forming a new species. Crop plan

from polyploidizations and]/(d&renbyyftieglspeand i.Wermdddlr,i
Triticum arestremm example of this, being an all oh
subgendomeaewtabsvimrmed by the&. hybaidldaoaei oheofunde
or extincthegel api,vsfperdmion g etdhrei ttiectuw na Ptl vori gdir dyu d u m

hybridized manyAggaltephtatdmsmhiihe al Tohaxpgltoivd mwh

(Gardiner .etAlalopol2y0pll50)i d genomes, especially ones

tremendously noisy; they have the transcriptome a
within one nucleus, and consequentl ytheguétitoall ¢
affect the other and vice versa. This biological
speaks to the resilience of plant genomes, but ho
and epigenetically is mostly unknown.

13
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Py

In the Il ong term, allopolyploid plants may und

t ween the subgenomes. These chadwheer & ypn e ad d nyo me
hibits higher transcriptional activigryatlan the
pression of homologs in one genome than the oth
bgenome becomes more necessary for survival. As
eir machinery having |l ess sutandd tar,e utnldies gfor aecttiec
nome fractionation is known toZlkeavdéapglsasyednsa twa
|l ess i nfak eaaurttoipaoll yipPopalllsu $ i kii uhcedcaraga , 2017; Z
1L7) nterestingly, it is also knowndwthreate unbi ased
actionation occur s, but is relatibvebdtlyyphveindbet w
rus br e(tlsic henteiadle.r,i 2019)

DNA met hyl ation architecture seems to be vul ne
e patterns of gene expr(&asidomebi @¢ wilthi 20tlbe &
rther, retention of DNA met Ayl ateisuhnev peantnt etrhnes i s
ogenit oAe sptexudeishp(liays highly conserved met hyl at
rresponding D sTu b gaeensdtmaev WdroRNSA3S nare regul ators of
anscription a(mBlortdes egprn d eMarnmei enssen,anad0 lab;e Teare
re infrequently oPhuodiyepd oiidyt hd amo IDNAKk stned miyh awmn o
w genome alcika s herheooM tahrei seepsi,genome and its regul e
mi namcde . how t he bal ance of the bias is establish

14



1.3 TranscriptionBrlagsigudeaddmpwns of t he

1.3.1 Transcriptionakedettwoekspgpenerning

Transcription factors (TFs) areofsosmeedf t he mo
devel opmeagul ating vital devetopmakteah pbeaft aAamsse
Perhaps one of the most i mportant regulators in s
LEAFY COTYLEDON (LEC1/ 2), FUSCA3 (FUS3), and ABSC
LEC1 is a subunit-Yofcomipé exu@aline@amg ofvac hastr aacptiicvaalt i on
meristem and postger mMmWasat i ee. dlelv@l dPOAég @i ¢ expr es s
devel opmental transitions in embryonic cells and
suspenlsmtran et &urth&®898)n double knockdown mut ant
FUS3 the suspensor proliferates int(Vear mer omnmdd e mb

Meinke, B9%4) armlavidum@8t ants prematurely enter post

devel opment al programs in morphogenesis, which im
role in the supprédMesiokheof 19§02mi Natmbama .etFUSBI3. , 2
is also known to bind to miR156 gene | oci, whi ch

role in vegetati(vMdo dihme eand aBesritteélo,ns20.10ThiVdang anc
indicates that FUS3 is an important Fueguleat o oofe

these TFs have been documented to be important in

As centr al regul ators of seed devel opment, LEC
i mplicated in maturation. The repressive effect t
carries over to maturation, where thermastuwviesg em
and initiates premetzddepBPabianadiaonaZ2nadd piBhant s t he

embryo fails to degreefNambattcaalpl et 2982 ssbhDelama ® ne |

15



LEC1 is also known to maintain embryonic identity
mutants di sspabayi adapob&arity and bear trichomes on
(West et al ., 1994; addr b H@dv eroedxpriess,si on mut ants &
MRNAs encoding proteins involMuedti nalfMptrtaydE0a8t)yi,d bi
depends in partABRBUSH3E aWRd tNIKWIiEtDyL iddWRIelg)ul ati on of |
acid biosynthesis during maturati on. LEC2 is also
ectopic expression inducing nutrient and | ipid de
additionally known t o aoctprvoamoet ea u(xk tna jba eotsoyanlt.h,e s2 OsC
Stone et.Fakt he2 08 g, ABI 1 and LEC2 are establishe
seed storage deposition in | ate seed devel opment.
expression of OLEOSIN genes, which are eniclode pro
bodies in 6€kbd stoabkldBg 320CYul at eCERUBEFERpNed&si on
CRUCI FEKIRUL2¥ 3whi ch are genes involvédBedn ptoaéein

2016)As one of the worl 80s nlmaputsi cmpont ot hsbhedbt hy

proteinaceous seed meal, seed storage mechani sms
crop. I't is currently unknown if these seed stor a
for certainBsuh.aplghseconrsetiincal |y, genes from the don
more expressed in seed development and would I|i ke
bi otechnol ogi cal applicetimppoduthi bnl stering oil 0
1.2%30 obal gene activity in the subregions ¢

Most transcriptional analyses of seed developnm
which | oses the potential resolution gained from
date, the most comprehensive anal ysicumdntsaudriergi o

16



Arabi d8psmente .etThils , w0kl 3documents the discrete

mat er nal (1sc, 0OSC, CzsC, CPT)fsciwamgico¢pBrt ELE&El i Vv

PEN, MCE). Despite arising from the same doubl e f
transcr iditsitbéinnachtl yach ot her, | ikely due to their i
following fertilization. As expected, the EP is e

patterning, such as the establ {({Bbhmonht ef.esyhdnet r 2
CzSC was shown to have selective enrichment for t
segregation of a pathway vital tdG- -tmeeg mai mlThgamnRdd
PEN shows particularly biased accumulation of tra
suggests a notable compartmentali za(Belnmordt d het pal
2013bfFinally, the CZE is the most Atrradbn dowisp tsi anal |
transcriptome rich in gibberellic acid, abscisic
i mplies its wutility as a ¢aoammue,sttalha bagh avleacz alr g ol e
di stinct Amabiohgpshs§ scussed in 1.1.2) relative to
which raises questions regarding how the CPT cont
Brassiceae espetiadplzins Whimae ermal ti ssue potenti a
chal azal nucellus, it is wunclear i f its proximity

cascades the CZE may be involved in.

Laser microdissecaropne@eaumaeeas sbhedon expl ore t he
transcriptional wvari at(iZzohnanwietthiamss, @ e2d0tldbgb rBe qaisen < a
mat er nal and filial subregions are highly distinc
endosperm regions were tZlemekbdast Mdnetohset 8aBdi enp

Poaceae, have complex fusion of mat er nal subregio

17



pericarp to form the caryopsis in grasses, which
di versity of the maternal subregions. The authors
transcriptional synchronicity betwe«mplamndcdogsmer m s
comparative | dak tchferdi Merssirt ymi crodi ssection has b
embryo abQirtti g birre eGoangwpiamnml idnevel opment al net w

Gl ycsiereed devdlWupmdntal . , 2007 ; Danzer et al ., 2015;

1.3.4 Laser Microdissecedl lomReNpueancwargl d of

LMD met had poawvreag f ul tool for isolating sections
analysis but requires chemical fixatBehmomt oereteral
2013bgfhemical fixation of cells necessitates both
guickly, but also that the fixative does not caus

in the process. Unfortunatesychamgaeasceli ptroangi ¢plr o fi

to stimuli, which means even the most efficient f
of treated samples before fixation is complete. F
often poor in qeatotyhandxyemvrbdvducheniiCla®mepnrtoces

Ziza et ,athpua®08mprovements have been made t o mi
(Bevilacqua et al . | 2010Q; iBelrmoanstoen aebtl ea tt.o, t2u0rIn3 kt)o
seguencingef3cBRBAa means to over-semehasti matdemgtaa
advances in our Autedopasnadlieve !l ofpme@Doi mi prret cal a
2021; Shahan kargéely BO&R2ayuse the method depends o
materi al and generating protoplastseqCiseateihgcpr e
sonel ant tissues but runs into difficulty in compl

is difficulJeBaanpitmpsotses iebtl eatF.i ,guz0o%; eNdVRadleiopnvee 0 2 0)
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cells with variable cell wal | composition, partic
often unable to be digested and will fail to beco
seeds which have complex tisdauspdramewlsi,ch nacdurdo tn gf
protopl as-seqgq, ssRMAl ar to LMD, can also alter the
result of protoplasting. More recently, some meth
the use of nucl ear tihseolnadrieo nr ealnida bslesretgiensgh oagsl b h g s c E
this approach does | imit the transcHiConhdme et o at ha
2021 )Whil e many weskbbngbptsesmareze nucl ear isolation
met hod is stild]l in iTadgdi nif ama lye ssgnddooinvi 141 |y eagelu.ihrdens p
the coBtexntmpats, LMD all ows us to capture compl ex
expression within entire subregions. I't i s possib
foll owed by protopl astsiengg, woouutl -sisuuebnreepglieonns c & NtAa mi n a
waul d be of greatertsooccerd. aLMd daektpseo generate
profiles of eacB. s aapdwhsiucbhr ecgowlnd ithnhensée Bboppaseidght

protoplast samples to specific subregions.

1.4 Small RNAs in Pl ant s

1.4.1 mi RNA biogenesi s

Epigenetics has an increasingly broader defini
and since the discovery Cof embeggramssRNAss{ emn &NAg) of n
coding el ements impact t he( lgeea oarte ala.s, blexn3 ;i | Wiugmh t
1993)n plants, the two overarching types of smal/l
interfering RNA (si RNA), both of which are smal/l

mi RNAs are2dmat) mBDecules encoded bwomevandetayeo
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i nvol vedt riann spcorsitpt i ondIAxdend¢ sinlde Meiyreg s, 2018; Wal

mi RNASs

di ffe

Pol |

(from

Voi nn

ren

60

et.,

mi RNA) s

and si RNAs are principally differentiated

t precursors. mi DeAAe nadreentt rRINMs Proil yente r lays eD

)-c amp laemendtfary single strandedmears RINOAAn gpere c ur ¢

to >500 nt) than24 hket Jnag)d Bel mgp RANAastdr and
mi RINAA) precur sorcompluemd ot arhietiyr, sfedrfm a ha

econdary structure. I nterestingl y-, mi RNASs

coding regions (intergenic mi RNA) or within the i
ad the | oci encoding the mi RNA affects the downst
(Millar and Wat drmhousge,niZ00b)RNAs are independent

are processed individually. I ntronic mi RNAs, howe
the parent mRNA transcript, yieldmnBNA($uncFEFolbihaw,]
the anoont ateviWwawed eby al -mp(RNWIs9ad&)orm a | ong secondal
consisting of the terminal | oop, upper stem, the

compl ementary mi RNA* sequence, the -nioR\NeA isst etnhe nan
recognized by the armavefl bh4eDIKEERDICL)r pamd e¢ Ines |
mature mi RNA and mi RNA* strands. While there are

pl ant s, DCL1 catalyzemsmi RNAscl|l dheagataf emms RNApstr
|l oaded unto an ARGONAUW&E d Am®) ey r oft etime mat ure mil
AGO forms -ltrhdeucReNdA Si Il encing Complex (RI SC), which
transcriptional repression. Complementary binding
causes the cleavagdeGOof ptrheev etnarigiggt ikkhys tthreansl ati on.
control gene expression are vital in devel opment
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severe growth deformities and devel opmental defec

veget atNavgelsynd Jack, 2010; de Lima et al., 2012,; ¢

[l Intergenic and Intronic [l Phased Loci [l Transposable/repetitive elements
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Figure 1.3. Approximated model of the SRNA biogenesis pathways in plants including both

the miRNA and siRNA cascades. Genomic origin is indicated by colour, with
intergenic/intronic regions in blue, transposable and repetitive elements in red, and phased loci
in purple . RNA polymerase Il (RNA Pol Il) transcribes miRNA precursors, whereas RNA
Polymerase IV (RNA Pol IV) transcribes siRNA precursors. DICER-like 1 (DCL1) cleaves hp-
MiRNA precursors to 21-24 nts, which are then loaded into ARGONAUTE (AGO) prot eins to
form the RNA Induced Silencing Complex (RISC) and represses transcription of the gene
targeted by the mature miRNA. Single stranded siRNA precursors have their complementary
strand synthesized by RNA -Directed RNA Polymerase 2/6 (RDR2/RDR6). The dsRNA is then
cleaved by either DICER-like 2/3 and loaded into AGO proteins. DICER -like 4 cleaves phased
SiRNA precursors and are incorporated into phasiRNA RISCs.

1.4.2 si RNA biogenesi s
Whil e mi RNAs are relatively Iimited in their g
proxi mal -todpngtegéne | oci, siRNA are a highly div

from al most anywhere within the genotnreo nisci,RNAust ctah

can also originate from repetitive elements inclu
heterochromatic regions. The most discrete differ
is their mode of biogenesis. si RMAs aarceo mprd &amear iab

strand i s syntdheepsei nzdeedn tbh YyRNRANAp ol ymer asest(rRDORded o f o
si RNAs({ BRNA) prFecgulr8séoZrholu and .Lawhei2INIAS)precur sor i
then cleaved by DQLhtprmattimes $inRMNAa BB®e mature sil
similar steps as those within the canonical mi RNA
an AGO to form the RI S€odDng tocihethevaargasseaf
variable than that of mi RNA. si RNAs encoded by tr

regions, and other repeti-asyvyeciratgée dasSRRANL} degrameh

are typically iovokgéeduichuepingeaedi DNA met hyl ati o
encoded by intergenic or introrircanrsecgiions otnhadt gtean
silencing ala mi RNA silencing are intsiRNArly cal
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Finally, si RNA | oci with repetitive mature sequen
is cleaved into multiple nRANAI rper escd uRrNsAcsr flryo nD G Lhde (sL
the Poaceae). si RNAs targeting t hetascatmen gr,e guwhoin een
those targeting regionstelasmstwihreg.e litn itsh ei mypmrotneen ta
however sithFhNAs rcaan be derived from phased |l oci, ar
|l i ke -sNARINAs. Taken together, both the biogenesi s a
plants is highly comeplrex eandwdi thi dalst st owied sci e

determining mode of action and function of these

1.5 Small/l RNAs i n plant reproductive devel

1.5.1 Known mi RNAs governing female reprod

The history surrounding the roles mi RNAs pl ay
one. Initially, several mutants Awerbd dibdaen taiefrieed t
l ater identified to have si milDarro ssogpghaieldacehbBomotog
renamed to bemiCyd.defTdemuitvaent7 6i { eorb&/7 69uch case, v
mut ant der i \D&NA fimemrd Ppopul ation ceased embryo de
stage, and resul te(ldErirnanpudlll is eedtidmd lle.da,hlaysidydh e mut al
(Shoeirntt egumpaingtlisdpensamd) (carplell demdrmgstynated varyir
devel opment al defects in bsotnhtfainltisalf aande dmattoe rersa la
embryo polarity and caused deRaytst i allshuestly9 @@ n d
mut ant was characterized by the proliferation of
termi t&caddvart z .etThad .e v elmMtondg l di scovery that thes:é
product of disrupting DCL1 activity was the initd.i

SsRNAs in seed( 89evaltepmental ., 2002)
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The downstream effects of disruption in DCL1 e
early embr yo Ndoedvienleo panmedn tB.&erptoag It e(d2 @ h&)t cedcll 1di f f er ¢
mut ants are pert urcheeld asst aegaer lwyi tahs >t5h0e n8i RNA t ar get
gl obul ar embryo. The targets with tdhemtremttest sh
were targets of MIR156, indicating its iIimportance

t hat mi RNAs within the embryo serve to repress tr

transition, and their inacti vistuecauoepreaaltwuraade
changes. This is supported in somatic embryogenes
mi RNAs are invoked during SE, i nAcrlaubd ibtnegp 8998s% cotfi vteh

and 64% being differen{iSayrgajewpeéesabed, danil@dg SEd
Al together, mi RNAs cul minate as a pivotal compone

reproductive tissues.

