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Abstract

Whole-genome duplication (WGD; polyploidy) events have played an extensive

role in the evolution of flowering plants. The sudden doubling of genetic material

can expedite rapid novel changes to polyploid transcriptomes. For example, poly-

ploids formed via an interspecific hybridization of closely related species, known as

allopolyploids, can exhibit inconsistent expression patterns between their parental

genome. These incipient disparities in parental gene dosage can have profound ef-

fects on the transcriptome of newly formed polyploids, which in turn can influence

their response to environmental stressors. In particular, the extent to which the tran-

scriptomic shock of polyploidization modulates the biotic stress response of plant

species remains a nascent topic in polyploidy research. To elicit such a response,

I subjected both natural and newly formed lines of Brassica napus to pathogen

infection with the fungal necrotroph Sclerotinia sclerotiorum. To understand the

origin of subgenome divergence in the newly formed polyploid, I also performed

infections on the diploid parents of the resynthesized B. napus, Brassica rapa and

Brassica oleracea. RNA-seq analyses of these pathosystems revealed wide-spread

divergence between polyploid subgenomes in terms of both constitutive gene ex-

pression and alternative splicing patterns. This manifested in a global expression

bias towards the B. oleracea-derived (C) subgenome among both polyploid hosts,

enhanced by widespread non-parental down-regulation of the B. rapa-derived (A)

homeolog. In the resynthesized B. napus specifically, this resulted a dispropor-

tionate C subgenome contribution to plant innate immunity and pathogen defense

response, characterized by biases in both transcript expression level and the pro-

portion of induced genes.
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Lay Summary

Allopolyploids are organisms which form due to the hybridization between two re-

lated parental species, resulting in a whole-genome duplication. This phenomenon

is particularly common among agronomically relevant plant species, partly due to

the adaptive potential conferred through an influx of genetic material, and corre-

spondingly, enhanced genetic diversity. However, these species must reconcile di-

vergent parental transcriptomes, which can have profound consequences on global

gene expression patterns — especially when confronted with environmental stres-

sors. I used RNA-sequencing to investigate not only the response of Brassica na-

pus to pathogen stress — elicited by the fungal necrotroph Sclerotinia sclerotio-

rum — but also how this response manifested in its parental species, Brassica rapa

and Brassica oleracea, and a resynthesized allopolyploid B. napus formed directly

from these species. This allowed me to identify a distinct bias to towards the B.

oleracea-derived genome in both polyploids, which consequentially influenced the

defence response of B. napus.

iv



Preface

This research was performed with the assistance of my supervisor, Dr. Keith

Adams, who proposed assessment of polyploid Brassica napus gene expression

under biotic stress. Experimental procedures, including the bioinformatic pipeline,

were largely designed and performed myself, apart from the following exceptions:

(1) The Sclerotinia sclerotiorum germplasm was provided by Rodney Werezuk

from InnoTech Alberta and plant inoculation procedure was performed with the

advice of the lab of Dr. Xin Li.

(2) I extracted the RNA from each sample; however, the bioanalysis and RNA

sequencing was performed by sequencing services offered by Gnome Qubec.

(3) Scripts used to detect alternative splicing were modified from scripts de-

signed and written by Dr. David Tack.

v



Table of Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Lay Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

List of Supplemental Material . . . . . . . . . . . . . . . . . . . . . . . xii

List of Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

Glossary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Overview: Polyploidy in flowering plants . . . . . . . . . . . . . 1

1.2 Allopolyploid transcriptomes: Gene expression . . . . . . . . . . 2

1.3 Allopolyploid transcriptomes: Alternative splicing . . . . . . . . 4

1.4 Brassica as a model polyploid lineage . . . . . . . . . . . . . . . 5

1.5 Pathogen stress in allopolyploids: the Brassica-Sclerotinia pathosys-

tem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

vi



1.6 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Analysis of multiple Brassica transcriptomes reveals subgenome dom-
inance in the response of Brassica napus to Sclerotinia sclerotiorum . 8
2.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 Biological materials and preparation . . . . . . . . . . . . 8

2.1.2 Inoculation and tissue extraction . . . . . . . . . . . . . . 9

2.1.3 RNA extraction, library construction, and mRNA-sequencing 9

2.1.4 Data preprocessing and read mapping . . . . . . . . . . . 10

2.1.5 Differential expression and differential alternative splicing

analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.6 Gene ontology enrichment analyses . . . . . . . . . . . . 11

2.1.7 Analysis of synteny and the identification of orthologs and

homeologs . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.1.8 Identification of defense-associated orthologs in Brassica

species . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.1.9 Analyses related to subgenome expression bias and expres-

sion level dominance . . . . . . . . . . . . . . . . . . . . 13

2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.1 Brassica transcriptome sequencing and read alignment . . 13

2.2.2 RNA-seq analysis suggests considerable reprogramming

of Brassica transcriptomes at 24 hours post S. sclerotiorum

inoculation . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.3 Assessment of differential alternative splicing profiles dur-

ing early S. sclerotiorum infection . . . . . . . . . . . . . 18

2.2.4 Detection of subgenome-specific homeologs in B. napus

and orthologous genes in B. rapa and B. oleracea through

an analysis of synteny . . . . . . . . . . . . . . . . . . . 20

2.2.5 Quantitative analysis of Brassica host transcriptome simi-

larity using homeologous expression patterns . . . . . . . 21

2.2.6 Analysis of subgenome expression bias demonstrates a slight

C subgenome homeolog expression bias in both natural

and synthetic Brassica napus . . . . . . . . . . . . . . . . 22

vii



2.2.7 Analysis of subgenome-specific alternative splicing pat-

terns in both natural and synthetic Brassica napus . . . . . 23

2.2.8 Influence of pathogen infection on homeolog expression

bias in B. napus hosts . . . . . . . . . . . . . . . . . . . . 24

2.2.9 Expression level dominance in the resynthesized B. napus 26

2.2.10 splicing level dominance in the resynthesized B. napus . . 28

2.2.11 Homeolog-specific expression categorization in the resyn-

thesized B. napus . . . . . . . . . . . . . . . . . . . . . . 29

2.2.12 Impact of asymmetric subgenome expression on the pathogen

stress response of polyploid hosts . . . . . . . . . . . . . 33

2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.3.1 Transcriptome response of Brassica napus and its progen-

itor species to the pathogen Sclerotinia sclerotiorum . . . 35

2.3.2 Global patterns of subgenome expression bias in both nat-

ural and resynthesized Brassica napus . . . . . . . . . . . 38

2.3.3 Expression bias in the resynthesized Brassica napus is un-

derpinned by ancestral expression and a high degree of

transgressive down regulation . . . . . . . . . . . . . . . 40

2.3.4 Global bias in alternative splicing ratios in both natural and

resynthesized Brassica napus . . . . . . . . . . . . . . . 41

2.3.5 Non-parental AS event expression in the resynthesized Bras-

sica napus . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.3.6 Biotic stress modulates patterns of subgenome expression

and splicing biases . . . . . . . . . . . . . . . . . . . . . 44

2.3.7 The influence of subgenome expression biases on the resyn-

thesized Brassica napus - Sclerotinia sclerotiorum pathosys-

tem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.5 Tables and Figures . . . . . . . . . . . . . . . . . . . . . . . . . 49

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

viii



List of Tables

Table 2.1 Read mapping summary of Brassica species and S. sclerotiorum 61

Table 2.2 Summary of sample FPKM normalized expression data . . . . 62

Table 2.3 Overview of AS event distributions among Brassica species un-

der mock and pathogen inoculations . . . . . . . . . . . . . . 63

Table 2.4 Overview of AS event expression among homologous junctions 63

ix



List of Figures

Figure 2.1 Hierarchical clustering results of RNA sequencing read counts

for each Brassica samples. . . . . . . . . . . . . . . . . . . . 49

Figure 2.2 Differential gene expression analyses of each Brassica host. . 50

Figure 2.3 Congruence in the gene ontology (GO) enrichment analyses of

differentially expressed genes for each host. . . . . . . . . . . 50

Figure 2.4 Mean response (log2FC) of hormone biosynthesis pathways,

hormone signalling pathways, and gene families commonly

implicated in Brassica napus stress response for each Brassica

host species. . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Figure 2.5 GO enrichment analyses of differentially alternatively spliced

(DAS) genes for each Brassica host compared to enriched GO

terms of differentially expressed genes. . . . . . . . . . . . . 52

Figure 2.6 Alternative splicing and gene expression exhibit opposing re-

actions to pathogen stress. . . . . . . . . . . . . . . . . . . . 53

Figure 2.7 Hierarchical clustering of host pathogen stress response. . . . 54

Figure 2.8 Subgenome expression biases under uninfected and S. sclero-

tiorum-infected conditions. . . . . . . . . . . . . . . . . . . . 55

Figure 2.9 Subgenome alternative splicing biases before and after pathogen

stress. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Figure 2.10 Transcriptome-wide change in subgenome bias between unin-

fected and infected expression states. . . . . . . . . . . . . . 57

Figure 2.11 Parental expression and alternative splicing levels compared to

a homeolog-consolidated polyploid expression state. . . . . . 58

x



Figure 2.12 Homeolog expression and alternative splicing patterns relative

to parental expression states. . . . . . . . . . . . . . . . . . . 59

Figure 2.13 Influence of subgenome expression bias on the defense re-

sponse of the resynthesized Brassica napus. . . . . . . . . . . 60

xi



List of Supplemental Material

Table S1 Enriched GO terms among up-regulated and down-regulated differentially

expressed gene across all hosts.

Table S2 GO enrichment results for DAS genes across all hosts.

Table S3 Genes previously found to be associated with a biotic stress response (refer-

enced in figure 4).

Figure S1 Relationship between constitutively mapped reads and alternatively mapped

reads demonstrates that AS event expression scales with gene expression.

xii



List of Acronyms

AS Alternative splicing

BP Base pair

DAMP Damage-associated molecular pattern

DAS Differential alternative splicing

ELD Expression-level dominance

FDR False discovery rate

FPKM Fragments per kilobase of transcript per million mapped reads

HE Homeologous exchange

NMD Nonsense-mediated decay

PAMP Pathogen-associated molecular pattern

PSI Percent spliced-in

PTI Pattern-triggered immunity

RBH Reciprocal best-hit

TE Transposable element

TF Transcription factor

WGD Whole-genome duplication

xiii



Glossary

Allopolyploidy: A form of whole-genome duplication (polyploid) in which the

two constituent genomes are derived from an interspecific hybridization event be-

tween closely related species.

Expression-level dominance: A form of non-additive expression in which the

total transcriptional dosage of a homeolog pair is more similar in expression level

to a single ”dominant” parental ortholog.

Homeolog: A gene duplicate (paralog) that has arisen due to a whole-genome

duplication event.

Homeolog expression bias: Unequal expression between a set of homeologous

genes, typically assessed at the genic level.

Reciprocal dominance: A given homeolog is more similar in expression to the

alternative parental ortholog rather than the ortholog from which it is derived.

Regulatory dominance: Both homeologs are expressed to a level equivalent to

only one of their parental orthologs.

Splicing-level dominance: Splicing-level dominance occurs when alternative tran-

script proportions of a subgenome-conserved alternative splicing event in the poly-

ploid is equivalent to one of the parental splicing ratios for that event. Similar to

expression-level dominance, polyploid alternative splicing is summarized by the

proportion of total alternatively mapped reads at a given junction for an alternative

splicing event that is shared between subgenomes.

Subgenome expression dominance: Subgenome expression dominance, used syn-

onymously with subgenome expression bias, describes a subgenome which demon-

strates a consistently higher levels of expression or homeolog expression bias.

Transgressive expression: A non-parental polyploid expression pattern character-
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ized by higher or lower expression than either parents. This could apply to both

homeologs or a single homeolog. For example, transgressive up-regulation refers

to polyploid gene expression higher than either parent.
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Chapter 1

Introduction

1.1 Overview: Polyploidy in flowering plants
Polyploidy has extensively shaped eukaryote evolution. The sudden multiplication

of whole sets of homologous chromosomes is ancestral to many plant and animal

lineages [1–5], suffusing these taxa with the genomic fodder for subsequent gene

family diversification. However, as a recent evolutionary phenomenon, polyploidy

is of demonstrably greater importance to plant evolution [4, 6, 7]. Angiosperms,

or flowering plants, are particularly influenced by this process. Not only are they

the most taxonomically numerous land plants — with over 300,000 extant species

— all flowering plants share at least one episode of polyploidy in their evolution-

ary history [8]. Furthermore, these ancient whole-genome duplications have been

thought to underpin the diversification and subsequent innovations present among

ancestral angiosperm lineages [7, 9]. Importantly, many of these polyploids orig-

inated from interspecific hybridization between two closely related species (i.e.

allopolyploidy) rather than as a result of intraspecific duplication of a single chro-

mosome set (i.e. autopolyploidy). Allopolyploids are uniquely poised for a selec-

tive advantage, given that they contain two sets of diverged genomes, and therefore,

an immediately increased genetic diversity. This has been shown to increase adap-

tive potential for wild angiosperm species, such as Compositae [10], and it was

inferred that a higher percentage of domesticated crop plants are polyploid than

wild species [11]. Moreover, this interaction between two divergent genomes can
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expedite large scale changes in gene expression [12, 13], alternative splicing [14],

and epigenetic modifications (reviewed in [15, 16]) — the culmination of which

can influence how polyploids respond to their environmental stressors (reviewed in

[17]).

1.2 Allopolyploid transcriptomes: Gene expression
The interspecific hybridization event that underpins allopolyploidy introduces di-

verged sets of chromosomes and regulatory modules. The resulting transcriptome

shock can have profound effects on the global expression profile of the newly

formed polyploid. Despite the evolutionary distance between the merged parental

genomes that constitute allopolyploid genomes — which are referred to as subgenomes

— genic regions are largely syntenically conserved. This results in the expression

of whole-genome gene duplicates, or homeologs, which in turn have their own suite

of possibly divergent regulatory programs. The consequence of this is a vast array

of potentially maladaptive transcriptional dosage differences. Studies have shown

that polyploids compensate through widespread genomic and epigenomic modi-

fications [18]. Accordingly, asymmetries in subgenome gene expression profiles

begin to emerge in which one homeolog develops a complete loss in expression or

homeolog pairs develop considerable disparities in transcript dosage, also known

as homeolog expression bias [19].

Understanding the nature and extent of homeolog expression biases has been

of particular importance to the field of polyploid evolution. Early analyses of

homeolog expression bias have shown widespread transcriptional differences be-

tween homeologous gene pairs [20–22] and the impact these expression dispar-

ities might have on organ development and stress has been well-documented in

allopolyploid cotton [23, 24]. Non-parental gene expression patterns have also

long been shown to manifest in recent polyploids [12]. For example, comparisons

between allopolyploid cotton and its parental species using microarray data high-

lighted extensive non-parental homeolog expression patterns [25], culminating in

subgenome expression dominance. Given the ultimate fate of polyploids is thought

to be the reversion to diploid status through biased fractionation of their constituent

subgenomes, it is unsurprising that homeolog expression dominance can manifest
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non-randomly as subgenome expression dominance.

