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Abstract

Oilseed rape (Brassica napus) is an essential oilseed crop, accounting for
approximately 12% of the world’s vegetable oil production. Its ability to adapt to
various climates, has made it one of the predominant oil crops in Europe.
Previous research on Brassica species has shown a negative relationship
between heat stress and seed yield and quality. To date, only few studies have
addressed the impact of heat stress on the transcriptome and metabolome of B.
napus especially during the flowering stage and the underlying cellular
mechanisms are still poorly understood. To address this, combining genetic
studies with different omics approaches will provide the means to explore the
intricate responses arising following exposure to heat stress and accomplish a
system-level understanding of how heat stress alters growth and metabolism of

oilseed rape.

This thesis presents (i) a comprehensive review of the impact of heat stress on
the physiology and genetics of B. napus with a focus on the reproductive stages,
along with the mechanisms involved in heat stress response. (ii) A heat treatment
experiment simulating a heatwave during the flowering stage of B. napus, which
caused a significant transcriptional and metabolic changes in buds and leaves,
including the down-regulation of many respiratory pathways. RNA-seq analysis
showed that heat stress resulted in the differential expression of many genes
involved in key biological processes such as heat shock, regulation of cellular
processes, transcription factors, cell wall remodelling, sugars and secondary
metabolites transport and metabolism. At the metabolomic level, heat stress
increased the content of carbohydrates (glucose, fructose and sucrose) and
aliphatic glucosinolates (gluconapin, progoitrin) in the leaves but decreased the
content of the indolic glucosinolate (glucobrassicin). Additionally, heat treatment
also reduced yield and altered oil composition. (iii) This thesis also presents a
Cytoscape plugin to visualise genes-TFs interactions in a user-friendly

environment. Using the plugin, the top DEGs identified in the heat treatment



experiment were found to interact with a wide range of TFs, with members of the

MYB, NAC, and WRKY families showing the highest number of gene interactions.

Overall, these results revealed important components of heat stress response
and tolerance mechanisms in B. napus. The identified genes and metabolites
could form the theoretical basis for potential biotechnological applications and a
genetic resource for further studies towards the identification and development of
high-yield and nutritious varieties that can cope with the heat predicted by the

global climate change.

Keywords: Heatwaves, reproduction, RNA-Seq, metabolic pathways, tolerance,

sugars, glucosinolates, transcription factors, Cytoscape
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1 Introduction

Various climate models have forecasted a global temperature increase of 1-4 °C
by the end of the 21st century (Driedonks et al., 2017). Along with more frequent
heatwaves, this temperature rise is expected to create unfavourable conditions
that could adversely impact both crop yield and quality (Castroverde & Dina,
2021). Studies showed that high temperature stress could have deleterious
effects on plants especially if it occurred during the reproductive stages, often
leading to impaired growth and reduced productivity (Zhang et al., 2017; Lamaoui
et al., 2018). Moreover, high temperature can induce irreversible structural and
physiological changes in the floral organs, leading to premature senescence
(Lohani et al., 2020; Jagadish et al., 2021).

Brassica napus, like many other temperate field crops, is sensitive to high
temperature stress, especially during reproduction (Angadi et al., 2000; Koscielny
et al., 2018). Research from different Brassica species have found negative
relationships between heat stress and seed yield and quality (Yu et al., 2014). It
has been estimated that for every 1 °C rise above the optimal temperature range
for growth and development during B. napus pod setting, yield decreases by 10%
(Nuttall et al., 1992). In a recent study, Jedlickova et al (2023) found that heat
stress triggered cellular damages and induced the up-regulation of genes

involved in the photosynthesis and plant hormone signalling pathways.

To cope with such conditions, plants have evolved interconnected regulatory
pathways including various molecular and biochemical mechanisms to resist and
adapt to heat stress (Wahid et al., 2007; Hasanuzzaman et al., 2013). These
mechanisms involve activating of various signalling cascades that ultimately
result in the expression of heat stress-responsive genes, and accumulation of
different metabolites (Mittler et al., 2012; Ikram et al., 2022). Therefore,
understanding the mechanisms involved in the heat stress response and in
particular, the specific genes and metabolites involved in this response will be
beneficial for developing stress-tolerant varieties. Despite recent progress in
studying the effects of various biotic and abiotic stress factors within different

Brassica species, a comprehensive analysis of how heat stress impacts B. napus
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during its yield determining reproductive stages remains limited. Therefore, this
thesis will focus on providing insights into the effect of a future warmer climate on
B. napus during reproduction. In particular, this thesis will address the
transcriptomic and metabolomic responses to heat stress under simulated field

conditions.

1.1 Aims and Objectives

The aim of this thesis is to provide a system-level molecular and metabolic
understanding of the impact of heatwaves on yield, quality and tolerance
mechanisms in B. napus. The ultimate goal is to identify key metabolites and
genes, along with their underlying biochemical and molecular mechanisms,
involved in the plant's response and adaptation to heat stress. To achieve this,

the following objectives are addressed:

1.1.1 Investigating the impact of heat stress on seed weight, oil
content and total biomass under simulated field conditions

To investigate the impact of heat stress on B. napus plant, a heat treatment
experiment simulating heatwave episode was conducted where B. napus plants
were exposed to high temperature treatment at the flowering stage (day/night:
30/24°C- treatment vs 20/14°C-control) for a period of 6 days, followed by 7 days
of recovery. After the plants completed their lifecycle, seed yields and total
aboveground were examined under heat treatment as compared to control.
Furthermore, seed samples were analysed for moisture, oil, and protein

concentrations as well as for fatty acid composition of the oil.

1.1.2 Identifying the impact of heat stress on the plant metabolites

To identify the impact of heat stress on the plant metabolites and in specific on
glucosinolates (GSL) and sugars, the concentration of two aliphatic
glucosinolates (progoitrin and gluconapin), one indole GSL (glucobrassicin) and

sugars (glucose, fructose and sucrose) were quantified from B. napus leaves.
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1.1.3 Identifying key differentially expressed genes involved in plant
heat stress response

Through transcriptome profiling using RNA-Seq, followed by qtPCR for selected
genes, differential gene expression analysis was performed using DESEQ2
pipeline followed by Gene Ontology (GO) and KEGG pathway analysis. The
significantly enriched GO terms and biological pathways in heat treated samples
as compared to control at different timepoints were identified to determine heat

stress-related pathways.

1.1.4 Implementing an interactive visualisation tool to display a
network of interactions between heat stress biomarkers and
transcription factors

To explore the interactions between differentially expressed genes (DEGs) and
transcription factors (TFs) that play a crucial role in modulating gene expression
and various signal transduction pathways using Cytoscape software, a purpose-
build Cytoscape plugin, NetViewer, has been developed. It was designed to
automate data input and file conversion steps necessary for the visualisation task
by Cytoscape and ultimately making the gene network functionality more
accessible to non-technical users. Moreover, once the network is displayed, the
plugin allows the user to enhance the network through adding more layers of

information to the nodes such as gene description, GO terms or GO IDs.

1.2 Thesis Structure

This thesis is comprised of five chapters, of which three have been written in a
manuscript format. A brief description of each chapter is provided:

Chapter 1: This Chapter is an introductory chapter to the thesis and includes its

aims, objectives, and thesis structure.

Chapter 2: This Chapter is a comprehensive literature review. It summarises the
latest studies on the impact of heat stress on B. napus with a focus on the
reproductive stages and identifies the knowledge gaps existing within the last 10
years of research. This has been achieved through highlighting the impact of heat

stress on the physiology and molecular biology of different growth and
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developmental stages of B. napus, along with the underlying mechanisms
involved in mediating heat stress response with a focus on phytohormones,
transcription factors and glucosinolates. This review also investigated the role of
polyploidy, alternative splicing, and different epigenetic mechanisms involved in
heat stress response. Additionally, this review illustrated the exploitation of
different systems biology approaches in studying the impact of heat stress on

different genetic and physiological properties of B. napus.

This review paper was published in the Frontiers in Plant Science, section Plant
Abiotic Stress, volume 13-2022, published on April 5%, 2022. DOI:
10.3389/fpls.2022.832147. The thesis version was updated with relevant recent
studies to reflect an up-to-date literature in the context of the impact of heat stress

on B. napus.

Chapter 3: This Chapter presents findings from a heat treatment experiment
designed to investigate the transcriptomic and metabolomic responses to heat
stress in B. napus plants under simulated field conditions. The chapter describes
the results from the transcriptomic profiling using RNA-Seq to identify key DEGs
and pathways under heat stress, and the metabolomic analysis using HPLC and
LC-MS methods to detect changes in sugars and glucosinolates concentration in
leaves in response to heat treatment. Similar findings from Arabidopsis thaliana
and other related species were also discussed in the context of heat stress,
allowing a more holistic picture of the stress response system in B. napus and
other related species. This Chapter has been published in the Frontiers in Plant
Science, section Functional and Applied Plant Genomics as a research paper
titted “Prolonged heat stress in Brassica napus during flowering negatively
impacts yield and alters glucosinolates and sugars metabolism”, section
Functional and Applied Plant Genomics on May 9th, 2025. DOI:
10.3389/fpls.2025.1507338.

Chapter 4: This Chapter describes NetViewer, a Cytoscape plugin designed to
facilitate the visualisation of interactions between DEGs and their regulatory TFs.
The chapter presents an introduction about the crucial roles of transcription
factors in regulating gene expression and states the purpose of the plugin. The
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methods section specifies the required input and the workflow, while the results
feature a case study to model interactions between a list of DEGs identified in the
heat treatment experiment described in Chapter 3 and TFs. Interactions with
transcription factor AtMYC2 were selected for further exploration.

Chapter 5: This Chapter provides an overall discussion and summary of the key
findings of the thesis. It also highlights the possible implementations of these
findings with examples extracted from the results. Additionally, it states the

limitations that were encountered during the thesis project.

Chapter 6: This Chapter presents a conclusion for this thesis and provides
insights into possible future work that could improve the predictions of how heat

stress will impact future yield and quality.
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Abstract

Given the current rise in global temperatures, heat stress has become a major
abiotic challenge affecting the growth and development of various crops and
reducing their productivity. Brassica napus, the second largest source of
vegetable oil worldwide, experiences a drastic reduction in seed yield and quality
In response to heat.

This review outlines the latest research that explores the genetic and
physiological impact of heat stress on different developmental stages of B. napus
with a special attention to the reproductive stages of floral progression,
organogenesis, and post flowering. Several studies have shown that extreme
temperature fluctuations during these crucial periods have detrimental effects on
the plant and often leading to impaired growth and reduced seed production. The
underlying mechanisms of heat stress adaptations and associated key regulatory
genes are discussed. Furthermore, an overview and the implications of the
polyploidy nature of B. napus and the regulatory role of alternative splicing in
forming a priming-induced heat-stress memory are presented.

New insights into the dynamics of epigenetic modifications during heat stress are
discussed. Interestingly, while such studies are scarce in B. napus, opposite

trends in expression of key genetic and epigenetic components have been
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identified in different species and in cultivars within the same species under
various abiotic stresses, suggesting a complex role of these genes and their
regulation in heat stress tolerance mechanisms. Additionally, omics-based
studies are discussed with emphasis on the transcriptome, proteome and
metabolome of B. napus, to gain a systems level understanding of how heat
stress alters its yield and quality traits. The combination of omics approaches has
revealed crucial interactions and regulatory networks taking part in the complex

machinery of heat stress tolerance.

We identify key knowledge gaps regarding the impact of heat stress on B. napus
during its yield determining reproductive stages, where in-depth analysis of this
subject is still needed. A deeper knowledge of heat stress response components
and mechanisms in tissue specific models would serve as a stepping-stone to
gaining insights into the regulation of thermotolerance that takes place in this

important crop species and support future breeding of heat tolerant crops.

Keywords: Brassica napus, heat stress, flowering, alternative splicing,

epigenetic modifications
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2.1 Our Changing Climate and the Potential Impacts on Crop
Productivity

Over the last century, global warming has become a major environmental
challenge triggered by anthropogenic emissions of greenhouse gases driving the
continuous rise in ambient temperature (Pachauri et al., 2014; Zandalinas et al.,
2021). Furthermore, the climate projections for 2100 suggest an increase in the
number of drought affected areas by 50% (Battisti and Naylor, 2009). The
combination of these environmental changes has the potential to destabilise plant
growth and development and could result in drastic yield reductions (Lamaoui et
al., 2018; Magno et al., 2022). Although the impact of elevated CO2 on crops is
still under debate with potential benefits on photosynthesis, Frenck et al (2011)
showed that rising CO2 could not compensate for the negative impact on yield

caused by high temperature stress.

On a global scale, environmental climate change is aggravating different abiotic
stresses, including heat and water deficit across many biomes. Plants, being
sessile organisms, cannot escape their environment and must endure a wide
variety of stresses (Saraswat et al., 2017). Although plant stress responses are
dynamic and encompass a complex crosstalk between different molecular and
cellular interactions to establish physiological and morphological adaptations
(Krasensky & Jonak, 2012), temperature exceeding the threshold of adaptation
will substantially influence plant survivability (Hasanuzzaman et al., 2014). In
particular, this affects cellular functioning, which in turn, hinders plant growth and

development and weakens resilience to biotic stresses (Ahmed et al., 2020).

Several studies have demonstrated the effect of heat stress, often in combination
with drought or other stresses, on crop production and its impact on plant
metabolism, reproduction, and physiology. These studies have reported an
extensive reduction in yield of various crops (Frenck et al., 2011; Hasanuzzaman
et al., 2014). Lesk et al (2016) studied the influence of extreme weather disasters
on global crop production and found that, between 1964 and 2007, 1.82 and 1.19
billion metric tons of cereals were lost due to droughts and extreme heat

respectively. Using four different process-based crop models, Zhao et al (2017)
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demonstrated that for each 1°C rise in global mean temperature would cause a
reduction in the annual production of wheat, rice, maize and soybean. In addition
to its impact on yield, the increase in climate temperature has also been found to
negatively impact the quality of oil in oilseed crops such as soybean, oilseed rape
and sunflower, where a negative correlation between temperature and the
proportion of essential fatty acids such as C18:2 and C18:3 was reported
(Werteker et al., 2010; Namazkar et al., 2016; Magno et al., 2021; Magno et al.,
2022; Magno et al. , 2023). Thus, the effect of climate change is inevitably

impeding vital components of human diet and nutrition.

Oilseed rape (Brassica napus L.) is the second-largest source of oilseeds after
soybean worldwide (USDA, 2025). Given its eco-physiological adaptations to
temperate climates, it is currently considered the predominant oil crop in Europe
(Namazkar et al., 2016; Sun et al., 2017). B. napus belongs to the genus Brassica
from the mustard Family Brassicaceae (Liu et al., 2018a), where selection has
given rise to several agronomically important lines such as oilseed rape, rutabaga,
fodder rape, and kale morphotypes (Chalhoub et al., 2014). These are cultivated
globally for vegetables, good quality oil, fodder, and bio-diesel industries
(Chalhoub et al., 2014; Pokharel et al., 2020). As a cool-season crop, Brassica
crops can be extremely sensitive to increasing temperatures, which significantly
affect its production (Yu et al., 2014; Ahmed et al., 2020). Though studies in
different Brassica species have found negative relationships between heat stress
and seed vyield and quality, the underlying mechanisms are still not well
understood and require further investigation (Yu et al., 2014). Thus, to increase
resilience against adverse environmental growth conditions and to maintain a
stable oil supply to the global population, understanding and improving heat

tolerance in B. napus is critical.

The acclimation mechanisms of plants to heat stress are complex and mediated
by the activation of different physiological, cellular, and metabolic processes
depending on their developmental stage (Zandalinas et al., 2018). These
mechanisms normally encompass a combination of stress avoidance and

tolerance (thermotolerance) approaches that vary with genotypes (Chaves et al.,
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2002; Kashyap et al., 2022). At a molecular level, the abundance in transcriptomic
data facilitates the analysis of the expression of genes that play regulatory roles
in different stages and tissues of plant growth and development under various
stress conditions. However, the challenge lies in linking this information with the
relevant biological processes taking place during stress (Chaves et al., 2009).
So, uncovering the controlling mechanisms for heat tolerance is therefore

imperative for successful breeding programs and future production sustainability.

In this review, we outline the latest research exploring heat stress responses in
B. napus, focusing on the physiological impact at different developmental stages
along with their underlying mechanisms. We further explore new insights into the
dynamics of epigenetic changes and systems biology approaches of this plant
species under heat stress. However, due to the scarcity of information specific to
B. napus, many of the reviewed findings stem from research on the model

organism A. thaliana and other Brassica species.

2.2 Physiological Impact of Heat Stress at Different
Developmental Stages

2.2.1 Impact of heat stress on seedling and vegetative growth

As thermotolerance is regulated both developmentally and tissue-specifically,
addressing the impact of high temperature on different developmental stages is
imperative to produce heat-tolerant cultivars capable of coping with heat stress
(Figure 2.1). Different optimum temperatures also differ considerably among

species or genotypes (Angadi et al., 2000; Baux et al., 2013).
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Figure 2.1 Physiological impact of heat stress at different developmental
stages of B. napus. Heat stress negatively impacts all stages of plant
development including vegetation, floral transition, post-flowering and
organogenesis. RWC: Relative water content, FA: Fatty acids, ABA: Abscisic
acid, GA: Gibberellic acid.

In general, heat stress takes place when soil and ambient temperature is beyond
a plants' growth and photosynthetic temperature range such that, permanent
harm occurs. A plants performance under heat stress is also influenced by the
concomitant presence of other types of stress, such as drought (Frenck et al.,
2011).

Under heatwave conditions during early vegetative growth, well-watered B.
napus experiences an increase in saturating light (Asat), transpiration (E) and in
the ratio of intercellular to ambient CO2 concentration (Ci/Ca) (Dik3aityté et al.,
2019). The increase in ambient temperature enhances photosynthesis
performance and increases above-ground growth. However, in the presence of
drought, the combined stress conditions lead to severely impaired
photosynthesis, which is accompanied by a profound decrease in stomatal
conductance (DikSaityté et al., 2019). To avoid overheating, plants open their

stomata and increase transpiration, thus preventing leaf damage. In contrast,
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drought triggers stomatal closure as a conservative mechanism to protect plants
from excessive water loss (Elferjani & Soolanayakanahally, 2018). During the
flowering stage, B. napus responds to combined heat and drought stress by a
rapid closure of their stomata. This avoids further loss of water through
transpiration at the expense of evaporative cooling. Consequently, this results in
an excessive increase in leaf temperature and more photosynthetic damage
(Elferjani & Soolanayakanahally, 2018). This paradox requires plants to maintain
a balance between avoiding overheating and minimising water loss (Zandalinas
et al., 2018).

Additionally, impairment of chlorophyll biosynthesis and disruption of the
biochemical reactions of photosystems were exhibited in ten-day-old B. napus
seedlings subjected to 38°C (Hasanuzzaman et al., 2014). This was manifested
through a significant reduction in chlorophyll and leaf relative water content as
well as through an inefficient antioxidant defence system (Hasanuzzaman et al.,
2014). During heat stress, the physiological changes that occur at the level of
photosynthesis and transpiration alter the synthesis and usage of assimilates,
which in turn translate into morphological abnormalities in the floral organs (Echer
et al., 2014).

At the molecular level, heat stress can either induce structural damage through
altering membrane proteins and stability or metabolic damage through disrupting
enzymatic activities and production of toxic metabolites (Mittler et al., 2012). In A.
thaliana, heat stress induced reactive oxygen species (ROS) production and
subsequently a higher lipid peroxidation and membrane injury (Rocco et al.,
2013). Moreover, protein degradation, pigment bleaching and disruption of DNA
strands are also consequences of heat stress (Mathur & Jajoo, 2014). Therefore,
heat stress during vegetative and seedling growth works as an induction point for
a cascade of events that can impact on reproductive organs later in development

and consequently lead to reduced productivity.

2.2.2 Impact of heat stress on reproduction

Since the developmental progression of plants from seed to seed is bound to the

success of sexual reproduction, susceptibility to heat stress at this stage can have
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deleterious implications on yield potential. Plants exhibit higher sensitivity to
extreme temperature fluctuations during the reproductive stage of development
than during their vegetative growth, often leading to impaired growth and reduced
seed production (Zhang et al., 2017; Lamaoui et al., 2018), especially during
meiosis and fertilization (Zhang et al., 2017), with the male reproductive organs
being the most vulnerable (Giorno et al., 2013). This sensitivity fluctuates within
different reproductive processes, such as: pollen development, pollen tube
growth, pollen/pistil interactions, fertilization and embryo development (Erickson
& Markhart, 2002; Young et al., 2004; Baron et al., 2012; Giorno et al., 2013;
Zhang et al., 2017). The after-effects of heat stress during reproduction influence
plant physiology in three main areas: reduction in the number of flowers at pre-
anthesis, reduction in flower fertility, and poor pods and seeds development
(Morrison & Stewart, 2002; Ibrahim et al., 2024). Nevertheless, this has been
poorly studied and specific responses at each of these processes remain elusive.
Similarly, in A. thaliana only a limited number of reports addressed the effect of
heat stress on its reproductive development (Antoun and Ouellet, 2013, Guan et
al., 2014, Bac-Molenaar et al., 2015; Chao et al., 2017). Under short-term heat
exposure, a genome-wide association (GWA) mapping approach in A. thaliana
revealed different QTLs associated with heat response at pre- and post- anthesis,
suggesting that these genetic regulators are developmental stage-specific (Bac-
Molenaar et al., 2015). Moreover, when A. thaliana was exposed to 37 °C for 24
hours, it exhibited a severe growth impairment of stamen filaments which
prevented pollination (Baron et al.,, 2012). At the structural level, heat stress
caused abnormalities in the reproductive organs including vacuolation, collapse
within  microspores and abnormally shaped pollen sacs, incapable of
accumulating carbohydrates (Baron et al., 2012). In spring wheat, pre-anthesis
associated events such as gametogenesis and gamete development appeared
highly sensitive to high-temperature treatment as heat stress resulted in reduced
floret fertility and consequently a significant reduction in seed number and weight
(Bheemanahalli et al., 2019).
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2.2.2.1 Floral progression

In agriculture, flowering is a key prerequisite stage for the transition from the
vegetative phase to reproduction. It is regulated by the expression of a set of
floral integrator genes such as Flowering Locus T (FT), to activate the meristem
identity genes LEAFY (LFY), APETALAl (AP1), SEPALLATA3 (SEP3) and
FRUITFULL (FUL), causing the transition from vegetative to a floral meristem
(Blumel et al., 2015). Under different stress conditions, plants utilise different
mechanisms to alter flowering time (FTi) as a strategy to ensure the success of
reproduction (Figure 2.2; Simpson, 2004; Ko et al., 2010; Blimel et al., 2015;
Kazan & Lyons, 2016). However, these mechanisms are known to impact crop
productivity (Kazan & Lyons, 2016).

Major flowering time regulators
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Figure 2.2 Major flowering time regulators in B. napus. Flowering is regulated by the
expression of a set of floral integrator genes to activate the meristem identity genes
causing the transition from vegetative to a floral meristem. Me3: Trimethylation, H3K4:
Histone 3 Lysine 4, H3K36: Histone 3 Lysine 36, EFS: Early Flowering in Short Days,
BnaFRI: B. napus homologues of FRI, FLC: Flowering Locus C, FT: Flowering Locus T,
SOC1: Suppressor of Overexpression of CONSTANS 1, CO: CONSTANS, LFY: LEAFY,
AP1: APETALAL, SEP3: SEPALLATAS3, FUL: FRUITFULL.
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During flowering, energy demand spikes due to different processes, such as:
formation of flowers, nitrogen use efficiency and reduced photosynthesis
(Schiessl, 2020). Such crucial physiological period has been found sensitive to
various biotic and abiotic stress and particularly to heat, which has a pronounced
effect on the timing of flowering, depending on its duration, frequency, and
intensity (Lohani et al., 2020b). In a split-plot experiment, different genotypes of
B. napus were exposed to high-temperature stress (31 °C/14 °C - day/night)
during flowering across two sowing periods (Koscielny et al., 2018). Results
showed a reduction in yield by 55% in the heat treatment during winter and by
41% during the subsequent autumn experimental run (Koscielny et al., 2018). At
different developmental stages, severe damage to reproductive organs of three
Brassica species (B. juncea L., B. napus L., B. rapa L.) occurred when exposed
to 35 °C/15° C for 7 days resulting in yield reductions (Angadi et al., 2000). It was
noted that yield was affected by heat stress at flowering more than at pod
development, indicating a vital developmental threshold passed by pods
rendering them more heat tolerant. Interestingly, among the three studied
Brassica species, only B. napus could not recover completely after heat stress
was removed, producing abnormal, plump, and short pods (Angadi et al., 2000).
A reduction in seed yield was observed following 29.5 °C temperature treatment
during flowering, primarily due to the reduction in the number of flowers and in

the number and size of seeds produced per flower (Morrison & Stewart, 2002).

During flower opening in rice, air temperature is crucial in determining the fate of
reproduction (Bheemanahalli et al., 2017) and the resulting earlier or delayed
flowering can negatively impact crop growth and quality. In a recent study carried
out by Pokharel et al. (2020), high night temperature stress-induced a shift in B.
napus peak flower opening time into earlier and cooler morning hours, suggesting
an adaptation towards the heat escape response, yet this was accompanied by
a significant reduction in yield. Whilst B. napus is not strictly dependent on
pollinators, it has been shown that pollinators enhance seed yield and quality
(Zou et al. 2017). So, shifting flowering time drives the flower opening out of sync
with pollinator activity, and could potentially lead to reductions in yield.
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Although FTi regulator genes and their associated networks have been well
characterised in A. thaliana, the conservation of these genes in other Brassica
species indicates that their regulation takes place in the same way as in this
model system. However, environmental adaptation has led to the evolution of
new FTi regulator genes with no functional equivalence in A. thaliana (Blumel et
al, 2015). Moreover, some FTi gene copy numbers were found to either change
or lose functionality over evolutionary periods resulting in sub-functionalisation
(Schiessl, 2020). As a result, it is difficult to functionally characterise crop FTi
regulators and pathways based on inferences from this model species. This was
manifested in a study by Del Olmo et al. (2019) when B. rapa delayed flowering
was associated with reduced BraA.FT.a mRNA levels upon high-temperature
treatment. High levels of H2A.Z were also found to occupy the BraA.FT.a locus,
which in turn affected chromatin conformation and hindered its accessibility. The
same conserved chromatin regulatory mechanism in A. thaliana showed an
opposite trend and resulted in accelerated flowering (del Olmo et al., 2019). This
brings attention to the fact that thermosensory pathways perform differently in

different crops to alter FTi regulators.

Considering the scarcity of studies addressing the impact of increased ambient
temperature on FTi-related signalling pathways in B. napus, the continuous rise
in global temperature will need to drive future research to explore these pathways
and the underlying regulators under heat stress. Such studies will help identify
key regulators, direct genetic modifications to candidate genes involved in these
pathways and to provide more reliable data for breeding programmes to deliver

heat stress tolerant cultivars.

2.2.2.2 Organogenesis

The next stage after floral transition is the differentiation of floral organs or
organogenesis. In B. napus as in other flowering plants, gametogenesis and
reproduction are highly vulnerable to high-temperature stress (Angadi et al.,
2000; Young et al.,, 2004). From inhibition of anther dehiscence and anther
shortening to reducing pollen germinability and viability (Rahaman et al., 2018),
the impact of heat stress on different reproductive organs has been reported in
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various species, such as: wheat, soybean, Brassicas and tomato (Giorno et al.,
2013; Draeger & Moore, 2017; Djanaguiraman et al., 2019). Moreover, heat
stress during microsporogenesis leads either to microspore abortion or pollen
sterility (Lohani et al., 2020b). The variety of affected species suggests the
existence of common processes involved in heat stress-related infertility (Kim et
al., 2001; Rang et al., 2011; Sage et al., 2015) and yield loss (Morrison & Stewart,
2002; Frenck et al., 2011; Zhao et al., 2017). However, in B. napus, such
processes are still not very well studied.

In A. thaliana, during anther development, heat stress causes male sterility in a
stage-specific manner (Kim et al., 2001). Disruption of male meiotic processes
was associated with abnormal pollen development and morphological analysis
with a failure in the separation of pollen mother cells and a subsequent
microspore differentiation (Kim et al., 2001). Heat stress also caused a dramatic
down-regulation in membrane transporters required for pollen tube growth such
as K* and carbohydrate co-transporters, which would adversely impact pollination
(Poidevin et al., 2020). Moreover, in B. napus, anthers exposed to high
temperature triggered an immediate heat stress response through the rapid
activation of the ER-UPR signalling pathway mediated by ER membrane-
anchored transcription factor (TF) (Lohani et al., 2022). To discover the effect of
heat stress after flowering initiation in B. napus, Young et al. (2004) reported that
following heat exposure at 35 °C, both micro and megagametophytes were found
thermosensitive and resulted in a significant reduction in pollen viability and
germinability as well as in seed development. An increase in temperature was
also reported to induce sterility and lead to a decrease in fertility rate, pod-setting
ratio and seed number per pod (Zhang et al, 2012). Similarly, in a comparative
transcriptomic analysis, Tang et al (2019) found that genes encoding HSPs,
skeleton proteins, GTPase and calmodulin were potentially involved in the
mechanism of thermosensitive genic male sterility (TGMS) under high
temperature inducement. Moreover, genes encoding plant hormone signaling
pathways, (auxin, gibberellins, jasmonic acid, abscisic acid, brassinosteroid
signalling), along with some well-known TFs (MADS, NFY, HSF, MYB/C and
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WRKY) were also found involved in the regulation of TGMS in the flowers grown
under 25°C (Tang et al., 2019).

Although many studies have reported that male reproductive organs are more
sensitive to heat stress than female reproductive organs, changes in the female
reproductive organs following heat stress have also been documented (Hedhly,
2011). Additionally, according to the identity of the cell, the female gametophyte
possesses a unique and differentially mediated response to heat stress
(Ambastha & Leshem, 2020). These findings suggest that temperature plays a
vital role in affecting the fertility of pollen and the morphology of the flower

reproductive organs.

2.2.2.3 Post-flowering

The thermotolerance of seed setting rate and filling, are also crucial in
determining grain yield and composition. During later reproductive growth, the
biosynthesis and deposition of oils and proteins in seeds take place at the seed
filling stage. Hence, it is imperative to strictly regulate this stage for the generation
of high-quality and balanced oil (Brunel-Muguet et al., 2015). Photosynthesis in
B. napus green seeds and pods induces the formation of the necessary
components of the fatty acid biosynthesis pathway (Huang et al., 2019). This
pathway was found to be regulated by the transcription factor BhWRI1 (Wu et al.,
2014). In a recent study, heat stress suppressed oil deposition in developing
seeds and impaired fatty acid biosynthesis where the inhibition of the de novo
fatty acid biosynthesis pathway was associated with the inhibition of
photosynthesis and down-regulation of many genes in the BnWRI1 pathway
(Huang et al., 2019). These findings have highlighted the crucial function of
BnWRI1 as a key regulator within the intricate regulatory systems of heat stress
and biosynthesis of storage compounds. Brunel-Muguet et al. (2015) also
showed that high temperature during seed development modified seed
composition and impaired the acquisition of seed dormancy. This was
accompanied by a decrease in abscisic acid/Gibberellic acid (ABA/GA) ratio,
which plays a role in controlling seed composition and storage capacity (Brunel-

Mugugt et al., 2015). Similarly, the total lipids and all the fatty acids studied were
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significantly lower in B. napus seed oil when temperature was raised from 19°C
to 24°C, resulting in imbalanced proportions of essential fatty acids (Namazkar et
al., 2016). Canales et al. (2023) also found that post-flowering temperature
increase negatively affected seed yield and number, producing genotype-specific

responses (Canales et al., 2023).

Interestingly, not only high day temperature was found to impact seed quality and
yield, but also high night temperature was reported to have detrimental effect on
yield and seed fatty acid composition in B. napus. During flowering and silique-
filling stages. Pokharel et al. (2020) reported that high night temperature caused
significant alterations in the reproductive organs and led to a substantial reduction
in seed yield and number of siliques, which was further explained by the thermal
impairment of photosynthetic assimilation enzymes. Likewise, exposure of
susceptible B. napus cultivars to high night temperature stress between flowering
and seed filling stages also induced a profound reduction in total fatty acids and
in fatty acid composition in seeds (Zhou et al., 2018). It is worth noting that the
magnitude of heat stress and the cardinal temperature unequivocally contribute

to the degree of impact on each crop species (Mittler et al., 2012).

In summary, high-temperature stress induces adverse effects on different
processes and organs during B. napus reproduction. From floral transition to seed
filling, such environmental threats will eventually translate into unfavourable
agronomic and quality traits and ultimately challenge the production of seed oil
with strong nutritional values. Knowledge about heat stress during these stages
Is limited and more insight on this topic will help scientists and breeders to design
strategies to protect this important crop species from the impact of the stress

potentially caused by climate change presently and in the future.