1.5.2 phasi RNAs in reproductive devel opmen
Phasing within si RNA [ oci is common in flower:i
Poaceae. Phased |l oci are | oci in which the mature

times, and processing via DCL proteipmasli RKkdNdAs .t o t
While DCL2/3/ 4 function partially redulRNAnNt NATwi t
si RNA, and phasi RNA precursor s, DCL 5, found excl u
phasi RNAs. phasi RNAs foll ow ahwdy gthhdry tdhdtf eadfendt |
of si RNAs invol s»iing bt tod mdOghteeme t . al n , t-RiOtIB Y n e

system, -&AGM@Ai RNSAC cleaves a single target transcri
si RNA precursor is synthesizediwid8)eRDIRG ik d o tawe i

system, the transcript has two mi RNA-A@GO® geted sit
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compl exes and cleaved. The fragmeeadavagstiregamyofhe:
i nto-saR#N& by RDR6 and processed by DCL4/5 to gene
| mportantly, pltast RBAct icragp ibre their targeting and

mi RNA o0 rs i NRANTA .

There are few phased |l oci involved in reproduc
Arabi dopeven within the Brassicaceae. I't i s known
Arabi dopsiavolved in the regulation of MYB transc

successful seé€dhdagekbbpméent 201But Yeamngtet nakracf0D
phasi RNAs are unverified or purely theoretical. P

regulatory network is that @efhatth&NAISR22A7Hrassgest, i

|l ater found to be pr eavsalwenltl ,i ni necul dui ddqi deta | Iy idwee aSgoat da n @
2018)mi R2275 accumulates in the tapetum of- anthers
mei osi s, and absence of this acti v(iGnyo ceatu saes. ,d e2v0el
Fascinatingly, not only does mi R2275 seemto be a
phasi RNAs invoked in reproductive tissues seem to

Brassicales. Despite this, phasaickRdAs aheughi thepr

reproduction, if any, remains enigmati c.

1.5. 3 RoeslieRsNABINANamet hyl ati on

The diversity of flowering plants is truly exe
|l ineages of angiosperms have multiple WGDs which
coding el ements are prolific in many species. Tra
redundancy are commonplace in plants with varying

been shown to enabl e dupli cat(iKorm safl eivnaploe3tOaladt)e galn:
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i mplicated in @Q€Eoaomi er @aa.magehyl, al®Od5JEs are al so
sil encing neighbo(urrieneg icnogd aemtd agemeasyulem)t | v, met hy|
TEs is a crwucial process to reign in the chaotic

Epigenetic remodeling and genome maixitRMAcnce ar e

(referred to in some | s§it BNASEsuirfeNAi FiNea se raorceh reoncad d e
by transposable el ements and/ or heavily repetitiyv
ubiquiteusliynw 24ngth. Their most well characterize
RNAdependent DNA MeM)hy Il Rltdmtns (RrdeD abl e to met hyl at
separate contexts: CG, CHG, .amDNACHnNe t (hwH eartd obh I sA e
DNA Methyltransferases (DNMT), which bind methyl

contexts, and asymmetriL@aald pltamttsh@oCGHI ssordtoaxt an
met hyl transferase 1 (MET1), DNA methyltransferase
domain rearranged met(IByplrtimagresf.ernrGMiId .a,MODARNDIRM) ar e | &
pl ampeci fic, and date back (tBoewainccki eentt abr.y o p2hOylt7e;, IR
These components of DNA methylation machi-mtery are
ri RNA guides DNMT to a |l ocus to be methylated. T
context and is the primary way meltearytssa.RiNdas arehi t
currently the only c¢class of -tsrRaNMA ckkniopwin otnoa |l b e eignuv ca

thus hypothesized to be integral i n maintaining g

RdDM is required for plants to uphold stringen
reproducti on. It is known that plants do not wunde
mammal s do during embryogenesis, and i ntsdxtad ez av

seed devel opmdmBtoupreogredeas Rdst, he&r0,1 7DNMTs are scarce
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during megaga nfertabgiednoemsiicsd jimb steadily in expressi

embryogenesis. The flux of both DNA methylation m
not onlyi RNAsS mae heavily implicated in seed deve
of the RdDM ipkeetl ywapyi viost all in embryogenesi s.

DNA methylation in plants does not coincide as
expression as it does in animals. In plants, DNA

gene expression with the assistance of SUVH1 and

machinery to methyl at(eHdarariesa sellofwétygad RgBelrBopmmeh y | at i o
in plants is ubiquitous in repetitive genome regi
devel opment , DNAn cmeciahsyebsad i tolme genome upon reachi n¢
Arabi dowlkésein much of the plantds r e(pkeaawakiavtes ur e gi
et al ., TROD47%hi ft in architecture is believed to

genome, particularly transposable ehemeapspdtottr e
procBssnapursesents the union of two genomes accumt
WGT and all opolyploidization, and consequently mu
repetitive genoBnesnag@ess spucechs,entttse a uni que research
uncover the subgenomic and frachybatated Denamtcomp

amphidiploid.

1.6 I dentification of small RNA species

1.6.1 Current methods in identifying miRNA

Predictions of candidate mi RNAs rely on their
mi RNAGds structure. Unl i ke discrete coding regions

initiation sites, nor terminated witbdna stop codo
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Computational predi-mitRMAsprredwr sosmr dhesegpondary st
presence of the mi RNA* strand within the sequenci

precursor and mature mi RNA sequences. hlimghtlthye past

vulnerable to false positives above all el se, cau
species, and consequently complicating | aboratory
(Al ptekin et al ., 2017 ;CrAxtteerlila adnai éMeeydeadbsyWe PO B ) (

aimed to reduce these false positives by suggesti
sof tware. Previously, mi RNA annotation permitted
|l oops) within the precursor segrute ncee camtd Igte nieg an d

understood that these structuriens pa rBeo tuadsotraeb laen da n d

Axtel l., Ad0dli8)i onally, it was <clarified that the mi
mi ni mal secondary structure (<5 mismatches, no as
mi RNA must be predicted within at | east otwo biolo
mini mize the false positives within public databa

Much of the updated software available for miR
smal | -skRMqAdata and foll ow many basic principles th

mi RNAs. Softwar-BE2| ake mi RPpeapt are basedP,off of t

which was adapted for Fpli @nddti § ndeomemi BRDeep 2008; Ya

al ., 201 4; Kuafndheemoalt. rez@h®) rendi t-P@n opttmi gep
for speed amdeextfiriaa plranter i a. I n brief, the progr
24Ht) as valid mi RNA candidates, then maps their e

prceur sor both a) appears in theni RdtAas ditheaMAp b) can

must be capabl e of formiogp astvalectdusecoamdarfyi salelm
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strand must appear in the dataset. Together, thes
iterations of a mature mi RNA mol ecul e. Target pre
variousoopewe software, b u tp eprsf RONFATD &nrggvett hi snaa ywegleln o
references r daddiil yanav &ihlasmh! € 011, ShiwvwasbobaVvVaeatabale
customization of the parameters of target identif
i mportant to plants, such as a 100% match of the

known i mportant featur eano(fddxnmieRNA etaragle.t,i n2g0 1 1n) p |

1.6.2 Criteria for si RNA cl assificati on

si RNAs, encesdeRdNAbyraecdussr sor and being ubiquitol
genome, are much harder to accurately predict tha
not target mRNAsstcoi ppo®nhal gene silencing, which
properly identifying si RNA I|-locise Whdrieptmantyo | iadbent
SRNAs within a dafastet|l hd®®RO0F4Bhleit smMed an open sour

Shortstack which has been consistently wupdated si

as an si RNA identification tool in plants. Shorts
stringent manneR, tbhuatn inti RDeseep call s si RNA | oci as
with high coverage are first deemed candidate | oc

a stretch of nucl ePONA dperse ctuor snoirmiacn d hfeordns ag cl ust er

eads within the -2dhztealfiemitthami dns tefre20to refl ect

-

si RNAs. I n short, si RNAs are broadly classified b
sequencing data. While mi RNA pgrhedipateiddrcsg i mann orfe lay
secondary structure, and 2) the presence o0of a miR
si RNA duplex is much harder to accurately predict
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wi t h
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di scu
s ome
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mar ke
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modi f
there
Pl ant
Ot her

ThAr a

ant in most genomes, this results in many mo
Current state of sRNA annotations in |
RNAs in plants are currently databased for p
in a new d&Xtozmanaeg aPmritREN ., .20 Rb aGwo hets asle.r \

ri mary repository for mi RNA (aQrniofifaintelmsn s2 80 &
mi RNA species documented across 23 fl owering
rsor sequences and the mature sequence of ev
se does not require chromosome | ocahisen as s
ssed in 1.6.1, miRNA prediction is highly wvu
records within mi RBase are questionable. Wit

tant epigenetic regul atorssemote Bini mgeetf g

ive documentation in public databases, and ¢
itizing Akhedeé ,cr2i0tl8rri Axtell and.Meyers, 2018
RNAs are comparatively |l ess extensively docu
to their novelty and difficulty in computat:

dly more difficult to validatel owWMaaogv sl KRNAS
ns (TEs, repetsiitRNVAes e luenncetnitosn) ,exgond cria 'y i n R
ication. As a result, these sRNAs are diffic
are some dat abases wshti ccho napnrneoht eant sei vse RONFA st. h eln
NATs BB RNNWAT, but has not bp€bBernuptdabnbd,skAtee) 2
wise, the few | oci cksmbwancstd nbge aphea sdeodc uamed/t cerd

bi daopsrmati on RéBeuvmncei (TAlRR) al . , 2015)
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1.8 Research Objectives
The research outlined in this thesis aims to p
shiftsB.ofnatpwe, particularly in the context of pol

transcriptiandkEkrsketebda sd etvledtopment and use anatomica

t he coBnplmesxe@aed coordinates its devel opment and bal
The works included in this thesis are only pos
and collaborative efforts. The chaptersihéaeeafter

many research projects that endemploaxietdy tmf utnh e nge

describe the transcr iBpt cmmep eigr d di Srdsrei ,toéf n & nhaet oenair cl ayl

transitions accompanying genetic changes in the s
smal | portion of the iigmemeentsiec caonmp | seixRNA/ boifasept hr ot
polyploidy and investigate how these biases chang
genomic contexts. Finally, |1 combine the ideas fr

subgenonfctedd asubregi ons across four stages of de\
fertilization to maturation. Together, this work
and many others before me to describe, quBntify,

napuesed.

Contributi opasutohforost haerre ciondi cated within their
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2.1 Abstract

Brassida namwol a) is one of the world's most econ
our growing knowledge of Brassica genetics, we st
regul atory networks underlying early seed develop
mircodi ssection coupled with RNA sequencing to prof
filial subregions of the globular seed. We find s

chalazal endosperm, chal azlaaz aplr

oslei efde rcacotaitn,g htai vses uuer

transcriptome profiles associated with hormone bi
We confirm that the chalazal seed coat is uniquel
transport, and that t HhHeuncchaloanz aals eamnd o snppeorrm ammaty r e g
mat er nal region through brassinosteroid synthesis
understood subregion, was specifically enriched i
megasporogenesis ansgi srebagoestbngsyht beephemer al
i mportant role in both sporophytic development an
Finally, compartmentalization of transcription f a
uncovered pr evn orucslleggs ufnkmotwhe chal azal pole in ear
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2.2 I ntroducti on

Oil seed crops are defined by their substantial
the most globall VBracwdtdead rMa@muselead)s damd i s the secc
oi l crop worl dwide (FAOSTAT 2014). The seed itsel
seed mass andi4£h%sereat anereBl., neaptuam!| i smpiomdg ant nutri

food source (Rahman BOlRBa@ad hies oddndumeaerd tvneer | dwi de

consi der-teadalhteltay,t and i s alisbuabefFaseaetsoalce20fl 1}

i mportance, our Bundempsattaddvefopment is incomplete
knowl edge of the precise transcriptomic profiles
ThB. naped can be divided into distinct anatom

t hat each uniquely contribute to seed development

are amphitHepaud imgasti on (Brown et al. RV&dt)ed mean
so that the micropyle and chalaza are | ocated pro
seed include the embryo proper (EP), the micropyl

mi cropyl ar pole, the peripherale erhospeér mh@mbNd)y w
seed, and the chalazal endosperm (CZE), which i s
proliferating tissue (CPT) (Figure 2.1A). The mat
(1 SC) and outer seed cecatat( OQEZ)SC)t mandchhdlsdzalncsd arad
which is inserted intramarginally to the CzZSC (Fi
di minutive in Arabidopsis (Nguyen et -mdst @2r0i0s0) bu
(Schulz and Jensdn UPY7H4;)) Sdhwmllzyeat pi nnat a, Erysim
tenell a, Descurainia richardsonii, and other Bras

its biological function remains unexplored.
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0SC
ISC

PEN
EP

MCE

Figure 2.1. The B. napusglobular seed (A) Schematic diagram of the B. napusglobular seed
illustrating the embryo proper (EP), micropylar endosperm (MCE), peripheral endosperm
(PEN), chalazal endosperm (CZE), outer seed coat (OSC), inner seed coat (ISC), chalazal seed
coat (CZSC), and the chalazal proliferating tissue (CPT).(B) longitudinal section of the chalazal
pole stained with toluidine blue showing compact cells of the CZSC, elongated cytoplasmically -
dense cells of the CPT, and syncytial cells of tre CZE. Scale= 1001 m.

I n amphidvwlpou,s the chalazal pole is directly
funicul us, which is the vector of transport bet we
et al. 2015). BPr eetmpasssowdbi kmed the abundant endom

and transporter activity within the funiculus of

enrichment of genes involved in the production an
2016). The pameedvostkspregi fi €sece® mprardfmelmit@ll 0 giad alo
processes within this structure including water a
growth regulation being confined to the cortex. T

terminates aiCZiSICeihveirdalcesi bhAr asbhsdapair system p
CZSCBi nn@Miulsl ar et al. 2015) . Furthermore, transp:

regions have also been reported in Arabidopsis an
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amino acids (Besnard et al. 2018) and phosphates
preferentially accumulate in the chalBzahapwsd of
may function as a gateway for nutrient unloading

devel opment al processes.

Whil e the chalazal pole of Brassica species ha
(Nguyen et al. 20060; Brown et al. 2004), the tran
not well urmBdemsatplulsse ¢mal azal transcriptome has be.
comprehensively across seed development in Arabid
reported that the CZE possessed highly diverse mR
t he biosynt hesicd dgf agiskch esriecl laicd dr efrdeayt akl gi axp
in the CZE; as a resul t, it was hypothesized that
the seed. The same work had reported the CZSC to
essenti al pat hway for s eandd dlewreh op2n@hé) .( FMiglulearo et

the CZB.C nampdscharacterized the subregion anatomic

expression of sugar transporters | ocalized to the
suggest t hzaat otfhet hcehasleaed i n the Brassicaceae may ¢
transport roles in seed development, incentivizin
functionality. Though Millar et al. (20B5) did hi
napuesed development, no current publications have
| andscape of all subrBegimapusn the early seed of
In the current study, we used | aser microdisse

ti ssues oBf. tnwepeaar ICombi ned with next generation s

profiled the transcriptome | andscape of eight see
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expression analysis with detailed anatomical anal
capacity of the chalazal pole in integrating regu

Ssubregions.

2 RBesul ts

2.3.1 SubreB.i omspewd drhe transcriptomically

To examine the relationshi pB. bregtlpmesun asre esde esdy b r
performed clustering analysis on genes with FPKM
10 in at | east one of the seed subregions. Cluste
( MCE, PEN, CZE) <clustered gtloogbeatlh etrr asnusgcgreisptti onngi ca psr
2.2A). Similarly, the three seed coat subregions
the EP did not clusteld cludbs elgy owist, h ntolme dotdh & h ef iCIP

subregions.
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Figure 2.2. Comparison of subregion transcriptome profiles of the B. napus globular seed (A)
Dissimilarity matrix of seed subregion transcriptomes. (B) Comparison of gene activity from
whole seeds compared to seed subregions collected via LMD.(C) Comparison of gene activity
in maternal and filial seed subregions. (D) Number of subregion -enriched.