The application of RNA-seq technologies has duly resulted in a better un-

derstanding of transcriptome-wide patterns of subgenome expression dominance.

Comparative transcriptome analyses in a number of polyploid species have shown

abundant evidence of homeolog expression bias manifesting at a subgenome level

[26–30]. For example, in allopolyploid Mimulus peregrinus and tetraploid cotton,

synthetic polyploid lines were used which highlighted the fact that subgenome ex-

pression dominance likely occurs in the first polyploid generation. Moreover, this

bias was shown to increase in magnitude over time [26, 28]. Similar to Rapp et al.

[25], RNA-seq based studies have also compared parental expression with recently

formed polyploid subgenome expression [26, 30, 31]. These studies pooled home-

olog transcripts into a single polyploid expression level which was then categorized

based its expression level relative to the parental transcriptomes. Ultimately, the

distribution of these categories has provided evidence for parental dominance in

early polyploid formation that might not be otherwise apparent [26, 30].

The implications of homeolog expression biases have been seen in the way in

which polyploids respond to their environment. Studies have shown growth, as

well as abiotic and biotic stress responses, are influenced by disparities in home-

olog transcript levels [23, 24, 32]. Earlier work in natural and synthetic Gossypium

hirsutum demonstrated widespread changes in relative expression of homeologs

under various abiotic stress conditions [24]. More recently, transcriptome sequenc-

ing in hexaploid wheat infected with a fungal pathogen described consistent bias

towards the B and D subgenomes. They also identified biases in the responsiveness

of homeologs to pathogen stress within these subgenomes, which they referred to

as homeolog induction bias [32]. While this provides an intriguing way to analyze

stress-induced homeolog expression differences, it remains to be seen whether the

time since polyploidization plays a role in the compartmentalization of defense

response. Furthermore, it is not currently known if different layers of homeolog

expression — such as homeolog alternative splicing patterns — are additionally

modulated in response to stressors.
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1.3 Allopolyploid transcriptomes: Alternative splicing
Alternative splicing (AS) increases transcriptional diversity through the regulated

processing of primary mRNA transcripts at alternative splice sites. Mechanisti-

cally, it is one of the many facets of transcriptional regulation and is ubiquitous

among eukaryotes. As reviewed in [33], approximately 70% of intron-containing

plant genes are capable of AS. Furthermore, AS events derived from plant genes are

categorically distinct from other eukaryotes such as animals in that intron-retention

(IR) is the most common form of AS [34]. Retention of introns in protein coding

transcripts typically results in the presence of pre-mature stop codons (PTC) which

can trigger nonsense-mediated decay (NMD) [35, 36], remain sequestered in the

nucleus for later processing [37], or possibly result in a non-functional protein

isoform. While seemingly maladaptive, the transcriptional inclusion of introns is

thought to have regulatory function in plant cells, as AS-mediated NMD has been

shown to modulate the abundance of constitutively spliced transcripts in Arabidop-

sis thaliana [35, 36, 38]. AS-coupled NMD (AS-NMD) can also influence tran-

scription under environmental signals such as abiotic stress [37, 39, 40] and biotic

stress [41, 42]. More generally speaking, studies have shown the AS-landscape of

plants seems to react context-dependently and can modulate the abundance of key

transcripts under altered expression states [43, 44]. Recent examples of this can

be seen in the transcriptome sequencing of Brachypodium distachyon under viral

infection [45], or the abiotic stress response of Arabidopsis thaliana seedlings [46].

Considering the extent to which allopolyploidy can influence the constitutive

expression of transcripts, the influence whole-genome duplication has on AS is

also of interest. Widespread changes in expression level, activity, or methylation of

genes encoding splice factors could have far-reaching consequences on subgenome

AS profiles [47]. A previous study by Zhou et al. addressed this through the analy-

sis of AS patterns from two resynthesized lines of allotetraploid Brassica napus and

their progenitor species. They demonstrated widespread non-parental AS changes

in the polyploid (26-30% of duplicated genes), a large number of which involved a

loss of AS event expression in the polyploids [14]. Additionally, recent analyses of

allopolyploid AS have shown considerable subgenome AS divergence [48, 49].

Zhang et al., in particular, found non-parental AS patterns between duplicated
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chromosomes in segmental allotetraploid rice, particularly among subgenome re-

gions homogenized by homeologous exchanges (HEs) [50]. Moreover, a study in

hexaploid wheat demonstrated differential AS responses to abiotic stress [51]. This

indicates that AS patterns are not only influenced by polyploidization, but AS of

homeologous genes is further modulated by stress. However, a paucity of research

has been published on how stress responses might influence pre-existing homeolog

splicing patterns, or whether these divergent homeolog AS patterns are parental or

non-parental in origin.

1.4 Brassica as a model polyploid lineage
The plant genus Brassica, a member of the mustard family Brassicaceae, is com-

prised of several economically important crop species. The relationship between

six of these species, in particular, was famously explained in U’s triangle [52]

as a model for polyploid evolution. This diagrammatic representation of whole-

genome duplication contains three diploid species — B. rapa, B. oleracea, and B.

nigra — all of which have hybridized to form three tetraploid species — B. na-

pus, B. juncea, and B. carinata. Of these polyploid species, B. napus (AnAnCnCn,

2n=4x=38) has garnered considerable attention in the study of polyploidy, having

arisen only 7,500 years ago from a hybridization event between the ancestors of B.

rapa (ArAr, 2n=2x=20) and B. oleracea (CoCo, 2n=2x=18) [53]. Due to its recent

formation, it has been a useful model in studying genomic and transcriptomic con-

sequences of allopolyploidization [14, 18, 30, 54–56]. One particular advantage

is that allopolyploid lines can be resynthesized from modern B. oleracea and B.

rapa cultivars, allowing researchers to use synthetic B. napus as a model for recent

polyploidization. These resynthesized lines have been particularly useful for com-

parative analyses between newly formed polyploids and their parental genotypes

to identify differences in homeolog expression bias [30], AS divergence [14], and

small RNA populations [57].
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1.5 Pathogen stress in allopolyploids: the
Brassica-Sclerotinia pathosystem

Mathematical models have suggested that the hybrid origins of recent allopoly-

ploids, and the subsequent increase in genetic diversity, confers enhanced resis-

tance to pathogens [58]. This has been further supported by work in soybean

showing increased resistance gene (R-gene) diversification following polyploidy

[59]. However, few studies have directly investigated how allopolyploids and

their constituent subgenomes respond to pathogen stress. Research in Arabidopsis

tetraploids showed that differential interactions of homeologous WRKY transcrip-

tion factors lead to alterations in PR1 induction [60]. Additionally, an analysis of

homeolog expression patterns between hexaploid wheat subgenomes [32] revealed

subgenome bias in the induction of defense response genes. In the context of Bras-

sicas, recent efforts to construct B. napus and B. oleracea pangenomes have shown

that presence/absence variants between different cultivars are enriched for disease

resistance genes [56, 61], which suggests that R-genes are highly influenced by

homeologous exchanges in established Brassica lines. However, comprehensive

analyses of subgenome-specific response to biotic stress have not been performed

in Brassicas.

Given the global importance of Brassica crops, a wealth of research has amassed

around the effect of economically disruptive pathogens. In B. napus, one of the

most devastating infections arises from the generalist fungal necrotroph Sclero-

tinia sclerotiorum. Interestingly, Brassica species lack high levels of resistance to

S. sclerotiorum; consequently, no evidence of effector-triggered immunity (ETI)

has been identified in commercially available Brassica species [62], indicating that

each species must rely on the innate plant immune response for defense against the

pathogen. This typically involves the recognition of pathogen-associated molec-

ular patterns (PAMPs), via pattern-recognition receptors, which invoke pattern-

triggered immunity (PTI). The immune response is then triggered by signalling

cascades facilitated by mitogen-activated protein kinases (MAPKs) and MAPK-

independent pathways such as the calcium (Ca+2) pathway [63]. Among necrotrophic

pathogens, the plant hormones jasmonic acid (JA) and ethylene (ET) also play key

roles in controlling the defense response. This leads to the expression of tran-
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scription factors (TFs), such as WRKY33, which in turn activate specific defense

responses, including pathogensis-related (PR) proteins, reactive oxygen species

(ROS) accumulation, detoxification, plant-wall restructuring enzymes, and sec-

ondary metabolites — reviewed in [64].

The lack of qualitative resistance to S. sclerotiorum in B. napus is also inter-

esting in the context of allopolyploid evolution, as infection might highlight non-

parental or subgenome-biased manifestation of the innate immune response. For

example, earlier work using B. napus, and its diploid progenitors B. rapa and B.

oleracea, showed evidence of an A subgenome bias in peroxidase gene expression

[65]. Additionally, quantitative trait loci (QTL) are distributed throughout both

subgenomes [66, 67]; however, HEs [68, 69] and subgenome expression domi-

nance might result in a biased defense response. Transcriptome analyses of the

subgenome contribution to S. sclerotiorum defense in B. napus has not yet been

studied but may provide useful information.

1.6 Research Objectives
While previous studies have assessed homeolog expression bias in polyploids [28,

32, 70, 71] and patterns of expression level dominance between polyploids and

their progenitor species [25, 26, 30], few have assessed how these phenomena are

modulated by pathogen stressors [32]. Furthermore, a dearth of data exist on the

extent to which homeologous alternative splicing may exhibit biases [48]. To eval-

uate how different layers of allopolyploid transcriptomes — i.e. gene expression

and AS — respond to pathogen stress, I surveyed the transcriptomes of B. napus,

its diploid progenitors B. rapa and B. oleracea, and a resynthesized tetraploid B.

napus formed directly from the genotypes of the parental diploid lines. Through

this, I investigated the suite of subgenome expression changes that ensued from

merger of divergent polyploid subgenomes and the way by which these disparities

in expression influence responses to biotic stress in polyploids.
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Chapter 2

Analysis of multiple Brassica
transcriptomes reveals
subgenome dominance in the
response of Brassica napus to
Sclerotinia sclerotiorum

2.1 Methods

2.1.1 Biological materials and preparation

Seeds of Brassica napus (cv. Sentry), Brassica rapa (IMB218), Brassica oler-

acea (TO1000), and a resynthesized Brassica napus formed from spontaneously

doubled IMB218 and TO1000 lines (EL9450sp; polyploid Line 47) were held in

a 0.5% solution of Plant Preservative Mixture for 15 minutes and rinsed for two

hours. Seeds were then hydroprimed in Miracloth soaked in 20mL of dH2O for

24 hours without light. Germinated plants were grown at 20◦C and 60% humid-

ity under a 16/8h photoperiod (200 E/m2/s) in identical growth chambers for three

weeks pre-inoculation. Dehydrated ascospore disks of a single S. sclerotiorum iso-
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late were provided by InnoTech Alberta and were stored at 4◦C in a desiccator and

without light.

2.1.2 Inoculation and tissue extraction

S. sclerotiorum inoculum was prepared by pipetting 50mL of a 5x105 ascospores

per mL dH2O solution onto potato dextrose agar at 20◦C, which was stored under

low light. Following 48 hours of fungal growth, 7mm diameter mycelial agar plugs

were taken from the growing margin of pathogen and brushed with 2% agar solu-

tion. Mycelial plugs were then placed on healthy Brassica leaves and were fixed in

place by sterilized needles to simulate wounding. Plants were immediately placed

in plastic bags and stored in a growth chamber at 18◦C and 60% humidity to foster

S. sclerotiorum infection. Mock inoculations were treated with the same protocol

using only sterile PDA. Both mock and pathogen inoculations occurred at approx-

imately 12PM. At 24 hours post-inoculation (hpi), sterilized 6mm hole punches

were used to excise two discs of leaf tissue roughly 2mm adjacent to developed

lesions for each plant. Discs were immediately frozen in liquid nitrogen and stored

at 70◦C.

2.1.3 RNA extraction, library construction, and mRNA-sequencing

Leaf discs from six plants were pooled for each biological replicate (totalling 12

discs) and RNA was extracted using the Invitrogen RNAqueous
TM

Total RNA Iso-

lation Kit with the supplementary Plant RNA Isolation Aid in accordance with the

protocol provided by the manufacturer. RNA quality assessment was a composite

of Nanodrop quantitation, Qubit Fluorometer (Invitrogen) RNA quantitation, and

gel electrophoresis to ensure samples were of high RNA purity and integrity. Sam-

ples were then sent to Gnome Qubec Innovation Centre for Bioanalyzer (Agilent)

analysis, library preparation, and mRNA-sequencing. Libraries were constructed

using the TruSeq Stranded mRNA Library Prep Kit and sequenced on the Illumina

NovaSeq 6000 platform, resulting in 2x100bp paired-end reads.
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2.1.4 Data preprocessing and read mapping

Read quality was assessed using FastQC [72] and poor quality reads were removed

with Trimmomatic v0.32 [73]. Only reads satisfying the following conditions were

retained: (i) reads larger than 50 bp following a six base head crop, and (ii) reads

possessing an average PHRED score of 20. High-quality reads were aligned to the

reference genome of each species using STAR v2.7 [74] (see supplemental mate-

rial for full set of commands). Given the uncertain lineage of the Sentry cultivar of

Brassica napus, and therefore to accommodate possible presence/absence variants,

reads were aligned to a composite of the pangenome [56] and the Brassica napus

v5 reference genome [53]. Diploid sample reads were mapped to the Brassica

rapa v3 [75] and the Brassica oleracea TO1000 reference genome [76], respec-

tively. The resynthesized Brassica napus samples were mapped to a hybrid of the

aforementioned Brassica rapa and Brassica oleracea genomes as few generations

have elapsed since the original interspecific hybridisation event. All samples were

also mapped to the Sclerotinia sclerotiorum genome [77]. To compensate for pos-

sible ambiguity in homeolog read assignment, STAR was performed such that only

uniquely mapped reads were used for downstream analyses.

2.1.5 Differential expression and differential alternative splicing
analyses

Constitutive gene expression was quantified using FeatureCounts from the Sub-

read package such that only exon-spanning fragments were counted [78]. Raw

counts were normalized using the weighted TMM library-specific normalization

of edgeR 3.20.9 [79]. For the purposes of identifying prominent global transcrip-

tome changes, genes were considered significantly differentially expressed with a

false discovery rate (FDR) < 0.001 and an absolute fold change (FC) > 3.

Alternative splicing was detected using custom R and Python scripts [80].

Splicing was quantified based on a metric referred to as percent spliced-in index

(PSI). This was represented by the proportion of alternatively mapped reads that

support a specific splicing event (altij) compared to the sum of constitutively (cons)
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and alternatively mapped reads (alt) at a given junction (j) such that:

ψi j(PSI) =
alti j

∑(alt + cons) j

Only splicing events that were (i) supported by at least one read per biological

replicate and (ii) totaled at least eight reads were retained for further analysis [53].

