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Abstract 
Plants in the field rarely face an individual stress, but rather a combination of stresses at the same 

time. For example, flooding or waterlogging limit oxygen in plant cells (hypoxia) and creates 

optimal conditions that favour pathogen attack. This thesis investigates how low O₂ regulates 

plant immune and defence responses.  Using Arabidopsis thaliana, I established controlled 

“hypoxia + flg22” (HF) treatments and identified RESPIRATORY BURST OXIDASE HOMOLOG D 

(RBOHD) as a central point of the hypoxia/flg22 crosstalk. This is evidenced by the distinct 

features of the canonical flg22-triggered ROS burst, which reduces its amplitude and becomes 

more sustained. Furthermore, the transcriptional profile of defence genes is differentially 

regulated under low O₂ in a RBOHD-dependent way. Immune response-associated 

transcriptional and post-transcriptional outcomes of RBOHD are also regulated by hypoxia in a 

developmental- and light-dependent mechanism. Specifically, two hypoxia-linked modules 

converge on RBOHD in HF: (i) hypoxia-stabilized ERF-VII transcription factors contribute to 

RBOHD expression, and (ii) the PTI negative regulator, calcium-dependent kinase CPK28, 

controls RBOHD protein levels under HF in a light-dependent way. These layers of regulation 

support a model in which plants switch from an energetically expensive immune responses to 

hypoxia-suitable immunity through a RBOHD-dependent signalling. 

To investigate if similar principles occur in agricultural crop species, I screened ~100 Brassica 

napus varieties for waterlogging tolerance and for resistance to subsequent infection by 

Sclerotinia sclerotiorum. Through the study of photosynthetic parameters, waterlogging 

responses in B. napus were found to be highly genotype-dependent, enabling the ranking of 

tolerant and sensitive lines to waterlogging alone and to S. sclerotiorum infection after 

waterlogging. Genome-wide association and expression-marker analyses on 

waterlogged:control ratios highlighted a polygenic architecture but repeatedly pointed to 

processes that mirror the Arabidopsis work—Ca²⁺ signalling, energy/light pathways, and 

RNA/splicing regulators—providing candidate loci for breeding varieties that better withstand 

flooding-subsequent pathogen attacks. Together, the thesis shows that plants integrate oxygen 

status directly into immune output via RBOHD-centred modules, and that this molecular 

crosstalk between low O2 and defence responses is mirrored in a major oilseed crop. 
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1. Chapter 1: Introduction 
 
Some of the following sections contain passages and figures which I wrote or designed for a 

review I co-authored and that is published (García et al., 2024). 

 

1.1. Overview of Research Questions 
 

Plants are sessile organisms that live in a complex and ever-changing environment. Their 

growth, development and reproduction can be negatively affected by the environmental 

conditions in which they live, such as an excess or lack of water (flooding or drought, 

respectively), high or low temperatures, nutrient levels, high salinity or their interactions with 

other living organisms (e.g. insects, fungi, bacteria, etc.). When environmental conditions have 

the potential to disrupt plant homeostasis and negatively affect growth and/or reproduction, 

stress occurs.  

As the global population grows and food demand increases, scientists, breeders and 

farmers have the challenge of maintaining crop yields and the food supply. However, in recent 

years, global climate change has increased the frequency and severity of extreme weather events 

and plants are exposed more often to (a)biotic stresses (Chaloner et al., 2020; Hanson et al., 

2022; Liu et al., 2023; Mustroph, 2018). Heavy rainfall events, for example, have increased in 

recent years (Hirabayashi et al., 2013; Papalexiou and Montanari, 2019; Tie et al., 2025), causing 

up to USD 5.5 billion-valued crop production loss for the period between 1982 and 2016 (Kim et 

al., 2023). These rainfall events cause water to accumulate within the soil, filling natural occurring 

air pockets and leading to soil saturation surrounding plant roots with water instead of air 

(waterlogging; Figure 1.1). As oxygen (O2) and carbon dioxide (CO2) have slower diffusion in water, 

plant cells surrounded by water have reduced gas exchange, resulting in lower O2 availability or 

hypoxia. In some extreme cases, flood water covers aerial parts of the plant, resulting in partial 

or complete submergence (Figure 1.1) (Sasidharan et al., 2017;Jiaet al., 2021; Striker, 2012).  
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Figure 1.1. Definition of the different conditions resulting from an excess of water. Based on 

the parts covered by water after heavy rainfall events, plants can face (i) waterlogging, if only the 

root system is covered; (ii) partial submergence, if all roots and part of the aerial tissues are 

covered, and (iii) complete submergence, if all the plant is covered by water. Figure from Striker, 

2012. 

 

Waterlogging and submergence are in fact compound stresses, because they alter 

several additional environmental parameters other than O2 availability – e.g. it can reduce light 

availability to the aerial parts of plants, given that flood water carries soil particles that limit the 

amount of light that reaches the plant (Pedersen et al., 2018; Vervuren et al., 2003). 

Consequently, photosynthesis can be limited, which decreases the production of carbohydrates, 

the release of O2 and the generation of intermediate energy molecules such as ATP and NADPH 

from the light reactions of photosynthesis. Furthermore, reduced photosynthetic activity limits 

carbon assimilation, which subsequently impacts on mitochondrial respiration and ATP 

synthesis, resulting in carbon and energy starvation during prolonged hypoxic conditions 

(Geigenberger, 2003; Wagner et al., 2019). Flooding has also been linked to increased pathogen 

infection risks for plants, not only through increased host susceptibility caused by hypoxic stress 

(and associated limited photosynthesis or carbon starvation), but also by creating environmental 

conditions favourable to pathogen growth and disease development (Erayya et al., 2023; García 

et al., 2024; Garrett et al., 2016; Lahlali et al., 2024; Lamichhane et al., 2024; Maurya et al., 2022; 

Martínez-Arias et al., 2022; Tyagi et al., 2024). In aerial parts of the plant, prolonged leaf wetness 

and high humidity following intense precipitation events promote spore germination and 

bacterial proliferation, while in underground parts of the plant, excess moisture enhances the 

activity and mobility of root-infecting pathogens (Pokhrel, 2021; Velásquez et al., 2018). Hence, it 

is important to understand how flooding and associated hypoxia affect plants’ ability to defend 

themselves against pathogens, not only from a fundamental point of view but also because of the 

important crop losses associated with plant disease alone. For example, it is estimated that 
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annually, between 20 to 40 percent of global crop production is lost to pests, and that plant 

diseases cost the global economy around $220 billion each year (FAO, 2021). 