We then compared gdeodudatra sftragrm IRNAI at ed whol e
LMD subregion dataset to determine the amount of
t wo methods (Figure 2.2B). The whol e asteOFiPKMat aset
of which more than 97% were also found in the LMD
additional 18, 625 geonfefs c(ruistienrgi at)h ei ns aamtmey csuutbr egi on
in the wholseeqg eeexdp rRINsSAsi on dautsaee (oTfa bLiIMD 3 2n.clr)e.a sTehde t

number of genesB.de@gédpatsad air-hctettal 1. 4

Next, we compared gene activity between matern
Mat ernal subregions (1 SC, OSC;enC40,e dCRTe)n elsa d hfasmw
subregions (EP, MPE, PEN, CZE) (Figurbkr gi2cCns Tog
shared 41,956 genes detected at 1 O FPKM, with th
transcripts and the filial having 10, 440:- Further
enriched genes (FPKMO25 in subgéegneh, i REPKNel10iina
subregions, particularly the EP, MCE, and CZE ( Fi
511, 665, 238, -eannrd c5h7e8d sguebnreesg i aomespectively while
contained notably | ess, @W$CE€ hhdawniendPZ13,CZBZq, | &9,

subr egnrmninched genes, respectively (Tables S2.2, S

2.3.2 Gene Ontology terms characteristic o

We used gene ontology (GO) term enrichment to

mol ecul ar functions, and subcell ul ar |l ocations of
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B. naped. A selection of GO terms enriched in eacl
Figure 2.3A and a complete Iist of GO terms and t
Tabl e S5. Bi ol ogi cal processes assd®dciBd)edndi genels
associated with devel opment al organi zadi.dn)(,xyl em
organ mor phoged®.si3¥) (Weorgel Opl | enriched in the EP.
MCE was enriched fgdrbbgardd imelraed8eod atyae €y OghkDpin r
(l og=BOPp72), l'ipid to0Ba@8porti el dgded. pld7si)n, g | (ilpagdl Ospt or
(Il og=b®@.pl7), nutrient restédr¥d)r antdiseed Ol bbpadp bi
(l og=0®p78). The PEN was the only endosper-m subregi
related GO terms while CZE was significantly enri

brassinosteroid bid%.sY5n)t haensd sh o{mesa@dlt@s) s (1 oglO0p

60



EP
MCE
PEN
CZE
SC
CPT
CzsC
ISC
oscC

genetic imprinting

A chromatin silencing
embryonic pattern specification

organ morphogenesis

embryonic development
cotyledon boundary formation
xylem and phloem pattern formation

plant epidermal cell differentiation
siRNA binding
Megasporogenesis

response to cytokinin

response to gibberellin

nutrient reservoir activity

lipid storage

lipid binding

lipid transport
seed oilbody biogenesis
photosynthesis

chloroplast
endosperm
brassinosteroid biosynthetic process

brassinosteroid homeostasis
sugar transmembrane transport
starch catabolism

trehalose-phosphatase activity
ovule development
trehalose biosynthetic process

sucrose-phosphate synthase activity

sucrose transport -

regulation of amino acid export

polysaccharide metabolic process

-10 Log, p value

Figure 2.3. Predicted biological processes and anatomical features of the B. napus globular
seed (A) Significantly enriched GO terms of subregion -specific gene sets. Darker purple color
indicates more statistically enriched GO term. (B) Light microscopy showing abundant starch
granules (black triangular arrows) in the ISC and OSC separated by the distinct columnar
palisade cell layer (white triangular arrows). (C) Longitudinal section of the CZSC showing
cytoplasmically dense cells and abundant starch granules (black arrowheads). (D) Cellular
morphology of the CPT showing elongated fusiform cells. (E) TEM of CZSC parenchyma cells
connected by plasmodesmata (black arrowheads) facilitating transport among the seed coat
tissues. Golgi apparatus (white arrowheads) are also abundant in the CZSC. ScalgB) = 401 m,
(C)=15Tm, (D) =50T m, (E)=11Tm.

GO term enrichment of maternal subregions show
sucrose synt=loe.siz) (drod 1t0rps&3s. p4olr)t, (alsoigMedpacas trans

(l og=0W®p13). The | SC and OSC were significantly eni
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(1l og=®p81l) and response =830 5Bi)b b ereeslpleicrt i (viedgyLOpT he
was uniquely enriched for =3 .eh@)l oasred bd lbesryend heersriisc t
megasporogenedi $50! owgxthpt he EP and PENOMM.NA8)s.i RNA
The CPT's genetic profile was uniquely enriched i
pertaining to early seed development. Mat er nal su
means clustering (Figure S1, toalclbégE6)rr aB®pdet mg |

9.19), Gol gi cistexaihal&pepmbGalngi=05.08g84)0 pa(d d gvliedspi c | e

medi ated tranmrdp.o&d8&) (WeorgelOpl | enriched in the mater
pl asmodesmata GO term was enriched in all subregi
clustering analysis output are reported in Tabl es

(GOummary) .

2.3.3 Anatomical features are continuous W
Hi stol ogical observations ®&f thheesvapeobpwmadedubr
additional structural evidence supporting our gen

prevalent in the | SC, &9C, Tared pCZS& n(ckei gur e h2e.s3B s

confirms that all the sdod caaogdtonsumen eadiodn s mc drotrr it
CPT oB.theeaed i s enlarged compared to other docume
comprising elongate, cytopliagmead apadryaldleals et, 0o ftulse f
Gol gi compl exes were ubiquitous throughout the CZ

the necessity of carbon and amino acid transport

endomembrane systen GO dgreirfmsc avetrley neonr i ched i n any
Gol gi and subcellul ar endoplasmic reticulum netwo
(Figure S1). To expand this transportation networ
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connections within the CZSC parenchyma (Figure 2.

organized as singshapedtwitmouedurasd (¥igure 2. 3E).

2.3.4 Predicted regul at oBr.y nngeptevsor ks under |

OQur network analysis predicted the underlying
regions-raemd osnuh. o fng@tplusul ar seed (Figure 2.4). We ¢
expression of select transcription factors and pr

gPCR (Figure SPyomBtedi chéeer daEtions identified a

circuRNABnamcumul ating in the maternal region of
bHLH, and MYB TFs were pr epdrioccteesds etso icnocnlturdoil n gb i soe eoc
devel opment, anthocyanin biosynthesis, auxin and
devel opment. Additional anal ysis of -ptroreno@23C subr

interaction and biologiaminpracedsandassagariratednw

hor mone binding, and proanthocyanidin biosynthesi
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Figure 2.4. Predicted transcription factor modules of the B. napus globular seed (A) A MADS,
bHLH, and MYB transcription factor module predicted to be operative within maternal
subregions. (B) Predicted CZSC-specific PLATZ transcription factor module. Networks predict
the regulation of biological processes (GO terms, teal circles) by transcription factors (green
rounded squares) that bind to DNA sequence motifs (pink hexagons) within a co -expressed
gene set.

In the filial subregions, we identified a puta
proper (Figure S3A). FUS3 was predicted to regul a
devel opment/ patterning, and cotyledon boewmncdargy f o
and DNA methylation. Two homeol ogs of the putatiyv

showed-pPENerred activity, binding to the WRKY DNA
endosperm devel opment, photosynthesito OWNWAOKkienihiyl

Our network analysis output is ap-pendedi chmd@abl e
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of TTZ2, TT4, TTS5, PLATZ, and SWEET15 transcripts,

can accurately determine transcriptional <circuitr

2.Ddi scussi on

2.4.1 Sdberveedi aresol uti on uncoverBs graepaitser

seed transcriptome

Bi ol ogi cal processes underlying seed devel opment
Ssubregions that each contribute to the making of
| andscape of eight fil i alB.anndalpodstud rarals eseuwb ruesgin@gn sa
combination of LMD and RNA sequencing. Given LMD
resolution of gene expr etsisd vne daan alsyesd ess b(eFomadn weahroc
our data reveanridc sard rterga oic o n ppbhi gonhooktg i pcaarlt ipr oces s e
interface between filial and maternal regions. Ad
mat er nal region was found to be anatomically and
CZSC and CZE subr egiuensg nprgwitdiimd ouriihe putative f

B. napead.

2.4.2 The microbylmnappdl exhifbitthe earl y tra

activation of fatty acid metabolism

Genes preferentially expressed in the EP were ass
epigenetic modification, vascular and epider mal d
Arabidopsis seeds exhibit similar tetamdcr i2®tli3g n avli
significant enrichment in patterning and morphoge

the MGBE inmpudgi ssimilar to Arabidopsis globul ar se
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transcripts associated with I|Iipid storage, transp
(2013) found these GO terms to be significantly e
and CZE during maturation r at hsirmitlhami ti yB.mey pihrogle)

napdlesposits | ipid storage much earlier than in Ar:

OQur data reveal FUS3 (FUSCA3) as a putative re
B. napRuilS3 is canonically associated with fatty ac
program of Arabidopsis (Wang et al. 2014) and i s
of soybean (Zheng and Perry 2014), tahcaugom oour FdUaSt3
i s presenB. emafdlihser aictni vati on of fatty acid metabo
mi cropyl ar pol e cont rmadtwo rwist mcttheser @ qu ltdhteormat er n
which regulators that repress fatty acid biosynth
TRANSPARENT TESTA2, are dominant (Wang et al. 201

contribute thhendtey hé ghd Dénmsvegads n( Rahman 2013) .

2.4.3 Hormone biosynthesis and response ar
subregi oBs wfs ptelsle

The MCE and PEN are identified as hubs of cyto
B. napaead. MI NI SEED3 has been shown to be an essent
devel opment in A. thaliana (Luo and Dennis 2005)
regul ator of cytokiniBn m@pgpoense SBB) heSPBENIafly t
cytokinin biosynthesis genes are expressed pri mar
functional significance of s ehpeasriast ifnrgo nma srpeescptosn soef a

endosperm subregions is unclear, buimagevealthe po
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interface, it is possible that the CZE acts as a

maternal and filial signals to regulate overall e

OQur data analysis also provides evidence into
brassinosteroid synthesis in the CZE, and respons
sever al possible regulators of brassiinmcltwediongl r e
the BI M2, | BH1, and ClL2 bHLH transcription facto
modul ati on of brassinosteroid response in Arabido

Arabidopsis, seed growth maodefi BRisggaakiogntidhgasn
I nterestingly, Arabidopsis seeds do not show pref
BR synthesis or signaling in the CZE (Bel monte et
chalazal Bolragad.t ide t herefore hypothesize that t
interface through which brassinosteroid homeost as

is maintained between the matBer malpaand fil i al gen

2.4.4 The chalBzahapeedatomtcally and tran

specialized for nutrient transport

I n our transcri pBt.omamaed sudcteigomnesf, cell s and
CZSC were active in carbon metabol i sm, including
the accumul ation of starch in al/ mat er nal subreg
of these ceasllin sudgatri sedte@abol i sm and nutrient rese
anatomical features suggest subregions |ike the C

nutrients from the va3bel abunhdasoesobf pt hempUdansma
and extensive endomembrane networks supports the

mobilization to surrounding seed subregions whil e
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mai ntain structur al integrity around the seed. Pr

integr
be vit
have b
Arabi d
pol e |
pri mar
sucros
i mport
Based

t he mo

2.4.5

al in sugar transport from the seed coat to
al in phosphate mobil i zlati2hl %)o. tHWE ETbS ytor &
een previously shown by Chen et al. (2015)

opsis seeds early in development and is pre
ater in developmedicate thatr 8WEETGGrtdahac
ily in the CZS@®.omhaphhse gd rorbiud kame rste eaf i ami no
e transport/biosynthesis, and polysaccharid
ance of the maternal subregi ®&ns napagrovi din
on our predictive networks, an uncharacter:]

dul ation and optimization of nutrient trans

Recruitmedti kef tAGAMQ@US ption factors

epidermal deveBopmaepesdsi wotahe

Our ne
mat er n
proant
al . 20
develo
i dent i
AGL1?2
gr owt h
prolif

AGL12

twork analysis predicts STK, SHP2/ AGLS5, AGL
al seed Blreampalloopnngesnitdei NnTT16/ ABS. TT16 is a kn
hocyanidin accumul ation in the endothelium
03), and forms a regulatory circuit with ST
p mentti (eMi zazlo.t 201 2; Ehlers et al. 2016). Thu
fy predicted regul ators @&f &aampluhse madleegnadf s
and AGL13 in seed devel opment arelwed itm be
regul ation of the seed coat, as AGL12 has
eration in Afalpiedompdi alro@t0D8()Tapgiuamcti onal

and AGL13 should determinal ohgsheseothamnscr
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AGAMOULSI KE proteins to regulate proanthocyanidin e

devel opment, or if they regulate other aspBcts of
napus

Core aspects of epider mal cell fate specificat
pigment accumBl ahaap@edi modathe i ncluding potentially

mechani sms governing seed coat devel opment not pr
TRY, ETC1, and ETC3, which work in concert i n Ar a
(Kirik et al .t 28103; 2008 nRAgacle and H¢l skamp 2011;

predicted regulators of seed coat dewied oipmmecmdur and

dataset. Our regulatory network analysis also pre
anthocyanin biosynthesis in |ettuce | eaves (Park
seed devel opment . It is poasobsecohlad bbesevelpvVvede

regul ation of pigment biosynthesis and accumul ati

identified as a potenti al regul ator of pigment ac
(Khan et al. 2014) ,armeidxperre sEsTeCdl inm rArEarlCi3dopsi s s €
(Bel monte et al. 2013; Kl epi kova et al. 2016). Gi

ETC1 and BETQZapiuts i s possible that some homol ogues

greater involvement in seed coat development than

2.4.6 Origin of the chal azal proliferating

The CPTBofn@glhelsul ar seed consists of elongate
intramarginally to the CZSC. I n Arabidopsis, the
consisting of only a few cells persisting from th

conttrhaB. hena@ed devel ops a conspicuous and organi ze
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crushed by the proliferating CZE. Ad

gl obul ar seed, with no histological

CPT in Arabidopsis and Stanleya pinh

tenuinucell at e. [

asporogenesis and megasporocyte d

el opment al or i

gin

Jensen (1971) -pas

fertilization the ovule el ongates an

amphitropous position. The embryo

el lus remains kkacaWhikd thet bebch

wel | into seed development, there

eleonptmt hat persists at the chal

ari si from activity of the chal aza

ng

7 Trehal ose biosynthesis i

CPT was enriched for genes assoc

mented to function in carbon met

ues (Figueroa and Lunn 2016) .

chal azal end of the Arabidopsi s

eed devel opment where perturbat:i

t mond et al 2003B) . nhpeacscCPUT bwagi

chment of genes associated with

found trehal ose biosynthesis to be e

devel opment .B.T hneagpQPsTa dofpt a mor e
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the seed than observed in Arabidopsis. In conjuct
B. napiuts i s possible that the CPT orchestrates tre
seed devel opment and-simkddfaillmincge bHlee weewr ¢dhe mat e

ti ssues of the seed.