Differentially alternatively spliced (DAS) events were calculated by performing

a logistic regression on event-specific PSI values with the following model (as

originally described by Tack et al.):

pr(alt)∼ bi(p = logit−1(b0 +bcondition))

If the logistic regression model provided support for a quantitative difference in

condition (FDR <0.01) and the absolute log2(fold change) >1, alternative splicing

events were considered significantly differentially spliced.

2.1.6 Gene ontology enrichment analyses

To facilitate ontological comparison between all Brassica species, the genomes of

Brassica napus, Brassica rapa, and Brassica oleracea were analyzed using the

same functional annotation pipeline to produce comparable lists of gene ontol-

ogy (GO) terms and putative gene descriptions for each genome. The first step

in assembling these annotations involved searching the full list of confirmed and

predicted protein sequences of each plant species against the InterPro database us-

ing InterProScan5 [81]. This was followed by the use of GO FEAT [82], which

integrates several databases (such as InterPro, UniProt, KEGG, NCBI Protein, and

Pfam). Pannzer2 [83] was then used to provide an estimate of GO terms for the

remaining unannotated genes. Annotations were then merged and redundancies

were removed. Finally, GO enrichment analysis was performed using the cluster-

Profiler R package [84], with GO terms considered significantly enriched with a

FDR <0.05.
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2.1.7 Analysis of synteny and the identification of orthologs and
homeologs

The quantitative comparison between polyploid subgenomes and their respective

progenitor genomes requires a list of orthologous gene pairs. While such a list

exists for earlier versions of the B. rapa genome [53], the use of a contemporary

B. rapa genome assembly necessitated an updated list of genes. The synteny anal-

ysis pipeline described in Chalhoub et al. was employed to assemble a matrix of

homologous genes by first identifying regions of conserved positional orthology,

in the form of syntenic blocks, followed by a Reciprocal Best Hit (RBH) BLAST

search to detect orthologs or homeologs that are not retained in syntenic blocks

[53]. The use of RBH BLAST, MCScan and JCVI libraries [85] resulted in a list

42,712 possible gene pairs among the four genomes (i.e. ANAPUS, CNAPUS, ARAPA,

COLERACEA) and a total of 20,062 that shared among all aforementioned genomes.

The list of orthologs was also necessary for intergenomic comparisons of AS;

however, junction-specific AS quantification requires specific processing of orthol-

ogous gene data. As previously mentioned, AS is detected based on a ratio of in-

tronic reads and exonic reads at a given exon-exon junction; therefore, such AS

comparisons must occur within junctions that have homologous exon-exon struc-

ture. To identify these homologous exon-exon junctions, exon sequences from the

representative genes models of each species were extracted from their requisite

genome assemblies. Pairwise alignments of orthologous exons were performed

for each genome (AN: CN: AR:CO) using RBH BLAST (dc-megablast). A total

of 94,180 consecutive exons were logged as possible homologous splice junctions

across all four species and 76,770 putative splice junctions were shared among all

species.

2.1.8 Identification of defense-associated orthologs in Brassica
species

To query the response of specific biological pathways and gene families to early

pathogen infection in each Brassica species, lists of Arabidopsis thaliana orthologs

implicated in the defense against necrotrophic pathogens were assembled. These

genes were then BLAST searched against B. napus, B. rapa, and B. oleracea gene
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sequences [63, 86]. This list was comprised of three primary sets of genes: (i)

genes related to plant hormone biosynthesis pathways, (ii) gene families of recep-

tor proteins, and (iii) genes involved in either the propagation or accumulation of

reactive oxygen species.

2.1.9 Analyses related to subgenome expression bias and expression
level dominance

To study subgenome-specific differences in homeolog expression patterns, both

subgenome expression bias (relative homeolog expression) and expression level

dominance (the sum of homeolog transcripts compared to parental expression lev-

els) [25] were investigated. Subgenome expression bias was analyzed for both nat-

ural and the resynthesized B. napus using edgeR. Subgenome differential expres-

sion incorporated sample-wide library sizes and gene length offsets to avoid under-

estimation of subgenome-specific mapping rate. Homeologs were defined as dif-

ferentially expressed with a FDR < 0.01. Analyses of expression level dominance

(ELD) involved a prerequisite analysis of differential gene expression between

diploid transcriptomes and the concatenated resynthesized B. napus subgenome

for each condition separately. Differential gene expression was performed using

edgeR. Homeologous genes were considered differentially expressed if their abso-

lute log2FC ratios were > 1 and they had a FDR < 0.01. Parental comparisons with

the individual resynthesized B. napus subgenomes were similar to ELD; however,

comparisons between homeologs incorporated the same library size considerations

used for calculations of subgenome expression bias. Analyses of differential alter-

native splicing bias between polyploid subgenomes and quantitative comparisons

between parental-polyploid event homologs were consistent with the aforemen-

tioned differential alternative splicing analysis.

2.2 Results

2.2.1 Brassica transcriptome sequencing and read alignment

RNA was extracted from a total of 24 samples: three biological replicates for each

of the four Brassica genotypes at 24 hours following mock or S. sclerotiorum in-
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oculation. This resulted in a sum of 2439.3 million clean reads — an average of

130.5 million reads for the polyploid samples and 72.8 million reads for the diploid

samples (Table 2.1). The clean reads from each sample were mapped to the appro-

priate reference genome, of which 89.0% and 70.7% of reads in mock-inoculated

and pathogen-inoculated samples, respectively, were uniquely mapped. Among

the pathogen-inoculated samples only, an average of 16.4 million reads per sample

also mapped to the S. sclerotiorum reference genome.

Transcript expression was only considered if all replicates in a given condition

had a FPKM value ≥ 1. FPKM normalized expression among replicates was sig-

nificantly correlated with a Pearson correlation coefficient (R) ranging from 0.879

to 0.997 and a median of 0.975 (P <1 x 10-16). Hierarchical clustering on sample

FPKM values resulted in condition-specific groups, suggesting there were large

differences between mock and inoculated samples among each species (Figure

2.1A). Furthermore, these condition-specific groups were retained following hi-

erarchical clustering based on interspecific ortholog FPKM values (Figure 2.1B).

The proportion of genes expressed in the mock inoculated samples was consis-

tent across all four species, with a mean of 44.4%, while the pathogen-inoculated

samples expressed a lower proportion of genes on average (41.4%). The highest

proportion of expressed genes was observed in B. rapa (47.2% to 49.3%) (Table

2.2).

To illustrate the distribution of gene expression for each sample, genes were

categorized based on expression level: 1 < FPKM ≤ 5 (low), 5 < FPKM ≤ 50

(moderate), and 50 < FPKM (high) (Table 2.2). Overall, the distribution of these

expression categories was highly consistent between mock and inoculated samples

for all hosts. Generally speaking, all four hosts also boasted similar categorical

proportions. For instance, across all hosts the majority of genes were moderately

expressed, with a mean of 49.3% among the polyploid hosts and 55.5% among the

diploid hosts. However, there was a notable difference in the incidence of lowly

expressed genes between the polyploid (43.2%) and diploid hosts (28.8%).
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2.2.2 RNA-seq analysis suggests considerable reprogramming of
Brassica transcriptomes at 24 hours post S. sclerotiorum
inoculation

The global transcriptome response of each Brassica host was first investigated

through an analysis of differential gene expression, providing a general insight

into of how the pathogen stress response of the resynthesized B. napus compares

to that of its progenitor genotypes — the B. rapa and B. oleracea hosts — and the

more distantly related natural B. napus.

Overall, B. oleracea and the polyploid species exhibited comparable expression

changes under pathogen stress. Using a modest threshold of FDR <0.01 and an

absolute fold change >1 revealed 11,100 DEGs in B. oleracea, 22,732 DEGs in the

natural B. napus, and 20,441 DEGs in the resynthesized B. napus (41.3%, 43.1%

and 44.9% of genes designated as expressed in each genotype, respectively). The

global transcriptome response was notably less severe in B. rapa, with 7275 DEGs

or 30.5% of the transcriptome differing between mock and pathogen treatments. To

identify genes which are characteristic of a response to nectrotrophic pathogens, a

more stringent DEG threshold was used for each species (FDR <0.001 and an

absolute FC >3) (Figure 2.2). This revealed 4185 genes (8.4%) in natural B. na-

pus, 5592 genes (12.3%) in the resynthesized B. napus, 2176 genes (8.1%) in B.

oleracea, and 1395 genes (5.8%) in B. rapa that were highly responsive to the

pathogen treatment. While B. rapa has the lowest proportion of highly differen-

tially expressed genes, it also exhibited the lowest quantity of S. sclerotiorum RNA

(Table 2.1) and the highest proportion of expressed genes.

For functional insight into this conservative assembly of genes involved in the

Brassica-Sclerotinia pathosystem, enriched biological processes were assessed.

This was first accomplished by the compilation of unique functional annotations

for each plant genome. A custom annotation pipeline identified putative gene on-

tologies for 84.1% of the B. napus pan-genome, 81.7% of the combined B. oler-

acea - B. rapa genome to which the resynethsized B. napus was mapped, 70.7%

of the B. oleracea genome, and 85.9% of the B. rapa genome. Using these custom

lists of GO terms, enrichment analyses were run using clusterProfiler on sets of

up-regulated (FPKM > 3) and down-regulated (FPKM < -3) genes, respectively

[84].
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The polyploid plant hosts exhibited similarly large sets of significantly enriched

GO terms, with 45 and 67 enriched terms for up-regulated genes in the natural

and resynthesized B. napus (Supplementary Table 1). There was an overlap of 22

terms between both species, most of which were related to a PAMP/DAMP re-

sponse, consistent with expectations for generalist necrotrophic fungi infections

such as: response to wounding, innate immune response, defense response, de-

fense response signaling pathway, chitin catabolic process, and cell wall macro-

molecule catabolic process. There were also several enriched plant hormone on-

tologies; most notably, jasmonic acid and salicylic acid. Considerably more GO

term enrichment occurred among down-regulated genes than up-regulated genes;

however, there was similar concertedness, with an overlap of 25 gene ontologies.

In both polyploids, the most significantly enriched categories were photosynthesis,

photosystem II assembly, and photosynthesis, light harvesting (FDR <1 x 10-25).

Multiple terms associated with energy metabolism were sporadically enriched be-

tween the two polyploids without a clear pattern: carbon fixation, starch biosyn-

thetic process, fructose metabolic process.

While diploid and polyploid hosts had similar enriched ontologies, the diploid

species showed less GO enrichment. Up-regulated genes in B. oleracea and B. rapa

were significantly enriched for 30 GO terms (Supplementary Table 1). Overlapping

terms between the two progenitor species were congruent with the polyploids, for

which the most enriched categories were response to wounding, defense response,

and response to jasmonic acid. Enrichment analysis of down-regulated gene sets

revealed considerably fewer significantly enriched terms than in the polyploids,

with 10 in B. oleracea and 9 in B. rapa. There was no direct agreement among

diploid GO terms. However, these terms were also related to energy metabolism

and growth — i.e. a reduction in the expression of auxin signalling and pho-

totropism in B. oleracea and photosynthesis in B. rapa.

Taken together, each plant species demonstrated similar enrichment of biolog-

ical processes, characterized by an up-regulation of genes related to response to

wounding, innate immunity, jasmonic acid signalling, chitin catabolism, oxidant

detoxification, and cell wall macromolecule catabolism (Figure 2.3). B. oleracea

appeared to be more similar to the polyploid hosts than to B. rapa. This was ev-

idenced by enrichment of terms such as nodulation and salicylic acid metabolic
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process. Additionally, these three hosts had a very significant enrichment for genes

related to cellular response to hypoxia. An analysis of putative gene descriptions

suggests that up-regulated genes in this ontology are broadly associated with a

biotic stress response — i.e. VQ-containing motif [87], patatin-like genes [88],

flotillin-like genes, PAMP-induced secretory genes, and several oxidoreductase

genes. The enzymatic activities of these oxidoreductase genes (such as putative

tetrahydroberberine oxidases and reticuline oxidase-like genes) likely produce hy-

drogen peroxide (Supplementary Table 1), suggesting the polyploid hosts and B.

oleracea exhibit more pronounced expression of enzymes which produce reactive

oxygen species.

Manifestation of immune response at 24 hpi in each of the Brassica hosts was

investigated by compiling lists of genes associated with resistance to necrotrophic

pathogens for each species (Figure 2.4). All four hosts exhibited a response

consistent with previous studies in B. napus [63, 89, 90]. The model response

to S. sclerotiorum infection first involves PAMP/DAMP recognition via pattern

recognition receptors (PRR) localized on the cell surface. Examples of this can

be seen in the significant up-regulation of chitin receptor kinases, lectin receptor

kinases, cysteine-rich receptor-like kinases, and PEP receptors (Supplemental 2).

These were highly diverse and ubiquitously up-regulated across all hosts. Upon

activation, these enzymes trigger signal transduction cascades which principally

consist of the mitogen-activated kinases (MAPK). Of all MAPKKK-MAPKK-

MAPK module genes analyzed, only MAPKKK18 and MAPKKK19 were highly

up-regulated across all hosts (FDR < 0.01 and log2FC > 2). These signal trans-

ductions likely then activate Brassica defense responses. At 24hpi, WRKY tran-

scription factors are consistently up-regulated (Supplemental 3). WRKY6, most

notably, was highly up-regulated across all hosts (log2FC > 4); however, most

WRKY transcription factors were broadly up-regulated (mean log2FC = 4.4). Ad-

ditionally, jasmonic acid (JA) and ethylene (ET) signalling and biosynthesis path-

ways were up-regulated. The former was highly enriched among up-regulated GO

terms, and both of which exhibited an extensive increase in expression. Of the JA

signalling and biosynthesis genes, JAZ10, OPR1, AOC3, and particularly, PR3/4

were strongly induced across all species. ACS1/2 were also universally induced

(log2FC > 5), however other ethylene biosynthesis genes were also induced but
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less concertedly. Such transcriptional reprogramming also facilitates expression of

specific defense genes, of which chitinases were strongly represented (P < 0.01).

2.2.3 Assessment of differential alternative splicing profiles during
early S. sclerotiorum infection

Gene expression inferred from exonic count data offers a general glimpse into the

transcriptomic activity of the Brassica hosts, but the process of gene expression

is not limited to constitutively spliced transcripts. To provide a more comprehen-

sive analysis of gene expression patterns under pathogen stress, alternative splic-

ing patterns of the Brassica hosts were also examined. Considering the fact that

the dataset consisted of short-read sequencing data, I used a splice junction-centric

approach to splicing event detection. An average of 84,865 splicing events were de-

tected in the polyploids and 44,260 splicing events in the diploids. An enumeration

of the most common angiosperm AS event classes revealed comparable event dis-

tributions for each species (Table 2.3). These were similar to event ratios outlined

in Chalhoub et al., as intron retention was the most frequently observed event, cor-

responding to approximately 66.7% of all AS events, followed by ALTA, ALTD,

ALTP, and skipped exons[53]. The predominance of IR events is also consistent

with other studies in both monocots and dicots [45, 91, 92].