As rainfall events increase pathogen infection risk, plants likely face both hypoxia and pathogen 

infection at the same time. It has been suggested that plants perceive the combination of two (or 

more) stresses as a new state of stress rather than a sum of individual stresses (Mittler, 2006). 

This new state of stress can activate acclimation strategies that are different - and sometimes 

even antagonistic - to those triggered under each of the individual stresses (Kissoudis et al., 2014; 

Atkinson and Urwin, 2012; Pandey et al., 2015; Prasch and Sonnewald, 2013; Zandalinas et al., 

2024; Zhang and Sonnewald, 2017). However, there are few studies focused on how plants 

respond to multiple simultaneous or sequential stresses, as the scientific community has mostly 

focused on plant responses to individual stresses. This has led to the discovery of several 

response pathways that have roles in response to distinct individual stresses, such as ROS 

production (Evans et al., 2016; Miller et al., 2009; Peláez-Vico et al., 2023; Wang et al., 2017). 

These common multi-stress (or cross-stress) responsive pathways will be termed ‘convergence 

points’ in this work (Baena-González and Sheen, 2008; Du et al., 2023). These convergent 

pathways are thought to play a role in mediating and integrating responses to combined stresses, 

however their role in this combined stress context remains poorly understood. One example of a 

convergence point is RESPIRATORY BURST OXIDASE HOMOLOG D (RBOHD), a plant enzyme that 

generates Reactive Oxygen Species (ROS), which act as second messengers that transduce 

external signals into their appropriate intracellular response pathways. Similarly, several 

transcriptional regulators that play roles in response to multiple stresses are also thought to play 

a predominant role as convergence points in response to combined stresses. 

 This PhD work focused on the dynamics of plant responses to the combination of hypoxic 

stress and the activation of plant immune responses. It aimed to answer the following key 

questions: 

(i) How does hypoxia stress influence the onset of innate immune responses and the 

activation of defences against pathogens? 

(ii) What is the role of RBOHD in the molecular response to the activation of innate immune 

responses under hypoxic conditions?  

(iii) Is it possible to identify crop varieties that exhibit resilience to combined waterlogging 

and pathogen stress?  

(iv) Can the genetic basis for this resilience trait be uncovered in crop plants? 
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Questions (i) and (ii) were approached using the plant Arabidopsis thaliana as a model system to 

dissect molecular mechanisms using a combination of genetic, molecular and biochemical 

approaches. Questions (iii) and (iv) were addressed using rapeseed (Brassica napus) - the world’s 

second-largest oilseed crop (FAO, 2021). Rapeseed is grown not only for its oil, but also for human 

consumption, as animal fodder, or for its use as biodiesel or bioethanol (Kdidi et al., 2019). 

Rapeseed is grown in regions of the world that are regularly flooded (e.g. in Asia as a rotation crop 

on rice fields (Zou et al., 2015a), however, rapeseed is very sensitive to waterlogging (Voesenek et 

al., 1999a). Therefore, it is important to understand how hypoxia caused by flooding might affect 

rapeseed defences against pathogens. In that context, the necrotrophic fungal pathogen 

Sclerotinia sclerotiorum (the causal agent of Sclerotinia stem rot) was selected because of its 

impact on rapeseed crop yields (Neik et al., 2017). 

In the sections below, the different mechanisms by which pathogens and O2 are 

perceived or sensed, respectively, will be presented, followed by the signalling pathways that act 

downstream of the receptors and that are common to both hypoxia response and immunity. The 

latter are important because of their potential involvement in mediating plant responses to the 

combined stress conditions (i.e. as convergence points). Finally, transcriptional responses will 

be discussed, as one of the outputs of individual and combined hypoxia/pathogen stress.  

 

1.2. Stress Perception 
 

The detection of environmental cues associated with stress conditions constitutes the 

first step that enables plants to initiate molecular responses to acclimate and survive upon 

experiencing stress conditions. While the recognition of plant pathogens is well understood, 

sensors for abiotic stresses have remained more elusive, although several studies suggest that 

plants sense them at both the cell surface (cell wall and plasma membrane) and via intracellular 

compartments, such as the cytoplasm or the nucleus, triggering compartment-specific 

responses. In the case of hypoxia, for example, O2 is sensed via intracellular mechanisms. 

 

1.2.1. Pathogen perception by pattern recognition receptors 
 

Transmembrane pattern recognition receptor (PRRs) recognise pathogen-associated molecular 

patterns (PAMPs; conserved molecular motifs from pathogens), initiating pattern-triggered 

immunity (PTI), the first branch of the plant innate immune response. PRRs are divided into 

receptor-like kinases (RLKs) and receptor-like proteins (RLPs) depending on the presence of a 
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protein kinase domain. FLS2 is a model plasma membrane-associated Leucine-Rich Repeat 

Receptor-Like Kinase (LRR–RLK) PRR, which is widely used to study PTI. FLS2 recognises the flg22 

peptide, a 22-amino acid peptide present in the conserved N-terminal domain of eubacterial 

flagellin, the protein that makes up the bacterial flagellum (Chinchilla et al., 2006; Lourdes 

Gomez-Gomez and Boller, 2000; Sun et al., 2013). 

Upon binding flg22, FLS2 undergoes conformational changes in its extracellular LRR 

domain, facilitating its interaction with the co-receptor BRI1-ASSOCIATED RECEPTOR KINASE 

(BAK1), a leucine-rich repeat receptor serine/threonine protein kinase that binds to different 

PRRs, leading to auto- and trans-phosphorylation reactions between them (Cao et al., 2013; 

Chinchilla et al., 2007; Schulze et al., 2010; Schwessinger et al., 2011; Sun et al., 2013). 

Afterwards, the phosphorylated FLS2-BAK1 complex activates a member of Receptor-Like 

Cytoplasmic Kinases (RLCKs) subfamily VII, BOTRYTIS–INDUCED KINASE 1 (BIK1) (Lin et al., 

2014; Lu et al., 2010). In turn, BIK1 phosphorylates back FLS2 and BAK1 to further activate them 

and enhance the flg22 signalling events (Figure 1.2). At a later stage, BIK1 is released from the 

FLS2-BAK1 complex, triggering BIK1-dependent events essential for the onset of plant immunity, 

such as the activation of calcium (Ca2+) channels or phosphorylation of RBOHD (Li et al., 2014; 

Lu et al., 2010; Tian et al., 2019). 

