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Thesis Abstract

The diversification of flowering plants has been described as the “abominable mystery”
of evolutionary biology for decades. Angiosperms diversified at unprecedented rates in the
early Cretaceous, rapidly occupying new niches and pervading much of the earth’s terrestrial
landscape. This speciation was accompanied by dramatic genome evolution as well — more
than 75% of extant angiosperm species are believed to have originated from genome
duplication events. These duplications are most often in the form of endogenous chromosomal
duplication (autopolyploidy) or, more frequently, via interspecific hybridization
(allopolyploidy). Consequently, dynamics of polyploidy within flowering plants are of interest
to the fields of plant genetics and evolution. One of the world’s most important oilseeds is
Brassica napus L. (“canola”), an allopolyploid species derived from two progenitors (B. rapa and
B. oleracea). B. napus has two relatively complete diploid genomes from each progenitor, but also
shares a whole genome triplication (autopolyploidization) with the rest of the Brassicaceae.
These factors constitute B. napus as an informative model to study the consequences of
polyploidization. Within this thesis, I describe the transcriptional and epigenetic profiles
throughout B. napus seed development. Therein, I utilize laser microdissection, histological
analysis, and bioinformatic tools to describe the transcriptional profiles of the seed. The
subgenomes constituting B. napus contribute to gene expression within the seed asymmetrically,
with many homlogs being more expressed in one subgenome than the other. Additionally, I
provide evidence for striking differences in epigenetic structure of the fractionated genomes
depending on genomic context. The works detailed within this thesis serve to explain the
transcriptional landscapes of the B. napus seed, particularly through the lens of polyploidy, and

the exceptional complexity of angiosperm genomes.



1 Literature Review

1.1 Seed Development in the Brassicaceae

1.1.1 Overview of Brassica seed development

Of all the agriculturally relevant crops, few can compare to the diversity achieved by the
Brassica genus. The various subspecies and varieties within the Brassica exhibit tremendous
variation both vegetatively and reproductively and are some of the most prevalent food crops
in the world. Brassica’s robust diversity is represented best within Brassica oleracea, which
accounts for many of the crops grown in the Brassicaceae, including cauliflower, brussels
sprouts, broccoli, cabbage, kohlrabi, kale, and collard greens (Maggioni et al., 2018). Canola
(Brassica napus L.) is the second most economically important oilseed crop in the world
(FAOSTAT 2018), and is particularly important in Canada, contributing 30 billion dollars to the
Canadian economy and generating 207,000 jobs (Canola Council of Canada 2019). The
cultivated form of B. napus, canola, was developed in part at the University of Manitoba as an
oilseed with low erucic acid and low glucosinolate content which helped to cement canola’s
global importance as an oilseed. Despite the renowned relevance of this crop, the development
of the seed is understudied at the anatomical and genetic level. Moreover, B. napus is an
allopolyploid formed by the hybridization of B. rapa (ArAr) and B. oleracea (CoCe) approximately
7,500-12,500 years ago (Chalhoub et al., 2014a). The result was an amphidiploid, a species which
contains both constituent diploid genomes, effectively behaving as (2+2)n ploidy. B. napus
(AnAnCn(Cn) is therefore a globally important oilseed in a diverse plant family with relatively
few studies exploring the genetic regulation underpinning the seed’s development, especially

through the lens of polyploidy.



Seed development is a complex and highly orchestrated process, requiring tight
coordination between gene expression and anatomical modification to properly organize,
nourish, and protect the embryo. The Brassicaceae bears bitegmic (two integuments),
campylotropous (with the chalaza and micropyle adjacent to one another), tenuinucellate
(single epidermal nucellus layer surrounding the embryo sac) ovules (OV) adjoined to the
nucellar epidermis at the chalazal pole (Figure 1.1) (Wilkinson et al., 2019). Post-fertilization, the
proliferation of the outer integument places the micropyle and the chalaza to be adjacent to one
another, shifting to an amphitropous position (Schneitz et al., 1995; Skinner et al., 2016). The
embryo proliferates and develops in two distinct phases, 1) morphogenesis, and 2) maturation.
Morphogenesis is initiated when the zygote first undergoes an asymmetric division forming the
basal cell and the apical cell. The larger basal cell is embedded within the micropylar pole and is
the progenitor cell of the suspensor (Bosca et al., 2011a). The smaller apical cell is
cytoplasmically dense and divides to form the embryo proper (EP). The apical cell is localized
to the distal end of the basal cell, and proceeds through morphogenesis with equatorial
divisions forming the globular embryo at the 32-cell stage. The EP organizes cell initials in the
globular stage (GLOB) to transition into the heart stage (HEART) (Figure 1.1). During this
transition, the cells at the apex of the EP divide periclinally to form the initials of the cotyledons.
The heart stage is characterized by the delineation of the cotyledon primordium, the shoot
apical meristem, the root apical meristem, as well as the pith rib meristems delegating the
position of the vasculature - by the end of the heart stage the EP has organized the entirety of
the plant’s tissues. The heart phase is followed by the linear cotyledon stage, which is the
transitional phase of seed development connecting morphogenesis and maturation (Belmonte et
al., 2013a). Maturation begins once the EP elongates to fully occupy the volume of the seed and
deposition of storage lipids and proteins initiates - characterizing the mature green stage (MG).
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Once the accumulation of storage reserves completes, the seed concludes maturation in the dry
seed stage (DS), wherein the seed desiccates and stores transcripts vital to germination (Nelson
et al., 2017). These processes necessitate strict control over both the maternal and filial
components of the seed, which adds further questions as to how seeds achieve this organization

and coordination - especially in species with extensive storage reserves, as in oilseeds.
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Figure 1.1. Seed development of Brassica napus. Seed 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 and fuse 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 and PEN have cellularized. After the deposition of
storage materials has finished during maturation the seed enters dormancy.



1.1.2 Subregions of the seed

The genetic diversity of the seed is one of its most intriguing yet elegant features - with three
highly distinct genetic identities: i) maternal, ii) endosperm, and iii) filial. How the seed
accommodates this complexity is one of the overarching questions in seed development
research. Furthermore, many regions of the seed are distinct anatomically, furthering the spatial
complexity of the structure. In the Brassicaceae, seeds can be divided into the maternal
subregions including the inner seed coat (ISC), outer seed coat (OSC), chalazal seed coat
(CZSC), and the chalazal proliferating tissue (CPT) and filial subregions including the
micropylar endosperm (MCE), peripheral endosperm (PEN), chalazal endosperm (CZE), and
the embryo proper (EP) (Figure 1.1.). Each of these subregions have been shown to contribute

uniquely to development in Arabidopsis (Belmonte et al., 2013a).

The integuments of flowering plant ovules fuse to form the contiguous seed coat post-
fertilization. Despite the similarity between the two integuments, they operate independently
and the asymmetric growth of the two integuments is integral to seed development. In the
Brassicaceae, the outer integument proliferates to envelop the chalaza and cover the embryo
sac, subtending the developing inner integument. Both the inner and outer integument operate
autonomously from one another, requiring different developmental programs to their
elongation in ovule development (Coen et al., 2017; Simon et al., 2017). Furthermore, the CZSC,
which acts as the receptacle for the nucellus in early development, has distinct morphology at
the cellular and ultrastructural levels (Millar et al., 2015a). The CZSC is adjacent to the funiculus
and, in Brassica napus, extensive plasmodesmatal networks connect the surrounding maternal
tissues enhancing both apoplastic and symplastic mobilization to adjacent subregions.

Additionally, the subregion has abundant endomembrane systems to facilitate synthesis of



storage products as well as communication. The characteristic anatomy of the CZSC reaffirms
its independence from the rest of the seed coat and supports its role as a vital transport vector
between the funiculus and the developing seed. Distal to the CZSC lies the CPT, located
intramarginally to the CZE and CZSC. The precise progenitor cells of the CPT are not well
known, and its function has not been characterized. The morphology of the CPT varies greatly
in the Brassicaceae, being diminutive in the Camelineae (including Capsella and Arabidopsis),
while being comparatively massive in both the Thelypodieae (Stanleya) and most importantly,
the oilseeds of the Brassiceae (Brassica) (Schulz and Jensen, 1971; Brown et al., 2004a). Despite

the apparent complexity and importance of this subregion, its function is largely unknown.

The endosperm subregions and the EP comprise the filial regions and are genetically
distinct. In angiosperms, the endosperm forms from a double fertilization event, involving
sperm nuclei from the pollen grain fusing with both the egg cell and the polar nuclei within the
embryo sac (Zhang et al., 2020). Within the Brassicaceae, one haploid sperm nucleus fuses with
two haploid polar nuclei, forming a triploid endosperm progenitor cell (Brown et al., 1999). The
endosperm then proliferates through karyokinesis without cytokinesis, forming a syncytium
that wholly encircles the embryo. As the ISC and OSC elongate to the amphitropous position,
the endosperm adheres to the inner surface of the ISC and CPT. At this point, the endosperm
can be described as three distinct subregions: the MCE, PEN, and CZE. The MCE is the region
adhered to the micropylar pole, and more specifically tightly associated with the suspensor
adjoined to the EP in early development. The PEN comprises most of the endosperm, covering
the periphery of the seed’s ISC. Finally, the CZE which has been described as a cyst at the
chalazal pole is directly adjacent to the CPT. While the endosperm is initially a syncytium, the

entirety of all three subregions cellularize as the seed matures. Cellularization begins at the



micropylar pole, and proceeds in a wave-like motion towards the chalazal pole. By
consequence, the CZE cellularizes late in development (Mansfield and Briarty, 1990; Batista et
al., 2019a). The subregions of the endosperm appear to show a degree of compartmentalization,
as Belmonte et al., 2013 reported, the transcriptome of the CZE is distinct from that of the MCE
and PEN, which both share more transcriptional similarity with the EP and suspensor than they
do with the CZE. Furthermore, the CZE was shown to have the most diverse set of subregion-
enriched genes in early seed development. Altogether, the chalazal end of the seed warrants

more investigation into its functions coordinating seed development.

1.1.3 Anatomical diversity of the seeds of the Brassicaceae

Considerable evolutionary distance separates the Brassica genus from Arabidopsis, and by
extension, there is notable diversity in seed anatomy across the breadth of the Brassicaceae. The
Brassicaceae is sister to the Cleomaceae and is comprised of approximately 44 tribes, containing
307 ranked genera and 3600 species. These tribes are most easily divided by lineages; as
outlined in Franzke et al., 2011, that describe three primary lineages within the family of
varying taxonomic resolution. Lineages I and III diverge earlier than Lineage II, and while
Brassica is ranked within Lineage II, Arabidopsis is currently assigned within Lineage I. This
distance necessitates consideration when interpreting and comparing datasets across species in

the Brassicaceae.

The subregions discussed prior are differ anatomically and developmentally across the
Brassicaceae. In particular, the chalazal pole of the seed shows markedly different development
in tribes belonging to Lineage I and III than in Lineage II (Figure 1.2). Lepidium and Coronopus
(Lepideae, Lineage I) as well as Arabidopsis and Capsella (Camelineae, Lineage I) all demonstrate

similar chalazal anatomy, with a smaller CZSC and a diminutive CPT consisting of only a few



cells, which are morphologically indistinct from the incipient chalazal nucellus (Nguyen et al.,
2000a; Brown et al., 2004a). A scant CPT is also seen in Erysimum (Hesperideae, Lineage III), and
is compounded with a compressed chalazal chamber and a dwarfed CZSC. Interestingly, while
the CPT demonstrates this diversity across lineages, the CZE forms a cyst in almost all
documented species in the Brassicaceae, even within the condensed chalazal chamber of
Erysimum (Brown et al., 2004b). Conversely, Brassica species (Brassiceae, Lineage II) demonstrate
a highly specialized CPT, with numerous layers of elongate fusiform cells differentiating them
from the chalazal nucellus. B. rapa, B. oleracea, and B. napus all demonstrate this unique
morphology (Brown et al., 2004a; Millar et al., 2015a). These species are the most relevant crops
within the Brassicaceae, and as such investigating and interpreting the functions of the chalazal

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 II (containing the Brassiceae)
a whole 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

1.2.1 Genomic architecture of the Brassica genus

The Brassica genus is founded on several ancestral genome duplications. Excluding the
whole genome duplications (WGDs) documented within the dicot lineage, the Brassica genus
has two unique WGDs. The first occurred approximately 34 million years ago prior to the
divergence of Lineages I, II, and III, and is thus shared by the entirety of the core Brassicaceae
(the At-a WGD event) (Franzke et al., 2011a). A unique whole genome triplication (WGT)
followed At-a within Lineage II and is specific to the Brassiceae tribe (Br-a) (Lysak et al., 2005).
Thus, the Brassica genus has highly convoluted genomic structure, and the emergence of
allopolyploids within the Brassica genus complicates this further. Moreover, the WGT occurred
millions of years ago, and as a result all three of the triplicated genomes have diverged from
one another (Figure 1.2A) (Liu et al., 2014a; Parkin et al., 2014). This divergence is broadly
defined by the retention (or lack thereof) of syntenic regions relative to the ancestral
Brassicaceae genome using Arabidopsis, (Camelineae, Lineage I) as the reference. The triplicated,
fractionated genomes only exist within the Brassiceae tribe, of Lineage II (Figure 1.2B). B. napus
represent the union of three fractionated genomes and presents a unique opportunity to
investigate both the effect of recent polyploidization on the genetics underpinning reproductive

development, and the dynamics of the fractionated genomes within a nascent amphidiploid.

In addition to Arabidopsis’ ancestral polyploidizations, B. napus possesses an overall

sixfold duplication from Br-a (3x) as well as the allotetraploid hybridization (2x). Further, it is
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known that the B. oleracea genome has followed a starkly different evolutionary trajectory than
its sister species, B. rapa. While substantial gene loss in Brassica predates the divergence of B.
oleracea from B. rapa, numerous chromosomal translocations characterize the B. oleracea genome
(Liu et al., 2014b). This contrasts with the findings in other lineages, as in Solanum lycopersicum
and Solanum tuberosum (Solanaceae) as well as between Pyrus bretscheideri and Malus x domestica
(Rosaceae) (Sato et al., 2012; Wu et al., 2013), wherein the sister genomes show a tremendous
degree of conservation in genome structure. B. oleracea contains nine chromosomal pairs and is
~630 Mb in size and B. rapa has ten chromosomal pairs and is ~530 Mb (Chalhoub et al., 2014b),
and while syntenic genes between the two sister species seem to be conserved, genomic
structure is not. Transposable element (TE) accumulation is noticeably higher in B. oleracea than
in B. rapa, with TEs in the former being 3.4x greater in length (Liu et al., 2014b). While genome
fractionation of polyploids leading to diploidization is common in plants, B. oleracea’s non-
collinear gene sets demonstrate substantial retention relative to B. rapa as well. This indicates
that diploidization in B. rapa has been more severe than that of B. oleracea, which has retained
more of the ancestral Br-a event. B. napus is the allotetraploid culmination of these two species,

with a total haploid genome size of ~1130 Mb (Chalhoub et al., 2014b).

1.2.2 Genome duplications in land plants

Genome duplications are now understood to be a major driver in land plant evolution
and have occurred over many time periods in many clades (Qiao et al., 2019). Genome
duplications broadly arise via hybridization or aneuploidy in meiosis, passing either extra
endogenous chromosomal pairs (autopolyploidy) or exogenous chromosomes from a related
species (allopolyploidy) to the progeny. It is currently estimated that >70% of extant

angiosperms and monilophytes are polyploids, many with several genome duplications
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preceding them (Otto and Whitton, 2000b; Stuessy and Weiss-Schneeweiss, 2019). While the
details of the advantages of polyploidy are largely unclear, it appears that some of the most
diverse lineages within the angiosperms, including the Fabaceae, Rosaceae, Poaceae,
Asteraceae, and Orchidaceae (Amich et al., 2007; Huang et al., 2016; Wang et al., 2019b) may
owe their diversity to ancient polyploidization events. Larger scale analyses to test the
association between polyploidy and adaptive radiation mostly confirm this tight association,
with some exceptions (Landis et al., 2018). Notably, it seems that while polyploidization events
are only loosely correlated with a subsequent expansion in diversity, this correlation is
augmented in geologic times where there was environmental instability. These results likely
indicate that while polyploidy does not drive diversification independently, polyploidizations
enable niche expansion followed by divergent evolution when environmental niches expand
and/or are more numerous. It is possible that this additionally applies to crop breeding and
artificial selection, wherein polyploid plants make ideal crops for their capacity to acquire new
characteristics and speciate (Baduel et al., 2019). This is especially pertinent to Brassica given
that B. oleracea exhibits such remarkable structural diversity and has diversified into as many

food crops as it has.

Genome duplications are ubiquitous in ancient angiosperms lineages especially, and
have influenced all of the extant angiosperms. Polyploidization events have been documented
in all important transition points within angiosperm evolution; within the Magnoliids (basal
angiosperms), the Chloranthales (lineage directly preceding the monocot and dicot divergence)
the Ceratophyllales (lineage preceding dicot divergence), and the Vitales (basal Rosid) (Jaillon
et al., 2007; Ren et al., 2018) as well as within the Brassicaceae specifically (Franzke et al., 2011;

Chalhoub et al., 2014). WGDs undergo extensive deletions over time, however, and genes that
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are products of polyploidization are often lost exponentially with an estimated half-life of 21.6
million years (Ren et al., 2018). This is particularly relevant in the context of the Brassiceae tribe,
a high lineage within the crucifer family that is defined by a whole genome triplication (WGT),
though the timing of this event is still unclear (Franzke et al., 2011). B. napus is of particular
interest as a recently formed allopolyploid that is comprised of two species which experienced
the WGT, and as such has hypothetically sixfold duplication of genetic material compared to
lower lineages in the Brassicaceae, such as Arabidopsis (Camelineae). The dynamic changes
within the genomes of angiosperms are as captivating as they are bewildering, and unravelling

that complexity is the crux of genome biology.

1.2.3 Genome fractionation and bias in allopolyploids

Due to hybridization, allopolyploid plants contain sets of chromosomes from separate
progenitors thus forming a new species. Crop plants have particularly duplicated genomes
from polyploidizations and/ or interspecific hybridizations (Renny-Byfield and Wendel, 2014).
Triticum aestivum is an extreme example of this, being an allohexaploid with three distinct
subgenomes. T. aestivum was formed by the hybridization of T. urartu and an either undescribed
or extinct relative of Aegilops speltoides, forming the tetraploid Triticum turgidum. T. turgidum
hybridized many years later with Aegilops tauschii to form the allohexploid wheat, T. aestivum
(Gardiner et al., 2015). Allopolyploid genomes, especially ones recently formed, are
tremendously noisy; they have the transcriptome and epigenetic structures of multiple genomes
within one nucleus, and consequently regulatory elements from one genome can theoretically
affect the other and vice versa. This biological phenomenon is a marvel of organization and
speaks to the resilience of plant genomes, but how these genomes interact both transcriptionally

and epigenetically is mostly unknown.
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In the long term, allopolyploid plants may undergo dynamic changes in the balance
between the subgenomes. These changes typically arise from genome bias - where one genome
exhibits higher transcriptional activity than the other(s). A subgenome experiencing greater
expression of homologs in one genome than the other(s) is dominant, as the machinery of the
subgenome becomes more necessary for survival. As a result, the other genomes, by nature of
their machinery having less utility, undergo extensive deletions and are thus fractionated.
Genome fractionation is known to have played a part in the evolution of Zea mays but seems to
be less influential in palaeo-autopolyploids like Populus trichocarpa (Liu et al., 2017; Zhao et al.,
2017). Interestingly, it is also known that unbiased subgenome evolution exists - where
fractionation occurs, but is relatively even between subgenomes, as in the palaeo-polyploid

Pyrus bretschneideri (Li et al., 2019).

DNA methylation architecture seems to be vulnerable to subgenome bias and follows
the patterns of gene expression bias within the species (Gardiner et al., 2015; Li et al., 2019).
Further, retention of DNA methylation patterns is documented in T. aestivum, wherein the
progenitor species (Ae. tauschii) displays highly conserved methylation patterns as its
corresponding D subgenome does in T. aestivum. Small RNAs are regulators of both
transcription and the epigenome (Borges and Martienssen, 2015; Tang et al., 2022), and are even
more infrequently studied in the context of polyploidy than DNA methylation. It is unknown
how genome bias or lack thereof arises, how the epigenome and its regulators establish genomic

dominance, and how the balance of the bias is established.
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1.3 Transcriptional regulation of the Brassica napus seed

1.3.1 Transcriptional networks governing seed development

Transcription factors (TFs) are some of the most important mediators of seed
development, regulating vital developmental programs required to make a healthy seed.
Perhaps one of the most important regulators in seed development is that of B3 Domain TFs:
LEAFY COTYLEDON (LEC1/2), FUSCA3 (FUS3), and ABSCISIC ACID INSENSITIVE3 (ABI3).
LEC1 is a subunit of the nuclear factor-Y complex and governs activation of the shoot apical
meristem and postgerminative development (West et al., 1994). LEC1 ectopic expression incites
developmental transitions in embryonic cells and can cause abnormal proliferation of the
suspensor (Lotan et al., 1998). Further, in double knockdown mutants of LEC1 and ABI3 or
FUS3 the suspensor proliferates into a second embryo, causing polyembryony (Vermon and
Meinke, 1994). Similarly, both abi3 and fus3 mutants prematurely enter postgerminative
developmental programs in morphogenesis, which implies that FUS3 and ABI3 plays a pivotal
role in the suppression of germination (Meinke, 1992; Nambara et al., 2000; Jo et al., 2019). FUS3
is also known to bind to miR156 gene loci, which is of particular interest given miR156’s integral
role in vegetative phase transitions (Nodine and Bartel, 2010; Wang and Perry, 2013). This
indicates that FUS3 is an important regulator of the miR156 transitional switch. Further, some of

these TFs have been documented to be important in regulating seed storage proteins.

As central regulators of seed development, LEC1/2, ABI3, and FUS3 are also heavily
implicated in maturation. The repressive effect these TFs have on postgerminative programs
carries over to maturation, where the maturing embryo ceases deposition of storage reserves
and initiates premature germination in lec1 and fus3 plants (Harada, 2001), and in abi3 plants the

embryo fails to degreen and complete dessication (Nambara et al., 1995; Delmas et al., 2013).
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LEC1 is also known to maintain embryonic identity of the cotyledons, wherein loss of function
mutants display adaxial-abaxial polarity and bear trichomes on the cotyledons, as in true leaves
(West et al., 1994; Harada, 2001). In addition to this, LECI-overexpression mutants accumulate
mRNAs encoding proteins involved in fatty acid biosynthesis (Mu et al., 2008). Moreover, LEC1
depends in part on the activity of ABI3, FUS3, and WRINKLED1 (WRI1) in regulation of fatty
acid biosynthesis during maturation. LEC2 is also implicated in maturation programs, with
ectopic expression inducing nutrient and lipid deposition in the embryo precociously and is
additionally known to activate auxin biosynthesis to promote maturation (Kroj et al., 2003;
Stone et al., 2008). Furthermore, ABI1 and LEC2 are established to be involved in the process of
seed storage deposition in late seed development. For example, LEC2 is required for the
expression of OLEOSIN genes, which are encode proteins that facilitate and generate large oil
bodies in seed storage (Che et al., 2009). ABI3 regulates the expression of CRUCIFERIN 1 and
CRUCIFERIN 3 (CRU1/3), which are genes involved in protein body deposition (Bedi et al.,
2016). As one of the world’s most important seeds, B. napus is rich in both healthy oils and
proteinaceous seed meal, seed storage mechanisms are core to its development and identity as a
crop. It is currently unknown if these seed storage genes experience genomic bias or specificity
for certain subregions in B. napus. Theoretically, genes from the dominant genome would be
more expressed in seed development and would likely be the most efficient targets for

biotechnological applications in bolstering oil or protein production.