To provide insight into large-scale AS changes under pathogen stress, I first

identified differences in splicing event identity between mock and infected treat-

ments. In B. napus, 27.7% of (22,471) AS events were unique to infected sam-

ples. The proportion was somewhat comparable with the diploid hosts, in which

25.2% (10,076) and 25.3% (11,186) of events in B. rapa and B. oleracea, respec-

tively, were unique to infected expression states. Slightly more agreement was

found between infected and uninfected resynthesized B. napus samples, which had

an overlap of 21.7% (11,186 events unique to infected samples). Of the splicing

events that were shared between conditions, I also identified events that showed

significantly different ratios of alternative to constitutively mapped reads for each

Brassica host. Overall, the incidence of DAS was highest in B. napus, in which I

identified 12,709 events (13.3% of all B. napus AS events) which originated from

8225 genes (or 8.1% of annotated genes). There were notably fewer AS events

identified in the resynthesized Brassica napus, with 8863 DAS events (11.0%) in
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5241 genes (5.2%). The frequency of DAS in B. oleracea was similar to the poly-

ploids, which had 5853 (12.2%) DAS events among 3642 genes (6%). Analogous

to the gene expression analyses, B. rapa also displayed the lowest levels of DAS,

with 4087 significantly different events (9.6%) among 2387 genes (5.2%).

Of the differentially spliced events, B. napus and B. oleracea had similar reg-

ulatory patterns, exemplified by a higher number of up-regulated events and fewer

down-regulated events. This trend was more pronounced in B. napus, which had

5667 (5.9%) up-regulated and 2347 (2.5%) down-regulated AS events, while B.

oleracea exhibited a less notable difference of 1971 (4.1%) up-regulated and 1501

(3.1%) down-regulated events. In contrast, the majority of DAS events in the resyn-

thesized B. napus and B. rapa were down-regulated: 1468 (1.8%) compared to

4096 (5.1%) AS events in the polyploid and 920 (2.2%) compared to 1625 (3.8%)

AS events in the diploid.

Similar to DEGs, GO enrichment analyses were performed on genes present-

ing DAS events. Unlike the enrichment analyses of DEGs, little agreement was

found between Brassica hosts when specific GO terms were compared (Figure

1.5). While B. napus, the resynthesized B. napus, and B. oleracea exhibited some

GO term inconsistency, up-regulated terms were functionally associated with pho-

tosynthesis, growth, and housekeeping genes. For example, photosynthesis, light

harvesting (FDR < 2.4 x 10-7) in Brassica napus and thylakoid membrane orga-

nization (FDR < 6.8 x 10-3) in the resynthesized Brassica napus are related to

photosynthetic processes. B. oleracea and B. napus were also enriched for lat-

eral root development (FDR < 1.1 x 10-2) and regulation of cell growth (FDR

< 3.8 x 10-2), suggesting an up-regulation of AS in genes functionally correlated

with plant growth (Supplementary Table 2). These trends did not extend to B.

rapa, which lacked any significantly enriched GO terms among genes containing

up-regulated AS events. Enrichment of the genes containing down-regulated DAS

events displayed a lack of interspecific overlap that was comparable to up-regulated

AS events. While all four Brassica hosts were enriched for the tricarboxylic acid

cycle (2.1 x 10-13 < FDR < 7.2 x 10-4), it was the only GO term shared among all

species. However, the polyploids and B. oleracea showed enrichment for GO terms

associated with biotic stress: response to wounding, regulation of defense response,

and regulation of jasmonic acid mediated signalling pathway in the resynthesized
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B. napus; methylglyoxal catabolic process to lactate, glyoxal removal [93], cel-

lular oxidant detoxification, and MAPK cascade (FDR < 0.05) in B. napus; and

response to wounding (FDR < 0.05) in B. oleracea (Supplementary Table 1).

The biological theme exhibited by the up-regulated and down-regulated dif-

ferentially spliced genes was inversely related to GO enrichment of DEGs (Figure

1.5). This suggests a possible negative correlation between the gene expression and

AS of a given gene in response to pathogen stress. To investigate the possibility

of such a relationship, the change in expression of a given gene was compared to

changes in the AS ratio for genes presenting DAS events. Comparisons across the

transcriptome of each host using Pearson correlation revealed a moderate negative

correlation between AS and GE, ranging from R = -0.43 (P < 3.4 x 10-309) in B. na-

pus to R = -0.29 (P < 2.2 x 10-43) in B. rapa (Figure 1.6A). Such evidence suggests

that, across each host transcriptome, AS and GE tend scale negatively. To ensure

this relationship was not due to a static background expression of AS reads, the

log2FC of constitutively mapped reads was compared against the log2FC of intron-

mapped reads, resulting in a significant correlation across all species (Pearson cor-

relation cofficient (R) ranging from 0.90 to 0.84; P < 2.2 x 10-16; Supplementary

Figure 1). Considering how this relationship manifests at a single-gene resolution,

genes implicated in hormone biosynthesis and signalling pathways were also indi-

vidually analyzed. In B napus, the majority of significantly responsive genes —

i.e. DAS events and DEGs — are directionally opposed in their log-fold changes

(65%; Figure 1.6B).

2.2.4 Detection of subgenome-specific homeologs in B. napus and
orthologous genes in B. rapa and B. oleracea through an
analysis of synteny

An interspecific comparative analysis of gene expression patterns requires the iden-

tification of homeologs between the polyploid subgenomes and their respective

parental orthologs. An analysis of synteny between the B. napus subgenomes

and the parental genomes of B. oleracea and B. rapa (i.e. AN: CN: AR:CO) re-

sulted in a total of 42,712 gene pairs across all genomes and subgenomes, 24,573

pairs between B. napus subgenomes, and 28,196 between the B. rapa and B. oler-

acea genomes. Overall, 20,062 genes had an existing homeolog in both B. napus
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subgenomes and an ortholog in both diploid parents.

Comparison of the AS patterns of B. napus subgenomes to B. oleracea and

B. rapa not only requires orthologous and homeologous genes, but also the iden-

tification of homologous exon-exon junctions shared between these genes. An

analysis of exon homology revealed a total of 94,180 possible exon junction pairs.

Of all detected junctions, 85,923 of these junctions were shared between the B.

napus subgenomes, 80,893 junctions were shared between B. oleracea and B.

rapa, and 76,770 junctions were shared across all hosts. However, not all exon-

exon junctions contain active splice junctions. Using expression data to inform

splicing potential, a total of 32,996 junctions exhibited AS event expression in at

least one species. Additionally, similar rates of event expression were detected for

each genome or subgenome (Table 2.4), of which mean number splice junctions

equalled 14,542.

2.2.5 Quantitative analysis of Brassica host transcriptome similarity
using homeologous expression patterns

To examine global transcriptome similarities between polyploid subgenomes and

diploid progenitor genomes, species were clustered based on homeolog response

to pathogen stress (Figure 2.7A). Overall, each subgenome of the recently syn-

thesized B. napus appears to cluster with its respective parental genome, while the

natural B. napus subgenomes form a distinct cluster. Given the recent genesis of

the resynthesized B. napus, and the relatively small number of generations that

have elapsed since it diverged from its progenitor genomes, this result would be

expected. Considering the high sequence identity between B. oleracea and B. rapa

orthologs, homeologs from the B. napus genome were also combined to reflect

overall changes in transcript dosage (Figure 2.7B). Reminiscent of the GO enrich-

ment analyses, the resulting dendrogram suggests that the overall pathogen stress

response of the resynthesized B. napus more strongly resembles the response of

B. oleracea than the response of B. rapa. Given the strong similarities between

the individual A and C subgenomes and their respective progenitor genomes, this

disparity between subgenomes is possibly indicative of an expression bias towards

the C subgenome of the resynthesized B. napus.

Changes in host alternative splicing due to pathogen infection were also clus-

21



tered for each species (Figure 2.7C). When compared to the gene expression data,

the resulting dendrogram displayed markedly different clustering patterns. While

the alternative splicing response of the natural B. napus subgenomes also formed

a cluster with B. oleracea, the resynthesized B. napus subgenomes exhibited simi-

larity to the response of B. rapa. This is at odds with the comparative analysis of

gene expression, and perhaps suggests that subgenome biases in alternative splic-

ing ratios are independent of biases of constitutive transcript expression.

2.2.6 Analysis of subgenome expression bias demonstrates a slight C
subgenome homeolog expression bias in both natural and
synthetic Brassica napus

Given the expression biases suggested by interspecific transcriptome comparisons,

it is possible that the C subgenome is preferentially expressed in the resynthesized

B. napus. To investigate this potential subgenome expression bias, the relative

expression levels of homeologs from the A and C subgenomes of the polyploid

hosts were compared (Figure 2.8). This involved the assessment of differential

homeolog expression among gene pairs that were expressed in both subgenomes.

Of the 26,663 the homeolog pairs analyzed in the mock samples of the resyn-

thesized B. napus, there were 8562 pairs that were biased toward the C subgenome

and 3471 pairs which exhibited an A subgenome bias (Figure 2.8A). This trend

was even more prominent among the 26,284 homeologs expressed between the

infected replicates, of which 10,306 homeologs showed an expression bias favour-

ing the C subgenome and 4332 pairs with expression levels biased towards the A

subgenome. While the majority of homeologs expressed in both conditions were

equivalent in their expression levels (15,119 and 11,646 gene pairs, respectively),

the resynthesized B. napus displays a significant preference for the C subgenome

across both treatments (FDR < 2.2 x 10-16, Fisher’s exact test). Although some-

what attenuated when compared to the subgenome expression bias shown in the

resynthesized polyploid, the natural B. napus displayed a similarly C-biased pat-

tern of homeolog expression (Figure 2.8A). This is illustrated by an imbalance in

the frequency of C-biased gene pairs (4617 and 3961 in the mock and inoculated

treatments, respectively) compared to A-biased gene pairs (3388 and 3004, respec-

tively). While there is a notable difference in the number of C-biased gene pairs
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between polyploid hosts, the natural B. napus also showed a slight, yet significant,

preference toward the C subgenome (FDR < 6.1 x 10-9, Fisher’s exact test).

Subgenome expression bias can be exemplified by an analysis of relative home-

olog expression; however, previous studies have shown large scale epigenomic

restructuring immediately after polyploidization (recently reviewed in [15, 16]);

therefore, polyploids may also exhibit biases in the subgenome-specific silencing

of genes. To assess this possible bias, the number of expressed homeologs was

calculated for both polyploid hosts (Figure 2.8B). A reduction in the number of A

subgenome genes expressed occurs across both hosts. In the natural B. napus, this

was only evident in mock samples (P < 0.05, Wilcoxon rank sum test). However,

the resynthesized B. napus exhibited a significant difference in both mock and in-

oculated samples (P < 0.05, Wilcoxon rank sum test). Additionally, transcriptome-

wide rates of gene expression were analyzed between the requisite resynthesized B.

napus subgenomes due to the their known origins. The proportion of genes exhibit-

ing FPKM > 1 were calculated, resulting in roughly equivalent rates of expression

for each subgenomes (P = 0.51).

2.2.7 Analysis of subgenome-specific alternative splicing patterns in
both natural and synthetic Brassica napus

While biased gene expression among allopolyploid subgenomes is well estab-

lished, the extent to which alternative splicing levels vary between homeologous

genes is less clear. Moreover, alternative splicing is a complex phenomenon and bi-

ases in alternative splicing patterns might manifest in different forms. For instance,

consistent biases in the rate of AS event inclusion among events conserved be-

tween both subgenomes might suggest higher levels of AS in a single subgenome.

However, due to the speed with which alternative splicing evolves relative to gene

expression, it may be more appropriate to represent alternative splicing bias as an

increase in the likelihood of AS event expression at a given intron. To provide

a comprehensive assessment of potential subgenome biases in alternative splicing

patterns, comparisons were made at three different resolutions: event-specific com-

parisons, exon-exon junction comparisons, and overall subgenome rates of AS.

To assess whether one subgenome had an overall higher number of alterna-

tively spliced transcripts, AS ratios for each pair of homeologous splicing events
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were compared (Figure 2.9A). In contrast to the analyses of subgenome expression

bias, the resulting AS bias was less pronounced in both natural and resynthesized

polyploid hosts. In the resynthesized B. napus AS event expression seemed to

favour the A subgenome, with mock-inoculated samples displaying 1644 A-biased

events compared to 1457 C-biased events (P < 0.03). This trend was similar among

infected samples, in which 1120 A-biased events were detected compared to 953

C-biased events (P = 0.07). However, the majority of events (62.6% Mock; 64.1%

Infected) were not significantly different between A and C subgenomes. This fre-

quency of unbiased events was similarly high in the natural B. napus (64.2% Mock;

67.9% Infected), yet unlike the resynthesized B. napus, the natural polyploid culti-

var exhibited a slight C subgenome bias in AS ratios.

In addition to the rate of event inclusion, subgenomes may be biased in the di-

versity and frequency of AS event expression among homologous exon-exon junc-

tions. To investigate such biases, the rate of event expression was calculated for

the most common alternative splicing event classes — i.e. intron retention, alter-

native acceptor, alternative donor, and alternative position (Figure 2.9B). In the

natural B. napus, the proportion of expressed events was consistently higher in

the C subgenome; however, this difference was only significant among infected

samples (P < 0.05, Wilcoxon rank sum test). This bias was more notable in the

resynthesized polyploid host, in which there was a significant bias towards the C

subgenome among both infected and uninfected samples for the most common

event class — specifically intron retention (IR) and alternative acceptor (ALTA) (P

< 0.05, Wilcoxon rank sum test). Interestingly, alternative position (ALTP) events

exhibited a bias towards the A subgenome; however, ALTP events were relatively

uncommon in comparison (they were detected in <1% of homeolog introns).

2.2.8 Influence of pathogen infection on homeolog expression bias in
B. napus hosts

To appreciate the extent to which biases in gene expression or alternative splicing

contribute to biotic stress responses, it is pertinent to assess how pathogen infection

modulates patterns of subgenome expression bias. This was accomplished by as-

sessing the retention of subgenome expression bias between mock-inoculated and

S. sclerotiorum-inoculated conditions (Figure 2.10).
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Of the 24,737 homeologous gene pairs in the resynthesized B. napus that were

expressed in both conditions, 17,594 (71.1%) of the homeologs retained the same

patterns of expression bias (Figure 2.10A). While the majority of these homeologs

remained unbiased (8666, or 35.0% of all homeologs), homeologs exhibiting C

subgenome bias were also highly consistent (6701; 26.3%). This was in con-

trast with the A subgenome, which was conserved among only 2537 homeologs

(9.7%). Interestingly, the resynthesized B. napus displayed significantly more A

and C subgenome biased homeologs under pathogen infection than during unin-

fected growth (P < 2.2 x 10-16, χ2 test). Similar to the resynthesized B. napus,

genes in the naturally occurring B. napus exhibited consistent patterns of bias be-

tween both mock and infected samples (16,521 homeologs out of a total of 22,537

homeologs; 72.1%). However, unlike the synthetic polyploid, these homeologs

consisted of mostly unbiased homeolog pairs (11,952, or 53.0% of all expressed

homeologs). Of the homeologs which retained a subgenome bias, there were more

C subgenome biased homeologs in both conditions (2511 C-biased pairs compared

to 1788 A-biased pairs). However, these only consisted of 11.1% of total homeolog

pairs. Additionally, across both subgenomes there were fewer homeologs showing

unequal expression levels when the plants were subjected to pathogen stress (P <

2.8 x 10-7).