 

Figure 1.2. Early events after flg22 sensing by FLS2. After the binding of flg22 to FLS2, FLS2 

dimerizes with BAK1, phosphorylating each other. Then BAK1 trans-phosphorylates BIK1, which 

will phosphorylate back FLS2 and BAK1, allowing the release of BIK1 from the complex and 

triggering PTI. Figure from Lu et al. 2010. 

 

FLS2 is the target of multiple transcriptional and post-transcriptional regulatory 

mechanisms, even in the absence of its ligand flg22. For example, the microRNA miR172b 

controls the expression of FLS2 throughout plant development via its regulation of the 

transcription factors TARGET OF EAT1 (TOE1) and TOE2, which bind directly to the FLS2 promoter 

and inhibit its transcription in a development-controlled manner (Zou et al., 2018). This 
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mechanism controls the ontogeny of plant innate immunity, dampening PTI during early growth 

and boosting FLS2 levels as the plant ages, thereby contributing to age-related resistance (ARR), 

a process in which plants become more pathogen-resistant as they age. In addition to 

developmental regulation, FLS2 transcription is also sensitive to environmental stresses. For 

example, previous work has shown that hypoxia transcriptionally regulates FLS2 levels, although 

the underlying mechanism remains unresolved (Mooney et al., 2024). This observation highlights 

the crosstalk between abiotic stress responses and immunity-related receptors, suggesting that 

plants could actively adjust FLS2 (or more generally PRR) expression to balance immune 

responses when experiencing abiotic stresses, such as hypoxia. 

Other members of the flg22 perception complex can also be regulated in the absence of 

flg22, as BAK1 can interact with several elements of the brassinosteroids (BRs) signalling 

pathway, preventing its interaction with FLS2 and regulating plant growth and development (Gao 

et al., 2009; Halter et al., 2014; Hee Nam and Li, 2002; Imkampe et al., 2017; Li et al., 2002; Ma 

et al., 2017). In addition, the non-activated BIK1 kinase is targeted for degradation by the plant U-

box E3 ubiquitin ligases PUB25 and PUB26 to maintain BIK1 homeostasis and ensure robust yet 

appropriate immune activation upon pathogen attack (Wang et al., 2018). Altogether, these 

regulatory mechanisms ensure that PTI signalling components are tightly controlled in the 

absence of pathogen infection, allowing plants to balance immune readiness with growth and 

development. However, additional stress-responsive mechanisms (such as hypoxia-dependent 

transcriptional control of FLS2) could potentially regulate the energy-costly immune responses 

through these elements in response to hypoxic conditions, when energy availability is reduced. 

Following flg22 binding, FLS2 in internalised in a ligand-triggered and clathrin-mediated 

unresolved process leading to FLS2 ubiquitination, which helps route FLS2 through late 

endosomes toward vacuolar degradation, attenuating sensitivity to flg22 (Lu et al., 2011; Smith 

et al., 2014; Spallek et al., 2013). This process is largely dependent on the phosphorylation status 

of FLS2 (Beck et al., 2012; Cui et al., 2023; Mbengue et al., 2016; Robatzek et al., 2006; Smith et 

al., 2014). This internalisation is essential to prevent prolonged or excessive immune responses 

which can be energetically costly. This unresolved process is synergically regulated by proteins 

such as the large dynamin GTPases DYNAMIN-RELATED PROTEIN1A (DRP1A) and DRP2B 

(Ekanayake et al., 2021). Other known regulators of FLS2 internalisation are two closely related 

U-box E3 ubiquitin ligases, PUB12 and PUB13, which are phosphorylated by BAK1 and 

subsequently polyubiquitinate FLS2, thereby promoting flg22-induced FLS2 degradation. As a 

result of their function, the pub12 and pub13 mutants displayed elevated immune responses to 

flagellin treatment (Lu et al., 2011). 
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Notably, in recent years, the FLS2 complex has been shown to play roles in the context of 

drought and salt stresses, together with RBOHD and PHYTOCHROME INTERACTING FACTOR 4 

(PIF4) (Liu et al., 2022; Yu et al., 2023), but this has not been shown in the context of hypoxia 

stress. Altogether, protein abundance of key immune response proteins represents a crucial 

mechanism for regulating the amplitude and duration of immune responses, providing a potential 

target for hypoxia-regulatory mechanisms that allows plants to modulate immune responses in 

energy-limiting situations. 

 

1.2.2. Oxygen sensing by PLANT CYSTEINE OXIDASE (PCO) enzymes 
 

The first oxygen sensing pathway was reported in 2011 (Gibbs et al., 2011; Licausi et al., 2011), 

when it was demonstrated that the stability of five transcription factors (TFs) of the group VII 

Ethylene Response Factors (ERF-VIIs) was oxygen dependent. These five ERF-VIIs include 

RELATED TO APELATA 2.2 (RAP2.2), RAP2.3, RAP2.12 and HYPOXIA RESPONSIVE 1 (HRE1) and 

HRE2 (Gibbs et al., 2015; Loreti and Perata, 2023). ERF-VIIs are classified in two groups based on 

their mechanism of activation during hypoxia, HRE1 and HRE2 are characterised by their fast 

transcriptional up-regulation shortly after the onset of hypoxia, while RAP2.2, RAP2.3 and 

RAP2.12 are largely regulated via post-transcriptional mechanisms (Licausi et al., 2010). The 

degradation of these five ERF-VIIs was shown to be mediated by the ubiquitin dependent Arg/N-

degron pathway, which recognises its substrates based on the identity of their amino-terminal 

residue (N-degrons) (reviewed in Holdsworth et al., 2020; Oldham and Mabbitt, 2024). In the case 

of the ERF-VIIs, their initial N-terminal methionine residue is first cleaved by methionine 

aminopeptidases (MetAPs) (Figure 1.3). This cleavage exposes the second residue of these TFs, 

which is a cysteine (Cys). This newly exposed N-terminal Cys is then converted to Cys-sulphinic 

acid (CysO2) by PLANT CYSTEINE OXIDASE (PCO) enzymes that use oxygen as a substrate, 

establishing PCOs as the oxygen sensing component of the Arg/N-degron pathway and more 

broadly of hypoxia responses in plant cells (Figure 1.3) (Weits et al., 2014; White et al., 2018, 