2.2.3 Impact of heat stress on postharvest seed storage

During postharvest storage, high-temperature stress has also been found to
impact the safety and nutritional qualities of stored seeds (Krasucki et al., 2002).
Brassica seeds are rich in bioactive compounds that exhibit antioxidant action

and can play a vital role in reducing blood cholesterol levels (Ratnayake & Daun,
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2004). In B. napus seeds, the concentrations of phytosterols can be twice that of
sunflower and soybean oils (Vlahakis & Hazebroek, 2000), and the content of
phenolic compounds can be 10-fold greater than in seeds of other crops (Siger
et al., 2018). The abundance of such important biologically active compounds is
sensitive to storage conditions. High temperature and moisture content were
associated with the deterioration of seeds and degradation of their biochemical
contents (Gawrysiak-Witulska et al., 2012). After 18 days of storage at 25°C and
30°C, the amount of phytosterols decreased significantly, reaching 24% and 58%
less in B. napus seeds with a moisture content of 15.5% (Gawrysiak-Witulska et
al., 2012). Under similar storage conditions, tochopherols dropped by 14.4%
while plastochromanol-8 loss ranged from 4 to 24% (Gawrysiak-Witulska et al.,
2011). These natural antioxidants play a crucial role in determining lipid stability
and inhibition of auto-oxidation in stored seeds (Olejnik et al., 1997). As a result,
the degradation of such compounds not only alters the quality of oil but can also
lead to the formation of oxidized derivatives with cytotoxic properties (Rudzinska
et al., 2009). To investigate the effect of inappropriate storage conditions (13.5%
moisture content and 25°C temperature) on seed quality in B. napus, Siger et al.
(2018) reported an intense growth of fungi along with a decrease in Sinapic acid
derivatives, the main phenolic compounds in B. napus (Siger et al., 2018). The
development of fungal growth not only reduces the time of safe storage but also
causes a risk of seed deterioration and mycotoxin contamination posing a serious
threat to human and animal health (Siger et al., 2018). Furthermore, fungal
growth and respiration could also result in the production of additional heat and
moisture in the seeds (Mills, 1996), which further exacerbates the problem of

temperature stress and microbial infestation.

2.3 Plant Response Mechanisms to Heat Stress

Plants respond to environmental adversities, such as changes in ambient
temperature through a cascade of signalling pathways, resulting in cellular
readjustments at the transcriptome, epigenome, proteome and metabolome
levels. Eventually, these adjustments provide the required balance through

multiple adaptive strategies to ensure survival under the new conditions. Such
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intricate  machinery involves an interconnected crosstalk between different
components of the cell, initiated by stress perception, carried out through stress
signalling and ultimately end with the expression of a specific set of downstream
stress-induced genes that result in a phenotypic response to the stress (Table
2.1).

Different sensors are involved in the initial stress perception (Lamaoui et al.,
2018; Baillo et al., 2019), and these include plasma membrane mediated calcium
flux, endoplasmic reticulum (ER) and cytosolic unfolded protein response (UPR)
sensors, and decreased histone occupancy in the nuclei (Mittler et al., 2012). The
generated signals are then integrated through a network of multiple events that
includes calcium fluxes, calmodulin, phosphatases, transcriptional regulators,
hormones, and protein kinases such as CDPKs, MAPKs (Figure 2.3) (Verma et
al., 2016; Lohani et al., 2020a). Hence, the complexity of heat response lies in
the broad range of pathways involved, which appear to be tissue and

developmental stage specific (Zhang et al., 2017).
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Key regulators of heat stress response
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Figure 2.3 Regulatory and signalling events involved in plant heat stress response.
Following initial stress perception, the generated signals induce the expression of
thermotolerance-related genes through a complex network of events involved in the
stress response. UPR: Unfolded protein response, Ca?": Calcium, ER: Endoplasmic
reticulum, H2A.Z: Histone variant, ETH: Ethylene, SA: Salicylic acid, JA: Jasmonic acid,
CTK: Cytokinin, BR: Brassinosteroids, GA: Gibberellic acid, ABA: Abscisic acid, PYL:
Pyrabactin resistance 1-like gene, ABF: ABA-responsive element binding factor, DWF4:
A BR biosynthetic dwarf 4 gene, CBL: Calcineurin B-like , CIPKs: CBL-interacting protein
kinases, WRKY: TF containing WRKY -protein domain, MADS-box TF containing MADS-
box protein domain, bZIP: Basic Leucine Zipper TF, NAC: TF containing N-terminal NAC
domain, AP2/ERF: APETALA2/Ethylene Responsive Factor, MYB: Myeloblastosis viral
oncogene homolog, DOF: DNA-binding with one finger, HSP: Heat shock protein, VIP1:
VirE2-interacting protein 1, HSFAL: Heat shock factor A1, BnTR1: B. napus thermal
resistance 1 gene.
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Table 2.1 Heat stress responsive genes identified in B. napus and related species.

Gene/ Gene Family Expression* Function Species Reference

BnaDRMc Up-regulation DNA methylase | B. napus Fan et al,
& de- 2020

BnaDNMT?2 Up-regulation methylases

BnaDRMa Up-regulation

BnaDRMg Up-regulation

BnaDRMh Up-regulation

BnaROSla Down-regulation

BnaCMTa Down-regulation

BnaMETs Down-regulation

BnaHsf15/16 (subclass | Down-regulation | Heat shock B. napus Zhu et al,

A2) transcription 2017
factors

BnaHsf47 (subclass B1) | Down-regulation

BnaHsf50 (subclass Down-regulation

B2A)

BnaHsf21/22 (subclass | Up-regulation

A4A)

BnaHsf46 (subclass Up-regulation

Bl1)

BnaHsf17/18 (subclass | Up-regulation

A3)

BnaHsf43 (subclass A8) | Up-regulation

PYR1-3 Up-regulation ABA receptor B. napus Di et al, 2018
PYR/PYL

PYR1-4 Down-regulation | (pyrabactin

i resistance 1-

PYL1-2 Up-regulatlon |Ike) famlly

PYL2-2 Down-regulation

PYL3-1 Up-regulation

PYL4-2 Up-regulation

PYL4-6 Down-regulation

PYL5-4 Up-regulation

PYL6-1 Up-regulation

PYL7-2 Up-regulation

PYL8-5 Down-regulation

PYL8-6 Down-regulation

42




Gene/ Gene Family Expression* Function Species Reference
PYL 9-1 Down-regulation
PYL 9-2 Up-regulation
BraA.FT.a Down-regulation | Flowering time B. rapa del Olmo et
regulator gene al., 2019
ABA2/4 (in cauline Up-regulation ABA A. thaliana | Baron et al.,
leaves & inflorescence biosynthesis 2012
meristems) genes
NCED2/5/6 (in cauline Down-regulation
leaves)
NCED5/6 (in developing | Up-regulation
siliques)
NCED3 (in cauline Down-regulation
leaves)
NCED3 (in inflorescence | Up-regulation
meristems & developing
siliques)
CYP707A1/4 (in cauline | Up-regulation ABA catabolism
leaves)
CYP707A2/3 (in cauline | Down-regulation
leaves)
ABCG25/40 (in cauline Down-regulation | ABA transport &
leaves & inflorescence _
meristems) homeostasis
UGT71B6 (in cauline Down-regulation
leaves & inflorescence
meristems)
AtBG1 (in cauline Up-regulation
leaves)
AtBG1 (in inflorescence | Down-regulation
meristems)
BnGA1 Down-regulation | A putative G B. napus Gao et al.,
protein a subunit 2010
(Ga)
B. napus thermal Up-regulation Membrane- B. napus Liu et al.,
resistance gene 1 bound RINGv 2014
(BnTR1) (Really
Interesting New
Gene Variant)
protein with E3
ligase activity
BrMYB28 Up-regulation Transcription B. rapa Justen &
factors Fritz, 2013
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Gene/ Gene Family Expression* Function Species Reference
BrMYB34 Up-regulation
Hsp90 Up-regulation Transcription A. thaliana | Ludwig-
factor Muller &
Krishna,
2000
BnaCBL1/9 Up-regulation Ca2+ sensors B. napus Zhang et al.,
and regulators 2014a
BnaCBL10 Down-regulation | of CBL-
) interacting
BnaCIPK3/6 Up-regulation protein kinases
BnaCIPK1/11/12/26 Down-regulation
BnGLYI-3 Up-regulation Glyoxalase B. napus Yan et al.,
System 2016
BnWRI1 Up-regulation De novo fatty B. napus Huang et al.,
acid 2019
biosynthesis
pathway

*Expression: The state of the gene under heat stress, which could be up-regulated or down-
regulated.

2.3.1 Phytohormones

One of the principal regulators of abiotic stress responses are phytohormones,

which encompass several compounds, such as: abscisic acid (ABA),
brassinosteroids (BR), salicylic acid, Jasmonates (JA), ethylene, auxins,
cytokinins, and gibberellins (Verma et al., 2016). These phytohormones have
essential roles in protecting plants against environmental stress (Lohani et al.,
2020a). The intricate signalling role of these compounds is carried out either
directly or through crosstalk between interacting arrays of various secondary
messengers (Verma et al., 2016). During biotic and abiotic stress responses, ABA
plays a powerful role in mediating plant adaptation to stress (Baron et al., 2012).
In A. thaliana, temperature stress induced the differential expression of several
ABA biosynthesis genes (ABAl, ABA2, ABA4, AAO3, NCED3) in an organ-
specific manner (Baron et al., 2012). Moreover, in B. napus, Di et al. (2018)
identified 14 differentially expressed (DE) pyrabactin resistance 1-like (PYL)
genes, which play core roles in ABA signalling networks, at different time points

of heat treatment. BnPYR1-3, BnPYL1-2, BnPYL3-1, BnPYL4-2, BnPYL5-4,
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BnPYL6-1, BnPYL7-2, and BnPYL 9-2 were up-regulated while BnPYR1-4,
BnPYL2-2, BhPYL4-6, BnPYL8-5, BnPYL8-6, BnPYL9-1 were down-regulated.
Also, some BnPYL genes such as BnPYR1-3, BnPYL1-2, and BnPYL7-2 had
similar expression patterns under drought, salinity, and heat treatments
suggesting that these genes might be important candidates for improving
tolerance to abiotic stress (Di et al., 2018). In addition to its role during abiotic
stress response, tissue ABA concentrations were also found to influence seed
components during grain filling (Chandrasekaran et al., 2014). Under high-
temperature conditions, changes in ABA content in seeds were involved in the
modification of downstream expression of genes associated with the biosynthesis
of seed storage compounds in castor beans (Chandrasekaran et al., 2014). Thus,
the quality determining characteristics of seeds such as seed germination, vigour
and storability can be negatively affected by the impact of heat stress through
inducing changes in the concentration of important hormonal signalling molecules
(Gao et al., 2010).

Although many studies addressed the role of ABA as a major stress-responsive
hormone, the role of other stress hormones has also been studied in response to
various abiotic stress factors. For example, high concentrations of ABA and BR
and low concentrations of gibberellic acid 3 (GA3) significantly induced BnGAl
expression, a gene that encodes a putative G protein a subunit (Ga) in B. napus
(Gao et al., 2010). BnGA1 was initially found strongly expressed at the bolting
and fruiting stages. However, different abiotic stresses prompted different
expression patterns with an apparent low expression in response to heat. This
reduction in transcription could be attributed to one of the physiological events in
decelerating cellular processes under temperature stress (Gao et al., 2010). BR
were also found to enhance seedling tolerance to drought and cold stress and
counterbalance the inhibitory impact of salt stress on seed germination in A.
thaliana and B. napus (Kagale et al., 2007). Transgenic B. napus overexpressing
the A. thaliana BR biosynthetic gene DWF4 exhibited increased seed yield and
enhanced stress response to heat and drought (Sahni et al., 2016). At higher
concentrations, stress hormones such as JA inhibit growth as a strategy to

mobilize the metabolic reservoir between growth and stress response processes
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(Heinrich et al., 2013). The overexpression of BR biosynthetic gene DWF4
induced a down-regulation of several JA biosynthesis and signalling genes,
suggesting a mechanism played by BR to balance the inhibitory effect of JA on
growth (Sahni et al., 2016). Furthermore, analysis of global transcription profiles
after heat stress showed diverse expression patterns between different hormone
signalling pathways. While genes encoding proteins involved in the biosynthesis
of ethylene and GAs were all reduced, genes encoding auxin synthesis, binding
and transport were all induced in seeds (Yu et al., 2014). These studies suggest
a complex interaction among different phytohormones, through switching the
activities of certain genes as needed depending on the stress situation. Thereby,
functioning as key regulators to achieve a state of homeostasis and maintain a
balance between stress tolerance and plant productivity.

2.3.2 Transcription factors

Different TF families have been identified in plants such as AP2/ERF, MYB, HSP,
bZIP, NAC, DOF, MADS-box, etc. (Ghorbani et al. 2020). In a recent study, Wang
et al. (2018) identified 2,167 TFs belonging to five different families in B. napus
with 7.6% identified as novel and unique to B. napus. Interestingly, among the
DEG identified in response to different abiotic stresses, 70% were responsive to
heat after 12 hours of treatment and these include: 62 BnAP2/EREBPs, 32
BnbZIPs, 61 BnMYBs, 40 BnNACs and 27 BhWRKYs (Wang et al., 2018).

During plant heat stress, the heat shock response is a conserved response during
which heat shock transcription factors (HSF) regulate heat shock proteins (HSP)
through recognising and binding to conserved palindromic motifs in the promoter
region of heat-stress responsive genes (Scharf et al., 2012). As a result, HSP
bind to denatured proteins and inhibit their aggregation, thus maintaining protein
homeostasis and eventually thermotolerance (Su & Li, 2008). Unlike the limited
number of HSF encoding genes in yeast and animals, plants possess large and
diverse HSF gene families with complex species-specific functions (Scharf et al.,
2012). There are 21 HSF genes in the A. thaliana genome (Nover et al., 2001),
25 HSF genes in the rice genome (Chauhan et al., 2011), and 56 HSF genes in

the wheat genome (Xue et al., 2014). Interestingly, 64 HSF encoding genes were
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discovered in B. napus, rendering it the largest HSF family in plants identified so
far (Zhu X. et al., 2017). The diversity of HSF genes in plants has likely arisen
from whole-genome duplications events that took place during evolution
(Chalhoub et al.,, 2014). In the case of B. napus, it is believed that the
allopolyploidy process contributes significantly to the expansion of its HSF gene
families, a key element for its adaptation and survivability under different
environmental conditions (Zhu X. et al., 2017).

An example of a novel yet conserved gene that plays a key role in the thermal
resistance in B. napus is Brassica napus thermal resistance gene 1 (BnTR1).
BnTR1 belongs to a new type of membrane-bound RINGv (Really Interesting
New Gene Variant) protein with E3 ligase activity and was found to control the
expression of HSFs related genes such as HSFAla through the regulation of
cytosolic Ca?* concentration under heat stress, thus enhancing thermotolerance
(Liu et al., 2014). It was also noticed that BnTR1 was able to increase heat
tolerance in Oryza sativa without producing any defective growth phenotypes as
seen with other thermal-resistant genes, such as: DREB1A, AtHSFA3 and
BhHSFL1 (Yoshida et al., 2008; Hong et al., 2009; Zhu et al., 2009). Liu et al (2014)
also found that the expression of BnTR1 increased the yield of rice suggesting its
role in alleviating adverse environmental impacts on the crop through functioning
as a master regulator of heat stress-responsive genes.

Other heat-responsive markers have also been identified in B. napus heat stress
tolerance mechanisms. MYB genes were concomitantly reprogrammed and
induced in the silique wall and seeds of B. napus following exposure to heat
stress (Shamloo-Dashtpagerdi et al., 2018). After constructing a gene regulatory
network of key stress regulatory genes that respond to drought and salt tolerance
in B. napus, comparative genomic analysis from A. thaliana and Eutrema
salsugineum and their B. napus homologs showed that transcription factor
MYB44 and its direct regulator VIP1 had the largest number of connectivity and
achieved the highest centrality values among the studied genes, implying its
pivotal role in the regulatory network and ultimately in the plant stress tolerance
system (Shamloo-Dashtpagerdi et al., 2018). At the physiological level, TFs also
play important roles in plant growth and development. In A. thaliana, the ectopic
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expression of transcription factor AtMYB68 in B. napus following severe heat
stress at flowering enhanced pollen viability and led to significant improvement in
yield (Deng et al., 2020). These findings show the key role of TFs in the
reproductive heat tolerance system pertained by A. thaliana and other related
species (Yu et al., 2014) and altogether suggest a conserved stress response
with key resistance factors in different tissues and plants (Yu et al., 2014; Huang
et al., 2019).

2.3.3 Glucosinolates

The involvement of TFs in modulating glucosinolates (GSL) concentrations under
heat stress has also been reported. GSL are secondary metabolites found almost
exclusively in the Brassicaceae (Fahey et al., 2001). Although they are known to
be present in all parts of the plant, their concentration varies with different tissues
and developmental stages (Fieldsend & Milford, 1994). While seeds are
considered the major compartment for their storage, their synthesis takes place
after flowering in the leaves and the reproductive tissues such as the silique wall
(Nour-Eldin et al., 2012). Some GSL play protective roles in the plant stress
defence mechanisms against biotic and abiotic stress (Ludwig-Mdiller & Krishna,
2000; Martinez-Ballesta et al.,, 2013). Elevated temperature was found to
increase GSL concentrations in B. rapa, with a noticeable involvement of
BrMYB28 and BrMYB34 transcription factors in this process (Justen & Fritz,
2013). In A. thaliana, mutants deficient in GSL metabolism experienced reduced
expression of cytoplasmic Hsp90 and less thermostability under elevated
temperature (Ludwig-Mdiller & Krishna, 2000), whilst the supply of two exogenous
GSL hydrolysis products increased the expression of HSPs and improved
thermotolerance (Hara et al., 2013). Conversely, after heat treatment of 20-day-
old siliques of B. napus, Yu et al. (2014) reported a dramatic decrease in the
expression of several transcripts involved in GSL metabolism such as those
involved in the indolic and benzenic pathways, suggesting the suppression of
GSL biosynthesis in the silique wall due to heat stress. This shows that down-
regulation of such pathways under stressful conditions could act as a protective

measure to conserve energy (Yu et al., 2014), but also to optimise redistribution
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of GSL (Martinez-Ballesta et al., 2013), ensuring survival under adverse
environmental conditions. Such opposite trends in GSL concentrations in
response to heat treatment and the involvement of distinct signalling molecules,
such as TFs, reveal a complex stress response powered by various factors such
as the intensity and duration of stress as well as the plant developmental stage.
As little is known about the biological functions of GSL metabolism under heat
stress, there is a need for more research to further understand the auxiliary roles
of individual compounds in modulating the plant physiological status. Thus,
revealing the interconnectivity between different components and pathways

involved in an effective heat tolerance system in B. napus.

2.4 Impact of Polyploidy and Alternative Splicing on Heat
Stress

Polyploidy or whole-genome duplication (WGD) is one of the major forces in plant
evolution (Soltis et al., 2014). The resulting speciation and biodiversity have
influenced the structure and evolution of plant genomics, giving rise to highly
dynamic genomes with broad gene expression changes (Wang et al, 2019a).
Most of the world crops have undergone polyploidy including wheat, cotton,
tobacco, oats, potato and coffee. A recent allopolyploidy event took place around
7,500 years ago between ancestors of Brassica oleracea and Brassica rapa
resulting in the formation of the highly adaptive species B. napus. This in addition
to earlier polyploidisation events, has caused an aggregate of 72x genome
multiplication since the origin of angiosperms (Chalhoub et al., 2014). These
evolutionary events have led to the acquisition of strong and valuable agronomic
traits, giving these species the ability to adapt and survive different climatic
conditions. For example, one copy of Flowering Locus C (FLC), a key adaptive
gene controlling vernalisation and photoperiod responses, exists in A. thaliana,
while four copies exist in B. rapa and B. oleracea and nine or more in B. napus
(Chalhoub et al., 2014).

There has been an increasing interest in studying the expression patterns of such
duplicated genes. In polyploidy, duplicated genes may also be differentially

spliced by the action of alternative splicing (AS) (Wang et al, 2019a). This
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mechanism is characterised by the excision of introns and the production of
differential exon combinations. The resulting genetic modifications alter transcript
abundance and gene expression and eventually produce variant proteins (Liu et
al., 2018b). During plant growth and development, AS plays key roles in different
biological processes and most importantly, in response to biotic and abiotic stress
(Guo et al., 2020; Wang et al., 2023b). It is becoming increasingly evident that
AS is not a by-product of stress but a regulatory part of the larger stress response
(Kannan et al., 2018). Heat stress was found to induce an increase in AS events
in genes that are associated with abiotic stress response such as those relating
to protein folding (Chang et al., 2014; Kannan et al., 2018). In a recent study,
analysis of differential AS landscape among A, B & D wheat subgenomes under
salt treatment found that homologous genes displayed differential AS responses
under salt stress and more AS events were identified in the salt-sensitive cultivar
than in the salt-tolerant one. Interestingly, specific AS events were found induced
at different time points of salt stress (Guo et al., 2020). When multiple stresses
were assessed, combined heat and drought stresses (HD) induced specific AS
events compared with those induced by individual stresses. Upon comparison of
differentially spliced genes (DSGs) and differentially expressed genes (DEGS),
40% of DSGs were overlapping with DEGs under heat stress and HD conditions
(Liu et al.,, 2018b). Additionally, Wang et al. (2023b) found that the linseed
response to the repeated drought treatment was coregulated by both
transcription and AS. These findings demonstrate the coordination between AS
regulation and transcriptional regulation to orchestrate an effective stress
response and ultimately contribute to abiotic stress tolerance. Similarly, in B.
napus, RNA-Seq of plants subjected to cold, heat, and drought stress treatments
also showed variation in expression and AS levels within the duplicated genes,
with an overall At subgenome biases in gene expression and Crt subgenome
biases in the extent of AS (Lee & Adams, 2020). Saminathan et al. (2015)
hypothesized that polyploidy can influence AS, resulting in transcriptome
modifications. In two independently synthesized lines of B. napus, alterations in
AS events after polyploidy were reported (Zhou et al., 2011). Also, in response to

heat, the number and type of AS events in the two related species A. thaliana
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and the highly thermotolerant polyploid Boechera depauperate varied
significantly, suggesting a role for polyploidy in this variance. Moreover, this also
demonstrates that AS responses to heat stress are species-specific (Kannan et
al., 2018). In summary, the divergence in gene expression and AS patterns within
the homologous genes may contribute to gene functional evolution which
explains the flexibility of polyploids when responding to different abiotic stress
(Zhang et al., 2010; Lee & Adams, 2020).

To further explore the role of AS in heat stress, Ling et al. (2018) investigated the
existence of a “splicing memory” which is thought to be a key factor for achieving
thermotolerance in A. thaliana. As intron retention (IR) is the main AS form
present in plants, the study aimed to investigate whether primed plants would
preserve the same levels of these events during the recovery and memory-
establishment phases and whether their response would differ from the response
of non-primed plants after a recurrent exposure to heat. It was observed that heat-
stressed plants accumulated unprocessed transcripts through splicing repression
with marked levels of IR events, which eventually decreased to normal levels
during recovery. In the second heat exposure, primed plants exhibited a very
distinct response from non—primed plants. Primed plants remembered to undergo
splicing and correctly processed transcripts similar to control plants under normal
conditions. As a result, primed plants maintained a “splicing memory” that can
carry out correct splicing and produce the necessary transcripts and proteins
needed for the growth and development of plants after the cessation of stress,
and subsequently ensuring the survivability of plants following another stress
event (Ling et al., 2018). This further supports the role of AS as an integral
component in forming a priming-induced heat-stress memory in A. thaliana
(Sanyal et al., 2018). Further elucidation of this mechanism is needed to explore
whether the discovered splicing-linked stress memory can be inherited across
generations, or its function is limited somatically within an individual generation.
Taken together, the polyploidy nature of B. napus and the regulatory role of AS
in response to abiotic stress entail a further exploration of these evolutionary
mechanisms under heat stress aiming to unveil novel species-specific

interactions and to provide more understanding on its impact on thermotolerance,
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and more broadly, how polyploidy can impact the organismal response to heat

stress.

2.5 Dynamics of Epigenetic Modifications under Heat Stress

In plants, high throughput technologies such as Whole-Genome Bisulfite
Sequencing (WGBS) and Chromatin Immunoprecipitation (ChIP), and more
recently nanopore technology, provide the opportunity to study epigenetic
modifications in species and genotypes at genome-wide levels (Laird, 2010).
Different types of epigenetic mechanisms exist and the most common are DNA
methylation, histone modifications and small RNAs. Along with its vital role in
maintaining genome integrity, increasing evidence indicates that epigenetic
mechanisms in plants play a substantial part in modulating gene expression
under different environmental conditions, including salinity, drought, extreme
temperatures and exposure to heavy metals (Gao et al., 2014; Fan et al., 2020;
Ueda & Seki, 2020; Talarico et al., 2024).

2.5.1 DNA methylation

In higher plants, 30-50% of all cytosine residues of the nuclear DNA are
methylated (Gao et al., 2014), and DNA methylation occurs in all three sequence
contexts: the symmetric CG and CHG, and the asymmetric CHH, where H stands
for A, C or T (Li et al., 2016; Klungland & Robertson, 2017). Despite the
availability of epigenetic research in A. thaliana, these studies are still very limited
in Brassica crops. Different methylation levels can produce different profiles of
gene expression and transcription, giving rise to different phenotypic responses
(Sun et al., 2022). In plants, genome methylation status is maintained by the
dynamic function of DNA methyltransferase and demethylase enzymes. These
enzymes are classified into different categories depending on their protein
structure and function (Liu et al., 2018a). Fan et al. (2020) identified 22 methylase
genes and six demethylase genes through studying two varieties of B. napus
(YN171 and 93275). In addition to the variations in methylation patterns detected
at different sequence locations (gene regions and up/downstream regions) and

contexts (CHG, CHH & CG), analysis of gene expression in 22 tissues across
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different developmental stages showed that these genes have different

regulatory roles in plant growth and development.

Several reports have demonstrated that plant adaptations to different abiotic
stresses are associated with differences in methylation levels (Marconi et al.,
2013; Dhar et al., 2014, Liu et al., 2017; Li et al., 2023; Zhang et al., 2023). In B.
napus, a large set of genes were associated with changes in cytosine methylation
in response to heat treatment. More specifically, this variation was prominent at
the genotype level where more DNA methylation occurred in the heat-sensitive
cultivar and more DNA demethylation occurred in the heat-tolerant one (Gao et
al., 2014). The expression level of DNA methyltransferase and demethylase
enzymes changed significantly in response to salt and heat stress, indicating that
methylation of some genes is essential for the response to abiotic stress in plants
(Fan et al.,, 2020). Similarly, position- and context-dependent methylation
variations were also seen in B. rapa under heat stress. Analysis of differential
methylation and differential gene expression found that lowly expressed genes
were enriched in genes with high methylation levels and vice versa, except for
mCG methylation in exon regions. Interestingly, different sets of differentially
methylated DEGs were involved at the early and late stages of heat treatment
(Liu et al., 2018a).

During the reproductive stages, more complex relationships between DNA
methylation and gene expression have also been elucidated. During the two
pollen pathways (gametophytic development and pollen embryogenesis) and in
response to heat treatment, in vitro-cultured microspores of B. napus changed
their gametophytic developmental pathway towards embryogenesis through an
epigenetic reprogramming control. This was associated with a decrease in global
DNA methylation and activation of cell proliferation, while DNA methylation
increased with pollen and embryo differentiation in a cell-type-specific manner
(Solis et al., 2012). On the contrary, Li et al. (2016) reported that short term heat
shock treatment induced a decrease in global DNA methylation in cultured
microspores of B. napus, suggesting a lack of trend in the changes of DNA

methylation under heat stress in different species or cell types.
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2.5.2 Histone modifications

Histone modifications, including methylation, demethylation, and acetylation, are
recognised as ubiquitous epigenetic marks that play a vital role in regulating
chromatin structure and modulating gene expression (Xu et al., 2017; Nunez-
Vazquez et al., 2023). Other posttranslational modifications (PTMs), such as
phosphorylation and ubiquitination have also been identified in transcriptional
regulation in A. thaliana (FURBI et al., 2018). The presence or absence of
methylation on the lysine and arginine residues in histones affects their
interaction with reader proteins and results in chromatin conformational changes.
Eventually, these changes lead to either transcriptional activation or repression
(Teperino et al., 2010). In plants, two Arg methylation sites (H3R17 and H4R3)
and five Lys methylation sites (H3K4, H3K9, H3K27, H3K36, and H4K20) have
been identified (Liu et al., 2010). In A. thaliana, histone methylation involves both
repressive (H4R3me2, H3K9me2/3, and H3K27me3) and active modifications
(H4R3me2, H3K4me3, and H3K36me2/3 (Wang et al.,, 2016). In contrast to
methylation, histone acetylation marks neutralise basic charges in histones, thus
weakening histone/DNA interactions and making the DNA more accessible for
the transcriptional machinery (Allis & Jenuwein, 2016). In A. thaliana, studies
reported an increase in histone H3 acetylation levels in response to drought
stress which in turn, altered the expression of stress-responsive genes (Nunez-
Vazquez et al., 2022). Histone modifications involve a complex network of
epigenetic modifiers that serve to recognize, add or remove chemical moieties on
histone tails or core domains (Xu et al., 2017). In response to stress, the
combined activity of writers, readers and erasers regulate the level and type of
histone modifications. Because tissue-specific expression is essential for stress
response, these modifiers need to be recruited to specific loci for their
participation. Various elements, such as TFs and long non-coding RNAs have
been proposed to act as recruiters of these regulators into specific chromatin sites
(Deng et al., 2018). However, their role is still poorly explored in B. napus.

Recent studies have highlighted the role of histone modifications and their
modifiers in response to abiotic stress. Alam et al. (2019) reported 18 B. rapa

PHD (Plant homeodomain) finger genes as highly responsive to drought and salt

54



treatments. As “epigenome readers”, PHD finger proteins can bind specifically to
several histone modifications and confer activation or repression of the
corresponding gene. Interestingly, some of these genes were found to be induced
by more than 18-fold and others displayed different expression patterns at
different time points of the treatments (Alam et al., 2019). In another study, 15
paralogous pairs of histone methyltransferase and demethylase genes also
showed high variation in their expression profile in response to heat and cold
stress where dynamic variations also took place in specific tissues and
treatments, suggesting a complex role of these genes as robust candidates in the

stress tolerance mechanisms of B. rapa (Liu et al, 2019b).

Adding to this complexity, epigenetic regulators were found to interact with other
stress-responsive elements to promote tolerance (Liu et al, 2019a). To explore
this relationship, Liu and colleagues investigated the role of Polycomb Repressive
Complex 2 (PRC2) in regulating ABA stress response at a genome level (Liu et
al., 2019a). PRC2 is one of the major families of Polycomb group (PcG) factors
that functions to induce a state of chromatin inactivation. Its core enzymes are
responsible for histone H3 lysine-27 tri-methylation (H3K27me3), which is one of
the major epigenetic marks that causes gene silencing (Liu et al., 2019a). In A.
thaliana more than 20% of genes are covered by H3K27me3 in one given organ
(Lafos et al., 2011) and around 60% of protein-coding genes are silenced by
H3K27me3 in different cell types (You et al., 2017). Therefore, H3K27me3 is
considered a hallmark of gene repression, but its exact mechanism of action is
not fully understood. H3K27me3 was found to preferentially target ABA-induced
senescence-associated genes (SAGs) (Liu et al., 2019a). ABA-induced
senescence allows for the recycling and redistributing of nutrients to new growing
organs and seeds, thus boosting the plant’s fithess and tolerance against abiotic
stress (Zhao et al., 2016). In their study, Liu and colleagues found that mutants
of PRC2 enzymes were hypersensitive to ABA. Accordingly, SAGs were
derepressed and appeared highly induced in comparison to the wild type. This
indicates that PRC2-mediated H3K27me3 plays a key role in attenuating the ABA
response through buffering the expression of ABA-induced genes. Hence, fine

tuning of ABA-induced senescence to protect the plant from oversensitive

55



response (Liu et al., 2019a). The role of PRC2 in regulating stress responses
through modification of histones were also previously explored in different abiotic
conditions such as drought, cold and salt where H3K27me3 modified the

promotors of major stress response genes (Kwon et al., 2009).

2.5.3 Non-coding RNAs

Another component of the epigenetic machinery thought to play a role in the
response to abiotic stress are non-coding RNAs, which are involved in the
regulation of gene expression, along with other roles in different biological
processes (Zhang et al., 2014b). The short (20-24 nucleotides) small RNAs
(sRNAs) and the long (more than 200 nucleotides) non—coding RNAs (IncRNAS)

have no or limited discernible protein-coding functionalities.