1.3.2 Global gene activity in the subregions of the seed

Most transcriptional analyses of seed development are done with whole seed tissue,
which loses the potential resolution gained from investigating the subregions separately. To

date, the most comprehensive analysis of subregions in a developing seed are documented in
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Arabidopsis (Belmonte et al., 2013). This work documents the discrete transcriptomes of the
maternal (ISC, OSC, CZSC, CPT) subregions relative to that of their filial counterparts (EP, CZE,
PEN, MCE). Despite arising from the same double fertilization event, the endosperm and EP are
transcriptionally distinct from each other, likely due to their independent development
following fertilization. As expected, the EP is enriched for genes associated with embryonic
patterning, such as the establishment of symmetry and leaf polarity (Belmonte et al., 2013). The
CZSC was shown to have selective enrichment for trehalose biosynthesis, which implies the
segregation of a pathway vital to the maintenance of embryonic health (Gémez et al., 2006). The
PEN shows particularly biased accumulation of transcripts pertaining to photosynthesis, which
suggests a notable compartmentalization of the process within the endosperm (Belmonte et al.,
2013Db). Finally, the CZE is the most transcriptionally distinct region within Arabidopsis, with a
transcriptome rich in gibberellic acid, abscisic acid, and cytokinin biosynthetic genes, which
implies its utility as a communication vector in the seed. Interestingly, the chalazal pole also has
distinct anatomy in Arabidopsis (as discussed in 1.1.2) relative to the rest of the Brassicaceae,
which raises questions regarding how the CPT contributes to seed development in the
Brassiceae especially. While the chalazal pole is a maternal tissue potentially derived from the
chalazal nucellus, it is unclear if its proximity to the CZE has any relevance in the signaling

cascades the CZE may be involved in.

Laser microdissection has also been carried out in Zea mays seeds to explore the
transcriptional variation within seed subregions (Zhan et al., 2015). As in the Brassicaceae,
maternal and filial subregions are highly distinct transcriptionally, but in stark contrast the
endosperm regions were the least distinct regions in Zea seeds. Monocots, and especially the

Poaceae, have complex fusion of maternal subregions, wherein the SC will fuse with the

17



pericarp to form the caryopsis in grasses, which may explain the increased transcriptional
diversity of the maternal subregions. The authors additionally reported a high degree of
transcriptional synchronicity between endosperm subregions, which may also explain their
comparative lack of diversity. Further, laser microdissection has been employed in investigating
embryo abortion in Citrus, fibre elongation in Gossypium, and developmental networks in

Glycine seed development (Wu et al., 2007; Danzer et al., 2015; Ando et al., 2021; Lu et al., 2023).

1.3.4 Laser Microdissection in a world of single-cell RNA-sequencing

LMD methods are a powerful tool for isolating sections of tissue for downstream genetic
analysis but requires chemical fixation in order to cut out the region of interest (Belmonte et al.,
2013b). Chemical fixation of cells necessitates both the efficiency of the fixative to preserve cells
quickly, but also that the fixative does not cause substantial alterations in cellular morphology
in the process. Unfortunately, transcriptome profiles of plants change very rapidly in response
to stimuli, which means even the most efficient fixatives will cause shifts in the mRNA profile
of treated samples before fixation is complete. Further, mRNA obtained from LMD samples are
often poor in quality and yield due to the extensive chemical processing preceding it (Clément-
Ziza et al., 2008), though improvements have been made to mitigate RNA degradation
(Bevilacqua et al., 2010; Belmonte et al., 2013b). It is reasonable to turn to single cell RNA-
sequencing (scRNA-seq) as a means to overcome this limitation. scRNA-seq has made great
advances in our understanding of Arabidopsis root development in particular (Dorrity et al.,
2021; Shahan et al., 2022), largely because the method depends on digesting plant cell wall
material and generating protoplasts. Creating protoplast libraries for scRNA-seq is effective for
some plant tissues but runs into difficulty in complex tissues in which separation of unique cells

is difficult or impossible (Jean-Baptiste et al., 2019; McFaline-Figueroa et al., 2020). Moreover,
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cells with variable cell wall composition, particularly ones with secondary reinforcement, are
often unable to be digested and will fail to become protoplasts. These challenges are difficult in
seeds which have complex tissue layers, including syncytial endosperm which cannot form
protoplasts. scRNA-seq, similar to LMD, can also alter the transcriptome profile of cells as a
result of protoplasting. More recently, some methods have emerged detailing and supporting
the use of nuclear isolation and sorting as the more reliable method of scRNA-seq sampling, but
this approach does limit the transcriptome to that contained within the nucleus (Conde et al.,
2021). While many researchers are working to optimize nuclear isolation of complex tissues, the
method is still in its infancy and will require additional efforts, especially at the species-level. In
the context of B. napus seeds, LMD allows us to capture complex tissue layers to examine gene
expression within entire subregions. It is possible that hand dissections of certain subregions
followed by protoplasting would enable scRNA-seq, but subregion-subregion contamination
would be of greater concern. LMD datasets could also help to generate characteristic data
profiles of each seed subregion in B. napus, which could then be applied to scRNA-seq to assign

protoplast samples to specific subregions.

1.4 Small RNAs in Plants

1.4.1 miRNA biogenesis

Epigenetics has an increasingly broader definition as the science surrounding it expands,
and since the discovery of micro RNAs (miRNAs) in C. elegans, our understanding of how non-
coding elements impact the genome has been illuminated (Lee et al., 1993; Wightman et al.,
1993). In plants, the two overarching types of small RNA (sRNA) exist as miRNA and small
interfering RNA (siRNA), both of which are small strands of RNA involved in gene regulation.

miRNAs are small (20-24 nt) molecules encoded by a variety of loci across the genome and are
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involved in post-transcriptional gene silencing (Axtell and Meyers, 2018; Wang et al., 2019a).
miRNAs and siRNAs are principally differentiated by their means of biogenesis that involve
different precursors. miRNAs are transcribed by DNA-Dependent RNA Polymerase II (RNA
Pol II) as a self-complementary single stranded miRNA precursor, often many times longer
(from 60 to >500 nt) than the mature miRNA strand (20-24 nt) (Figure 1.3.) (Bologna and
Voinnet, 2014). miRNA precursors, due to their self-complementarity, form a hairpin (hp-
miRNA) secondary structure. Interestingly, miRNAs can be encoded either between protein-
coding regions (intergenic miRNA) or within the introns of a genic region (intronic miRNA),
and the loci encoding the miRNA affects the downstream processing of the miRNA precursor
(Millar and Waterhouse, 2005). Intergenic miRNAs are independent RNA Pol II products and
are processed individually. Intronic miRNAs, however, are processed alongside the cleavage of
the parent mRNA transcript, yielding a functional mRNA and intronic hp-miRNA(s). Following
the annotation reviewed by Wang et al. (2019a), hp-miRNAs form a long secondary structure
consisting of the terminal loop, upper stem, the mature miRNA sequence and its
complementary miRNA* sequence, the lower stem, and the two arms. The hp-miRNA is then
recognized by the arms of the precursor and cleaved by DICER-LIKE (DCL) proteins into the
mature miRNA and miRNA* strands. While there are four different DCLs in most flowering
plants, DCL1 catalyzes the cleavage of most hp-miRNAs. The mature miRNA strand is then
loaded unto an ARGONAUTE (AGO) protein. The complex of the mature miRNA bound to the
AGO forms the RNA-Induced Silencing Complex (RISC), which is then capable of
transcriptional repression. Complementary binding of the mature miRNA to a target transcript
causes the cleavage of the target by the AGO, preventing its translation. These fine switches to

control gene expression are vital in development and growth, and their absence can cause
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severe growth deformities and developmental defects in plants both reproductively and

vegetatively (Nag and Jack, 2010; de Lima et al., 2012; Samad et al., 2017).
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Figure 1.3. Approximated model of the sSRNA 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 II (RNA Pol II) 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) proteins 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 siRNA biogenesis

While miRNAs are relatively limited in their genomic distribution to be within and
proximal to protein-coding gene loci, siRNA are a highly diverse class of molecules originating
from almost anywhere within the genome. siRNAs can be both intergenic and intronic, but they
can also originate from repetitive elements including transposable elements and
heterochromatic regions. The most discrete difference between miRNAs and siRNAs, however,
is their mode of biogenesis. siRNAs are transcribed by RNA Pol IV/V, and a complementary
strand is synthesized by RNA-dependent RNA polymerase (RDR) to form a double-stranded
siRNA (ds-siRNA) precursor (Figure 1.3) (Zhou and Law, 2015). The ds-siRNA precursor is
then cleaved by DCL proteins into a 20-24-nt mature siRNA. The mature siRNA then follows
similar steps as those within the canonical miRNA pathway. The mature siRNA is loaded into
an AGO to form the RISC. Due to their various encoding loci, the targets of siRNA are more
variable than that of miRNA. siRNAs encoded by transposable elements, heterochromatic
regions, and other repetitive regions are deemed repeat-associated siRNAs (ra-siRNAs) which
are typically involved in epigenetic restructuring and DNA methylation cascades. siRNAs
encoded by intergenic or intronic regions that target mRNAs in post-transcriptional gene

silencing ala miRNA silencing are intuitively called natural antisense siRNA (NAT-siRNA).
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Finally, siRNA loci with repetitive mature sequences encode a phased siRNA (phasiRNA) that
is cleaved into multiple mature siRNAs from the same ds-RNA precursor by DCL4 (DCL5 in
the Poaceae). siRNAs targeting the same region encoding them are termed cis-acting, while
those targeting regions elsewhere in the genome are trans-acting. It is important to note,
however, that ra-siRNAs can be derived from phased loci, and most phasiRNAs target mRNAs
like NAT-siRNAs. Taken together, both the biogenesis and genomic architecture of siRNAs in
plants is highly complex and difficult to interpret, which has slowed scientific progress on

determining mode of action and function of these convoluted molecules.

1.5 Small RNAs in plant reproductive development

1.5.1 Known miRNAs governing female reproduction

The history surrounding the roles miRNAs play in seed development is a complicated
one. Initially, several mutants were identified to cause seed lethality in Arabidopsis that were
later identified to have similar sequence homology to Dicer within Drosophila, and the locus was
renamed to be DCL1. The embryo defective 76 (emb76) mutant is one such case, wherein the
mutant derived from a T-DNA insert population ceased embryo development past the heart
stage, and resulted in full seed lethality (Errampalli et al., 1991). Similarly, the mutants sin1
(Short-integuments1), sus1 (suspensorl), and caf (carpel factory) all demonstrated varying
developmental defects in both filial and maternal tissues. sin1 mutants failed to establish
embryo polarity and caused defects in cotyledon development (Ray et al., 1996). The sus1
mutant was characterized by the proliferation of the suspensor after embryo development was
terminated (Schwartz et al., 1994). The eventual discovery that these mutants were all the
product of disrupting DCL1 activity was the initiation of the cascade of research into the role of

sRNAs in seed development (Schauer et al., 2002).
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The downstream effects of disruption in DCL1 expression are severely deleterious to
early embryo development. Nodine and Bartel (2010) reported that cell differentiation in dcl1
mutants are perturbed as early as the 8-cell stage with >50 miRNA targets overexpressed in the
globular embryo. The targets with the greatest shift in transcript abundance in dcl1 mutants
were targets of MIR156, indicating its importance in embryonic development. Further, it seems
that miRNAs within the embryo serve to repress transcripts responsible for developmental
transition, and their inactivity causes early developmental defects due to premature transitional
changes. This is supported in somatic embryogenesis studies (SE), wherein a majority of
miRNAs are invoked during SE, including 98% of the miRNA genes in Arabidopsis being active
and 64% being differentially expressed during SE (Szyrajew et al., 2017; Siddiqui et al., 2019).
Altogether, miRNAs culminate as a pivotal component of developmental transitions in

reproductive tissues.

1.5.2 phasiRNAs in reproductive development

Phasing within siRNA loci is common in flowering plants, and especially so within the
Poaceae. Phased loci are loci in which the mature sequence of the siRNA is repeated numerous
times, and processing via DCL proteins leads to the generation of many mature phasiRNAs.
While DCL2/3/4 function partially redundantly with each other in processing ra-siRNA, NAT-
siRNA, and phasiRNA precursors, DCL5, found exclusively within the Poaceae, also processes
phasiRNAs. phasiRNAs follow a slightly different biogenesis pathway than that of other classes
of siRNAs involving either a “one-hit” or “two-hit” system (Chen et al., 2018). In the “one-hit”
system, a miRNA-AGO RISC cleaves a single target transcript into two fragments, and the ds-
siRNNA precursor is synthesized via RDR6 from a single fragment (Figure 1.3). In the “two-hit”

system, the transcript has two miRNA targeted sites, and is bound by two miRNA-AGO
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complexes and cleaved. The fragment upstream of the transcript post-cleavage is synthesized
into a ds-siRNA by RDR6 and processed by DCL4/5 to generate the mature phasiRNAs.
Importantly, phasiRNAs can be cis- or trans- acting in their targeting and silence mRNAs ala

miRNA or NAT-siRNA.

There are few phased loci involved in reproduction that are well understood in
Arabidopsis or even within the Brassicaceae. It is known that phasiRNAs targeted by miR828 in
Arabidopsis are involved in the regulation of MYB transcription factors which are required for
successful seed development (Zhang et al., 2013; Yang et al., 2018), but most interactions of
phasiRNAs are unverified or purely theoretical. Perhaps the most comprehensive phasiRNA
regulatory network is that of the miR2275 targeting 24-nt phasiRNAs in grasses, but this was
later found to be prevalent in eudicot lineages as well, including the Solanaceae (Polydore et al.,
2018). miR2275 accumulates in the tapetum of anthers early in development and recedes post-
meiosis, and absence of this activity causes developmental lag in the anther (Ono et al., 2018).
Fascinatingly, not only does miR2275 seem to be absent from the Brassicaceae in general, 24-nt
phasiRNAs invoked in reproductive tissues seem to have been lost in the entirety of the
Brassicales. Despite this, phasiRNAs are still prevalent in the Brassicaceae, though their role in

reproduction, if any, remains enigmatic.

1.5.3 Roles of ra-siRNAs in DNA methylation

The diversity of flowering plants is truly exemplified in their genome structure. Many
lineages of angiosperms have multiple WGDs which precede them, and by extension, non-
coding elements are prolific in many species. Transposable elements (TEs) and genomic
redundancy are commonplace in plants with varying benefits and challenges. While TEs have

been shown to enable duplication of important genes or regions (Krasileva, 2019), they are also
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implicated in genomic damage (Contreras et al., 2015). Methylated TEs are also involved in
silencing neighbouring coding genes (Freeling et al., 2015) and consequently, methylation of
TEs is a crucial process to reign in the chaotic nature of polyploid angiosperm genomes.
Epigenetic remodeling and genome maintenance are accomplished by way of ra-siRNAs
(referred to in some literature as heterochromatic siRNAs, het-siRNA). ra-siRNAs are encoded
by transposable elements and/ or heavily repetitive regions within the genome and are
ubiquitously 24-nt in length. Their most well characterized function is their integral role in
RNA-dependent DNA Methylation (RADM). Plants are able to methylate cytosines in three
separate contexts: CG, CHG, and CHH (where H = A, C, or T). DNA methylation is enabled by
DNA Methyltransferases (DNMT), which bind methyl groups symmetrically to CG and CHG
contexts, and asymmetrically to the CHH context. Land plants possess four ancient DNMTs:
methyltransferase 1 (MET1), DNA methyltransferase 3 (DNMT3), chromomethylase (CMT), and
domain rearranged methyltransferase (DRM) (Springer et al., 2015). CMT and DRM are land
plant-specific, and date back to ancient bryophyte lineages (Bewick et al., 2017; Pei et al., 2019).
These components of DNA methylation machinery are all recruited in RdADM, wherein a 24-nt
ra-siRNA guides DNMT to a locus to be methylated. This methylation can occur in any cytosine
context and is the primary way methylation architecture is sustained in plants. ra-siRNAs are
currently the only class of sSRNA known to be involved in pre-transcriptional regulation and are

thus hypothesized to be integral in maintaining genome structure.

RdDM is required for plants to uphold stringent control over TE methylation during
reproduction. It is known that plants do not undergo the mass erasure of CG methylation that
mammals do during embryogenesis, and instead heavily methylate CHG and CHH contexts as

seed development progresses (Bouyer et al., 2017). Further, DNMTs are scarcely expressed
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during megagametogenesis in Arabidopsis, and climb steadily in expression throughout
embryogenesis. The flux of both DNA methylation machinery and methylation itself suggests
not only that ra-siRNAs are heavily implicated in seed development, but also that the versatility

of the RADM pathway is likely pivotal in embryogenesis.

DNA methylation in plants does not coincide as cleanly with silencing of gene
expression as it does in animals. In plants, DNA methylation has even been shown to promote
gene expression with the assistance of SUVH1 and SUVH3, which recruit transcriptional
machinery to methylated areas of the genome (Harris et al., 2018). However, DNA methylation
in plants is ubiquitous in repetitive genome regions, especially during reproduction. In seed
development, DNA methylation increases across the genome upon reaching maturation in
Arabidopsis, wherein much of the plant’s repetitive regions are heavily methylated (Kawakatsu
et al., 2017). This shift in architecture is believed to silence these repetitive regions of the
genome, particularly transposable elements, to reduce genomic noise during the reproductive
process. B. napus represents the union of two genomes accumulated repetitive regions from a
WGT and allopolyploidization, and consequently must regulate and manage these extensively
repetitive genomes. As such, the B. napus seed presents a unique research opportunity to
uncover the subgenomic and fractionated genomic biases of DNA methylation in a complex

amphidiploid.
1.6 Identification of small RNA species

1.6.1 Current methods in identifying miRNAs

Predictions of candidate miRNAs rely on their modes of biogenesis dictating the
miRNA’s structure. Unlike discrete coding regions, miRNA loci are not flanked by promoters,
initiation sites, nor terminated with a stop codon thus complicating their annotation.
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Computational predictions rely on the hp-miRNA precursor’s secondary structure and the
presence of the miRNA* strand within the sequencing dataset to accurately predict both the
precursor and mature miRNA sequences. In the past, miRNA predictions have been highly
vulnerable to false positives above all else, causing overestimation of the active miRNAs within
species, and consequently complicating laboratory confirmations of their presence/activity
(Alptekin et al., 2017; Axtell and Meyers, 2018). Criteria covered by Axtell and Meyers (2018)
aimed to reduce these false positives by suggesting higher stringency when using predictive
software. Previously, miRNA annotation permitted extensive secondary structures (many
loops) within the precursor sequence and generally allowed for >300-nt precursors. It is now
understood that these structures are unstable and unlikely to form in planta (Polydore and
Axtell, 2018). Additionally, it was clarified that the miRNA/miRNA* duplex would require
minimal secondary structure (<5 mismatches, no asymmetric bulges in the duplex), and that the
miRNA must be predicted within at least two biological replicates. These criteria hope to

minimize the false positives within public databases, especially miRBase.

Much of the updated software available for miRNA identification pipelines work with
small RNA-seq data and follow many basic principles that must be met to identify novel
miRNAs. Software like miRDeep-P2 and miRplant are based off of the popular miRDeep-P,
which was adapted for plants from miRDeep (Friedldnder et al., 2008; Yang and Li, 2011; An et
al., 2014; Kuang et al., 2019). The most recent rendition of this program, miRDeep-P2, optimizes
for speed and extra plant-specific criteria. In brief, the program considers a small size range (19-
24-nt) as valid miRNA candidates, then maps their encoding location to determine if a
precursor both a) appears in the dataset and b) can form a valid hp-miRNA. The hp-miRNA

must be capable of forming a valid secondary stem-loop structure, and finally, the miRNA*
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strand must appear in the dataset. Together, these criteria effectively filter for all precursors and
iterations of a mature miRNA molecule. Target prediction of mRNAs can be done through
various open-source software, but psRNATarget is a well-performing tool with many genome
references readily available (Dai and Zhao, 2011; Srivastava et al., 2014). This tool enables full
customization of the parameters of target identification, and defaults to parameters highly
important to plants, such as a 100% match of the seed region of the miRNA to its target, a

known important feature of miRNA targeting in plants (Axtell et al., 2011).

1.6.2 Criteria for siRNA classification

siRNAs, encoded by a ds-siRNA precursor and being ubiquitous throughout the
genome, are much harder to accurately predict than miRNAs. Additionally, many siRNAs do
not target mRNAs for post-transcriptional gene silencing, which furthers the difficulty in
properly identifying siRNA loci. While many labs had used in-house scripts to identify all
sRNAs within a dataset for sometime, Axtell (2013) had published an open source software
Shortstack which has been consistently updated since its release. Shortstack is now widely used
as an siRNA identification tool in plants. Shortstack assigns miRNAs in a similar but more
stringent manner than miRDeep-P, but it also calls siRNA loci as well. To call siRNAs, locations
with high coverage are first deemed candidate loci. Loci with high coverage are then flanked by
a stretch of nucleotides to mimic the ds-RNA precursor and form a cluster. Clusters containing
reads within the size limitations of 20-24-nt are then filtered to reflect the size ranges of mature
siRNAs. In short, siRNAs are broadly classified based on their a) size and b) clustering from
sequencing data. While miRNA predictions can rely on both 1) the prediction of a hairpin
secondary structure, and 2) the presence of a miRNA* strand for further confirmation, the ds-

siRNNA duplex is much harder to accurately predict and annotate. As siRNAs are highly
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abundant in most genomes, this results in many more novel siRNAs present than that of

miRNA.

1.7 Current state of SRNA annotations in land plants

miRNAs in plants are currently databased for public access mostly within miRbase, but
also in a new database PmiREN (Kozomara et al., 2019; Guo et al., 2020). miRbase has served as
the primary repository for miRNA annotations since its inception in 2006 (Griffiths-Jones, 2006)
with miRNA species documented across 23 flowering plant families. miRBase catalogs both the
precursor sequences and the mature sequence of every documented miRNA. However,
miRBase does not require chromosome location or strand specification. In addition to this, as
discussed in 1.6.1, miRNA prediction is highly vulnerable to false positives and as a result,
some records within miRBase are questionable. With new attention being given to these
important epigenetic regulators, more stringent guidelines have arisen to minimize false
positive documentation in public databases, and current miRNA prediction pipelines are

prioritizing these criteria (Axtell, 2013; Axtell and Meyers, 2018; Kuang et al., 2019).

siRNNAs are comparatively less extensively documented than miRNAs. This is due in
part to their novelty and difficulty in computational prediction, but also a consequence of being
markedly more difficult to validate. Many siRNAs are encoded by notoriously low coverage
regions (TEs, repetitive elements), and ra-siRNAs function explicitly in RADM and epigenetic
modification. As a result, these sSRNAs are difficult to characterize and predict. Nevertheless,
there are some databases which annotate siRNAs. The most comprehensive of them
PlantNATsDB (NAT-siRNA), but has not been updated since 2014 (Chen et al., 2012).
Otherwise, the few loci known to be phased and/or cis- or trans-acting are documented within

The Arabidopsis Information Resource (TAIR) (Berardini et al., 2015).
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1.8 Research Objectives

The research outlined in this thesis aims to profile the transcriptomic and epigenetic
shifts of the B. napus seed, particularly in the context of polyploidy. Herein, I describe the
transcriptional atlas that underlies seed development and use anatomical tools to explore how

the complex B. napus seed coordinates its development and balances subgenomic bias.