2.4.8 Conclusi on

The transcriptome I Bandha@apgerefveahse €amhgcriptiona

devel opment -héevelubregobnti on. We prewnirde hevdi dence
devel opment al processes, phytohormone signaling,
and filial r egiCoZnEs,. CMPolr,e cavnedr ,CZtShCe ar e strongly con

contributions to early seed deveB.opmdpautisaamd fpwidteh
relation to other mat errmals ared efl iolpimelntsadbrtéddgneorssh o

additional bi ol ogi cal processes required to make

2.5 Materials and Met hods

2.5.1 Pl ant materi als and Gr owt h

Brassi cae . nadappsas plants were grown in growth c¢h
condi tihons ghlteariB, RRI7DOH and fl ower spadlalgigrealt echd +
(Chan and Bel monte, 2013). Globular stage seeds w
pollination and siligue harvest were performed be

day effects yon gene activit

2.5.2 Light microscopy

Ti ssue fixation and embedding were performed a

Hi stol ogical sedémiomsa weegiec@& uURMA24 38 rotary microt
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and sections mounted on glass slide$SchbBfitdes wade
toluidine blue O. Foll owing staining, coEveed sl ips
(Ri chad @én SE)i.enAilfdicca DM2500 | ight microscope eq|

camera using LAS3.7 software was used to visualiz

2.5.3 Transmission electron microscopy

Tissue fixation and processing were performed
wer e c¢cwmtm atn A0-Remg h€dlrtr acut ultramicrotome using
and mounted on copper grids. The set@0®dns were Vi
transmission electron microscope and captured usi

601..384)

2.5.4 Tissue processinsgegnd coll ection for
To eval uathe itcihhedugeneBacnagraeidt,y wen usheed | aser
mi crodi ssection to capture individual subregions.

performed ufhdee BNasiéti ons.-sSabgegeesedsfmmgt ebatbra
fragments and fixed in 1:3 (v/vh gCadTiass meetwer a
then dehydrated in a graded ethanol series, follo
4 and gradually infilM.raSampies ehi paubftiedadbr6e0e

66C prior to embedding in 100% parafERInEwax ( McCor

2.5.5 Sectioning and | aser microdissection
Seri al sienc siech $ o 8, Leica RM2245 rotary microt
polyethyl ene napthal ate (PEN) membrane slides (Le
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deparaffinizedmiim &nyd emneed fooubrlegi ons were i sol at e

Mi crodi ssection 7000 system.

2.5.6 RNA isolation
Tot al RNA was extr-micetrddifsoenct @ ¢$w@alsreegi ons us

RNagqgueous micro kit and t-frreead e@Navd @ ht Qi agrev éR NAars

RNA quantity was evaliulaRieo GEsRBMA AshsayQukainB) (I nvi tr

and quality was evaluated using the Agilent 6000
bi oanalyzer (Agilent Technologies, USA). A mini mu
synthesis and | ibrary preparation (Bel monte et al

2.5.7 Library preparation and sequencing

First and second c¢cDNA synthesi st lwasu gplep-utor RitAl
seq protocol (Kumar et al. 2012). FragrkeM2t2alt i on w
Focusktrasd&ninc aoBvid22® mi cr oTUBEs. Samples were th
5/L via rotary evaporation. Library pE@patHadm on wa
Ultralow DR Multiplex System. Tot al l'i brary qual.i
Quan & Pi coGGeéebNA Assay Kit (lnvitrogen), qPCR, an
Analysis Kit (Agilent) on the Agilent Zlkd®kcBiedana
(3&®MO0 bp) -Coenl Et hsey sBE emEY I nSamplogenwere then sequenc
Il umi naEE2 HO Beml at f orm at Genome Qu®bec. Whole see
whole globular stage seeds using PureLinkE Pl ant
preparation was performed as in (Kuwnmgarbaeatc oale.s 2A0BIl

ScentificE).
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2.5.8 Data analysi s

Libraries were sequencB@O0®® toheatiflolfmmi(id&bd® MipSE
sequencing reads are deposited at GEO (GSE120360)
performed using Trimmomatic 0.36 (BolPgEer et al . 2
2.fa:2:30:10 HEADCROP: 9 LEADI NGV 4T:R3A0 LMINNG: EON:S2L0 )D.
Surviving reads, aligning and mapping percentages
aligned to-bzhegPaomer ( Chal houb et al. 2014) wusing
Nor mal i &Zzrad i binf f erenti al expressi on arneaaldy sceosr rweecrtei of
using the Cufflinks suite (Trapnell et al. 2010).
transcriptome | ibraries were performed?2ysing the
Detectiodrd ¢wtr transOr, pwisi BvrshiFPiKiMe transcripts r
ribosomal, chloroplast, ®©tOmdO06chondnyatamphe}, (&
abundance tramdcnrnicptoss( BRPKMsampl agi Wetat éi downst

clustering and enrichment analyses.

Subregmnoinched transcripts2®eia itdhentiaimpeéce, ( BRRK

FPKM1I0 in all other samples) and enrichment anal vy:
popul ations using SegEnrich (Becker et al. 2017).
analyzes all parent and child GO termsodndgedesser m
in the query |list relative to the amounts of gene

the analysis to be used Bvi trma giedeyps oa ndd pd eamdrso g rsaur
were generated in R using ggplot2 (Wi lkinson 2011
uncover regul atory tr aexgpareispsteido mgeeln ecsiertcsuyi twse iprerd o

analysis as outlined hmeBéchenl gsial of ( DONA7reqHeRN
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GO tergs. OOPL) are used to predict transcriptional

relevant networks highlighted in this work. Net wo
al. 2003). Transcript accumul ation ofcomfainsmed pt.
using qPCR (NEB LunaE Universal qPCR master mix;

Significant differences in transcript abundance w
test. Genes were assignedrtamsadomiprtamtc cpuantutl ertn o n(
means (FKM) <cl usterprnogj ecR;. ohrtg/pwe bl/cpraacnk acges/ cl ust €

i mplication FANNY).
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Figure S2.1. Gene expression and GO term analysis of maternal subregions in the B. napus
globular seed (A) Fuzzy K means clustering analysis of maternal subregions (data from the
Fuzzy K means clustering areantilog2 transformed). (B) GO term enrichment of selected fuzzy
K means clustering patterns (DPs).
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Figure S2.2. Predictive transcription factor networks of filial subregions of the B. napus seed
(A) A predicted EP-specificFUS3network. (B) A predicted PEN -specific WRKY transcription
factor network.

2.6 Contribution of Aut hor s

J. L. K., D. K. , and M. G. B. performed experi ments. D
anal ysi s. D.J. Z. , D. K. , J. L. K. and M. F. B. wrote t
paper.
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3.1 Abstract

Polyploidy is a persistent phenomenon in angi o
hypothesized to have contributed tBrabei daoverapiusy
of the world's most i mportant angiosperm oilseed

hybri di zBataiscsn (céah )r Raprmd si c@Cao) er Wbehe the trends of

dominance in transcriptomics are beginning to eme
smal | RNA | andscapes in polyppgnendts. dTulre nsge e de pirso dtuf
devel opmental transition into the new sporophytic
epigenetic modifications over ti me. Here, we inve

of DNA methyl ationngan(dsis)ymRaNA pirnotfeirlfeesr ii n both subog
wel | as the ancestral Bracsaeeod ad evde [gemmenets. aWea orsey
ubiquitous Cn subgenome bias of si RNA expression
met hyl ati on beamygnoant icnulg@eneg promoters in the Ci

provide evidence that si RNA transcriptional patte
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triplicated B.ubmgepbhosne srsodaf across the An and Cn sub
met hyl ati on Bat neaepmse rerl ahe to genes, promoter re
transposabl e el ements through the I ens of genome
together we provide evidence for epigenetic regul
during ®¢epmedet, and explore the impact of genome

componentBs. onfaetete

3.2 Introduction

Polyploidy is an integral driving force in | an
di vergence of both monocot and dicot | ineages and
Vekemans et al., 2012). Polyploidwmitansiejttwbol ar.

genome duplications (WGD) or through hybridizatio
genomic research in Arabidopsis thaliana (L.) Hey

WGDs in the history of tkRkReicepdBilasncartofaleydi2Od®dt3)

Brassiceae tribe, containing the economically i mp
genome triplication event (WGT) that distinguishe
complicatedtgewetsci hifact the orthodox trajector
WGDs and polyploidization events |l eading to the s
most angiosperm | ineages.

Brassida rnapwms nascent amphidiploid species in

the interspeci fBrcassiloa drifap@rri)eossnatfa . o Ebp &o ¢ a
approxi madleloypoedas80ago (Chal houb etB.alniapuzshl4). Co
all opolyploid with two distinct diploid subgenome

products of the WGT within the Brassiceae. Additi
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may change the genomic |l andscape of a polyploid s

submi ssive genome while the dominant genome r emai
crop plants |Iike Zea mays, Glyciney maxt tOhgiza ext
genomes are heavily fractionated, with only fragm
20009; Schmut z et al ., 2010; Zhang et al ., 2005) .

all ohexaploid, one pcobgehMatouokpec@esl)s Oxhéen r e

polyploids, as in Tragopogon, have extensive rese
all opolyploidization affects genome evolution (Le
ancestral WGT heasdornesnualntceed oifn othhe | east fractionat
fractionated, submissive genomes herein called mo
in extant species (Liu et al., 2014; Parkin et al
remt allopolyploidization with distinguishable su
fractionated genomes within their subgenomes. As
worl d's most i mp.orriimpuasnoielxsceeeldsent system to expl o
polyploidization on the genomic | andscape and, mo
as DNA methylation and smal/l RNA (sRNA) signature

reproducti on.

It is well documented that extensive epigenet:i
devel opment in angiosperms (Grover et al. ,B.2020;
naplusanola) is a complex yet elegant chapter of 1t
unfertilized ovule (OV) and ends with formation o

phase of seed development results dfsrdm d hakoubl e f

establishment of the embryo apdotbeteddbygpéehm @mat
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derived seed coat (-DopegsekBaBs &uFgaakBdinl902). E
mor phogenesis phase, the globular (GLOB) embryo b
programmed cel |l di visions and establish tépsue id
By the heart (HEART) stage, the shoot and root ap
give rise to the shoot and root systems of the ne

(Tykar ska, 1979; al so reviewed n200@) moiike Anabt

maturation begins with substanti al cellular proli
centr al cavity of the seed, followed by an arrest
reserves, l eadi reqq t(dMGt) h s tmygteurod @greeed devel opment
Tykarska, 1980). Maturation concludes with the ra
dormancy at the DS stage. In the current | iteratu

smal Ifaeamitreg (si ) RNA expr eB.simaegiast adto cvuemetnitsesdu eisn, w
emerging research revealing biases also occurring
noted si RNA expression biased towards the Cnhn subg
subgenome biases in Brepgoiduatarnve dtiislsluesmerfgi ng. |
uncovered that si RNAs originating from transposahb
bal ance in polypoid tissueslsudi0ds)t hd sondesnparrsm
DNA met hyl ation exhibits subgenome dominance in e

ti ssue and in infertile floral whorl s.
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GAMETOGENESIS MORPHOGENESIS MATURATION

Nucellar Embrvogenesis. batterning. and Deposition of storage
development and ryog P g. materials and initiation of

establishment of symmetry

fertilization dormancy
sRNA - seq
Bisulphite Bisulphite
Sequencing Sequencing

SUBGENGME A C — Spene

| 1 i ; |
| I region 1

L1 | I:' High siRNA accumulation

SUBGENGME C ] Methylated region

A" sub
0 R I L o ] subgename

. C" subgenome

Figure 3.1. Hypothetical model of epigenetics underpinning seed development in the  B.
napus seed. (A) Seed development can be divided into five discrete stages from the beginning
of gametogenesis to the end of maturation (ovule (OV), globular (GLOB), heart (HEART)),
mature green (MG), and dry seed (DS)). We completed sRNA-seq for all five of these stages arl
bisulphite sequencing for the GLOB and MG stages, representing pivotal developmental
transitions in the initiation of morphogenesis and maturation respe ctively. (B) Synteny map
showing the largest continuous syntenic block of each chromosome within the amphidipoid B.
napusgenome, progenitor species beingBrassica rap@Br) contributing the A n subgenome, and
Brassica olerac€Bo) contributing the Cn subgenome. (C) Hypothetical model of epigenetic
conservation d broad syntenic regions of the genome indicate high conservation between the
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two subgenomes. Conservation of these regions may lead to similar epigenetic architecture in
reproduction.

DNA methylation in plants occurs in every cyto
H=A, T or c) ., with each context exhibiting notabl
pat hways of establishment and maintenance (Matzke
profiled the methylation signatures of DNArduring
et al ., 2017; Lin et al ., 2017 ; Nar sai , Goui |, et

Ricinus communis (Xu et al .5) 2anld )G| yRi cskaat (i Gvsaw n( sX i
et al ., 2016 ; Lin et al ., 2017) , and OV devel opme

studies of DNA methylation in allopolyploid plant

dol i chocarpa, Tr i tiecruingra nndu srhyatvher apnrtihmearpi |y f ocuse
(Bird et al., 2021; Chal houb et al., 2014; Coate
Li et al ., 2014, Li et al ., 2016; Li emgadf ,h@eel7

DNA met hyl ation dynamics compare between progeni:t
reproduction and seed development is stild]l rel ati
have endeavored to study DNA mepgrhe/dtatiimnt tpeatnaes met

all ot etBrramlapiud

The sRNAs are important regulators of the geno
studi ed sRRAN#&as fhmimt RNAs), are involved in the regu
pogtranscriptional silenci ngtr an KRNAsp rdegairsres dar otmh at

secondary hairpin structure after transcription (
not act on mRNA alone and can induce changes with

from mi RNA in their mode of bi oigkedide sarmrsd aherein s
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compl ementary strand -despesryddmte sRNA dp dlyy ReNrAase t o f

stranded si RNA precursor (Zhou & Law, 2015). si RN

intragenic and intronic regions, but iccanr eaglisoon sor i
(Chen, Zeng, et al ., 20 %x8r)anssdrRiNpAtsi amrel csaiplaen cei g
natur aslenasnet isi RNA, but can exert more versatile fu
associated si RNA, refereedroohromabme bi RBAatare

encoded by transposons and are most frequently as

directed DNA methylation (RddDM; Wang & Axtell, 20
accumul ate in subgenomebeopramphicdi pfoedbgandme b
' imited to vegetative tissues, with minimal infor
(Shen et al., 2015). It is also unknown i f certai

i f these sid®RiNAsl lay ec amsser ved within subgenomes of

detailing the si RNAs transcrBi.bendampausd actgi ssgged edpee
the context of its complicated amphidiploid genom

The orchestration of seed development i n amphi
of progenitor genomes. While DNA methylation and
underpinning development, much of the ndetaaiel sstadd
emerging, especially in allopolyploids (Ario et a
2019; Nar sai , Goui | , et al . | 2017) . To address th

met hyl ation and si RNA | andsacf pen apMaspspsi nsge eodd dceovl el |i
regions established horizontal comparisons of hom
subgenomes (Figure 3.1b,c). Together, we find str

cont ext of both DNA methyl gt iaomd dndidsitRMA d dheumrnl
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exerts epigenetic dominance ovBr nsheed udaen eslsd prme rCt
Further, differences in DNA methylation and si RNA
subgenomes and fractionated genomes provide evide

all opolyploidy affect the epi geweltdpxmentr.ucturi ng

3.3 Results

3.3. 1 -bSaispegi e resol uti oBr@mrsafiiclaiem@d paifs t he

met hyl ome reveals Cn subgenome bias

Genomede cytosine methyl at-k Bnwiwadowsa | fcawrd ali ®tdh o

and MG seed stages in all cytosine contexts, and
met hyl ation data for | eaves (Table 3. 1; xDatfaocsret S
unmet hyl ated DNA, and estimated the bisulfite con
and MG samples (Figure 3.2a). Rel ative to | eaves,

significantly | ower mCG a+«0. OOCIHdWHImeews |l sc o(xToanbhl.e 3.
However, MCHH | evels were nearly threefold higher

seeds or in | eaves<(Q.DEGladMaintrk;y cToaxbolne .1 ;ThH s i ncr e

MmMCHH ontri buted to a 2.5% increase in overal/ cyto
GLOB seeds. We further identified shifts in DNA m
seeds in addition to significant dif fgeeamrames in t
(these genomes arising from the interspecific hyb
as O6subgenomes®@.t hraplwghloeaye®f and GLOB and MG se:¢

l evel s ovgthe ghe4d in the Cn thman( Tabltea®BhAl,neMdmgre no
Wil coxxdn OORR). Significant subgenome bias was al so

though mCHH | e dths ghere ih. T he Cn subgenome than i
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sharp increase in mCHH during seed maturation nea
MG seeds ( TabWhe t3wely,c dwad@m,00R ). Overall-widbile sub
met hyl ati on bBasnlppasestandi sneeds, this phenomenol

|l eaves and weakened in the seed as it matures (Ta

Table 3.1. Methylation percentages on 1kB windows over the B. napusgenome for leaves,
globular stage seeds (GLOB), and mature green stage seeds (MG). Mean methylation levels
were calculated over 1kB windows from individual cytosine methylation levels in each context
(CG, CHG, CHH. Averages were also calculated separatelyfor the A and C subgenome, and the
rati o of t he gkniaalse shawg.e Brdictt€s sighificance at p<0.001 according to
a Mann Whitney Wilcoxon test with Bonferroni multiple testing correction.