2017). Next, the ERF-VIIs are arginylated (i.e. newly exposed arginine residue is conjugated at their 

N-terminus) by ARGINYL-tRNA TRANSFERASE 1 (ATE1) and ATE2 (Yoshida et al., 2002), enabling 

the recognition of these ERF-VIIs by the E3 ubiquitin ligase PROTEOLYSIS 6 (PRT6), facilitating the 

ubiquitination and targeting for degradation by the 26S proteasome (Figure 1.3) (Garzón et al., 

2007; Stary et al., 2003). In hypoxic conditions, the initial Cys residue can not be oxidised by the 

PCOs, this allows for the stabilization of the ERF-VIIs and allowing their translocation to the 

nucleus, where they act as the master regulators of Hypoxia-Responsive Genes (HRGs) (Hsu et 

al., 2011; Liu et al., 2005; Mustroph et al., 2009). The O2-dependent mechanisms underlying the 
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degradation of ERF-VIIs rely on additional molecular players, such as nitric oxide (NO), which is 

also required for the degradation of the ERF-VIIs by the Arg/N-degron pathway (Gibbs et al., 2014). 

These regulatory mechanisms are redox-dependent, as recent work demonstrated that ERF-VIIs 

such as RAP2.3 and RAP2.12 can further be oxidised, forming sulfonate (Arg-Cys(SO3
-)-ERF-VII) 

through a still unknown mechanism (Zubrycka et al., 2023). Moreover, hydrogen peroxide (H2O2) 

inactivates the PCOs, preventing the oxidation of ERF-VIIs and thereby enhancing their stability, 

contributing to the interplay between ROS signalling and hypoxia sensing mechanisms (Akter et 

al., 2024). 

 

Fig. 1.3. Overview of the plant Arg/N-degron pathway. Methionine aminopeptidases (MetAPs) 

or endopeptidases (EP) cleave proteins, exposing new N-terminal amino acid residues. The 

tertiary (3o) destabilising residue Cys is oxidised by PCOs using O2, resulting in the secondary 

destabilising residue CysO2 (cysteine sulphinic acid). Cys can also be oxidised via nitric oxide 

(NO). The tertiary destabilising residues Asn and Gln are deamidated to Asp and Glu by specific 

amidases (NTAN1 and NTAQ1). Arg-tRNA transferases (ATEs) conjugate an Arg to the N-terminus 

of proteins starting with secondary (2o) destabilising residues (CysO2, Asp and Glu). Proteins 

starting with primary destabilising residues are directly recognised by the E3 ubiquitin ligases 

PRT6 (for positively charged N-terminal residues such as Arg), or PRT1 (for hydrophobic residues). 

A third N-recognin, BIG, enhances the activity of both PRT1 and PRT6 (Zhang et al., 2024). 

Abbreviations: UPS, ubiquitin proteasome system; Ub: ubiquitin. Figure modified from Oldham 

and Mabbitt, 2024. 

 

Once hypoxia is established, HRE1 and HRE2 are transcriptionally induced through 

distinct pathways, such as ethylene signalling (Hess et al., 2011; Yang, 2014) or apoplastic- and 

mitochondrial-located ROS signalling (De Clercq et al., 2013; Eysholdt-Derzsó et al., 2023; He et 

al., 2022; Liu et al., 2017; Yang, 2014; Yang and Hong, 2015). The RAP2.2/3/12 ERF-VIIs that are 

not transcriptionally up-regulated during hypoxia rely on post-translational mechanisms to 
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ensure their presence in the nucleus upon hypoxic conditions. For example, RAP2.12 remains 

anchored at the plasma membrane in normoxic conditions through its interaction with the acyl-

CoA-binding proteins ACBP1 and ACBP2. Whereas, upon hypoxia, polyunsaturation of long-chain 

acyl-CoA contributes to dissociation of the interaction between RAP2.12 and ACBP1/2, triggering 

RAP2.12 release and relocation to the nucleus (Licausi et al., 2011; Schmidt et al., 2018; Zhou et 

al., 2020). However, other lipids like phosphatidic acid (PA), a key intermediate in lipid 

metabolism, can also regulate nuclear localisation of RAP2.12 (Zhou et al., 2022). 

In addition to their well-established roles in hypoxia response, both the Arg/N-degron 

pathway and the ERF-VII TFs have been shown to play roles in the regulation of plant defences 

against pathogens, becoming a convergence point of hypoxia and immune responses (see also 

section 1.4.2.1 below). For example, the Arg/N-degron pathway positively regulates the 

biosynthesis of plant defence secondary metabolites such as glucosinolates, as well as the 

biosynthesis and response to the phytohormone jasmonic acid (JA) (De Marchi et al., 2016). 

Arg/N-degron mutants were also shown to be affected for their response to pathogens such as 

the necrotrophic fungus Sclerotinia sclerotiorum, the hemi-biotrophic pathogen Pseudomonas 

syringae pv tomato (Pst) or the protist Plasmodiophora brassicae (De Marchi et al., 2016; Gravot 

et al., 2016; Vicente et al., 2019). These roles the Arg/N-degron pathway in defence responses 

are given by the potential immune-involved targets and their stabilization upon the establishment 

of hypoxia micro-environments during pathogen infection (Valeri et al., 2021). 

 Altogether, these findings illustrate the emerging regulatory role of the O2-sensing Arg/N-

degron pathway and the ERF-VIIs in the shaping of plant defence responses, thus suggesting 

connections between hypoxia response, plant defence and immunity. However, due to the 

complex molecular interplay between PAMP recognition and the manipulation of plant immunity 

by pathogen effectors, the use of pathogens in these studies makes it difficult to deconvolute the 

potential connection between hypoxia response and fundamental regulatory mechanisms of 

plant immunity. Instead of pathogens, the question could be deconvoluted by using purified 

PAMPs, such as the flg22 peptide, to elicit PTI and study the connection between hypoxia 

response and plant immunity. Considering the distinct perception and sensing mechanisms for 

flg22 and low oxygen levels, a key question is to identify the pathways and components (i.e. the 

convergence points) that might act in common to plant responses to hypoxia and to flg22. As with 

many other (a)biotic stresses, these common pathways are found downstream of the receptors 

and sensors, and include some of the main signal transduction pathways. 
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1.3. Hypoxia and immune responses share signal transduction 
pathways 

 
The onset of plant responses to (a)biotic stresses requires signal transduction to relay the 

signal from the sensors or receptors to other subcellular compartments, such as the nucleus. 