SRNAs include micro-RNAs (miRNAs) which are the most thoroughly
characterized, and small interfering RNAs (siRNAs) (Bartel, 2009). sRNAs are
known to affect gene expression via two main mechanisms: transcriptional (TGS)
and posttranscriptional gene silencing (PTGS). To date, several studies have
identified both conserved and novel miRNAs from various model plants such as
A. thaliana and rice in response to different abiotic stress (Begum, 2022), yet
there is limited knowledge about the small RNA population in B. napus where
only a small number of miRNAs have been identified and their role in response
to heat stress is largely unknown (Jian et al., 2016). In a recent study, miRNAs
mediated thermotolerance through the action of miR160 which altered the
expression of HSPs and improved seed germination and seedling survival under
heat stress in A. thaliana (Lin et al., 2018). Additionally, five conserved miRNAs
families along with four novel ones were found responsive to heat stress and
resulted in either positive or negative regulation of their putative genes in B. rapa
(Yu et al., 2012). Using computational prediction methods, Xie et al. (2007) were
the first to study miRNAs in B. napus where they detected five miRNAs in
response to auxin, cadmium stress and phosphate starvation. However, this
study was carried out prior to the availability of a reference sequence which
explains the small number of miRNAs detected by their approach. Subsequently,

a set of DE miRNAs in response to sulphate deficiency and cadmium stress have
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been identified (Huang et al., 2010). High-throughput sequencing revealed a
diverse and complex set of core miRNAs in B. napus that were involved in seed
imbibition response to salt and drought stresses, suggesting the role of miRNAs
in response to stressful conditions during seed germination (Jian et al., 2016). In
B. napus, the regulatory role of miRNAs has been explored and detected in
response to different abiotic stresses, yet little or no information is available in
response to heat stress. Hence, more studies are warranted on this aspect to
gain insight about their role in thermotolerance.

LncRNAs were found to function as precursors of small RNAs (Joshi et al., 2016).
They are grouped according to their genomic positions and orientations as
follows: long intergenic noncoding RNAs (lincRNAs), long noncoding natural
antisense transcripts (IncNATSs), long intronic noncoding RNAs, and sense
IncRNAs. In plants, IncCRNAs research is still in its infancy with only a few studies
showing their role in plant development and adaptation to abiotic stress (Jha et
al., 2020; Bhogireddy et al., 2023). Nonetheless, IncRNAs have been found highly
expressed in a tissue-specific or stage-specific manner, with some having
preferential expression in the reproductive stages as well (Zhang et al., 2014b).
There is increasing evidence about the role of IncRNAs as ‘biological regulators’
for various processes including developmental, biotic and abiotic stress in
animals and plants (Chekanova, 2015). To explore the current understanding of
the participatory role of INcRNAs in the tolerance response to different abiotic
stress conditions in plants, Jha et al. (2020) reviewed several studies that
identified IncRNAs under drought, heat, cold, nutrient deficiency and metal
toxicity. As a result, a plethora of DE heat stress IncRNAs and their corresponding
heat stress-responsive target genes were reported from different crops. Song et
al. (2016) identified 9,687 novel IncRNAs in B. rapa in response to heat treatment
using RNA-seq. Likewise, two up-regulated IncRNAs (TalnRNA27 and
TalnRNA5S), which are miRNA precursors, were up-regulated in wheat in
response to heat stress (Xin et al., 2010). During pollen development and
fertilisation, a systematic analysis in B. rapa revealed that 47 cis-acting IncRNAs
and 451 trans-acting IncRNAs were highly co-expressed with their target genes

(Huang et al., 2018). Furthermore, a co-expression network of B. rapa depicted
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210 DEGs, 4 miRNAs and 33 IncRNAs under heat stress, where the biological
functions identified through GO enrichment analysis revealed terms such as “BR
mediated signalling pathway”, “response to stimulus” and “response to heat”,
suggesting their contribution in the heat response through these signalling
pathways (Wang et al., 2019b). At the seedling stage, two genotypes of B. napus
exhibiting different sensitivity to drought were exposed to drought stress and
rehydration treatment. Genome-wide analysis showed that the up and down-
regulated mRNAs co-expressed with INcCRNAs participated in different metabolic
pathways and were involved in different regulatory mechanisms, which
suggested the existence of divergent mechanisms to modulate the response to
drought stress and re-watering treatment (Tan et al., 2020). These findings show
that IncRNAs in plants could form an additional layer of complexity to other stress
response mechanisms during abiotic stress events. In B. napus, only a few
studies were found addressing the roles of IncCRNAs in response to certain stress
conditions such as pathogens (Joshi et al., 2016), cadmium (Feng et al., 2016)
and drought stress (Tan et al., 2020), while to the best of our knowledge, no
studies have investigated the role of INcCRNAs in responses to heat stress in this
species. There is a significant knowledge gap concerning the roles of different
epigenetic mechanisms in response to heat stress in B. napus. Owing to its
complexity and poorly understood mechanisms, a deeper knowledge of these
intricate epigenetic components would serve as a stepping-stone to gain insights
into the genomic regulation behind heat stress-mediated responses in this

important crop species.

2.6 Systems Biology Approaches in Brassica napus under Heat
Stress

Omics approaches are now routinely used in helping to understand plant
responses and adaptations to different biotic and abiotic conditions. However,
their exploitation in B. napus is limited and the knowledge of the impact of heat
stress on its vyield determining reproductive stages is still fragmentary.
Nevertheless, the availability of reference genomes in Brassica species has

contributed to major improvements in understanding the genetics of these crops.
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This has created a foundation for identifying possible interactions that link
genotypes and phenotypes. Subsequently, emerging genomics and
transcriptomics studies have resulted in the development of transgenic cultivars
with potentially stronger agronomic properties than their non-transgenic cultivars
(Raza et al., 2021). In B. napus and other related species, several genomic
projects have been conducted to study the effect of different abiotic stresses on
different genetic and physiological properties. Using GWAS, numerous studies
examined genomic regions and quantitative trait loci (QTL) controlling various
traits that are affected by heat stress (Bac-Molenaar et al., 2015; Rahaman et al.,
2018). Others identified TFs that play regulatory roles in abiotic stress responses
including heat (Yoshida et al., 2008; He et al., 2016; P. Wang et al., 2018; Liang
et al., 2019; Ghorbani et al., 2020) and some looked at gene families that are
involved in controlling different hormonal signalling networks during heat stress
(Justen & Fritz, 2013; Di et al., 2018).

At the transcript level, global transcriptome profiling allows for dynamic
quantification of gene expression and their isoforms at different developmental
stages in different tissues (Wang et al., 2009). For instance, combined RNA-seq
and qRT-PCR identified and analysed the expression patterns of 64 genes
encoding BnaHSF proteins in the B. napus genome across different tissues and
under heat, drought and high COz2 stresses (Zhu et al., 2017). Similarly, organ-
specific expression was detected using transcription profiling in B. napus siliques
at the seed-filling stage, where some genes were preferentially expressed in
heat-stressed silique walls or seeds and others were involved in specific
biological functions of each tissue, such as GSL metabolism in silique wall and
flavonoid synthesis in seeds (Yu et al., 2014). Furthermore, a transcriptional
analysis of three different cultivars of B. napus (two heat-sensitive and one heat-
tolerant) showed that all three cultivars shared a common transcriptional
response with the down- regulation of cell metabolism and up-regulation of genes

linked to heat stress, protein folding and HSPs binding (Jedlickova et al., 2023).

Examining the impact of high night temperature on the fatty acid composition of

B. napus seeds, in-depth RNA-seq analysis revealed up-regulated GA signalling
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which was also associated with active expression of genes involved in fatty acid
catabolism and glyoxylate metabolism pathways (Zhou et al., 2018).
Furthermore, a genome-wide analysis allowed the identification and functional
analysis of 321 putative AP2/ERF TFs belonging to five major subfamilies,
including DREB, ERF, AP2, RAV, and BnSoloist in B. napus (Owiji et al., 2017).
Gene expression analysis using RNA-seq revealed a high expression of
AP2/ERF genes in the roots as compared to other organs. Gene ontology
annotation, regulatory elements identification, and functional association network
showed that most of these TFs are responsive to different abiotic stresses such
as drought, salinity, and cold and play significant roles in the developmental

processes, particularly organ speciation and embryogenesis (Owiji et al., 2017).

Plant responses to heat are depicted by many quantitative factors such as time,
intensity and duration of stress. At the molecular level, these responses result in
profound structural and metabolic modifications, ranging from disruption of
membrane and cytoskeleton stability to metabolic alterations of enzyme activity
and accumulation of toxic metabolites such as ROS. Although genomic and
transcriptomic studies using RNA-seq have offered revolutionary approaches to
interpret genomic data, these data do not always reflect the exact proteomic and
metabolic state as gene products are also influenced by other processes such as
post-translational and co-translational modifications. Hence, integration of
metabolic and proteomic approaches will further help to better understand the
events taking place at the molecular level (Rocco et al., 2013). Recently, omics
approaches have been fine-tuned to elucidate the abiotic stress-related genes
and develop tolerant cultivars that are capable to withstand current climatic and
environmental changes (Raza et al., 2021). For example, studying the proteome
response of a crop species during high-temperature stress will help to reveal the
proteins and their corresponding biological mechanisms responding to these
stresses. Moreover, as proteins act as direct effectors of phenotype, this proximity
allows the prediction of affected phenotypes and hence, improving the breeding
outcomes (Kosova et al., 2015). Although the proteome comprises of all protein
components in a living organism, this set of proteins varies considerably

depending on the developmental stage, growth conditions, tissue and cell type,
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giving rise to infinite proteomes within one organism (Kosova et al.,, 2015).
Therefore, to gain a comprehensive insight into the protein profiles and pathways
that are associated with heat, extensive research needs to be carried out not just
at the organismal level but also looking at specific developmental stages and

growth conditions.

Although numerous proteomic studies addressing the impact of various abiotic
stresses in model species and various crops have been reported and reviewed
(BeneSova et al., 2012; Hossain et al., 2012; Kosova et al., 2013; Li et al., 2013),
there is very limited knowledge to date on the proteome of B. napus under heat
stress. The existing studies have identified proteins that are thought to be
involved in thermotolerance, redox homeostasis, carbohydrate metabolism and
protein synthesis and degradation (Lee et al., 2007; Neilson et al., 2010). In A.
thaliana, analysis of the protein repertoire in the rosette leaves after exposing
seedlings to short-term heat stress revealed differentially represented proteins
that grouped into two main broad classes including energy and metabolism and
stress response proteins (Rocco et al., 2013). In the first proteomic report in B.
napus in response to heat stress, Ismaili et al. (2015) observed an increase in the
abundance of ascorbate peroxidase protein and its corresponding mRNA
transcript, suggesting its role in short-term high-temperature stress response.
Also, the up-regulation of proteins involved in energy and metabolism is thought
to have utilised most of the nutritive reserves in the seedlings, resulting in a
noticeable reduction in growth as a response to heat (Ismaili et al.,, 2015).
Similarly, the first proteome analysis of B. napus response to drought stress also
reported a reduction in growth that was associated with decreased abundance of
HSP 70 and tubulin beta-2 proteins in the drought-sensitive and hybrid F1 lines
(Mohammadi et al., 2012). Using yeast two-hybrid assay, the interactions among
various calcineurin B-like proteins (CBLs) and CBL-interacting protein kinases
(CIPKs) were demonstrated in B. napus under several abiotic stresses (Zhang et
al., 2014a). Furthermore, expression levels of six selected BnaCBLs and 12
BnaCIPKs genes in response to salt, drought, cold, heat, and ABA showed that
the two gene families were responsive to multiple stimuli, suggesting that the

CBL-CIPK network in B. napus may be a common link for a variety of signalling
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pathways (Zhang et al., 2014a). Yan et al. (2016) used a comparative proteomic
approach to screen for thermotolerance genes in seeds of B. napus. As a result,
a B. napus GLYI gene was identified. GLYI is a member of glyoxalase system
that plays a role in methylglyoxal detoxification during carbohydrate and lipid
metabolism. Two-dimensional gel analyses showed that the abundance of
BnGLYI-3 protein in thermotolerant seeds significantly increased in response to
heat stress, suggesting its role in inducing thermotolerance to high temperature
stress in B. napus seeds (Yan et al., 2016).

Along with proteomics and other omics approaches, metabolomics has emerged
as an exciting scientific discipline where cellular metabolites are profiled to reveal
connections among genes, phenotypes and other cellular biomarkers in different
biological species (Raza, 2020). The metabolome is the total pool of metabolites
present in an organism (Razzaq et al., 2019). Through metabolomics studies, it
is now possible to identify and measure primary and secondary metabolites to
characterize genetic or environmental variations in plants (Razzaq et al., 2019).
Under heat stress conditions, metabolomics provides a systems biology
approach to understand complex metabolic networks and enhance
thermotolerance and can be a useful tool in distinguishing between genotypes
with different heat sensitivity and understanding how changes in the
transcriptome and proteome manifest themselves at the cellular and tissue levels.
Using comparative metabolomics, Amjadi et al. (2024) showed that heat stress
increased the susceptibility to Leptosphaeria maculans (blackleg disease
causing-agent) through down-regulation of signal transduction pathway
components and deduction in signalling metabolites (Amjadi et al., 2024).
Moreover, Koscielny et al. (2018) identified 25 metabolic markers that
discriminated between the heat-tolerant and -susceptible genotypes of B. napus
during the reproduction stage under heat stress, through an untargeted metabolic
assessment using Gas Chromatography-Mass Spectrometry. The latter finding
demonstrates how genetic variations exhibited by different genotypes are
translated into distinct agronomic traits that eventually allow its survivability under
suboptimal conditions. In addition, metabolome information collected from

stressed plants has also helped define the severity and timing of heat stress
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(Koscielny et al., 2018). In another metabolomic study, numerous unknown
potential regulatory relationships involved in glucosinolate metabolism were
identified through a doubled-haploid mapping population of B. napus. Feng et al.
(2012) demonstrated the impact of genetic variation on the biochemical pathways
through combining genetic and metabolic analysis of different GSL components
in the leaves and seeds. Subsequently, this has resulted in the identification of
105 metabolite QTLs and the construction of an advanced metabolic network for
the GSL composition in both leaves and seeds (Feng et al., 2012). Integration of
metabolomic approaches with other omics tools has therefore the potential to
reveal crucial interactions and regulatory networks between genes, proteins, and
many essential regulatory components, where different responses meet to form

a complex machinery of plant stress tolerance.

2.7 Conclusion

Despite current advances in exploring the impact of different biotic and abiotic
stress factors within different Brassica species, this review has identified several
knowledge gaps regarding the impact of heat stress on B. napus during its yield
determining reproductive stages, where in-depth analysis of this subject is still
needed. The opposite trends in expression of key genetic and epigenetic
components identified in different species and in cultivars within the same species
under various abiotic stresses call for further research in this field. Moreover,
variations in intensity, time and duration of heat stress have been found to
generate modified responses in plants. Therefore, to understand its impact on B.
napus crops in specific geographical areas, regional studies on local cultivars
should take place to simulate field conditions specific to these areas. To date,
only a few studies have addressed the impact of heat stress on the metabolome
and proteome of B. napus, and the underline cellular mechanisms are still poorly
understood. On this account, combining genetic studies with different omics
approaches will provide the means to explore the intricate responses arising
following exposure to heat stress and accomplish a system-level understanding
of how heat stress alters the yield and quality of the B. napus crop. It is expected
that the findings of these studies will help breeders to produce cultivars with
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strong thermotolerance traits and to mitigate the detrimental effect of global
warming on agriculture through contributing to sustainable food production and

security.
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Abstract

Oilseed rape (Brassica napus L.), one of the most important sources of vegetable
oil worldwide, is adversely impacted by heat wave-induced temperature stress
especially during its yield determining reproductive stages. However, the

underlying molecular and biochemical mechanisms are still poorly understood.

In this study, the transcriptomic and metabolomic responses to heat stress were
investigated in B. napus plants after exposure to a gradual increase in
temperature reaching 30 °C in the day and 24 °C at night for a period of 6 days.
High Performance Liquid Chromatography and Liquid Chromatography-Mass
Spectrometry were used to quantify the content of carbohydrates and
glucosinolates respectively. Results showed that heat stress reduced yield and
altered oil composition. Heat stress also increased the content of carbohydrate
(glucose, fructose and sucrose) and aliphatic glucosinolates (gluconapin,
progoitrin) in the leaves but decreased the content of the indolic glucosinolate

(glucobrassicin).

RNA-Seq analysis of flower buds showed a total of 1892, 3253, 4553 genes were
differentially expressed at 0, 1 & 2 DAT (Days after Treatment) and 4165 and
1713 at 1 & 7 DOR (Days of Recovery) respectively. Heat treatment resulted in
down- regulation of genes involved in respiratory metabolism namely Glycolysis,
Pentose Phosphate Pathway, Citrate Cycle and Oxidative Phosphorylation
especially after 48 hrs of heat stress. Other down-regulated genes mapped to

sugars transporters, nitrogen transport and storage, cell wall modification and
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methylation. In contrast, up-regulated genes mapped to small heat shock proteins
and other heat shock factors that play important roles in thermotolerance.
Furthermore, two genes were chosen from the pathways involved in the heat
stress response to further examine their expression using real time RT-qPCR.

Taken together, the results of this study demonstrated that the changes in
carbohydrates and glucosinolates metabolism and transport under heat stress is
one of the response mechanisms employed by the plant under heat stress
conditions. Moreover, the transcriptomic data will be useful for further
understanding the molecular mechanisms of B. napus plant tolerance to heat
stress and provide a basis for breeding heat-tolerant varieties.

3.1 Introduction

Over the last decade, climate change has led to more extreme climatic events,
impacting crop productivity and threatening global food security (Ismaili et al.,
2015; Lamaoui et al., 2018). These extreme events include periods of high
temperature stress in the form of heatwaves (Goel et al., 2023), broadly defined
as periods of excessively high temperature as compared to the local climate
(Diksaityté et al., 2019). Previous studies have shown that heat stress can be
detrimental during reproductive development due to the damage caused to plant
organs and cellular structures (Hedhly 2011; Hinojosa et al., 2019, Goel et al.,
2023). During reproduction, high temperature can induce irreversible structural
and physiological changes in both male and female floral organs, leading to
premature senescence (Lohani et al., 2020; Jagadish et al., 2021). High
temperature stress can also decrease chlorophyll synthesis and disrupt
photosynthesis and respiration, further reducing the yield potential of crop plants
(Hasanuzzaman et al., 2014; Zandalinas et al., 2016). Thus, understanding the
impact of heatwaves on crops and particularly during reproductive stages is
essential to the development of varieties that can withstand these periods of

elevated temperatures.

Traditionally, most heat stress experiments involve a heat shock, where plants
are subjected to a high temperature within a very short time (10-15 °C above

their optimal temperature, from several minutes to a few hours (Wahid et al,
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2007). As a result, plant responses to heat shock have been well studied (Huang
et al.,, 2019; Wang et al., 2020), but relatively little information exists on the
responses to heatwaves, especially at the transcriptomic and metabolomic levels
(Jin et al., 2011; Glaubitz et al., 2017).

In plants, heat shock reduces photosynthesis and respiratory metabolism, and
increases antioxidant activity (Huang et al., 2019; Wang et al., 2020). Heat shock
also negatively affects plant growth and productivity (Ismaili et al., 2015). While
these experiments revealed the regulatory mechanisms in response to sudden
heat stress (Seth et al, 2021; lkram et al., 2022; Li et al., 2022), they do not fully
represent the impact of temperature changes in the field during heatwave
conditions. As a result, several studies employed prolonged warming
experiments to study heat stress (Jin et al., 2011; Way & Yamori 2014; Glaubitz
et al., 2017). In A. thaliana, studies showed that plants exhibit different response
patterns to prolonged warming (7 days) as compared to heat shocks (Jin et al.,
2011; Wang et al., 2020). While prolonged warming led to a reduction in stomatal
conductance, heat shock increased transpiration. Under both heat shock and
prolonged heat stress there was an induction of antioxidant enzymes in A.
thaliana, however, these were significantly higher under the heat shock treatment
compared to the prolonged heat treatment (Wang et al., 2020). A. thaliana plants
grown at 28/23 °C (elevated by 5 °C from ambient temperature) suffered from
significant reduction in life span, total biomass, total weight of seeds, and leaf
concentration of starch, chlorophyll, and proline (Jin et al., 2011). In rice, under
prolonged elevated night temperature, transcriptomic analysis showed changes
in cell wall, abscisic acid (ABA) signalling and secondary metabolism related
genes, while metabolite profiles revealed a highly activated Citrate Cycle and

enzyme activities (Glaubitz et al., 2017).

Oilseed rape (Brassica nhapus L.) is the second-largest source of oilseeds after
soybean and the third-largest source of vegetable oil worldwide (USDA, 2025).
Cultivation and breeding practices have resulted in numerous genetically diverse
lines with strong agronomic and adaptation traits (Sun et al., 2017). As a result,

B. napus is widely cultivated around the world for food, biofuel and animal feed
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(Namazkar et al., 2016). Like other major temperate field crops, B. napus can be
extremely sensitive to high temperature stress, especially if it occurs during
flowering or seed development, threatening yields and quality (Angadi et al.,
2000; Koscielny et al., 2018; Kourani et al., 2022). Studies in different Brassica
species have found negative relationships between heat stress and seed yield
and quality (Yu et al., 2014). For example, under elevated temperature scenarios,
four B. napus cultivars experienced a significant reduction in seed biomass,
resulting in a 58% decrease in the oil yield, and 77% decrease in the essential
fatty acid C18:3-w3 (Namazkar et al., 2016). Heat stress also reduced oil seed
content and impaired carbohydrate incorporation into triacylglycerols in B. napus
(Huang et al., 2019). Additionally, impairment of chlorophyll biosynthesis and
disruption of the biochemical reactions of photosystems were exhibited in 10-day-
old B. napus seedlings subjected to 38 °C (Hasanuzzaman et al., 2014). This was
manifested through a significant reduction in chlorophyll and leaf relative water
content as well as through an inefficient antioxidant defence system
(Hasanuzzaman et al., 2014). Despite current advances in studying the effect of
heat on different Brassica species, the impact of heatwaves on B. napus,
especially during its yield determining reproductive stages, is still poorly

understood (Kourani et al., 2022).

To address this, we investigated the transcriptomic and metabolomic responses
to heat stress in B. napus under simulated field conditions. To achieve this, a heat
treatment experiment simulating heatwave episode during the flowering stage of
B. napus cv. Westar was conducted in a controlled environment. Global
transcriptome profiling using RNA-Seq was employed to identify differentially
expressed genes (DEGS) in flower buds of heat stressed plants (30 °C/24 °C
day/night for a period of 6 days). This was complemented with High Performance
Liquid Chromatography (HPLC) and Liquid Chromatography-Mass Spectrometry
(LC-MS) analyses to detect changes in sugars and glucosinolates (GSL)
concentration in leaves in response to the heat treatment. Therefore, this study
aims to provide insights into the impact of a future warmer climate on the

important oil crop species B. napus during its reproductive stages.
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3.2 Materials and Methods

3.2.1 Plant materials and physiological parameters

Seeds of spring oilseed rape (Brassica napus L., cv. Westar) were surface-
sterilized and sown into seed trays filled with a seed potting mix (Clover Peat,
Dungannon, Northern Ireland). Trays were then placed in polyethylene tunnels
for four weeks at the Crops and Environment Laboratory, University of Reading,
to germinate. Twenty-eight days after sowing (DAS), the plants were transplanted

into 3L pots containing a peat based potting mix (Clover Peat).

At green bud stage (38 DAS), the plants were moved to two controlled
environment chambers (Fitotron, Weiss Technik (UK) Ltd), for a period of one
week to adjust to the new environment before the start of the heat experiment.
Each cabinet contained 16 plants and was maintained under control conditions
of 20 °C/14 °C day/night and a photoperiod of 16/8-hr light/dark.

3.2.2 Heatwave experimental design

Since the flowering stage of winter sown B. napus occurs during May in the UK,
an analysis of daily weather temperatures during this developmentally crucial
period was carried out using the UK Meteorological (Met) Office weather data
obtained from the Met office (Met office n.d.) - Heathrow station - and from
WeatherOnline (WeatherOnline n.d.) platforms. The Met office Heathrow site was
selected due to its strategic location near London, meaning that it provides data
relevant to a densely populated and economically important region.

The data showed an increase in the frequency of high temperature fluctuations
during May, ranging between 26 °C and 28 °C over several days (Figure 3.1).
Given the continuous rise in global temperature, it is expected that future
heatwaves would increase in severity and duration (Seneviratne et al., 2012).
Based on these data, the current study temperature simulates a heat stress event
through a temperature increase to 30°C/24 °C day/night for a period of 6 days
and 20 °C/14 °C day/night for control. Forty-five DAS, the temperature in one
cabinet was kept under control conditions (20 °C/14 °C) and denoted as control
cabinet, while the second cabinet was set to a gradual increase in temperature
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and denoted as heat treatment (HT) cabinet. To mimic a heatwave, the
temperature in the HT cabinet was increased gradually from 20 °C to 30 °C
between 9:00 h and 12:00 h in 3 steps: 20 °C at 9:00 h, 24 °C at 10:00 h, 28 °C
at 11:00 h, and 30 °C at 12:00 h. The temperature was held at 30 °C until 22:00
h (Figure 3.2B), before it was dropped gradually and maintained at 24 °C until
8:00 h of the next day. This cycle of gradual increase (day) and decrease (night)
of temperature was held for the next 5 days (Figure 3.2C). On the 6" day of
treatment, the temperature was gradually decreased to 20 °C/14 °C day/night
cycle (Figure 3.2D) and held for a recovery period of 7 days (Figure 3.2E). During

heat treatment, the plants were frequently irrigated to avoid drought.
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Figure 3.1 Maximum daily temperature (°C) recorded at Heathrow airport during May
2017, May 2018, May 2019 and May 2020.
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Figure 3.2 Heat treatment experimental design. To mimic a heatwave, the temperature
in the heat treatment cabinet was increased gradually from 20 °C to 30 °C between
9:00 h and 12:00 h. The temperature was held at 30 °C until 22:00 h (B), before it was
dropped gradually and maintained at 24 °C until 8:00 h of the next day (B). This cycle
of gradual increase (day) and decrease (night) of temperature was held for the next 5
days (C). On the 6" day of treatment, the temperature was gradually decreased to 20
°C/14 °C day/night cycle (D) and held for a recovery period of 7 days (E).

3.2.3 Sample preparation for transcriptomic analysis

Five biological replicates from each treatment condition were collected at 0, 1, 2
DAT (Days after Treatment) and 1 & 7 DOR (Days of Recovery) of the
experiment. Each replicate was made up of three individual plants. Three flower
buds were collected per plant (nine buds per replicate). All samples were
immediately snap-frozen in liquid nitrogen before they were stored at -80°C. Bud
samples were ground into fine powder using pestle and mortar, with the frequent
addition of liquid nitrogen to stop enzymatic reactions. The ground material was
then stored at -80°C until RNA extraction.

3.2.4 RNA extraction and sequencing

Total RNA from, bud samples was extracted using the Spectrum™ Plant Total
RNA Kit (Sigma-Aldrich) in accordance with the manufacturer's protocol and
treated with genomic DNAse using DNASE 70-On Column DNase | Digestion set
(Sigma-Aldrich) to eliminate DNA contamination. RNA quantification was

estimated on both NanoDrop 2000 (Thermo Scientific) and Qubit 2.0 fluorometer
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(Invitrogen, USA) and its quality was evaluated on 1% (w/v) denaturing
formaldehyde agarose gel (MOPS). Samples were shipped on dry-ice to
Novogene Europe, where llumina-based RNA sequencing was performed on the
lllumina Novaseq™ 6,000 (150bp paired-ends reads) platform.

3.2.5 Differential expression and cluster analysis

Raw sequence reads were assessed for quality using FastQC tools (v0.11.5)
(Andrews 2012). The mean sequence lengths were 150 bp and the mean
sequence GC content was 43%. The mean quality scores in each base position
were higher than 36 and the mean quality scores per sequence were 36. As a

result, sequence trimming was not necessary.

STAR (Spliced Transcripts Alignment to a Reference) software (v2.7.10a) was
used to map the clean reads to the B. napus cv. Westar vO reference genome
(Song et al., 2020), and the percentage of aligned reads was calculated by using
the flagstat command from samtools on each alignment file generated by STAR
aligner (Figure S1). To estimate transcript abundance, RSEM (RNA-Seq by
Expectation-Maximization) software (v1.2.18) was used in three steps to prepare
the reference, calculate expression and generate the count matrices. Firstly,
rsem-prepare-reference script was used with ‘—gff3’ option to extract reference
sequences from the genome and ‘—star’ option to build STAR indices. Next,
rsem-calculate-expression script was used with *--paired-end’ option to align input
reads against the reference transcriptome with STAR and calculated expression
values using the alignments. Finally, rsem-generate-data-matrix script was used

to generate the count matrices from expression results files.

For differential expression analysis, DESeq2 (v1.41.10) was used in R
environment (Love et al., 2014) with default parameters. A pre-filtering step was
performed to keep transcripts that have a minimum count of 10 reads in a
minimum of four samples. To identify transcripts that were significantly
differentially expressed (DE) by heat stress (HT) as compared to control (C), the
two treatment conditions (HT versus C) were contrasted in pairwise comparisons.
Thresholds of |log2(fold change)| = 0.5 and adjusted P-value < 0.05 (using the
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Benjamini and Hochberg method) were considered to identify significantly DE

transcripts between the two treatment conditions.

Significantly DEGs in each contrast were further analysed using K-mean
clustering based on the kmeans() function in R (distance: Euclidean), with log2

fold change (log2FC) as the input.

3.2.6 Gene Ontology and KEGG pathway enrichment analysis of
DEGs

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses were conducted on the DEGs using OmicsBox (BioBam
Bioinformatics, 2019). The significantly enriched GO terms and biological
pathways in HT samples as compared to control at different timepoints were
identified to determine heat stress-related functions and pathways. The analysis
was carried out using Fisher Exact statistical test with FDR adjustment cut-off
<0.05. The background dataset consisted of all B. napus cv. Westar identifiers

present in the assembly’s annotation file (Song et al., 2020).

3.2.7 Validation of RNA-seq results by real-time quantitative PCR
(RT-gPCR)

Genes encoding sucrose synthase 5 (SS5) and heat shock protein 20 (HSP20)
were chosen to further examine their expression in real time using RT-gPCR.
sucrose synthase is one of the crucial enzymes in the conversion of sucrose to
UDP-glucose (Coleman et al., 2006) and HSP20 is one of the small heat shock
proteins (SHSP). In response to heat treatment, RNA-seq analysis showed that
both genes were DE at 2 DAT. Moreover, studies have also reported their
involvement in the heat stress response (Sun et al., 2020; Li et al., 2022). The
relative expression of each gene was measured at five timepoints during heat

treatment and recovery. SS5 and HSP20 were not analysed at 1 DAT as they
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exhibited similar expression profile at 0 & 1 DAT, therefore one timepoint was

selected (

Table S2).

Total RNA used for transcriptomic sequencing was used for cDNA synthesis.
First, cDNA was synthesized from 1 g total RNA by Invitrogen SuperScript IV
VILO Master Mix kit according to the manufacturer’s instructions (ThermoFisher
Scientific). The RT-gPCR reaction volume was 20 puL consisting of 3 uL cDNA,
10 pL SYBR Premix Ex Tagq Il (Takara, China), 1 uL (200 nM final concentration)
of 4 uM of each primer (forward and reverse) (Table S3) and 5 uL RNAse-free
water. Three technical and three biological replicates for each sample were
measured with the following protocol: 50 °C for 2 min, 95 °C for 2 min, followed
by 40 cycles of 95 °C for 3 s, 60 °C for 30 s, followed by dissociation curve
analysis ramping from 60°C to 95 °C with a ramp rate of 0.3 °C s on an ABI
StepOne Plus RT-gPCR platform (Applied Biosystems, USA). BnaActin was used
as housekeeping gene to normalize the data. The relative expression level of all
selected genes at each timepoint was calculated using the 2722€T method of the

StepOne software (v2.2.2).

3.2.8 Sample preparation for metabolomic analysis

Five biological replicates from each treatment condition were collected at 0, 1, 2,
5 DAT and 1, 3 & 7 DOR of the heat treatment experiment. Each replicate was
made up of three youngest fully expanded leaves collected from three plants. All
leaf samples were immediately snap frozen in liquid nitrogen before being stored
at -80°C until further analysis. Frozen leaf samples were freeze-dried for five
days, then ground into a fine powder using a Precellys 24 lysis & homogenization
(Stretton Scientific, Alfreton, UK) and stored at -40 °C in sealed sample bags until

extraction and analysis.
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3.2.9 Glucosinolates extraction and analysis

GSL extraction was carried out as per the protocol of Bell et al. (2015) as follows:
40 mg of ground leaf powder was heated in a dry block at 75 °C for 2 min. This
step was done as a precautionary measure to inactivate as much myrosinase
enzyme as possible before extraction (Pasini et al., 2012). Afterwards, 1 mL of
preheated (70 % v/v) methanol (70 °C) was added to each sample and placed in
a water bath for 20 min at 70 °C. Samples were then centrifuged for 5 min (6000
rpm at 18 °C) to collect the loose material into a pellet. The supernatant was then
transferred into fresh labelled Eppendorf tube and stored at -80 °C until further
analysis. Before LC-MS analysis, the samples were filtered using 0.25 pm filter
discs, diluted in 50% methanol at a 1:4 ratio (dilution factor =5) and spiked with a
100 pL of the internal standard sinigrin (100 ng mL™?). The GSL concentrations
were analysed by SCIEX QTRAP 6500+ LC-MS.