Leaf GLOB MG
% CG CHG CHH CG CHG CHH CG CHG CHH
Average| 53.44 17.53 3.1 46.73 15.94 3.82 48.95 13.69 9.01
A" [ 40.27 13.63 2.68 36.71 12.91 3.37 38.2 11.09 8.96
C"| 61.01 19.82 3.35 52.95 17.83 4.1 55.63 15.31 9.8
o "B"| 1.52* 1.45*% 1.25*% 1.44* 1.38* 1.22* 1.46* 1.38* 1.09*
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Figure 3.2. The DNA methylation in Brassica napus seed development. (A) Average
methylation levels by cytosine context. Average methylation for all covered cytosines is shown
for the GLOB (green), MG (blue), and plastidial (grey) genomes. (B) Level of methylation
fractionated genomes (LF, MF1, and MF2) within the Anand Crsubgenomes ofB. napus
Quantile boxplots show level of cytosine methylation as calculated in 1kB windows in the
syntenic regions for leaves, and GLOB and MG seeds in the CG, CHG, and CHHcontexts.
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We further compared the methylation patterns o
whol e genomes arising from the WGT are referred t
genomesd throughout) in | eaves and the GbOBdand M
that the majority of comparisons between the subg
devel opment al stages were 9D@gnofi tanal ycdmpheresnohn
(98%) and CHH (9829). 2chg n tDeaxttass e(tFiS®RuUur.e Met hyl ati on i
contexts was signs«0.icCGNL) yadridsfserseinbtgegnmromes i n t he
genomeA/(QC,F-MFC andA/MF)2 and stage in seed devel opme
is true for every possible comparison within the
notable exceptinonhemsamel ztyt osiine contexts was in
bet ween the LF and MF2 genomes in the -Anasdbgenom
MF2A weriegninfsi cant I>»0 . di0flf)ern eantMG(, P GL OB/ MG/ LEAF and
GLOB/ MG/ LEAF in CG, CHG and CHH context s, respect
significantly distinct in their global methylatio
within and across subgemesmeswifrcthenadoleadd g@rxcept i

MF2 genomes of the An subgenome.

3.3.2 Differential met hyl ati on of promoter
carbon metabol i sm aBurda sdse vceal eoapdnpeunst 1 n
Met hyl ati on on promoters is relatively stable

does not significantly change betweeav lt.8eg &LMOB an
mCG64. 0, M=% 3m C8G Figure<@. @@aji oWwhabtiwe y2c o xPon) . When
GLOB and MG seeds were compared with | eaves, 84 . 6

promoters and 77.8% of CHG differential met hyl ati
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GLOB and MG seeds (Figures 3.3a and S3.2), sugges

met hyl ati on once seed devel opment was initiated.
devel oping seed is distinguished from vegetative
CHG methyl ation on promoters, which is maintained
of the seed. We compared promoter el ement methyl a

of the 1976 promoters differentiall ¥y042)tt hyd ad e da b«

|l eaves (Figures 3.3b and 3.S2), 95% were derived

A B

EHyper (GLOB) OHyper (MG) OHypo (GLOB)
OHypo (MG) BmHyper (both) OHypo (both)
100% |———r—r—r——

CHH MG hyper
CHG MG hyper
CG MG hyper
CHH MG hypo
CHG MG hypo
CG MG hypo

DNA binding

transcription, DNA-templated

plant-type cell wall loosening

80% L
seed germination

ethylene-activated signaling pathway

response to jasmonic acid

60% — response to auxin

response to abscisic acid

response to gibberellin

regulation of meristem growth

40%
cell differentiation

cell division

regulation of mitotic cell cycle

20% carbohydrate biosynthetic process

lipid storage

developmental programmed cell death

carbon utilization

0%

lipopolysaccharide biosynthetic process

TE
TE

GENE

GENE
PROM
GENE
PROM

faity acid biosynthetic process

Figure 3.3. Shifts in DNA methylation between different genomic elements throughout seed
development. (A) Stacked 100% column showing hyper- and hypo-methylated genes (GENE),
1kB upstream regulatory regions (promoters, PROM), and transposable elements (TE) between
seeds (GLOB and MG) and leaves. Data are separated into hypeimmethylated in GLOB (orange)
or MG seeds (pale orange, hypemethylated in GLOB (yellow) or MG (pale yellow) seeds, and
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hyper-methylated (navy blue) or hypo -methylated (pale blue) in both GLOB and MG stages. (B)
GO enrichment of genes with differentially methylated promoters between the GLOB and MG
stages of seed development. Highly enriched GO terms are indicated by darker colouring. Gene
lists and enrichment output can be found in Dataset 3.54.

To identify the biological processes affected
met hyl ati on, we examined enrichment of Gene Ont ol
promoters differentially methylated between GLOB

significance of GO en<0i.cOnOmMent Acto nsseiedde rneadt uartatH on,
in regulating gene expression were heavily enrich
promoters, such as DNA binding (CG, -tGHI| aGHH hype
transcription (CHG and CHH hypermethylated). CHH
seeds was also enriched for response to hormones
and auxin. We also observed CHH kuwmeomeglkewnwkatiaorno
in cell division and differentiation, cel | wal | [
germination in GLOB seeds. Promoter hypomethyl at:i
acid biosynthesis (CHG hyppaeit byl @CHHANnhy pochechy ba
whil e promoters of genes involved in carbohydrate

Therefore -pnaase apri @mot er hypermethyl ation appears

gene activation, and tolge nteaslian aea db gqtuweeesrc emareph whi
hypomet hyl ation in seed maturation is |ikely asso
carbon into |ipid biosynthesis (Figure 3b).
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3.3.3 Transcription factors (TFs) a+t+e hypo
coding genes

We examined the methylation | evels ofi TFs rel a
data show a significant reduction i n -dodihn g egeen 0
relative to other geeDO1IFPWrinNmMee p8pxdablel d; | Pave
and MG seeds, TF gene body met BA8% trieolnatliewee |tso wtehre
of other coding gene beo@.i ®G1l Whairgruweeg cSo3x;o nT)a b I TeF 2 ;
promoter CG and CHG methyl atioer t9® ®tgrrfrodnnbydg
though the reduction is | ess than observed on gen
| ower i n seeds than observed in | eaves, mCG | evel
and MG seeds nor did mohey schdngd<so0 {0Ttalbd Ma o 2 ; P
WhitWwWeycoxon). Additionally, despite overall | owe
subgenome methyl ation bias was maintained on TF g

3.2).

Table 2.Percent methylation on repetitive elements (TE), genes bodies, and promoter
elements (1kB window upstream of TSS), transcription factor gene bodies and promoters,
and siRNA clusters.Mean methylation levels were calculated over features from individual
cytosine methylation levels in each context (CG, CHG, CHH). Averages were also calculated
separately for the A and C subgenome, and the ratio of these avepad®&" is also shown*
indicates significance at p<0.001 according to a Mann Whitney Wilcoxon test with Bonferroni
multiple testing correction.

Leaf GLOB MG

Feature
% CG CHG CHH CG CHG CHH CG CHG CHH
Average| 91.42 37.85 957 | 80.36 30.81 7.15 | 84.61 32.35 23.04
A" 86.56 38.78 10.78 | 75.89 29.75 7.28 | 80.06 3245 24.13

C'| 9353 3746 9.03 | 83.03 3145 7.07 | 87.34 3229 2232 TE

p "@"| 1.08 0.97 0.84* | 1.09* 1.06* 0.97* | 1.09* 0.99 0.92

Average| 71.84 3396 7.45 | 63.97 1143 0.47 | 63.83 8.09 6.38 Promoter
A"l 625 3025 741 | 5491 10.17 0.47 | 5475 7.45 6.07
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C"| 76.43 35.78 7.47 68.72 12.09 0.46 68.58 8.43 6.54
¢ "®"| 1.22* 1.18* 1.01* | 1.25* 1.19* 0.99* | 1.25* 1.13* 1.08*
Average| 22.9 5.82 0.91 21.8 2.16 0.13 21.6 1.18 0.99
A"[ 1594  3.96 0.66 151 15 0.11 14.96 0.8 0.73

Gene
ch| 27.02 6.92 1.05 25.72 2.55 0.14 25.58 1.41 1.15
p "®"| 1.69* 1.74* 1.59* 1.7* 1.7* 1.22* | 1.71* 1.76* 1.57*
Average| 8.86 1.62 0.4 7.91 0.51 0.05 7.8 0.33 0.45
A" 7.54 1.31 0.32 6.71 0.45 0.04 6.57 0.26 0.37
TF Gene

c'| 1006 191 047 | 899 056 005 | 891 039 052
@ "B" | 1.33* 146* 1.46* | 1.34* 125¢+ 118 | 1.36* 1.48* 1.39*
Average| 61.06 32.08 815 | 51.07 966 042 | 5093 72  6.33

A"| 5207 2641 7.9 | 43 78 035 | 4283 602 5.6 TE

c| 6863 3682 898 | 5811 1129 049 | 58 823 697 | Promoter
@ "@"| 1.32* 1.39* 125¢ | 1.35* 145* 14* | 1.35* 137+ 124

Average 5440 33.03 1257 | 84.61 52.22 44.08
A" 54,11 3295 1253 | 8455 52.12 44.07 .
NA siRNA
cn 58.70 34.15 13.15 | 85.43 5358 44.34
mp "a" 1.08 1.04 1.05 1.01 1.03 1.01

3.3.4 Fractionated genomes exhibit differe

promoters

We further compared.cofapasenbesabedthenomes acr
progenitor An/ Cn subgenomes (Figure 4.4). Compar:.i
complicated, and comprise the fractionated genome
and Cn), the devel opmenamd mdtalgyel tGLOB caamdt anGt) ( C(
CHH) . Hereafter, statistical comparisons refer to
met hyl ation context. We compared the mettehdy!| ati on
genomes, and in all instance®6. 06 a tWhaiotrHWe ygna ¥adrc)ant
was found, the comparison was within the same sub

this trend is true for all cytosine contexts, whe
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fractionated genomes in the same subgenome. Our d

bodies is more similar within different fractiona
than it is in the same fractionat edhigse npoamhet eirnn tihse
same in promoter regions, wherein the only insign
fractionated genomes in the same subgenome (Figur

coding regions and their( pproinmarey sr)e cqauleatdd rsysirmd diaa

sister subgenomes and more alike within the same
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Figure 3.4. The DNA methylation of genome features (genes, promoter regions (prom),
transposable elements (TEs), and siRNA loci. Box and whisker plots divided by the fractionated
genomes of B. napug(Least Fractionated (LF), Most Fractionated 1 (MF1), and Most Fractionated
2 (MF2) and their corresponding subgenome (A, C).

3.3.5 Subgenome bias of DNA methyl ation on
uni que from vegetative tissues

In all three cytosine contexts, the vast major

and seed methyl omes occurred on TEs (Figure S4. 4;
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approxi mately 33.7% of the gebB.onmeaywaasDpHeld? 0t70 , c htrhoonu
this is an underestimation of total TE content as
to chromosomes were not included in this analysis
contexts was significamelnt rreduacdd ei n 99 d eeh%ceesv g Il e
Table 2). CG methylation on TEs was observed to b
increased during seed=8@atd4at MBMmEBEGAL, OF arhC@ 2 ; si g
P<O0O. 001 OWhintWeée y coxon) . Overall, a degree of subgen
during these shifts in CG |nheitghhyelratoino nCn nsQG gl eenvoen es

(Tabl e<03.020;1 oWhaintriWeé y coxon) .

The CHG methylation on TEs does not change sig
stages of seed develkFdpméw: WMGB@B8HECH G<hb 100 12 ; P
Mandwhi t Wéy coxon; Figure 3. 2a). However, there is
undergo heavy CHH methylation in MG seeds but not
The | ower CG and CHG methyl ation obsereddbiynaseed
increase in CHH methylation on TE=s9.dou%,OBE seed ma
MCHH7. 2 %, MG=nTHMH%; Tabl e 2<0.a001 dWWNhagnoniwe iy caomnxto nP
and is observed globally within theDdehbBmewdré gur
hypermethyl ated in the MG stage relative to | eave
subgenome T]Ehsi gMdaesr 1lt.l'2an Cn subgenome TEs in | eaves
observed in the<G.e®edl, Whdbrme y3c 2x o) . Thi s suggest ¢
reprogramming of genome architeopmeatardundemEbyd
reduction in CG and CHG menkdebendeni andrsabgeobdm

met hyl ation on TEs during seed maturation.
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We al so compared the mCG, mCHG and mCHH in the
The majority of comparisons between the fractiona
significant (82%), though fewer were significant
( Furge 3. 4c; Dataset 3>®.50Q1)Theommariigmarnfdgd ciamtCG Pcon
entirely within the same subgenome (An or Cn) and
LF and MF1 genomes were insignificanekd different
devel opment in the CHG context but not in CG or C

di ffex6n0O0O0OLP between subgenomes during the GLOB s

the MG. I n contrast, the MG seed of the MF2 genom
across subgenomes in both CG and CHG comxBexts, bu
seeds.

3.3.6 Methylation of si RNA |l oci during see

Cytosine methyl ad3i-ibol d nocneaisBRNAoOolkusters | oci
the MG stage of seed d=Eve l0d)n meiE 6mE&Bh;O BG LMITES
MCHG45. 9%, MG5mCHG; GLOH 2mCOH4Y, ME4ICHH;, Tabl e 2;
P<O. 001 oWhintiWe y coxon) . Most notably, the mCHH | eve
stage Jahrieghde.r9 t han the whole genome average (Tabl e
observed on TEs. We also compared methyl ation pat
genosmeand found a similar pattern as that observed
is not significantly different across subgenomes
subgenome (Fi-fuCe -BIF@dandA/MF2ar e si grirfeindgd antnl ysLMIBf
and MG in the CG context ,-A/bQtanCdAGVFar ey Inatti en gof f

di fferent in MG seedsA/ CHIiGs malt $=ll;a it Msahinnatonf g VR F
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Wil coxon) in GLOB seeds. Met hyl ati on of expressed
di fferent patterns than seen in genes and promot e
wher etAln CLF-MFC andA/MF2are insigni falc;anMdNhyn tdn &€y er en

Wil coxon) in both GLOB and MG seeds. Met hyl ati on

fractionated genomes during seed development in C
similar across subgenomes in the CHH context.
3.3.7 Seed maturation is characterized by
| oci being transcribed

Next, we profiled sRNA popBl ahapaead,6 dgwaloongmevi td
We found that the maturation stages had the great
per milliOh; ;9 (8BBM)N4E7 3i RNA | oci were expressed dur
stages, respectively (Dataset S6). The OV stage h
expressil®dw dtn z®Hntrast to the GLOB and HEART stag
2927 aGd62Boci being expressed, fresRbBAtexpltgssbBbah
persistent throughduhbh akkdstegesopméhb®w of all det
from the Cn subgenome, with this bias persisting
si RNA reads accumul ati ng hfer oOW tshtea gGn, saunbdg ean onmaex ii nmu
the GLOB stage (Figure 3.5a). Fewer si RNA | oci ac
seed development (Figure 3.4b). 98%tbk OV GeOBs a
21%, 20% and 11% onfeath seRpActbee stage. I n cont
reads in the MG and DS stag9% otspkbttreaelly,i acea
These trends were not seen tFoewdeirf fseirRNoAe tlwoecein csounbtgr

devel opmMentaipmuisng mor phogenesifssitRiNASs iinn mMmaad rup had g eor
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are highly expressed, but fewer | oci have detect a
complete |ist of all siRNA |l oci across TEs and ge

transcri bed ByRNAdS danerdalpes s
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Figure 3.5. siRNA read accumulation throughout seed development in  B. napus. (A)
Proportion of total sSiRNA RPM in each seed stage library shows consistent C subgenome bias.
(B) Fewer siRNA loci account for a greater proportion of total reads in early seed development,
while the proportion of reads is more evenly distributed in the MG stage than in the OV, GLOB,
and HEART stages.