This signal transduction is often accompanied by signal amplification and involves second 

messengers, including Ca2+, ROS, inositol phosphates (IP₃), cGMP/cAMP, NO or even pH changes, 

as well as complex phosphorylation pathways such as mitogen-activated protein kinase (MAPK) 

signalling. These signal transduction pathways act as hubs downstream of signal 

perception/sensing and can also be a point of convergence in stress responses to multiple 

stresses, as (i) the same pathways can be activated in response to different stresses; (ii) they are 

directly regulated by the same signalling elements (second messengers), or (iii) they share the 

same downstream targets. The following section examines different signal transduction 

pathways and their possible role in combined stress responses. We focus on Ca2+ and ROS 

signalling in response to hypoxic stress and flg22 perception. 

 

1.3.1. Calcium signalling 
 

Ca2+ is essential for plant growth and development under both physiological and stress 

conditions. In the absence of stress, Ca2+ in the cytosol is kept at a low concentration (around 0.1 

μM) through an active transport of Ca2+ from the cytosol into the apoplast or plant organelles, 

such as the vacuole, mitochondria or the endoplasmic reticulum, where Ca2+ concentrations are 

in the millimolar range (Lecourieux et al., 2002). This active Ca2+ transport is carried out by several 

Ca2+ channels (Figure 1.4) and results in electrochemical gradients across the plasma 

membrane, as well as membranes of the subcellular compartments. 
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Figure 1.4. Set of Ca2+ channels present in different membranes of a plant cell. Distribution 

and mechanisms of active and passive Ca²⁺ transport across various cellular membranes, 

including the plasma membrane, tonoplast (vacuolar membrane), endoplasmic reticulum (ER), 

mitochondrial membrane, and chloroplast envelope. Figure from Wdowiak et al., 2024.  

When stresses such as high salt concentrations (Choi et al., 2014), wounding (Kiep et al., 2015; 

Mousavi et al., 2013; Salvador-Recatalà, 2016; Salvador-Recatalà et al., 2014) or cold (Sulaiman 

et al., 2012; Zhu et al., 2013) are sensed, the Ca2+ stored in the organelles and the apoplast is 

released into the cytoplasm. This release of Ca2+ is mediated through the action of several Ca2+ 

channels such as TWO-PORE CHANNEL 1 (TPC1) (Evans et al., 2016; Ward and Schroeder, 1994) 

or several GLUTAMATE RECEPTOR-LIKE (GLR) channels (Mousavi et al., 2013; Salvador-Recatalà, 

2016; Toyota et al., 2018). This fast increase in cytosolic Ca2+ concentrations (noted [Ca2+]cyt) has 

unique features depending on the stress that generated it, such as different period, amplitude, 

frequency and duration (McAinsh and Pittman, 2009).  

In addition, stress-specific increase in [Ca2+]cyt in one plant cell can propagate cell-to-cell 

through the plant vasculature at a slow but constant speed of approximately 1 μm/s (Nguyen et 

al., 2018; Zhang et al., 2025). The propagation of the increase in [Ca2+]cyt can reach systemic (non-

stressed) plant tissues, triggering pre-stress adaptation mechanisms called systemic acquired 

acclimation (SAA) if the stress that triggered the Ca2+ wave is abiotic, or systemic acquired 

resistance (SAR) if the Ca2+ wave is the result of an interaction with another organism (e.g., insect, 

bacteria, or fungi) (Choi et al., 2014).  

Once the Ca2+ is in the cytosol, it can be detected by two types of sensors - sensor relays 

and sensor responders (Sanders et al., 2002). Sensor relays, which include calmodulins (CaMs) 

and calmodulin-like proteins (CMLs) (Figure 1.5), undergo a Ca2+-induced conformational 
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change that is relayed to an interacting partner, which then responds with some change in its 

enzyme activity or conformation. On the other hand, sensor responders, which include Ca2+-

dependent protein kinase (CPK) and Calcineurin B-like proteins (CBLs) together with their CBL-

interacting protein kinases (CIPKs) (Figure 1.5) undergo a Ca2+-induced conformational change 

that alters the protein’s activity. 

 

 

Figure 1.5. Classification of Ca2+ sensors in two groups. Sensor relays (CaM and CML) function 

through bimolecular interactions and sensor responders (CDPK/CPK and CBL together with 

CIPK) function through intramolecular interaction and rely on a kinase domain to trigger their 

function. Figure from Hashimoto and Kudla, 2011. 

 

1.3.2. Calcium signalling in hypoxia 
 

During hypoxic stress, an increase in [Ca2+]cyt occurs as early as one minute after the onset of 

hypoxia (Bakshi et al., 2023; Subbaiah et al., 1994; Wagner et al., 2019; Yemelyanov et al., 2011) 

or waterlogging (Peláez-Vico et al., 2023). However, the Ca²⁺ channels responsible for triggering 

this [Ca²⁺]cyt increase remain largely unidentified, although recent studies have begun to uncover 

a few candidates (Wang et al., 2017). During flooding, the use of GFP-based Ca2+ sensors such as 

YCNano-65, has shown that cytosolic Ca2+ levels increase, at least in the root meristematic and 

elongation zones (Bakshi et al., 2023). In the absence of stress, the CATION EXCHANGER 2 

(CAX2) Ca²⁺ channel transports Ca2+ across the tonoplast into the vacuole (Figures 1.4 and 1.6) 

(Pittman et al., 2004). Consequently, in response to both waterlogging and hypoxic challenges, 

the cax2 mutant showed a stronger and more sustained [Ca2+]cyt increase in the root, leading to 

enhanced survival of cax2 plants to waterlogging. These findings highlight the role for vacuolar 

Ca2+ transport and changes in [Ca2+]cyt during flooding response (Bakshi et al., 2023). 
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During hypoxia, the increase in [Ca2+]cyt post-translationally activates CPKs such as 

CPK12, which is rapidly activated through Ca2+-dependent phosphorylation of its Ser186 residue. 