The works included in this thesis are only possible due to the work of previous students
and collaborative efforts. The chapters hereafter are the synthesis of these collaborations —the
many research projects that endeavoured to untangle the exceptional complexity of the seed. I
describe the transcriptome profile of the early B. napus seed first, describing the anatomical
transitions accompanying genetic changes in the seed subregions. Following that, I detail a
small portion of the immense complexity of epigenetic and siRNA bias through the lens of
polyploidy and investigate how these biases change throughout development and in which
genomic contexts. Finally, I combine the ideas from the previous two chapters and examine
subgenomic bias of seed subregions across four stages of development spanning pre-
fertilization to maturation. Together, this work represents the substantial undertaking of myself
and many others before me to describe, quantify, and appreciate the genomic balance of the B.

napus seed.

Contributions of other co-authors are indicated within their respective chapters.
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2.1 Abstract

Brassica napus L. (canola) is one of the world's most economically important oilseeds. Despite
our growing knowledge of Brassica genetics, we still know little about the genes and gene
regulatory networks underlying early seed development. In this work, we use laser
microdissection coupled with RNA sequencing to profile gene activity of both the maternal and
filial subregions of the globular seed. We find subregions of the chalazal end including the
chalazal endosperm, chalazal proliferating tissue, and chalazal seed coat, have unique
transcriptome profiles associated with hormone biosynthesis and polysaccharide metabolism.
We confirm that the chalazal seed coat is uniquely enriched for sucrose biosynthesis and
transport, and that the chalazal endosperm may function as an important regulator of the
maternal region through brassinosteroid synthesis. The chalazal proliferating tissue, a poorly
understood subregion, was specifically enriched in transcripts associated with
megasporogenesis and trehalose biosynthesis, suggesting this ephemeral structure plays an
important role in both sporophytic development and carbon nutrient balance, respectively.
Finally, compartmentalization of transcription factors and their regulatory circuits has

uncovered previously unknown roles for the chalazal pole in early seed development.
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2.2 Introduction

Oilseed crops are defined by their substantial storage reserves within the seed. One of
the most globally coveted oilseeds is Brassica napus L. (canola) and is the second most important
oil crop worldwide (FAOSTAT 2014). The seed itself is composed of approximately 45% oil by
seed mass and 40% protein-rich seed meal, establishing B. napus as an important nutritional
food source (Rahman 2013). The oil from the B. napus seed is consumed worldwide, is
considered heart-healthy, and is also used as a source of bio-fuel (Fore et al. 2011). Despite its
importance, our understanding of B. napus seed development is incomplete, wherein our

knowledge of the precise transcriptomic profiles of individual cells and tissues is lacking.

The B. napus seed can be divided into distinct anatomical and morphological regions
that each uniquely contribute to seed development. Ovules of the Brassicaceae are bitegmic and
are amphitropous post-fertilization (Brown et al. 2004), meaning the ovule is partially inverted
so that the micropyle and chalaza are located proximally to each other. The filial regions of the
seed include the embryo proper (EP), the micropylar endosperm (MCE) embedded at the
micropylar pole, the peripheral endosperm (PEN) which encircles the central chamber of the
seed, and the chalazal endosperm (CZE), which is located proximally to the chalazal
proliferating tissue (CPT) (Figure 2.1A). The maternal subregions of the seed include the inner
(ISC) and outer seed coat (OSC), the chalazal seed coat (CZSC) and also includes the CPT,
which is inserted intramarginally to the CZSC (Figure 2.1B). The CPT is a structure that is
diminutive in Arabidopsis (Nguyen et al. 2000) but is prominent in Capsella bursa-pastoris
(Schulz and Jensen 1971; Schulz et al. 1974) Stanleya pinnata, Erysimum asperum, Chorispora
tenella, Descurainia richardsonii, and other Brassicaceae species (Brown et al. 2004), yet most of

its biological function remains unexplored.

54



0SC
ISC

PEN
EP

MCE

Figure 2.1. The B. napus globular seed (A) Schematic diagram of the B. napus globular 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 the CZE. Scale = 100 pm.

In amphitropous ovules, the chalazal pole is directly adjacent to the attachment of the
funiculus, which is the vector of transport between the placenta and the developing seed (Khan
et al. 2015). Previous work on B. napus has confirmed the abundant endomembrane networks
and transporter activity within the funiculus of the globular seed and has also shown
enrichment of genes involved in the production and organization of vascular tissues (Chan et al.
2016). The same work reported strong tissue-specific compartmentalization of biological
processes within this structure including water and phloem transport of the vasculature, and
growth regulation being confined to the cortex. Though the vascular trace of the funiculus
terminates at the funiculus-CZSC interface in Arabidopsis, the vascular system penetrates the
CZSC in B. napus (Millar et al. 2015). Furthermore, transport linking the maternal and filial

regions have also been reported in Arabidopsis and genes associated with the transport of
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amino acids (Besnard et al. 2018) and phosphates (Vogiatzaki et al. 2017) have been shown to
preferentially accumulate in the chalazal end of the seed. Thus, the chalazal pole of B. napus
may function as a gateway for nutrient unloading and seed filling thereby guiding

developmental processes.

While the chalazal pole of Brassica species has been well documented anatomically
(Nguyen et al. 2000; Brown et al. 2004), the transcriptome profile of the chalazal subregions is
not well understood in B. napus. The chalazal transcriptome has been analyzed
comprehensively across seed development in Arabidopsis by Belmonte et al. (2013) who
reported that the CZE possessed highly diverse mRNA populations. Transcripts associated with
the biosynthesis of gibberellic acid, abscisic acid, and cytokinin were all preferentially expressed
in the CZE; as a result, it was hypothesized that the CZE may act as a communication hub for
the seed. The same work had reported the CZSC to be enriched for trehalose biosynthesis, an
essential pathway for seed development (Figueroa and Lunn, 2016). Millar et al. (2015) explored
the CZSC in B. napus and characterized the subregion anatomically and reported increased
expression of sugar transporters localized to the CZSC early in seed development. These results
suggest that the chalaza of the seed in the Brassicaceae may play important regulatory and
transport roles in seed development, incentivizing further exploration into its specific
functionality. Though Millar et al. (2015) did highlight the distinctiveness of the CZSC in B.
napus seed development, no current publications have fully described the transcriptome

landscape of all subregions in the early seed of B. napus.

In the current study, we used laser microdissection (LMD) to capture target cells and
tissues of the early B. napus seed. Combined with next generation sequencing technologies, we

profiled the transcriptome landscape of eight seed subregions and validated our gene
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expression analysis with detailed anatomical analysis and qPCR. In particular, we discuss the
capacity of the chalazal pole in integrating regulatory signals between maternal and filial

subregions.

2.3 Results

2.3.1 Subregions of the B. napus seed are transcriptomically distinct

To examine the relationships between seed subregion of the B. napus globular seed, we
performed clustering analysis on genes with FPKM values lower than 10,000 and greater than
10 in at least one of the seed subregions. Clustering shows all three endosperm subregions
(MCE, PEN, CZE) clustered together suggesting a similar global transcriptomic profile (Figure
2.2A). Similarly, the three seed coat subregions (ISC, OSC, CZSC) clustered together. In contrast,
the EP did not cluster closely with the other filial subregions, nor did the CPT with the maternal

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 globular stage RNA-seq data from isolated whole seeds with our
LMD subregion dataset to determine the amount of overlap in transcript detection between the
two methods (Figure 2.2B). The whole seed dataset detected a total of 44,981 genes at 1 < FPKM,
of which more than 97% were also found in the LMD dataset. The LMD dataset detected an
additional 18,625 genes (using the same cut-off criteria) in any subregion that were not present
in the whole seed RNA-seq expression data (Table S2.1). The use of LMD increased the total

number of genes detected in the B. napus globular seed 1.4-fold.

Next, we compared gene activity between maternal and filial regions of the seed.
Maternal subregions (ISC, OSC, CZSC, CPT) had fewer subregion-enriched genes than the filial
subregions (EP, MPE, PEN, CZE) (Figure 2.2C). Together, the maternal and filial subregions
shared 41,956 genes detected at 1 < FPKM, with the maternal subregions having 9,772 unique
transcripts and the filial having 10,440. Furthermore, our analysis detected more subregion-
enriched genes (FPKM=>25 in subregion, FPKM<10 in all other subregions) in the filial
subregions, particularly the EP, MCE, and CZE (Figure 2.2D). The EP, MCE, PEN, and CZE had
511, 665, 238, and 578 subregion-enriched genes, respectively while the maternal subregions
contained notably less, with the CPT, CZSC, ISC, and OSC having 213, 226, 189, and 146

subregion-enriched genes, respectively (Tables S2.2, S2.3).

2.3.2 Gene Ontology terms characteristic of each subregion

We used gene ontology (GO) term enrichment to predict the biological processes,

molecular functions, and subcellular locations of genes likely operative in each subregion of the

59



B. napus seed. A selection of GO terms enriched in each of the seed subregions is found in
Figure 2.3A and a complete list of GO terms and their enrichment is found in Table S4 and
Table S5. Biological processes associated with chromatin silencing (log10p = -6.87) and genes
associated with developmental organization (xylem and phloem patterning (log10p = -4.17),
organ morphogenesis (log10p = -5.53) were all enriched in the EP. In the endosperm region, the
MCE was enriched for genes related to gibberellin response (log10p = -3.60), cytokinin response
(log10p = -4.72), lipid transport (log10p = -8.23), lipid binding (log10p = -6.17), lipid storage
(log10p =-6.17), nutrient reservoir activity (logl0p = -7.44), and seed oilbody biogenesis

(log10p = -9.78). The PEN was the only endosperm subregion enriched with photosynthesis-
related GO terms while CZE was significantly enriched for biological processes associated with

brassinosteroid biosynthesis (log10p = -9.95) and homeostasis (log10p = -4.85).
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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. Scale (B) = 40 pm,
(C) =15 pm, (D) =50 pm, (E) =1 pm.

GO term enrichment of maternal subregions showed the CZSC to be enriched for
sucrose synthesis (logl0p = -4.12) and transport (log10p = -3.41), as well as amino acid transport

(log10p = -5.13). The ISC and OSC were significantly enriched for polysaccharide metabolism
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(log10p = -3.81) and response to gibberellin (logl0p = -3.58), respectively. The CPT, however,
was uniquely enriched for trehalose biosynthesis (log10p = -3.26) and shared enrichment of
megasporogenesis (logl0p = -5.65) with the EP and PEN and siRNA binding (log10p = -6.48).
The CPT's genetic profile was uniquely enriched in maternal developmental programs
pertaining to early seed development. Maternal subregions were also analyzed using Fuzzy K
means clustering (Figure S1, Table S6). GO Terms including ER to Golgi transport (log10p = -
9.19), Golgi cisterna membrane (log10p < —5.13), Golgi stack (log10p = -5.88) and vesicle-
mediated transport (logl0p = -5.88) were all enriched in the maternal region and the
plasmodesmata GO term was enriched in all subregions except the CPT. Fuzzy K means
clustering analysis output are reported in Tables S6 (gene lists associated with each DP) and S7

(GO summary).

2.3.3 Anatomical features are continuous with enriched GO terms

Histological observations of the maternal subregions of the B. napus seed provided
additional structural evidence supporting our gene expression analysis. Starch granules were
prevalent in the ISC, OSC, and CZSC (Figure 2.3B-C). The presence of these storage reservoirs
confirms that all the seed coat subregions contribute to carbon metabolism for the seed. The
CPT of the B. napus seed is enlarged compared to other documented Brassicaceae species,
comprising elongate, cytoplasmically dense, fusiform cells aligned parallel to the chalazal pole.
Golgi complexes were ubiquitous throughout the CZSC parenchyma (Figure 2.3E), reinforcing
the necessity of carbon and amino acid transport that were enriched in this subregion. While
endomembrane system GO terms were not significantly enriched in any specific subregion,
Golgi and subcellular endoplasmic reticulum networks were observed across all subregions

(Figure S1). To expand this transportation network further, we identified plasmodesmata
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connections within the CZSC parenchyma (Figure 2.3D). The plasmodesmata of the CZSC were

organized as singular, twinned, and Y-shaped structures (Figure 2.3E).

2.3.4 Predicted regulatory networks underlying the B. napus seed

Our network analysis predicted the underlying transcriptional circuitry operative in
regions and sub-regions of the B. napus globular seed (Figure 2.4). We confirmed the relative
expression of select transcription factors and predicted targets identified within GO terms using
qPCR (Figure S2). Predicted TF-promoter interactions identified a putative transcriptional
circuit in mRNAs accumulating in the maternal region of the seed (Figure 2.4A). MADS box,
bHLH, and MYB TFs were predicted to control biological processes including seed coat
development, anthocyanin biosynthesis, auxin and brassinosteroid response, and vascular
development. Additional analysis of the CZSC subregion revealed a PLATZ TF-promoter
interaction and biological processes associated with amino acid and sugar transport, peptide

hormone binding, and proanthocyanidin biosynthesis (Figure 2.4B).
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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 putative FUS3 regulatory circuit in the embryo
proper (Figure S3A). FUS3 was predicted to regulate cell proliferation, embryonic
development/ patterning, and cotyledon boundary formation in addition to chromatin silencing
and DNA methylation. Two homeologs of the putative seed developmental TF, MINISEED3
showed PEN-preferred activity, binding to the WRKY DNA sequence motif in the regulation of
endosperm development, photosynthesis, DNA methylation and in the response to cytokinin.

Our network analysis output is ap-pended in Table S8. We validated the subregion-enrichment
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of TT2, TT4, TT5, PLATZ, and SWEET15 transcripts, to confirm that our predictive networks

can accurately determine transcriptional circuitry (Figure S2).

2.4 Discussion

2.4.1 Subregion-level resolution uncovers greater complexity of the B. napus

seed transcriptome

Biological processes underlying seed development are compartmentalized into regions and
subregions that each contribute to the making of a seed. Here, we present the transcriptome
landscape of eight filial and maternal subregions of the B. napus globular seed using a
combination of LMD and RNA sequencing. Given LMD is a powerful tool to enhance the
resolution of gene expression datasets beyond whole-tissue analyses (Schon and Nodine 2017),
our data revealed subregion-enriched transcriptomic partitioning of biological processes at the
interface between filial and maternal regions. Additionally, the poorly characterized CPT of the
maternal region was found to be anatomically and transcriptomically distinct from neighboring
CZSC and CZE subregions providing unique insight into the putative function of the CPT in the

B. napus seed.

2.4.2 The micropylar pole of the B. napus seed exhibits early transcriptional

activation of fatty acid metabolism

Genes preferentially expressed in the EP were associated with developmental patterning,
epigenetic modification, vascular and epidermal development, and fatty acid biosynthesis.
Arabidopsis seeds exhibit similar transcriptional profiles of the EP (Belmonte et al. 2013) with
significant enrichment in patterning and morphogenesis during the globular stage. Despite this,

the MCE in B. napus is dissimilar to Arabidopsis globular seeds with significant accumulation of
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transcripts associated with lipid storage, transport, and seed oilbody biogenesis. Belmonte et al.
(2013) found these GO terms to be significantly enriched in Arabidopsis in the EP, MCE, PEN,
and CZE during maturation rather than in morphogenesis. This dissimilarity may imply B.

napus deposits lipid storage much earlier than in Arabidopsis.

Our data reveal FUS3 (FUSCAS3) as a putative regulator in the globular stage embryo of
B. napus. FUS3 is canonically associated with fatty acid biosynthesis in the seed maturation
program of Arabidopsis (Wang et al. 2014) and is expressed highly in the maturing cotyledons
of soybean (Zheng and Perry 2014), though our data suggest that the regulatory action of FUS3
is present earlier in B. napus. The activation of fatty acid metabolic networks early in the filial
micropylar pole contrasts with the regulatory networks active in the maternal subregion, in
which regulators that repress fatty acid biosynthesis and favor pigment accumulation, such as
TRANSPARENT TESTA2, are dominant (Wang et al. 2014). Thus, early activation of FUS3 may

contribute to the high oil phenotype observed in B. napus seeds (Rahman 2013).

2.4.3 Hormone biosynthesis and response are compartmentalized in
subregions of the B. napus seed

The MCE and PEN are identified as hubs of cytokinin response at the RNA level in the
B. napus seed. MINISEED3 has been shown to be an essential regulator of endosperm
development in A. thaliana (Luo and Dennis 2005) and here it is predicted to be a potential
regulator of cytokinin response in the PEN of B. napus (Figure S3B). Similarly to Arabidopsis,
cytokinin biosynthesis genes are expressed primarily in the CZE (Belmonte et al. 2013). The
functional significance of separating aspects of cytokinin biosynthesis from response among the

endosperm subregions is unclear, but given the position of the CZE at the filial-maternal

66



interface, it is possible that the CZE acts as a hub for cytokinin signaling that could integrate

maternal and filial signals to regulate overall endosperm development.

Our data analysis also provides evidence into the transcriptional separation of
brassinosteroid synthesis in the CZE, and response in the maternal subregions. We identified
several possible regulators of brassinosteroid response in the maternal subregions, including
the BIM2, IBH1, and CIL2 bHLH transcription factors, which are involved in the hierarchical
modulation of brassinosteroid response in Arabidopsis vegetative tissues (Ikeda et al. 2012). In
Arabidopsis, seed growth and filling are contingent on proper BR signaling (Jiang et al. 2013).
Interestingly, Arabidopsis seeds do not show preferential accumulation of transcripts associated
BR synthesis or signaling in the CZE (Belmonte et al. 2013), which further individualizes the
chalazal pole of the B. napus seed. We therefore hypothesize that the chalazal pole could be the
interface through which brassinosteroid homeostasis, and subsequently seed growth and filling,

is maintained between the maternal and filial generations of the B. napus seed.

2.4.4 The chalazal seed coat of B. napus is anatomically and transcriptomically
specialized for nutrient transport

In our transcriptomic dissection of B. napus seed subregions, cells and tissues of the
CZSC were active in carbon metabolism, including sucrose biosynthesis and transport. While
the accumulation of starch in all maternal subregions provides additional evidence into the role
of these cells and tissues in sugar metabolism and nutrient reservoir activity, their distinct
anatomical features suggest subregions like the CZSC may preferentially function to exchange
nutrients from the vascular tissues of the plant. The abundance of plasmodesmatal connections
and extensive endomembrane networks supports the role of the CZSC in regulating nutrient

mobilization to surrounding seed subregions while the ISC and OSC may have evolved to
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maintain structural integrity around the seed. Previous evidence suggests the seed coat to be
integral in sugar transport from the seed coat to the embryo (Chen et al. 2015), and the CZSC to
be vital in phosphate mobilization to the embryo (Vogiatzaki et al. 2017). SWEET15 transcripts
have been previously shown by Chen et al. (2015) to accumulate in the endosperm of
Arabidopsis seeds early in development and is predominant in the seed coat and the micropylar
pole later in development. In contrast, our data indicate that SWEET15 transcripts accumulate
primarily in the CZSC of the globular seed in B. napus. The enrichment of amino acid export,
sucrose transport/biosynthesis, and polysaccharide metabolism genes further indicates the
importance of the maternal subregions in providing essential nutrients to the B. napus seed.
Based on our predictive networks, an uncharacterized PLATZ TF represents an ideal target for

the modulation and optimization of nutrient transport within the seed.

2.4.5 Recruitment of AGAMOUS-like transcription factors and regulators of

epidermal development in the B. napus seed coat

Our network analysis predicts STK, SHP2/AGL5, AGL12, and AGL13 as putative regulators of
maternal seed development in B. napus alongside TT16/ ABS. TT16 is a known regulator of
proanthocyanidin accumulation in the endothelium of the Arabidopsis seed coat (Debeaujon et
al. 2003), and forms a regulatory circuit with STK and SHP?2 to regulate fertilization and seed
development (Mizzotti et al. 2012; Ehlers et al. 2016). Thus, we can use our network analysis to
identify predicted regulators of early maternal seed development in B. napus. The roles of
AGL12 and AGL13 in seed development are yet to be defined, though they may be involved in
growth regulation of the seed coat, as AGL12 has been identified as a regulator of cell
proliferation in Arabidopsis roots (Tapia-Lopez et al. 2008). Functional characterization of

AGL12 and AGL13 should determine if these transcription factors act alongside other
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AGAMOUS-LIKE proteins to regulate proanthocyanidin accumulation and reproductive
development, or if they regulate other aspects of growth and the determination of seed size in B.

napus.

Core aspects of epidermal cell fate specification are conserved in the regulation of
pigment accumulation in the B. napus seed coat, including potentially new or unique
mechanisms governing seed coat development not previously studied in Arabidopsis seeds.
TRY, ETC1, and ETC3, which work in concert in Arabidopsis to specify epidermal cell fates
(Kirik et al. 2003; Tominaga et al. 2008; Pesch and Hiilskamp 2011; Pesch et al. 2014) are
predicted regulators of seed coat development and proanthocyanidin biosynthesis in our
dataset. Our regulatory network analysis also predicts MYB60, which acts to regulate
anthocyanin biosynthesis in lettuce leaves (Park et al. 2008), as a potential regulator of maternal
seed development. It is possible that these epidermal regulators could be involved in the
regulation of pigment biosynthesis and accumulation in the seed coat. While TRY has been
identified as a potential regulator of pigment accumulation in the early Arabidopsis seed coat
(Khan et al. 2014), neither ETC1 nor ETC3 are expressed in Arabidopsis seed development
(Belmonte et al. 2013; Klepikova et al. 2016). Given the presence of multiple homologues of both
ETC1 and ETC3 in B. napus, it is possible that some homologues may have diverged and show

greater involvement in seed coat development than their Arabidopsis counterparts.

2.4.6 Origin of the chalazal proliferating tissue

The CPT of the B. napus globular seed consists of elongate fusiform cells concentrated
intramarginally to the CZSC. In Arabidopsis, the CPT is heavily compressed and diminutive,
consisting of only a few cells persisting from the degraded nucellus (Nguyen et al. 2000). In

contrast, the B. napus seed develops a conspicuous and organized CPT that is not immediately
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crushed by the proliferating CZE. Additionally, the nucellus is entirely absent in the B. napus
globular seed, with no histological evidence of the nucellar lysate seen medial to the CZE and
CPT in Arabidopsis and Stanleya pinnata (Brown et al. 2004), thus the seeds of B. napus are
tenuinucellate. In our GO term subregion-enriched analysis, the CPT was enriched for
megasporogenesis and megasporocyte differentiation, suggesting common functionality and
developmental origin with the chalazal nucellus, consistent with that observed by Schulz and
Jensen (1971) in Capsella bursa-pastoris. While the ovule of B. napus is campylotropous, post-
fertilization the ovule elongates and recurves, placing the micropyle adjacent to the chalaza in
an amphitropous position. The embryo follows suit with the micropylar pole, while the chalazal
nucellus remains localized to the chalaza. While the embryo (at the micropylar end of the seed)
is well into seed development, there appears to be transcriptional holdover of ovule
development that persists at the chalazal end of the seed during the globular stage, potentially

arising from activity of the chalazal nucellus remnant.