For LC separation, a Waters Acquity BEH C18 column (particle size 1.7, 2.1 X
50 mm) with a Security VanGuard system from Waters (UK) was used. The
mobile phase consisted of water with 0.1 % formic acid (A) and methanol with 0.1
% formic acid (B). The gradient started at 5 % B and was raised to 90 % B in 3.5
min, held at 90 % B for 0.5 min and re-equilibrated at 5 % B for 1 min. The total
time of the gradient program was 5 min. The flow rate was 0.4 mL min? with a

column temperature of 60 °C. A 1 pL aliquot of sample was injected for analysis.

The LC system was interfaced with a SCIEX QTRAP 6500+ mass spectrometer
equipped with an lonDrive Turbo V ion source. Multiquant software was used to
control sample acquisition and data analysis. The QTRAP 6500+ mass
spectrometer was adjusted and calibrated according to the manufacturer's
recommendations. For quantification, an external standard calibration curve was
prepared using a series of standard samples containing the following GSL:
Gluconapin  (GNA), progoitrin  (PRO) & glucobrassicin  (GBS), with
concentrations: 1000 ng mL%, 500 ng mL™, 250 ng mL*, 100 ng mL™%, 50 ng mL"
1,10 ng mL%, and 1 ng mL1. Two-way mixed ANOVA in R was performed at 0.05
significance level to calculate the significance variation in concentration under

heat treatment as compared to control.
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3.2.10 Sugars content extraction and analysis

The extraction of soluble sugars (glucose, fructose, and sucrose) was performed
as follows: 50 mg of ground leaf powder was extracted with 1 mL of 62.5 %
methanol: 37.5% HPLC-grade water (v/v) at 55 °C over a period of 15 min in a
shaking water bath and vortexed every 5 min. Afterwards, the samples were
allowed to cool for 2 min and then centrifuged at 13000 rpm for 10 min and filtered
using 0.25 um filter discs. The supernatant was then transferred to a clean
labelled Eppendorf tube and stored at -80 °C until further analysis. Before HPLC
analysis, the samples were diluted in HPLC-grade water in a 1:2 ratio (dilution
factor = 3). Chromatographic separation of sugars was performed using HPLC
(Agilent 1260, Infinity Series) equipped with an Evaporative Light Scattering
Detector (ELSD) system and an Asahipak NH2P-50 4E column (250 x 4.6 mm;
Shodex, Tokyo, Japan) in an isocratic elution mode. The mobile phase consisted
of 75 % acetonitrile: 25 % water at a flow rate of 1 mL min-1, a column temperature
of 40 °C and an injection volume of 20 pL. The analysis had a total run time of 25
min. For quantification, an external standard calibration curve was prepared using
a series of standard samples containing glucose, fructose and sucrose with
concentrations: 0.025 mg mL%, 0.05 mg mL?, 0.1 mg mL%, 0.5 mg mL?t and 1

mg mL™.

3.2.11 Near-Infra Red Spectroscopy (NIRS) scanning

Following the treatments, the plants were allowed to complete their lifecycle and
total aboveground dry weight and seed vyields were collected from individual
plants. Seed samples were analysed with a DA 7250 NIR analyzer (PerkinElmer,
Beaconsfield, UK). The seed samples were analysed for moisture, oil and protein
concentrations as well as for fatty acid composition of the oil.

3.2.12 Statistical analysis

Two-way mixed ANOVA was performed at 0.05 significance level to calculate the
statistically significant differences between the means of sugars and GSL
concentrations under heat treatment as compared to control. The assumption of
two-way ANOVA was checked through normality test, homogeneity of variance
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and Levene test. Then, for a significant two-way interaction between treatment
and timepoint, the following analysis were conducted: The simple main effects of
treatment on sugars concentration were examined at each timepoint, using
Bonferroni-adjusted p-values for multiple comparisons. This was followed by
pairwise comparisons between treatment levels (heat stress vs. control) at each
timepoint to determine whether the mean sugars concentrations differed
significantly between heat stress and control (Table S8 - Table S13). In addition,
NIRS data were analysed for the investigated components using a t-test. All

statistical analyses were performed using R.

3.3 Results

3.3.1 Prolonged heat treatment reduced yield and altered B. napus
oil composition

Heat treatment significantly altered plant growth and appearance, with visible
physiological changes to the flowers and buds (Figure 3.3). At 5 DAT, flowers
displayed smaller and paler petals compared to plants growing under control
conditions. At 3 DOR, many buds suffered from abscission, appeared brown and
shrunken in size on plants subjected to the heat treatment. At maturity, total seed
weight, but not biomass, was significantly (P<0.05) lower in heat treated plants
compared to control plants (Figure 3.4). In terms of oil quality, heat treatment
significantly decreased linoleic acid, linolenic acid and palmitic acid
concentration, but increased oleic acid and stearic acid concentration in seeds

compared to control plants (Figure 3.5).

Control

Heat Stress

Figure 3.3 B. napus flowers and buds at 5 DAT & 3 DOR respectively.
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Figure 3.4 Above ground dry weight and seed yield per plant at
maturity. Significant differences between heat-treated and
control plants are denoted by (*) for p-value < 0.05.
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Figure 3.5 Fatty acid content in seeds per plant. Seeds from heat-treated plants (yellow)
exhibited significant decrease in linoleic acid, linolenic acid and palmitic acid
concentrations, but an increase in oleic acid and stearic acid concentrations compared
to seeds from control plants (blue). Significant differences between heat-treated and
control plants are denoted by (*) for p-value < 0.05 or (**) for p-value < 0.01 or (***) for
p-value < 0.001.

3.3.2 Differential gene expression identifies distinct patterns of
expression in B. napus under heat stress and recovery

Libraries were constructed and sequenced on the Illumina NovaSeq platform. An
average of 47 million reads were generated per sample after low quality reads
had filtered out (Table S1). Following this cleaning step, around 90%-95.49% total
reads per sample were mapped to the B. napus cv. Westar vO reference genome
(Figure S1) (Song et al., 2020). Principal Component Analysis (PCA) was used
to analyse the samples which drove the group separation (Figure 3.6). PC1 and
PC2 captured 48.9% and 8.2% of the total variance of the samples respectively.
The analysis showed that, both control and treatment samples clustered near
each other at 7 DOR which demonstrated that heat treated plants might have

started to return to normal after 7 days of recovery.
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PC1vs PC2 for countData

PC1(48.97%)

Figure 3.6 Principal component analysis of the control and heat treatment samples:
Samples distribution in PC1 and PC2.

To understand the effect of heat stress on gene expression in B. napus, DEGs
were identified in a pairwise comparison between heat treatment and control
conditions at five timepoints during and after heat treatment. A total of 1892,
3253, 4553, 4165 and 1713 genes were DE at days 0, 1, 2 DAT and 1 & 7 DOR
respectively (Figure S3).

The analysis of the top DEGs after 24 hours of heat treatment revealed that
several of the most up-regulated transcripts were associated with sHSP20 and
other heat shock-related factors, including elongation factor 1-beta 1-like,
chaperone protein ClpB1, and zinc finger protein. In addition, the analysis also
identified transcripts involved in regulatory roles in plant abiotic stress defence,
such as ATP-dependent DNA helicase CHR12 (Mohapatra et al., 2023),
developmentally regulated G-protein (Wu et al., 2018), pre-mRNA-processing
factor SLU7 (Cui & Xiong, 2015), and pyridoxal 5'-phosphate synthase (Hanson
et al., 2016) (Table 3.1).

Conversely, the top down-regulated genes included transcripts associated with
sugars and auxin transporters, such as SWEET4 and auxin:hydrogen
symporters, as well as nitrogen transport and storage components like
asparagine synthetase. Transcripts involved in cell wall modification, including

endo-1,4-beta-xylanase, peroxidase, and pectinesterase/pectinesterase
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inhibitors, were also prominent. In addition, there were transcripts mapped to
enzymes involved in methylation, such as homocysteine s-methyltransferase, as
well as those linked to protein biosynthesis and catabolism, like glutamyl-
tRNA(GIn) amidotransferase subunit A (Pujol et al.,, 2008), and transcription
factors, including homeobox-leucine zipper protein. Furthermore, the analysis
identified transcripts related to the respiratory pathway, such as alanine-
glyoxylate aminotransferase (AGT) (Liepman et al., 2019), along with regulatory
components involved in the plant stress response, including serine/threonine
protein phosphatase (Farkas et al., 2007) and strictosidine synthase (Wang et
al., 2023a) (

Table 3.2).

Similarly, after 48 hours of heat treatment, many of the identified transcripts
remained among the top DE, both up and down-regulated, highlighting the
significant effect of heat stress on the functions performed by these enzymes and
proteins (Table 3.3 and Table 3.4).
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Table 3.1 Log2FC of top 30 up-regulated genes at 1 DAT, as obtained by DESeq2
pipeline. HSOvsCO, HS1vsC1l, HS2vsC2, HS6vsC6 & HS12vsC12 correspond to
pairwise comparison of expression between heat stress and control at 0 DAT, 1 DAT, 2
DAT, 1 DOR & 7 DOR respectively. (NA*: Not DE in this contrast)

Gene

HSOvsCO

HS1vsC1l

HS2vsC2

HS6vsC6

HS12vsC12

Gene description

Bnascaffold2770G0000100WE

NA*

19.39

22.95

-22.29

NA

Probable ATP-
dependent DNA
helicase = CHR12;
K11647 SWI/SNF-
related matrix-
associated  actin-
dependent regulator
of chromatin
subfamily A
member 2/4
[EC:3.6.4.-]

BnaC03G0236200WE

10.026

10.83

11.02

5.90

NA

HSP22; 22.0 kDa
heat shock protein;
K13993 HSP20
family protein

BnaA06G0312000WE

7.11

7.78

6.90

NA

NA

23.6 kDa heat shock
protein,
mitochondrial-like;
K13993 HSP20
family protein

BnaA01G0068500WE

7.69

7.31

6.12

6.23

NA

23.6 kDa heat shock
protein,
mitochondrial-like;
K13993 HSP20
family protein

BnaC06G0410600WE

5.13

6.54

7.80

4.71

157

Developmentally-
regulated G-protein
2; K06944
uncharacterized
protein

BnaC02G0043400WE

7.05

5.56

6.30

4.49

NA

17.6 kDa class Il
heat shock protein;
K13993 HSP20
family protein

BnaC05G0190700WE

4.42

5.55

5.20

3.39

NA

P23;
uncharacterized
protein
Osl_027940-like;
K15730  cytosolic
prostaglandin-E
synthase
[EC:5.3.99.3]

BnaA06G0177800WE

6.46

5.33

4.96

5.62

NA

BCcHSP,

BcHSP17.6; 17.4
kDa class | heat
shock protein;
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K13993 HSP20
family protein

BnaA09G0429400WE

4.48

5.32

5.65

4.46

NA

P23;
uncharacterized
protein
Osl_027940-like;
K15730  cytosolic
prostaglandin-E
synthase
[EC:5.3.99.3]

BnaA10G0226400WE

4.75

5.14

4.92

3.19

NA

17.6 kDa class Il
heat shock protein-
like; K13993 HSP20
family protein

BnaA08G0073800WE

4.06

4.74

4.64

3.27

2.13

Zinc finger protein
ZPR1-like; K06874
zinc finger protein

Bnascaffold3043G0000200WE

4.53

4.42

4.78

3.69

NA

17.6 kDa class Il
heat shock protein;
K13993 HSP20
family protein (A)

BnaC09G0508300WE

4.00

4.34

3.70

2.13

NA

Elongation factor 1-
beta 1-like; K03232
elongation factor 1-
beta

BnaC08G0070600WE

3.19

4.27

3.78

2.48

1.29

Zinc finger protein
ZPR1-like; K06874
zinc finger protein

BnaC06G0424500WE

3.25

3.72

3.33

2.49

NA

Chaperone protein
ClpB1; K03695
ATP-dependent Clp
protease ATP-
binding subunit
ClpB

BnaA03G0160300WE

NA

3.433512

2.66

NA

NA

Potassium
transporter 1;
K03549 KUP
system potassium
uptake protein

BnaC06G0380500WE

NA

3.28

5.34

3.86

5.64

Hypothetical
protein; K17803
methyltransferase
OMS1,
mitochondrial
[EC:2.1.1.-]

BnaC01G0386900WE

3.47

3.17

3.31

2.84

NA

Probable mediator
of RNA polymerase
1] transcription
subunit 37c;
K03283 heat shock
70kDa protein 1/8

BnaA07G0329100WE

3.51

3.11

3.11

3.09

NA

Developmentally
regulated G-protein
2; K06944
uncharacterized
protein

BnaA07G0341000WE

2.98

2.99

2.76

2.65

NA

Chaperone protein
ClpB1; K03695
ATP-dependent Clp
protease ATP-
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binding subunit
ClpB

BnaC04G0385500WE

2.89

2.92

3.32

2.29

NA

40S ribosomal
protein S9-2;
K02997 small
subunit  ribosomal
protein S9e

BnaA01G0210500WE

2.32

2.83

212

2.74

1.25

Pre-mRNA-splicing
factor SLU7-like;
K12819 pre-mRNA-
processing  factor
SLU7

BnaA02G0000800WE

NA

2.83

10.64

NA

11.21

Pyridoxal
biosynthesis protein
PDX1.3; K06215
pyridoxal 5'-
phosphate synthase
pdxS subunit
[EC:4.3.3.6]

BnaA05G0117900WE

2.46

2.79

2.82

1.65

NA

Heat shock 70 kDa
protein 8-like;
K09489 heat shock
70kDa protein 4

BnaA03G0022900WE

1.93

2.70

1.92

2.25

NA

Transcription factor
bHLH2100-like;
K18486 heart-and
neural crest
derivatives-
expressed protein 2

BnaA07G0306600WE

1.93

2.70

1.92

2.25

NA

Transcription factor
bHLH100-like;
K18486 heart-and
neural crest
derivatives-
expressed protein 2

BnaA05G0366100WE

NA

2.67

4.27

NA

NA

Chaperonin 60
subunit beta 2,
chloroplastic;
K04077 chaperonin
GroEL

BnaA03G0344900WE

2.25

2.67

2.54

1.34

NA

Chaperonin 60
subunit beta 2,
chloroplastic-like;
K04077 chaperonin
GroEL

BnaA09G0044200WE

2.42

2.46

2.98

1.30

NA

Beta-D-xylosidase
1; K15920 beta-D-
xylosidase 4
[EC:3.2.1.37]

BnaA04G0180700WE

2.21

2.41

2.79

2.84

NA

17.6 kDa class |
heat shock protein
2-like; K13993
HSP20 family
protein




Table 3.2 Log2FC of top 30 down-regulated genes at 1 DAT, as obtained by DESeq?2
pipeline. HSOvsCO, HS1vsC1l, HS2vsC2, HS6vsC6 & HS12vsCl2 correspond to
pairwise comparison of expression between heat stress and control at 0 DAT, 1 DAT, 2
DAT, 1 DOR & 7 DOR respectively. (NA*: Not DE in this contrast)

Gene

HSOvsCO

HS1vsC1l

HS2vsC2

HS6vsC6

HS12vsC12

Gene description

BnaA01G0299900WE

NA*

-25.04

-24.76

NA

NA

Probable ATP-
dependent DNA
helicase = CHR12;
K11647 SWI/SNF-
related matrix-
associated  actin-
dependent regulator
of chromatin
subfamily A
member 2/4
[EC:3.6.4.-]

BnaA02G0390800WE

NA

-24.10

NA

NA

NA

50S ribosomal
protein L22-like;
K02890 large
subunit  ribosomal
protein L22

Bnascaffold390G0000100WE

NA

-22.84

23.50

NA

NA

BTB/POZ and
MATH domain-
containing protein 2-
like; K10523
speckle-type POZ
protein

BnaA09G0548300WE

NA

-21.05

NA

NA

NA

Serine/threonine-
protein
phosphatase 2A 65
kDa regulatory
subunit A  beta
isoform-like;
K03456
serine/threonine-
protein
phosphatase 2A
regulatory subunit A

Bnascaffold2041G0000500WE

NA

-10.50

NA

NA

-9.63

Solute carrier family
2, facilitated glucose
transporter member
8-like; KO8145 MFS
transporter, SP
family, solute carrier
family 2 (facilitated
glucose
transporter),
member 8

BnaC03G0531800WE

NA

-10.02

NA

NA

NA

Asparagine
synthetase
[glutamine-
hydrolyzing];
K01953 asparagine
synthase
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(glutamine-
hydrolysing)
[EC:6.3.5.4]

BnaA05G0410300WE

NA

-7.40

8.06

NA

NA

Cell division control
protein 48-like;
K08900
mitochondrial
chaperone BCS1
(A

BnaC03G0161100WE

NA

-5.64

-7.23

-6.53

NA

Bidirectional sugars
transporter
SWEETY9; K15382
solute carrier family
50 (sugars
transporter)

BnaA08G0122000WE

NA

-5.09

NA

NA

NA

Endo-1,4-beta-
xylanase C-like;
K01181 endo-1,4-
beta-xylanase
[EC:3.2.1.8]

BnaC06G0349400WE

NA

-4.83

NA

NA

NA

Peptidase, putative
(EC:3.4.21.25);
K18443 golgi-
specific brefeldin A-
resistance guanine
nucleotide
exchange factor 1

BnaA05G0285000WE

NA

-4.25

-3.68

-4.24

NA

Homocysteine  S-
methyltransferase
3; K00547
homocysteine  S-
methyltransferase
[EC:2.1.1.10]

BnaC02G0269700WE

NA

-3.97

NA

NA

NA

Strictosidine
synthase 1-like;
K01757 strictosidine
synthase
[EC:4.3.3.2]

BnaC03G0440400WE

NA

-3.43

NA

NA

NA

Geranylgeranyl
diphosphate
reductase,
chloroplastic;
K10960
geranylgeranyl
reductase
[EC:1.3.1.83]

BnaA08G0177000WE

NA

-3.41

NA

NA

NA

Glutamyl-tRNA(GIn)
amidotransferase
subunit A; K02433
aspartyl-
tRNA(Asn)/glutamyl
-tRNA(GIn)
amidotransferase
subunit A
[EC:6.3.5.6 6.3.5.7]

BnaA03G0270900WE

NA

-3.26

-3.36

-3.13

NA

Uncharacterized
LOC103858630;
K14488 SAUR
family protein

BnaC05G0336600WE

-2.85

-3.01

-3.35

-2.71

NA

Homocysteine  S-
methyltransferase
3-like; K00547
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homocysteine  S-
methyltransferase
[EC:2.1.1.10]

BnaC02G0072900WE

NA

-2.95

-3.60

-3.89

NA

Homeobox-leucine
zZipper protein
HDG9-like; K09338
homeobox-leucine
zipper protein (A)

BnaA03G0328400WE

-3.61

-2.90

-3.15

-3.01

NA

Alanine--glyoxylate
aminotransferase 2
homolog 3,
mitochondrial;
K00827 alanine-
glyoxylate
transaminase / (R)-
3-amino-2-
methylpropionate-
pyruvate
transaminase
[EC:2.6.1.44
2.6.1.40]

BnaA05G0069600WE

-2.44

-2.83

-2.23

-1.87

NA

Ribonucleoprotein
At2937220,

chloroplastic-like;
K11294 nucleolin

BnaC01G0410600WE

NA

-2.82

-4.13

-3.26

NA

Cytosolic
sulfotransferase 11-
like; K01016
estrone
sulfotransferase
[EC:2.8.2.4]

BnaC04G0129500WE

-2.72

-2.78

NA

-2.45

NA

Peroxidase 19;
K00430 peroxidase
[EC:1.11.1.7]

BnaA06G0144700WE

-2.07

-2.73

-2.42

-2.29

NA

Auxin:hydrogen
symporter, putative;
K07088
uncharacterized
protein

BnaC07G0304700WE

-1.57

-2.70

-3.10

-1.91

NA

Bidirectional sugars
transporter
SWEET4-like;
K15382 solute
carrier family 50
(sugars transporter)

BnaC03G0244200WE

NA

-2.70

-2.35

-3.11

NA

Auxin-responsive
protein  SAUR36-
like; K14488 SAUR
family protein

BnaC04G0003100WE

-3.12

-2.66

NA

NA

NA

Probable
pectinesterase/pecti
nesterase inhibitor
20; K01051
pectinesterase
[EC:3.1.1.11]

BnaA04G0096200WE

NA

-2.55

-2.11

NA

NA

Proline
dehydrogenase 2,
mitochondrial;
K00318 proline
dehydrogenase
[EC:1.5.-.-]
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BnaC02G0359700WE

-2.66

-2.53

-3.28

NA

NA

BAHD
acyltransferase
DCR; K19747
BAHD
acyltransferase
[EC:2.3.1.-]

BnaA05G0341600WE

NA

-2.43

-2.45

NA

NA

AAEL008905-PA;
K14966 host cell
factor

BnaC03G0583300WE

NA

-2.37

NA

NA

NA

Glutamyl-tRNA(GIn)
amidotransferase
subunit A; K02433
aspartyl-
tRNA(Asn)/glutamyl
-tRNA(GIn)
amidotransferase
subunit A
[EC:6.3.5.6 6.3.5.7]

BnaC05G0172700WE

-2.12

-2.34

-2.52

-2.03

NA

Auxin:hydrogen
symporter, putative;
K07088
uncharacterized
protein
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Table 3.3 Log2FC of top 30 up-regulated genes at 2 DAT, as obtained by DESeq2
pipeline. HSOvsCO, HS1vsCl, HS2vsC2, HS6vsC6 & HS12vsCl2 correspond to
pairwise comparison of expression between heat stress and control at 0 DAT, 1 DAT, 2

DAT, 1 DOR & 7 DOR respectively. (NA*: Not DE in this contrast)

Gene

HSOvsC

HS1vsC1l

HS2vsC2 | HS6vsC6

HS12vsC12

Gene Description

BnaC06G0468700WE

NA*

NA

24.45 -23.10

NA

Sister chromatid
cohesion protein
PDS5 homolog A;
K11267 sister
chromatid cohesion
protein PDS5

BnaC02G0000100WE

NA

NA

23.93 NA

24.17

Uncharacterized
LOC1048162609;
K11978 E3
ubiquitin-protein
ligase UBR3
[EC:2.3.2.27]

Bnascaffold390G0000100W
E

NA

-22.84

23.50 NA

NA

BTB/POZ and
MATH domain-
containing protein 2-
like; K10523
speckle-type POZ
protein

Bnascaffold2770G0000100
WE

NA

19.39

22.95 -22.29

NA

Probable ATP-
dependent DNA
helicase CHR12;
K11647 SWI/SNF-
related matrix-
associated actin-
dependent regulator
of chromatin
subfamily A member
2/4 [EC:3.6.4.-]

BnaC02G0211000WE

NA

NA

21.93 -21.60

NA

Putative  caffeoyl-
CoA O-
methyltransferase
At1g67980; KO0588
caffeoyl-CoA O-
methyltransferase
[EC:2.1.1.104]

BnaA02G0169400WE

NA

NA

21.93 NA

NA

Putative  caffeoyl-
CoA O-
methyltransferase
At1g67980; KO0588
caffeoyl-CoA O-
methyltransferase
[EC:2.1.1.104]

BnaA05G0284500WE

NA

NA

21.52 NA

NA

Hypothetical

protein; K00128
aldehyde
dehydrogenase
(NAD+) [EC:1.2.1.3]

BnaC03G0236200WE

10.02

10.83

11.02 5.90

NA

HSP22; 22.0 kDa
heat shock protein;
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K13993 HSP20
family protein

BnaA02G0000800WE

NA

2.83

10.64

NA

11.21154

Pyridoxal
biosynthesis protein
PDX1.3; K06215
pyridoxal 5'-
phosphate synthase
pdxS subunit
[EC:4.3.3.6]

Bnascaffold1692G0000200

WE

NA

NA

10.20

NA

NA

Nucleolar  protein
56-like; K14564
nucleolar protein 56

BnaA05G0410300WE

NA

-7.40

8.06

NA

NA

Cell division control
protein 48-like;
K08900
mitochondrial
chaperone BCS1

BnaA03G0518500WE

NA

NA

7.94

NA

NA

Spermidine
coumaroyl CoA
acyltransferase-like;
K15400 omega-
hydroxypalmitate O-
feruloyl transferase
[EC:2.3.1.188]

BnaC06G0410600WE

5.13

6.54

7.80

4.71

1.57

Developmentally
regulated G-protein
2; K06944
uncharacterized
protein

BnaA05G0186500WE

NA

NA

7.73

NA

NA

Aldehyde
dehydrogenase
family 3 member
H1-like; K00128
aldehyde
dehydrogenase
(NAD+) [EC:1.2.1.3]

BnaA06G0312000WE

7.11

7.78

6.90

NA

NA

23.6 kDa heat shock
protein,
mitochondrial-like;
K13993 HSP20
family protein

BnaC02G0043400WE

7.05

5.56

6.30

4.49

NA

17.6 kDa class Il
heat shock protein;
K13993 HSP20
family protein

BnaA01G0068500WE

7.69

7.31

6.12

6.23

NA

23.6 kDa heat shock
protein,
mitochondrial-like;
K13993 HSP20
family protein

BnaA09G0429400WE

4.48

5.32

5.65

4.46

NA

P23;
uncharacterized
protein
Osl_027940-like;
K15730  cytosolic
prostaglandin-E
synthase
[EC:5.3.99.3]

BnaC06G0380500WE

NA

3.28

5.34

3.86

5.64

Hypothetical
protein; K17803
methyltransferase
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OMS1,
mitochondrial
[EC:2.1.1.]

BnaC05G0190700WE

4.42

5.55

5.20

3.39

NA

P23;
uncharacterized
protein
Osl_027940-like;
K15730  cytosolic
prostaglandin-E
synthase
[EC:5.3.99.3]

BnaC03G0524800WE

5.40

NA

5.08

2.72

NA

17.6 kDa class |
heat shock protein
3-like; K13993
HSP20 family
protein

BnaA06G0177800WE

6.46

5.33

4.96

5.62

NA

BCHSP,
BcHSP17.6; 17.4
kDa class | heat
shock protein;
K13993 HSP20
family protein

BnaA10G0226400WE

4.75

5.14

4.92

3.19

NA

17.6 kDa class I
heat shock protein-
like; K13993 HSP20
family protein

Bnascaffold3043G0000200

WE

4.53

4.42

4.78

3.69

NA

17.6 kDa class Il
heat shock protein;
K13993 HSP20
family protein (A)

BnaA04G0104000WE

6.42

NA

4.72

5.49

NA

40S ribosomal
protein  S9-2-like;
K02997 small
subunit  ribosomal
protein S9e (A)

BnaA08G0073800WE

4.06

4.74

4.64

3.27

2.13

Zinc finger protein
ZPR1-like; K06874
zinc finger protein

BnaC03G0057000WE

6.37

NA

4.49

6.20

NA

18.1 kDa class |
heat shock protein-
like; K13993 HSP20
family protein

BnaA05G0366100WE

NA

2.67

4.27

NA

NA

Chaperonin 60
subunit beta 2,
chloroplastic;
K04077 chaperonin
GroEL

BnaA04G0089500WE

2.93

NA

4.26

NA

NA

15.7 kDa heat shock
protein,
peroxisomal;
K13993 HSP20
family protein

BnaC08G0285900WE

NA

NA

4.23

NA

NA

Aquaporin  PIP2-1-
like; K09872
aquaporin PIP
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Table 3.4 Log2FC of top 30 down-regulated genes at 2 DAT, as obtained by DESeq?2
pipeline. HSOvsCO, HS1vsCl, HS2vsC2, HS6vsC6 & HS12vsCl2 correspond to
pairwise comparison of expression between heat stress and control at 0 DAT, 1 DAT, 2
DAT, 1 DOR & 7 DOR respectively. (NA*: Not DE in this contrast)

Gene

HSOvsCO

HS1vsC1l

HS2vsC2 HS6vsC6

HS12vsC12

Gene Description

BnaA01G0299900WE

NA*

-25.04

-24.76 NA

NA

Probable ATP-
dependent DNA
helicase CHR12;
K11647 SWI/SNF-
related matrix-
associated actin-
dependent
regulator of
chromatin
subfamily A
member 2/4
[EC:3.6.4.-]

BnaC06G0162800WE

23.16

NA

-22.40 NA

NA

Hypothetical
protein;  K10352
myosin heavy
chain

BnaC03G0161100WE

NA

-5.64

-7.23 -6.53

NA

Bidirectional
sugars transporter
SWEETY; K15382
solute carrier
family 50 (sugars
transporter)

BnaA08G0139800WE

NA

NA

-4.68 NA

NA

Geranylgeranyl
diphosphate
reductase,
chloroplastic;
K10960
geranylgeranyl
reductase
[EC:1.3.1.83]

BnaA10G0021500WE

NA

NA

-4.38 NA

NA

Secretory carrier-
associated

membrane protein
2-like; K19995
secretory carrier-
associated

membrane protein

BnaA03G0204300WE

NA

NA

-4.18 NA

NA

Bra000116,
SWEET9;
bidirectional
sugars transporter
SWEETY9; K15382
solute carrier
family 50 (sugars
transporter)

BnaC01G0410600WE

NA

-2.82

-4.13 -3.26

NA

Cytosolic
sulfotransferase
11-like; K01016
estrone
sulfotransferase
[EC:2.8.2.4]

BnaC05G0020800WE

NA

NA

-4.11 -4.93

NA

Secretory carrier-
associated
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membrane protein
2; K19995
secretory carrier-
associated

membrane protein

BnaC03G0671900WE

NA

NA

-3.96

-2.74

NA

Geranylgeranyl
diphosphate
reductase,
chloroplastic;
K10960
geranylgeranyl
reductase
[EC:1.3.1.83]

BnaC09G0341100WE

NA

NA

-3.93

-3.46

NA

Flavone 3'-0O-
methyltransferase
1-like; K13066
caffeic acid 3-O-
methyltransferase
[EC:2.1.1.68]

BnaC08G0470200WE

NA

NA

-3.76

NA

NA

Probable fructose-
bisphosphate
aldolase 3,
chloroplastic;
K01623 fructose-
bisphosphate
aldolase, class |
[EC:4.1.2.13]

BnaA06G0424600WE

NA

NA

-3.72

NA

NA

1,8-cineole
synthase 1,
chloroplastic-like;
K07385 1,8-
cineole synthase
[EC:4.2.3.108]

BnaA03G0462900WE

NA

NA

-3.70

-5.34

NA

CYP71A13;
K11868
indoleacetaldoxim
e dehydratase
[EC:4.99.1.6]

BnaC09G0263300WE

NA

NA

-3.69

NA

NA

auxin-responsive
protein  SAUR36-
like; K14488
SAUR family
protein (A)

BnaA05G0285000WE

NA

-4.25

-3.68

-4.24

NA

Homocysteine S-
methyltransferase
3; K00547
homocysteine  S-
methyltransferase
[EC:2.1.1.10]

BnaC02G0072900WE

NA

-2.95

-3.60

-3.89

NA

Homeobox-leucine
Zipper protein
HDG9-like;
K09338
homeobox-leucine
zipper protein

BnaC06G0215000WE

-5.08

NA

-3.48

NA

NA

Probable
mitochondrial
chaperone BCS1-
B; K08900
mitochondrial
chaperone BCS1
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BnaA05G0348800WE

NA

NA

-3.43

-3.97

NA

NAC domain-
containing protein
89-like; K12581
CCR4-NOT
transcription
complex  subunit
7/8 (A)

BnaA03G0270900WE

NA

-3.26

-3.36

-3.13

NA

uncharacterized
LOC103858630;
K14488 SAUR
family protein (A)

BnaC05G0336600WE

-2.85

-3.01

-3.35

-2.71

NA

Homocysteine S-
methyltransferase
3-like; K00547
homocysteine  S-
methyltransferase
[EC:2.1.1.10]

BnaA02G0003400WE

-2.32

NA

-3.32

NA

NA

ATP-dependent
zinc
metalloprotease
FTSH 10,
mitochondrial;
K08956 AFG3
family protein
[EC:3.4.24.]] (A)

BnaA08G0141600WE

NA

NA

-3.31

-6.37

NA

Venom
phosphodiesteras
e 2-like; K01513
ectonucleotide
pyrophosphatase/
phosphodiesteras
e family member
1/3 [EC:3.1.4.1
3.6.1.9]

BnaC02G0359700WE

-2.66

-2.53

-3.28

NA

NA

BAHD
acyltransferase
DCR; K19747
BAHD
acyltransferase
[EC:2.3.1.-]

BnaA03G0328400WE

-3.61

-2.90

-3.15

-3.01

NA

Alanine--
glyoxylate
aminotransferase
2 homolog 3,
mitochondrial;
K00827 alanine-
glyoxylate
transaminase /
(R)-3-amino-2-
methylpropionate-
pyruvate
transaminase
[EC:2.6.1.44
2.6.1.40]

BnaC07G0304700WE

-1.57

-2.70

-3.10

-1.91

NA

Bidirectional
sugars transporter
SWEETA4-like;
K15382 solute
carrier family 50
(sugars
transporter)

BnaC06G0297300WE

NA

NA

-3.06

NA

NA

Uncharacterized
LOC101250545;
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K11426 SET and
MYND domain-
containing protein

Glutathione S-
transferase F3-
like; K00799
glutathione S-
transferase
BnaC03G0258400WE NA NA -2.99 NA NA [EC:2.5.1.18]

BrNIT1, NIT-T2;
nitrilase 2-like;
K01501 nitrilase
BnaC04G0492800WE NA -1.58 -2.95 NA NA [EC:3.5.5.1]

Caffeic acid 3-O-
methyltransferase-
like; K13066
caffeic acid 3-O-
NA methyltransferase
BnaC01G0191600WE NA -2.95 -5.16 NA [EC:2.1.1.68]

Laccase-17-like;
K05909 laccase
BnaA10G0150800WE NA -2.02 -2.86 NA NA [EC:1.10.3.2]

To identify trends and clusters in the expression of genes across the time course
of the experiment, K-means clustering was applied to 9933 DE genes with logFC
= |0.5|. The algorithm assigned each gene into one of the clusters based on the
Euclidean distance between the gene and the cluster mean. Six distinctive
clusters based on expression changes across the five timepoints were identified
(Figure 3.7). Clusters 1 & 3 (475 & 607 genes) showed opposite expression
patterns towards the end of the heat treatment and the start of the recovery
phase. In cluster 1, the expression profile of genes decreased at 1 DOR
(HS6vsC6), before returning to normal levels at 7 DOR (HS12vsC12), while in
cluster 3, a sharp increase in expression was observed at 1 DOR (HS6vsC6),
which returned to normal levels at 7 DOR (HS12vsC12).