Phosphorylated CPK12 shuttles from the cytoplasm to the nucleus, where it interacts with and 

phosphorylates the ERF-VII TFs, thus contributing to increasing their stability (Figure 1.6) (Fan et 

al., 2023). Moreover, another CPK (CPK16), negatively regulates plant tolerance of hypoxia and 

submergence stress through the control of ROS production. Such control is mediated by the 

direct binding of CPK16 to RBOHD, and RBOHD phosphorylation at four different serine residues 

(Ser133, Ser148, Ser163, and Ser347), promoting RBOHD stability in response to hypoxia (Yu et 

al., 2024). Other Ca2+ sensors also have a role in hypoxia responses, such as CIPK25-dependent 

phosphorylation of the K+ channel AKT1 or CIPK15-dependent phosphorylation of ammonium 

(NH4+) channel Ammonium Transporter 1;1 (AMT1;1) (Chen and Ho, 2023; Tagliani et al., 2020). 

In sum, Ca2+ signalling triggered by CAX2 and sensed by CPK12 and CPK16 along with 

other Ca2+ sensors such as CIPK15 (Chen and Ho, 2023) or CIPK25 (Tagliani et al., 2020) (Figure 

1.6) establish the [Ca2+]cyt elevations as one of the first signalling events of hypoxia responses and 

leading to acclimation of plants to hypoxic stress. Furthermore, hypoxia triggered Ca2+ signalling 

may influence a broad range of downstream targets of Ca²⁺ sensors, which can link hypoxia-

triggered Ca2+ signalling to other events in PAMP and pathogen stress responses such as the ERF-

VII activation of HRGs and RBOHD-triggered ROS production.  

 

Figure 1.6. Ca2+-dependent signalling in hypoxic conditions. Scheme showing the known 

signalling hubs dependent on Ca2+ triggered in hypoxic conditions. AKT1 - A-TYPE POTASSIUM 

TRANSPORTER; AMT1;1 – AMMONIUM TRANSPORTER 1. 
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1.3.3. Calcium signalling in response to flg22 perception 
 

Increases in [Ca2+]cyt after PAMP perception is known to be an oscillatory process (Keinath 

et al., 2015; Thor and Peiter, 2014), with desensitisation and re-sensitisation (Chi et al., 2021). 

However, although the characteristics of the increase of [Ca2+]cyt after PAMP perception are well 

known, few proteins involved in this process have been characterized. After flg22 perception, 

BIK1 is phosphorylated and dissociates from the FLS2/BAK1 flg22-sensing complex, triggering 

BIK1-dependent signalling events (Figure 1.2). As an example, dissociated BIK1 interacts with a 

Ca²⁺ channel formed by CNGC2 and CNGC4, phosphorylates CNGC4, and thereby activates 

Ca²⁺ transport by these two proteins (Figure 1.7) (Tian et al., 2019). BIK1 also interacts and 

phosphorylates the vacuolar Ca²⁺ channels CAX1 and CAX3, independently of the 

phosphorylation of CAX1 and CAX3 by the Ca²⁺ sensors CIPK9, CIPK3 or CIPK26 (Figure 1.7). 

BAK1 also has a role in Ca2+ signalling, as it can phosphorylate and destabilise CNGC20 from the 

Ca²⁺ channel formed by CNGC19 and CNGC20 (Yu et al., 2019). FLS2, also has a role mediating 

Ca2+ signalling, as it interacts with the plasma membrane located Ca2+ pump CALCIUM-

TRANSPORTING ATPASE 8 (ACA8), and together with ACA10 regulate the increase in [Ca2+]cyt in 

response to flg22 (Frey et al., 2012). Independently of members of the flg22-sensing complex, the 

tonoplast-localised Ca²⁺ channels ACA4 and ACA11 transport Ca2+ into the vacuole in the 

absence of PAMP (Figure 1.7). However, in the presence of flg22, double mutant plants for both 

ACA4 and ACA11 genes displays larger increases of [Ca2+]cyt during PTI, similar to the phenotype 

observed in the cax2 mutant in hypoxia response (Bakshi et al., 2023; Hilleary et al., 2020). 

Downstream of the increase in [Ca2+]cyt, Ca2+ can directly bind to two EF-Hands located in 

the N-terminal region of RBOHD (Torres et al., 1998). The downstream increase in [Ca2+]cyt is 

sensed by several CPKs, of which CPK5 and CPK6 are the most studied in the context of PAMP 

perception. Specifically, CPK5 has been shown to regulate ROS production after flg22 perception 

by interacting and phosphorylating the N-terminus of RBOHD (Figure 1.7 and Table 1.1) (Dubiella 

et al., 2013). Furthermore, other Ca2+ sensors can also regulate RBOHD during the onset of plant 

immunity, as CPK1/2/4/11 can phosphorylate RBOHD’s Ser148 residue, thus also regulating ROS 

production upon PAMP perception (Figure 1.7 and Table 1.1) (Gao et al., 2013). In addition to 

these mechanisms, Ca2+ channels can also be activated by the LRR receptor kinase HYDROGEN-

PEROXIDE-INDUCED CALCIUM INCREASES 1 (HPCA1), which is activated by apoplastic ROS, 

increasing fast increases in [Ca2+]cyt in response to pathogen infection (Wu et al., 2020). This 

process is a key step in the feedback loop established between Ca2+ and ROS signalling in stress 

responses (Fichman et al., 2022), demonstrating that Ca2+ signalling plays a critical role in plants 

response to biotic stress, functioning together with RBOHD to propagate stress perception 
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signals. Moreover, mutual phosphorylation can take place between different Ca2+ sensors, 

triggering a synergistic activation. This mechanism synergistically enhances NADPH oxidase 

activation by CPK5 and CBL1/CIPK26 after flg22 treatment (Köster et al., 2025) (Table 1.1). 

 

Table 1.1. List of Ca2+-dependent regulators of RBOHD activity in response to stress. List of 

post-translational regulators of RBOHD activity related to Ca2+, specifying the residues affected 

by this regulation, the functional involvement of the regulatory process and the studies where 

these mechanisms were discovered. 