To provide a more comprehensive assessment of pathogen-mediated changes

in homeolog expression bias, shifts in homeolog expression ratios between infec-

tion conditions were quantitatively assessed using a permutation test based on the

HomeoRoq pipeline [94]. In agreement with the assessment of pathogen-mediated

changes in expression bias, the vast majority of homeolog expression ratios did

not change significantly between conditions (87.7% in the resynthesized B. napus

and 90.3% in the natural B. napus). Additionally, the majority of all homeologs

were biased towards the C subgenome — 64.9% in the resynthesized B. napus and

54.6% in the natural B. napus. Of the homeologous pairs that were significantly dif-

ferent between the synthetic polyploid treatments (2832 pairs) (P < 0.05), 64.5%

of homeolog expression ratios gained an enhanced bias in the pathogen infected

treatment. An homeolog expression ratio analysis of the natural B. napus showed

1960 significant pathogen-altered homeolog ratios, which also largely shifted to-

wards a greater expression bias (70.8%).

25



The influence of pathogen stress on subgenome splicing biases lies predomi-

nantly with splicing event identity, as comparison between uninfected and infected

expression states reveals many condition-specific splicing events. This is most

evident in the natural B. napus, for which there were 4966 events unique to unin-

fected samples and 3422 unique to infected samples. Of the 5771 events conserved

between conditions, 75.8% retained the same splicing bias under both treatments

(Figure 2.10B). Of the events that exhibited a notable bias, slightly more were

C subgenome-biased (748 > 681); however, both subgenomes exhibited a notable

decrease in the frequency of bias during the pathogen treatment (P < 0.002). The

resynthesized B. napus demonstrated markedly different shifts in biases. While the

mock-inoculated samples expressed a large number of condition-specific events

(4311), the pathogen treatment was less divergent, expressing 1815 unique events.

Of the 3970 events shared between conditions, 78.7% of events retained the same

bias between conditions. Unlike the natural B. napus, these events suggested a

slight bias towards the A subgenome (633 > 530). However, consistent with the

natural B. napus, the resynthesized polyploid also exhbited a significant decrease

in bias during pathogen infection (P < 0.003).

2.2.9 Expression level dominance in the resynthesized B. napus

Analyses of expression level dominance (ELD) have been used previously to sum-

marize changes in expression pattern between parental transcriptomes and descen-

dant polyploid sub-transcriptomes [25, 26, 30]. This involves the comparison of

parental expression levels to the concatenated expression levels of a given home-

ologous gene pair, thereby facilitating the detection of additive, transgressive, and

parental-dominant expression patterns. Considering the fact that the transcriptomes

of contemporary B. rapa and B. oleracea cultivars do not reflect the true parent-

polyploid relationship of natural B. napus, comparisons were only made if the

parental genotypes were direct constituents of the polyploid genome. Using the

resynthesized B. napus transcriptome, this resulted in the analysis of 26,014 home-

olog pairs among the mock-inoculated samples and 26,001 homeolog pairs among

the pathogen-inoculated samples, which were further binned into 13 expression

pattern categories (Figure 2.11).
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In general, most homeologous gene pairs across both the mock and pathogen-

inoculated treatments exhibited no significant differences in expression (57.0%

and 60.2% of homeolog pairs, respectively). Of the remaining categories, the

most commonly represented were C-expression level dominant, A-expression level

dominant, and transgressively down-regulated genes. Categories related to expres-

sion level dominance were among the most common of the aforementioned cat-

egories, consisting of 29.8% of genes among the mock-inoculated samples and

30.0% of all genes in the pathogen-inoculated samples. Of these genes, signifi-

cantly more were C subgenome dominant (5318 and 5603 genes in the mock and

pathogen-inoculated samples, respectively) than A subgenome dominant (2423 and

2231 genes) (P < 0.001, Fischer’s exact test).

When comparing expression-level categories between mock and pathogen-inoculated

treatments, category distribution differed notably. While additively and transgres-

sively up-regulated genes exhibited consistently low incidence and varied little be-

tween treatments, most other categories showed significant change while under

pathogen stress. For instance, a higher number of genes displayed equivalent and

C-dominant expression during infection (P < 0.01, Fischer’s exact test). There

was also a reduction in number of transgressively down-regulated genes and A-

dominant genes in the infected treatment (P < 0.01, Fischer’s exact test).

To better understand how pathogen infection might influence these compara-

tive expression levels, shifts in expression level category between treatments were

also analyzed. Overall, a total of 25,299 homeologous gene pairs were actively ex-

pressed in both mock and pathogen-inoculated samples, which were sorted into 78

categorical comparisons (Figure 2.11). Of these inter-conditional comparisons, the

majority (52.5%) of genes were categorically consistent between treatments. This

included categories such as equivalent (10,530 genes) and C dominant (1248 and

391 genes) expression levels. Categories that displayed the most dramatic inter-

conditional change involved a shift towards or from equivalency. For instance,

C-dominant to equivalent, equivalent to C-dominant, A-dominant to equivalent,

and transgressive down-regulation to equivalent.
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2.2.10 splicing level dominance in the resynthesized B. napus

As previously described, alternative splicing is often depicted as the proportion of

event-supporting reads in a given junction (PSI). Given the large number of con-

served alternative splicing events that remain between homeologous gene pairs,

their splicing ratios were consolidated into a transcriptome-wide rate of event in-

clusion. Similar to ELD, comparisons of these ratios to their respective ances-

tral orthologs could elucidate general changes in AS patterns as a result of poly-

ploidization. To identify such deviations from the ancestral splicing patterns of

homeologous events, differential splicing ratios were calculated for the homeol-

ogous events shared between the resynthesized B. napus and its parents for both

mock (8074 events) and inoculated (7187) conditions. Analogous to analyses of

ELD, these splicing events were then sorted into 13 categories (Figure 2.11).

Across both conditions, most homeologous splicing events did not display sig-

nificant change between the polyploid transcriptome and those of its parental geno-

types. This category constituted 66.7% (5431) of conserved mock-inoculated splic-

ing events and 68.7% (4959) of total pathogen-inoculated splicing events. A large

number of events also exhibited bias towards one of the parental subgenomes. C

subgenome dominant splicing ratios was the most frequent dominance category,

representing 17.7% of mock-inoculated events and 15.6% of pathogen infected

samples. However, A subgenome dominant ratios were substantially higher than

additive and non-parental (transgressive) categories, which comprised 10.2% and

9.6% of mock and pathogen-inoculated events, respectively. Interestingly, a large

number of transgressively up-regulated alternative splicing events were detected,

in contrast to ELD categorization.

Similar to ELD, distributions of parent-polyploid splicing levels varied signif-

icantly between control and pathogen infected conditions. An overall reduction in

frequency was observed for most categories, notably transgressively up-regulated,

highly spliced A- and C-dominant events, and additive events favouring the ex-

pression of the B. rapa homeolog (P < 0.01, Fisher’s exact test). Interestingly, the

frequency of polyploid splicing events that favoured the lowly expressed parental

subgenome increased under pathogen treatment. Considering the broad changes

in parental splicing level categorization, splicing level patterns were analyzed for
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each event individually. Of all homeologous events expressed across both mock

and pathogen conditions, only 31.0% (4757) of events were shared between the

two expression states. Additionally, 65.7% of these conserved events showed no

change in splicing level categorization. For example, equivalent splicing levels, C-

dominant, and A-dominant events alone comprised 63.6% of retained splicing level

patterns. Of the categories that demonstrated shifts in splicing level patterns, the

majority (23.0% of all cross-conditionally conserved events) alternated between

equivalent expression and A- or C subgenome dominance.

2.2.11 Homeolog-specific expression categorization in the
resynthesized B. napus

While analyses of ELD can be useful for inferring patterns of homeolog transcript

dosage in polyploid-parent expression levels, homeolog expression does not al-

ways scale additively and combined homeolog expression will obscure possibly

informative non-parental expression patterns involving a specific homeolog. To in-

vestigate the contribution of each homeolog individually, comparisons were made

between each polyploid subgenome and their respective parental genomes (Figure

2.12).

Comparisons of general gene expression patterns in the resynthesized B. na-

pus and its constituent parental genotypes revealed a high similarity in the identity

of genes expressed (FPKM > 1; Figure 2.12A-B). Among the uninfected sam-

ples, 96.2% of all gene expressed from the A subgenome were also expressed

in B. rapa. Similarly, the C subgenome exhibited 95.4% overlap with B. oler-

acea. This overlap was consistently high in the infected samples, of which the

A subgenome showed a 98.4% overlap with its parental transcriptome and the C

subgenome, again, showed a 95.4% overlap with B. oleracea. Additionally, the

polyploid subgenomes appear to express fewer genes than their diploid counter-

parts across both conditions. For instance, 10.0% of B. oleracea genes (across

both conditions) are either lowly expressed or silenced in the resynthesized B. na-

pus. This disparity between subgenome and diploid gene expression patterns is

significantly more pronounced in B. rapa, of which 16.5% and 21.0% of genes are

diploid-specific under uninfected and infected conditions, respectively (P < 2.2 x

10-16, Fisher’s exact test).
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To better understand possible divergence and conservation of subgenome-specific

expression patterns in the resynthesized B. napus, when compared to B. rapa and B.

oleracea, homeolog-ortholog expression patterns were assigned to 27 expression-

level categories. Of these classifications, the predominant categories are equiva-

lence, ancestral expression, subgenome dominance, and transgressive downregu-

lated (Figure 2.12). The most common category across both conditions is equiva-

lence, containing 46.3% and 43.2% of homeologs in uninfected and infected condi-

tions, respectively. This is followed by ancestral expression patterns, which are rep-

resented by 21.0% and 25.1% of homeologs. Of the ancestral expression patterns,

the majority (16.0% and 19.0% of all homeologs) favour C subgenome expression.

This is similar to the subgenome-dominant expression categories, of which C dom-

inance is the most frequently observed pattern. Interestingly, of the transgressive

down-regulated homeolog categories, the vast majority of homeologs exhibited a

significant reduction of expression in the A subgenome homeolog (5.5% and 8.2%

of all homeologs).

To help elucidate the origins of subgenome expression dominance in the newly

formed B. napus, relationships between homeologs and their corresponding parental

genes were compared to polyploid genes exhibiting significant bias (absolute log2FC

(A/C) > 1 and a FDR < 0.01). The resulting expression categorization revealed

differing origins of expression bias between A and C subgenome (Figure 2.12E).

The majority C subgenome-dominant homeologs conformed to ancestral expres-

sion patterns (58.6% and 57.9% of C-biased homeologs in uninfected and in-

fected samples, resectively). This was followed by transgressive down-regulated

A-homeologs (20.1% and 25.0%), which were also common among C-biased home-

olog pairs. While the A subgenome also showed a high frequency of ancestral

dominance (43.8% and 48.3% of A biased homeologs) and transgressive down-

regulation of the C homeolog (17.7% and 11.8%), there were a high proportion of

A homeologs that had expression levels comparable to B. oleracea rather than B.

rapa (15.0% and 14.0%). These were referred to as reciprocally dominant home-

ologs due to the similarity in expression level to the non-parental homeolog. Fur-

thermore, it is also possible for homeologs to exhibit no bias within the polyploid

yet have a notable bias towards one of the parents, suggesting a possible regulatory

dominance (Figure 2.12E). While these parental-polyploid expression patterns
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were somewhat uncommon in the context of an A subgenome bias (<5%), there

were a considerable number of homeologs that exhibited a putative C subgenome

regulatory dominance (8.1% and 7.2% of total homeolog pairs).

The changes in distribution of homeolog-specific expression level categories

were also analyzed between uninfected and infected conditions. Most categories

were reduced as a result of pathogen stress, most notably equivalent and regula-

tory dominant expression categories (P < 0.01, Fisher’s exact test). However, the

retention of ancestral gene expression patterns increased from a total of 21.0%

and 25.1% of all homeologs (P < 3.1 x 10-7, Fisher’s exact test). The frequency

of transgressive down-regulated A subgenome homeologs also rose significantly

from 5.5% to 8.2% (P = 5.5 x 10-34, Fisher’s exact test). Examining the change in

subgenome-specific expression levels was consistent with the ELD analysis, with

51.6% of homeologs retaining the same category assignment across conditions.

Of homeologs that retained category assignment across treatments, the most fre-

quent expression patterns were were equivalent expression, ancestral C expression

bias, and transgressive down-regulation of the A homeolog (58.0%, 18.9%, 6.9%

of homeologs with retained expression patterns, respectively). Furthermore, the

majority of pathogen-mediated fluctuations in category involved a shifts between

equivalent expression and a gain in ancestral C-subgenome bias or equivalent ex-

pression and regulatory C dominance (16.1% and 14.9% of categorically changed

homeologs).

General comparisons of parent-polyploid splicing event identity revealed widespread

changes in AS event expression of the resynthesized B. napus. An assessment of

event overlap between the B. napus A subgenome and B. rapa showed an overlap

of 28,623 events (76.4% of A subgenome events and 70.1% of B. rapa events).

Among infected samples, 23,783 events overlapped — representing 85.5% of the

A subgenome events and only 59.6% of B. rapa events. Overall, there were 16,577

events exclusive to B. rapa, and of these events, 33.4% were shared between con-

ditions. Interestingly, 9481 alternative splicing events were novel in the resyn-

thesized polyploid. These events were also generally specific to either uninfected

and infected expression states, with 10.5% of events retained between conditions.

Comparisons between the B. napus C subgenome and B. oleracea resulted in simi-

lar trends of polyploid-parent alternative splicing conservation. In uninfected sam-
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ples, 41,032 events were conserved (77.2% of C subgenome events and 78.8% of

B. oleracea events). Infected samples showed similar rates of conservation, with

32,497 overlapping events (79.3% of C subgenome events and 73.5% of B. oler-

acea events). Homeologous alternative splicing events originating from B. oler-

acea also exhibited low levels of conservation. Of B. oleracea genes, 14,822 were

not expressed in the polyploid and 13,273 events were novel to the resynthesized

B. napus.

Analogous to parental-polyploid expression level patterns, parental-polyploid

alternative splicing ratios were also divided into 27 categories. Of these categories,

the most frequently observed were equivalent (37.4% in the mock inoculated sam-

ples and 39.7% of the pathogen-inoculated samples), non-equivalent but ances-

tral in origin (24.5% and 23.0%), transgressively up-regulated (12.5% and 8.7),

and subgenome dominant (10.5% and 12.1%) splicing levels (Figure 2.12E). As

with gene expression, these analyses of splicing ratios also provide a better un-

derstanding of homeolog splicing bias. Of the homeologous AS events with a C

subgenome bias, the majority of events exhibited ancestral splicing ratios (57.1%

and 58.5% of biased splicing events in uninfected and infected conditions, respec-

tively). In contrast to parent-polyploid gene expression patterns, the second most

common AS category among C-biased homeologous events was transgressive up-

regulation (16.3% and 10.5%). Events biased towards the A subgenome were sim-

ilarly categorized. Ancestral splicing patterns were the most common source of

A-biased homeologous event splicing (44.8% and 43.5%). Interestingly, a signifi-

cantly higher number (P < 0.01, Fisher’s exact test) of transgressive up-regulated

events contributed to splicing bias in the A subgenome (33.7% and 26.7% of A-

biased AS event in uninfected and infected conditions). Intriguingly, a number of

homeologous events also exhibited a possible regulatory dominance — in other

words, both homeologs were biased to one of the ancestral subgenomes. Within

this particular splicing categorization, 4.4% and 5.3% of all homeologous events

were biased towards B. rapa and 6.1% and 6.8% were biased towards B. oleracea.