In clusters 2 & 5 (3470 & 1333 genes), genes were down-regulated along the
course of the experiment, but more pronounced during the heat treatment phase
especially in cluster 5, which exhibited a greater decease in expression. Both
clusters 4 & 6 (398 & 3518 genes) showed increased expression during the
treatment, before it started to decline towards the end, reaching normal levels at
7 DOR (HS12vsC12).
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K-means clusters of DE -Pairwise_Comparison
DE genes with p-values< 0.05 & LFC=0.5
Cluster:1 N=475 Cluster:2 N= 3470 Cluster:3 N=607

LogFC

Cluster4 N=398 Cluster5 N=1333 Clusters N=3518 —3

N

HSOSCO  HStsCl HS2EC2  HSBICH  HSTZwsC2 HSNSCO  HSTsC1 HSZsC2  HSBISCH  HSTZsC2 HSOSCO  HSTSCI HS2EC2  HSOICE  HST2SC2
Pairwise_Comparison

Figure 3.7 K-means cluster analysis of DEGs in B. napus during and after heat
treatment. K-means clustering was applied to 9933 DEGs with log2FC = 0.5 using the
“kmeans” function in R package “stats” (v. 3.2.2), where k represents a pre-specified
number of clusters. Six groups of genes were classified, with N the number of genes in
each cluster, and the solid red lines in each cluster indicate the mean in differential
expression. HSOvsCO, HS1vsC1, HS2vsC2, HS6vsC6 & HS12vsC1l2 correspond to
pairwise comparison of expression between heat stress and control at 0 DAT, 1 DAT, 2
DAT, 1 DOR & 7 DOR respectively.

3.3.3 Validation of RNA-seq data by quantitative real-time PCR

To verify the reliability of RNA sequencing results, two genes with diverse
expression profiles, including up-regulated or down-regulated at different
timepoints of the experiment, were selected for real-time qPCR to measure
expression levels. As a result, SS5 (sucrose synthase 5) and HSP20 (heat shock
protein 20), exhibited similar expression profiles between RT-gPCR and RNA-
seq data (Figure 3.8, Figure 3.9 &

Table S4), with correlation coefficients of r=0.86, and r=0.68 respectively.
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Figure 3.8 Correlation analysis of the results obtained from RNA-seq and gt-
PCR: SS5 exhibited similar expression profiles between RT-gPCR and RNA-
seq data with correlation coefficients of r=0.86.
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Figure 3.9 Correlation analysis of the results obtained from RNA-seq and gt-
PCR: HSP20 exhibited similar expression profiles between RT-gPCR and
RNA-seq data with correlation coefficients of r=0.63.

3.3.4 Functional annotation of DEGs identifies key pathways
responding to heat treatment and recovery

Gene ontology (GO) enrichment analysis of the DEGs was performed to identify

enriched GO terms. Terms such as “binding”, “catalytic activity”, “metabolic
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process”, “hydrolase activity” and “ion binding” were among the predominant
enriched terms at all timepoints with more transcripts mapped to these terms
during heat treatment than during recovery (Figure 3.10-Figure 3.14).
Oxidoreductase, hydrolase and transferase were among the top identified
enzymes (Figure 3.15). These results suggest that high temperature activates
several metabolic processes through the expression of numerous enzymes
involved in alleviating the impact of heat stress not only during the stress period

but also during recovery.

Enriched Bar Chart
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Figure 3.10 Enriched GO terms at 0 DAT, as identified by GO enrichment analysis.
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Figure 3.11 Enriched GO terms at 1 DAT, as identified by GO enrichment analysis.
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Figure 3.12 Enriched GO terms at 2 DAT, as identified by GO enrichment analysis.
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Figure 3.13 Enriched GO terms at 1 DOR, as identified by GO enrichment analysis.
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Figure 3.14 Enriched GO terms at 7 DOR, as identified by GO enrichment analysis.
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Figure 3.15 Enzyme code distribution at different timepoints as identified by GO enrichment
analysis.
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Based on KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment
analysis (Kanehisa & Goto, 2000), pathways related to respiratory metabolism,
namely Glycolysis and Pentose phosphate pathway were enriched in all heat
treatment comparisons at all timepoints, while Citrate cycle and Oxidative
phosphorylation were enriched at 2 DAT and 1 DOR respectively (Figure 3.16 &
Figure S5-Figure S7). Other related pathways were also enriched along the
course of the treatment and during recovery period, and these include one
Carbon pool by folate (enriched at 1 & 2 DAT and 1 DOR), Carbon fixation in
Photosynthetic organisms, Cysteine and methionine metabolism (enriched at 1 &
2 DAT), Glycerolipid and Tryptophan metabolism (enriched at 2 DAT), Fatty acid
biosynthesis and Pyruvate metabolism (enriched at 1 DOR) and Fructose and

mannose metabolism (enriched at 7 DOR).

Enriched KEGG Pathways at 2 DAT (Days after Treatment)

Selenocompound metabolism- L ]
Cysteine and methionine metabolism- ‘
One carbon pool by folate- .
Biosynthesis of various secondary metabolites - part 3- [ ]
Sequences
Streptomycin biosynthesis- © q. 50
Glycerolipid metabolism- Q ‘ 100
" Pentose phosphate pathway- ‘ 10
2
';fn Carbon fixation in photosynthetic organisms- > ’ 200
©
* Glycolysis / Gluconeogenesis- Ficher FOR
Isher.
Carbapenem biosynthesis- I 003
Tryptophan metabolism- ZZ?
||

Methane metabolism-
Glyoxylate and dicarboxylate metabolism- Q
Citrate cycle (TCA cycle)- o
Ubiquinone and other terpenoid-quinone biosynthesis- .

0.0 0.1 0.2 0.3 0.4 0.5
Enrichment Ratio

Figure 3.16 The top enriched KEGG pathways and their corresponding number of
genes at 2 DAT at p-value < 0.05. The x-axis represents the enrichment factor. The y-
axis represents KEGG pathways. The circle represents the number of genes mapped
to pathways and the red to green bar indicates the significance.

In the present study, most of the genes involved in these pathways were
responsive to high temperature stress, with their expression declining with the
onset of heat treatment, especially after 48 hours (Figure 3.17, Figure 3.18 &
Figure S8-Figure S13).
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Figure 3.17 KEGG pathway for Glycolysis at 2 DAT. *Blue denotes down-regulated
genes and yellow denotes some isoforms were up-regulated and some isoforms were
down-regulated.
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Figure 3.18 KEGG pathway for Citrate cycle at 2 DAT. *Blue denotes down-regulated
genes, red denotes up-regulated genes and yellow denotes some isoforms were up-
regulated and some isoforms were down-regulated.

3.3.4.1 Heat treatment down regulated the transcript levels of most
aliphatic and indolic GSLs synthetic genes

Analysis of the aliphatic GSL synthetic and regulatory genes showed that heat
treatment had a significant effect on the expression of 18 genes at 2 DAT (Figure
3.19). Thirteen genes encoding different GSL synthetic genes including different
UDP glycosyltransferases and glutathione s-transferases were down-regulated
while five genes encoding GSL related transcription factors were up-regulated.
At 1 DOR, which marks 24 hours of recovery, nine genes that were not DE under
heat treatment were found up-regulated. These genes include different
cytochrome P450 genes, transcription factors, branched-chain aminotransferase

4.2 and isopropylmalate dehydrogenase 2.

Analysis of the indolic GSL synthetic and regulatory genes showed that heat
treatment altered the expression of 16 and 23 out of 44 genes at 1 and 2 DAT

respectively (Figure 3.20). These genes include sulfotransferases, cytochrome
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P450 genes, UDP glycosyltransferases, glutathione s-transferases and
transcription factors. After one week recovery (7 DOR), most of the DEGs
identified during heat treatment were no longer DE. This is similar to what was
observed with the genes encoding aliphatic GSL synthetic enzymes.
Interestingly, one transcript encoding UDP glycosyltransferase 74E2-like
remained down-regulated after one week of recovery.
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Figure 3.19 Heatmap showing differential expression of genes involved in the regulation
or biosynthesis of aliphatic GSL in B. napus. B. napus plants were subjected to heat
treatment (30 °C/24 °C day/night) at 0-5 DAT or maintained under control temperatures
(20 °C/14 °C day/night) at all timepoints. Total RNA was extracted and used to generate
RNA seq data, with DEGs identified between heat and controls samples using |log2FC]|
= 0.5 and adjusted P-value < 0.05 (using the Benjamini and Hochberg method) with n=5.
HSOvsCO, HS1lvsC1l, HS2vsC2, HS6vsC6 & HS12vsC12 correspond to pairwise
comparison of expression between heat stress and control at 0 DAT, 1 DAT, 2 DAT, 1
DOR & 7 DOR respectively.
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Figure 3.20 Heatmap showing differential expression of genes involved in the regulation
or biosynthesis of indolic GSL in B. napus. B. napus plants were subjected to heat
treatment (30 °C/24 °C day/night) at 0-5 DAT or maintained under control temperatures
(20 °C/14 °C day/night) at all timepoints. Total RNA was extracted and used to generate
RNA seq data, with DEGs identified between heat and controls samples using |log2FC]|
= 0.5 and adjusted P-value < 0.05 (using the Benjamini and Hochberg method) with n=5.
HSOvsCO, HS1lvsC1l, HS2vsC2, HS6vsC6 & HS12vsC12 correspond to pairwise
comparison of expression between heat stress and control at 0 DAT, 1 DAT, 2 DAT, 1
DOR & 7 DOR respectively.

3.3.4.2 Heat treatment down-regulated the transcript levels of most
sulphur assimilation and transport genes

Analysis of the genes encoding sulphur assimilation and transport during heat
treatment showed that 20 transcripts were down-regulated in response to heat at
either 1 or 2 DAT or both (Figure 3.21). One transcript encoding a sulphate
transporter was up-regulated at 1 & 2 DAT, while two transcripts encoding
adenylyl sulphate kinase was up-regulated at 2 DAT only. Interestingly, after the

end of heat treatment, only five transcripts remained down-regulated at 1 DOR,
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and two transcripts encoding adenylyl sulphate kinase and ATP sulfurylase were

up-regulated at 7 DOR.
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Figure 3.21 Heatmap showing differential expression of genes involved in the
assimilation and transport of sulphur in B. napus. Twenty transcripts were down-
regulated in response to heat at either 1 or 2 DAT or both. B. napus plants were subjected
to heat treatment (30 °C/24 °C day/night) at 0-5 DAT or maintained under control
temperatures (20 °C/14 °C day/night) at all timepoints. Total RNA was extracted and
used to generate RNA seq data, with DEGs identified between heat and controls
samples using [log2FC| = 0.5 and adjusted P-value < 0.05 (using the Benjamini and
Hochberg method) with n=5. HSOvsCO, HS1vsC1, HS2vsC2, HS6vsC6 & HS12vsC12
correspond to pairwise comparison of expression between heat stress and control at 0
DAT, 1 DAT, 2 DAT, 1 DOR & 7 DOR respectively.
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3.3.4.3 Metabolic analysis revealed altered leaf concentration of aliphatic
and indolic GSL in response to heat treatment

Given the changes observed in the abundance of transcripts associated with GSL
metabolism and sulphur assimilation and transport, the concentration of two
aliphatic GSL progoitrin (PRO) and gluconapin (GNA), and one indole GSL
glucobrassicin (GBS) were gquantified using LC-MS. Their role in response to
different abiotic stress factors has been previously reported (Ljubej et al., 2021;
Jasper et al., 2020). Two-way mixed ANOVA pairwise comparisons showed a
gradual increase in both PRO and GNA concentration in response to heat (Figure
3.22 and Figure 3.23). This increase was significant at 2 DAT. After 5 days of the
heat treatment, the concentration of GSL started to decline but remained higher
in heat treated plants than in the leaves of control plants. In contrast, the
concentration GBS decreased in response to heat treatment (Figure 3.24). During
recovery, the concentration of GBS continued to decrease with the difference
being significant at 1 & 3 DOR. After one week of recovery, GBS concentration in

heat treated plants remained lower than that of the control.
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Figure 3.22 Leaf progoitrin (PRO) concentrations in ng/g of dry weight (DW) in B. napus
plants subjected to heat treatment (30 °C/24 °C day/night) at 0-5 DAT (red) or maintained
under control temperatures (20 °C/14 °C day/night) at all timepoints (blue). GSL
concentrations were quantified using LC-MS. Data were analysed using two-way mixed
ANOVA pairwise comparisons. Each box plot represents data from 5 replicates, showing
the median (horizontal bar), 25" and 75™ percentiles (the box) and the min and max
values (whiskers), with outliers as dots. Significant differences between heat treated and
control plants at each timepoint are denoted by (*) for p-value < 0.05, or (**) for p-value

<0.01.
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Figure 3.23 Leaf gluconapin (GNA) concentration in ng/g of dry weight (DW) in B.
napus plants subjected to heat treatment (30 °C/24 °C day/night) at 0-5 DAT (red) or
maintained under control temperatures (20 °C/14 °C day/night) at all timepoints (blue).
GSL concentrations were quantified using LC-MS. Data were analysed using two-way
mixed ANOVA pairwise comparisons. Each box plot represents data from 5 replicates,
showing the median (horizontal bar), 25" and 75" percentiles (the box) and the min
and max values (whiskers), with outliers as dots. Significant differences between heat
treated and control plants at each timepoint are denoted by (*) for p-value < 0.05, (**)
for p-value < 0.01, or (***) for p-value < 0.001.
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Figure 3.24 Leaf glucobrassicin (GBS) concentrations in ng/g of dry weight (DW) in B.
napus plants subjected to heat treatment (30 °C/24 °C day/night) at 0-5 DAT (red) or
maintained under control temperatures (20 °C/14 °C day/night) at all timepoints (blue).
GSL concentrations were quantified using LC-MS. Data were analysed using two-way
mixed ANOVA pairwise comparisons. Each box plot represents data from 5 replicates,
showing the median (horizontal bar), 25" and 75" percentiles (the box) and the min and
max values (whiskers), with outliers as dots. Significant differences between heat treated
and control plants at each timepoint are denoted by (*) for p-value < 0.05, (**) for p-value
< 0.01 or (****) for p-value < 0.0001.

3.3.4.4 Heat treatment down-regulated the transcript levels of most sugars
transporter genes

To investigate the effect of heat stress on sugars transport and metabolism,
analysis of genes encoding the SWEET and ERDG6-like sugars transporters were
undertaken. Compared to the control plants, heat stress significantly altered the
expression of 21 SWEET genes with log2FC ranged between -5 and 5 (Figure
3.25). These genes belonged to the phylogenetic clades Il and Ill. Members of
these clades predominantly transport hexose and sucrose respectively. Nine of
these transcripts were down-regulated at 2 DAT, while two were up-regulated.
Interestingly, out of the 13 genes that were DE at 1 DOR, five up-regulated genes
were not DE during heat stress (were not affected by heat treatment) and became

up-regulated after the removal of stress.

Analysis of genes encoding the tonoplastic glucose symporters showed that 11
transcripts mapped to different ERDG6-like genes (Figure 3.26). At 2 DAT, five

were down-regulated and two were up-regulated.
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Figure 3.25 Heatmap showing differential expression of SWEET genes involved in
sugars transport in Brassica napus. B. napus plants were subjected to heat treatment
(30 °C/24 °C day/night) at 0-5 DAT or maintained under control temperatures (20 °C/14
°C day/night) at all timepoints. Total RNA was extracted and used to generate RNA seq
data, with DEGs identified between heat and controls samples using |log2FC| =2 0.5 and
adjusted P-value < 0.05 (using the Benjamini and Hochberg method) with n=5.
HSOvsCO, HS1lvsC1l, HS2vsC2, HS6vsC6 & HS12vsCl12 correspond to pairwise
comparison of expression between heat stress and control at 0 DAT, 1 DAT, 2 DAT, 1
DOR & 7 DOR respectively.
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Figure 3.26 Heatmap showing differential expression of ERD-6 like genes
involved in sugars transport in B. napus. B. napus plants were subjected to
heat treatment (30 °C/24 °C day/night) at 0-5 DAT or maintained under
control temperatures (20 °C/14 °C day/night) at all timepoints. Total RNA was
extracted and used to generate RNA seq data, with DEGs identified between
heat and controls samples using |log2FC| = 0.5 and adjusted P-value < 0.05
(using the Benjamini and Hochberg method) with n=5. HSOvsCO0, HS1vsC1,
HS2vsC2, HS6vsC6 & HS12vsC12 correspond to pairwise comparison of
expression between heat stress and control at 0 DAT, 1 DAT, 2 DAT, 1 DOR
& 7 DOR respectively.

In addition, one transcript mapping to a facilitated glucose transporter member 8-
like showed a Log2FC of -9.2 at 1 DAT, and transcripts encoding sucrose
transporters (SUCs) were found up-regulated at 1 DAT & 1 DOR (Figure S14). In
addition to their significant role in phloem loading and unloading, these
transporters are also involved in sugars influx into the cytosol. Furthermore, the
present results showed that the expression of transcripts mapping to the sucrose

synthesizing enzyme, sucrose phosphate synthase (SPS) increased during heat
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treatment (Table S5), while the expression of sucrose catalysing enzymes,

namely sucrose synthase and cell wall invertase significantly decreased (

Table S6).

3.3.4.5 Metabolic analysis revealed an increase in leaf concentration of
sugars in response to heat treatment

To investigate the effect of heat stress on the sugars concentration in the leaves
of B. napus, the concentration of fructose, glucose and sucrose were quantified
using HPLC. Under control growth conditions, leaf fructose, glucose and
sucrose concentration increased slowly as the plants grew (Figure 3.27-Figure
3.29). In contrast, in the heat-treated plants, the leaf concentration of individual
sugars increased. Two-way mixed ANOVA pairwise comparisons showed that
the change in sugars concentration was significant during both heat treatment

and recovery for glucose and fructose.

After the removal of heat stress, the leaf concentration of sucrose in the treated
plants decreased gradually until it reached a lower concentration than that of
the control plants at 3 DOR. In contrast, leaf fructose and glucose concentration
showed a slight decrease initially before they increased again significantly at 3
DOR. After 7 days of recovery, the leaf concentration of fructose, glucose and
sucrose dropped substantially, reaching lower concentration than that of the

control plants.
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Figure 3.27 Leaf glucose concentration in mg/g of dry weight (DW) in B. napus plants
subjected to heat treatment (30°C/24°C day/night) at 0-5 DAT (red) or maintained under
control temperatures (20 °C/14 °C day/night) at all timepoints (blue). Concentration was
quantified using HPLC. Data were analysed using two-way mixed ANOVA pairwise
comparisons. Each box plot represents data from 5 replicates, showing the median
(horizontal bar), 25" and 75" percentiles (the box) and the min and max values
(whiskers), with outliers as dots. Significant differences between heat treated and
control plants at each timepoint are denoted by (*) for p-value < 0.05, or (**) for p-value
<0.01.
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Figure 3.28 Leaf fructose concentration in mg/g of dry weight (DW) in B. napus plants
subjected to heat treatment (30 °C/24 °C day/night) at 0-5 DAT (red) or maintained
under control temperatures (20 °C/14 °C day/night) at all timepoints (blue).
Concentration was quantified using HPLC. Data were analysed using two-way mixed
ANOVA pairwise comparisons. Each box plot represents data from 5 replicates,
showing the median (horizontal bar), 25" and 75" percentiles (the box) and the min
and max values (whiskers), with outliers as dots. Significant differences between heat
treated and control plants at each timepoint are denoted by (*) for p-value < 0.05, or
(**) for p-value < 0.01.
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Figure 3.29 Leaf sucrose concentration in mg/g of dry weight (DW) in B. napus plants
subjected to heat treatment (30 °C/24 °C day/night) at timepoints 0-5 (red) or
maintained under control temperatures (20 °C/14 °C day/night) at all timepoints (blue).
Concentration was quantified using HPLC. Data were analysed using two-way mixed
ANOVA pairwise comparisons. Each box plot represents data from 5 replicates,
showing the median (horizontal bar), 25" and 75" percentiles (the box) and the min
and max values (whiskers), with outliers as dots.

3.4 Discussion

To investigate the effect of prolonged high temperatures (heatwaves) on the
growth and adaptability of B. napus, especially during its yield-determining
reproductive stages, heat treatment experiment was designed in a way that mimic
field temperature fluctuations. In the present study, B. napus plants were exposed
to a gradual increase in temperature for a six-day period and samples were
collected at different timepoints during treatment and recovery. The results
showed a prevailing effect on the plants both physiologically and metabolically.
Heat treatment negatively impacted seed weight and total plant biomass (Figure
3.4), consistent with similar negative impacts documented in B. napus and in
other plants such as, A. thaliana and wheat (Aksouh-Harradj et al., 2006; Zhang
et al., 2017; Bheemanabhalli et al., 2019). This suggests that heat stress during
flowering irreversibly damages vital processes leading to reduced productivity.
NIRS showed significant effects of heat treatment on fatty acid concentrations in
seeds in response to heat (Figure 3.5). Several studies also observed heat-

induced alteration in lipid composition (Namazkar et al., 2016; Zhou et al., 2018;
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Zoong Lwe et al., 2021; Magno et al., 2023). In B. napus, high night temperature
has led to overexpression of genes involved in fatty acid catabolism (Zhou et al.,
2018). Furthermore, different heat tolerant and susceptible genotypes exhibited
different heat-induced changes in their lipid content (Narayanan et al., 2016;
Narayanan et al., 2020). Because lipids and proteins are the major constituents
of biological membranes, maintaining cellular homeostasis depends mainly on
the dynamic nature of lipid composition (Zheng et al., 2011). This suggests an
essential role of cellular membrane lipid remodelling under high temperature
stress. Additionally, under periods of reduced carbon availability in plants, the
conversion of lipids to organic acids provides an additional source of energy, thus

contributing to the plants’ acclimation process (Yuenyong et al., 2019).

At the metabolomic level, heat treatment significantly altered the concentration of
GSL and sugars and led to the differential expression of many genes involved in
their synthesis, metabolism and transport. GSL and sugars are among the major
secondary metabolites naturally occurring in Brassica species (Ayaz et al., 2006;
Rao et al., 2021). Their primary site of synthesis occurs mainly in the leaves, from
where they are transported to other parts of the plant (Pacheco-Sangerman et
al., 2022; Ren et al., 2022). While reports on the leaf sugars concentrations are
common (Ren et al., 2022; Zafar et al., 2022; Dellero et al., 2024), GSL have
been thoroughly investigated in seeds (Wang et al., 2019c; Tang et al., 2023;
Jhingan et al., 2023), with fewer studies focusing on their presence in leaves
(Rhee et al., 2020).

In this study, the concentrations of GSL and sugars were quantified from B. napus

leaves, and their roles in heat stress response were investigated.

3.4.1 Heat stress resulted in down-regulation of many genes involved
in multiple functional and metabolic processes at 2 DAT

In this study, comparative transcriptome analysis between heat treatment and
control identified 9933 significantly DE transcripts (log2FC = |0.5|, FDR < 0.05)
(Figure S4) with a balanced proportion of up and down-regulated genes in
contrast between HSOvsCO (0 DAT), and more down-regulated genes than up-

regulated ones in the rest of the contrasts were identified. This suggests the
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impact of heat treatment on the plant’s transcriptome after 24 hours of heat
stress, resulted in down-regulation of many genes involved in multiple functional
and metabolic processes such as Glycolysis, Pentose phosphate pathway (PPP),
Citrate cycle and Oxidative phosphorylation. In contrast HS12vsC12 (7 DOR),
although the proportion of down-regulated genes was higher than the up-
regulated ones, the total number of DEG decreased dramatically as the plant

started to restore its metabolic functions after 7 days of recovery.

3.4.2 DEGs showed enrichment of pathways related to respiratory
metabolism

The analysis of KEGG enriched pathways revealed the main underlying
biochemical pathways altered in B. napus in response to heat stress (Figure 3.17-
Figure 3.18 & Figure S5-Figure S7). In accordance with other reports (Estravis-
Barcala et al., 2021; Li et al., 2022), DEGs showed an enrichment of pathways
related to respiratory metabolism namely Glycolysis, Citrate cycle, Oxidative
phosphorylation and PPP. At 2 DAT, the impact of heat stress on Glycolysis was
manifested by the down-regulation of genes encoding the key enzymes
phosphoglucomutase, aldose l1-epimerase, hexokinase, glucose-6-phosphate
iIsomerase, and 6-phosphofructokinase (Figure 3.17). Moreover, most of the
Citrate cycle genes were also down-regulated at 2 DAT (Figure 3.18). In the
Electron transport chain (ETC), gene expression analysis showed that most of
the involved genes were down-regulated under heat treatment, except for
succinate dehydrogenase (SDH) which was up-regulated (Figure S9). In
mitochondrial metabolism, SDH also known as complex Il, plays a central role in
the Citrate cycle and ETC (Huang & Millar, 2013). Additionally, SDH is thought to
impact different components of the plant stress response, including stomatal

conductance and ROS scavenging (Huang et al., 2019).

Although respiratory pathways have been found to have potential roles in
adaptive response to abiotic stress, mainly through reducing the production of
ROS (Van Dongen et al., 2011), under extreme conditions such as severe or
prolonged heat stress, respiratory enzymes are deactivated, and proteins are

denatured leading to culminating of ROS and a total breakdown of mitochondrial
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respiration (Scafaro et al., 2021). This negatively impacts oxygen and carbon
fluxes and eventually leads to more severe yield penalty (Rasmusson et al.,
2020). In line with this, results from heat stress experiment on seagrass showed
that high midday temperature stress of 40°C was associated with significant
decrease in biomass (George et al., 2018). Likewise, Imp et al. (2019) found that
under high night temperature, wheat tolerant cultivar exhibited smaller reductions
in biomass and lower rates of both net photosynthesis and respiration compared
to other wheat cultivars (Imp et al., 2019).

In the PPP, the oxidative phase (OPPP) was mainly affected at 1 DAT, and this
was indicated by the differential expression of glucose-6-phosphate
dehydrogenase (G6PDH) and 6-phosphogluconate dehydrogenase (6PGDH)
enzymes (Figure S10). G6PDH and 6PGDH are the key enzymes in the OPPP.
They catalyse the first and third steps of the pathway, respectively (Long et al.,
2016) and have been reported to be associated with the response to various
abiotic stresses in plants (Gong et al., 2012; Tian et al., 2021). Esposito (2016)
reported the involvement of the OPPP in the early response to abiotic stress
factors, forming a true metabolic sensor to oxidative stress. At 2 DAT, most of the
oxidative and non-oxidative phase genes were down-regulated, including
transketolase (TK), transaldolase and phosphofructokinase enzymes (Figure
S11). TK has a central role in primary metabolism, where the products of the
involved reactions produce the precursors for nucleic acids biosynthesis,
aromatic amino acids, and vitamins (Bi et al., 2013). Bi et al (2013) showed that
the cucumber TK gene (CsTK) was sensitive to temperature and light (Bi et al.,
2013; Bi et al., 2019). Likewise, the transaldolase gene was found to be involved
in the regulation of expression of genes involved in the ABA signalling pathway
and the enzymes responsive to ROS (Rong et al., 2021). The results of this study
add further evidence to the involvement of the PPP enzymes in the heat stress

response in B. napus.

3.4.3 Heat stress altered GSL metabolism during treatment

At the transcriptomic level, heat treatment differentially affected the expression of
GSL synthesis and regulatory genes (Figure 3.19-Figure 3.21). Several genes
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encoding different UDP glycosyltransferases and glutathione s-transferases
appeared down-regulated, while others encoding GSL related transcription
factors were up-regulated, suggesting that these genes might have participated
at different stages of the stress response.

The influence of heat stress on individual GSL was further evaluated through
metabolomic analysis of two aliphatic GSL (progoitrin (PRO) and gluconapin
(GNA), and one indolic GSL (glucobrassicin (GBS). The role of these GSL in
response to different abiotic stress factors has been previously reported (Jasper
et al., 2020; Ljubej et al., 2021). In the current study, the leaf concentration of
PRO and GNA significantly increased in response to heat stress before it started
to decline at 5 DAT (Figure 3.22 & Figure 3.23). This decline could have resulted
from membrane damage caused by prolonged exposure to heat, leading to GSL
degradation. Removal of heat stress after 5 DAT could also be another factor for
the decline in GSL concentration. In addition to its primary role in response to
plant pathogen interaction (Hopkins et al., 2009; Touw et al., 2020), GSL
accumulation in response to heat stress has also been previously reported
(Valente Pereira et al., 2002; Martinez-Ballesta et al., 2013; Jasper et al., 2020).
When plants are stressed, growth is reduced, and carbon utilization is
predominantly diverted towards the production of secondary metabolites. As part
of the plant defence mechanism, GSL play important role as osmoprotective
compounds (Martinez-Ballesta et al., 2013), where their concentration increases
In response to stress, providing protection against oxidative damage. At 30/15°C
(day/night) temperature regime, Brassica oleracea seedlings had significantly
higher GSL concentration than plants cultivated at lower temperatures (22/15°C
and 18/12°C) (Valente Pereira et al., 2002). Similarly, an A. thaliana GSL mutant
experienced a remarkable decline in growth and development and was found to
be less heat tolerant than wild-type plants upon exposure to high temperature
(Ludwig-Mdiller et al., 2000).

In contrast, indolic glucosinolate GBS showed a downward trend where
concentration decreased gradually in response to heat (Figure 3.24). Similar

results have been found where GBS concentration was reduced in response to
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heat treatment (Bohinc & Trdan, 2012). Also, during short term high temperature
stress, the transcript level of the indolic GSL synthetic genes were predominantly
down-regulated (Rao et al., 2021). Several studies reported that indole GSL are
much more sensitive to heat treatment (Bones & Rossiter, 2006; Bohinc & Trdan,
2012) and can demonstrate more thermal degradation than aliphatic GSL at lower

temperatures (Orlemans et al., 2006).

The results of our study indicate that the concentration of GSL in the leaves of B.
napus is influenced by high temperature stress, which was previously reported in
other Brassica species (Rask et al., 2000; Bohinc & Trdan, 2012). It also shows
that different groups of GSL (aliphatic versus indolic) differ in their response to
heat stress. The different accumulation trends of these groups could correspond
to different protective mechanisms driven by individual GSL with diverse chemical
structures and bioactivities (Figure 3.30) (Seo & Kim, 2017; Ljubej et al., 2021).
These mechanisms may prioritise energy towards aliphatic GSL production,
which are known to play crucial roles in ROS mitigation (Martinez-Ballesta et al.,
2013). Additionally, the reduced availability of GSL precursors, such as nitrogen
and sulphur, under stressful conditions may influence the allocation of GSL
across plant tissues. In response, plants might break down their GSL and utilise
the released sulphur to support primary metabolic processes, such as protein
synthesis, within specific organs (Brown et al., 2003; Martinez-Ballesta et al.,
2013). This plasticity highlights GSL players in balancing stress resilience and
adaptation. By selectively modifying GSL content, plants can fine tune their
responses to stress, meeting immediate defence demands while ensuring long-

term survival and reproductive success.
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Figure 3.30 Three major biosynthesis pathways of the GSL in Brassicaceae. Outline of
the pathways which can be divided into three parts; (1) amino acid chain elongation; (2)
formation of the core structure of GSLs; (3) side chain modification. Blue bold indicates
biosynthetic genes involved in each step. The names in parentheses denote common
names (Seo & Kim, 2017).
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3.4.4 Heat stress altered the expression of sulphur assimilation and
transport genes

In the current study, the transcript levels of sulphur assimilation and transport
genes were significantly down-regulated especially at 2 DAT (Figure 3.21). This
included several adenylyl sulphate kinases and reductases, ATP sulphurylase
(ATPS) and sulphate transporter genes. These genes are important for the
activation, catalysis and transport of sulphur compounds (Capaldi et al., 2015).
Moreover, enrichment pathway analysis showed that Cysteine and methionine
metabolism pathway was among the top significantly enriched pathways at 1 & 2
DAT (Figure S5 & Figure 3.16). In this pathway, 11 transcripts mapping to s-
adenosylmethionine synthetase and 11 transcripts mapping to homocysteine s-
methyltransferases were down-regulated (Figure S8). These enzymes are
among the key enzymes that control the methionine pool (Capaldi et al., 2015).
Given that GSL compounds are rich in sulphur, assimilation of sulphur is closely
associated with GSL biosynthesis. Cysteine, which is the terminal metabolite in
sulphur assimilation, acts as a sulphur donor for methionine, a precursor for
aliphatic GSL. This renders cysteine an important intersection point between
sulphur assimilation and GSL biosynthesis (Rao et al., 2021). Such proximity
between sulphur and these amino acids makes Cysteine and methionine

metabolism pathway directly related to GSL biosynthesis.