Regulator 
Phosphorylated 

Residue-Regulation 

Functional 

Involvement 
Reference 

CPK2/4/11 Ser-148 
Enhance plant 

immunity 
(Gao et al., 2013) 

CPK5 

Ser-8 Ser-163 

Enhance plant 

immunity 

(Dubiella et al., 2013; 

Köster et al., 2025) 

Ser-39 Ser-343 

Ser-148 Ser-347 

Ser-162 Ser-692 

CPK16 
Ser-133 Ser-163 

Enhance plant hypoxia 

response and increase 

RBOHD stability 

(Yu et al., 2024) 

Ser-148 Ser-347 

HPCA1 Upstream of RBOHD 
Acclimation to high light 

stress 
(Fichman et al., 2022) 

CBL1/CIPK26 

Ser-8 Ser-343 
Enhance ROS 

production 
(Köster et al., 2025) Ser-162 Ser-347 

Ser-163 Ser-692 

CPK4/5/6/11 

Ser-133 Ser-163 
Enhance plant defence 

responses 
(Kadota et al., 2014) Ser-148 Ser-347 

Ser-152 
 

Upstream of RBOHD Enhance plant 
immunity (Boudsocq et al., 2010) 

CPK28 Interaction Inhibit plant immunity (Monaghan et al., 
2014) 

 

In addition to RBOHD, in response to the increase in [Ca2+]cyt, both CPK5 and CPK6 can 

phosphorylate downstream targets such as the WRKY33 TF (Figure 1.7), a key transcriptional 

regulator of plant defence responses against pathogens (Yang et al., 2020; Zhou et al., 2020) (see 
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also section 1.4.2.2 below), as well as WRKY8/28/48 (Figure 1.7) (Gao et al., 2013). In addition, 

the calmodulin-like protein TOUCH3 (TCH3) can bind to Ca2+ and relieve autoinhibition of CPK5 

to phosphorylate and activate, CALMODULIN-BINDING PROTEIN 60-LIKE G (CBP60g), a 

transcriptional activator involved in the positive regulation of immune responses (Sun et al., 

2022).  

These are all positive roles of CPKs in the activation of plant immunity, however, CPKs can 

also act as negative regulators of PTI. For example, one key negative regulator is CPK28, which is 

located at the cytosolic side of the plasma membrane, where it interacts with several other 

proteins such as RBOHD (Monaghan et al., 2014), BIK1 (Monaghan et al., 2014), PLASMA 

MEMBRANE INTRINSIC PROTEIN 2;7 (PIP2;7) (Zhu et al., 2025) and several E3 ubiquitin ligases 

like PUB25/26 (Wang et al., 2018) or ARABIDOPSIS TOXICOS EN LEVADURA 6 (ATL6) and ATL31 

(Liu et al., 2022). In the absence of PAMP, CPK28 phosphorylates PIP2;7, an aquaporin that acts 

as H2O2 transporter (Figure 1.7), inhibiting its function and preventing the transport of H2O2 from 

the apoplast into the cytoplasm (Zhu et al., 2025). However, the most studied CPK28 target is 

BIK1. BIK1 is phosphorylated by CPK28 in the absence of PAMP, promoting its turnover via the two 

E3 ubiquitin ligases PUB25 and PUB26 to prevent over-accumulation of BIK1 and hyper-activation 

of immunity (Figure 1.7) (Monaghan et al., 2014; Wang et al., 2018). In contrast, after PAMP 

perception, CPK28 directly phosphorylates PUB25/26 enhancing their activity and promoting 

BIK1 degradation to enhance BIK1 turnover and dampen immunity (Wang et al., 2018).  To ensure 

adequate immune responses, after flg22 perception, CPK28 undergoes both intermolecular 

autophosphorylation and BIK1-mediated phosphorylation, which positively regulates its 

interaction with ATL6/31, promoting CPK28 degradation and favouring the stabilization of BIK1 

and the activation of PTI (Figure 1.7) (Liu et al., 2023, 2022). 
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Figure 1.7. Ca2+-dependent signalling after PAMP perception. Scheme showing the known 

signalling hubs dependent on Ca2+ triggered after flg22 perception by FLS2. 

 

 Taken together, CPKs play dual roles in regulating plant immunity, acting as both positive 

and negative regulators of defence responses to allow the fine-tuning of plant immunity and 

preventing excessive immune responses. However, critical knowledge gaps remain: (i) it is 

unclear whether specific CPKs discriminate between downstream targets in different signalling 

contexts (e.g. hypoxia or flg22); (ii) if CPKs interplay with other signalling modules (e.g., MAP 

kinases or hormone signalling pathways) when shaping immune outcomes; and (iii) what is the 

role of CPKs and other Ca2+ sensors in the convergence between hypoxia and immune responses. 

Also, while Ca²⁺ acts as a central secondary messenger in response to both hypoxia and PAMP 

perception through increases in [Ca2+]cyt, it remains unclear how stress-specific Ca²⁺ signatures 

are decoded without signal conflict when different stresses occur simultaneously or sequentially. 

Additionally, stress sensing mechanisms and Ca2+ signalling pathways converge on the NADPH 

oxidase RBOHD in stress responses. The interaction between Ca2+ and RBOHD establishes a 

feedback loop between Ca²⁺ and ROS once stress is perceived and enables rapid and robust 

responses to stress by amplifying and propagating stress signals from local to distal tissues. This 

mechanism may function as a convergent pathway that allows integration of the different stress-

specific signals at the level of one enzyme (RBOHD), thus highlighting a potential crucial role of 

RBOHD in mediating responses to multiple stresses, including hypoxia and immunity. 
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1.4. ROS signalling 
 
ROS are a group of molecules derived from O2 (Figure 1.8), characterised by their reactivity 

towards biomolecules such as lipids, proteins, RNA or DNA, by donating an electron or transfer 

of an excited energy state to these biomolecules (Mittler, 2017; Mittler et al., 2022). As they are 

extremely reactive, their production, scavenging and transport are tightly regulated to avoid 

cellular damage. This extensive regulation allows the plant to use ROS as second messengers to 

contribute to signal transduction and the triggering of biotic and abiotic stress responses by 

producing stress-specific signatures that travel from local to distal (non-stressed) tissues 

together with Ca2+ and other second messengers (Fichman et al., 2019). 