2.4.7 Trehalose biosynthesis is compartmentalized to the CPT

The CPT was enriched for genes associated with trehalose biosynthesis. Trehalose is well
documented to function in carbon metabolism to modulate sucrose concentration in plant
tissues (Figueroa and Lunn 2016). Trehalose biosynthesis is also partially compartmentalized to
the chalazal end of the Arabidopsis seed (Vandesteene et al. 2010), and is known to be essential
to seed development where perturbations in trehalose metabolism leads to embryo lethality
(Eastmond et al. 2002). The CPT was the only B. napus seed subregion exhibiting specific
enrichment of genes associated with trehalose metabolism. In contrast, Belmonte et al. (2013)
found trehalose biosynthesis to be enriched only in the CZSC in Arabidopsis seeds later in

development. The CPT of B. napus may adopt a more specialized role in trehalose metabolism in
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the seed than observed in Arabidopsis. In conjuction with the CPT's distinctive morphology in
B. napus, it is possible that the CPT orchestrates trehalose metabolism and plays integral roles in
seed development and in defining the source-sink balance between the maternal and filial

tissues of the seed.

2.4.8 Conclusion

The transcriptome landscape of the early B. napus seed reveals transcriptional regulators of seed
development at subregion-level resolution. We provide evidence for subregion-enriched
developmental processes, phytohormone signaling, and carbon metabolism between maternal
and filial regions. Moreover, the CZE, CPT, and CZSC are strongly compartmentalized in their
contributions to early seed development and further exploration of the B. napus chalazal pole in
relation to other maternal and filial subregions across developmental time should uncover

additional biological processes required to make an oilseed.

2.5 Materials and Methods

2.5.1 Plant materials and Growth

Brassica napus cv. Topas plants were grown in growth chambers under long day
conditions (16 h light, 8 h dark, 22°C, RH 50%-70%) and flowers tagged and hand-pollinated
(Chan and Belmonte, 2013). Globular stage seeds were collected 7 d post fertilization. Flower
pollination and silique harvest were performed between 15:00 and 17:00 to minimize time of

day effects on gene activity.

2.5.2 Light microscopy

Tissue fixation and embedding were performed as in Chan and Belmonte (2013).

Histological sections were cut at 3 pm on a Leica RM2245 rotary microtome with a steel blade,
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and sections mounted on glass slides. Slides were stained to with periodic acid-Schiff's, and
toluidine blue O. Following staining, coverslips were mounted and sealed using Cytoseal™ 60
(Richard-Allan Scientific™). A Leica DM2500 light microscope equipped with a Leica DFC425

camera using LAS3.7 software was used to visualize the sections.

2.5.3 Transmission electron microscopy

Tissue fixation and processing were performed as in Chan and Belmonte (2013). Sections
were cut at 90 nm on a Reichert-Jung Ultracut ultramicrotome using a Diatome diamond knife,
and mounted on copper grids. The sections were visualized using a Hitachi H-7000
transmission electron microscope and captured using the AMT Image Capture Engine (version

601.384).

2.5.4 Tissue processing and collection for RNA-seq

To evaluate tissue-enriched gene activity in the B. napus seed, we used laser
microdissection to capture individual subregions. All tissue processing and collection was
performed under RNase-free conditions. Siliques of globular-stage seeds were cut at 50 mm
fragments and fixed in 1:3 (v/v) glacial acetic acid: 85% ethanol for 24 h at 4°C. Tissues were
then dehydrated in a graded ethanol series, followed by a transition infiltration with xylenes at
4°C and gradually infiltrated with paraffin at 60°C. Samples were incubated for less than 8 h at

60°C prior to embedding in 100% paraffin wax (McCormick Scientific, Paraplast®Plus™).

2.5.5 Sectioning and laser microdissection

Serial sections (7 pm sections, Leica RM2245 rotary microtome) were mounted on

polyethylene napthalate (PEN) membrane slides (Leica Microsystems). Slides were
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deparaffinized in xylenes for 1 min and seed subregions were isolated using the Leica Laser

Microdissection 7000 system.

2.5.6 RN A isolation

Total RNA was extracted from the laser-microdissected subregions using the Ambion®
RNaqueous micro kit and treated with Qiagen RNAase-free DNase to remove genomic DNA.
RNA quantity was evaluated using the Quant-iT™ RiboGreen™ RNA Assay kit (Invitrogen™)
and quality was evaluated using the Agilent 6000 Pico LabChip® and the Agilent 2100
bioanalyzer (Agilent Technologies, USA). A minimum RIN of 3 was required for further cONA

synthesis and library preparation (Belmonte et al. 2013).

2.5.7 Library preparation and sequencing

First and second cDNA synthesis was performed according to a high-throughput RNA-
seq protocol (Kumar et al. 2012). Fragmentation was then carried out using the Covaris™ M220
Focused-ultrasonicator™ in Covaris™ M220 microTUBEs. Samples were then brought down to
5 pL via rotary evaporation. Library preparation was performed using the NuGen® Ovation®
Ultralow DR Multiplex System. Total library quality and quantity were determined using the
Quant-iT™ PicoGreen™ dsDNA Assay Kit (Invitrogen), qPCR, and the High Sensitivity DNA
Analysis Kit (Agilent) on the Agilent 2100 Bioanalyzer. Libraries were pooled and size-selected
(350-600 bp) on the E-Gel® system (Invitrogen™). Samples were then sequenced on the
[NTumina® HiSeq™ 2000 platform at Genome Québec. Whole seed RNA was extracted from
whole globular stage seeds using PureLink® Plant RNA Reagent (Ambion®). Library
preparation was performed as in (Kumar et al. 2012) using NEXTFlex ChIP-seq barcodes (Bioo

Scientific®).
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2.5.8 Data analysis

Libraries were sequenced on the [llumina® HiSeq™ 2000 platform (150 bp SE). Raw
sequencing reads are deposited at GEO (GSE120360). Trimming and QC of sequence reads was
performed using Trimmomatic 0.36 (Bolger et al. 2014) (ILLUMINACLIP:TruSeq3-PE-
2.fa:2:30:10 HEADCROP:9 LEADING:9 TRAILING:9 SLIDINGWINDOW:4:30 MINLEN:20).
Surviving reads, aligning and mapping percentages are reported in Table S9. Reads were
aligned to the Darmor-bzh genome (Chalhoub et al. 2014) using HISAT2 (Kim et al. 2015).
Normalization and differential expression analyses were performed with multi-read correction
using the Cufflinks suite (Trapnell et al. 2010). Quality control and global comparisons of
transcriptome libraries were performed using the Cumme(R)bund suite (Goff et al. 2012).
Detection cut-off for transcripts was FPKM 21, while high-abundance transcripts representing
ribosomal, chloroplast, or mitochondrial genes (FPKM >10,000 in any sample), and low-
abundance transcripts (FPKM <1 across all samples) were filtered out to facilitate downstream

clustering and enrichment analyses.

Subregion-enriched transcripts were identified (FPKM > 25 in the sample, and
FPKM <10 in all other samples) and enrichment analysis was performed on these transcript
populations using SeqEnrich (Becker et al. 2017). GO enrichment analysis using SeqEnrich
analyzes all parent and child GO terms and determines significance by the proportion of genes
in the query list relative to the amounts of genes within the umbrella GO term, which enables
the analysis to be used with polyploid plants, such as B. napus. Heatmaps and dendrograms
were generated in R using ggplot2 (Wilkinson 2011) and heatmaply (Galili et al. 2018). To
uncover regulatory transcriptional circuits in co-expressed genesets, we performed a network

analysis as outlined in Becker et al. (2017). Enrichment analysis of DNA sequence motifs and
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GO terms (P <0.001) are used to predict transcriptional regulatory circuits, with novel and
relevant networks highlighted in this work. Networks were analyzed in Cytoscape (Shannon et
al. 2003). Transcript accumulation of transcription factors and selected targets were confirmed
using JPCR (NEB Luna® Universal qPCR master mix; primers can be found in Table S10).
Significant differences in transcript abundance were determined by ANOVA and Student's t-
test. Genes were assigned to dominant patterns (DPs) of transcript accumulation using fuzzy K
means (FKM) clustering (R; http:/ /cran.r-project.org/web/packages/ cluster/ cluster.pdf;

implication FANNY).
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2.6 Supplemental Figures
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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 areantilog? 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.
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3.1 Abstract

Polyploidy is a persistent phenomenon in angiosperm genome evolution that is
hypothesized to have contributed to the diversity of extant flowering plants. Brassica napus, one
of the world's most important angiosperm oilseed species, originated from the interspecific
hybridization of Brassica rapa (An) and Brassica oleracea (Cn). While the trends of genome
dominance in transcriptomics are beginning to emerge, less is known about the epigenetic and
small RNA landscapes in polyploids during reproductive development. The seed is the pivotal
developmental transition into the new sporophytic generation, and experiences substantial
epigenetic modifications over time. Here, we investigated the prevalence of bias in the contexts
of DNA methylation and small interfering (si)RNA profiles in both subgenomes (An and Cn), as
well as the ancestral fractionated genomes across B. napus seed development. We report
ubiquitous Cn subgenome bias of siRNA expression and cytosine methylation, with DNA
methylation being particularly abundant on gene promoters in the Cn subgenome. Further, we

provide evidence that siRNA transcriptional patterns were conserved within the ancestral
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triplicated subgenomes of B. napus, but not across the An and Cn subgenomes. We discuss how
methylation patterns in the B. napus seed relate to genes, promoter regions, siRNA loci and
transposable elements through the lens of genome fractionation and polyploidization. Taken
together we provide evidence for epigenetic regulation selectively silencing the Cn subgenome
during seed development, and explore the impact of genome fractionation on the epigenetic

components of the B. napus seed.

3.2 Introduction

Polyploidy is an integral driving force in land plant evolution, occurring before the
divergence of both monocot and dicot lineages and multiple times therein (Soltis & Soltis, 2016;
Vekemans et al., 2012). Polyploidy can either arise from aberrant meiosis/mitosis, whole-
genome duplications (WGD) or through hybridization events (Tayalé & Parisod, 2013). Early
genomic research in Arabidopsis thaliana (L.) Heynh. (Brassicaceae) demonstrated three ancient
WGDs in the history of the species as of eudicot divergence (Blanc et al., 2003). Furthermore, the
Brassiceae tribe, containing the economically important Brassica genus, is defined by a whole-
genome triplication event (WGT) that distinguishes it from Arabidopsis (Camelineae tribe). This
complicated genetic history is in fact the orthodox trajectory of plant genome evolution, with
WGDs and polyploidization events leading to the speciation and consequent divergence of

most angiosperm lineages.

Brassica napus L. is a nascent amphidiploid species in the Brassiceae tribe formed from
the interspecific hybridization of Brassica rapa L. (ArAr) and Brassica oleracea L. (CoCo)
approximately 7500-12 500 years ago (Chalhoub et al., 2014). Consequently, B. napus is an
allopolyploid with two distinct diploid subgenomes therein (AnAnCnCn), both of which are

products of the WGT within the Brassiceae. Additionally, genome fractionation and dominance
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may change the genomic landscape of a polyploid species with extensive deletions within the
submissive genome while the dominant genome remains prominent (Cheng et al., 2018). Many
crop plants like Zea mays, Glycine max, Oryza sativa have polyploid ancestry but their extant
genomes are heavily fractionated, with only fragments of their progenitors persisting (Messing,
2009; Schmutz et al., 2010; Zhang et al., 2005). In other cases, such as Triticum aestivum, an
allohexaploid, one progenitor species is extinct (Matsuoka, 2011). Other recently formed
polyploids, as in Tragopogon, have extensive research utility in understanding how
allopolyploidization affects genome evolution (Leitch et al., 2004). In the case of Brassica, the
ancestral WGT has resulted in the dominance of one least fractionated genome (LF) and two
fractionated, submissive genomes herein called most fractionated 1 (MF1) and MF2 that persist
in extant species (Liu et al., 2014; Parkin et al., 2014). Few crop plants exist that have undergone
recent allopolyploidization with distinguishable subgenomes, and even fewer with ancestrally
fractionated genomes within their subgenomes. As a nascent allotetraploid and one of the
world's most important oilseeds, B. napus is an excellent system to explore the effects of
polyploidization on the genomic landscape and, more specifically, how epigenetic factors such
as DNA methylation and small RNA (sRNA) signatures differ between subgenomes during

reproduction.

It is well documented that extensive epigenetic changes characterize phases of seed
development in angiosperms (Grover et al., 2020; Rajkumar et al., 2020). Seed development of B.
napus (canola) is a complex yet elegant chapter of the plant lifecycle that starts with the
unfertilized ovule (OV) and ends with formation of the dry seed (DS; Figure 3.1a). The first
phase of seed development results from a double fertilization event that leads to the

establishment of the embryo and the endosperm surrounded and protected by the maternally
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derived seed coat (Dresselhaus & Franklin-Tong, 2013; Guignard, 1902). Early in the
morphogenesis phase, the globular (GLOB) embryo begins to differentiate through
programmed cell divisions and establish tissue identities (Smith & Long, 2010; Tykarska, 1976).
By the heart (HEART) stage, the shoot and root apical meristems organize and will eventually
give rise to the shoot and root systems of the next sporophytic generation of the plant
(Tykarska, 1979; also reviewed in the model Arabidopsis in Jenik et al., 2007). The onset of seed
maturation begins with substantial cellular proliferation and growth of the embryo to fill the
central cavity of the seed, followed by an arrest of proliferation and the accumulation of storage
reserves, leading to the mature green (MG) stage of seed development (Leviczky et al., 2019;
Tykarska, 1980). Maturation concludes with the rapid desiccation of the seed in preparation for
dormancy at the DS stage. In the current literature, subgenome bias in DNA methylation and
small interfering (si)RNNA expression is documented in B. napus vegetative tissues, with
emerging research revealing biases also occurring during seed development. Shen et al. (2015)
noted siRNA expression biased towards the Cn subgenome in vegetative tissues, but details of
subgenome biases in reproductive tissues of Brassica are still emerging. Further, Lu et al. (2012)
uncovered that siRNAs originating from transposable elements (TEs) contribute to genome
balance in polypoid tissues such as the endosperm. Edger et al. (2017) also demonstrated that
DNA methylation exhibits subgenome dominance in early generation polyploids in vegetative

tissue and in infertile floral whorls.
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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 and
bisulphite sequencing for the GLOB and MG stages, representing pivotal developmental
transitions in the initiation of morphogenesis and maturation respectively. (B) Synteny map
showing the largest continuous syntenic block of each chromosome within the amphidipoid B.
napus genome, progenitor species being Brassica rapa (Br) contributing the An subgenome, and
Brassica oleracea (Bo) contributing the Cn subgenome. (C) Hypothetical model of epigenetic
conservation - 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 cytosine context (CG, CHG, CHH, where
H=A, T or C), with each context exhibiting notably different degrees of methylation and
pathways of establishment and maintenance (Matzke & Mosher, 2014). Previous work has
profiled the methylation signatures of DNA during seed development in Arabidopsis (Bouyer
etal., 2017; Lin et al., 2017; Narsai, Gouil, et al., 2017), maize (Li et al., 2014; Lu et al., 2015),
Ricinus communis (Xu et al., 2016), O. sativa (Xing et al., 2015) and Glycine (Davis-Richardson
et al., 2016; Lin et al., 2017), and OV development in Gossypium (Osabe et al., 2014). However,
studies of DNA methylation in allopolyploid plants such as Gossypium hirsutum, Glycine
dolichocarpa, Triticum and Erythranthe perigrinus have primarily focused on vegetative tissues
(Bird et al., 2021; Chalhoub et al., 2014; Coate et al., 2014; Edger et al., 2017; Gardiner et al., 2015;
Li et al., 2014; Li et al., 2016; Li et al., 2017; Song et al., 2015), and thus our understanding of how
DNA methylation dynamics compare between progenitor subgenomes in allopolyploids during
reproduction and seed development is still relatively unknown. Furthermore, no current studies
have endeavored to study DNA methylation patterns of seed development in the nascent

allotetraploid B. napus.

The sRNAs are important regulators of the genome and epigenome in plants. The most
studied sRNAs, micro-RNAs (miRNAs), are involved in the regulation of gene expression via
post-transcriptional silencing. miRNAs arise from a single-stranded precursor that forms a
secondary hairpin structure after transcription (Wang et al., 2019). Unlike miRNAs, siRNAs do
not act on mRNA alone and can induce changes within the epigenome itself. siRNAs differ

from miRNA in their mode of biogenesis, wherein siRNAs are transcribed and a
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complementary strand is synthesized by RNA-dependent RNA polymerase to form a double-
stranded siRNA precursor (Zhou & Law, 2015). siRNAs can be encoded by genic, intergenic,
intragenic and intronic regions, but can also originate from TEs and heterochromatic regions
(Chen, Zeng, et al., 2018). siRNAs are capable of post-transcriptional silencing like miRNAs via
natural anti-sense siRNA, but can exert more versatile functions in genomic regulation. Repeat
associated siRNA, referred to in some literature as heterochromatic siRNA, are typically
encoded by transposons and are most frequently associated with the silencing of TEs via RNA-
directed DNA methylation (RADM; Wang & Axtell, 2017). Our knowledge on how siRNAs
accumulate in subgenomes of amphidiploids and the presence of subgenome bias is currently
limited to vegetative tissues, with minimal information on these dynamics in reproduction
(Shen et al., 2015). It is also unknown if certain classes of siRNAs accumulate asymmetrically or
if these siRNAs are ancestrally conserved within subgenomes of a polyploid species. Literature
detailing the siRNAs transcribed during seed development in B. napus are lacking, especially in

the context of its complicated amphidiploid genome.

The orchestration of seed development in amphidiploids requires the epigenetic balance
of progenitor genomes. While DNA methylation and RNA interference are critical processes
underpinning development, much of the details associating them to seed development are still
emerging, especially in allopolyploids (Ario et al., 2017; Bouyer et al., 2017; Kirkbride et al.,
2019; Narsai, Gouil, et al., 2017). To address these questions, we profiled both the DNA
methylation and siRNA landscape across seed development of B. napus. Mapping of collinear
regions established horizontal comparisons of homology between the progenitor An and Cn
subgenomes (Figure 3.1b,c). Together, we find strong evidence for Cn subgenome bias in the

context of both DNA methylation and siRNA accumulation, and find that the An subgenome
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exerts epigenetic dominance over the submissive Cn subgenome in B. napus seed development.
Further, differences in DNA methylation and siRNA expression in the context of the
subgenomes and fractionated genomes provide evidence to how genome fractionation and

allopolyploidy affect the epigenetic structuring of the seed across development.

3.3 Results

3.3.1 Single-base-pair resolution profiling of the Brassica napus seed

methylome reveals Cn subgenome bias

Genome-wide cytosine methylation was calculated over 1-kB windows for both GLOB
and MG seed stages in all cytosine contexts, and was compared with available cytosine
methylation data for leaves (Table 3.1; Dataset S3.1). We used the plastid genome as a proxy for
unmethylated DNA, and estimated the bisulfite conversion rate to be ~98% in both the GLOB
and MG samples (Figure 3.2a). Relative to leaves, seed development was characterized by
significantly lower mCG and mCHG levels (Table 3.1; P < 0.001 Mann-Whitney-Wilcoxon).
However, mCHH levels were nearly threefold higher at the MG stage than observed in GLOB
seeds or in leaves (Dataset S1; Table 1; P < 0.001 Mann-Whitney-Wilcoxon). This increase in
mCHH contributed to a 2.5% increase in overall cytosine methylation of MG compared with
GLOB seeds. We further identified shifts in DNA methylation between leaves, GLOB and MG
seeds in addition to significant differences in the methylation of the An and Cn subgenomes
(these genomes arising from the interspecific hybridization are referred to hereafter collectively
as ‘subgenomes’ throughout) of B. napus. In leaves, and GLOB and MG seeds, mCG and mCHG
levels were 1.4-1.5 x higher in the Cn than in the An subgenome (Table 3.1; Mann-Whitney-
Wilcoxon, P <0.001). Significant subgenome bias was also observed in CHH methylation,

though mCHH levels were 1.1-1.2 x higher in the Cn subgenome than in the An subgenome. A
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sharp increase in mCHH during seed maturation nearly abolishes mCHH subgenome bias in
MG seeds (Table 3.1, Mann-Whitney-Wilcoxon, P < 0.001). Overall, while subgenome-wide
methylation bias persisted in B. napus leaves and seeds, this phenomenon was strongest in

leaves and weakened in the seed as it matures (Table 3.1).

Table 3.1. Methylation percentages on 1kB windows over the B. napus genome 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 separately for the A and C subgenome, and the
ratio of these averages (A Cn/ Anr) is also shown. * indicates significance 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'| 6101 19.82 3.35 52.95 17.83 4.1 55.63 15.31 9.8
ACYA" | 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 Arand Crsubgenomes of B. 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 CHH contexts.
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We further compared the methylation patterns of the LF, MF1 and MF2 genomes (these
whole genomes arising from the WGT are referred to hereafter collectively as “fractionated
genomes’ throughout) in leaves and the GLOB and MG stages of seed development. We found
that the majority of comparisons between the subgenomes, fractionated genomes and
developmental stages were significantly different in CG (> 99% of total comparisons), CHG
(98%) and CHH (98%) contexts (Figure 3.2b; Dataset S2). Methylation in the same cytosine
contexts was significantly different (P <0.0001) across subgenomes in the same fractionated
genome (LF-A/C, MF1-A/C and MF2-A/C) and stage in seed development (GLOB, MG). This
is true for every possible comparison within the same methylation context aside from one
notable exception: methylation in the same cytosine contexts was insignificantly different
between the LF and MF2 genomes in the An subgenome specifically. In particular, LF-A and
MEF2-A were insignificantly different (P >0.001) in MG, GLOB/MG/LEAF and
GLOB/MG/LEAF in CG, CHG and CHH contexts, respectively. The fractionated genomes are
significantly distinct in their global methylation architecture throughout seed development and
within and across subgenomes/fractionated genomes, with the sole exception being the LF and

MEF2 genomes of the An subgenome.

3.3.2 Differential methylation of promoter elements targets genes involved in

carbon metabolism and development in Brassica napus seeds

Methylation on promoters is relatively stable during seed development. CG methylation
does not significantly change between the GLOB and MG seed stages (leaf mCG =71.8, GLOB
mCG =64.0, MG mCG = 63.8; Figure 3.3a; Table 2; P <0.001 Mann-Whitney-Wilcoxon). When
GLOB and MG seeds were compared with leaves, 84.6% of CG differentially methylated

promoters and 77.8% of CHG differential methylation on promoters was shared between the
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GLOB and MG seeds (Figures 3.3a and S3.2), suggesting little change in promoter CG
methylation once seed development was initiated. Combined, these data suggest the
developing seed is distinguished from vegetative leaves by an extensive reduction of CG and
CHG methylation on promoters, which is maintained through the development and maturation
of the seed. We compared promoter element methylation of seeds with leaves, and found that
of the 1976 promoters differentially methylated between GLOB (933) and MG (1043) seeds and

leaves (Figures 3.3b and 3.52), 95% were derived from the Cn subgenome (Dataset S3.3).