We identified sRNAs originating from TEs, gene

seed devel opment, and compared RPM accumul ati on i
from TEs were the most represented in rdad dadeumu
Cn subgenome (67%, 79%, 81%, 77% and 91% of all r
DS stages, respectively; Figure 3.6a). siRNAs enc
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throughout seed development, but still biased tow

and 53% of all reads in the OV, GLOB, HEART, MG a
Finally, si RNAs originating from prtohnoostee rd erre gvieodn s
from gene bodies, and exhibited genomic bias for

65% of al | reads in the OV, GL OB, HEART, MG and D

si RNAs encoded by TEs wer e ofeecdo npeavred olpemeankt u n dsa nReN
originating from promoters gradually increased as
promoters of the An asulgpamadmatwdrne tlh.el MG stage as
while si RNAs from the|@s sbbhgdaome wé RDNA3 a8cumul a
promoters rapidly declines in fthes€nssRNAgsenbmanat
MG seeds. Conversely, si RNAs encoded by the An su
beginning to end of se eRS dhreajeil g nieinBRNA waictchu munl at i c

relative to the MG seeds.seed development is foun
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Figure 3.6. Total RPM (Reads per Million) of siRNA clusters encoded by transposable elements
(TEs), gene bodies and promoters. (A) sSiRNAs encoded by TEs accumulate with consistent @
subgenome bias throughout seed development. (B) siRNAs originating from gene bodies
accumulate most strongly in the DS stage and are less numerous than those encoded by
promoter regions. (C) siRNAs originating from promoter regions are most abundant duri ng the
MG stage, with increasing expression from the OV to MG stages. Promoter regions exhibit
stronger subgenome bias than siRNAs encoded by gene bodies. (D) GO analysis of coding
genes associated with the promoter region encoding the top 500 most highly expressed siRNA
clusters in each seed stage.
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3.3.8 Biological processes associated with

subgenomes

Next, we analyzed the top 500 most highly expr
regions in each subgenome and performed GO enrich
(Figure 3.6d). GO enrichment analysikf.Ddgnfbdfi smdn
devel opmental, genomic and biochemical processes
abundant si RNAs encoded by gene promoter regions.
polysaccharide synthesis are ruwbpgemnscmmet.eddP)mobroet hst r
throughout seed devel opment and in the MG stage,
and chloroplast processes are represented across
met abolism processes (racemetrliseniepe moaetaskeolaics my i
asymmetrically biased t oalar0dls itnh eA nAns Oshutbegneonno@me R P
subgenome) . Devel opment al processes associated wi
(RO. 01 An HEART), s<@Qom®darAy HEARTHh, (Pl xc@ebDldevelo
An MG), st ame<0.fOill aAme MG)( Pand shoot <@By@OEmAnevel op
MG/ DS) are also biased towards the An subgenome.

processes associated wiatstedf nwiwtardlesv ¢ lhepdted s udme nio

OvV/ GLOB/ HEARTYOM®,0 1P Cn DS) , i mplicating si RNAs fro
intervene in regulation of genes relevant to vege
Il nstead, si RNAs encoded by the Cnhn subgenome i mpac
i nvol vedf elrnt zppcdston processes. Further, we find tha
(glycosyl ation, biosynthesis) processes are biase
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(RO. 01 Cn DS). Fattg0.acdld Gmret@dd)olamdn gPYcODLplCd pr
DS) are represented in the final stages of seed d
enriched in the maturation phase. Taken together,
subgenome do not mirror each ophecessesti andytdbat
particul ar biological. mdeouesd spsneaft iimceémuaesngt dipi

are |likely asymmetrical loome.egul ated by the Ch sub

3.3.9 Ancestral genome fractionation has |

during seed devel opment

The WGT shared amongst the Brassiceae resulted
Brassica. Our data suggest that si RNAs transcri be
three fractionated genomes do not varywoadhgj defrhbb
three fractionated genomes have ffewdi | 3izRNA olno@aind

mor phogenesis than observed during seed maturatio

fractionated genomes is charachermajedr ibtyy f@efwetr hé of
RPM. This is consistent with the whole subgenome
is a global shift in si RNA expression upon the tr

fractionated genomesoexpséeRNAcobosidbuablayempropor

expressed. I n th

(0]

LJFagde hdnoee s hBNA lkhoei 3edpressed
stage than in the HEART stage in the An and Cn su
consistent ihrabeionhakeedt wenp m@,s 4BBawthde f3ed8ne 3. 5

si RNA loci are transcribed in the MG -At aFElrel ati
MF2A and-CME2 nomes, respectively. This dramati c che

di sappear once the seed enters ahcremdmn@ay &tentomesDS
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Figure 3.7. Violin plots of siRNA loci with >1 RPM in LF, MF1, and MF2 genomes of OV, GLOB,
HEART, MG, and DS stages.

We used a KSMmogoéY)o(¢tkest to determine differen:t
di stributions betweeadbdeheltbpmentagasdodcross the
(Tabl 833 .S38)..1 Data show the distribution of si RNA &
MF1/ MF2 and LF/ MF2 was not significantly differen
The only signifPkafb)dwkeferedeasi {ied at the MG s
characterized by a gl obal increase in siRNA | oci
seen in the OV and during seed morphogenesis. Thi
compari sons haec rsousbsg ebnootnhe st and fractionated genomes
statistical di fferences between the seed stages a
MG seed and any other stage. While not strantsi sti ca
were more similar across fractionated genomes t ha
example, the OV, GLOB, HEART, MG and DS stages wi
di ssimilar between t he-vAd uaemnsd 0CmM 64uUb g e&On 2MeB#A ,( . 05
000333, respectively) than they were in their matc
genome MAlnuePs 0.3743, 0.7089, O0.7553;val . ues4pd.0BBR 9(

0.4134, 0. 2445, 0.9998 and 0.2361, respectivel y).

3.3.10 Genome fractionati-pnohasnl|l eedi hgf &l

than on gene bodies and promoter regions
The WGT that defined the divergence of the Bra
genomes that evolvedBindapandleuentthigieaihtehihnybri di zat

i nceptB.om.aopfuss t hese fractionated genomes existed
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progenitors, we compared the significant and insi
We found that DNA methyl ation of every comparison
significantly different in the CGecaride st RNAr | gen

both GLOB and MG seeds (Figure 3.8). This trend p

seed stage for gene bodies specifically, wherein
al |l significaftDP1iivielg wd rhtes ilnfonsitf incoannt compari son:
identified in the methylation of TEs and expresse

insignificantly different in both CHG and CHH con
(Figure 3. 8b)s sacerdoss,s aGL \B/IMG a( Fi gure 3.8c¢c). This
MG stage, which is expected given that the MG st a
CHG and CHH met hyl ati on. Despite the substanti al
mor phogenesimat urati on phases of seed development,
GLOB/ MG comparisons was insignificantly different
(Figure 3.8¢c). Met hyl ation of si RNA |l oci was mor e

withihe same develidpmdanti al, aneadeg | ati on on expresse

di ssimilar in the fractionated genomes across see
same devel opmental stage. Altogether, @athenbodies
profiles within the frachitenateddjagomeg, omst i maenh
TEs and si RNAs |l oci had more similar architecture
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Figure 3.8. Highly insignificant comparisons (p > 0.1; Mann -Whitney -Wilcoxon) of Gene,
Promoter, TEs, and siRNA loci in CHG and CHH methylation contexts. Comparisons of (A)
GLOB, (B) MG, and (C) GLOB-MG are shown, with full dataset presented in Dataset S5, S6.
Only comparisons that are An and Cr subgenomes are shown.
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3.4 Discussion

3.4.1 Epigenetic biasBrasdihea Cmapwdgenome

I n all ot etB.aprdaopiust elrislpeeci fic hybridization can

of genomic components and |l ead to morphol ogical d
the other, suggesting subgenome bias has profound
Webber €t6;alComa20et al ., 2000; Wang et al ., 2006)

epigenomic bias acr oBs ma&@Sgseddvdlcoadmeynt ciomsi st ent
met hyl ation and si RNA acecnuonmel aitmpo ni eisn tthhee sCn escuthigv

component s.

Patterns of cytosine methylation and diversity

undergo substantial modifications -BHipoml ald | ®fpoalyp)
Amongst these, si RNAs are known to beicomeaderegus.
an influx in TE activity in addition to generatin

find cytosine methylation and si RNA accumul ati on
subgenom8.i napléd, and arrepmeaesciaan vef oifts rel ati ve
seed devel opment and by extension are submissive
were also subject to profound CHH hypermethyl atio

persists throughouti tshe esd RINeAvse | eonpcnoednetd, by genes, pr

TEs all accumul ated di sproportionately from the C
wor k, more genes are transcribed from the Cn subg
| ower, suggesutbigregr otmee iGn |l i kely being silenced thr
al ., 2022). The -acciumu |l altd mean tof oNwWh as si RNAs ori

Cn subgenome may contribute to a greater overal/l

112



subgenome as the seed develops. Together, the Cn

el ements that persist across all stages of the se
epigenome indicates tBatnéapmisAint suibgeinpimentof genom,
during reproduction. Acute subgenome bias defines
seed development in this amphidiploid species, bu

of the Cn subgenamtei whhtettecemehteér f

3.4.2 TFs are comparably hypomet hyl ated in

The TF genes have been documented to exist wit
which are regions that have constitutively | ow or
These account for 46% of TF genes ine Gdrycine, whi
prevention of DNA methylation during seed develop
machinery (Chen,BrLaisnsi ceatemdadpise®liB8) .elicit the sal
with substantially reduced DNAI snegdigydialili @nt roamt TtFh e
exist in DMVs in Brassica as well, but it would b
met hyl ation | evels of all TF genes throughout al/|l
while TF geB.e rbapme csompnar ably demethyl ated in al/l
promoter regions are substantially more methyl ate
that the bulk of transcriptional regulation of TF

i nade ianscerde met hyl ati on of promoters.

3.4.3 The contri buti on oBfr alsEssi ctaoe esdupbugse n o me

devel opment
Seed maturation is characterized by the rapid

stores for the developing seed, and coincides wit
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met hyl ation, especially in the CHH context. Whilye

in the MG stage, the accumul ation of these si RNAs
devel opment. Thus, it 1is possible the Jjandrnegasi ng
from TEs promotes gl obal genomic silencing as the
al so accompanied by an influx of si RNA reads from

subgenome having more repetitive rreeagsieonsn. gseinFONMA sc
coverage as seed development progresses where CHH

once maturation is initiated.

Repetitive el ements (REs) can be targets of ep
all opol ypl oiBd mplapatss sodi ke al ., 2009; Parisod et
hi gher density and abundance of TEs in one progen
epigenetic modification in a hybrid polyploid ( We
subgenome noisas dwasnat Bc oapdd&Es amd | eaves. TEs are
met hyl ated in th&. Cn,apaubdy ewhoimee othh ihsa sp thereoomerhs er v
vegetative tissues (Chalhoub et al., 2014) and mi
epigenetic modifications go beyond what is obseryv
hypermethyl ation on TEs. Morewvde, abDNAdaoet hghati b
genetic regulation that serves to modul ate variab

in subgenome bias favoring higher methylation of

its higher TE | oad.

Il . napouusr data provide evidence of a gl obal I
from the An subgenome in the CG and CHG contexts
met hyl ation is stild]l mai ntained on thed€&€E®citn the
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whet her this | oss of methylation on TEs is via a

possible that |l oss of mCG and mCHG in seeds is a

numerous cell divisions and DNA r eWhleitchaetri oan |coyscsl eo
met hyl ation relative to |l eaves is actively or pas
bias is a feature that persists over the transiti

3.4.4 RdDM as a modul ator of devel opment al

Active demethylation of TEs in ephemer al repro
nucl ei in pollen and the endosperm may | ead to th
DNA met hylation in other cell s ( Gehrkinmgvnett halt. ,D N2A
hypomet hyl ation in Arabidopsis gametophytes cause
interference in DNA methylation machinery causes
2006; Xiao, Custard, et atestikO@gby, Zbangdataaindi
l oci are expressed as the seed approaches matur at
si RNAs from fewer | oci, consistent with previous
2020). Given t heopeesioRmMNAsnpl ay in managing DNA m
canoni cal RdDM pat hway, the progressive increase
devel opment may be indicative of increasing epige

highly exNAsesso®edgsinRting from gene promoter regio

with devel opment al and biochemical processes bein
subgenome. si RNAs from the An subgenome accumul at
with celdhidganemwirs and shoot devel opment . I n | ate
genes involved in cell division and auxin/gibbere
hypermethyl ation. These targets reflect the devel
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| acking DNA methyl ation machinery, wherein improp

observed (Kim et al., 2008; Xi ao, Brown, et al .,
The RdDM in maternal tiBsueaspd sdesasleapmant f0Gr
al ., 2018). As the maternal seed B.oansageadk east uphias
stage, it is possible that some patterns of early
progeBitoaplae role of RADM in seed maturation is

characteristic of seecesmaetnuriaatli am b uhte wvmioadbelly snyosnt e

(Bouyer et al . | 201duyrihémt edt ady, BOIf7dund nt hadte s
heavily methylBat edapedsmawheee the embryo compri se
the seed body. A spatiotempor al analysis of DNA m
embryo, endosperm and seed coat would provide ins
zygotic ti osude seteldr eyl opment, and whether the e
coat are all subject to the same regimes of subge

3.4.5 si RNA accumul ation correlates with g

Many angiosperm genomes are typically compri se
sequences that accumul ate through evolutionary ti
sequences can cause withstanding genomi chehanges
coding genes or regulatory regions of the genome,
regul ated by the RdAdDM pathway. The various modes
expression are reviewed extenslitveily alns ditrlsedr ianac
RdDM pat hway originally evolved in plants to comb
from transposon mobilization as the pathway acted

transcripts processedei DNA meRNWAkat wonchagdi conse:
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TEs and prevent genome damage (Br2utigam & Cronk,
reason this method would be of i mportance to mana
attenuate the effects of transposoB. i mssgads ,onTSEst h
account for the majority of all si RNA expression
development, it is possible that certain TE regio
transcription that tsrdregictiingnofi MEs dlnolksaed matur
increase in CHH methylation and increase in numbe

seeds may be indicati vB. onfiagptusi g excheennt o menrpchn .diAd oi d

ubiquitous silencing effect throughout both subge
genome el ements in early sporophytic development.
however, that has beteon &kermovmi d¢ oplcaoanttird ibtuyt,e and i s
aatificial selection in crop plants (Dubkovsky & L

via RAdDM in seeds may mitigate regulatory errors

maturation, but is removed or | ost prroanpitdop suipson
(Narsai, Gouil, et al., 2017), Capsicum (Portis e
Oryza (Narsai, Secco, et al . | 2017) .