3.4.5 Heat stress altered sugars metabolism during treatment and
recovery periods

In the present study, heat treatment altered carbohydrate concentration as the
amounts of glucose, fructose and sucrose increased with heat treatment (Figure
3.27-Figure 3.29). At the transcriptional level, the starch hydrolysing enzyme
alpha-amylase was induced. Conversely, the starch synthesizing enzymes such
as phosphoglucomutase (PGM), AGPase and hexokinase were down-regulated
(Figure 3.17 & Figure S13). Likewise, heat induced the up-regulation of sucrose
synthesizing enzymes and the down-regulation of sucrose hydrolysing enzymes

such as cell wall invertase and sucrose synthase (Table S5 &
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Table S6). Together with the inhibition of many sugars transporters genes such
as SWEET and ERDG6-like (Figure 3.25 & Figure 3.26) suggest that heat induced
starch hydrolysis and promoted sucrose synthesis and accumulation in the
leaves. Several reports showed that different environmental stress affect sugars
metabolism and transport (Xalxo et al., 2020; Mathan et al., 2020). For example,
drought and salinity stresses increased sucrose concentration in leaf and root
tissues of rice (Mathan et al., 2020). Similarly, a significant accumulation of total
sugars and proline was observed in different genotypes of heat stressed
seedlings of moth bean (Harsh et al., 2016). Marias et al. (2017) also reported an
accumulation of glucose and fructose under heat stress in the leaves of Coffea
arabica (Marias et al., 2017). In maize ear leaf, the 3C export rate was decreased
by high temperature treatment, resulting in growth enhancement of vegetative
plant parts and reduction in grain yield (Suwa et al., 2010). During heat stress,
leaves are the first tissues to sense and experience damage by heat.
Consequently, leaves use sugars to efficiently scavenge ROS and alleviate
oxidative damage. In high respiration environment, it has been hypothesized that
sugars acts as energy supply to ensure survival (Burke, 2007), as their role in
osmotic readjustments helps to maintain cell-water balance and membrane
integrity. Thereby, maintaining leaf sugars content through reducing source to
sink export is considered a tolerance strategy (Kaushal et al., 2013). Additionally,
the decrease in sink demand due to growth limitation, could also contribute to the
accumulation of sugars in the source leaves under stressful conditions (Hummel
et al., 2010; Lemoine et al., 2013).

3.5 Conclusion

Through a comprehensive transcriptomic and metabolomic analysis, this study
brings evidence for the impact of high temperature stress during heatwaves on
different functional and metabolic pathways, highlighting their roles in the plant
stress defence system. More specifically, our results indicated that heat
treatment:
1) Down-regulated important metabolic pathways, such as

respiratory metabolism, Glycolysis, Pentose phosphate pathway, Citrate
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cycle and Oxidative phosphorylation, especially after 48 hours of heat
treatment.

2) Reduced yield and plant biomass and altered seed composition.

3) Led to changes in sugars and GSL levels with increased concentrations of
glucose, fructose, sucrose and the aliphatic GSL progoitrin & gluconapin,
while the indolic GSL glucobrassicin decreased.

4) Resulted in the differential expression of many genes involved in key
biological processes such as heat shock, regulation of cellular processes,
transcription factors, cell wall remodelling, sugars and secondary metabolites

transport and metabolism.

Furthermore, the gradual increase in temperature utilised in the heat experiment
helped to create an environment that mimics field conditions during heatwaves.
Thus, this study represents an important step towards developing an
understanding of the heat stress response and tolerance mechanisms, including

knowledge that could be transferred to other plants.

Finally, the DEGs and pathways identified in response to heat stress provide a
good genetic resource to further understand heat stress response in plants. As
transcriptional regulation is regarded as one of the key mechanisms underpinning
plant resistance in challenging environments (Chinnusamy et al., 2007), the next
step in this study was to examine the regulatory mechanisms behind the
transcription of these genes. Specifically, this involved exploring their interactions
with TFs that play a crucial role in modulating various signal transduction
pathways and regulating gene expression under both biotic and abiotic stress
conditions. To facilitate this, a purpose-build Cytoscape plugin, NetViewer, has
been developed as part of this work to reveal these interactions and enhance the
understanding of molecular regulatory mechanisms involved in the heat stress
response in B. napus and related species. Moreover, identifying TF-gene
regulatory networks related to heat stress may expose new, targetable
mechanisms for managing heat stress response. On this account, Chapter 4
describes NetViewer and provides a use case scenario in the context of plant

heat stress response.
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4 NetViewer: A Cytoscape plugin for TF-gene network
extension and enhancement

Exploring the interactions between genes and transcription factors (TFs) is an
important step towards advancing the understanding of heat stress response in
plants. Additionally, modelling and analysing these interaction networks is also
essential for researchers. In recent years, several network graph visualisation
platforms such as Cytoscape (Shannon et al. 2003) have been developed for this
purpose. Additionally, with the use of plugins, these networks can be analysed
by incorporating external data sources. However, plugins often require multiple
preparatory steps, including data input and conversion into specific formats,
which demand significant computational expertise. To simplify this process, |
developed NetViewer plugin to automate these tasks and streamline network
generation and data integration. This Chapter provides an overview of the
NetViewer’s design and architecture and presents a case study featuring DEGs
identified in the heat treatment experiment described in Chapter 3. The source
code for the plugin is available on GitHub at the following link:
https://github.com/MariamKourani/NetViewer NetBeansProject/tree/master/Net

Viewer

4.1 Introduction

TFs are proteins that bind to DNA and control essential cellular functions (Strader
et al., 2022), making up about 6-10% of the plant genome coding sequences
(Riechmann et al., 2000). In addition to their core functions in binding to their DNA
target and recruiting the appropriate machinery for transcription, other TFs act as
facilitators and play additional role in opening closed chromatin and making it
available for other TFs to bind (Strader et al., 2022). In plants, TFs also known to
have crucial roles in signal transduction, from the perception of stress signals to
the expression of stress-responsive genes (Hrmova et al., 2021; Hussain et al.,
2021).

In recent years, different TFs families have been identified in plants such as
AP2/ERF, MYB, HSP, bZIP, NAC, DOF, MADS-box, etc. (Yamaguchi-Shinozaki

and Shinozaki 2006; Ghorbani et al., 2020). While some members were found to
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be involved in the regulation of developmental pathways in plants, others appear
to have a role in the regulation of defence responses against environmental
stresses (Hegedus et al, 2003).

In A. thaliana, more than a thousand stress responsive TFs were identified (Naika
et al., 2013). More recently, a functional analysis of differentially expressed genes
(DEGS) in B. napus, revealed that over 400 TFs were differentially expressed
(DE) in response to cold stress. Interestingly, some of them were enriched in
biological processes like photosynthesis, plant development, amino acid
catabolism and stimulus response (Ke et al., 2020). Similarly, a total of 2,167 TFs
belonging to five different families were identified with 7.6% identified as being
novel and unique to B. napus. RNA-Seq analysis revealed that over 80% of TFs
were inducible by abiotic stress, with 70% being responsive to heat after 12 hours
of treatment and these include: 62 BnAP2/EREBPs, 32 BnbZIPs, 61 BnMYBs,
40 BnNACs, and 27 BhWRKYs (Wang et al., 2018). Moreover, a transcriptomic
analysis of B. napus seedlings exposed to drought, salt, heat, cold and abscisic
acid treatment showed that 99 BnWRKY's responded to at least one of these
stress factors (Chen et al. 2021).

In view of the importance of these interactions, gene regulatory networks were
developed to model physical and regulatory relationships between the genes and
their regulators (Arda & Walhout, 2009). As a result, various network visualization
tools were created to facilitate data integration and analysis. Cytoscape, is one
of these tools that was originally designed for biological research. It is an open-
source software that provides a basic set of features for data integration and two-
dimensional network visualisation helping researchers intuitively observe gene
interaction and obtain relevant information (Shannon et al. 2003). Moreover,
Cytoscape’s architecture is based on Apps, also called plug-ins. This architecture
enables programmers to develop their own plugins, which significantly enhance
the features of the basic environment, resulting in a more versatile network
analysis tool. Some of these plugins belong to various categories such as network
generation, graph analysis, literature mining, enrichment analysis, clustering and
many more. CyTargetLinker is a plugin built to extend biological networks with

regulatory interactions, such as miRNA-target, TF-target or drug-target
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interactions. However, to create a gene network using CyTargetLinker, users
need to upload a list of target genes and a database file that has been previously
downloaded and converted into a format compatible with the plugin. This
conversion process is done through a bash script on the command line, which
requires considerable computational skills that may not be readily available,
especially to biologists or non-technical users. To address this challenge, |
developed NetViewer, a new Cytoscape plugin that builds upon CyTargetLinker's
capabilities (Kutmon et al., 2018) and simplifies data integration and conversion,
making it easier to generate biological networks and their associated regulatory

interactions within Cytoscape GUI environment.

4.2 Methods

4.2.1 Input files

NetViewer’s first input parameter is a gene list of interest in a tab-delimited format.
To link these genes to regulatory information from the database, network nodes
need to have an attribute containing a biological identifier, eg. Ensembl or NCBI

Gene ID of A. thaliana.

To add additional layers of information to the displayed network, other data files
such as differential gene expression, functional annotations, Gene Ontology (GO)
terms or IDs can also be imported.

4.2.2 Network display workflow

Before running NetViewer, the corresponding A. thaliana IDs for the genes of
interests must be obtained. These IDs will be used as attributes to match the
genes of interest to the TFs in the database. Figure 4.1 shows in blue the steps
needed for this task. The grey steps that follow represents the steps in NetViewer

which is launched from Cytoscape App menu.
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Work flow for Gene-TFs network display in Cytoscape
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Figure 4.1 NetViewer functional workflow. Blue colour represents the steps that must

be performed before launching Cytoscape. Grey colour represents the steps within
NetViewer, and pink colour highlights information messages provided by NetViewer.
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4.2.3 Regulatory interaction network file for the TFs

To create a regulatory interaction network file for the TFs (also called Linkset
network file), NetViewer can either accept a local A. thaliana TFs database file or
access one directly from the PlantTFDB website via the plugin menu. A Linkset
is a network that holds regulatory information about the nodes within it. In this
context, it represents gene-TF interactions. These networks are saved
in xgmml (the eXtensible Graph Markup and Modeling Language) format, which
is supported by Cytoscape. Each Linkset consists of interactions consisting of

two nodes, a source and a target, connected by a single directed edge.

After selecting the TFs database file, NetViewer converts it into a Linkset network
using a simple Java program that converts tab-delimited text files into xgmmi
Linksets, along with a configuration file that specifies details about each column
of the TFs database. The configuration file is customizable, allowing adjustments

based on the specific A. thaliana TFs database being used.

4.2.4 Network extension

As illustrated in Figure 4.2, following data input, NetViewer parses the provided
Linksets and extracts relevant interactions for the selected network. Once the
network is extended, it can be further enhanced through adding more information
to the nodes based on the user’s choice. The user can choose to display the gene
functional annotations, GO terms or GO IDs. The resulting network can then be
analysed and further explored using the large set of tools provided by the
Cytoscape environment. For example, importing and displaying differential
expression data such as Log2FC and Transcript per Million (TPM), customising
the look and feel of the network and changing the visual style of the nodes and

edges.
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4.2.5 Case study

To begin, a gene list of 60 top DEGs identified in the heat treatment experiment
(described in Chapter 3) at 2 DAT (Days after Treatment) along with their
corresponding A. thaliana gene IDs were imported in tab-delimited file into the
Cytoscape environment. The rationale behind choosing the DEGs at 2 DAT is
that comparative transcriptome analysis showed that heat stress resulted in the
differential expression of many genes involved in crucial functional and metabolic
processes at this timepoint which marks 48 hours of heat treatment. Investigating
the TFs regulating these genes would be of paramount importance to understand

the mechanisms involved in heat stress response in B. nhapus.

During the import process, Brassica gene IDs were designated as the network
source nodes, and A. thaliana gene IDs were set as the network attribute. The
network attribute is a column used to identify the nodes in the Linkset and must
include one of the supported identifiers. Similarly, files for GO terms & IDs,
functional annotations and expression data as TPM in tab-delimited format were
also imported.
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Next, the NetViewer interface was loaded from Cytoscape Apps menu. In the
User Network section, the previously loaded gene set, and network attribute were
selected. Then, a local TFs database file was chosen from the user’s file system
in the Database Selection section, which was then automatically converted into
a Linkset. The database file is a tab-delimited file where columns hold information
about the TFs and their target genes. This includes TF name, TF locus, TF family,
target gene name, target gene locus and interaction type. Due to the lack of B.
napus specific TFs databases, the TFs database used was exported from A.
thaliana AtRegNet database. From the Settings, the direction of the interactions
was set to “Both”. Then, the generated Linkset file was selected through browsing
the directory of Linkset files. Afterwards, the annotations to display upon hovering
on nodes were chosen. Finally, the network was extended in the Cytoscape
display pane, with nodes representing genes and TFs, and edges representing
their interactions as in Figure 4.3 and Figure 4.4.

Figure 4.3 Extended network of interactions between top DEGs (grey nodes) and TFs (Blue
nodes). The blue edges represent the interactions between the genes and TFs.
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Figure 4.4 Extended network of interactions between top DEGs (grey nodes) and TFs
(Blue nodes). As an example, the network also highlights in orange the interactions
between one transcription factor (HSF6) and its interacting genes along with the edges
connecting them.

4.3 Results and Discussion

NetViewer was used to model the relationships and display the interactions
between a set of DE genes and their corresponding regulatory TFs. The gene set
used corresponds to the top DEGs identified at 2 DAT of the heat experiment
described in Chapter 3.

The displayed network showed that the genes are regulated with 45 TFs
belonging to various TF families (Table 4.1). TFs belonged to MYB, NAC and
WRKY families were among the top TFs that interacted with the highest number
of genes.

In this case study, AtMYC2 was selected for further exploration because it
interacts with a large number of genes and belongs to bHLH family, which is well
recognised for its key roles in regulating stress-responsive genes (Hao et al.,
2021; Song et al., 2022).
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Table 4.1 Number of genes interacting with each TFs

TF name TF family No. of interacting genes

AtMYB2 MYB 52
At1g19000 MYB-related 51
NAC1 NAC 49
ATWRKY6 WRKY 46
AT1G49560 G2like 44
ZAT7 C2H2 44
Adofl C2C2dof 44
ANL2 HB 40
AtMYC2 bHLH 37
ATHB23 ZFHD 37
LEC2 ABI3VP1 37
AT1G76510 ARID 36
HY5 bzIP 34
ABR1 AP2EREBP 34
ASIL1 Trihelix 30
LMI1 Homeobox 30
FLC MADS 26
SPL2 SBP 26
LFY ORPHAN 25
ASL18 LOBAS2 25
GeBP GeBP 23
REM19 REM 22
MP ARF 20
HSF6 HSF 18
AT3G09735 S1Falike 15
HAT2 Ecoli 15
CRC C2C2YABBY 14
GATAl1 GATA 13
TSO1 CPP 12
GRF1 GRFE 11
AT5G23930 MTERF 10
BZR1 BZR 9
FRS9 ND 8
AT3G42860 zfGRF 7
AtCAMTA2 CAMTA 5
NLP7 RWPRK 4
BPC1 BBRBPC 3
EIL2 AP2EREBP 3
TCP20 C2C2dof 2
bHLH121 bHLH 2
DEL2 E2FDP 2
FHY3 FAR1 2
BAM8 BES1 1
TOC1 TOC1/APRR1 1
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MYC transcription factors belongs to bHLH family of TFs and play a key role in
regulating the Jasmonate (JA) signalling pathway, which is vital for plant growth,
stress adaptation, and secondary metabolism (Song et al., 2022). When exposed
to stress, plants trigger the JA signalling cascade, where regulatory elements bind
to the promoters of target genes, altering their expression to help cope with stress
(Song et al.,, 2022). Among these factors, MYC2, recognized as a master
regulator of numerous biological processes (Lorenzo et al., 2004; Dombrecht et
al., 2007), also plays a crucial role in stress response mechanisms, including the
production of secondary metabolites (Luo et al., 2023). Unlike other MYC
proteins, MYC2 has a greater activation capacity because tetramerised MYC2
facilitates the formation of DNA looping structures. This in turns, enhances the
ability of MYC2 to bind DNA and activate gene expression (Kazan and Manners,
2013).

In this case study, the NetViewer generated network showed that AtMYC2
interacted with 37 DEGs after 48 hours of heat treatment (Table 4.2 & Figure 4.5).
Functional annotations showed that several of these genes encode proteins that
are involved in hormonal signalling such as jasmonate and auxin. In A. thaliana,
the activation of JA signalling by MYC2 is precisely regulated by its repressor, the
jasmonate-zim domain (JAZ) protein. Under non-stress conditions, JAZ binds to
MYC2 and other TFs, keeping them inactive and preventing the transcription of
downstream response genes (Thines et al.,, 2007; Song et al., 2022).
Interestingly, the differential expression data from the heat treatment experiment
(carried out in Chapter 3) revealed that 25 transcripts mapped to JAZ proteins
were down-regulated (Table 4.3). Further, the results also showed that heat
treatment led to the up-regulation of a B. napus MYC2 transcript, which then
gradually decreased over time but maintained a high level of expression
throughout the treatment. After the removal of heat stress, MYC2 expression
began to decline, eventually returning to levels similar to the control by 7 days of
recovery (DOR), suggesting that MYC2 transcript was activated in response to

heat stress (Figure 4.5).
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Figure 4.5 Transcription factor AtMYC2-genes interactions generated network. Green
node (AtMYC2) and grey nodes (genes). Histogram bars represent expression levels in
average transcript per million values (TPM) in response to heat treatment. Each
timepoint is represented by two bars (blue: control condition, red: heat stress). The
timepoints are as follows, from left to right: 0 DAT, 1 DAT, 2 DAT, 1 DOR & 7 DOR.

Furthermore, among the genes interacting with AtMYC2 were those involved in
sugars and energy transport (SWEET4, SWEET9, ATNTTZ2), carbohydrate
metabolism (AT3G47800), protein binding and degradation (EHD1, PRT6,
AT2G44140), DNA repair (DME), as well as several uncharacterized genes
(AT2G32240, AT5G55960, AT1G23230) (Table 4.2). Gene Ontology terms
showed that several of the AtMYC2 interacting genes were enriched with terms
associated with response to different types of stresses such as oxidative stress,
osmotic stress, heat stress and other types of abiotic stress, in addition to other
terms related to regulation of transcription and gene expression. It has been
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shown that MYC2 orchestrates a hierarchical transcriptional cascade through
regulating multiple TFs, which in turn activate and amplify jasmonate-mediated
response (Du et al., 2017; Luo et al., 2023). Interestingly, the network generated
by NetViewer highlighted such interactions where AtMYC2 appears to engage
with multiple genes coding for transcription factors, with some being up-regulated
(e.g., POP2) and others down-regulated (e.g., LHY, CHR12, EDA29, SMXL8, and
AT4G04340) (Figure 4.6). The dual function of MYC2 as both a transcriptional
activator and repressor has been well-documented in the literature (Kazan &
Manners, 2013). This was clearly demonstrated using NetViewer, where the
generated networks distinctly showed this dual function. Under heat stress, B.
napus MYC2 enhanced the expression of genes like DME, RSR4, AT1G72660,
lIL1, AT3G12020, VAN3, SABP3, which exhibited higher TPM values under heat
treatment (red bars) compared to control conditions (blue bars). MYC2's
repressive effect was evident as well, with genes such as SWEET4, SWEET?9,
HMT3, CHR12, PYD4, ML3, LHY, NIT2, and TIFY9 displaying higher TPM values
under control conditions (blue bars).
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Figure 4.6 Transcription factor AtMYC2-genes interactions generated network. Green
node (AtMYC?2), orange nodes (genes encoding TFs) and grey nodes (other genes).
Histogram bars represent expression levels in average TPM in response to heat
treatment. Each timepoint is represented by two bars (blue: control condition, red: heat
stress). The timepoints are as follows, from left to right: 0 DAT, 1 DAT, 2 DAT, 1 DOR &
7 DOR.

Although AtMYC2 was found to interact with a large number of DEGs in response
to heat stress, and its involvement in promoting thermotolerance through the
Jasmonate signalling pathway has been established (Khan et al., 2023), it should
be clearly noted that the identified genes also showed interactions with other TFs
belonging to various families (Figure 4.7), and without clear annotations and
differential expression data, the role of these TFs in regulating the obtained genes
remains uncertain. Further, the DEGs used in this case study represents the top
60 DEGs in response to heat treatment. AtMYC2 could possibly be interacting
with other heat stress responsive genes ranked below the top 60 DEGs. These
challenges can be addressed by obtaining more comprehensive annotations for
TFs and utilizing species-specific TF resources, which would offer more targeted
information for the species in question, rather than relying solely on A. thaliana.
Additionally, a deeper investigation into the impact of AtMYC2 on individual genes
under specific conditions is needed. Reviewing literature on MYC2's role under
various abiotic stresses would provide a clearer insight. This would help us
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understand how different stresses affect the expression of this key TF and

ultimately its downstream genes.

Finally, while experimental validation is required to confirm these predicted
interactions, it is possible that MYC2's interactions with DEGs and other TFs in
response to heat treatment could introduce additional functional diversity,
enhancing its role as a multifaceted transcriptional regulator in various signalling

pathways, particularly in heat stress response.

Taken together, this case study showcased NetViewer as a useful tool in
visualising and exploring gene interaction networks. This is particularly important
as genes-TFs interactions are essential in helping pinpoint new targets that may

serve as valuable resources for crop improvement.
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Figure 4.7 Multiple TFs regulate AtMYC2-regulated genes. Green node (AtMYC2), blue
nodes (TFs) and grey nodes (genes). Histogram bars represent expression levels in average
TPM in response to heat treatment. Each timepoint is represented by two bars (blue: control
condition, red: heat stress). The timepoints are as follows, from left to right: 0 DAT, 1 DAT, 2

DAT, 1 DOR & 7 DOR.
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Table 4.2 AtMYC2 genes network table. CO, C1, C2, C6 & C12 represent TPM values at 0 DAT, 1 DAT, 2 DAT, 1 DOR & 7 DOR respectively of control

conditions. HSO, HS1, HS2, HS6 & HS12 represent TPM values at 0 DAT, 1 DAT, 2 DAT, 1 DOR & 7 DOR respectively of heat stress conditions.

Gene ID Arabi ID* Gene Name | Functional Annotation GO terms Co C1l C2 C6 Cl2 | HSO | HS1 | HS2 | HS6 | HS12
Protein  of  unknown
BnaC08T0442400WE | AT1G13970 | AT1G13970 | function (DUF1336) Molecular_function 19.6 | 0.6 0.3 103 | O 32.7 | 6.3 2.8 40.1 | 4.1
Integral component of membrane,
BnaAl10T0115800WE.1 | AT5G55960 | AT5G55960 | NA molecular_function, biological process 3 0.5 0.3 0.5 0.3 1.4 0.5 0 3.4 0.4
Protein  binding, nucleus, cytosol, positive
regulation of catalase activity, zinc ion binding,
nuclear heterochromatin, maintenance of DNA
methylation, protein ubiquitination, ubiquitin protein
ligase activity, regulation of methylation-dependent
BnaC08T0293600WE.1| AT3G54360 | AT3G54360 | Zinc ion binding chromatin silencing 3.7 0.8 0.3 7 0.1 132 | 1.1 2 3.1 3.8
Endoplasmic reticulum, response to salt stress,
BnaA09T0588100WE | AT1G16850 | AT1G16850 | NA molecular_function 5.7 9.8 9 34 1.8 0.1 1.1 0.3 0 5.2
Mediator complex, regulation of transcription, DNA-
BnaA09T0425500WE | AT1G23230 | AT1G23230 | NA templated, molecular_function 2 0.4 0.2 0.6 0.3 0.3 0.9 0 0.8 0.5
Protein  binding, plasma membrane, protein
homooligomerization, carbohydrate
transmembrane transport, integral component of
Nodulin  MtN3 family | plasma membrane, sugars transmembrane
BnaC07T0304700WE | AT3G28007 | SWEET4 protein transporter activity 17.3 | 40.1 | 575 | 196 | 799 | 6.1 6.6 6.5 5.4 34.4
MD-2-related lipid
recognition domain- | Plant-type vacuole, protein binding, defense
BnaA02T0006300WE AT5G23820 | ML3 containing protein response, ER body 5.9 7.8 10.3 | 5.3 19 0.4 1.3 0.4 0.6 11.9
Cellular response to nitrogen levels,
photorespiration, mitochondrion, alanine-glyoxylate
transaminase activity, pyridoxal phosphate binding,
BnaC03T0313100WE | AT3G08860 | PYD4 PYRIMIDINE 4 identical protein binding 6.9 6.5 7.4 4.3 5.4 2.1 2 1.3 1.9 4
AtMYC2 bHLH 4 3.9 2.6 3.3 24 102 | 8 6.7 4.8 2
P-loop containing
nucleoside triphosphate
hydrolases superfamily | GTPase activity, GTP binding, GDP binding,
BnaC06T0410600WE | AT1G72660 | AT1G72660 | protein cytoplasm 0.3 0.1 0 0.3 0.1 9.5 11.7 | 124 | 8 0.4
Cytosol, plasma membrane, cellular amino acid
metabolic process, response to lipid hydroperoxide,
pyridoxine biosynthetic process, response to UV-B,
response  to non-ionic  osmotic  stress,
endomembrane system, chlorophyll metabolic
process, hyperosmotic salinity response, protein
Aldolase-type TIM barrel | homodimerization activity, protein
BnaA02T0000800WE AT5G01410 | RSR4 family protein heterodimerization activity, pyridoxal phosphate | 71.2 | 5.5 0 529 | 0 67.1 | 444 | 22 70 29.6
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biosynthetic process, pyridoxal 5'-phosphate
synthase (glutamine hydrolysing) activity

BnaA08T0301700WE

AT1G01060

LHY

Homeodomain-like
superfamily protein

Transcription factor activity, sequence-specific DNA
binding, response to cold, response to salt stress,
response to ethylene, response to auxin, response
to abscisic acid, response to gibberellin, response
to salicylic acid, response to jasmonic acid,
negative regulation of circadian rhythm, negative
regulation of sequence-specific DNA binding
transcription factor activity, transcription regulatory
region DNA binding, response to cadmium ion,
long-day photoperiodism, flowering, nucleus

14.8

12.8

10.7

2.1

11.6

3.2

3.2

2.3

0.5

10.6

BnaC03T0246700WE.1

AT4G04340

AT4G04340

ERD (Early-responsive
to dehydration stress)
family protein

Calcium activated cation channel activity, plasma
membrane, cellular hyperosmotic response,
regulation of calcium ion import, integral component
of membrane, cation transmembrane transport,
protein tetramerization

0.9

2.7

0.1

2.4

0.5

0.3

BnaA01T0299900WE

AT3G06010

CHR12

Homeotic gene regulator

Response to heat, response to water deprivation,
response to salt stress, maintenance of root
meristem identity, maintenance of shoot apical
meristem identity, histone binding, helicase activity,
nucleus, covalent  chromatin modification,
regulation of growth, DNA binding, ATP binding

2.9

3.1

2.7

1.4

2.1

1.2

1.4

1.3

BnaA08T0245200WE.1

AT1G15500

ATNTT2

TLC
transporter

ATP/ADP

Chloroplast envelope, ATP binding, integral
component of membrane, ADP transport, ATP
transport, chloroplast membrane, ATP:ADP
antiporter activity

3.9

3.2

4.5

0.5

1.1

5.6

BnaA01T0219100WE.1

AT3G22200

POP2

Pyridoxal phosphate
(PLP)-dependent
transferases superfamily
protein

Mitochondrion, sucrose metabolic process, inositol
metabolic process, glutamate decarboxylation to
succinate, glutamine metabolic process, response
to oxidative stress, zinc ion binding, gamma-
aminobutyric acid catabolic process, response to
salt stress, pollen tube growth, pollen tube
adhesion, response to organic substance, fruit
development, pollen tube guidance, beta-alanine
catabolic  process, 4-aminobutyrate:pyruvate
transaminase activity, root development, shoot
system development, cobalt ion binding, pyridoxal
phosphate binding

0.1

0.2

0.1

0.9

0.4

0.6

BnaC03T0161100WE

AT2G39060

SWEET9

Nodulin
protein

MtN3  family

Protein binding, plasma membrane, sucrose
transmembrane transporter activity, vesicle
membrane, trans-Golgi network membrane, nectar
secretion, sucrose transport, cytoplasmic vesicle
membrane, carbohydrate transmembrane
transport, integral component of plasma membrane

25.8

9.9

17.6

19.3

13.7

6.9

0.2

0.1

0.2

15.7
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BnaA08T0052500WE

AT4G13430

1IL1

Isopropyl malate
isomerase large subunit
1

Chloroplast stroma, glucosinolate biosynthetic
process, response to cadmium ion, intramolecular
transferase activity, transferring hydroxy groups, 4
iron, 4 sulfur cluster binding, 3-isopropylmalate
dehydratase activity, branched-chain amino acid
biosynthetic process, leucine biosynthetic process,
metal ion binding

25.5

3.7

16.5

3.1

35

12.1

4.1

16.3

2.6

BnaC05T0457400WE.1

AT3G12020

AT3G12020

P-loop containing
nucleoside triphosphate
hydrolases superfamily
protein

ATP binding, microtubule binding, microtubule,
chloroplast, microtubule motor activity, kinesin
complex, microtubule-based movement, ATPase
activity

0.4

0.1

0.4

0.1

0.6

0.5

0.3

0.8

0.5

BnaC03T0004400WE

AT5G13220

TIFY9

Jasmonate-zim-domain
protein 10

Nucleus, response to wounding, regulation of
systemic acquired resistance, protein
homodimerization activity, regulation of jasmonic
acid mediated signaling pathway, regulation of
transcription, DNA-templated, transcription
corepressor activity, negative regulation of nucleic
acid-templated transcription

14.1

21.6

2.7

11.9

12

3.6

3.4

0.9

6.8

BnaC05T0366800WE

AT3G20290

EHD1

EPS15
domain 1

homology

Protein binding, endosome, endocytosis,
plasmodesma, membrane, endocytic recycling,
hyperosmotic salinity response, protein
homooligomerization, GTP  binding, plasma
membrane, endosome membrane, hydrolase
activity, calcium ion binding

1.7

0.3

0.1

1.6

0.1

5.5

1.8

5.5

BnaA07T0211500WE.1

AT3G62110

AT3G62110

Pectin lyase-like
superfamily protein

Vacuole, extracellular region, lyase activity, cell wall
organization, polygalacturonase activity,
carbohydrate metabolic process

&8

1.9

0.5

3.7

2.1

0.4

3.7

13

BnaC05T0336600WE

AT3G22740

HMT3

Homocysteine S-
methyltransferase 3

Plasma membrane, methionine biosynthetic
process, methylation, metal ion binding, S-
adenosylmethionine-homocysteine S-
methyltransferase activity

6.9

21.2

29.8

9.8

35:3

2.8

2.7

15

17.8

BnaA06T0168200WE.1

AT3G47800

AT3G47800

Galactose mutarotase-
like superfamily protein

Carbohydrate binding, aldose 1-epimerase activity,
galactose metabolic process

0.4

0.2

4.4

1.2

BnaC02T0000100WE

AT5G02310

PRT6

Proteolysis 6

ubiquitin-protein  transferase activity, ubiquitin-
dependent protein catabolic process, response to
abscisic acid, regulation of seed germination,
regulation of lipid catabolic process, zinc ion
binding, protein ubiquitination, ligase activity,
ubiquitin ligase complex, cytoplasm, ubiquitin
protein ligase activity, ubiquitin-dependent protein
catabolic process via the N-end rule pathway