A B
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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 hyper-methylated in GLOB (orange)
or MG seeds (pale orange, hypo-methylated 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 by developmental shifts in promoter
methylation, we examined enrichment of Gene Ontology (GO) terms for genes downstream of
promoters differentially methylated between GLOB and MG seeds (Figure 3b; Dataset S4;
significance of GO enrichment considered at P <0.001). At seed maturation, processes involved
in regulating gene expression were heavily enriched in genes downstream of hypermethylated
promoters, such as DNA binding (CG, CHG, CHH hypermethylated) and DNA-templated
transcription (CHG and CHH hypermethylated). CHH hypermethylation of promoters in MG
seeds was also enriched for response to hormones such as ethylene, jasmonic acid, gibberellin
and auxin. We also observed CHH hypermethylation of promoters upstream of genes involved
in cell division and differentiation, cell wall loosening, programmed cell death, and seed
germination in GLOB seeds. Promoter hypomethylation of MG seeds was enriched for fatty
acid biosynthesis (CHG hypomethylation) and carbon utilization (CHH hypomethylation),
while promoters of genes involved in carbohydrate biosynthesis were hypermethylated (CHH).
Therefore maturation-phase promoter hypermethylation appears to target hormone response,
gene activation, and the balance between morphogenesis and quiescence, while promoter
hypomethylation in seed maturation is likely associated with the release of genes for mobilizing

carbon into lipid biosynthesis (Figure 3b).
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3.3.3 Transcription factors (TFs) are hypomethylated relative to other protein-
coding genes

We examined the methylation levels of TFs relative to other protein coding genes —
data show a significant reduction in both gene body and promoter methylation TF-coding genes
relative to other genes (Figure S3; Table 2; P < (0.001 Mann-Whitney-Wilcoxon). In leaves, GLOB
and MG seeds, TF gene body methylation levels were reduced by 57-78% relative to the levels
of other coding gene bodies (Figure S3; Table 2; P < 0.001 Mann-Whitney-Wilcoxon). TF
promoter CG and CHG methylation is significantly reduced relative to other coding genes,
though the reduction is less than observed on gene bodies. While mCG on TFs was significantly
lower in seeds than observed in leaves, mCG levels did not significantly change between GLOB
and MG seeds nor did they change on the promoters of TFs (Table 3.2; P <0.001 Mann-
Whitney-Wilcoxon). Additionally, despite overall lower cytosine methylation levels,

subgenome methylation bias was maintained on TF gene bodies and promoter regions (Table

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 averages (A C"/A") 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 9.57 80.36  30.81 7.15 8461 3235 23.04

A"| 8656 3878 10.78 | 75.89  29.75 7.28 80.06 3245 24.13

C"| 9353 37.46 9.03 83.03 3145 7.07 87.34 3229 2232 TE
ACA" | 1.08 0.97 0.84* | 1.09* 1.06* 0.97* | 1.09* 0.99 0.92
Average | 71.84  33.96 7.45 63.97 11.43 0.47 63.83 8.09 6.38 Sromoter

A"| 625 30.25 7.41 5491  10.17 0.47 54.75 7.45 6.07
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C'| 7643 35.78 7.47 68.72  12.09 0.46 68.58 8.43 6.54
ACYA" | 1.22* 118 1.01* | 1.25* 1.19* 0.99* | 1.25* 1.13* 1.08*
Average | 229 5.82 0.91 21.8 2.16 0.13 21.6 1.18 0.99

A" [ 1594 3.96 0.66 15.1 15 0.11 14.96 0.8 0.73

c"| 27.02 6.92 1.05 25.72 2.55 0.14 25.58 141 1.15 Gene
A CYAM | 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" | 754 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
ACYA" | 1.33%  146* 146 | 1.34* 125¢ 118% | 1.36* 1.48%  1.39*
Average | 61.06 3208 815 | 5107 966 042 | 5093 72 633
A"| 5207 2641 719 | 43 78 035 | 4283 602 56 TE
C"| 6863 3682 898 | 5811 1129 049 | 58 823  6.97 | Promoter
ACYA" | 1.32%  139%  125% | 135% 145%  14% | 135 137%  124*

Average 54.40 33.03 12.57 84.61 52.22 44,08
A" 54.11 32.95 12.53 84.55 52.12 44,07 )
NA SiIRNA
cn 58.70 34.15 13.15 85.43 53.58 44.34
A CA" 1.08 1.04 1.05 1.01 1.03 1.01

3.3.4 Fractionated genomes exhibit different methylation on genes and

promoters

We further compared components of the B. napus fractionated genomes across the
progenitor An/Cn subgenomes (Figure 4.4). Comparisons between the numerous variables are
complicated, and comprise the fractionated genomes (LF, MF1 and MF2), the subgenome (An
and Cn), the developmental stage (GLOB and MG) and methylation context (CG, CHG and
CHH). Hereafter, statistical comparisons refer to only comparisons made within the same
methylation context. We compared the methylation on gene bodies within the fractionated
genomes, and in all instances that no significant difference (P > 0.001 Mann-Whitney-Wilcoxon)
was found, the comparison was within the same subgenome (Figure 4.4a; Dataset S4.3). In fact,

this trend is true for all cytosine contexts, where the only insignificant differences were between
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fractionated genomes in the same subgenome. Our data suggest that methylation on gene
bodies is more similar within different fractionated genomes belonging to the same subgenome
than it is in the same fractionated genome in the sister subgenome. Further, this pattern is the
same in promoter regions, wherein the only insignificant comparisons were between different
fractionated genomes in the same subgenome (Figure 4.4b). Together, it seems methylation of
coding regions and their primary regulatory regions (promoters) are dissimilar between the

sister subgenomes and more alike within the same subgenome.
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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. napus (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 methylation on TEs during reproduction is

unique from vegetative tissues

In all three cytosine contexts, the vast majority of differential methylation between leaf

and seed methylomes occurred on TEs (Figure S4.4; Dataset S4.3). TEs account for
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approximately 33.7% of the genome mapped to chromosomes in B. napus cv. DH12075, though
this is an underestimation of total TE content as scaffolds that could not be confidently mapped
to chromosomes were not included in this analysis. Methylation of TEs in the CG and CHG
contexts was significantly reduced in seed development relative to leaves (leaf mCG =91.5%;
Table 2). CG methylation on TEs was observed to be lower during seed morphogenesis and
increased during seed maturation (GLOB mCG =80.4%, MG mCG = 84.6%; Table 2; significant
P <0.001 Mann-Whitney-Wilcoxon). Overall, a degree of subgenome bias was maintained
during these shifts in CG methylation: mCG levels are 1.1 x higher on Cn subgenome TEs

(Table 3.2; P < 0.001 Mann-Whitney-Wilcoxon).

The CHG methylation on TEs does not change significantly between the GLOB and MG
stages of seed development (GLOB mCHG = 30.8%, MG mCHG = 32.4%; Table 2; P <0.001
Mann-Whitney-Wilcoxon; Figure 3.2a). However, there is a unique population of TEs that
undergo heavy CHH methylation in MG seeds but not in GLOB seeds or in leaves (Figure 3.52).
The lower CG and CHG methylation observed in seeds relative to leaves is accompanied by an
increase in CHH methylation on TEs during seed maturation (leaf mCHH =9.6%, GLOB
mCHH =7.2%, MG mCHH = 23.0%; Table 2; all significant P <0.001 Mann-Whitney-Wilcoxon)
and is observed globally within the genome (Figure 3.4c). Over 40% of mCHH-DM TEs were
hypermethylated in the MG stage relative to leaves (Figure S3.2). CHH methylation of An
subgenome TEs was 1.2 x higher than Cn subgenome TEs in leaves, though this bias is not
observed in the seed (Table 3.2; P <0.001, Mann-Whitney-Wilcoxon). This suggests extensive
reprogramming of genome architecture around TEs during seed development, driven by both a
reduction in CG and CHG methylation, and subgenome-independent increase of CHH

methylation on TEs during seed maturation.
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We also compared the mCG, mCHG and mCHH in the TEs of the fractionated genomes.
The majority of comparisons between the fractionated genomes in the CG context were
significant (82%), though fewer were significant in the CHH (61%) and CHG (24%) context
(Figure 3.4c; Dataset 3.S5). The insignificant (P > 0.001) comparisons in CG contexts were
entirely within the same subgenome (An or Cn) and in the same developmental stage. Both the
LF and MF1 genomes were insignificantly different between subgenomes across seed
development in the CHG context but not in CG or CHH. The LF genome was significantly
different (P < 0.001) between subgenomes during the GLOB stage in the CHG context, but not in
the MG. In contrast, the MG seed of the MF2 genome had significantly different methylation
across subgenomes in both CG and CHG contexts, but was insignificantly different in GLOB

seeds.

3.3.6 Methylation of siRNA loci during seed maturation

Cytosine methylation increased one-3.5-fold on siRNA clusters loci from the GLOB to
the MG stage of seed development (GLOB mCG =84.0%, MG mCG = 86.3%; GLOB
mCHG =45.9%, MG mCHG =55.0%; GLOB mCHH =12.7%7, MG mCHH =43.8%; Table 2;
P <0.001 Mann-Whitney-Wilcoxon). Most notably, the mCHH levels of siRNA loci at the MG
stage are 4.9 x higher than the whole genome average (Table 3.2), and nearly double the levels
observed on TEs. We also compared methylation patterns on siRNA loci in the fractionated
genomes and found a similar pattern as that observed in TEs where CG methylation of siRNAs
is not significantly different across subgenomes but is significantly different within the same
subgenome (Figure 3.4d). LF-A/C, MF1-A/C and MF2-A/C are significantly different in GLOB
and MG in the CG context, but CHG methylation of LF-A/C and MF2-A /C are not significantly

different in MG seeds. CHG methylation of LF-A/C is also similar (P = 1; Mann-Whitney-
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Wilcoxon) in GLOB seeds. Methylation of expressed siRNA loci in the CHH context exhibit
different patterns than seen in genes and promoters, but follow a similar trend observed in TEs,
wherein LF-A/C, MF1-A/C and MF2-A/C are insignificantly different (P =1; Mann-Whitney-
Wilcoxon) in both GLOB and MG seeds. Methylation of siRNA loci is divergent amongst
fractionated genomes during seed development in CG and CHG contexts, and is remarkably

similar across subgenomes in the CHH context.

3.3.7 Seed maturation is characterized by an increase in the number of siRNA

loci being transcribed

Next, we profiled sSRNA populations, genome wide across B. napus seed development.
We found that the maturation stages had the greatest number of expressed siRNA loci [reads
per million (RPM) > 0]; 36 989 and 30 747 siRNA loci were expressed during the MG and DS
stages, respectively (Dataset S6). The OV stage had the fewest siRNA loci with detectable
expression at 25 197 in contrast to the GLOB and HEART stages of morphogenesis, which had
29127 and 28 636 loci being expressed, respectively. Subgenome bias of siRNA expression is
persistent throughout seed development - in all stages, ~65% of all detectable siRNA originated
from the Cn subgenome, with this bias persisting in total RPM with a minimum of 61% of
siRNA reads accumulating from the Cn subgenome in the OV stage, and a maximum of 74% in
the GLOB stage (Figure 3.5a). Fewer siRNA loci account for the majority of all RPM in early
seed development (Figure 3.4b). In the OV, GLOB and HEART stages, > 99% of all reads map to
21%,20% and 11% of all siRNA loci in each respective stage. In contrast, 61% and 32% of all
reads in the MG and DS stages, respectively, accounted for > 99% of all reads in each stage.
These trends were not seen to differ between subgenomes. Fewer siRNA loci contribute to seed

development in B. napus during morphogenesis than in maturation —siRNAs in morphogenesis
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are highly expressed, but fewer loci have detectable expression than in early maturation. A
complete list of all siRNA loci across TEs and gene promoter regions encode the majority of

transcribed sRNAs in the Brassica napus seed.
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Figure 3.5. siRNA read accumulation throughout seed development in B. napus. (A)
Proportion of total siRNA 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 sSRNAs originating from TEs, gene bodies and promoter regions across
seed development, and compared RPM accumulation in each feature. The sSRNAs originating
from TEs were the most represented in read accumulation and exhibited substantial bias for the
Cn subgenome (67%, 79%, 81%, 77% and 91% of all reads in the OV, GLOB, HEART, MG and

DS stages, respectively; Figure 3.6a). siRNAs encoded by gene bodies were the least abundant
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throughout seed development, but still biased towards the Cn subgenome (70%, 76%, 61%, 65%
and 53% of all reads in the OV, GLOB, HEART, MG and DS stages, respectively; Figure 3.6b).
Finally, siRNAs originating from promoter regions were more abundant than those derived
from gene bodies, and exhibited genomic bias for the Cn subgenome (71%, 83%, 74%, 87% and
65% of all reads in the OV, GLOB, HEART, MG and DS stages, respectively; Figure 3.6c). While
siRNAs encoded by TEs were of comparable abundance across seed development, siRNAs
originating from promoters gradually increased as the seed matured. siRNAs originating from
promoters of the An subgenome were 1.1 X as abundant in the MG stage as at the OV stage,
while siRNAs from the Cn subgenome were 3.3 x as abundant. siRNA accumulation from
promoters rapidly declines in the Cn subgenome at the DS, with 2.5 X less siRNAs than in the
MG seeds. Conversely, siRNAs encoded by the An subgenome gradually increased from the
beginning to end of seed development, with the DS having 1.4 x the siRNA accumulation

relative to the MG seeds.seed development is found in Dataset S6.
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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) siRNAs encoded by TEs accumulate with consistent Cn
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 during 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 gene promoters are different across

subgenomes

Next, we analyzed the top 500 most highly expressed siRNAs from gene promoter
regions in each subgenome and performed GO enrichment analysis on their downstream genes
(Figure 3.6d). GO enrichment analysis identified significant subgenomic bias (P < 0.01) for many
developmental, genomic and biochemical processes throughout seed development for the most
abundant siRNAs encoded by gene promoter regions. For example, sucrose transport and
polysaccharide synthesis are represented more strongly in the An subgenome (P <0.01) both
throughout seed development and in the MG stage, respectively. Additionally, mitochondrial
and chloroplast processes are represented across both subgenomes, though some amino acid
metabolism processes (racemerase/epimerase activity, methionine metabolism) are
asymmetrically biased towards the An subgenome (P <0.01 in An subgenome, P>0.1in Cn
subgenome). Developmental processes associated with anatomical structure morphogenesis
(P <0.01 An HEART), secondary growth (P <0.01 An HEART), flower development (P <0.01
An MQG), stamen filament (P <0.01 An MG) and shoot system development (P <0.001 An
MG/DS) are also biased towards the An subgenome. Interestingly, we find developmental
processes associated with fruit development are biased towards the Cn subgenome (P < 0.05 Cn
OV/GLOB/HEART/MG, P <0.001 Cn DS), implicating siRNAs from the An subgenome
intervene in regulation of genes relevant to vegetative and early reproductive development.
Instead, siRNAs encoded by the Cn subgenome impact the expression of genes known to be
involved in post-fertilization processes. Further, we find that diverse lipid metabolism

(glycosylation, biosynthesis) processes are biased significantly towards the Cn subgenome
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(P <0.01 Cn DS). Fatty acid metabolism (P> <0.001 Cn DS) and glycolipid processes (P <0.001 Cn
DS) are represented in the final stages of seed development, only becoming significantly
enriched in the maturation phase. Taken together, the most abundant siRNAs encoded by each
subgenome do not mirror each other's activity on various biological processes, and that
particular biological processes of interest to B. napus development including lipid metabolism

are likely asymmetrically regulated by the Cn subgenome.

3.3.9 Ancestral genome fractionation has little effect on siRNA accumulation

during seed development

The WGT shared amongst the Brassiceae resulted in the LF, MF1 and MF2 genomes in
Brassica. Our data suggest that siRINAs transcribed during seed development from each of the
three fractionated genomes do not vary considerably from each other (Figure 3.7). Broadly, all
three fractionated genomes have fewer siRNA loci expressed during pre-fertilization and
morphogenesis than observed during seed maturation. Further, morphogenesis in all three
fractionated genomes is characterized by fewer loci accounting for the majority of the total
RPM. This is consistent with the whole subgenome comparisons in Figure 3.5. In contrast, there
is a global shift in siRNA expression upon the transition to the MG stage, wherein all three
fractionated genomes express considerably more siRNA loci but are proportionately lowly
expressed. In the LF genome, there are 3.4 x and 4.4 x more siRNA loci expressed in the MG
stage than in the HEART stage in the An and Cn subgenomes, respectively. This trend remains
consistent in the other two fractionated genomes, wherein 3.5 x, 4.4 %, 3.2 x and 3.8 X more
siRNA loci are transcribed in the MG stage relative to the HEART stage of the MF1-A, MF1-C,
MEF2-A and MF2-C genomes, respectively. This dramatic change in siRNA expression seems to

disappear once the seed enters dormancy at the DS stage in all three ancestral genomes, with
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the distribution appearing to be a holdover from the notable shift that characterizes the

inception of maturation.
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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 Kolmogorov-Smirnov (K-S) test to determine differences in data
distributions between both the stages of seed development and across the ancestral genomes
(Tables S3.1-53.3). Data show the distribution of siRNA expression between LF/MF1,
MF1/MEF2 and LF/MF2 was not significantly different when compared at the same seed stage.
The only significant differences (P < 0.05) were identified at the MG stage, which is
characterized by a global increase in siRNA loci being expressed, but at much lower levels than
seen in the OV and during seed morphogenesis. This phenomenon appears true for all
comparisons across both the subgenomes and fractionated genomes. For example, there are no
statistical differences between the seed stages and fractionated genomes unless it is between the
MG seed and any other stage. While not statistically significant, the siRNA expression patterns
were more similar across fractionated genomes than they were across subgenomes. For
example, the OV, GLOB, HEART, MG and DS stages within the LF genome were more
dissimilar between the An and Cn subgenomes (P-values 0.3641, 0.2084, 0.0508, 0.8434 and
0.0333, respectively) than they were in their matching corresponding subgenomes in the MF1
genome (An P-values 0.3743, 0.7089, 0.7553, 0.9944 and 0.4323, respectively; Cn P-values 0.9829,

0.4134, 0.2445, 0.9998 and 0.2361, respectively).

3.3.10 Genome fractionation has less influence on non-protein coding elements

than on gene bodies and promoter regions

The WGT that defined the divergence of the Brassiceae resulted in three fractioned
genomes that evolved independently within B. rapa and B. oleracea until the hybridization and

inception of B. napus. As these fractionated genomes existed independent of one another in their
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progenitors, we compared the significant and insignificant differences across these subgenomes.
We found that DNA methylation of every comparison spanning the two subgenomes to be
significantly different in the CG context for genes, promoters, TEs and expressed siRNA loci in
both GLOB and MG seeds (Figure 3.8). This trend persisted in all cytosine contexts and in every
seed stage for gene bodies specifically, wherein these regions of the fractionated genomes were
all significantly different (P < 0.001). However, the most non-significant comparisons were
identified in the methylation of TEs and expressed siRNA loci, which are consistently
insignificantly different in both CHG and CHH contexts within the GLOB (Figure 3.8a) and MG
(Figure 3.8b) seeds, as well as across GLOB/MG (Figure 3.8c). This trend was most obtuse in the
MG stage, which is expected given that the MG stage is characterized by a sweeping increase in
CHG and CHH methylation. Despite the substantial shift in DNA methylation from the
morphogenesis to maturation phases of seed development, CHG methylation across many
GLOB/MG comparisons was insignificantly different in the context of promoters and TEs
(Figure 3.8c). Methylation of siRNA loci was more similar across subgenomes when contained
within the same developmental stage — that is, methylation on expressed siRNA loci was more
dissimilar in the fractionated genomes across seed development than they were during the
same developmental stage. Altogether, gene bodies had substantially different methylation
profiles within the fractionated genomes, but non-protein coding regions including promoters,

TEs and siRNAs loci had more similar architecture by comparison.
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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 A» and Cr subgenomes are shown.
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3.4 Discussion

3.4.1 Epigenetic bias in the Cn subgenome of Brassica napus

In allotetraploids like B. napus, interspecific hybridization can cause immediate silencing
of genomic components and lead to morphological dominance of one progenitor species over
the other, suggesting subgenome bias has profound impacts on plant development (Alexander-
Webber et al., 2016; Comai et al., 2000; Wang et al., 2006). In the current study, we discovered
epigenomic bias across seed development in B. napus. Specifically, consistent bias of cytosine
methylation and siRNA accumulation in the Cn subgenome implies the selective silencing of its

components.

Patterns of cytosine methylation and diversity of siRNA expression derived from TEs
undergo substantial modifications upon allopolyploidization events (Kenan-Eichler et al., 2011).
Amongst these, siRNAs are known to become deregulated upon allopolyploidization and cause
an influx in TE activity in addition to generating instability within the genome. In this study, we
find cytosine methylation and siRNA accumulation are universally biased towards the Cn
subgenome in the B. napus seed, and are indicative of repression of its relative contribution to
seed development and by extension are submissive to the An subgenome. These siRNA loci
were also subject to profound CHH hypermethylation. This phenomenon of Cn subgenome bias
persists throughout seed development, with siRNAs encoded by genes, promoter regions and
TEs all accumulated disproportionately from the Cn subgenome. Consistent with previous
work, more genes are transcribed from the Cn subgenome but their mean expression values are
lower, suggesting the Cn subgenome is likely being silenced throughout development (Gao et
al., 2022). The accumulation of non-coding elements such as siRNAs originating from TEs in the

Cn subgenome may contribute to a greater overall increase in mCHH of the same Cn
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subgenome as the seed develops. Together, the Cn subgenome appears to accumulate silencing
elements that persist across all stages of the seed lifecycle. The asymmetric bias of the Cn
epigenome indicates that the An subgenome of B. napus exhibits incipient genomic dominance
during reproduction. Acute subgenome bias defines the epigenetic dynamics at play during
seed development in this amphidiploid species, but it is unclear to what extent the components

of the Cn subgenome will become fractionated in the future.

3.4.2 TFs are comparably hypomethylated in seeds

The TF genes have been documented to exist within DNA methylation valleys (DMVs),
which are regions that have constitutively low or even undetectable DNA methylation levels.
These account for 46% of TF genes in Glycine, which is indicative of either erasure or
prevention of DNA methylation during seed development of genes pertaining to transcriptional
machinery (Chen, Lin, et al., 2018). Brassica napus seeds seem to elicit the same phenomenon,
with substantially reduced DNA methylation on TF gene bodies. It is possible that these TFs
exist in DMVs in Brassica as well, but it would be conducive in future research to analyze the
methylation levels of all TF genes throughout all stages of seed development. Interestingly,
while TF gene bodies in B. napus are comparably demethylated in all cytosine contexts, their
promoter regions are substantially more methylated than other gene bodies. It is thus possible
that the bulk of transcriptional regulation of TF genes comes not from mCG on gene bodies, but

instead increased methylation of promoters.