3.4.6 Fraantciewmteantodnmde s ar e mor e dicodiimigl ar i |

regions than in TEs and si RNAs

It is known that even in extensively polyploid
throughout generations of ploidy changes and geno
while stability of collinear r egtiioomes imma yp obley pplroei sdes
|l ess understoodpmwhteihmrrcodhiengoal ements of colline:

progenitor genomes experience the same retention.
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nerated by referencing collinear genes in Arabi
vertheless, the epigenome is critically importa
ovides a provisional solutialn. t 02009MmesSmrfi mgeerro nx
rther mor e, while studies exi st on the consequen
ere remain inconsistencies amongst plant taxa r
l yploidi zationceThgepgthemesbabaane of the withs

olution that has endured scientific inquiry (Bl

Genomic balance describes the phenomenon of du
ngletons over time via fractionation and del et

gnal transductors and others are moreByrequent|

extension, this means that coding el ements of the

ev

Th

24

20

olutionary time (fractionati on) -ctohdainn gvhraetgiiosn se.x
is is also seen in the confolwmmdi mg en&thwwe dfo am
G®I d in size with relatively Ilittle changes in

15) . I n our study, we demonstrate that DNA meth

di vergent across subgeinmgnefsorevamc evhitemalacfcoaanti onat

f

r

actionated genomes exhibit different methylatio

depending on the subgenome of origin. This is con
where genes under gad inoonrgeo prgopi ucsitd iazlatteiron t han ot her
the genome, and i mplies these modifications al so
t hat methyl ation of genes and promoters in the fr
same samg.enit is |ikely thiWGTdiawnwdr gpgerece decc urhreed
all opolyploidzation event. Furthermore, methyl ati
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subgenomic bias but were similar in their methyl a
across the subgenomes. For example, CHG/ CGAHH methy
and-CLF s more similar than gl obal coenpame s.onBhibet w
i mplies that the TEs and si RNA | oci of the genome
ancient triplication in CHG and CHH contexts spec
incurred enough genomic modiafycaimentohbeubhgtt ye
al | cytosine contexts throughout seed devel opment
similar in GLOBMG MGo mmalr iGLddBs even in different for

di fferent subgenomemparTiheonansiimgntiHiicawmdr lcosuggest

met hyl ation in fractionated genomes i s-plriokeliyn to
coding genome el ements | i ke -cToEdsi nagn dg esnieR N Aesg itohnasn ain
promoters. Researscsh won hotnhehesBea@assi ceae that hav
amphidiploidi Bat yamaysbehmase i deal candidates to

outcome of genome fractionation as they do not ha
subgenome complicating theai.r negapregendtsmea Neveguehel

opportunity to study fractionated genomes from wi

Together, this work provides evidence for both

withiB. theped, and the retention of -pegmitgd metciodilnar

el ements of the genome. Moreover, our data sugges
substantially changed the methylation profile of

invoked during seed devel opment. Taken together, t
be an i mportant factor in detgBmifinapdgsitheceespotival

relevant to polyploid crop plants.
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3.5 Experiment al Procedur es

The DH12075 genome sequence and annotation wer

Steve Robinson via the Canadian Canola Genome Segq

3.5.1 Plant growth conditions and sampl e <c

Met hyl ome and si RNA anaByseapwebDldlp@T7T5ormPleant s
grown in growth c hdaanyb ecrosn duintdieorn sl oantg 2 HAC.| i Mmlad wealr s
and col |l eéay ® dpearsttid i zati on (DPF; OV), 7 DPF (GLOB)
(MG) and 35 DPFRsddS)ardndrats RBIAOB and MG stages for
Seeds were manually harvested from siliques and g
extroast.i DNA was isolated from seedsKusi nBNAhwagQi a
i solated from seeds using the Qiagen mi RNeasy min

for WGBS asag.s RNA

3.5.2 Collinearity map and TE annotation o

Broad collinear blocks are obserBuedaiprusbot h An

spanning the LF, MF1 and MF2 genomes (Figure 3.1b

using the ancestral Brassica karyotype detail ed i
alignments to A. thaliana to i rnufrerosaersc edt rtéli sc alnla
include inversions as valid collinear regions as
coordinates for alll collinemad NMEZYi gearsome & ha me trhec

Dataset S7. Further, we used Repmpt Masker REs Wi bh

DH12075 genome, which are annotated here as TEs a
DNA transposons. Re p evaet Maos kdeirs ciosv enroyt osfe nnsoivteil tr ar
copy number, and as such this analysis focuses on
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3.5.3 Methylome | ibrary preparation and se

Li brary preparation for bisulfite sequencing w
was sheared via sonication on the Covaris platfor
conversion -06i DY At Me t-lBigd hattriiomg Kit (Zy moE, Il rvine,
Lidwories were then amplified using the DNA Ultrall
were sequenced on the HilseqPK) pliskigfuelnioii (in® Iwarse s,
performed on three replicates fobrp bpaddmdstraeagas. A
were generated from the GLOB and MG |ibraries. Ch
was used as a proxy <Tonestcbhamevaisudhi ¢ef noinency
estimated to beeag98fci By QITi%d ibd siue s i t>e conversion
for both samples. Approxi matel B.6né&poafsDpal0eél rea
genome (Dataset S8). Differentiabpmethgdowasi oni was
Met hyl Kit (Akalin et awer e 2d04dl29 u |-tefir erdeagisorndr GOpisd i
of the transcription start site (TSS) of a gene.
regions containing differentially mebtphyDMR ed r egi
regions ard tupespir@E@t er regions was calcul ated us
Homol ogous genes in the Darmor Bzh annotation wer

accumul ati on patterns was performed using SeqEnri

3.5.4 Bisulfite sequencing analysi s
Quality trimming and adaptor removal were perf

(http://www. bioinformatics. babraham.ac. uk/ project

aligned to the DH12075 genome using BSMap2, and c

usitnlyge met hration script (Xi & Li, 2009). 1 ndividt
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reads to be considered for anal-kBi segAovasaganbBDNAvV
met hyl ation ratios of genes, TEs and promoters we
Hall, 2010). We also examined t he nef fbacats afn baivre rsa
met hyl ation and found that the C subgenome was de
regardless of bin size (Dataset S8). Db ferenti al

wi ndows using Methyl Kit (Akalineetabakul sbppeti2pns RO

regions upstream of the TSS of a gene. We did not
bet ween the subgenomes, be it chromosome | ength,
l oci, as we believe these udidf fde rne nnciessh arhee ibnipod rotga

this complex polyploid.

3.5.5 sRNA |Ilibrary preparation and sequenc
Tot al RNA coll ected from seeds was wused for |
RNA Library Prep Set for IlluminaE (San Diego, CA

were pooled and sequenced on thbhpe SH) .unmuwal iHti yS etqr2ibr
and adaptor removal were completed with Tri mmomat
aligned to the DH12075 genome using Bowtie on def
alignment. Aligned reads wAresnhR&8A Bndt ene®&NAospeE

aligning them to known records in NCBI under al

3.5.6 si RNA identification and analysis

The si RNA prediction was done using Short Stac

si RNA |l ocus identification followed the protocol
replicates were analyzed using Shordafeask ROIA det
si RNA |l oci were merged acr osslbgl.l Tsheemprieasg evdh d o cs e
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thena nrpput i nto Short Stack in count mode to quanti

regions in the genombpwepetaperamt &ated asdilng genes
genes in the Darmor Bzh annotation were identifie
of si RNA | oci l ocalized to the corresponding prom
et al ., 2017) .

3.6 Supplement al Figures
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Figure S3.1 Quantile boxplots showing the distribution of size of transposable elements (TES)
in the An(teal) and Cn (purple) subgenomes of B. napuscv. DH12075.
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Figure S3.2. Differential methylation between leaves and seeds . Venn diagrams showing
hyper and hypo methylated genes, promoters and repetitive elements in GLOB and MG seeds
relative to leaves. Differential methylation was determined using MethylKit over 400bp
windows of the genome. Intersection with transposable ele ments was determined using
BEDtools.
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Figure S3.3. Methylation levels of transcription factors. Quantile boxplots illustrating the
methylation levels of gene bodies (A) and promoters (B; 1kb upstream of TSS) of non
transcription factor genes (grey) and transcription factors (white) in the CG, CHG, and CHH
contexts in leaves, and globular (GLOB) and mature green (MG) seeds).
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Figure S3.4. Shifts in DNA methylation between in development.  (A-B) Differential cytosine
methylation in seeds relative to leaves. The GLOB and MG seed methylomes were compared to
the leaf methylome (Parkin et al., unpublished). Differential methylation was calculated for all
three cytosine contexts (CG, CHG, CHH) over genes, promoters and repetitive elements (RES).
Number of differentially methylated TEs (teal), gene bodies (purple) and promoters (yellow)

that are (A) hypomethylated in the GLOB or MG seed relative to leaves or (B) hypermethylated
in the GLOB or MG seed relative to leaves.
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Figure S3.5. siRNA read accumulation throughout seed development in the B. napus
subgenomes. (A) An subgenome and (B) Cn subgenome.
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Figure 4.1. (A) Tissue schematic of stages of seed development examined ifBrassica napus
Biological processes that occur in different subregions are shown in boxes below. The globular
stage seed is expandedB), showing the outer distal seed coat (OSC, indigo), inner distal seed
coat (ISC, blue) chalazal seed coat (CZSC, dark teal), chalazal proliferating tissue (CPT, light
teal), chalazal endosperm (CZE, yellow), peripheral endosperm (PEN, orange), micropylar
endosperm (MCE, pink), embryo (EP, green), and funiculus (FUN, grey).

Our di ssecB.i ongewufs telxgpr essi on | andscape and hi s
characterization of the seed reveals the integrat

devel opMeerftound that each subregion within the see

profiles in the context of subgenomeprbdlaisf.erlant ipmg
tissue is distinct from the other subregions, [|ik
with the nucellus. We almol ogpoirnvohaedsiprcsdéded g

accumul ation are expressed asymmetAmniac¢ gilsli vy bét whden

ancestral subgenomes of this allopolyploid provid
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each subgenome that-sepefcifecceloimpamd meing suef both

regions that contribute to the making of a seed.

4. 3 Resul ts

4. IhB. naspes i s a complex yet el egant rept
be divided into regions and subregions
We used |l aser microdissection (LMD) coupled wi

the gene expressiBan nlapmdeds c Lepé¢ | of anmlle t i ssues wer e
(ov), globular (g, 7 DPP), heart (h, 10 DPP), and
devel opment. We profiled gene expression of the m
inner seed eoaseedSCpatogtOSC), and chal azal seed

chal azal proliferating tisgure ((MCET) . pkhrd prhiearadp yeln

(PEN), chalazal endosperm (CZE), as well as the e
filial regions 4bA)t hé&€heeEBR Wksgluet her dissected
(ROOT) and cotyledons (COT) in mg seeds. Hereafte

stage are referred to with abbreviations of the s
(ie. oefC&®Ms to the CPT of ovul es). Further, while
gametophyed bwcelohgating integuments which | ater

are referred to as Oseed coatxd.subregions for con

Brassi ovuna@epushave a distinct chal azal receptac
aperture wherein the CZSC is comprised of smaller
OSC are comparatively isodiametric witPhosa palisad
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fertilization, the elongation of the fusing seed
the chalaza with the MCE encircling the suspensor
mi cropyl ar aperture 44i83al The ehdoEPef(hm fores a th
surrounding the inner periphery of the | SC, which
additionally forimskea IBydyydti athe coylsdl az al pol e, r ¢

i nterface et vaenmadn CtEZhBe€E Gni e-de miavé ¢ CPT,-dar maedr nal |

subregion. BTheiagRgaini cularly | arge relative to o
proliferating to a | arge mass of cells at the int
podtertilizad4lB)n. (Figure

4. F.hzns@bgenome asymmetrically accumul ates

devel opment

Collectively, we iidiewnrt i f M2 dd &t539 868t9 tgleaate swer e n
whol ethdedcr easing transcript detection by 44% (Fi
subgenome were overrepreseabgedomempar bothothleel Av
transcribed 42adAneandFitdher @ ot aalc tsiavel toyb pt eamrBatedpby
(Fi gd2Bg . The seed subregi dnewwedses ulhege€omal | y bi a

compared to the whole seed,amwdthi dhoerm tmoars greingts :

from nstuebg@&nome. For example, at the genome | evel,
from 48.59% 2N Ct he DS,V 48. @%n. Ao s eeds. I n contrast
bias within subregions was most asymmetric in the

equivalent in t/hed4d g¥BTGUYB Y £4%FArt her, the 500, 10
most highly transcribed genes across all stages o

were eibhasedotowards any s ubygsenbogreen come 42(idRAisgeudrtet o

141



the broad

i n

(::) Qv

GLOB
HEART
MG
DS

genes

ovCPT
ovCZSC
ovISC
ovOSC

gEP
gMCE
gPEN
gCZE
gCPT
gCZscC
glsc
gOsC

hEP|
hMCE
hPEN
hCZE
hCPT
hCZSC
hISC
hOSC

mgCOT
mgROQT
mgCPT
mgCZSC
mglSC
mgOSC

I

transesub

detected

p & oo inmes

as wel | as i

il

N

n

tot al

©

5000

Iweavse lu,biQui t ous i n

1500
1000
500

al

transcr

ov

GLOB

HRT

MG

DS

ovCPT

ovCZSC

ovISC

ovOSC

gEP

gMCE

Cn

gPEN

gCZE

gCPT

gCZsc

0.5

glsc

gosC

hEP

hMCE

1.0
An

hPEN

hCZE

hCPT

hCZSC

hiSC

hOSC

mgCOT

mgROQT

mgCPT

mgCZSC

mglSC

mgOSC

(=]

20000

40000
# transcribed genes

16

-
[e2]

Log,(3>TPM)

20

Figure 4.2. Subgenome representationin space and time as(A) number of transcribed genes
(TPM>1), (B) summed TPM (middle), and (C) proportion of genes expressed in the top 5000,
1500, 1000, and 500 genes belonging to each respective subgenome (right).
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4. Budgenome bias of homologous gene pairs
ovCPT compared to all other maternal subre

To further assess subgenome bias in the matern
gene pairs b/e@swebegne ntohnee sA based on their expression
ot her @FAYurBhe ovCPT was the most distinct subr eq
stages and subregions. The CPT in seeds undergoin
shared a | arger clade with the I SC and OSC subreg
alongside the mgOSC and the mgCBES8CmoShegemw€Phomodd
with high subggmdcCme Ci2acC)llo®d compared to all ott
subregions and devel oigBé¢nt dlexst awesb¢bBkgudewn t hi
to examine gene sets with patterns of subgenome b

asymmetry between the d43w0 ZIBDpenWemesel( Ecgeaedet hese

downstream analysis based on 1) extensive bias in
devel opmental 44Aag€fsuvb6Bi gmde 6) ; 2) gene |l ists wit
which subregion(s) were visually distidcA, from th

Clustef)s; 29gr 43) clusters with mMAALI mM&€l usubgeBdPme Whi
these gene |lists as clusters as they are derived
does not refer to biological relationships nor ge
Ont ol ogy (GO) enriltehame ng e raen ad lywsd tse rosh otgad cian v eps toicgeast

influenced by subgenome bias.
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Figure 4.3. Subgenome bias and clustering analysis of maternal subregions in the B. napus
seed. (A) Subgenome bias of gene homeologs expressed as Le(A/C n) of their respective TPM
values. Euclidean distance was used to compute distance between data points(B) Number of
gene pairs exhibiting strong genomic bias (Log2(A"/Cn) O 2 ( 6 A (BVCa)s 82) (00rC Lo g
Bias6)), or 0 LAWCi-@1.aC)Qele.pdir lishfromn (Ayclustered into k=9
groups, number of gene pairs are tabulated, and heatmaps of all clusters available as Figure SX.
Gene pair clusters indicated by an asterisk (*) are carried forward into further analysis in (D).
Clusters 1, 2, 3, 6, and 8 were then clustered again to k=5, k=6, k=5, k=4, and k=3 clusters,
respectively to parse the gene lists. Clusters in(D) with < 60 gene pairs were removed from the
bar plot, but included within Dataset SX. Clusters in (D) indicated with an asterisk (*) were

used in the GO analysis of Figure 4.