There were also notable shifts in the frequency of homeolog splicing level cat-

egories between uninfected and infected conditions. While the frequency of the

most common categories remained consistent (equivalent and ancestral splicing

levels), a significant decrease in the frequency of subgenome dominant events was
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observed with high splicing ratios (P < 3.5 x 10-5, Fisher’s exact test). Further-

more, the frequency of dominant subgenomes with low splicing ratios increased

following pathogen treatment. Tracking the change in categorization of specific

events, similar to the analysis of global splicing ratios, highlighted the condition-

specific nature of alernative splicing event expression. Between homeologs and

parental orthologs, 3012 events were shared across conditions, totalling in 39.9%

of all events. Of the events that were preserved between conditions, 59.7% re-

tained the same the splicing level category and an additional 10.6% exhibited an-

cestral splicing patterns. The remaining changes in splicing pattern involved a shift

from parental dominance towards ancestral expression when subjected to pathogen

stress (8.2%).

2.2.12 Impact of asymmetric subgenome expression on the pathogen
stress response of polyploid hosts

To assess whether subgenome expression bias might play a role in the pathogen

stress response of the resynthesized B. napus, an analysis of induction bias was

performed. As described in Powell et al. [32], subgenome induction bias assesses

the relative contribution of homeologs to the combined homeolog stress response.

To accomplish this, read counts were summed across A and C homeologs and a

differential gene expression analysis was performed using edgeR (FDR < 0.01).

The generalized subgenome response to S. sclerotiorum was then compared to the

relative induction of each homeolog. Out of 3093 up-regulated (FC > 1) gene

pairs, the majority (2725) of homeologs exhibited symmetric induction. How-

ever, C homeologs were induced more frequently than A homeologs, suggesting

a slight C subgenome induction bias (244 > 122) (P < 0.001, χ2 test). Further-

more, to resolve the relative subgenome contribution to the homeolog-consolidated

transcriptome response, differentially expressed genes were assessed for underly-

ing subgenome biases. Among the up-regulated gene cohort, the majority (1695

of 3162) of genes exhibit a C subgenome bias (P < 2 x 10-16, χ2 test). This is

consistent with the down-regulated gene set, of which 49.4% are significantly C

subgenome biased (compared to the 19.3% which display an A subgenome bias).

Taken together, this suggests that the pathogen stress response of the resynthesized

B. napus is disproportionately influenced by the transcriptional contribution of B.
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oleracea.

In addition to an examination of induction bias, genes previously implicated in

a defense response against S. sclerotiorum were analyzed for evidence of biased

subgenome expression. Overall, among pathogen infected samples, there were

roughly equivalent proportions of genes expressed from each subgenome (37.0%

of genes originated from either A or C homeologs, respectively). However, a clear

C subgenome bias in the expression level of homeologs was found to be associ-

ated with a defense response (Figure 2.13B). Of the pathogen-responsive home-

ologs related to hormone biosynthesis, transcriptional regulation, or pattern recog-

nition, 328/639 displayed a C subgenome bias, whereas 140/639 displayed an A

subgenome bias (P < 5.2 x 10-5) (Figure 2.13). Furthermore, the mean ratio of

expression between A and C homeologs, represented by log(A/C), was -1.07 in the

infected samples. In other words, the average expression level of homeologs asso-

ciated with a pathogen response was 2.1 times greater in the C subgenome. This

expression bias was consistent across most families that were highly up-regulated

during pathogen stress and notably greatest among PEP receptors, wall-associated

receptor kinases, ethylene biosynthesis genes, and chitin receptor kinases (Figure

2.13A).

To illustrate the impact subgenome expression asymmetry might have on the

pathogen stress response of resynthesized B. napus, expression patterns of home-

ologs from the ethylene biosynthesis pathway were analyzed (Figure 2.13C). The

plant hormone ethylene (ET), along with jasmonic acid (JA) are integral aspects

of a plant response to a necrotrophic pathogen, and consequently, important sig-

nalling molecules in the Brassica-Sclerotinia pathosystem [64]. Furthermore, I

found ET biosynthesis and signalling genes were consistently induced across all

four Brassica host transcriptomes (Figure 2.4), allowing clear interspecific com-

parisons. Using gene lists assembled from A. thaliana and B. napus orthology,

I compared 10 sets of orthologs encoding ET biosynthesis enzymes, and 4 sets

of orthologs implicated in downstream ET and ET/JA signalling. The process of

ethylene biosynthesis begins with the conversion of the amino acid methionine to

S-adenosylmethionine via methionine adenosyltransferase (MAT). Examination of

host MTO3/MAT4 expression revealed strong C homeolog bias across both sets

of genes (FDR < 1.6 x 10-4). Interestingly, this seemed to involve apparent trans-
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gressive down-regulation of the A homeolog and ancestrally high C subgenome

expression. This was followed by the conversion of S-adenosylmethionine to 1-

aminocyclopropane-1-carboxylic acid (ACC) by 1-aminocyclopropane-1-carboxylate

synthase (ACS), a major rate-limiting step of the pathway. In contrast to MAT

homeologs, consistent induction of the A homeolog occurred among (ACS) genes.

Two sets of genes (ACS1 and ACS2) demonstrated intermediate expression lev-

els with a bias towards the C homeolog (FDR < 0.005); however, ACS6 seemed

markedly biased towards the ancestral B. rapa expression level (FDR < 0.001). Fi-

nally, ACC is then converted to ethylene via 1-aminocyclopropane-1-carboxylate

oxidase (ACO). Of these four ortholog gene sets, the majority of highly up-regulated

genes are significantly biased towards the C homeolog (FDR < 7.1 x 10-8). ET

signalling proceeds to elicit the expression of several TFs and pathogen-defense

genes. Interestingly, examining a subset of the most highly up-regulated genes in-

volved in ET/JA signalling reveals similar expression level patterns. Homeologous

PDF1.2c and PR4 expression follow the ancestral B. oleracea expression pattern

(FDR < 1.8 x 10-9). A and C PR3 homeologs show a slight B. oleracea-derived

attenuation when compared to the ancestral PR3 response. Contrastingly, ERF1

exhibits a slight A subgenome bias but patterns of induction are relatively consis-

tent between homeologs.

2.3 Discussion

2.3.1 Transcriptome response of Brassica napus and its progenitor
species to the pathogen Sclerotinia sclerotiorum

To investigate the interplay between polyploid subgenomes under biotic stress, a

natural cultivar of Brassica napus, a resynthesized allopolyploid Brassica napus,

and its corresponding parental genotypes of Brassica rapa and Brassica oleracea

were infected with the necrotrophic pathogen Sclerotinia sclerotiorum. Host de-

fense in the Brassica-Sclerotinia pathosystem is largely characterized by quanti-

tative resistance and therefore considerable emphasis was placed on comparisons

between the response of the resynthesized polyploid and that of its direct parental

genotypes — i.e. the diploids B. rapa and B. oleracea. Furthermore, the specific
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patterns of host response are significantly associated with specific homeologous

regions on both sets of diploid chromosomes [67], and consequently, the resulting

genomic and transcriptomic shock of allopolyploidization may have dramatic ef-

fects on the expression of genes involved in the defense response of the polyploid.

Global transcriptome analyses of the four host species at 24 hours post-infection

(hpi) revealed large scale changes in host expression-state. While considerably

more genes were down-regulated in the polyploids, which could be attributed to the

transcriptome shock following polyploidization, the resulting expression changes

were mostly consistent between Brassica hosts. This is exemplified by the in-

terspecific congruence of the GO enrichment among up-regulated genes (Figure

2.3A). These co-enriched ontologies — for example, defense response, response

to wounding, and innate immune response — are highly consistent with pattern-

triggered immunity (PTI). PTI is characterized by the recognition of pathogen-

associated molecular patterns (PAMPs) or damage-associated molecular patterns

(DAMPs) and is a form of innate plant immunity elicited in response to infection

from a wide variety of pathogen hosts [95, 96]. Considering the fact that S. scle-

rotiorum is a broad host-range necrotroph, and there is little evidence to support

a pathogen-specific resistance for Brassica-Sclerotinia pathosystems [89, 95], all

assayed hosts likely share similar PTI-mediated resistance to the pathogen. Us-

ing genes outlined in previous studies [63, 89], I identified orthologs for all Bras-

sica hosts species to interrogate their defense response in more detail. The re-

sulting analyses showed similarity to previous studies; however, direct interspe-

cific comparisons are rendered inadequate by possible differences in host genotype

and differences in expression could be the result of disparities in resistance level

between hosts. To account for this, I only considered genes that were similarly

up-regulated between all hosts, with particular emphasis on the parent-progeny re-

lationship between the diploids and the resynthesized B. napus. Overall, across all

species concerted up-regulation was observed for MAPK-module genes, WRKY

TFs (WRKY6), jasminic acid and ethylene biosynthesis and signalling genes, and

chitinases.

Although a notable degree of overlap exists between the four Brassica hosts,

B. rapa appears to differ considerably (Figure 2.4). For example, the expression of

receptor kinases appears somewhat attenuated compared to the polyploids and B.
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oleracea, with exception of PEP receptor genes. Additionally, ET-associated genes

are more strongly induced. Interestingly, among the polyploids and B. oleracea,

genes related to a cellular response to hypoxia and cellular oxidant detoxification

are significantly enriched. This is interesting given the relationship between S.

sclerotiorum and reactive oxygen species metabolism [63, 95]: oxalic acid pro-

duced by the pathogen will first suppress ROS signalling, but will later promote

ROS production and cell death. Overall, this suggests that perhaps the response

of B. rapa to pathogen stress differs in comparison to the allopolyploids and B.

oleracea. Importantly, such a discordance between the resynthesized B. napus and

the response of its parental genotypes might imply that this recent allopolyploid is

biased towards a C subgenome immune response contribution. Quantitative com-

parison of transcriptome-wide responses to S. sclerotiorum further validates this

claim. While the A subgenome exhibits a stress response consistent with B. rapa,

the combined response of both homeologs is more similar to B. oleracea, suggest-

ing the expression of C subgenome homeologs is considerably higher.

Unlike gene expression, few studies have directly investigated the role of al-

ternative splicing in the regulation of a pathogen stress response [97]. While some

studies have used tools — such as Cufflinks [98] — to infer alternative transcript

isoforms [89], transcript resolution might be best investigated through a composite

of both long and short read sequencing [99–101]. Furthermore, the expression of

alternatively spliced isoforms does not always result in a coordinated shift from

one major transcript isoform to another. In plants, alternative splicing often acts

to modulate the ratio of transcripts that actively contribute to the proteome; there-

fore, AS might represent an indirect form of gene regulation [102]. As our data

were generated with short read sequencing, and to capture transcriptome-wide AS

changes that may not be correlated with major transcript isoforms, I opted for a

junction-centric approach to alternative splicing analysis. The increased sensitivity

offered by this method of AS quantitation allows us to assess widespread fluctua-

tions in splicing and the extent to which these patterns of AS may be modulated by

pathogen stress.

I identified widespread changes in alternative splicing between uninfected and

infected expression states. Across all hosts, there were a considerable number of

infected-specific events (ranging from 27.7% to 21.7% of all infected AS events).
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Additionally, only approximately 52.6% of all AS events detected within each host

were shared between infection conditions. Among the splicing events that are

shared between uninfected and infected samples, approximately 10-13% of events

were differential alternative splicing (DAS) in all hosts. Similar to recent abi-

otic stress analyses [103], these were not functionally consistent with differentially

expressed genes. In fact, up-regulated GO categories were inconsistent between

species. However, these did share similar biological themes, most of which are

consistent with down-regulated differentially expressed genes. Similarly, down-

regulated DAS genes were highly enriched for genes involved in redox reactions

and occasionally defense response. Accordingly, I also identified a moderate neg-

ative correlation between gene expression and alternative splicing (Figure 2.6A).

Significantly enriched gene ontologies support this relationship (Figure 2.5), as

GO terms enriched among up-regulated alternative splicing events are themati-

cally related to down-regulated constitutively expressed transcripts (e.g. energy

metabolism and photoresipiration). This can also be seen by directly analyzing AS

patterns of genes involved in pathogen defense. Changes in splicing ratio and ex-

pression tended to be directionally opposed (Figure 2.6B, represented by log2FC).

No evidence supports a causal link between alternative splicing and constitutive

transcript isoform expression; however, a recent study has shown drought stress to

enhance splicing efficiency of introns belonging to stress-related genes [104]. Fur-

thermore, there is evidence of AS involvement in transcript regulation [36, 105].

Studies show that genic contribution to the proteome is substantially reduced by

enhanced expression of transcript isoforms subject to nonsense-mediated decay

(NMD) [38]. In this case, the constitutive transcript is indirectly negatively reg-

ulated as its dosage is diluted by the increased proportion of alternatively spliced

transcript isoforms. However, molecular evidence is needed to confirm such spec-

ulations.

2.3.2 Global patterns of subgenome expression bias in both natural
and resynthesized Brassica napus

Quantitative analyses of transcriptome-wide reprogramming between polyploid

Brassica hosts were suggestive of a notable C subgenome expression bias. To more

thoroughly investigate the possibility of subgenome expression bias, I evaluated
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global differences in subgenome expression for both the natural and resynthesized

B. napus. Prior to analyses of homeolog expression, I recognized biases between

subgenome mapping rates could lead to erroneous differences in homeolog expres-

sion. To assess whether this might influence our inference of expression bias, I

analyzed our dataset using several read-sorting methods [94, 106]. These results

were in strong agreement with the use of STAR-aligned samples with stringent fil-

ters for read-mapping ambiguity [107] — this method also resulted in a notably

higher retention of data.

Our analyses of homeologous expression in the natural and resynthesized B.

napus confirmed both polyploid Brassicas exhibited a significant C subgenome

bias. In corroboration with previous studies [30, 53], this bias towards the B.

oleracea-derived subgenome was slightly attenuated in the natural B. napus. In

contrast, the resynthesized B. napus exhibited extensive C subgenome expression

bias (Figure 2.8). This result disagrees with the previous findings in other poly-

ploids [26, 28, 108], which suggest expression bias increases over time. In the case

of Yoo et al., the homeolog expression bias represents 1-2 million years of poly-

ploid evolution, compared to the relatively recent origin of the natural B. napus

(< 10,000 years). Considering this difference in age, it is possible extensive ex-

pression bias has yet to develop. Additionally, the natural B. napus has undergone

extensive cultivation, which has been found to influence homeolog expression [26],

and therefore could play a role in expression bias formation.