3.4.3 The contribution of TEs to subgenome bias in Brassica napus seed

development

Seed maturation is characterized by the rapid deposition of protein and lipid energy
stores for the developing seed, and coincides with an influx of both siRNA clusters and DNA
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methylation, especially in the CHH context. While siRNAs encoded by TEs were most diverse
in the MG stage, the accumulation of these siRNAs was prevalent throughout seed
development. Thus, it is possible the increasing number of expressed siRNA loci originating
from TEs promotes global genomic silencing as the seed enters maturation. This transition is
also accompanied by an influx of siRNA reads from the Cn subgenome likely due to the Cn
subgenome having more repetitive regions. siRNAs derived from TEs increase in genomic
coverage as seed development progresses where CHH methylation exhibits a similar pattern

once maturation is initiated.

Repetitive elements (REs) can be targets of epigenetic modification especially in
allopolyploid plants, like B. napus (Parisod et al., 2009; Parisod et al., 2010). For example, a
higher density and abundance of TEs in one progenitor genome may lead to downstream
epigenetic modification in a hybrid polyploid (Wendel et al., 2018). Here, we observe that
subgenome bias was most dramatic on TEs in B. napus seeds and leaves. TEs are more highly
methylated in the Cn subgenome of B. napus, and while this phenomenon has been observed in
vegetative tissues (Chalhoub et al., 2014) and microspores (Li et al., 2016), our data suggest
epigenetic modifications go beyond what is observed in vegetative leaves via CHH
hypermethylation on TEs. Moreover, DNA methylation may provide an additional layer of
genetic regulation that serves to modulate variable or novel regions of the genome. Thus, trends
in subgenome bias favoring higher methylation of the Cn subgenome may be a consequence of

its higher TE load.

In B. napus, our data provide evidence of a global loss of methylation on TEs, especially
from the An subgenome in the CG and CHG contexts relative to leaves. Thus, a higher level of

methylation is still maintained on the TEs in the Cn subgenome. Currently, we cannot detect
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whether this loss of methylation on TEs is via a passive or active process. For example, it is
possible that loss of mCG and mCHG in seeds is a passive process that occurs over the
numerous cell divisions and DNA replication cycles that establish the seed. Whether a loss of
methylation relative to leaves is actively or passively achieved, it appears that Cn subgenome

bias is a feature that persists over the transition of the plant to the next sporophytic generation.

3.4.4 RADM as a modulator of developmental transitions in seed development

Active demethylation of TEs in ephemeral reproductive structures such as vegetative
nuclei in pollen and the endosperm may lead to the activation of siRNA machinery to modify
DNA methylation in other cells (Gehring et al., 2009; Slotkin et al., 2009). It is known that DNA
hypomethylation in Arabidopsis gametophytes causes alterations in seed size, and that
interference in DNA methylation machinery causes loss of seed viability (Xiao, Brown, et al.,
2006; Xiao, Custard, et al., 2006; Zhang et al., 2010). Interestingly, our data indicate more siRNA
loci are expressed as the seed approaches maturation, with the OVs expressing the majority of
siRNAs from fewer loci, consistent with previous findings in the Brassicaceae (Grover et al.,
2020). Given the predominant role siRNAs play in managing DNA methylation via the
canonical RADM pathway, the progressive increase in transcribed siRNA loci through seed
development may be indicative of increasing epigenetic silencing as the seed grows. The most
highly expressed siRNAs originating from gene promoter regions exhibit subgenomic biases
with developmental and biochemical processes being asymmetrically regulated in each
subgenome. siRNAs from the An subgenome accumulate from promoters of genes associated
with cellular morphogenesis and shoot development. In late seed development, promoters of
genes involved in cell division and auxin/ gibberellin/cytokinin are targeted for CHH

hypermethylation. These targets reflect the developmental phenotypes seen in Arabidopsis
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lacking DNA methylation machinery, wherein improper cellular divisions are frequently

observed (Kim et al., 2008; Xiao, Brown, et al., 2006; Xiao, Custard, et al., 2006).

The RADM in maternal tissues is essential for early B. rapa seed development (Grover et
al., 2018). As the maternal seed coat makes up a substantial portion of the B. napus seed at this
stage, it is possible that some patterns of early RADM activation are maintained from its
progenitor B. rapa. The role of RdADM in seed maturation is still unclear, though it appears to be
characteristic of seed maturation but viably non-essential in the model system Arabidopsis
(Bouyer et al., 2017; Lin et al., 2017). In the current study, we found that siRNA loci were
heavily methylated in mature B. napus seeds, where the embryo comprises the vast majority of
the seed body. A spatiotemporal analysis of DNA methylation and sSRNA accumulation in the
embryo, endosperm and seed coat would provide insight into the RADM in the maternal and
zygotic tissues throughout seed development, and whether the embryo, endosperm and seed

coat are all subject to the same regimes of subgenome bias observed in whole seeds.

3.4.5 siRNA accumulation correlates with global increases in CHH methylation

Many angiosperm genomes are typically comprised of transposable, repetitive
sequences that accumulate through evolutionary time. It is accepted that these transposable
sequences can cause withstanding genomic changes via mobilization and insertion into either
coding genes or regulatory regions of the genome, and as such they are frequently silenced and
regulated by the RADM pathway. The various modes of TE insertion and their effects on gene
expression are reviewed extensively in Hirsch and Springer (2017). It is also theorized that the
RdDM pathway originally evolved in plants to combat the potential deleterious consequences
from transposon mobilization as the pathway acted as a damage control method by having TE

transcripts processed into siRNAs, which guide DNA methylation, and consequently silence the
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TEs and prevent genome damage (Brautigam & Cronk, 2018). In nascent polyploids, it stands to
reason this method would be of importance to manage the influx of genomic content and
attenuate the effects of transposon insertions through extensive silencing. In B. napus seeds, TEs
account for the majority of all siRNA expression at all stages of seed development. Early in seed
development, it is possible that certain TE regions are constitutively silenced via high siRNA
transcription that transitions into global silencing of TEs in seed maturation. Both the global
increase in CHH methylation and increase in number of siRNAs invoked from TEs in maturing
seeds may be indicative of this phenomenon. As B. napus is a recent amphidiploid, this
ubiquitous silencing effect throughout both subgenomes implies the necessity to control these
genome elements in early sporophytic development. It is this same polyploid complexity,
however, that has been known to contribute to genomic plasticity, and is a critical component of
artificial selection in crop plants (Dubkovsky & Dvorak, 2007). Therefore, global TE silencing
via RADM in seeds may mitigate regulatory errors during embryo morphogenesis and
maturation, but is removed or lost promptly upon germination, as is observed in Arabidopsis
(Narsai, Gouil, et al., 2017), Capsicum (Portis et al., 2004), Triticum (Meng et al., 2012) and

Oryza (Narsai, Secco, et al., 2017).

3.4.6 Fractionated ancestral genomes are more dissimilar in protein-coding

regions than in TEs and siRNAs

It is known that even in extensively polyploid clades that collinear blocks are preserved
throughout generations of ploidy changes and genomic stress (Hardigan et al., 2020). However,
while stability of collinear regions may be preserved over evolutionary time in polyploids, it is
less understood whether the non-protein coding elements of collinear regions in allopolyploid

progenitor genomes experience the same retention. While the LF, MF1 and MF2 genomes are
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generated by referencing collinear genes in Arabidopsis, the similarities may be overestimated.
Nevertheless, the epigenome is critically important to the management of genome stability, and
provides a provisional solution to times of genomic shock (Ha et al., 2009; Springer et al., 2015).
Furthermore, while studies exist on the consequences of polyploidization on genome evolution,
there remain inconsistencies amongst plant taxa regarding their evolutionary trajectory post-

polyploidization. The genome balance hypothesis is one of the withstanding ideas in polyploid

evolution that has endured scientific inquiry (Blanc & Wolfe, 2004).

Genomic balance describes the phenomenon of duplicated genes that settle into
singletons over time via fractionation and deletions, whilst regulatory components like TFs,
signal transductors and others are more frequently retained in their duplicated state. By
extension, this means that coding elements of the genome undergo more dramatic changes over
evolutionary time (fractionation) than what is expected to occur within non-coding regions.
This is also seen in the confounding nature of angiosperm genomes that are known to vary
2400-fold in size with relatively little changes in the amount of coding genes (Dodsworth et al.,
2015). In our study, we demonstrate that DNA methylation on genes and promoter regions are
divergent across subgenomes even when accounting for ancestral fractionation where the same
fractionated genomes exhibit different methylation patterns throughout development
depending on the subgenome of origin. This is consistent with the idea of genome balance
where genes undergo more robust alterations post-polyploidization than other components of
the genome, and implies these modifications also entail shifts in methylation architecture. Given
that methylation of genes and promoters in the fractionated genomes were more similar in the
same subgenome, it is likely this divergence occurred post-WGT and precedes the

allopolyploidzation event. Furthermore, methylation of TEs and siRNA loci showed distinct
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subgenomic bias but were similar in their methylation patterns in the same fractionated genome
across the subgenomes. For example, CHG/CHH methylation on siRNA loci and TEs of LF-A
and LF-C is more similar than global comparisons between the An and Cn subgenomes. This
implies that the TEs and siRNA loci of the genome have retained epigenetic patterning from the
ancient triplication in CHG and CHH contexts specifically. Genes and promoters have likely
incurred enough genomic modification throughout evolutionary time to be highly divergent in
all cytosine contexts throughout seed development. In contrast, TEs and siRNA loci are more
similar in GLOB, MG and GLOB-MG comparisons even in different fractionated genomes and
different subgenomes. The insignificant comparisons in this work suggest that DNA
methylation in fractionated genomes is likely to hold a withstanding landscape in non-protein
coding genome elements like TEs and siRNAs than in protein-coding gene regions and their
promoters. Research on other species within the Brassiceae that have not experienced recent
amphidiploidization (such as B. rapa) may be more ideal candidates to study the specific
outcome of genome fractionation as they do not have additional variables from another
subgenome complicating their epigenome. Nevertheless, B. napus presents a unique

opportunity to study fractionated genomes from within an interspecific hybrid.

Together, this work provides evidence for both epigenetic bias of the Cn subgenome
within the B. napus seed, and the retention of epigenetic landscapes across non-protein coding
elements of the genome. Moreover, our data suggest that genome fractionation has not
substantially changed the methylation profile of both the transposons and the siRNAs that are
invoked during seed development. Taken together, the epigenetic architecture of the seed may
be an important factor in determining the evolutionary trajectory of B. napus and is especially

relevant to polyploid crop plants.
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3.5 Experimental Procedures

The DH12075 genome sequence and annotation were provided by Drs Isobel Parkin and

Steve Robinson via the Canadian Canola Genome Sequencing industry consortium project.

3.5.1 Plant growth conditions and sample collection

Methylome and siRNA analyses were performed in B. napus cv. DH12075. Plants were
grown in growth chambers under long-day conditions at 22°C. Flowers were hand-pollinated
and collected at 0 days post-fertilization (DPF; OV), 7 DPF (GLOB), 10 DPF (HEART), 28 DPF
(MG) and 35 DPF (DS) for sSRNA-seq, and at GLOB and MG stages for methylome analysis.
Seeds were manually harvested from siliques and ground in liquid nitrogen for nucleic acid
extractions. DNA was isolated from seeds using the Qiagen Plant DNeasy Mini Kit. RNA was
isolated from seeds using the Qiagen miRNeasy mini kit. Three biological replicates were used

for WGBS and sRNA-seq.

3.5.2 Collinearity map and TE annotation of the DH12075 genome

Broad collinear blocks are observed in both An and Cn subgenomes of B. napus
spanning the LF, MF1 and MF2 genomes (Figure 3.1b). Here, we annotated collinear blocks
using the ancestral Brassica karyotype detailed in Liu et al. (2014), which is generated using
alignments to A. thaliana to infer ancestral collinear blocks. For the purposes of this analysis, we
include inversions as valid collinear regions as inversions primarily affect recombination. The
coordinates for all collinear regions within the LF, MF1 and MF2 genomes are recorded in
Dataset S7. Further, we used RepeatMasker to broadly identify low-complexity REs within the
DH12075 genome, which are annotated here as TEs and include both retrotransposons and
DNA transposons. RepeatMasker is not sensitive to discovery of novel transposons with low
copy number, and as such this analysis focuses on TEs with conspicuous repetition.
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3.5.3 Methylome library preparation and sequencing

Library preparation for bisulfite sequencing was performed at Genome Quebec. DNA
was sheared via sonication on the Covaris platform prior adaptor ligation and bisulfite
conversion using the EZ-96 DNA Methylation-Lightning Kit (Zymo®, Irvine, CA, USA).
Libraries were then amplified using the DNA Ultrall Kit (NEB®, Ipswich, MA, USA). Libraries
were sequenced on the HiSeq X platform (2 lanes, 150 bp PE). Bisulfite-sequencing was
performed on three replicates for both stages. A total of 1.24 billion 150-bp paired-end reads
were generated from the GLOB and MG libraries. Chloroplast genome cytosine methylation
was used as a proxy to estimate bisulfite non-conversion rate - conversion efficiency is
estimated to be ~98%. Bisulfite-sequencing libraries (> 97% bisulfite conversion rate; Dataset S8)
for both samples. Approximately 67% of paired reads aligned to the B. napus cv. DH12075
genome (Dataset S8). Differential methylation was determined over 400-bp windows using
MethylKit (Akalin et al., 2012). Promoter regions were calculated as 1000-bp regions upstream
of the transcription start site (TSS) of a gene. To identify genes with upstream regulatory
regions containing differentially methylated regions (DMRs), overlap of the 400-bp DMR
regions and the 1000-bp upstream promoter regions was calculated using BEDtools.
Homologous genes in the Darmor Bzh annotation were identified, and enrichment of transcript

accumulation patterns was performed using SeqEnrich (Becker et al., 2017).

3.5.4 Bisulfite sequencing analysis

Quality trimming and adaptor removal were performed using Trimmomatic
(http:/ /www.bioinformatics.babraham.ac.uk/projects/fastqc/). Successfully paired reads were
aligned to the DH12075 genome using BSMap2, and cytosine methylation levels were called

using the methration script (Xi & Li, 2009). Individual cytosines had to be covered by at least 4
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reads to be considered for analysis. Average DNA methylation over 1-kB regions, and average
methylation ratios of genes, TEs and promoters were calculated using BEDtools (Quinlan &
Hall, 2010). We also examined the effect of bin size on determining subgenome bias in average
methylation and found that the C subgenome was detected as more highly methylated
regardless of bin size (Dataset S8). Differential methylation was determined over 400-bp
windows using MethylKit (Akalin et al., 2012). Promoter regions were calculated as 1000-bp
regions upstream of the TSS of a gene. We did not attempt to normalize any differences
between the subgenomes, be it chromosome length, TE composition, gene number or siRNA
loci, as we believe these differences are important and would diminish the biological reality of

this complex polyploid.

3.5.5 sRNA library preparation and sequencing

Total RNA collected from seeds was used for library prep with the NEBNext® Small
RNA Library Prep Set for Illumina® (San Diego, CA, USA) (Multiplex compatible). Libraries
were pooled and sequenced on the Illumina HiSeq2500 (2 lanes, 50 bp SE). Quality trimming
and adaptor removal were completed with Trimmomatic (Dataset S8). Surviving reads were
aligned to the DH12075 genome using Bowtie on default settings, with an average of 87%
alignment. Aligned reads were then filtered for rRNA, tRNA, snRNA and snoRNA species by

aligning them to known records in NCBI under all Viridiplantae.

3.5.6 siRNA identification and analysis

The siRNA prediction was done using Short Stack on default settings (Axtell, 2013).
siRNA locus identification followed the protocol used in Medina et al. (2018). Briefly, all
replicates were analyzed using Short Stack on default settings to generate candidate siRNA loci.

siRNNA loci were merged across all samples when separated by <1 bp. The merged loci were
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then re-input into Short Stack in count mode to quantify RPM at the merged loci. Promoter
regions in the genome were annotated as 1 kbp upstream from coding genes. Homologous
genes in the Darmor Bzh annotation were identified, and GO enrichment on genes downstream
of siRNA loci localized to the corresponding promoter was performed using SeqEnrich (Becker

etal., 2017).

3.6 Supplemental 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. napus cv. 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 elements 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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4 Gene expression landscape of the Brassica napus seed reveals

subgenome bias in both space and time
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4.1 Abstract

The vast majority of angiosperms are thought to have originated from some form of
polyploidization. The amphidiploid Brassica napus (AnArCnrCr) contains both complete diploid
genomes from its progenitors B. rapa (Ar) and B. oleracea (Cn). Despite growing knowledge into
the gene expression landscape of the B. napus seed, little is known about subgenome bias
underpinning the development of specific cells and tissues across the seed lifecycle. Here, we
present a large-scale transcriptome atlas of the B. napus seed, including both maternal seed coat
and filial embryo and endosperm subregions. We report on extensive, global C* subgenome
bias throughout development, and use homologous gene pairs to describe how subgenomic
bias differs across subregions. We find that subgenome bias is most prominent during early
development, and that the maternal subregions experience far more asymmetric transcript

accumulation in favour of the C» subgenome. In particular, the unexpectedly distinct
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transcriptome profile of the chalazal pole indicates the unique developmental processes
involved within the chalaza. Further, we report that genes integral to seed storage comprise a
large portion of the transcriptome of mature seeds, especially within the embryo and that gene
pairs previously documented to be instrumental in seed development exhibit low
transcriptional bias. Together, this work represents an important synthesis of polyploid
transcriptomics in seed biology and provides a comprehensive overview of the B. napus gene

expression landscape in both space and time.

4.2 Introduction

Seeds are complex yet elegant reproductive structures that provide evolutionary
advantages to higher plants. In flowers, the seed is generally comprised of the embryo that goes
on to produce the next sporophytic generation of the plant, the endosperm that supports early
embryo growth, and the seed coat that helps to protect the seed (Ziegler et al., 2019).
Furthermore, these three constituent parts are of different genetic identities. For example, the
seed coat originates from the maternal parent while the triploid endosperm, and the diploid
embryo, from as a result of a unique double fertilization event characteristic of Angiosperm
seeds (Bleckmann et al., 2014). Seed development must therefore manage these genetic
identities through a finely orchestrated process to ensure that each constituent part develops
simultaneously in tight coordination. This balance has been the subject of many research
endeavours in the past which describe the elongation and development of the seed
coat(Radchuk and Borisjuk, 2014), the divisions of the embryo (reviewed in (Bosca et al., 2011b),
the cellularization of the endosperm (Batista et al., 2019b; Xu et al., 2023), and the cross-talk
between the constituent parts (Belmonte et al., 2013b; Figueiredo et al., 2015; Xu et al., 2015;

Figueiredo et al., 2016; Doll et al., 2020). These works have contextualized the importance of this
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strict coordination amongst seed regions and have advanced our understanding of seed
development. However, the genetic complexity underpinning seed development is complicated
by the extensive polyploid histories of angiosperms. Polyploidy is ubiquitous in land plant
evolution, constituting an estimated 50-70% or more of all extant flowering plants (Masterson,
1994; Otto and Whitton, 2000a), and while autopolyploidy happens in angiosperms, polyploidy
more often occurs as a consequence of interspecific hybridization which forms complex
amphidiploid genomes. Brassica napus L. (AnArCnCr), is one such species that formed from the
interspecific hybridization of Brassica rapa L. (ArAr) and Brassica oleracea L. (CoCe) approximately

7,500 - 12,500 years ago as a nascent amphidiploid (Chalhoub et al., 2014c)

As one of the world’s most important oilseeds, B. napus is of great interest to the
scientific community. The Brassicaceae are well known for robust oil reserves in mature seeds,
and are used for protein meal and biodiesel applications (DeMarini et al., 2019; So and Duncan,
2021). While our knowledge of B. napus seed development is becoming clearer, the underlying
gene expression landscape required to make a canola seed is poorly understood especially from
the earliest stages of seed development. B. napus ovules are comprised of two integuments that
encircle the nucellus and female gametophyte. Seed development begins with the ovule (OV),
and once fertilized transitions into the globular (GLOB) and then heart (HEART) stages which
constitute the morphogenesis phase (Figure 4.1A). Seed storage reservoirs accumulate
thereafter, characteristic of mature green (MG) seeds during the maturation phase. As the B.
napus seed develops, it must coordinate the development of the maternal and filial subregions
to orchestrate seed development. This development is further complicated by the presence of

two distinct diploid progenitor genomes within B. napus.
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Our previous work showed that subgenome bias was apparent in transcription factors
during seed development and that this bias was dominated by the A» subgenome in the whole
seed and in seed subregions early in development (Khan et al., 2022). Further, subgenome bias
of non-protein coding genome elements like DNA methylation and siRNAs were more
frequently biased towards the Cn subgenome (Ziegler et al., 2023). Despite the growing body of
evidence supporting subgenome bias within the whole B. napus seed, we have yet to explore the
possibility of subgenome bias in specific cells and tissues across all of seed development at the
mRNA level genome-wide. Questions remain however, about the biological processes that
occur in a specific cell or tissue of the seed in both space and time. Some recent studies have
reported gene expression profiling of B. napus seed subregions like the embryo, endosperm, and
seed coat (Hong et al., 2017; Liao et al., 2019; Tan et al., 2019; Ziegler et al., 2019; Rong et al.,
2021; Gao et al., 2022; Wei et al., 2022). However, these studies do not enable a complete
understanding of subgenome bias since none reported on the potential contribution of each

subgenome to B. napus seed development from fertilization to maturation.
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Figure 4.1. (A) Tissue schematic of stages of seed development examined in Brassica napus.
Biological processes that occur in different subregions are shown in boxes below. The globular
stage seed is expanded (B), 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 dissection of the B. napus gene expression landscape and histological
characterization of the seed reveals the integrated biological processes that characterize seed
development. We found that each subregion within the seed exhibits distinct transcriptional
profiles in the context of subgenome bias. In particular, we find that the chalazal proliferating
tissue is distinct from the other subregions, likely due in part to its ontogenetic relationship
with the nucellus. We also report that specific gene homologs involved in seed storage
accumulation are expressed asymmetrically between the two subgenomes. Analysis of the

ancestral subgenomes of this allopolyploid provides seminal evidence into the contributions of
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each subgenome that define cell and tissue-specific compartments of both maternal and filial

regions that contribute to the making of a seed.

4.3 Results

4.3.1 The B. napus seed is a complex yet elegant reproductive structure that can

be divided into regions and subregions

We used laser microdissection (LMD) coupled with global RNA sequencing to profile
the gene expression landscape of the B. napus seed. Cells and tissues were captured at the ovule
(ov), globular (g, 7 DPP), heart (h, 10 DPP), and mature green (mg, 28 DPP) stages of
development. We profiled gene expression of the maternal seed coat subregions including the
inner seed coat (ISC), outer seed coat (OSC), and chalazal seed coat (CZSC), in addition to the
chalazal proliferating tissue (CPT). The micropylar endosperm (MCE), peripheral endosperm
(PEN), chalazal endosperm (CZE), as well as the embryo proper (EP) were captured from the
filial regions of the seed (Figure 4.1A). The EP was further dissected into the embryonic root
(ROOT) and cotyledons (COT) in mg seeds. Hereafter, the seed subregion and its corresponding
stage are referred to with abbreviations of the stage of development followed by the subregion
(ie. ovCPT refers to the CPT of ovules). Further, while ovules are defined as the female
gametophyte encircled by elongating integuments which later fuse to form the seed coat, they

are referred to as “seed coat” subregions for consistency in-text.