4. Ma4 er nal subregions in early seed develc
transcriptomically divergent than that of
GO terms associated with cell growth and hor mo

enriched (p < 0.001) ineubdhencinasbidabs, w(dlihugsotvestP T )A

Clusters wirghbperCdme Emird £ hlkeadd GOndemmsnbframe system
and the vacuole in addition to polysaccharide cat
mi tochondri al / ¢chdl4ddBr, 0o Cll aistt e Bi Quraemd 5) . Clusters 4
out gCPT and hCPT together as thefirnownfcomdet wet
subregions, were significantly enriched in GO ter
bi ochemical processing, vacuole organi z4a4B)on, aut
These clusters were also enriched for biological

reproductivaenghassicthamges. Conversely, the clust
subgenome bias was most significantly enriched fo
organi zation and |l owaé¢hi bgogeaeesndar ascalel | as ge
mitotic/ meioticdpBoc€E€lssese( FByurat the whole tran

was thef mbsebhtdegi on and had the most divergent pa
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compared to theaothay stbllgeg.iodBrsoeavdel lyo, p mehnet subr egi
MG seeds clustered more closely together than oth
during early seed development, the same subregion
the devel opment alf edrtitatgad .i obu rainndg morreohogenesi s, sub
mo st similar in the same subregions. However, t he
seed maturation and consequkassyttaescriepdt cmibec aigl

MG seeds at the subgenome | evel
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Figure 4.4. (A) Clusters of the data in Figure 3C, selected for subgenome bias in certain stages or
lack thereof. (B) Gene Ontology (GO) enrichment of the clusters selected in (A), wherein
statistically significant GO terms were only selected if >1 homologous gene pair constituted the
GO term. Complete GO analysis is documented within Dataset SX.
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4. I he CPT is derived from the nucell us anc

seed develops

The CPT is a maternal subregion of unknown f un

its presence iArdhiecdmpsiche pihabra sheiideesange . Cl ust er i

homol ogous gene activity implied that the CPT is
examined the gene | ists us44d afnodr ntd O eedn rtihceh ndeantta ifnc
relevant to seed development, reproduction, and ¢

homol oX6LOGLUCAN ENDOTRANSGLUCOSYLASE/7THWeDRROL ASE 2°
highly expressed early in seed development in the
subgenome, and was also true of another gene in t
XTHYI®Fi 4brAd . The met HMTilwaasn sdlesmsteranscri bed al mos
within twhikee CRPYstei nCcEPplrwasalsar dely transcribed ¢
and CPT during moWIphDH&SENK i gend hlirkomol ogs were | ar ¢
transcribed within the CZSC i neasveuliens ,t rfaon g corniepdt b
accumul aWliHidm &o¢the ovCPT, and finally with declinin

homol ogous gene pairs in the CPT and C&H3B0 .of HEAR
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Figure 4.5. (A) Heat map of selected homologous gene pairs belonging to significantly enriched
GO terms from the clusters in Figure 4 as they pertain to the developmental shifts within the
CPT.(B) Expression of WIH genes from both An and Cr subgenome homeologuesin the CZSC
and CPT seed subregions spanning OV, GLOB, HEART, and MG seeds(C) Developmental
series (stained with toluidine blue and periodic
enveloped by both elongating integuments (i) with the tenuinucellate nucellus (n) surrounding
the female gametophyte (fg). The nucellus extends from the basal chalazal nucellar body (cn),
adjacent to the chalaza (cz). (D) maturing ovule, (E) ovule with the cellularized mature fg, (F)
inset of cn subtending the fg, (G) 7 DPP seed chalaza divided into the CPT, chalazal endosperm
(CZE), and chalazal seed coat (CZSC)(H) 10 DPP seed chalaza with the nucellar lysate (white
arrowhead) at the interstice of the CZE and CPT with fragmented vacuoles (black arrow) now
populating the cells of the CPT, (I) chalaza at 14 DPP with the incipient deposition of
polyphenols in the pigme nt layer (black arrowheads), (J) 21 DPP and(K) 28 DPP seed chalaza.
Bar = (C) 50 um (Cinset) 25 pm (D) 50 um (Dinset) 25 pm (E) 75 pum (F) 50 um (G) 50 pm (H) 50 pm
() 50 pum (J) 30 pm (K) 25 um.

Nexte, ewkamined the anatomical devel opment of tl
through to seed maturati on. I n early ovules the n
encircling the developing5CepmalTkegameebphytbod¥inp

shortly afterwards as a robust mass within the ov

©
—
o
x

imally to the developing CZSC with thickened
nucell ar b#45D) .( Flihgeurcehal az al erdu aelldl ww ntt reen eal @artg & tl

antipodal end of the maturdéEf amdl €)gahmét opeygéopht

cells of the chalazal nucellus form conspicuous n
densi ty45 &) guSeeds at 10 DPP (HEART) accdind) ate fr
A distinct cellular |ysate of the remnant CPT i s
CZE in both GLOB and HEART seeds and is |likely de
nucel |l ud5Fi gTshagse lagc cumul ated as more cell |l ayers

expanding seed. By 14 DPP, the remaining CPT cell
451 ). The vacuolar fragments accumul ated pigment i

initiated maturation. The cell |l ayers of the CPT
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by 21 DPR50Figlhe remaining | ayers of the CPT wer
anatomically by 28 DPP, filling with pigment bodi

coat d6s pigmenda5K)ayer (Figure

4. Fhe | SC and OSC are genetically and anat

di fferent devel opment al mi |l estones

The seed coat is comprised of the inner and ou
mi cropyl arf eprotliel ipzoastti on to become the | SC and OSC.
maturation requires extensive cell wanl lofr esmood ealgien

mat er i Bl snapgwes report that many genes responsible
transcriptomically isolated to specific devel opme
Among them, genes implicated itrdcelnl tweal loval garmrsiez
XTHOndoxyl oglucan transferase) and IiUGELh>P seed co
gal actose epi #cAYBHYr anFsicgruirpet s wer e mosrueb gaebnuonndea n t
in all three ovulse amededsesoaWwosebt egicEiganechombl o
accumul ation was blisadgaentoanwat schs tthlee gC SC, hnOS C, an
bias persisted in transcr i pNtUL L&EASR0 dFiUsStl éON  WDIELFHE Cifd o
NF D)2, starch PHOSREDODWEAN sPHOSPHATPASERUCT OKI NASE

7, BPRK7as wel | as the bidirect$WBRT 1limo ntotseancnegh@3GC .d e
subgenome bias was apparA&dR GASP AtRhTd Ch dPrRaOTOEGA SpEa iOF o
GUARD CELLNn1the gl SC/ OSCWEETU1Iht 8€/ ©8CZSC and hCZS

wel | aaTiSBa i EIMB(RYSOPECI FI C PROaAtEI Nee&8d maturati on.
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Figure 4.6. (A) Heat map of selected homologous gene pairs belonging to significantly enriched
GO terms from the clusters in Figure 4 as they pertain to seed coat development. Longitudinal

sections of the developing seed coat (stained with amido black and periodic acid and

Schi

reagent) show the progressive accumulation of starch granules (black arrowheads) in the Inner
Seed Coat (ISC) and Outer Seed Coat (OSC) by 7 DP@), 10 DPP(C), and 14 DPP(D). Starch
reserves dissipate at(E) 21 DPP and the inner seed coat accumulates the pigment layer (black

arrows) directly beneath the palisade layer of the OSC. Starch reserves are entirely absent by 28
DPP (F). The anticlinal walls of the palisade (Pa) layer of the OSC gradually thickens as the seed

develops, and the primary walls of the ISC (black arrowheads) also expand by 28 DPP.

Mucilage (white arrowheads) accumulate in the outer periclinal walls of the OSC e pidermis. Bar

= (B) 50 pum (C) 40 um (D) 40 pm (E) 50 pm (F) 50 pm.
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Hi stol ogical analysis on the seed coat reveale
polysaccharide accumul ation throughout seed devel
granul e accumul ation was vVvisibl e -dehrrnoaulg hcoeultl st hoef It

OSC (F4@Ri)r.e Starch granule deposition increased by

the palisade | ayer of the OSC underwent robust pr
periclinal wall and foll owi ngopudrert lpesrdrctlii onlail naMa | w
unmodi fied at the | i ghdte Cmiamrdo Dgaperlienaealy (wWRil durteéei
initiated at 14 DPP in the outermost cell |l ayers

OSC. Cells in this | ayer accumulated pigment with

granul es had ibreelny netairlliyzedtby the developing see:¢
(Fi gd6Eg . Seeds at this stage had begun depositing
OSC and thg stamadcmi gr anules in the |1 SC were | ocal.l
periphery of the pigment | ayer. Bych8dPRBe Cheéeoel
with fragmented vacuoles and were surrounded by c
reimni scent of the I3&t¢ . .stThge sCRTchFirgsee voirs in

were entirely absent at 28 DPP, and mucil age depo

the OSC. The palisade | ayseira paetd 2n8aliDPds hhivaddk de xtt leer sa

anticlinal wall remaining unmodified. The seed co
changes throughout seed devel opment. For exampl e,
programmed cel |l death, and rapiréseonvsumptichmarafct &
devel opmental transitions of the integument <cel
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4. 3ipid processing exhibits | ow subgenomic

Ssubregi oBs asfsitchherdpus

Whil e maternal subregions do not accumul ate cy
homeostasis is important for seed coat waterproof
homol ogs i mplicated in |ipid homeostasi s47tAhat sho

For exemphegene I mplirgatl @d gi r hsayinnt hfeastitsy ianc idde r ma |
wabi ased toAvaubdgetithahee g OSC aGedn ehsEX@O.REI-UMKE 3
EXD3 nvol fed tiyn aci canehs@ddgBDi GEBENRI CHED IGPSE&EL

(GGL) implicated bothi piadkhaec mbé oFsurEAieErhT B ACI D
ELONGATL)ONas transcribed solely in the MG seed in
genes in the oleosin family to also be highly tra
mi ni mal subgenhe GiRn AISE @ mod ©® gs . Despite the high
accumul ation of oleosins in maternal subregions,

from all mat ernal seed subregions.
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Figure 4.7. (A) Heat map of selected homeologues belonging to significantly enriched GO terms
from the clusters in Figure 4 as they pertain to lipid biosynthesis and seed maturation. (B-D)
Longitudinal hand sections of the developing seed coat do not stain with Sudan IV at (B) 7 DPP
and (C) 10 DPP. Starch granules (black arrowheads) instead constitute the carbon source during
morphogenesis. (D) At 28 DPP, lipid accumulation appears in both the Inner Seed Coat (ISC)
and Outer Seed Coat (OSC) but is absent irthe Palisade (Pa) layer.(E-G) TEM micrographs
further confirm the presence of starch granules (black arrowheads) throughout the chalazal

seed coat. Numerous starch granules fill the CZSC cells of both(E) 7 DPP and (F) 10 DPP seeds
but are eventually used up by (G) 28 DPP. Fragmented vacuoles (white arrowheads) gradually
fill with proanthocyanidins at 28 DPP. Lipid accumulation occurs in plastids (black arrows,
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Ginset). Bar =(B) 30 um (C) 30 um (D) 40 pum (Dinset) 40 pm (E) 2 pm (F) 2 um (G) 2 pm (Ginset) 1
pm.

During morphogenesis, the seed coat did not ac

detectable with Sud3mB)Il.V Isntsaiemidng | (i fpiig,sr eeccumul at

| ayer of the OSC and the outermost | ayer37&€f) .t he |
The | ipids in the OSC were primarily localized to
CzZzSC during seed morphogenesis but are eventually
fragments filled with JUrBBantthiogjyhaearde sl tFe gium es e ¢
development in allisdded OSCatandulCZ&EELi ovmds h el ai opl a
with reinforced suberized walls. Much of the mach
seeds does not exhibit substantial subgenome bias
4. Fi 8 i al subregions are transcriptomically
than the maternal subregions

Data clustering of gene homologs from the fil.@i

the whole transcriptoms&8A)evellhewansg GQTaeacred Ifnird RIA@O Te

the | east bias and was | i kely due in part to the
embryo @FAgur®he gEP clustered away from all ot hel
clustered together throughout morphogenesis. The

l evel of subg#mWcCme Obi2aMC)ladd , at 1715 geeasd pairs

C)Thi s made 3Wp of all identified homologous gene p
either gene, Whiglemeomlay r&. vdre i dentified-as o0l ow
0.1). The mgCOT and mgROOT had t he4 freaGvds B85y &dnes w
Cn, respectively), which collectively accounted fo
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detectable ex@g8Byrsi Ahl (fubueegi ons aside from the
more gene painssbwiemlo mei doh aG . For example, the gMC
720, 497, and 502 nrdpdme ,paiormp awietdh thoi MMV 3¢C 375, and
Arsubgenome, respectively. The data were then c¢cl us
anal ysi si8@Fi.guwWee i denti fied four clusters of inter
described43@. FCguseering bhabysisablgendaleeadf t he ¢
andbCas of the hMCE whereas Cluster 2 formed a cl
the syncytial endosperm subredgiPAhs ChBENerg8ZEdeh
bias of thenkgiPeENe canadl eadeC of t he hCZE and gPEN. CI
subgenome bias nmbdiackde df rcd mdtehde h@t grouped the gMCE
together. Cluster 1 wes 0siOdpi ffiorxarstOl ¢ eemrsi alsesd c(i a
growt h, pol yssacocrhtaraindde styrnatrhesi s, Gol gi apparatus,

(Fi 49Bg . Cluster 2 was also significantly enriche

Gol gi apparatus function, as well as inositol met
chromatin modification. Cluster ®i whscehflridhedsi a
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Figure 4.8. Subgenome bias and clustering analysis of filial subregions in the  B. napus seed.
(A) Subgenomebias of gene homeologues expressed as LogAn/C n) of their respective TPM
values. Euclidean distance was used to compute distance between data points(B) Number of
gene pairs exhibiting strong genomic bias (Logz(An/C n)
0 LAAWC B i -@19. C) Gele.pdir lighfroin ¢AY clustered into k=9
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groups, number of gene pairs are tabulated, and heatmaps of all clusters available as Figure
S4.2. Gene pair clusters indicated by an asterisk (*) are carried forward into further analysis in
(D). Clusters 1, 2, and 4 were then clustered again to k=2, k=3, and k=7 clusters, respectively to
parse the gene lists. Clusters in(D) with < 60 gene pairs were removed from the bar plot, but
included within Dataset S4.2. Clusters in (D) indicated with an asterisk (*) were used in the GO
analysis of Figure 9.
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Figure 4.9. (A) Clusters of the data in Figure 8C, selected for exemplifying subgenome bias in
certain stages or entire lack thereof.(B) Gene Ontology (GO) enrichment of the clusters selected
in (A), wherein statistically significant GO terms were only selected if >1 gene homolog pair
constituted the GO term. Complete GO analysis is documented within Dataset S4.3.
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Figure 4.10. (A) Heat map of selected homeologues belonging to significantly enriched GO
terms from the clusters in Figure 9. (B) 7 DPP seed globular EP atop the suspensor at the
micropylar pole, with enlarged nuclei (black arrowheads) in the MCE syncytium and abundant
plastids (white arrows) particularly in the perinuclear region. (C) the PEN at 7 DPP comprised
of free nuclei in the syncytium, continuous with the (D) CZE. (E) 10 DPP heart EP with enlarged
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nuclei in the MCE migrating closer together prior to cellularization. (F) PEN 10 DPP with nuclei
remaining in a syncytium, as in the (G) CZE. (H) CZE of D14 seeds initiate cell wall formation
(white arrowheads) which isolate the nuclei of the syncytium. Perinuclear protein -rich plastids
(white arrows) populate the CZE. (I) CZE of D21 seeds establish complete cell walls,
terminating the syncytium within the chalaza of the seed. Plastids distal to the CPT convert to
starch storage (amyloplasts, black arrows). (J) D28 seeds divide the CZE with robust cell
primary wall thickenings. Bar = (B) 40 um (C) 20 um (D) 40 um (E) 100 pum(F) 30 pm (G) 30um
(H) 30 um (1) 30 um (J) 20 pm
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Figure 4.11. Transcript accumulation of Brassica napusomologs of known seed storage and

seed oil biogenesis genes inArabidopsis Transcript accumulation represented in Transcripts per
Million (TPM) and 0biafs) r@ p2 e(s@A pBICrED (doraCgl o g
Bi asd) .
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