Furthermore, patterns of subgenome expression bias in B. napus are inconsis-

tent among resynthesized varieties of B. napus, as different studies have shown

evidence of both A and C subgenome dominance [18, 30, 53, 108]. For example,

our analyses of subgenome expression bias and expression level dominance (ELD)

in resynthesized B. napus showed extensive C subgenome expression dominance.

However, previous studies demonstrated a slight bias towards the A subgenome

despite sharing similar frequencies of ELD categories [30, 108]. Interestingly,

this inconsistency in the establishment of a dominant subgenome could also be

related to the fact that transposable element (TE) density is not strongly correlated

with homeolog expression in B. napus. In opposition to the prevailing hypothe-

sis of subgenome dominance, which cites TE-associated gene silencing as a pre-

vailing factor in the establishment of a dominant subgenome, B. napus may be

39



more strongly influenced by the rate and extent of homeologous exchanges (HE)

[53, 109]. For example, recent work in B. napus demonstrated large-scale changes

to homeolog dosage were the result of HEs [110]. This is important to recognize

when performing analyses of differential homeolog expression, as underestimat-

ing the extent and influence of HEs, or other large-scale chromosomal changes,

could lead to erroneous conclusions regarding the causes or extent of homeolog

expression biases.

2.3.3 Expression bias in the resynthesized Brassica napus is
underpinned by ancestral expression and a high degree of
transgressive down regulation

Many past analyses of expression dominance between polyploid subgenomes were

not informed by parental transcriptome data [32, 94, 111, 112]. While unavoid-

able in many organisms due to the age of the polyploid, this is unlikely to provide

evolutionary context for the origin of such biases as these analyses are predicated

on the assumption of an equal parental expression ratio. To better understand the

extent to which subgenome expression bias reflect the ancestral expression states

of the parents, previous studies have assessed the individual homeolog contribu-

tion but only in the context of ELD-assigned categories [26, 30]. In this study I

performed quantitative comparisons of expression between genes in the diploid of

the resynthesized B. napus and their parental homologs to evaluate the parental

origin of homeolog expression dominance. Expectedly, I found that the majority

of subgenome expression bias originated from ancestral expression patterns among

both A-biased and C-biased homeolog pairs (Figure 2.12B). Additionally, many

biased homeologs also exhibited transgressive down-regulation of the opposite

homeolog, supporting the idea that large-scale epigenomic or structural changes

— such as HEs — may be responsible for the establishment of subgenome bias in

B. napus. Interestingly, reciprocal dominance was common among homeologs bi-

ased towards the A subgenome — in which the A subgenome homeolog was more

similar to B. oleracea in expression level than it was to either genes from the C

subgenome or B. rapa. This curious pattern of transgressive up-regulation was sug-

gestive of a possible regulatory mismatch between the ancestral B. oleracea and B.

rapa genomes, which is hypothesized to play a role in the evolution of subgenome
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dominance — discussed in [113]. Similarly, a number of homeologs exhibited

comparatively invariant expression yet displayed a preference towards one of the

two parental genomes (Figure 2.12B). While this suggests there is no homeolog

expression dominance, it is indicative of a prospective regulatory dominance. For

instance, the trans effectors might have affinity towards both subgenomes, or al-

ternatively, one of the parental regulators is negligibly expressed. Further study is

needed to both validate and investigate definitively; nevertheless, if the intention

of the study is to investigate the evolutionary circumstances that led to homeolog

expression dominance, these cases highlight the importance of assessing parental

expression patterns in concert with subgenome expression bias.

2.3.4 Global bias in alternative splicing ratios in both natural and
resynthesized Brassica napus

As previously discussed, subgenome expression bias and the emergence of subgenome

dominance has been comprehensively studied. However, the extent to which alter-

native splicing (AS) patterns have diverged between allopolyploid subgenomes is

less understood. Using the Pacific Biosciences long read sequencing platform, an

analysis of isoform expression in tetraploid cotton has shown homeologous genes

to be divergent in the number of transcript isoforms; however, they did not iden-

tify an overall bias in the frequnecy of alternative splicing [48]. While long read

sequencing is superior to short read data in the resolution of unique subgenome-

specific isoforms, in its current state, it is difficult to determine specific inclusion

ratios using long read data. In this study, I address the difficulty of using short read

data to investigate alternative splicing by adopting a junction-specific approach to

alternative splicing detection. In doing so, I have determined the extent to which

subgenome-specific AS events in B. napus have diverged in terms of AS event

identity and splicing ratio.

Due to the age of the natural B. napus, and consequently the lack of true

parental transcriptomes, I first studied subgenome AS patterns within each poly-

ploid individually. Given the functional and regulatory complexities of AS, multi-

ple comparisons of subgenome-specific AS were performed. To provide an under-

standing of how subgenomes differed in their overall expression of non-canonical

transcript isoforms, I first explored disparities in splicing ratio bias between home-
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ologous events. Both polyploids exhibited bias in splicing levels — which consti-

tuted approximately 42% and 44% of all AS events in the natural and resynthesized

B. napus, respectively. However, natural B. napus yielded no evidence of signif-

icant subgenome splicing level dominance. Interestingly, a slight A subgenome

bias was evident in the resynthesized B. napus. Similar to Wang et al. [48], an-

other method of representing a possible AS bias is to assess the differences in AS

occurence in each subgenome. To examine this I quantified the frequencies of

each class of AS events to identify whether one particular subgenome exhibited

higher levels of AS expression. While both polyploids tended towards a slight

C subgenome bias in AS frequency, results showed that subgenome biases in AS

event type were stronger in the nascent polyploid than in the natural polyploid.

When considering both approaches to assessing splicing bias, splicing patterns are

more evident in the younger polyploid line. While our study provides evidence of

the attenuation of AS bias over time, additional work is needed to confirm whether

polyploid age has a consistently strong influence on subgenome AS bias. Further-

more, it is not known if polyploid AS expression stabilizes over time, or whether

subgenome-specific AS events gradually diverge in expression, retaining events

conserved in expression pattern.

It is also important to note that the interaction of subgenomes, and notably

subgenome-specific patterns of alternative splicing regulation, could result in the

development of non-additive transcript splicing ratios. For example, trans-acting

splicing factors might influence both constituent subgenomes, producing subgenome-

dominant splicing patterns. Additionally, transcriptome shock could result in com-

bined splicing ratios that are transgressively higher or lower than the parental splic-

ing patterns. I investigated this by quantitatively comparing splicing levels between

the resynthesized B. napus and its parental transcriptomes. Looking first at the pre-

viously described splicing level dominance categories — which involved the sum-

mation of all junction-mapped reads between subgenomes — I identified a number

of AS events that deviated from expected splicing levels (Figure 2.11). These

non-additive splicing levels involved a high number of events showing subgenome

dominance and transgressive up-regulation, which were further investigated using a

homeolog-specific approach to polyploid-parent splicing level categorization (Fig-

ure 2.12). This allowed us to establish putative origins for events exhibiting splic-
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ing level bias. Similar to constitutive homeolog expression, the majority of biased

events were the result of polyploid subgenomes expressing ancestral proportions

of splicing events (40.2% of A dominant events and 51.4% of C dominant events).

Interestingly, the second most common cause of subgenome splicing level domi-

nance was transgressive up-regulation (43.9% of A dominant events and 27.1% of

C dominant events), suggesting emergent changes in AS following polyploidiza-

tion. There were also notable proportions of events in which both subgenomes ex-

hibited dominance towards one of the ancestral splicing patterns (10.5% and 12.1%

under mock and infected conditions, respectively). This pattern would not imme-

diately appear evident in analyses of subgenome splicing bias or ELD, but would

still represent non-additive splicing patterns. Such a case could be an example of

the influence of subgenome-dominant trans-acting splicing regulators influencing

splicing of both homeologs equivalently, although further research is needed to

validate this possibility.

Altogether, the interplay between subgenome dominance and the emergence

of polyploid AS patterns is complex. Patterns of subgenome-specific AS do not

directly parallel gene expression. It appears that patterns of AS bias manifest in two

distinct phenomena: (1) the splicing level, or proportion of event-supporting reads,

for each event, and (2) the identity and number of AS events that are expressed.

While the A subgenome displayed higher rates of AS, the number of events that

were conserved between subgenomes represented only a fraction of the total AS

detected in a given subgenome. Therefore, special attention has to be given to the

extent to which AS event identity is shaped by polyploidization.

2.3.5 Non-parental AS event expression in the resynthesized Brassica
napus

Our comparisons between polyploid subgenomes and their parental AS events

show that polyploidization has profound effects on alloployploid AS event iden-

tity. While there is notable event overlap between the resynthesized B. napus and

its parents, a high number of parental events were not expressed in either polyploid

subgenome (Figure 2.12A). This suggests a general reduction in AS event expres-

sion between the diploids and the resynthesized B. napus under normal growth

conditions. Additionally, a notable portion of the events were non-parental in ori-

43



gin. These include events that were not found in either parent, in addition to events

that likely originated from the alternate parental genome. For example, 19.0%

of AS events only found in the polyploid A subgenome were homeologous with

AS events expressed in the B. oleracea genome. This highlights the potential for

polyploidization to result in the emergent expression of non-parental AS events —

possibly due to the sudden integration of differing AS regulatory networks. Ad-

ditionally, these cross-parental comparisons of AS identity are non-exhaustive and

identified in genes found to be highly similar in terms of both sequence identity and

exon organization. Therefore, it is possible that the extent to which AS regulatory

networks in the polyploid are modulated by the alternate parent may be underesti-

mated in this study. Furthermore, it is important not to divorce the role of homeolog

expression bias and alternative splicing biases. Biases in splicing patterns or the

emergence of non-parental splicing events could be result from unequal homeolo-

gous transcript expression. Future subgenome comparisons of splicing regulators,

both in terms of their splicing patterns and overall gene expression patterns, might

help elucidate the origins of splicing patterns unique to the polyploid.

2.3.6 Biotic stress modulates patterns of subgenome expression and
splicing biases

Earlier work in hexaploid wheat has demonstrated that pathogen stress can result

in a significant increase in homeolog expression bias [32]. This was somewhat

consistent with our study in Brassica napus. Analyses of cross-conditional home-

olog expression bias in the resynthesized B. napus revealed a significant increase

in bias under pathogen stress. However, the natural B. napus exhibited roughly

consistent levels of homeolog expression bias between treatments, indicating a

pathogen-mediated increase in bias is not universal and may depend on the nature

of the polyploid as well as other factors. Importantly, in either case the majority

of genes retained the same patterns of bias between expression states. This sug-

gests that, while pathogen stress can act to modify homeolog expression bias, the

regulation of homeolog bias is stable.

Using parental transcriptome data from the resynthesized B. napus, I also demon-

strated that the parental patterns of homeolog expression biases remain roughly

consistent between conditions, (61.8% which retained the same pattern of bias).
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However, there were a number of homeologs that did exhibit a pathogen-mediated

modulation of expression categories. Unsurprisingly, these were largely related to

parental expression patterns; for example, a shift from equivalent expression lev-

els to ancestral expression patterns favoring the C homeolog and B. oleracea. I

also found that non-parental expression level changes were particularly common

among homeologs that retained patterns of bias. While this was evident from C

biased homeologs changing from ancestral expression to a downregulaton of the A

homeolog in the infected samples, non-parental expression patterns were particu-

larly interesting among A subgenome biased homeologs. These were typified by

a shift from transgressive down-regulation of the C homeolog to reciprocal dom-

inance of B. oleracea. In other words, it is possible that A dominance manifests

due to trans effects from the B. oleracea subgenome. A similar phenomenon was

observed among non-biased homeologs: a sizeable proportion of non-biased home-

ologs fluctuated from equivalent expression to a regulatory dominance in favour of

the C subgenome. Again, this suggests that pathogen treatment might result in a

more pronounced C subgenome bias in the expression of transcription regulators.

Previous studies have demonstrated large-scale changes in AS patterns due to

biotic stress [45, 50] and as a consequence of polyploidization [14, 48]. Accord-

ingly, I also sought to investigate how polyploid AS patterns are modulated by

biotic stress. Overall, disparity in subgenome AS identity was the most prominent

consequence of biotic stress on the polyploid AS landscape in both the resynthe-

sized and natural B. napus. There were also few homeologous events that were

symmetrically expressed across conditions (39.8-40.6% of homeologous AS events

in both species). Additionally, among the events shared between conditions, the

vast majority of homeologous AS events retained the same patterns of splicing

level bias between conditions (75.0% and 78.1% in the natural and resynthesized

B. napus respectively), which suggested that homeologous AS patterns are more

influenced by a change in AS identity than they are by splicing levels.

For the homeologous AS events conserved between mock and infected condi-

tions, I nevertheless performed comparisons between homeologs and their parental

transcriptomes. Like analyses of gene expression, patterns of AS level bias were

largely consistent between conditions (74.0%). While the splicing levels of most

of these events (58.3%) were similarly categorized, the remaining events exhibited
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shifts between equivalent splicing levels and non-parental splicing patterns — such

as regulatory dominance or transgressive up-regulation. This increase in frequency

of non-additive splicing levels further supports the evidence that pathogen stress

elicits widespread non-parental AS patterns in the newly formed polyploid.

2.3.7 The influence of subgenome expression biases on the
resynthesized Brassica napus - Sclerotinia sclerotiorum
pathosystem

Duplicated regions of homeologous chromosomes have been shown to contribute

to the overall response of B. napus to S. sclerotiorum [67, 114]. Consequently,

the response of a polyploid to pathogen stress can be modulated by large-scale ge-

nomic changes such as HEs, or through biases in the global levels of subgenome

expression. Previous work in hexaploid wheat infected with Fusarium pseudo-

graminearum identified strong bias towards the B and D subgenomes in both ex-

pression and the degree of responsiveness to the pathogen [32]. They referred

to this biased responsiveness as homeolog induction bias. I performed a similar

analysis in the resynthesized tetraploid B. napus which showed a slight bias to-

wards the C subgenome (244 > 122). Additionally, despite consistent rates of

subgenome induction between both the A and C subgenomes, a significant majority

of up-regulated events exhibit C subgenome bias in expression. This asymmetric

preference for C subgenome expression under pathogen infection was corrobo-

rated by the clustering of host response (log2FC) to S. sclerotiorum (Figure 2.7).

Altogether, these analyses suggest that the defense response of the newly formed

polyploid is disproportionately influenced by the B. oleracea-derived subgenome.