Brassica napus ovules have a distinct chalazal receptacle perpendicular to the micropylar
aperture wherein the CZSC is comprised of smaller condensed cells and the cells of the ISC and

OSC are comparatively isodiametric with a palisade layer at the interface of the two. Post-
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fertilization, the elongation of the fusing seed coat migrates the micropylar pole to be parallel to
the chalaza with the MCE encircling the suspensor and is anchored at the fusion point of the
micropylar aperture basal to the EP (Figure 4.1B). The endosperm forms a thin syncytium
surrounding the inner periphery of the ISC, which is referred to as the PEN. The endosperm
additionally forms a syncytial, cyst-like body at the chalazal pole, referred to as the CZE. At the
interface between the CZE and CZSC lies the maternally-derived CPT, a maternally-derived
subregion. The CPT in B. napus is particularly large relative to other plants in the Brassicaceae,
proliferating to a large mass of cells at the interstice of the filial CZE and the maternal CZSC

post-fertilization (Figure 4.1B).

4.3.2 The C» subgenome asymmetrically accumulates transcripts across seed
development

Collectively, we identified 55,839 genes in our LMD dataset that were not detected in the
whole seed thus increasing transcript detection by 44% (Figure S1). Genes belonging to the Cn
subgenome were overrepresented compared to the A subgenome at both the level of detected
transcribed genes (Figure 4.2A) and the total sum of transcript activity as represented by TPM
(Figure 4.2B). The seed subregions were universally biased towards the C» subgenome
compared to the whole seed, with both more genes detected and higher transcript accumulation
from the C» subgenome. For example, at the genome level, subgenome bias of total TPM ranged
from 48.9% Ar/51.1% Crin the DS, to 51.1% An/48.9% Cr in MG seeds. In contrast, subgenome
bias within subregions was most asymmetric in the mgCOT (17.6% An/82.4% Cn) and most
equivalent in the gCPT (45.4% An/54.5% Cn) (Figure 4.2B). Further, the 500, 1000, 1500, and 5000
most highly transcribed genes across all stages of seed development as well as in all subregions

were either not biased towards any subgenome or biased to the C» subgenome (Figure 4.2C). At
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the broad transcriptomic level, C» subgenome bias was ubiquitous in all seed subregions, both

in genes detected as well as in total transcripts.
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Figure 4.2. Subgenome representation in 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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4.3.3 Subgenome bias of homologous gene pairs were most divergent in the

ovCPT compared to all other maternal subregions

To further assess subgenome bias in the maternal subregions, we clustered homologous
gene pairs between the An/Cn subgenomes based on their expression levels relative to each
other (Figure 4.3A). The ovCPT was the most distinct subregion, clustering away from all other
stages and subregions. The CPT in seeds undergoing morphogenesis clustered together and
shared a larger clade with the ISC and OSC subregions. The mgCPT, in contrast, clustered
alongside the mgOSC and the mgCZSC. The ovCPT additionally had the most gene homologs
with high subgenome bias (Logx(An/Cn) > 2 or Logy(An/Cn) < -2) compared to all other seed
subregions and developmental stages (Figure 4.3B). Next, we broke down this cluster analysis
to examine gene sets with patterns of subgenome bias that may contribute to the conspicuous
asymmetry between the two subgenomes (Figure 4.3C and 4.3D). We selected these clusters for
downstream analysis based on 1) extensive bias in one or two subregions at certain
developmental stages (Figure 4.4A, Clusters 1 and 6); 2) gene lists with homologous pairs in
which subregion(s) were visually distinct from the other maternal subregions (Figure 4.4A,
Clusters 2, 4-5); or 3) clusters with minimal subgenome bias (Figure 4.4A, Cluster 3). We refer to
these gene lists as clusters as they are derived from clustering analysis, but “cluster” in this case
does not refer to biological relationships nor genomic location. We then performed Gene
Ontology (GO) enrichment analysis on these gene clusters to investigate the biological processes

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 Logz(An/Cn) of their respective TPM
values. Euclidean distance was used to compute distance between data points. (B) Number of
gene pairs exhibiting strong genomic bias (Logx(An/Cr) =22 (“A Bias’) or Logx(An/Cn) <-2 (‘C
Bias’)), or ‘Low Bias’ (0.1 = Logz(An/Cn) = -0.1). (C) Gene pair list from (A) clustered 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.

4.3.4 Maternal subregions in early seed development are more

transcriptomically divergent than that of mature seeds

GO terms associated with cell growth and hormone transport were significantly
enriched (p < 0.001) in the cluster with ovCPT An subgenome bias (Figure 4.4B, Cluster 1).
Clusters with ovCPT Cr subgenome bias had enriched GO terms for endomembrane systems
and the vacuole in addition to polysaccharide catabolism (arabinan and xylan), karyogamy, and
mitochondrial/chloroplast (Figure 4.4B, Clusters 2 and 5). Clusters 4 and 6, which segregated
out gCPT and hCPT together as their own clade with subgenome bias distinct from other
subregions, were significantly enriched in GO terms relating to epigenetic maintenance, pectin
biochemical processing, vacuole organization, autophagy and organ senescence (Figure 4.4B).
These clusters were also enriched for biological processes involved in reproduction and
reproductive transitions and phase changes. Conversely, the cluster characterized by low
subgenome bias was most significantly enriched for processes associated with cell wall
organization and loosening, secondary cell wall biogenesis, as well as genes relevant to
mitotic/ meiotic processes (Figure 4.4B, Cluster 3). At the whole transcriptome level, the CPT

was the most diffirent subregion and had the most divergent pattern of subgenome bias
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compared to the other subregions at any stage of development. Broadly, the subregions of the
MG seeds clustered more closely together than other developmental time points. Conversely,
during early seed development, the same subregions more frequently clustered together than
the developmental stage. During pre-fertilization and morphogenesis, subgenome bias was
most similar in the same subregions. However, these biases were less dramatic once reaching
seed maturation and consequently the seed subregions were less transcriptomically distinct in

MG seeds at the subgenome level.
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Figure 4.4. (A) Clusters of the data in Figure 3C, selected for subgenome bias in certain stages or
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GO term. Complete GO analysis is documented within Dataset SX.
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4.3.5 The CPT is derived from the nucellus and adopts new functions as the
seed develops

The CPT is a maternal subregion of unknown function within the Brassicaceae, despite
its presence in the model plant Arabidopsis and the more modern Brassica lineage. Clustering of
homologous gene activity implied that the CPT is a distinct subregion of the seed. Next, we
examined the gene lists used for GO enrichment in Figure 4.4 and mined the data for genes
relevant to seed development, reproduction, and cell wall modification. We found that
homologs of XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 27 (XTH27) were
highly expressed early in seed development in the ovCPT with a slight bias for the An
subgenome, and was also true of another gene in the same endoxyloglucan transferase family,
XTH30 (Figure 4.5A). The methyltransferase HMT-1 was also transcribed almost exclusively
within the ovCPT whie the cysteine protease (CEP1) was largely transcribed only within the ISC
and CPT during morphogenesis. The WINDHOSE (WIH) gene homologs were largely
transcribed within the CZSC in ovules, followed by a dramatic increase in transcript
accumulation of WIH1 in the ovCPT, and finally with declining transcript abundance of both

homologous gene pairs in the CPT and CZSC of HEART and MG stage seeds (Figure 4.5B).
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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 Ar and Cr subgenome homeologues in the CZSC
and CPT seed subregions spanning OV, GLOB, HEART, and MG seeds. (C) Developmental
series (stained with toluidine blue and periodic acid and Schiff’s reagent) of the early ovule
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 pigment layer (black arrowheads), (J) 21 DPP and (K) 28 DPP seed chalaza.
Bar = (C) 50 pm (Cinset) 25 pm (D) 50 pm (Dinset) 25 pm (E) 75 pm (F) 50 pm (G) 50 pm (H) 50 pm
(I) 50 um (J) 30 um (K) 25 um.

Next, we examined the anatomical development of the CPT at the early ovule stage
through to seed maturation. In early ovules the nucellus proliferated as a single cell layer
encircling the developing female gametophyte (Figure 4.5C). The nucellar body proliferated
shortly afterwards as a robust mass within the ovule, and the chalazal nucellus localized
proximally to the developing CZSC with thickened primary walls distinct from the rest of the
nucellar body (Figure 4.5D). The chalazal nucellus then elongated and contacted at the
antipodal end of the mature female gametophyte (Figure 4.5E and F). At the globular stage, the
cells of the chalazal nucellus form conspicuous nuclei, elongate, and increase cytoplasmic
density (Figure 4.5G). Seeds at 10 DPP (HEART) accumulate fragmented vacuoles (Figure 4.5H).
A distinct cellular lysate of the remnant CPT is seen at the interface between the CPT and the
CZE in both GLOB and HEART seeds and is likely derived from the apex of the chalazal
nucellus Figure 4.5F. This lysate accumulated as more cell layers of the CPT were lost to the
expanding seed. By 14 DPP, the remaining CPT cells were less distinct from the CZSC (Figure
4.51). The vacuolar fragments accumulated pigment in both the CPT and CZSC once the seed

initiated maturation. The cell layers of the CPT proximal to the CZSC accumulated pigment first
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by 21 DPP (Figure 4.5]). The remaining layers of the CPT were entirely subsumed into the CZSC
anatomically by 28 DPP, filling with pigment bodies and becoming continuous with the seed

coat’s pigment layer (Figure 4.5K).

4.3.6 The ISC and OSC are genetically and anatomically distinct undergoing

different developmental milestones

The seed coat is comprised of the inner and outer integuments that fuse together at the
micropylar pole post-fertilization to become the ISC and OSC. The process of seed coat
maturation requires extensive cell wall remodeling, cell elongation, and deposition of storage
materials. In B. napus, we report that many genes responsible for these processes are
transcriptomically isolated to specific developmental stages and within specific subregions.
Among them, genes implicated in cell wall organization accumulated in the ovule seed coat
(XTH9 endoxyloglucan transferase) and in the seed coat during morphogenesis (UGE1, UDP-
galactose epimerase) (Figure 4.6A). XTH9 transcripts were more abundant in the C» subgenome
in all three ovule seed coat subregions and across two sets of gene homologs. UGE1 transcript
accumulation was biased towards the Cn subgenome in the gISC, hOSC, and mgCZSC/OSC. Cn
bias persisted in transcripts associated with nuclear fusion (NUCLEAR FUSION DEFECTIVE 2,
NFD?2), starch biosynthesis (PHOSPHOGLUCAN PHOSPHATASE, DSP4 and FRUCTOKINASE
7, FRK7), as well as the bidirectional monosaccharide transporter (SWEET1) in the mgOSC. Anr
subgenome bias was apparent in the homolog pair of ASPG1 (ASPARTIC PROTEASE OF
GUARD CELL 1) in the gISC/OSC and hISC/OSC, SWEET10 in the ovCZSC and hCZSC, as

well as in the ATS3 pair (EMBRYO-SPECIFIC PROTEIN 3) at seed maturation.
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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 Schiff’s
reagent) show the progressive accumulation of starch granules (black arrowheads) in the Inner
Seed Coat (ISC) and Outer Seed Coat (OSC) by 7 DPP (B), 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 epidermis. Bar
= (B) 50 um (C) 40 pm (D) 40 uym (E) 50 um (F) 50 pm.
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Histological analysis on the seed coat revealed cell wall modifications and
polysaccharide accumulation throughout seed development. For example, at 7 DPP starch
granule accumulation was visible throughout the ISC and within the non-dermal cells of the
OSC (Figure 4.6B). Starch granule deposition increased by 10 and 14 DPP while simultaneously
the palisade layer of the OSC underwent robust primary wall thickening initially on the internal
periclinal wall and following on the anticlinal walls, leaving the outer periclinal wall largely
unmodified at the light microscope level (Figure 4.6C and D). Primary wall thickenings also
initiated at 14 DPP in the outermost cell layers of the ISC proximal to the palisade layer of the
OSC. Cells in this layer accumulated pigment within the vacuole by 21 DPP and the starch
granules had been nearly entirely utilized by the developing seed in both the ISC and OSC
(Figure 4.6E). Seeds at this stage had begun depositing mucilage within the epidermis of the
OSC and the remaining starch granules in the ISC were localized to cells adjacent to inner
periphery of the pigment layer. By 28 DPP, these cells contained protein-rich dense cytoplasm
with fragmented vacuoles and were surrounded by conspicuously reinforced primary walls,
reminiscent of the late stage CPT (Figure 3.6F). The starch reservoirs in both the ISC and OSC
were entirely absent at 28 DPP, and mucilage deposits had grown further in the epidermis of
the OSC. The palisade layer at 28 DPP had extensive U-shaped wall thickenings with the outer
anticlinal wall remaining unmodified. The seed coat layers underwent dramatic anatomical
changes throughout seed development. For example, modifications to primary walls,
programmed cell death, and rapid consumption of accrued nutrient reservoirs characterized the

developmental transitions of the integument cell layers.
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4.3.7 Lipid processing exhibits low subgenomic bias in the maternal

subregions of the Brassica napus seed

While maternal subregions do not accumulate cytoplasmic lipid bodies, lipid
homeostasis is important for seed coat waterproofing and maturation. We uncovered gene
homologs implicated in lipid homeostasis that showed minimal subgenomic bias (Figure 4.7A).
For example, CUT1, a gene implicated in very long chain fatty acid synthesis in dermal tissue,
was biased towards the An subgenome in the gOSC and hOSC. Genes like EXORDIUM-LIKE 3
(EXL3), involved in fatty acid elongation and the GUARD CELL-ENRICHED GDSL LIPASE
(GGL) implicated in lipid homeostasis both lack subgenome bias. Further, FAE1 (FATTY ACID
ELONGATION 1) was transcribed solely in the MG seed in all subregions. Expectedly, we found
genes in the oleosin family to also be highly transcribed in all MG seed subregions with
minimal subgenome bias across OLEO2 and OLEO4 homologs. Despite the high transcript
accumulation of oleosins in maternal subregions, lipid droplets are characteristically absent

from all maternal 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 in the 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 pm (C) 30 pm (D) 40 pm (Dinset) 40 pm (E) 2 pm (F) 2 pm (G) 2 pm (Ginser) 1
pum.

During morphogenesis, the seed coat did not accumulate lipid stores at the level
detectable with Sudan IV staining (Figure 3.7B). Instead, lipids accumulated in the palisade
layer of the OSC and the outermost layer of the ISC, the pigment layer, at 28 DPP (Figure 3.7C).
The lipids in the OSC were primarily localized to elaioplasts. Starch reservoirs populate the
CZSC during seed morphogenesis but are eventually consumed and replaced with vacuole
fragments filled with proanthocyanidins (Figure 3.7E-G). Lipids appeared late in seed
development in all seed coat subregions — the OSC and CZSC with elaioplasts and the ISC
with reinforced suberized walls. Much of the machinery characteristic of lipid deposition in

seeds does not exhibit substantial subgenome bias.

4.3.8 Filial subregions are transcriptomically less distinct in subgenome bias

than the maternal subregions

Data clustering of gene homologs from the filial subregions revealed subgenome bias at
the whole transcriptome level was scarce (Figure 4.8A). The mgCOT and mgROOT exhibited
the least bias and was likely due in part to the low proportion of genes expressed in the mature
embryo (Figure 4.2A). The gEP clustered away from all other filial subregions, while the CZE
clustered together throughout morphogenesis. The gEP had the most gene pairs that had a high
level of subgenome bias (Logx(Ar/Cn) > 2 or Logy(Ar/Cn) <-2), at 1715 gene pairs (812 A» 903
Cn). This made up 11.3% of all identified homologous gene pairs with detectable expression of
either gene, while only 8.2% of gene pairs were identified as “low bias” (0.1 > Log2(An/Cn) = -
0.1). The mgCOT and mgROOT had the fewest genes with high bias (54 An/47 Crand 58 An 45
Cn, respectively), which collectively accounted for 2.3% and 2.8% of the homologs with

156



detectable expression (Figure 4.8B). All subregions aside from the mgCOT and mgROOT had
more gene pairs with high Cr subgenome bias. For example, the gMCE, gPEN, and gCZE had
720, 497, and 502 gene pairs with high Cn bias, compared to 603, 375, and 441 biased toward the
Ar subgenome, respectively. The data were then clustered into smaller groups for downstream
analysis (Figure 4.8C-D). We identified four clusters of interest based on the same criteria
described in Figure 4.3C-D. Clustering analysis revealed bias in the A» subgenome of the gMCE
and Cn bias of the hMCE whereas Cluster 2 formed a clade with distinct Cn subgenome bias of
the syncytial endosperm subregions (gPEN, gCZE, hCZE) (Figure 4.9A). Cluster 3 identified An
bias of the gPEN and a Cn biased clade of the hCZE and gPEN. Cluster 4 had low overall
subgenome bias aside from the Cn biased clade that grouped the gMCE, hPEN, and gEP
together. Cluster 1 was significantly enriched (p < 0.01) for GO terms associated with cell
growth, polysaccharide transport and synthesis, Golgi apparatus, and steroid metabolism
(Figure 4.9B). Cluster 2 was also significantly enriched for biological processes implicated in
Golgi apparatus function, as well as inositol metabolism, cellulose and cell wall processing, and
chromatin modification. Cluster 3 was enriched in gene pairs associated with cell division,
reproductive development, auxin metabolism, and actin cytoskeleton. Cluster 4 was
significantly enriched in vacuolar membrane, vesicle transport, and protein folding GO terms.
Notably, while data clustering of the filial regions identified distinct clades, the subregions at
large did not exhibit similar genome-wide subgenome bias as seen in the maternal tissues.
Further, while many of the data clusters of the maternal subregions identified

transcriptomically distinct subregions like the ovCPT, the filial subregions seem to lack these
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Figure 4.8. Subgenome bias and clustering analysis of filial subregions in the B. napus seed.
(A) Subgenome bias of gene homeologues expressed as Logz(A»/Cr) of their respective TPM
values. Euclidean distance was used to compute distance between data points. (B) Number of
gene pairs exhibiting strong genomic bias (Logx(Ar/Cn) > 2 (“A Bias’) or Logy(Ar/Cn) <-2 (*C
Bias’)), or “Low Bias’ (0.1 = Logy(Ar/Cn) > -0.1). (C) Gene pair list from (A) 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 54.3.

4.3.9 Endosperm cellularization correlates with Cn subgenome bias of genes

involved in cell wall synthesis

The endosperm of Brassica forms a contiguous syncytium post-fertilization spanning the
micropyle, the periphery, and the chalaza. As in Arabidopsis, the endosperm cellularizes,
segregating the nuclei via cell plate formation, in a wave beginning at the micropyle and
cascading to the chalaza near the end of seed development. From our GO enrichment analysis
in Figure 4.9B, we found that some genes implicated in cell wall formation and nutrient
reservoir deposition were expressed only in some subregions, and others only in one
subgenome (Figure 4.10A). For example, The C» homolog of RGP2 (REVERSIBLY
GLYCOSYLATED POLYPEPTIDE 2) was more abundantly transcribed in the gPEN and hCZE.
A similar pattern was observed in the expression pattern of TBL42 (TRICHOME
BIREFRINGENCE-LIKE 42), a gene associated with pectin deposition in cell walls where the Cn
homolog was highly transcribed in the gPEN, gCZE, and hCZE. In contrast, another gene
involved in pectin biosynthesis, GATL5 (GALACTURONOSYLTRANSFERASE 5) was
transcribed largely from the C» homolog in the A» subgenome. Genes involved in lipid
biosynthesis (FAB2, WRI1) were slightly more transcribed from the Ar subgenome. DIM, a gene
involved in brassinosteroid biosynthesis, was observed to have bias in C» across both homologs

in the hEP, hMCE, hPEN, and hCZE.
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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 pm (C) 20 um (D) 40 pm (E) 100 um (F) 30 pm (G) 30um
(H) 30 um (I) 30 um (J) 20 pm

Cellularization of the endosperm in B. napus occurred over several weeks after
fertilization. At the globular stage of development, the MCE was entirely syncytial, with free
nuclei throughout the shared cytoplasm (Figure 4.10B). Conspicuous nuclei were observed in
the suspensor and was surrounded by perinuclear plastids. At the same developmental stage,
the PEN and CZE at 7 DPP also had discrete nuclei floating in the syncytium (Figure 4.10 C-D).
By 10 DPP, the nuclei enlarged and migrated closer together in preparation for cellularization
(Figure 4.10E), while the PEN and CZE retained the continuous syncytium (Figure 4.10 F-G). By
14 DPP, cell plates were visible in the CZE with proteoplasts encircling the nuclei (Figure
4.10H). Proteoplasts in the CZE converted to amyloplasts at 21 DPP (Figure 4.10I), and by 28
DPP, thickened primary walls then surround the nuclei of the CZE, finalizing the cellularization
of the CZE. Taken together, data analysis revealed subgenome bias to be minimal in the filial

tissues compared to the maternal subregions

4.3.10 Paralogous genes involved in seed storage reservoirs exhibit divergent

subgenome bias

As a consequence of the ancestral WGT, B. napus has many homologous gene pairs that
are paralogous to each other. Oftentimes, B. napus can have up to six copies of the
corresponding gene in Arabidopsis; three from the WGT, doubled from the allopolyploidization
event. Seed storage proteins (SSPs) are instrumental in seed maturation and are of particular
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interest in oilseed crops. We investigated two well known SSP gene families (SEED STORAGE
ALBUMIN (SESA), CRUCIFERIN (CRU)) and the OLEOSIN (OLEO) gene family to determine if
subgenome bias was prevalent across not only homologous pairs but also their paralogs. The
oleosin gene family is well-documented to be implicated in lipid droplet synthesis in late seed
development, and we report that all OLEO genes are highly expressed late in seed development
in both maternal and filial subregions and especially within the mgCOT, mgCPT, and mgISC
(Figure 4.11). All OLEO genes were more highly expressed in the mgCOT than in the mgROOT.
Interestingly, a homologous gene pair of OLEO1 was biased in A» subgenome transcript activity
across all subregions but the CZE in HEART seeds, and in all subregions in MG seeds. The
inverse trend was observed in SESA4, which was biased towards the C» subgenome in one
homologous pair than the other two. The C» biased SESA4 pair was the least expressed pair of
SESA homologs. Cruciferins are compact SSPs which localize to vacuoles within the embryo to
nourish the plant during germination. While most CRU genes were highly expressed in all seed
subregions during maturation, CRU2 had a homologous pair with comparatively lower global
expression, and another with conspicuous Ar subgenome bias. These data indicate that certain

SSPs and oleosins have divergent expression patterns across homologs and paralogs.
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4.4 Discussion

4.4.1 Global transcriptome of the Brassica napus seed is biased towards the Cn»

subgenome in nearly all subregions

Dynamic changes in gene activity underpins development in B. napus and the recent
polyploidization of this crop further complicates our understanding of the seed lifecycle. For
example, tbe transcriptome of individual cells and tissues of the B. napus seed is biased towards
the Cn subgenome. The Cn subgenome has ~26.1% more coding genes than the A subgenome
while the most highly expressed genes were universally biased towards the Cn. These data
suggest gene expression bias is unlikely to be solely due to subgenome size in recent polyploids
like B. napus and that subgenome bias is likely to be more nuanced. Our previous work showed
that transcription factors expressed during seed development were biased towards the An
subgenome (Khan et al., 2022) while our current exploration of the seed revealed many gene
homologs are in fact biased towards the A» subgenome. While Cr subgenome bias pervades
throughout development, it is important to consider subgenome bias through many genome
contexts — the number of genes expressed from each subgenome, which subgenome generates
the most transcripts, and bias between subgenome gene homologs all contribute to the biases

whichmay contribute to the making of a seed.