2.4

0.9

0.1

2.8

1.9

0.2

0.4

3.8

1.7

Bnascaffold3139T000
0400WE.6

AT3G01500

SABP3

Carbonic anhydrase 1

Carbonate dehydratase activity, plasma
membrane, response to cold, chloroplast thylakoid
membrane, chloroplast stroma, defense response
to fungus, incompatible interaction, chloroplast

43.1

8.8

0.9

35.1

81.4

35.8

21.3

37.1

9.7
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envelope, response to carbon dioxide, regulation of
stomatal movement, stromule, photosynthesis,
defense response to bacterium, apoplast, negative
regulation of stomatal complex development, zinc
ion binding, carbon utilization

Transducin family protein
/ WD-40 repeat family

Protein binding, nucleotide binding,

BnaA05T0320800WE.1 | AT3G18860 | AT3G18860 | protein biological_process 4.5 0.6 0.1 3.1 0 3.2 0.3 0 4.8 4.1
GDA1/CD39 nucleoside
phosphatase family | Vacuole, ATP binding, integral component of
BnaCO5T0109800WE.1| AT1G14250 | AT1G14250 | protein membrane, hydrolase activity 6.3 0 0 3 0.2 4.3 2.8 1.1 3.8 0.9
Endosome, trans-Golgi network, plant-type cell wall
modification, cellulose biosynthetic process, pectin
Plant protein of unknown | biosynthetic process, integral component of
BnaC09T0554000WE.1| AT5G06700 | TBR function (DUF828) membrane, O-acetyltransferase activity 5.3 0.3 0 2.7 0 3.8 1.4 0.8 2.5 1
Lipopolysaccharide binding, regulation of gene
Lipid-binding serum | expression, apoplast, reactive oxygen species
glycoprotein family | biosynthetic process, protein binding, extracellular
BnaA05T0305700WE | AT3G20270 | AT3G20270 | protein space 3 20.2 | 301 |15 9 3.2 5.7 5.6 3.4 3.3
DNA binding, nucleus, cytoplasm, response to
symbiotic fungus, response to abscisic acid, polar
nucleus fusion, response to continuous far red light
stimulus by the high-irradiance response system,
protein homodimerization  activity, protein
heterodimerization activity, regulation of
BEL1-like homeodomain | transcription, DNA-templated, transcription factor
BnaC04T0530900WE.1| AT2G35940 | EDA29 1 activity, sequence-specific DNA binding 0.9 0.3 0.1 0 0.9 0.1 0.3 0 0 0.4
GTPase activator activity, protein binding, cytosol,
plasma membrane, endocytosis, response to auxin,
leaf morphogenesis, xylem and phloem pattern
formation, phloem or xylem histogenesis, trans-
Golgi network transport vesicle,
ARF GTPase-activating | phosphatidylinositol binding, positive regulation of
BnaC09T0500200WE.1| AT5G13300 | VAN3 protein GTPase activity, metal ion binding 10.8 | 1.6 0 5.5 0.6 104 | 3.2 4.1 7 2.4
Domain  of unknown | Extracellular region, molecular_function,
BnaA05T0284500WE | AT3G21910 | AT3G21910 | function (DUF26) biological_process 0.2 2.7 0 2.1 0 6.9 2.7 1.6 0.3 0.3
cytosol, response to bacterium, response to
cadmium ion, indole-3-acetonitrile nitrilase activity,
indole-3-acetonitrile  nitrile  hydratase activity,
nitrogen compound metabolic process, plasma
BnaC04T0492800WE | AT3G44300 | NIT2 Nitrilase 2 membrane, indoleacetic acid biosynthetic process 1 3.8 5.6 1.1 1.4 1 1.4 0.8 0.6 2.3
Autophagosome assembly, mitophagy, cysteine-
Peptidase family C54 | type endopeptidase activity, cytosol, C-terminal
BnaA0O5T0033000WE.2 | AT2G44140 | AT2G44140 | protein protein lipidation, protein targeting to membrane, | 0.4 0.8 1.2 0.3 1 04 0 0 1.6 0.2
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protein processing,
delipidation

nucleophagy, protein

Plasma membrane, response to abscisic acid,
response to cadmium ion, integral component of

BnaC04T0148200WE.1| AT2G32240 | AT2G32240 | NA membrane, molecular_function 1.8 0 0.1 2.3 1.7 0 0 1.3 0.6
DNA-(apurinic or apyrimidinic site) lyase activity,
DNA methylation, regulation of gene expression by
genetic imprinting, embryo development ending in
seed dormancy, DNA N-glycosylase activity, polar
nucleus, base-excision repair, 4 iron, 4 sulfur
HhH-GPD base excision | cluster binding, DNA binding, regulation of
BnaA10T0276400WE.1 | AT5G04560 | DME DNA repair family protein | transcription, DNA-templated, metal ion binding 2.7 0.7 0 3.5 4.4 1.6 1.4 2.4 1.4
Double CIp-N  maotif-
containing P-loop
nucleoside triphosphate | Response to strigolactone, ATP binding, protein
hydrolases superfamily | metabolic process, nucleus, regulation of
BnaC04T0067000WE.1| AT2G40130 | SMXL8 protein transcription, DNA-templated 0.3 0.4 0.1 0.4 0 0 0 2 0.1

*A. thaliana gene ID
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Table 4.3 Differential expression data of JAZ transcripts in log2FC. HSOvsCO, HS1vsCl1,
HS2vsC2, HS6vsC6 & HS12vsC12 correspond to pairwise comparison of expression between
heat stress and control at 0 DAT, 1 DAT, 2 DAT, 1 DOR & 7 DOR respectively. (NA*: Not DE in

this contrast)

Gene HSOvsCO | HS1vsCl1l | HS2vsC2 | HS6vsC6 | HS12vsC12 | Sequence Description

protein  TIFY  9-like; K13464

jasmonate ZIM domain-containing
BnaC03G0004400WE | NA* -2.10111 -2.72948 -1.69371 NA protein (A)

protein  TIFY  9-like; K13464

jasmonate ZIM domain-containing
BnaC02G0047400WE | NA NA -1.91786 -1.80735 NA protein (A)

protein TIFY 10A-like; K13464

jasmonate ZIM domain-containing
BnaC08G0412700WE | NA -1.33876 -1.6933 NA NA protein (A)

protein TIFY 10A-like; K13464

jasmonate ZIM domain-containing
BnaA08G0230600WE | NA -1.43237 -1.45255 NA NA protein (A)

protein  TIFY  6B-like; K13464

jasmonate ZIM domain-containing
BnaA01G0244800WE | -0.98225 -1.10666 -1.31969 -0.96064 -0.6695 protein (A)

protein TIFY 10B-like; K13464

jasmonate ZIM domain-containing
BnaC06G0296600WE | NA -0.86871 -1.28004 NA NA protein (A)

protein TIFY 10A-like; K13464

jasmonate ZIM domain-containing
BnaC08G0207400WE | NA -0.93257 -1.27907 -0.64677 -0.70899 protein (A)

protein  TIFY  6B-like; K13464

jasmonate ZIM domain-containing
BnaA05G0331400WE | -0.83664 -1.17669 -1.2069 -0.71593 NA protein (A)

protein  TIFY 7-like; K13464

jasmonate ZIM domain-containing
BnaA02G0188100WE | NA -0.93615 -1.1533 -0.94032 -0.83519 protein (A)

protein TIFY 7; K13464 jasmonate
BnaA07G0314600WE | NA -0.77736 -0.9825 -0.64982 NA ZIM domain-containing protein (A)

protein TIFY 10B-like; K13464

jasmonate ZIM domain-containing
BnaC06G0429100WE | -0.69426 -0.71018 -0.94323 -0.52401 NA protein (A)

protein TIFY 11B-like; K13464

jasmonate ZIM domain-containing
BnaC06G0408800WE | NA NA -0.89616 NA NA protein (A)

protein  TIFY 10A-like; K13464

jasmonate ZIM domain-containing
BnaA09G0577900WE | NA NA -0.85238 NA NA protein (A)

protein  TIFY  6B-like; K13464

jasmonate ZIM domain-containing
BnaC05G0401200WE | -0.77013 -0.85134 -0.82705 -0.7499 NA protein (A)

protein  TIFY  6B-like; K13464

jasmonate ZIM domain-containing
BnaC01G0341600WE | NA -0.85421 -0.81653 NA NA protein (A)

protein TIFY 10B-like; K13464

jasmonate ZIM domain-containing
BnaC02G0275300WE | NA -0.68805 -0.73468 NA NA protein (A)

protein  TIFY 7-like; K13464

jasmonate ZIM domain-containing
BnaC02G0242000WE | NA -0.70767 -0.69984 -0.86821 NA protein (A)

protein TIFY 10B-like; K13464

jasmonate ZIM domain-containing
BnaA02G0211500WE | NA -0.6496 -0.65446 NA NA protein (A)

protein TIFY 10B-like; K13464

jasmonate ZIM domain-containing
BnaA07G0345500WE | -0.61338 NA -0.64021 NA NA protein (A)

protein  TIFY  3B-like; K13464

jasmonate ZIM domain-containing
BnaA10G0167300WE | NA NA -0.61823 NA NA protein (A)

protein  TIFY  9-like; K13464

jasmonate ZIM domain-containing
BnaA02G0047300WE | NA NA NA -2.17619 NA protein (A)
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protein  TIFY  9-like; K13464
jasmonate ZIM domain-containing

BnaA03G0071000WE | NA -1.78583 NA NA NA protein (A)
protein TIFY 10B-like; K13464
jasmonate ZIM domain-containing
BnaA07G0245300WE | NA -1.02175 NA NA NA protein (A)
protein TIFY 9; K13464 jasmonate
BnaA10G0219700WE | NA NA NA NA -1.32435 ZIM domain-containing protein (A)
protein TIFY 7; K13464 jasmonate
BnaC06G0392900WE | NA NA NA -0.71101 NA ZIM domain-containing protein (A)
protein TIFY 9; K13464 jasmonate
BnaC09G0500900WE | NA NA NA NA -1.53281 ZIM domain-containing protein (A)
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5 General Discussion

Over the coming decades, climate change will continue to influence all aspects
of crops. This has been made evident by the dramatic temperature fluctuations
and the changes in precipitation regimes (Mittler et al, 2012; Parmesan & Hanley,
2015; Lamaoui et al., 2018). Due to their sessile nature, plants respond to these
changes by modifying their physiology and metabolism and engaging in an
intricate network of cellular and molecular interactions to acclimatise and ensure
survival (Ding & Yang, 2022). However, when stress conditions surpass their
adaptive capacity, plants struggle to maintain a steady growth, resulting in a

profound reduction in yield and food supply.

Oilseed rape is an essential oilseed crop, accounting for approximately 12% of
the world’s vegetable oil production (Zheng & Liu, 2022). Its ability to grow in
temperate climate has made it one of the predominant oil crops in Europe
(Namazkar et al., 2016; Sun et al., 2017). While studies on various Brassica
species have identified negative impacts of heat stress on seed yield and quality,
the underlying mechanisms remain poorly understood and need further
investigation (Yu et al., 2014). Therefore, to improve heat tolerance in B. napus
and to produce climate resilient cultivars, it is imperative that heat stress response
and adaptation mechanisms are well studied and understood. The first chapter
of this thesis provides a brief introduction. It outlines the aims and objectives of
the research project and explains the overall structure of the thesis. The second
chapter presents a comprehensive review of the impact of heat stress on the
physiology and genetics of B. napus. It summarizes the latest studies on this
aspect with a focus on the reproductive stages. The chapter also outlines the
different mechanisms that are involved in mediating heat stress response with a
focus on phytohormones, transcription factors (TFs) and glucosinolates (GSL)
(Figure 2.3). Additionally, it examines the role of polyploidy, alternative splicing,
and epigenetic mechanisms like DNA methylation, histone modifications, and
non-coding RNAs in heat stress responses. The chapter further explores the
exploitation of systems biology approaches to study the genetic and physiological
impacts of heat stress on B. napus.
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Chapter three presents a heat treatment experiment that simulates a heatwave
episode where the plants were exposed to a gradual increase in temperature
reaching 30 °C in the day and 24 °C at night for a period of 6 days during the
flowering stage of B. napus cv. Westar. Global transcriptome profiling using RNA-
Seq showed a reduction in respiratory metabolism namely Glycolysis, Pentose
phosphate pathway, Citrate cycle and Oxidative phosphorylation in response to
heat treatment. This was manifested through the down-regulation of many genes
involved in these pathways especially after 48 hrs of heat stress (Figure 3.17,
Figure 3.18, Figure S9, Figure S11 & Figure S12). Differential expression analysis
showed that some of the genes encoding sugars transporters, nitrogen transport

and storage, cell wall modification and methylation were down-regulated (

Table 3.2 &

Table 3.4). In contrast, several genes mapping to small heat shock proteins
(sHSP), other heat shock transcription factors, methylation and redox balance-
related genes were up-regulated (Table 3.1 & Table 3.3). At the metabolomic
level, HPLC and LC-MS were used to measure carbohydrate and GSL content
respectively. The analysis showed that heat stress led to an increase in the
concentration of glucose, fructose and sucrose in B. napus leaves (Figure 3.27-
Figure 3.29). It also caused a rise in the concentration of the aliphatic GSL
gluconapin and progoitrin (Figure 3.22 & Figure 3.23) while reducing the

concentrations of the indolic GSL glucobrassicin (Figure 3.24). Additionally, a
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reduction in yield (Figure 3.4) and significant changes in fatty acids compositions

were observed in the seeds through NIRS analysis (Figure 3.5).

Studies showed that heat stress differentially modulates the concentrations of
carbohydrates, lipids and proteins and destabilises membrane fluidity, enzyme
efficiency and RNA stability, resulting in a state of metabolic imbalance and over-
accumulation of ROS (Suzuki et al., 2011, Ahmad et al., 2021). To overcome this
stress, plants undergo “multi-omic” reprogramming and produce a transcriptomic
and a metabolic change to restore a steady state of balance necessary for the
functioning and survival under high temperature stress. Once environmental
conditions shift back to normal, a reverse process of deprogramming will take
place (Mittler et al., 2012). This complex process was evident in the current heat
experiment at both the transcriptomic and metabolic levels. During the recovery
period, the total number of DEGs dropped dramatically (Figure S3). Notably, the
number of DE sugars transporters genes (SWEET & ERDG6-like) decreased
significantly following the removal of heat stress, with only one gene, SWEET4,
remaining down-regulated after one week of recovery (Figure 3.25 & Figure 3.26).
A similar decline was seen in DEGs involved in GSL metabolism, including
various UDP glycosyltransferases, glutathione s-transferases and GSL related
transcription factors (Figure 3.19-Figure 3.21). Concurrently, plant leaves
exhibited a remarkable decline in sugars and GSL, following their substantial
increase in response to heat stress (Figure 3.27-Figure 3.29 & Figure 3.22-Figure
3.24).

Another aspect of the reprogramming process is the activation of heat shock
HSFs, which regulate the expression of HSPs. These proteins play a vital role in
binding to denatured proteins and inhibiting their aggregation, thus maintaining
cellular homeostasis and contributing to thermotolerance (Su and Li, 2008;
Scharf et al., 2012; Danilova et al., 2018). In the current study, several transcripts
that mapped to HSPs and other HSFs were among the top DEGs. Notably,
members of the sHSP family, also known as the HSP20 family proteins, such as
HSP17.6, HSP22, and HSP23.6, showed high expression levels throughout the
heat treatment, with expression reaching a log2FC of 11 at 2 DAT (Table 3.1 &
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Table 3.3). This protein family is the most abundantly produced in plants in
response to heat stress, and their role in plant responses to various abiotic
stresses has been established (Sun et al., 2020). Other studies also reported the
involvement of HSFs in different biotic and abiotic stress (Mishra et al., 2002;
Mishra et al., 2019; Chowdhary et al., 2023). In A. thaliana, thermoprotection tests
demonstrated the role of HSFAG6b in thermotolerance acquisition (Huang YC et
al., 2016). Moreover, Giorno et al. (2009) showed that HsfA2 and Hsp17-Cll are
induced under high temperature in tomato which are responsible for activating

protection mechanisms during heat stress.

Other types of TF families such as bZIPs, NACs, WRKYs, AP2/ERFs, bHLHs and
MYBs also contribute to stress tolerance in plants and their interaction with their
target genes have been reported in response to heat stress (Guo et al., 2016;
Wang et al., 2018; Meraj et al., 2020; Zhao et al., 2020; Li et al., 2022). Chapter
four of this thesis demonstrates a Cytoscape application called NetViewer to
visualise such interactions in a user-friendly environment. These interactions are
presented in a network where genes and TFs are displayed as nodes and the
relationship between them is displayed as edges. Moreover, the application also
allows the user to add functional annotations and expression data for the
displayed genes, thus complementing the default data. In a case study,
NetViewer was used to display the interactions between the top DEGs identified
in the heat treatment experiment in Chapter 3 and TFs (Figure 4.4). Members of
the MYB, NAC and WRKY families were among the top TFs that interacted with
the highest number of genes (Table 4.1). AtMYB2 appeared as a master regulator
where it interacted with the highest number of genes. The characterization of
different MYB members is based on the presence of highly conserved MYB
domains involved in DNA binding. Generally, these domains consist of multiple
repeats (R), with R2R3-MYB being unique to plants and playing vital roles in
responding to various types of stresses (Baillo et al., 2019). AtMYB2 has primarily
been associated with responses to salt and drought stress (Baek et al., 2015)
and has also been linked to the regulation of secondary metabolite production
during growth (Guo et al., 2011). Notably, our expression data revealed multiple

transcripts corresponding to MYB-related transcription factors, though none were
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specifically annotated as MYB2. Interestingly, some of these genes showed up-
regulation in response to heat treatment, while others were down-regulated.
NetViewer showed that AtMYB2 interacted with 52 genes mapping to various
functions including biosynthesis and accumulation of secondary metabolites and
carbohydrate binding and transport, in addition to stress response genes, such
as sHSP (Table S7). The functional diversity of these genes reflects the broad
regulatory roles of MYB TFs, making them important targets for the development
of functional marker systems, such as simple sequence repeat (SSR) markers,
single nucleotide polymorphisms (SNPs) or derived cleaved amplified
polymorphic sequences (dCAPS) markers that will eventually aid in the
identification of advantageous TFs across successive generations, hence,
facilitating marker-assisted crop improvement (Shahzad et al., 2021). The case
study further explored the regulatory role of transcription factor AtMYC2 which
interacted with 37 DEGs in response to heat stress (Figure 4.5). Remarkably, in
the heat treatment experiment carried out in Chapter 3, a B. napus MYC2
transcript expression increased sharply at the onset of heat treatment, with a TPM
value of 10.2 compared to 4 TPM in the control. Then, it gradually declined,
reaching a similar level to the control after 7 days of recovery (Table 4.2). Despite
this decline, MYC2 maintained high expression throughout the heat treatment,
highlighting its potential role in regulating heat-responsive genes. Additionally,
NetViewer highlighted the AtMYC2's dual function as both an enhancer and a
repressor, with the generated networks showing some regulated genes being up-
regulated while others were down-regulated. Interestingly, some of these genes
also mapped to other TFs such as suppressor of MAX2-like 8 (SMXLB8), late
elongated hypocotyl (LHY) and an ERD family protein (Figure 4.6). Additionally,
the network also showed that the AtMYC2-interacting genes were also regulated
by multiple other TFs such as HSF6, bHLH121 and ABR1 (Figure 4.7). However,
due to lack of specific annotations available for these TFs in the Brassica family,
it was challenging to align the differential expression data with certainty, based
solely on annotations from A. thaliana. Further in vitro experimental validation of
these interactions is of crucial importance to confirm these predictions in planta.

For instance, the Yeast Two-Hybrid system assay can be employed to detect
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interactions between proteins encoded by the MYC2 gene and those encoded by
MY C2-interacting genes. Another approach involves developing transgenic lines
with markers, such as Green Fluorescent Protein (GFP), attached to heat stress-
related genes (e.g., SHSP), enabling monitoring the interactions and localization
of their encoded proteins. Applying such technologies would complement the
predicted computational work and enable solid understanding with evidence of
not only gene-TF interactions but also TF-TF interactions and its synergistic
impact on the expression of specific genes under heat stress.

Altogether, the work carried out during this thesis is an attempt to tackle the
guestion of how plants face and adapt to heat stress and to provide insights into
the impact of a future warmer climate on plants especially during reproductive
stages. The current work allowed the exploration of the stress response at a
molecular and metabolomic level in B. napus during reproduction. Moreover, it
highlighted different components and metabolic pathways responding to heat
under similar field conditions. At the transcriptomic level, the key DEGs identified
in this study could serve as important biomarkers that can be utilised by breeding
programs to select cultivars with stronger resistance to heat. In particular, the
identified genes could be further characterised and used as genetic markers for
marker assisted selection, where plant breeders could select plant performance
based on the composition of these genetic biomarkers rather than through waiting
for the plants’ phenotypic performance, thus accelerating traditional crop
breeding for stress tolerance traits. Also, the identified genes could form a target
for genome editing techniques such as the Clustered Regularly Interspaced Short
Palindromic Repeat (CRISPR)/CRISPR-associated protein 9 (Cas9), an
approach that has already been explored in crop improvement programs
especially for rapid development of abiotic stress-tolerant crops (Zafar et al.,
2020). This can be applied by modifying sensitive or negatively regulating genes
and activating positively regulated genes involved in stress response pathways
to enhance the plant’s ability to withstand stress (Kumar et al., 2023). In
tomatoes, the knockout of SIMAPK3 gene which has been identified as a
negative regulator of the plant defence response to heat stress, improved ROS

homeostasis and increased tolerance to heat stress (Yu etal., 2019). In the
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context of the current study, given the critical role of SHSP in plant heat stress
response, enhancing the expression of key genes such as HSP17.6, HSP22, and
HSP23.6, using CRISPR-mediated gene activation (CRISPRa) could contribute

to an improved thermotolerance.

Additionally, the generated gene expression data could be incorporated into
genomic prediction, where advanced machine learning models are applied to
predict candidate gene selection. This selection process relies on data from a
training population, including both phenotypic and genotypic information. After
thorough training, these models generate predictions of a genomic estimated
breeding value (GEBV) for traits of a target population consisting only of
genotypic data (Kaler et al., 2022). To evaluate the performance of these models,
cross-validation is carried out to compare different sets of models with distinct
scenarios, such as including multiple traits, genes or other omics data (Alemu et
al., 2024). Moreover, to select the genes with the largest importance and to
reduce the dimensionality of the data, a feature selection approach can be
performed to select the genes that can better predict the desired trait
(Yoosefzadeh Najafabadi et al., 2021). The importance calculation can either be
model based such as using random forest or estimated using a more general
approach such as the variance threshold which removes features with zero
variance. Gabur et al. (2022) demonstrated that by applying various feature
selection methods, extracting a low-density SNP matrix with fewer predictor
variables outperformed predictions using entire datasets, resulting in more stable
outcomes for oilseed rape and wheat. Additionally, Yoosefzadeh Najafabadi et
al. (2021) successfully predicted high-yielding soybean genotypes at early growth
stages by using feature selection to identify key reflectance variables. These
findings suggest that reducing the number of variables in plant breeding
predictions could enhance prediction accuracy, significantly reduce computation

time, and improve the identification of important agronomic traits.

At the metabolomic level, a marked increase in the concentrations of sugars
(glucose, sucrose and fructose) and aliphatic GSL (progoitrin and gluconapin)

was detected in B. napus leaves in response to heat treatment relative to control
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conditions (Figure 3.27-Figure 3.29 & Figure 3.22 & Figure 3.23). It is well
documented that these compounds function not only as osmoprotectants, helping
to regulate osmotic balance and maintain membrane stability, but also as
antioxidants, protecting against oxidative damage (Nishizawa et al. 2008;
Martinez-Ballesta et al., 2013; Xalxo et al., 2020). Besides, the accumulation of
sugars during heat stress, which can function as signalling molecules, triggering
the expression of various heat responsive genes (Granot et al. 2013; Xalxo et al.,
2020). These metabolites could also form potential markers that can be used to
predict crop adaptability and resilience while developing stress tolerant varieties.
Research indicates that metabolic markers are increasingly being used
alongside, and sometimes replacing, traditional molecular markers in this field
(Fernandez et al., 2016). This shift is due to the fact that metabolic profiling
provides an early functional insight into the metabolic pathways involved in
tolerance acquisition, even without knowledge of genetic variations between
cultivars (Chang et al., 2019).

5.1 Limitations

This PhD thesis faced several limitations. Firstly, the heat treatment experiment
was conducted using one variety of B. napus, while testing multiple varieties
could have provided more insight into how different genotypes respond to similar
treatment conditions. Secondly, sampling during heat treatment and recovery
was carried out at specific timepoints over two weeks. However, daily sampling
without gaps would have yielded a more representative dataset. The challenge
with more frequent sampling, particularly of tissues like buds and leaves, is the
potential to introduce additional stress to the plants. This issue could be mitigated
by starting with a larger plant pool, allowing more plants per each biological
replicate, and reducing sample size per plant. This would enable more frequent
collections with additional timepoints. Additionally, the transcriptomic and
metabolomic analysis were carried out on different plant tissues, but with a larger
plant pool, it would also be possible to conduct multiple omics experiments on
similar tissues, producing more comparable results. Thirdly, baseline sampling
before the start of heat treatment introduced noise in the dataset which has led
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to its exclusion from the analysis. And finally, relying on genes functional
annotations from A. thaliana only, made it challenging to accurately match TFs to

their corresponding differential expression genes in response to heat treatment.

6 Concluding Remarks and Future Perspectives

6.1 Conclusion

Several environmental stress factors are arising as result of the rapidly changing
climate. Among them, heat stress in the form of more frequent and longer
heatwaves, which has already shown negative impact on crops productivity and
in specific on oilseed rape. Heat stress causes various physiological,
morphological and molecular variations that drastically impact growth, yield and
oil quality. Through simulating field conditions, this PhD project highlighted some
of the mechanisms involved in the heat stress response in oilseed rape, an
important crop species in Europe and worldwide. This was evident through a
noticeable reduction in plant metabolism and in particular, down-regulation of
many respiratory pathways and alteration in the movement and levels of
metabolites such as sugars and glucosinolates under heatwaves conditions.
Additionally, the involvement of heat shock factors and proteins were also at the
forefront of the differentially expressed genes in response to heat as compared
to control. The study also employed multi-dimensional omics where heat stress
response was investigated at both transcriptomic and metabolomic levels. This
approach along with other omics studies will continue to provide valuable
information and comprehensive datasets that are crucial to elucidate key cellular

processes and pathways necessary for plants survival under stress. This along
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with the continuous improvement in breeding technologies coupled with
predictive modelling would help in the development of stress resilient varieties
that can withstand the heat without compromising on yield and nutritional
gualities.

6.2 Future Perspectives

Indeed, more profound knowledge is needed in several key areas to draw more
robust conclusions and to improve the predictions of how heat stress will impact
future yield and quality. Firstly, most research on plant responses to temperature
stress and their regulatory components such as TFs, has been conducted in
model plants such as A. thaliana (Huang et al., 2015; Andrew et al., 2024).
However, with climate predictions indicating more frequent and intense
heatwaves, it is increasingly important to explore heat stress responses in non-
model plants (Mokany et al., 2020). Shifting research on abiotic stress tolerance
towards cultivated crops such as wheat, maize and oilseed rape is of paramount
importance (Shahzad et al., 2021).

Secondly, designing experiments that involve multiple types of plant tissues will
reveal how different parts of the plant respond to heat at a specific timepoint.
Also, recent findings showed that plants’ responses to combined abiotic stresses
are unique and cannot be simply inferred from studying each stressor in isolation
(Zandalinas et al., 2018). Therefore, future research should also focus on the
simultaneous effects of multiple stress factors on plant tissues to better simulate

real field conditions.

Thirdly, gaining insight into plant stress memory under extreme conditions such
as heat, is essential for creating stress tolerant crops. Plants employ different
types of stress memories regulated by epigenetic changes. Some of these
changes are stable and can be transmitted as stress memory, potentially enabling
inheritance across generations (Ramakrishnan et al., 2022; Jin et al., 2024).
While these mechanisms are well-documented in A. thaliana, they remain
underexplored in crop plants (Ramakrishnan et al., 2022). Therefore, identifying

agriculturally significant epigenetic markers related to heat stress memory for use
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in marker-assisted selection and genomic prediction could enhance the accuracy
of predicting plant resilience, reduce the need for field trials, and ultimately

increase crop yields.

Given the extensive genetic variation in Brassica napus, including wild relatives
and landraces, conducting comparative studies across different genotypes is also
crucial for crop improvement, especially as some variable genes have been
linked to key agronomic traits (Bayer et al., 2017). The identified heat-responsive
genes such as sHSPs and TFs with broad gene interaction networks (such as
members of the MYB, NAC or WRKY families) can be further investigated to
explore the relationships between gene variants and the variation in heat
susceptibility. For instance, variant calling can be used to identify SNPs in aligned
sequences from different genotypes. These SNPs can then undergo GO and
pathway enrichment analysis to determine whether they are enriched in certain
biological processes linked to heat stress response. Additionally, combining
transcriptomic data with proteomics using approaches such as proteomics
informed by transcriptomics (PIT) enables the comparison of differential gene
expression with corresponding protein abundance. This makes it possible to
identify genes with strong or weak correlations between mRNA and protein levels.
Such analysis can uncover crucial post-transcriptional mechanisms, including
heat-induced changes in protein abundance, stability, and modifications.
Moreover, this approach can also detect new isoforms or splice variants that are
uniquely expressed under heat stress, offering further insights into the molecular

adaptations of plants to heat stress.