Considering the widespread bias towards the C subgenome among highly in-

duced genes, I also assessed genes previously implicated in S. sclerotiorum in-

fection [63, 89]. Although a number of genes exhibited an A subgenome bias,

there was a significantly higher rate of C subgenome bias among the assessed de-

fense response genes (illustrated in Figure 2.13A). For example, looking at the

ET biosynthesis pathway, in addition to several genes regulated by JA/ET activity,

the majority of the highly induced genes exhibited significant bias towards the C

homeolog (Figure 2.13D). Interestingly, many of the genes exhibiting extensive

C subgenome bias originated from the same B. rapa chromosome. For example,
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both MTO3/MAT4 gene sets and PR4 (Figure 2.13D), which exhibit substantial

down-regulation of the A homeolog, are from chromosome A03. Perhaps large-

scale chromosomal events such as homeologous exchange are responsible for this

coordinated down-regulation of the A homeolog. Recent work has shown a num-

ber of quantitative trait loci (QTL) associated with S. sclerotiorum resistance in

the B. rapa-derived chromosome A3 of B. napus [115], which is slightly more

gene dense than other B. rapa chromosomes [75], suggesting genomic events in

this region could result in an apparent coordinated down-regulation of the A home-

olog among defense genes. Genomic assessment of the resynthesized B. napus in

conjunction with transcriptome analyses would provide better support of the role

these changes might have on homeolog expression. Nevertheless, it is clear that

the emergence of subgenome biases occurs shortly after polyploidization and has

a duly strong influence on both the identity and extent of defense gene induction.

2.4 Conclusions
The results of this research demonstrated considerable homeolog expression bias

among natural and resynthesized Brassica napus, which occurs broadly across both

subgenomes, culminating in a clear C subgenome bias. Through parental-polyploid

comparisons facilitated by the direct parental relationship between resynthesized

B. napus and the assayed diploid Brassica species, Brassica rapa and Brassica

oleracea, I also determined that biased expression in the newly formed polyploid

largely reflected ancestral expression patterns. However, there is a pattern of trans-

gressive down-regulation of the A homeolog, highlighting that considerable tran-

scriptomic changes manifest only a short time after polyploidization.

This study also assessed subgenome AS in each Brassica napus genotype. Of

potential AS level biases, I found the most notable evidence of differing patterns

between the overall expression of AS events, which was more frequent in the

C subgenome, and unequal splicing levels in the resynthesized B. napus, which

favoured the A subgenome. Particularly interesting were the emergent effects that

polyploidization had on AS event identity in the resynthesized polyploid. While

there was considerable AS event overlap, polyploid subgenomes demonstrated

both non-parental AS events and AS event expression likely originating from the
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alternate parent — highlighting the possible influence of regulatory mismatches.

While I found that the pathogen stress elicited by S. sclerotiorum had little in-

fluence on the patterns of homeolog expression bias exhibited by natural B. napus,

pathogen infection had a profound influence on biased homeolog expression in

newly formed B. napus. To further investigate these shifting patterns of expression

bias, I also assessed pathogen-mediated changes in expression levels of the resyn-

thesized polyploid relative to its diploid parents, showing a distinctly higher down-

regulation of the A subgenome — i.e. the expression-recessive subgenome —

under pathogen stress. Interestingly, these parent-polyploid analyses also showed

extensive non-parental AS event expression, in addition to an increase in trans-

gressive AS event up-regulation in response to biotic stress, further highlight-

ing the dramatic reaction stress has upon the transcriptional interplay between

subgenomes. I also demonstrated that these expression biases have a strong ef-

fect on the defense response of the newly formed polyploid, as genes implicated in

pathogen defense displayed consistent homeolog expression biased towards the C

subgenome. Additionally, C homeologs also exhibited significantly higher respon-

siveness to the pathogen stress.

Altogether, this study emphasizes the influence subgenome expression dom-

inance has on multiple layers of polyploid transcriptomes. This can be seen in

the divergence of subgenome transcript dosages, emergent AS patterns, and the

orchestration of a stress response. These findings provide insight into the com-

plex aspects of inter-subgenomic expression states and will hopefully serve as a

foundation for future molecular analyses.
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Figure 2.1: Hierarchical clustering results of RNA sequencing read counts
for each Brassica sample. Species are represented by the following sample
IDs: BR (B. rapa), BO (B. oleracea), BN (B. napus), BS (resynthesized
B. napus). Suffixes denote mock-inoculation (M) and pathogen-inoculation
(I). (A) Gene-wise FPKM values for infected and control samples of each
host clustered separately using Wards method. Both coloured branches and
shaded dendrogram backgrounds correspond to k-means clustering results.
(B) Hierarchical clustering of homeolog and ortholog FPKM values using the
aforementioned technique for all samples inclusive. Subgenomes of the poly-
ploid are indicated in brackets such that AN and CN represent the A and C
subgenomes, respectively.
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Figure 2.2: Differential gene expression analyses of each Brassica host. Vol-
cano plots for each host depict the number of differentially expressed genes
under an FDR < 0.001 and an absolute log2FC > 3.
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Figure 2.3: Congruence in the gene ontology (GO) enrichment analyses of
differentially expressed genes for each host. (A) Heatmap of significantly
enriched GO terms (hypergeometric P < 0.01) among up-regulated genes
that are co-enriched with other Brassica hosts. (B) Significantly enriched
GO terms of down-regulated genes, highlighting co-enrichment with other
Brassica species.
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Figure 2.4: Mean response (log2FC) of hormone biosynthesis pathways, hor-
mone signalling pathways, and gene families commonly implicated in Bras-
sica napus stress response for each Brassica host species. Colours are repre-
sented by a heatmap depicting up-regulated (red) and down-regulated (down)
average responses.
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Figure 2.5: GO enrichment analyses of differentially alternatively spliced
(DAS) genes for each Brassica host compared to enriched GO terms of differ-
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up-regulated AS events; blue represents down-regulated AS events). (B) GO
terms exhibiting significant enrichment in at least one host. Color corresponds
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Figure 2.6: Alternative splicing and gene expression exhibit opposing re-
actions to pathogen stress. (A) Pearson correlation between change in gene
expression (log2FC FPKM) and change in alternative splicing (log2FC PSI)
across the entire transcriptome of each species. (B) Heatmap of hormone
biosynthesis and signalling pathways that are implicated in stress response.
Colors correspond to the average response (log2FC) of (right) gene expres-
sion and (left) alternative splicing.
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Figure 2.7: Hierarchical clustering of host pathogen stress response. (A)
Hosts were clustered based on the response to pathogen stress (log2FC
of FPKM normalized reads) using orthologous and homeologous gene re-
lationships. These clusters were further supported by k-means clustered
prinicipal components analyses (PCA) of the same data. Color is indica-
tive of k-means identified clusters. (B) Hosts were similarly clustered us-
ing a homeolog-consolidated polyploid transcriptome to illustrate changes
in homeolog dosage. (C) Hosts clustered (using hierarchical clustering and
PCA) based on the change in alternative splicing ratios (log2FC of PSI val-
ues).
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Figure 2.8: Subgenome expression biases under uninfected and S. sclerotio-
rum-infected conditions. (A) Subgenome expression level biases in the natu-
ral and resynthesized for B. napus under uninfected and infected expression
states, respectively. The number of homeologous gene pairs that exhibited
significant differences in expression level were assessed with a χ2 goodness
of fit test to identify subgenome-level expression biases. (B) Biases in the
proportion of homeologous gene pairs expressed (FPKM > 1). Significant
differences in proportion were evaluated with the Wilcoxon rank sum test. *P
< 0.05.
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Figure 2.9: Subgenome alternative splicing biases before and after pathogen
stress. (A) Subgenome bias in alternative splicing ratios within the natural
and resynthesized B. napus, respectively. Subgenome-wide biases in alter-
native splicing levels were determined based on the number of biased home-
ologous AS events. The significance of these putative biases were reported
based χ2 goodness of fit test (B) Bias in the frequency of alternative splic-
ing event expression across homeologous splicing junctions for the follow-
ing event classes: intron retention (IR), alternative acceptor (ALTA), alterna-
tive donor (ALTD), and alternative position (ALTP). Significant differences
in the proportion of spliced introns for each given event were assessed with
the Wilcoxon rank sum test (*P < 0.05).
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Figure 2.10: Transcriptome-wide change in subgenome bias between un-
infected and infected expression states. (A) Alluvial plot highlighting the
change in subgenome expression bias between uninfected and S. sclerotio-
rum-inoculated conditions for both the natural and the resynthesized B. napus.
Blue alluvial flow are genes that retained the same bias between conditions,
whereas red depicts genes in which there has been a change in subgenome
bias (B) Similarly, alluvial plots for the two B. napus hosts describing the
influence of S. sclerotiorum on biases in alternative splicing.
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Figure 2.11: Parental expression and alternative splicing levels compared to
a homeolog-consolidated polyploid expression state. Patterns in gene expres-
sion and alternative splicing were arranged into 13 categories based on com-
parisons between (A) B. rapa, (S) B. napus (syn.), and (C) B. oleracea.
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Figure 2.12: Homeolog expression and alternative splicing patterns relative
to parental expression states. (A-D) Overlap between polyploid subgenomes
and their respective parental transcriptome with regards to the identity of ex-
pressed genes (A-B) and detected alternative splicing events (C-D) for both
mock and pathogen conditions. Colours correspond to subgenome or parental
genome: At (resynthesized B. napus A subgenome), Ct (resynthesized B. na-
pus C subgenome), A (B. rapa), C (B. oleracea). (A-B) Gene expression pro-
file of polyploid subgenomes (interior ring) compared to parental expression
profiles (exterior ring) under uninfected (A) and infected (B) conditions. (C-
D) Alternative splicing profiles of polyploid subgenomes compared to diploid
progenitor AS profiles under (C) uninfected and (D) infected conditions. (E)
The data presented reflects the most common expression-level and splicing
level categories for AR - B. rapa, AN - the A subgenome of the resynthesized
B. napus, CN - the C subgenome of the resynthesized B. napus, and CO - B.
oleracea. Expression categories are organized based on contribution to home-
olog expression or homeolog splicing biases, with each column summarizing
the frequency of each category.
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Figure 2.13: Influence of subgenome expression bias on the defense response
of the resynthesized Brassica napus. (A) Average homeolog expression bias
of gene sets commonly implicated in pathogen defense to Sclerotinia scle-
rotiorum, including: salyclic acid (SA), jasmonic acid (JA), ethylene (ET),
WRKY transcription factors, wall-associated protein kinases (Wall), PEP-
recptors (PEP), cysteine-rich receptor kinases, and chitin receptor kinases.
(B) An assessment of homeolog expression bias among genes previous impli-
cated in response to pathogen stress. (C) Enzymes involved in the ET biosyn-
thesis pathway. Arrows are coloured by subgenome bias of genes involved in
the pathway (D) The impact of homeolog expression on the ET biosynthesis
pathway represented as FPKG.
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Table 2.1: Read mapping summary of Brassica species and S. sclerotiorum

Species Condition Million
cleaned
reads
(Bn)

Million
mapped
reads
(Bn)

Percent
Mapped
(Bn)

Percent
Mapped
(Ss)

B. napus Infected 132.4 92.20 69.60 15.90
(synthetic) 116.2 81.30 70.00 15.30

116.6 87.50 75.10 10.60
B. napus 125.3 88.60 70.70 12.90

115 64.70 56.30 24.60
132.3 78.50 59.30 23.00

B. oleracea 67.8 43.60 64.30 21.40
92.7 66.60 71.90 16.30
67.2 51.40 76.50 24.30

B. rapa 89.5 73.90 82.60 6.60
68.1 55.10 81.00 8.00
84.3 59.50 70.50 16.20

B. napus Mock 136.2 121.40 89.10 0.00
(synthetic) 126.5 111.30 88.00 0.00

127.6 112.30 88.00 0.00
B. napus 114.1 97.70 85.60 0.00

112.2 95.70 85.30 0.00
211.1 178.20 84.40 0.00

B. oleracea 56.3 51.70 91.80 0.00
56 52.20 93.10 0.00
100* 92.20 92.20 0.00

B. rapa 67.4 60.90 90.30 0.00
62.7 56.20 89.60 0.00
62 56.00 90.40 0.00

* Reads from this B. oleracea sample were randomly downsampled to 100000000 due to file size
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Table 2.2: Summary of sample FPKM normalized expression data

Species Condition Number
of genes
expressed

Fraction
of
genome

FPKM
1-5

FPKM
5-50

FPKM
>50

B. napus Infected 41188 40.80 18867 19444 2877
41083 40.70 18370 19746 2967
42775 42.30 19402 20536 2837

B. napus (syn.) 39455 39.10 16468 19209 3778
38990 38.60 16079 19061 3850
38250 37.90 15770 18668 3812

B. oleracea 23190 38.30 7427 11877 3886
24004 39.60 7332 12615 4057
22465 37.10 7444 11247 3774

B. rapa 22526 48.70 6261 12491 3774
21829 47.20 6547 11661 3621
21816 47.20 6330 11722 3764

B. napus Mock 45103 44.60 20784 22085 2234
44206 43.80 20384 21657 2165
44316 43.90 20526 21621 2169

B. napus (syn.) 42429 42.00 16964 22181 3284
43511 43.10 17532 22635 3344
42260 41.80 16736 22106 3418

B. oleracea 25734 42.50 7091 14904 3739
25460 42.00 6947 14697 3816
25529 42.10 7138 14765 3626

B. rapa 22409 48.50 5931 12824 3654
22779 49.30 6126 12808 3845
22633 48.90 6024 12885 3724
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Table 2.3: Overview of AS event distributions among Brassica species under
mock and pathogen inoculations

Species Events Mock Mock
(%)

Infected Infected
(%)

B. napus IR 65088 65.80 56574 69.70
ALTA 11971 12.10 8319 10.20
ALTD 8497 8.60 6405 7.90
ALTP 4274 4.30 2957 3.60
SKIP 1181 1.20 1220 1.50

B. napus (syn.) IR 62309 68.80 45633 66.40
ALTA 9270 10.20 7068 10.30
ALTD 6713 7.40 5629 8.20
ALTP 5608 6.20 4661 6.80
SKIP 682 0.80 610 0.90

B. oleracea IR 34918 67.10 30119 68.10
ALTA 5513 10.60 4434 10.00
ALTD 4352 8.40 3758 8.50
ALTP 3163 6.10 2501 5.70
SKIP 451 0.90 552 1.20

B. rapa IR 26489 64.90 24978 62.60
ALTA 4623 11.30 4640 11.60
ALTD 3390 8.30 3612 9.00
ALTP 2935 7.20 2962 7.40
SKIP 249 0.60 236 0.60

Table 2.4: Overview of AS event expression among homologous junctions

Genome Condition Number of
AS events

Number of in-
trons

B. napus A Mock 17880 15166
B. napus C 20313 17089
B. napus syn. A 16084 14017
B. napus syn. C 19857 17541
B. rapa 17077 14411
B. oleracea 19573 17201
B. napus A Infected 15242 13228
B. napus C 17120 14710
B. napus syn. A 11551 9893
B. napus syn. C 14820 12972
B. rapa 16272 13439
B. oleracea 17057 14837
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