Our previous work showed Cr subgenome bias of DNA methylation and siRNA
accumulation in the B. napus seed (Ziegler et al., 2023). Resynthesis of B. napus through
hybridization of B. rapa and B. oleracea experiments report C» subgenome bias in vegetative
tissues is consistent across independently resynthesized individuals (Bird et al., 2021). Despite
these findings, other resynthesis experiments revealed Ar subgenome transcription fluctuates

more heavily when compared with the B. rapa progenitor (Wu et al., 2018). These studies
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suggest the Cr subgenome elicits genome dominance in both reproductive and vegetative
tissues, but that the An subgenome is potentially more vulnerable to genomic shock following
allopolyploidization. Here, we report that subgenomic bias is globally diminished as the seed
matures, with the EP having notably fewer unique transcripts. Our previous work
demonstrated that the epigenetic transition from morphogenesis to maturation was
characterized by a global increase in DNA methylation in tandem with more siRNA loci being
transcribed (Ziegler et al., 2023). These data, taken from the whole seed, implied that maturation
was characterized by a global silencing effect on the whole genome. While this seems to be true
of the whole seed data, when specific compartments of the seed are dissected and mRNAs
profiled, the embryo has substantially fewer genes being transcribed, though with comparably
similar transcript accumulation to that of other subregions of the seed. While recent research
that profiled the transcriptomic bias of the embryo and seed coat reported similarly global C»
subgenome bias in B. napus, our work suggests that these biases are exacerbated when
dissecting the maternal regions to cell and tissue-specific subregions (Gao et al., 2022). Taken
together, the B. napus seed undergoes a dramatic shift in transcript activity across the seed
lifecycle and the previously documented epigenetic silencing of the Cn subgenome is likely to
have a more profound influence on the subgenomic bias of the filial subregions of the seed

compared to those subregions of maternal origin.

4.4.2 The chalazal proliferating tissue of Brassica presents a unique

opportunity to investigate the evolution of oilseeds

The nucellus is the megasporangial tissue of angiosperms and is responsible for the
creation of the achesporial cell and megaspore mother cell (Lu and Magnani, 2018a). While the

nucellus of gymnosperm seeds are resorbed into the female gametophyte as a nutrient source,
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the rapid degeneration of the nucellus has been regarded as a key feature in the evolution of
angiosperm seed partitioning (Lu and Magnani, 2018b). The endosperm and nucellus are
documented to develop antagonistically to each other, with the nucellus proliferating during
ovule development and then promptly resorbed by the proliferating endosperm post-
fertilization (Xu et al., 2016). This nutrient transfer between seed subregions is thought to play
an important role in the evolution of angiosperm seeds, and the CPT considered to be the
remaining vector of nutrient transfer between the maternal and filial subregions in B. napus

(Millar et al., 2015b; Ziegler et al., 2019).

The seeds of the Brassicaceae have CPTs that undergo varying degrees of degeneration,
though few compare to the robust and persistent CPT of Brassica. In fact, the CPT of the model
plant Arabidopsis (Camelineae) is diminutive and ephemeral making it difficult to study. This is
true of many clades within the Brassicaceae, including Lepidium (Lepidieae), Capsella
(Camelineae), and Thlaspi (Thlaspideae) (Nguyen et al., 2000b; Brown et al., 2004b). Brassica
(Brassiceae), Erysimum (Erysimeae), Stanleya (Thelypodieae), and Descurainia (Descurainieae) in
contrast have a discrete CPT which persists throughout late seed development. Few studies
have interrogated the anatomy of the subregions in these groups, and details of gene activity
underpinning its development are scant (Brown et al., 2004b; Ziegler et al., 2019). Interestingly,
these groups span the entire crucifer family, so it seems the CPT evolved to be persistent or
degenerate early many times throughout history. In B. napus, the CPT is derived from the
chalazal nucellus and adopts new function as the seed matures. It has been established that the
maternal-filial interfaces of the seed acts as a central integration hub of developmental
signalling and is required for the coordination between the maternal and filial components of

the seed (Povilus and Gehring, 2022). The interface of the CPT and CZE in B. napus is not
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segregated by a cuticle, unlike the junctions between the ISC and the PEN/MCE. Thus, cross-
signalling is likely to occur through the chalazal pole, with the CPT acting as the conduit
connecting the CZSC and CZE. The CPT then must adopt transcriptomic profiles to match the
needs of the coordination between the maternal and filial subregions. Our results show that
subgenome bias of homologous gene pairs of the ovCPT are dissimilar to other maternal
subregions. The CPT is anatomically one of the most variable subregions of Brassicaceae seeds,
and this variation is largely due to the persistence or degeneration of the nucellus, wherein
persistent chalazal nucellar tissue differentiates to become distinct, or is entirely lost due to
cellular elimination (Ingram and Penfield, 2017). Given our data show that homologous gene
pairs in the ovCPT are transcribed very differently than they are in other subregions, it is
possible polyploidization affects the nucellar development of crucifer seeds. Further, the
Brassicaceae are preceded by a whole genome duplication dating back 24-40 mya. The
surviving cells of the CPT in B. napus MG seeds are anatomically incorporated into the CZSC,
furthering the CPT as a dynamic tissue layer that transitions between ovule, morphogenesis,
and maturation phases. Further research documenting subgenome bias in clades with poorly
developed CPTs (eg. Lepidieae, Cameliniae, Thlaspideae) in contrast to those of robust CPTs
(eg. other Brassiceae species, Descurainieae, Erysmieae, Thelypodieae) may be prudent to
understand the relationship between crucifer polyploidization and CPT development. As the
robust CPT in Brassica likely imparts the ability to accrue substantial nutrient reservoirs, this

research could lead to important discoveries in oilseed evolution

Seed coat subregions experience subgenome bias distinct from one another

The integuments serve to protect the developing nucellus by proliferating and

elongating to encircle it. The ancestral origin of integuments in seed plants is still a debated
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topic, though much of the scientific community agrees that the integuments arose as a form of
either dichotomous branches or as lateral organs from the nucellus (Mathews & Kramer, 2012;
Meade et al., 2021; Smith, 1964). Despite their ancestral similarity, these structures have become
anatomically and transcriptomically divergent with evolutionary time. Our data reveal that the
ISC and OSC of B. napus exhibit different subgenomic biases across homologous genes,
particularly during seed morphogenesis. Our anatomical data show that the ISC accumulates
protein and oil bodies accompanied by thickened primary walls during maturation, whereas
the OSC consumes much of its starch reservoirs, develops the palisade layer fully with
reinforced pectin-rich walls, and deposits mucilage in the dermal cells. While much of these
processes are known to occur in Arabidopsis (Beeckman et al., 2000; Tsai et al., 2017) our data
indicate that these developmental transitions are accompanied by dissimilar subgenomic
balance among the two seed coat layers during early seed development. Morphogenesis is
marked by an increase in pectin accumulation of the OSC and starch granule acquisition in both
layers, but these processes at least in part seem to be asymmetrically controlled by the different
subgenomes. The specialization of each seed coat layer is an important facet of seed
development (Khan et al., 2014), and the prevalence of subgenome bias demonstrates that the
biochemical programs required for these processes are subject to alterations due to
polyploidization. In fact, resynthesis experiments of hexaploid Brassica have demonstrated that
machinery relating to seed coat colour undergo dramatic transcriptomic shifts post-
polyploidization (Liu et al., 2020). As seed coat anatomy and structure are critical for the
protection and nourishment of the embryo, it is therefore possible that resynthesis experiments

could be used to improve seed coat quality or durability for food crops.
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4.4.3 Filial subregions experience less subgenomic bias than maternal

subregions

B. napus subgenome bias is well documented to exist in many different tissues, including
both siliques and whole seeds (Li et al., 2020; Khan et al., 2022; de Jong and Adams, 2023). While
we report conspicuous subgenomic bias characterizing the maternal subregions, the filial
subregions are not subject to the same subgenomic asymmetry. At a global transcriptome level,
large sets of gene pairs were of similar expression across subgenomes, particularly in the
mgROOT and mgCOT. It is possible that upon establishment of the new sporophytic
generation, the asymmetric silencing of one subgenome to the other is briefly alleviated. The
mgROOT/mgCOT both accumulate similar amounts of total transcripts as other subregions but
markedly less genes being transcribed altogether. This phenomenon may be due to mass
erasure of gene activity in favour of a smaller subset of genes required for maintenance of the
matured embryo. In particular, data reveal that some of the most highly expressed genes in the
mgROOT/COT encode SSPs and oleosin family proteins at several orders of magnitude higher
expression than the vast majority of genes, and in the case of SESA, expression as high as 23S
ribosomal chloroplast genes. This dramatic reduction in transcript activity is not reflected in
mature Arabidopsis embryos (Belmonte et al., 2013b). It is likely that the majority of all gene
activity in the B. napus mgEP is dedicated to seed storage, and the many impertinent genes to
the process are reduced to subtle noise at the global transcriptomic level. As a result, the
influence of polyploidy in the mature embryo is unlikely to be influential outside of seed

storage.
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4.4.4 Seed storage reservoirs have divergent expression patterns within

homologous gene pairs

Seed maturation is characterized by the acquisition of storage reserves in preparation for
dormancy and to nourish the embryo upon germination. This process is essential to the
longevity of the seed and the future seedling, and many genes have been identified which
enable storage of energy-dense proteins or lipids (Nguyen et al., 2015; Nifioles et al., 2022). As
an oilseed, these processes are the crux of B. napus seed development. Oleosins are required for
the maintenance of lipid droplets, and seed storage albumins and cruciferins are known to be
essential seed storage proteins that generate protein bodies within the embryo (Wan et al., 2007;
Miquel et al., 2014; Huang, 2018; Zheng et al., 2022; Traver and Bartel, 2023). Despite the high
transcript abundance in mature embryos, these genes experience exponential differences in
expression across subgenomes. For example, one homolog pair of OLEO1 is expressed a
minimum of 6.5x more in the Ar subgenome in the mgROOT, and a maximum of ~39x more
highly transcribed from the A» subgenome in the mgCZSC. Further, these differences occur
within homologous gene pairs, including OLEO1, SESA1, SESA4, and CRU2. Despite the many
copies B. napus has of these genes, only certain homologous pairs experience this substantial
bias between the two subgenomes. This implies that seed storage genes experience subgenome
dominance in certain homologs, but this bias does not occur evenly across all paralogous genes.
Future works investigating these gene families should consider examining the gene homolog
which exhibits this exponential bias, either to explore the storage reserves in this oilseed or as a

model for understanding genome dominance in integral developmental processes.
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4.4.5 Conclusions

The influence of polyploidy on plant development, gene expression, and consequent
evolution is a well studied topic but one of near endless complexity. Modern research attempts
to describe transcriptomic and epigenetic subgenome bias or genome remodelling and
fractionation in response to polyploidization (Yuan et al., 2020; Zhang et al., 2022; and reviewed
in Cheng et al., 2018). These works have advanced our understanding of the consequences of
polyploidy and have allowed the scientific community at large to better understand the genome
dynamics of polyploids. However, much of the work done has focused on either vegetative
tissues, or whole structures rather than specific cells and tissues found within reproductive
organs. Our work provides an analytical foundation for studying polyploid dynamics at a

subregion-level in the seed.

Our findings suggest polyploidization affects seed subregions differently, with maternal
subregions eliciting a more varied palette of subgenome bias than the comparatively stable filial
subregions. Further, we demonstrate that the CPT should be of particular interest to crop
development in oilseeds and could be susceptible to developmental changes as a result of
polyploidy. Cells and tissues of the seed that are of maternal origin would benefit from more
investigation through the lens of polyploidy, both within established oilseeds and their close
relatives or progenitors. Together, we find that individual cells, tissues, and organs across the
seed lifecycle are influenced by polyploidization in ways distinct from each other yet cooperate

in the making of a seed.
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4.5 Methods

4.5.1 Plant growth conditions and collection

Brassica napus cv. Topas plants were grown in growth chambers under long day conditions (16 h
light, 8 h dark, 22°C, RH 50%-70%) and flowers tagged and hand-pollinated (Chan & Belmonte,
2013). Seeds were collected at 0 (OV), 7 (GLOB), 10 (HEART) and 28 (MG) DAP for laser
microdissection (LMD), and 0, 7, 10, 14, 21, and 28 DAP for histological analysis. Flower
pollination was performed shortly after anthesis, when the anthers of the flower barely
exceeding the corolla. Flower and silique harvest were performed between 15:00 and 17:00 to

minimize time of day effects on gene activity.

4.5.2 Laser Microdissection

We used laser microdissection (LMD) to capture individual subregions of the seed. All tissue
processing and collection was performed under RNase-free conditions. Siliques of OV, GLOB,
HEART, and MG stage seeds were cut at 50 mm fragments and fixed in 1:3 (v/v) glacial acetic
acid: 85% ethanol for 24 h at 4°C. Tissues were then dehydrated in a graded ethanol series,
followed by a transition infiltration with xylenes at 4°C and gradually infiltrated with paraffin
at 60°C. Samples were incubated for less than 8 h at 60°C prior to embedding in 100% paraffin
wax (McCormick Scientific, Paraplast®Plus™). Serial sections (7 pm sections, Leica RM2245
rotary microtome) were mounted on polyethylene napthalate (PEN) membrane slides (Leica
Microsystems). Slides were deparaffinized in xylenes for 1 min and seed subregions were

isolated using the Leica Laser Microdissection 7000 system.
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4.5.3 RNA isolation

Total RNA was extracted from the laser-microdissected subregions using the Ambion®
RNaqueous micro kit and treated with Qiagen RNAase-free DNase to remove genomic DNA.
RNA quantity was evaluated using the Quant-iT™ RiboGreen™ RNA Assay kit (Invitrogen™)
and quality was evaluated using the Agilent 6000 Pico LabChip® and the Agilent 2100
bioanalyzer (Agilent Technologies, USA). A minimum RIN of 3 was required for further cONA

synthesis and library preparation (Belmonte et al. 2013).

4.5.4 Library preparation and sequencing

First and second cDNA synthesis was performed according to a high-throughput RNA-seq
protocol (Kumar et al. 2012). Fragmentation was then carried out using the Covaris™ M220
Focused-ultrasonicator™ in Covaris™ M220 microTUBEs. Samples were then brought down to
5 pL via rotary evaporation. Library preparation was performed using the NuGen® Ovation®
Ultralow DR Multiplex System. Total library quality and quantity were determined using the
Quant-iT™ PicoGreen™ dsDNA Assay Kit (Invitrogen), qPCR, and the High Sensitivity DNA
Analysis Kit (Agilent) on the Agilent 2100 Bioanalyzer. Libraries were pooled and size-selected
(350-600 bp) on the E-Gel® system (Invitrogen™). Samples were then sequenced on the
[NMumina® HiSeq™ 2000 platform at Genome Québec. Whole seed RNA was extracted from
whole globular stage seeds using PureLink® Plant RNA Reagent (Ambion®). Library
preparation was performed as in (Kumar et al. 2012) using NEXTFlex ChIP-seq barcodes (Bio

Scientific®).

4.5.5 RNA-seq analysis

Low-quality reads and adaptors were removed from the RNA-seq dataset with fastp
(Chen et al., 2018). Surviving reads were then aligned to a Brassica napus cv. Topas reference
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genome with hisat2 (Kim et al., 2019). Quantification of uniquely mapped reads was performed
using featurecounts, native to the subread package (Liao et al., 2014). Counts were then
normalized to transcripts per million (TPM). Data clustering and heatmap visuals were
completed using heatmap(r), and Euclidean distance was used to compute distance between

nodes during clustering. Gene homologs were identified as annotated within (Gao et al., 2022).

4.5.6 Light microscopy analysis

Samples were fixed in 1.6% Glutaraldehyde 4% Paraformaldehyde solution overnight,
then transferred to methylcellosolve for 6-18 hours (older seeds require longer time and more
thorough dehydration). Samples were then transferred into ethanol three consecutive times,
with each wash lasting 24 hours. Tissue was then infiltrated with activated Leica HistoResin
over three days (1/3 ethanol to HistoResin, followed by 2/3 and then 100% HistoResin).
Samples were then embedded onto pucks and sectioned at 2.5 um thickness using a Leica
RM2245 rotary microtome with a steel blade and mounted on glass slides. All slides were
stained with periodic acid-Schiff’s reagent, then followed with either toluidine blue O or amido
black. Slides were sealed with Cytoseal™ 60 (Richard-Allan Scientific™). Leica DM2500 light
microscope equipped with a Leica DFC425 camera using LAS3.7 software was used to visualize

the sections.Transmission electron microscopy analysis

4.5.7 Hand Sectioning

Lipid staining was performed on live tissue sectioned by hand using double edge razors.
GLOB, HEART, and MG seeds were sectioned longitudinally and stained with Sudan IV for at

least 25 minutes. Sections were mounted in glycerol to visualize.
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4.5.8 Transmission Electron Microscopy

Transmission electron microscopy was performed as described within Chan &
Belmonte, 2013 and Millar et al., 2015). Ovules and seeds were fixed overnight in 3%
glutaraldehyde in 0.025 M cacodylate buffer supplemented with 5 mM calcium chloride (pH
7.0). Plant material was rinsed with cacodylate buffer and post-fixed with 2% osmium tetroxide
in 0.8% KFe(CN)6 in cacodylate buffer. After post-fixation, seeds were rinsed with distilled

water and stained overnight with a 0.5% aqueous uranyl acetate solution to increase contrast.

Processed seeds were rinsed in distilled water and dehydrated in a graded ethanol
series. Seeds were then further dehydrated in 1:1 absolute ethanol to propylene oxide (v:v) and
then in 100% propylene oxide. Finally, they were gradually infiltrated and embedded in Spurr’s
epoxy resin at 70 °C [28]. All methods prior to embedding were performed at 4 °C. Using a
Reichert-Jung Ultracut ultramicrotome, sections were cut (90 nm thickness) with a Diatome
diamond knife and mounted on copper grids. The sections were visualized with a Hitachi H-
7000 transmission electron microscope at 75 kV and pictures were taken using AMT Image

Capture Engine version 601.384.
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4.6 Supplemental Figures
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Figure S1. (A) Principle Component Analysis (PCA) comparing the transcriptome profiles of
the Brassica napus seed subregions. Each stage is marked with a unique identifier (OV = plus
sign, GLOB = circle, HRT = triangle, MG = square). (B) Transcripts detected (TPM>1) in whole
seed and laser-microdissected seed transcriptomes over the OV, GLOB, HRT, and MG stages.
Increasing spatial resolution yields 44% greater transcript detection in the developing B. napus
seed. (C) Transcripts detected only by LMD-RNAseq in the developing B. napus seed.
Transcripts are sorted into low (1<TPM<10, teal), medium (10<TPM<25, yellow), and high

(TPM>25, ) accumulation levels.
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5 Contribution of Knowledge and Future Works

5.1 Using Subregion-level transcriptomics to increase resolution of

developmental networks

The seed is a complex structure, relying on the coordination of many moving parts to
protect and nourish the next sporophytic generation. The exceptional complexity within seeds
cannot be solely researched with whole seed studies, as the seed undergoes many
developmental steps which further differentiate many regions of similar ontogeny, such as the
endosperm and seed coat subregions. This work provides a detailed overview of that
exceptional complexity with powerful spatial resolution. The benefit of this resolution was
conspicuously higher gene detection which resulted in less gene expression being lost to RNA-
sequencing noise. Perhaps more importantly, we have gained a much more realistic picture of
the transcriptome of smaller subregions of the seed (eg. CPT, endosperm regions, early EP),
which otherwise have much of their transcription washed out by the seed coat during
morphogenesis or the EP during maturation. Therein, these projects have since demonstrated
that the subregions of the B. napus seed are transcriptomically and anatomically distinct, with
characteristic features defining them. For example, the CPT was consistently divergent from
other subregions, with defined anatomical transitions throughout seed development coinciding
with a distinct transcriptomic profile. Further, the chalazal subregions are further supported in
this work to operate as a signalling hub to orchestrate and coordinate developmental signals, a
concept proposed in Arabidopsis prior (Belmonte et al., 2013b). Given that Arabidopsis
(Camelineae) is much more closely related to the basal lineage of the Brassiceae than Brassica

(Brassiceae), it is possible the chalaza serves this function across the Brassicaceae and warrants
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further investigation of these regions in intermediary lineages, especially in current and

prospective oilseeds.

Examining the role of the chalaza in coordinating development requires more validation
work to be done. In particular, our understanding of how these regions contribute to seed
development would benefit greatly from in situ hybridization to track the movement of
transcripts involved in seed development (FUSCA, LEA, LEC) and/ or those known to be
involved in seed storage deposition, including OLEO, CRU, SESA. In particular, these data
indicate that the EP rapidly declines in transcriptional activity upon reaching maturation,
implying the other seed subregions supported and nourished the EP enough to permit it to only
accrue storage reserves. B. napus is one of the world’s most important oilseeds, and accumulates
these reservoirs efficiently — as such, this work furthers our understanding of how this oilseed

builds upon its reserves to make a healthy, nutritious seed.

5.2 Subgenome biases demonstrate which component genomes create the seed

It is hypothesized crop plants are often polyploid due to enhanced genetic diversity
which enables artificial selection and domestication (Qi et al., 2021). B. napus is a nascent
allopolyploid which became a globally important oilseed likely due in part to this phenomenon.
The work within this thesis details the dynamics of subgenome bias as the transcriptomic, DNA
methylation, and small-RNA level, and advances our understanding of which constituent parts
of the genome are dominant or submissive. We showed non-coding elements of the genome
(small RNA loci, TEs) retain more of their epigenetic architecture than the coding and cis-
regulatory elements across subgenomes, and also described the asymmetry in homologous gene
expression within seed subregions. Together these data help paint a clearer picture of how B.

napus has maintained its genome post-polyploidization, and which homologous genes are

201



dominant over others —demonstrating that even in processes crucial for seed development,

such as seed storage, subgenome dominance is still exerted on specific gene homologs.

Future work in Brassica polyploid genetics would benefit from functional genetic
validations of submissive and dominant gene pairs, wherein the submissive gene is cloned and
assessed for functionality. Furthermore, the accompanied cis-regulatory elements of said gene
pairs are likely to be affected by these biases and are worth similar investigation. At a larger
scale, these homologous gene pairs could be further studied by pulling from the more
fractionated genomes (MF1, MF2) to assess if ancient genome triplication and subsequent
fractionation has substantially affected gene function or not. At the epigenetic level, ATAC-seq
would be an excellent next step in determining if homologous chromosome regions between
subgenomes were similarly accessible. Our data presented here are an excellent resource for
future validation work and help guide further polyploid research in unravelling the convoluted

dynamics of polyploidy in flowering plants.
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