Finally, data collected from such studies will be instrumental for crop mechanistic
modelling, improving prediction accuracy and helping design more climate-
resilient cultivars. These integrated approaches are expected to accelerate the
development of next generation of crops, making them more productive and

better adapted to the ever-changing climate.
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Appendix A

Supplementary Figures and Tables

% Aligned reads using STAR to B. napus Genome (Westar_ v0)
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Figure S1 Percentage of aligned reads per sample. Around 90%- 95.49% total
reads per sample were mapped to the B. napus cv. Westar vO reference
genome.
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Figure S2 Moisture, ash, oil and Protein content in seeds per plant. “ns” denotes non-
significance.
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Figure S3 Pairwise comparison of the number of
differentially expressed genes between heat treatment
and control at each timepoint based on Log2FC =0.5
and p-value <0.05. HSOvsCO, HS1vsC1, HS2vsC2,
HS6vsC6, and HS12vsC12 contrasts correspond to
pairwise comparisons between heat stress and control
at 0 DAT, 1 DAT, 2 DAT, 1 DOR & 7 DOR respectively.
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Figure S4 Pairwise comparison of the number of
DEG between heat treatment and control at each
timepoint based on Log2FC = 1.0 and p-value <0.05.
HSOvsCO, HS1vsCl, HS2vsC2, HS6vsC6, and
HS12vsC12 contrasts correspond to pairwise
comparisons between heat stress and control at 0
DAT, 1 DAT, 2 DAT, 1 DOR & 7 DOR respectively.
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Enriched KEGG Pathways at 1 DAT (Days after Treatment)
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Figure S5 The top enriched KEGG pathways and their corresponding humber of genes
at 1 DAT at p-value < 0.05. The x-axis represents the enrichment factor. The y-axis
represents KEGG pathways. The circle represents the number of genes mapped to
pathways and the red to green indicates the significance.
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Figure S6 The top enriched KEGG pathways and their corresponding number of genes
at 1 DOR at p-value < 0.05. The x-axis represents the enrichment factor. The y-axis
represents KEGG pathways. The circle represents the number of genes mapped to
pathways and the red to green bar indicates the significance.
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Enriched KEGG Pathways at 7 DOR (Days of Recovery)
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Figure S7 The top enriched KEGG pathways and their corresponding number of genes
at 7 DOR at p-value < 0.05. The x-axis represents the enrichment factor. The y-axis
represents KEGG pathways. The circle represents the number of genes mapped to
pathways and the red to green bar indicates the significance.
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CYSTEINE AND METHIONINE METABOLISM
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Figure S8 KEGG pathway for Cystein

e and methionine metabolism at 2 DAT. *Blue
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regulated genes, red denotes up-regulated genes and yellow denotes some isoforms
were up-regulated and some isoforms were down-regulated.
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Figure S10 KEGG pathway for Pentose phosphate pathway (Oxidative branch is
denoted by the red arrows) at 1 DAT. *Blue denotes down-regulated genes, and yellow
denotes some isoforms were up-regulated and some isoforms were down-regulated.
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Figure S12 KEGG pathway for Pyruvate pathway at 2 DAT. *Blue denotes down-regulated
genes, red denotes up-regulated genes and yellow denotes some isoforms were up-
regulated and some isoforms were down-regulated.
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STARCH AND SUCROSE METABOLISM
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Figure S13 KEGG pathway for Starch and sucrose metabolism at 2 DAT. *Blue denotes
down-regulated genes, and red denotes up-regulated genes.
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Figure S14 Heatmaps of DE sucrose transporters genes (SUCSs)
at each pairwise comparison. B. napus plants were subjected to
heat treatment (30 °C/24 °C day/night) at 0-5 DAT or maintained
under control temperatures (20 °C/14 °C day/night) at all
timepoints. Total RNA was extracted and used to generate RNA
seq data, with DEGs identified between heat and controls samples
using |log2FC| = 0.5 and adjusted P-value < 0.05 (using the
Benjamini and Hochberg method) with n=5. HSOvsCO, HS1vsCl1,
HS2vsC2, HS6vsC6 & HS12vsCl1l2 correspond to pairwise
comparison of expression between heat stress and control at 0
DAT, 1 DAT, 2 DAT, 1 DOR & 7 DOR respectively.
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Table S1 Data Quality Summary

Sample | Treatment Library Raw

ID Day Condition | Tissue ID Raw reads data Effective(%) | Error(%) | Q20(%) | Q30(%) GC(%)

DOC1 0 Control Flower Buds R11 42546892 6.4 98.24 0.03 96.74 91.33 43.59

D0C2 0 Control Flower Buds R12 43146158 6.5 98.22 0.03 96.35 90.41 43.11

DOC3 0 Control Flower Buds R13 48200214 7.2 98.23 0.03 96.63 91.05 43.06

D0C4 0 Control Flower Buds R14 47204032 7.1 98.31 0.03 95.99 89.72 43.62

DOC5 0 Control Flower Buds R15 46625810 7 98.33 0.03 96.13 89.91 43.29
Heat

DOHS1 0 stress Flower Buds R16 48823460 7.3 98.42 0.03 96.11 89.91 43.61
Heat

DOHS2 0 stress Flower Buds R17 42361588 6.4 98.21 0.03 95.72 89.14 43.52
Heat

DOHS3 0 stress Flower Buds R18 47472104 7.1 98.3 0.03 96.54 90.88 43.36
Heat

DOHS4 0 stress Flower Buds R19 40668522 6.1 98.3 0.03 96.35 90.47 43.35
Heat

DOHS5 0 stress Flower Buds R20 44058576 6.6 98.2 0.03 96.1 89.98 43.34

D1C1 1 Control Flower Buds R21 44407298 6.7 98.53 0.03 96.46 90.65 44.78

D1C2 1 Control Flower Buds R22 42572118 6.4 98.55 0.03 96.4 90.57 45.12

D1C3 1 Control Flower Buds R23 45707162 6.9 98.54 0.03 96.65 91.14 44.99

D1C4 1 Control Flower Buds R24 39779066 6 98.55 0.03 96.25 90.28 44.6

D1C5 1 Control Flower Buds R25 48614394 7.3 98.21 0.03 96.3 90.47 44.96
Heat

D1HS1 1 stress Flower Buds R26 45844218 6.9 98.37 0.03 96.43 90.59 43.9
Heat

D1HS2 1 stress Flower Buds R27 47542486 7.1 98.21 0.03 96.07 89.82 44.54
Heat

D1HS3 1 stress Flower Buds R28 47371258 7.1 98.46 0.03 96.52 90.88 44.61
Heat

D1HS4 1 stress Flower Buds R29 46407612 7 98.58 0.03 96.58 91.05 44.59
Heat

D1HS5 1 stress Flower Buds R30 42705194 6.4 98.7 0.03 95.71 89.03 44.59

D2C1 2 Control Flower Buds R31 48709190 7.3 98.45 0.03 96.39 90.54 45.57

D2C2 2 Control Flower Buds R32 50232808 7.5 98.68 0.03 96.24 90.25 45.61

D2C3 2 Control Flower Buds R33 42394356 6.4 98.72 0.03 96.86 91.66 45.25

D2C5 2 Control Flower Buds R35 49019624 7.4 98.26 0.03 96.62 90.98 45.2
Heat

D2HS1 2 stress Flower Buds R36 43939042 6.6 98.46 0.03 96.65 91.08 45.12
Heat

D2HS2 2 stress Flower Buds R37 45232502 6.8 98.6 0.03 96.83 91.45 44.77
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Heat

D2HS3 2 stress Flower Buds R38 41291490 6.2 98.43 0.03 96.6 90.94 44.93
Heat

D2HS4 2 stress Flower Buds R39 44141240 6.6 98.52 0.03 96.57 90.87 44.94
Heat

D2HS5 2 stress Flower Buds R40 40421822 6.1 98.54 0.03 96.48 90.68 44.36

D6C1 6 Control Flower Buds R41 45618730 6.8 98.3 0.03 96.09 89.94 43.28

D6C2 6 Control Flower Buds R42 47279800 7.1 98.36 0.03 96.88 91.63 43.5

D6C3 6 Control Flower Buds R43 49797014 7.5 98.42 0.03 96.2 90.13 43.04

D6C4 6 Control Flower Buds R44 48275232 7.2 98.45 0.03 95.79 89.21 43.72

D6C5 6 Control Flower Buds R45 41275426 6.2 98.51 0.03 95.91 89.47 43.53
Heat

D6HS1 6 stress Flower Buds R46 45090682 6.8 98.26 0.03 96.04 89.81 43.4
Heat

D6HS2 6 stress Flower Buds R47 46214376 6.9 97.73 0.03 96.51 90.89 43.35
Heat

D6HS3 6 stress Flower Buds R48 44791070 6.7 98.28 0.03 96.38 90.48 43.85
Heat

D6HS4 6 stress Flower Buds R49 43154676 6.5 98.09 0.03 95.9 89.59 43.06
Heat

D6HS5 6 stress Flower Buds R50 48451812 7.3 98.31 0.03 96.35 90.49 43.31

D12C1 12 Control Flower Buds R51 42706732 6.4 98.61 0.03 96.19 90.2 45.62

D12C2 12 Control Flower Buds R52 45100386 6.8 98.52 0.03 97.7 93.57 45.32

D12C3 12 Control Flower Buds R53 49761388 7.5 98.61 0.03 97.43 92.94 45.52

D12C4 12 Control Flower Buds R54 55353976 8.3 98.67 0.03 97.45 92.98 45.8

D12C5 12 Control Flower Buds R55 43229896 6.5 98.7 0.03 97.49 93 45.51
Heat

D12HS1 | 12 stress Flower Buds R56 39276294 5.9 98.68 0.03 97.39 92.84 44.61
Heat

D12HS1 | 12 stress Flower Buds R57 43958400 6.6 98.8 0.03 97.61 93.31 44.4
Heat

D12HS2 | 12 stress Flower Buds R58 49089438 7.4 98.67 0.03 97.43 92.92 44.69
Heat

D12HS3 | 12 stress Flower Buds R59 43623028 6.5 98.71 0.03 97.54 93.2 44.56
Heat

D12HS4 | 12 stress Flower Buds R60 42641344 6.4 98.62 0.03 97.47 93.04 44.27
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Table S2 PCR timepoints tested per gene

Timepoints | 0 (baseline) | 1 DAT (24 hrs 2 DAT (48 hrs 5 DAT (5 days 1DOR(1day | 7 DOR (7 days of
of HS*) of HS) of HS) of recovery) recovery)
Genes
ACTIN v N4 N v v v
SS5 Na X v N v v
HSP20 N4 X N4 N N4 </

* HS: Heat Stress

Table S3 List of primer sequences of 3 selected genes and reference gene used for the qt-

PCR analysis

Primer name

Forward primer sequence ((5' to 3')

Reverse primer sequence ((5' to 3)

BnaSS5 GGAGAAAACGCAGGGAAAG TCAGGCAAACCAAGAACATC
BnaHSP20 CAAGGAGTATCAGCCAGGTG TAGAGGGCATCGTCTTTCTC
BnaACTIN TGGGTTTGCTGGTGACGAT TGCCTAGGACGACCAACAATACT

Table S4 Correlation analysis of the results obtained from RNA-seq
and qt-PCR for SS5, HSP20 genes at different timepoints.
HS6vsC6 & HS12vsC12
correspond to pairwise comparison of expression between heat
stress and control at 0 DAT, 1 DAT, 2 DAT, 1 DOR & 7 DOR

HSOvsCO,

HS1vsC1,

HS2vsC2,

respectively.
Log2 qt-PCR & RNA-seq values
SS5 HSP20

Timepoints Qt-PCR RNA-seq Qt-PCR RNA-seq
HSOvsCO 0.141107 NA* 6.981295 7.6
HS1vsC1 NA 7.3
HS2vsC2 -0.48492 -1.1 8.550429 6.1
HS5vsC5 0.163089 5.673896

HS6vsC6 0.814462 NA 3.146389 6.2
HS12vsC12 0.397126 NA 2.671107 NA
R 0.860104 0.631955

R2 0.73978 0.399368

NA*: Not DE at this contrast
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Table S5 Differential expression data of sucrose synthesizing enzyme (sucrose phosphate
synthase). HSOvsCO, HS1vsC1, HS2vsC2, HS6vsC6 & HS12vsCl1l2 correspond to pairwise
comparison of expression between heat stress and control at 0 DAT, 1 DAT, 2 DAT, 1 DOR & 7

DOR respectively.

Gene HSOvsCO HS1vsC1 HS2vsC2 HS6vsC6 HS12vsC12 Seq. Description Enz. Code
NA* 0.69 NA 0.9 0.7 Probable sucrose- | EC:2.4.1.14
BnaA06G0367000WE phosphate synthase
2
BnaC02G0093600WE 0.5 0.76 0.77 NA NA Sucrose-phosphate EC:2.4.1.14
synthase 1-like
BnaC07G0352200WE 0.8 1.1 1.0 1.4 0.94 Probable sucrose- | EC:2.4.1.14
phosphate synthase
2
BnaA02G0084400WE NA -0.5 NA NA NA sucrose-phosphate EC:2.4.1.14
synthase 1-like
BnaA10G0171700WE -0.52 NA NA NA NA sucrose-phosphate EC:2.4.1.14
synthase 1

NA*: Not DE in this contrast

Table S6 DE of sucrose hydrolysing enzymes (cell wall invertase and sucrose synthase).

Gene HSOvsCO HS1vsC1 HS2vsC2 HS6vsC6 HS12vsC12 Seq. Description Enz. Code
CWINV4-1; beta-
BnaA03G0187500WE | -1.1 NA* -1.2 NA NA fructofuranosidase EC:3.2.1.26
BnaC01G0375500WE | NA NA NA 1.7 NA CWINV1; beta- | EC:3.2.1.26
fructofuranosidase
BnaC03G0139900WE | NA NA -1.7 NA NA CWINV4-1; beta- | EC:3.2.1.26
fructofuranosidase
BnaC05G0441400WE | 0.9 NA NA 1.5 NA CWINV5-2; beta- | EC:3.2.1.26
fructofuranosidase
BnaA05G0141800WE | NA NA -1.19 NA NA Sucrose synthase 5 | EC:2.4.1.13
BnaA07G0333600WE | NA NA -1.45 NA NA Sucrose synthase 6 | EC:2.4.1.13
BnaA09GO0016500WE | NA NA NA -1.04 NA Sucrose synthase 3 | EC:2.4.1.13
BnaC06G0143400WE | NA NA -1.16 NA NA Sucrose synthase 5 | EC:2.4.1.13
BnaA10G0167800WE NA NA NA NA -0.8 Sucrose synthase -1 | EC:2.4.1.13
like

NA*: Not DE in this contrast
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Table S7 AtMYB?2 interacting genes

Gene ID Gene Name Functional Annotation GO terms
Domain of unknown function | extracellular region, molecular_function,
AT3G21910 AT3G21910 (DUF26) biological_process
carbonate dehydratase activity, plasma membrane,
response to cold, chloroplast thylakoid membrane,
chloroplast stroma, defense response to fungus,
incompatible interaction, chloroplast envelope, response
to carbon dioxide, regulation of stomatal movement,
stromule, photosynthesis, defense response to
Carbonic anhydrase 1 bacterium, apoplast, negative regulation of stomatal
AT3G01500 SABP3 (response to stress) complex development, zinc ion binding, carbon utilization
calcium activated cation channel activity, plasma
ERD (early-responsive to membrane, cellular hyperosmotic response, regulation of
dehydration stress) family calcium ion import, integral component of membrane,
AT4G04340 AT4G04340 protein cation transmembrane transport, protein tetramerization
autophagosome assembly, mitophagy, cysteine-type
endopeptidase activity, cytosol, C-terminal protein
lipidation, protein targeting to membrane, protein
AT2G44140 AT2G44140 Peptidase family C54 protein | processing, nucleophagy, protein delipidation
endosome, trans-Golgi network, plant-type cell wall
modification, cellulose biosynthetic process, pectin
Plant protein of unknown biosynthetic process, integral component of membrane,
AT5G06700 TBR function (DUF828) O-acetyltransferase activity
GTPase activator activity, protein binding, cytosol, plasma
membrane, endocytosis, response to auxin, leaf
morphogenesis, xylem and phloem pattern formation,
phloem or xylem histogenesis, trans-Golgi network
ARF GTPase-activating transport vesicle, phosphatidylinositol binding, positive
AT5G13300 VAN3 protein regulation of GTPase activity, metal ion binding
protein binding, plasma membrane, sucrose
transmembrane transporter activity, vesicle membrane,
trans-Golgi network membrane, nectar secretion, sucrose
transport, cytoplasmic vesicle membrane, carbohydrate
transmembrane transport, integral component of plasma
AT2G39060 SWEET9 Nodulin MtN3 family protein | membrane
CHY-type/CTCHY-type/RING-
AT5G25560 AT5G25560 type Zinc finger protein protein binding, zinc ion binding
SAUR-like auxin-responsive
AT4G12410 AT4G12410 protein family molecular_function, response to auxin
nucleus, response to wounding, regulation of systemic
acquired resistance, protein homodimerization activity,
regulation of jasmonic acid mediated signaling pathway,
regulation of transcription, DNA-templated, transcription
jasmonate-zim-domain corepressor activity, negative regulation of nucleic acid-
AT5G13220 TIFY9 protein 10 templated transcription
AT3G28750 AT3G28750 NA
MD-2-related lipid
recognition domain- plant-type vacuole, protein binding, defense response, ER
AT5G23820 ML3 containing protein body
mitochondrion, chloroplast thylakoid, chloroplast stroma,
Glycine cleavage T-protein chloroplast envelope, membrane, cytosolic ribosome,
AT1G11860 AT1G11860 family response to cadmium ion, apoplast, protein binding,
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glycine catabolic process, transaminase activity,
methylation, aminomethyltransferase activity

ubiquitin-protein transferase activity, ubiquitin-
dependent protein catabolic process, response to abscisic
acid, regulation of seed germination, regulation of lipid
catabolic process, zinc ion binding, protein ubiquitination,
ligase activity, ubiquitin ligase complex, cytoplasm,
ubiquitin protein ligase activity, ubiquitin-dependent

AT5G02310 PRT6 proteolysis 6 protein catabolic process via the N-end rule pathway
cytosol, plasma membrane, cellular amino acid metabolic
process, response to lipid hydroperoxide, pyridoxine
biosynthetic process, response to UV-B, response to non-
ionic osmotic stress, endomembrane system, chlorophyll
metabolic process, hyperosmotic salinity response,
protein homodimerization activity, protein
heterodimerization activity, pyridoxal phosphate

Aldolase-type TIM barrel biosynthetic process, pyridoxal 5'-phosphate synthase

AT5G01410 RSR4 family protein (glutamine hydrolysing) activity

Protein of unknown function

AT1G13970 AT1G13970 (DUF1336) molecular_function

AT3G01240 AT3G01240 NA molecular_function, biological_process
response to heat, response to water deprivation,
response to salt stress, maintenance of root meristem
identity, maintenance of shoot apical meristem identity,
histone binding, helicase activity, nucleus, covalent
chromatin modification, regulation of growth, DNA

AT3G06010 CHR12 Homeotic gene regulator binding, ATP binding
protein binding, nucleus, cytosol, positive regulation of
catalase activity, zinc ion binding, nuclear
heterochromatin, maintenance of DNA methylation,
protein ubiquitination, ubiquitin protein ligase activity,

AT3G54360 AT3G54360 zinc ion binding regulation of methylation-dependent chromatin silencing

P-loop containing nucleoside
triphosphate hydrolases

AT2G03750 AT2G03750 superfamily protein cytoplasm, sulfotransferase activity
mitochondrion, sucrose metabolic process, inositol
metabolic process, glutamate decarboxylation to
succinate, glutamine metabolic process, response to
oxidative stress, zinc ion binding, gamma-aminobutyric
acid catabolic process, response to salt stress, pollen tube
growth, pollen tube adhesion, response to organic
substance, fruit development, pollen tube guidance,

Pyridoxal phosphate (PLP)- beta-alanine catabolic process, 4-
dependent transferases aminobutyrate:pyruvate transaminase activity, root
superfamily protein (auxin development, shoot system development, cobalt ion

AT3G22200 POP2 biosynthesis) binding, pyridoxal phosphate binding
protein binding, plasma membrane, protein

Nodulin MtN3 family protein | homooligomerization, carbohydrate transmembrane

(transport of sugars, transport, integral component of plasma membrane,
AT3G28007 SWEET4 hormone etc..) sugars transmembrane transporter activity

P-loop containing nucleoside

triphosphate hydrolases

AT1G72660 AT1G72660 superfamily protein GTPase activity, GTP binding, GDP binding, cytoplasm

RNA polymerase Il core promoter sequence-specific DNA
metalloendopeptidases;zinc binding, nucleus, chloroplast outer membrane,
ion binding;DNA binding chloroplast-nucleus signaling pathway, positive
AT5G35210 PTM (remodelling of ECM) regulation of transcription, DNA-templated, protein
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binding, zinc ion binding, integral component of
membrane

AT1G52410

TSA1

TSK-associating protein 1
(induced by methyl
jasmonate)

tryptophan biosynthetic process, tryptophan synthase
activity, calcium ion binding, protein binding, vacuole,
peroxisome, chloroplast thylakoid membrane,
gravitropism, photomorphogenesis, defense response to
fungus, nuclear envelope, endoplasmic reticulum lumen,
cellular amino acid biosynthetic process, auxin
biosynthetic process, indole-3-glycerol-phosphate lyase
activity

AT4G26570

CBL3

calcineurin B-like 3

protein binding, plasma membrane, plant-type vacuole
membrane, potassium ion homeostasis, calcium ion
binding, detection of calcium ion

AT1G51745

AT1G51745

Tudor/PWWP/MBT
superfamily protein

molecular_function, biological_process

AT5G04560

DME

HhH-GPD base excision DNA
repair family protein

DNA-(apurinic or apyrimidinic site) lyase activity, DNA
methylation, regulation of gene expression by genetic
imprinting, embryo development ending in seed
dormancy, DNA N-glycosylase activity, polar nucleus,
base-excision repair, 4 iron, 4 sulfur cluster binding, DNA
binding, regulation of transcription, DNA-templated,
metal ion binding

AT3G12020

AT3G12020

P-loop containing nucleoside
triphosphate hydrolases
superfamily protein

ATP binding, microtubule binding, microtubule,
chloroplast, microtubule motor activity, kinesin complex,
microtubule-based movement, ATPase activity

AT3G20290

EHD1

EPS15 homology domain 1

protein binding, endosome, endocytosis, plasmodesma,
membrane, endocytic recycling, hyperosmotic salinity
response, protein homooligomerization, GTP binding,
plasma membrane, endosome membrane, hydrolase
activity, calcium ion binding

AT1G16850

AT1G16850

NA

endoplasmic reticulum, response to salt stress,
molecular_function

AT3G22740

HMT3

homocysteine S-
methyltransferase 3

plasma membrane, methionine biosynthetic process,
methylation, metal ion binding, S-adenosylmethionine-
homocysteine S-methyltransferase activity

AT1G23230

AT1G23230

NA

mediator complex, regulation of transcription, DNA-
templated, molecular_function

AT1G28340

RLP4

receptor like protein 4

endosome, trans-Golgi network, protein binding, integral
component of membrane, signal transduction

AT2G02080

IDD4

indeterminate(ID)-domain 4

metal ion binding, DNA binding, regulation of
transcription, DNA-templated, chloroplast, transcription
factor activity, sequence-specific DNA binding

AT1G14250

AT1G14250

GDA1/CD39 nucleoside
phosphatase family protein

vacuole, ATP binding, integral component of membrane,
hydrolase activity

AT1G01060

LHY

Homeodomain-like
superfamily protein

transcription factor activity, sequence-specific DNA
binding, response to cold, response to salt stress,
response to ethylene, response to auxin, response to
abscisic acid, response to gibberellin, response to salicylic
acid, response to jasmonic acid, negative regulation of
circadian rhythm, negative regulation of sequence-
specific DNA binding transcription factor activity,
transcription regulatory region DNA binding, response to
cadmium ion, long-day photoperiodism, flowering,
nucleus
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Ubiquitin-like superfamily

AT2G43210 AT2G43210 protein protein binding, cellular_component, biological_process
chloroplast envelope, ATP binding, integral component of
membrane, ADP transport, ATP transport, chloroplast

AT1G15500 ATNTT2 TLC ATP/ADP transporter membrane, ATP:ADP antiporter activity
DNA binding, nucleus, cytoplasm, response to symbiotic
fungus, response to abscisic acid, polar nucleus fusion,
response to continuous far red light stimulus by the high-
irradiance response system, protein homodimerization
activity, protein heterodimerization activity, regulation of
transcription, DNA-templated, transcription factor

AT2G35940 EDA29 BEL1-like homeodomain 1 activity, sequence-specific DNA binding
chloroplast stroma, glucosinolate biosynthetic process,
response to cadmium ion, intramolecular transferase
activity, transferring hydroxy groups, 4 iron, 4 sulfur

isopropyl malate isomerase cluster binding, 3-isopropylmalate dehydratase activity,
large subunit 1 (2nd branched-chain amino acid biosynthetic process, leucine

AT4G13430 1IL1 metabolism) biosynthetic process, metal ion binding
cytosol, response to bacterium, response to cadmium
ion, indole-3-acetonitrile nitrilase activity, indole-3-
acetonitrile nitrile hydratase activity, nitrogen compound
metabolic process, plasma membrane, indoleacetic acid

AT3G44300 NIT2 nitrilase 2 (auxin responsive) biosynthetic process

Pectin lyase-like superfamily vacuole, extracellular region, lyase activity, cell wall
protein (cell wall organization, polygalacturonase activity, carbohydrate

AT3G62110 AT3G62110 biosynthesis) metabolic process
plasma membrane, response to abscisic acid, response to
cadmium ion, integral component of membrane,

AT2G32240 AT2G32240 NA molecular_function

mitochondrion-localized
small heat shock protein response to cadmium ion, mitochondrion,
AT4G25200 HSP23.6-MITO 23.6 molecular_function, response to heat
Double Clp-N motif-
containing P-loop nucleoside | response to strigolactone, ATP binding, protein metabolic
triphosphate hydrolases process, nucleus, regulation of transcription, DNA-
AT2G40130 SMXL8 superfamily protein templated
Galactose mutarotase-like
superfamily protein
(carbohydrate and sugars carbohydrate binding, aldose 1-epimerase activity,

AT3G47800 AT3G47800 binding) galactose metabolic process
copper ion binding, nucleolus, vacuolar membrane,
cytosol, plasma membrane, plasmodesma, chloroplast,

Ribosomal protein cold acclimation, response to cytokinin, apoplast, GTP
S5/Elongation factor G/IIl/V binding, translational elongation, translation elongation
AT1G56070 LOS1 family protein factor activity, GTPase activity
transducin family protein /
WD-40 repeat family protein
AT3G18860 AT3G18860 (flavonoid bio) protein binding, nucleotide binding, biological_process
2-oxoglutarate mitochondrion, zinc ion binding, response to cadmium
dehydrogenase, E1 ion, cobalt ion binding, thiamine pyrophosphate binding,
component (2nd oxoglutarate dehydrogenase (succinyl-transferring)
metabolism-flavonoid syn activity, tricarboxylic acid cycle, oxoglutarate
AT5G65750 AT5G65750 etc..) dehydrogenase complex
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lipid-binding serum

lipopolysaccharide binding, regulation of gene
expression, apoplast, reactive oxygen species

AT3G20270 AT3G20270 glycoprotein family protein biosynthetic process, protein binding, extracellular space
PYRIMIDINE 4 (b-alanine cellular response to nitrogen levels, photorespiration,
aminotransferase)-lignin mitochondrion, alanine-glyoxylate transaminase activity,

AT3G08860 PYD4 biosynthesis pyridoxal phosphate binding, identical protein binding
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Table S8 Two-way mixed ANOVA table for fructose

Effect DFn DFd F <] p..05 ges
o names Jit 1 8 2772 1.34e-01 0.074
Timepoint 4 32 19.793 2.75e-08 * 0.656
Treatment:Timepoint 4 32 3.774 1.30e-02 * 0.266
Table S9 Two-way mixed ANOVA table for glucose
Effect DFn DFd F P p..05 ges
Treatment 1 8 6.005 4.00e-02 * 0.066
Timepoint 4 32 10598 1.39e-05 * 0.545
Treatment:Timepoint 4 32 5.016 3.00e-03 * 0.362
Table S10 Two-way mixed ANOVA table for sucrose
Effect DFn DFd F 4] p..05 ges
Treatment 1.00 8.00 0.235 0.641000 0.013
Timepoint 1.47 11.75 16.180 0.000813 * 0.535
Treatment:Timepoint 1.47 11.75 3443 0.077000 0.197
Table S11 Two-way mixed ANOVA table for glucobrassicin (GBS)
Effect DFn DFd F P p..05 ges
Treatment 1 8 1.675 0.23200 0.066
Timepoint - 32 7.337 0.00026 * 0.378
Treatment:.Timepoint 4 32 4002 0.01000 * 0.249
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Table S12 Two-way mixed ANOVA table for gluconapin (GNA)

Effect DFn DFd F 4] p..05 ges
Treatment 1 8 19.392 2.00e-03 * 0.347
Timepoint 4 32 6,729 477e-04 * 0.39
Treatment:Timepoint 4 32 11.218 841e-06 * 0.523
Table S13 Two-way mixed ANOVA table for progoitrin (PRO)
Effect DFn DFd F p p..05 ges
Treatment 1 8 5717 4.40e-02 * 0.129
Timepoint 4 32 9919 245e-05 * 0.495
Treatment:Timepoint 4 32 7.875 1.55e-04 * 0.438
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Appendix B

NetViewer Workflow

This section provides a step-by-step explanation on how to extend a gene
network with interactions from transcription factors (TFs) using NetViewer app in

Cytoscape.

B.1 System Requirements

= An internet connection

» Cytoscape software installed with version 3.7 as a minimum version
requirement. Cytoscape installation steps can be found here:

https://cytoscape.org/download.html

B.2 Install NetViewer in Cytoscape

= To install the application, the user is required to add the application jar file into
Cytoscape configuration at the following location:
C:\Users\PathToCytoscapeConfigurationFolder\CytoscapeConfiguration\3\ap
ps\installed

= The application jar file is available at the project target folder.

» The user is also required to add the jgoodies-forms-1.0.5.jar and collections-
generic-4.0.jar to Cytoscape configuration available at:

https://mvnrepository.com/artifact/jgoodies/forms/1.0.5 and

https://mvnrepository.com/artifact/collections-generic/collections-generic/4.01

respectively.
» The application can be accessed from Cytoscape menu bar as follows:

Apps » App Store » Install Apps from File
= Then, selecting the application jar file from the application project target folder.
= The config files required for database files conversion should be available to

the user prior to running the pipeline.

B.3 Load the initial Network into Cytoscape
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= After launching Cytoscape, the gene list of interest is imported in a tab-
delimited file from Cytoscape file menu (Figure B1), forming the initial network,
as follows:

File » Import » Network from File

File Edit View Select Layout Apps Tools Help
Open Session... Ctrl+0 ~
pen Sessi RAQ <
Open Recent Session >
Save Session Ctrl+S
Save Session As..  CtrlsShift+S
Close Session
New Network
Import > Network from NDEx...
Export > Network from File... Ctrl+L
Network from URL... Ctrl+Shift+L
Print... Ctrl+P
Network from Public Databases... Alt+L
Quit cti+Q
£ Table from File...
Table from URL..
o Table from Public Databases...  Alt+T
g Styles from File...

Figure B1 Importing input files

= The corresponding A. thaliana IDs can either be added as a column to the
initial gene list file or imported as a separate tab-delimited file from Cytoscape
file menu, as follows:
File » Import » Table from File

= Additional data such as differential expression data, functional annotations,
GO terms and IDs can also be imported in the same way, should the user wish
to display this information on the extended network.

= Cytoscape will then ask the user to choose the source node and attribute
columns. This can be done by clicking on the column name, then choosing the
green circle icon for source node and the green page icon for the attribute as
displayed in Figure B2. After importing the gene list and attributes, an initial
network is displayed (Figure B3).
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Preview
Click on a column to edit it. Select None
@ Transcript . [£) logFoldChange 4[] ArablD  ~
BrBADITO219 100WE. 1 20.5722580190384
BnaAD 1TO299900WE -2.42076216395632 | ArabilD
BRaADZTO000300WE 10.5446828363779
BnaADZT0006300WE -4.61203131803808 | Meaning:
BRaAD2TO169400WE 20.3752363479894
BnaADZTO375700WE.3 19.8280806553758 @ L > @ B LE] &
BnaAD3T0328400WE -2.67138026904017 =
BrBADSTO033000WE. 2 -22.433860199325
BnaADSTO284500WE 2032075275427 | po ot
BRaADSTO285000WE -2.63546931790787
BnaADSTO305700WE -2.07554250485684 1 123 10 ¥in
BnaADSTO320800WE. 1 -19.2216411146717 .
BnaADGTO168200WE. 1 -4.55208879487078 L) 1] 1) 110 ly/a]
BnaADGTO312000WE 6.53898911898198
o] | conce

Figure B2 Selecting source nodes and attribute columns

g, Top_30_trans_ArabilD.tab - O X
File Edit View Select Layout Apps Tools Help

QAQ <

- T T R ST

K 100 s s B c@EEac 0 e

Figure B3 Initial network

B.4 Launching NetViewer

* NetViewer can then be launched from Cytoscape Apps menu, as shown in
Figure B4.
Apps » NetViewer » Extend network

218



File Edit View Select Layout Apps Tools Help

> ER & me 0 o
aMatReader >

yFiles Layout Algorithms

NetViewer > Show results panel

g Network

Extend network

Help

-

Figure B4 Launching NetViewer from Cytoscape Apps
menu

B.5 Extend network with regulatory information

= As Figure B5 shows, the user selects the network that they initially uploaded
in section B.3, through a drop-down list from the User Network section. The
user also needs to select the network attribute column. This column serves as
an identifier mapping to map the genes in the database and needs to contain

one of the supported identifiers.

» Using Database selection feature, the user has the choice to upload a local
database file through navigating the user’s file system or access an online
database from PlantTFDB. Once the database file is chosen, the file will then
be converted into Linkset file in an XGMML format (the eXtensible Graph
Markup and Modelling Language).
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NetViewer
User Network

Select User Network  |Top_30_trans_...
Select Network

Select your network attribute Top_30_trans_ArabilD

Database Selection

From file  AtRegNet_dean.tsv Browse
Actinidia chinensis A
Aegilops tauschii
Aethionema arabicL

Amaranthus hypod
Pl
Pl Amborella trichopoc

Ananas comosus
Aquilegia coerulea Vv
< >

Settings

Select drection | BOTH v

Directory containg Linksets

Select Linksets Browse

Annotations

Select Annotations | GO_terms ~

Figure B5 NetViewer interface

*= Once the conversion of the database file is finished and the Linkset file is
generated, a message informing the user with the completion of file conversion
is displayed (Figure B6). Next, the user will choose the direction of interactions

from the Settings. The available options are: Both, Sources and Targets.

Message X

0 Network file is generated!

Figure B6 A message to inform the user
that database file conversion is complete
and the Linkset file is generated.
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» From the Directory containing Linksets section, the user navigates through the
user’s file system to choose the generated Linkset file. A new window will open

giving the user the choice to select one or more files (Figure B7).

Linkset Files

Ath_TF_list. xgmml O

AtRegNet_cean, xgmml

Cancel Ok

Figure B7 Linksets files selection

= This will be followed by choosing which annotations to display upon hovering
on the network nodes from the Annotations section. The user has the option
to display GO terms, GO IDs or a short description of the genes function.

= By clicking Ok, the network is extended with nodes representing genes and
TFs and edges representing the interactions between them (Figure B8).
Network display might take some time depending on the size of the original

network and the Linkset file.
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Figure B8 Extended network of interactions between genes (grey nodes) and TFs
(Blue nodes). Grey nodes represent the genes and blue nodes represent TFs. The
blue edges represent the interactions between the genes and TFs. Upon hovering on
the nodes, the selected annotation will appear (orange box).

After displaying the network, the user can use Cytoscape functionalities to
customise the layout of the network. If more than one Linkset file were
selected, the user can display the number of interactions per each Linkset file,
as follows:

Apps » NetViewer » Show result panel

The right panel in Figure B9 shows results from two linksets files used to
display interactions between a list of genes and TFs. Different colours for

edges representing interactions generated from different linksets files.
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Figure B9 Main panel shows the extended network with interactions generated from
two Linksets files. Right panel shows the number of interactions per Linkset file
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