ROS are formed after O₂ accepts electrons in a stepwise manner, producing superoxide 

anion (O₂⁻) in different subcellular compartments. This reaction can take place passively as in 

chloroplasts as a by-product of photosynthesis (Exposito-Rodriguez et al., 2017), or 

mitochondria as the result of mitochondrial electron transport chain (mETC) malfunction 

(Schwarzländer et al., 2009). However, superoxide anion can also be produced actively, by 

dedicated oxidases that generate ROS for the purpose of signalling after stress sensing, and by 

NADPH oxidases (Figure 1.8) (Mittler et al., 2022). The production of superoxide anion by RBOHD 

takes place by using electrons from its nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase domain at the cytosolic side of the plasma membrane to produce superoxide in the 

apoplast (De Torres Zabela et al., 2002; Keller et al., 1998). Once produced, superoxide is 

extremely reactive, unstable, and unable to diffuse through membranes, making it unsuitable to 

act as a second messenger in stress responses. Two molecules of superoxide are transformed 

into one molecule of H₂O₂ by superoxide dismutases (SODs) involving the action of a metal ion at 

the enzyme's active site. In contrast to superoxide, H2O2 is more stable and can diffuse through 

membranes, making it the ideal molecule to act as a second messenger in stress signalling.  

 

 

Figure 1.8. Different forms of ROS are produced by excitation or reduction of O₂. O₂ can 

accept electrons in a sequential manner, producing (i) superoxide anion (O₂⁻); (ii) hydrogen 

peroxide (H₂O₂) after dismutation of two superoxide anions; (iii) a hydroxyl radical (•OH) via the 

Fenton reaction. Figure from Mittler et al., 2022. 
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As described in the following sections, (i) ROS production occurs shortly after stress 

perception in multiple compartments by multiple mechanisms, (ii) they carry general- and stress-

specific signatures across plant tissues, and (iii) they interact with other second messengers and 

signalling networks, triggering downstream mechanisms that result in stress-responsive 

transcriptional and post-translational changes to increase plant survival upon stress conditions.  

Therefore, ROS serve as a convergent point in stress responses that integrates signals from stress 

sensing mechanisms into transcriptional and post-translational outputs. Due to their relevance 

in the context of hypoxia and flg22 responses, the following sections will focus on mitochondrial 

and RBOHD-dependent ROS production, as well as the downstream signalling events. 

 

1.4.1. Mitochondrial ROS production 
 

The mETC is a series of protein complexes in the inner mitochondrial membrane that 

transfers electrons from metabolic fuels (like NADH, FADH2) to oxygen, creating a proton gradient 

that drives ATP synthesis via oxidative phosphorylation, essentially generating cellular energy 

(ATP) (Figure 1.9). The mETC comprises four inner-membrane complexes (I–IV) and two mobile 

electron carriers, ubiquinone (CoQ) and cytochrome c (Cyt C) (Figure 1.9). During stress 

conditions such as low levels of O2, the electron carriers in the mETC become over-reduced, 

leading to electron leakage from complexes I and III and the formation of ROS (Chang et al., 2012; 

Møller, 2001; Schwarzländer et al., 2009; Vishwakarma et al., 2018; Wagner et al., 2019). This 

superoxide is then released to the mitochondrial matrix or the intramembrane space, where it is 

dismuted to H₂O₂ by SOD enzymes. Afterwards, H₂O₂ can travel to different parts of the plant cell, 

triggering retrograde signalling, the process by which plant organelles send signals to the 

nucleus, modulating nuclear gene expression in response to changes in organelle function. 
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Figure 1.9. Illustration of the mitochondrial electron transport chain (mETC). Electrons move 

through the inner-membrane complexes (I–IV) and the two mobile electron carriers, ubiquinone 

(CoQ) and cytochrome c (Cyt C), generating a proton gradient across the membrane, which 

powers ATP synthase to produce ATP. This figure also shows the main ROS producing sites during 

mETC disfunction. Figure adapted from Palma et al., 2024. 

 

Mitochondrial ROS production under hypoxia is regulated by HYPOXIA-RESPONSIVE 

MODULATOR 1 (HRM1), through association with complex I (Tsai et al., 2023). Mitochondrial 

alternative NADH dehydrogenases NDA1 and NDA2 can also regulate mitochondrial ROS 

production upon hypoxia (Jethva et al., 2023). These proteins are part of an overflow mechanism 

that provides metabolic plasticity under environmental stress conditions. Once mitochondrial 

ROS exit the mitochondria in the initial phases of hypoxia stress, they can travel to the 

endoplasmic reticulum (ER), where they trigger RHOMBOID-LIKE 2 (RBL2)-dependent cleavage 

of ER-anchored transcription factors ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 13 

(ANAC013), ANAC016 and ANAC017 (Eysholdt-Derzsó et al., 2023). This cleavage facilitates their 

translocation to the nucleus, where they transcriptionally induce genes belonging to the 

“mitochondrial dysfunction stimulon” (MDS) such as NDA1 (Jethva et al., 2023). These target 

genes are characterised by the presence of a mitochondrial dysfunction motif (MDM) in their 

promoter, which is bound by the ANAC013/16/17 TFs (De Clercq et al., 2013). Among them, 

several Hypoxia Responsive Genes (HRGs) are included, such as PHYTOGLOBIN 1 (PGB1), 

ALCOHOL DEHYDROGENASE 1 (ADH1) or PYRUVATE DECARBOXYLASE 1 (PDC1) (De Clercq et 

al., 2013; Eysholdt-Derzsó et al., 2023; Ng et al., 2013). 

Intriguingly, mitochondrial ROS production in hypoxic conditions can be a potential 

convergence point between hypoxia and flg22 responses, as the inhibition of the terminal step of 

the mETC by mETC inhibitors antimycin A (AA) and potassium cyanide (KCN), which stimulates 
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mitochondria-associated ROS production, transiently activates MITOGEN-ACTIVATED PROTEIN 

KINASE 3 (MPK3), MPK4 and MPK6 (Chang et al., 2012) (see also Section 1.3.3 below), which 

play a central role in transducing flg22-dependent immune signals downstream of PRRs (Asai et 

al., 2002). However, how this activation takes place is still unclear and highlights the need for 

further investigation into how ROS modulates MAPK cascades. 

As indicated above, ROS production is tightly regulated in the plant cell and mitochondria have 

enzymes to prevent excessive ROS formation. One of these enzymes, ALTERNATIVE OXIDASE 1a 

(AOX1a), can use excess reductants that surpass the cytochrome pathway capacity, thereby 

preventing ROS formation from an over-reduced ubiquinone pool (Umbach et al., 2005). This 

enzyme is another convergence point in response to both hypoxia and flg22, as AOX1a has been 

shown to play a role in regulating ROS and NO accumulation in both hypoxia and flg22  stress 

responses (Vishwakarma et al., 2018a). Consistent with its role in regulating mitochondrial ROS 

production, AOX1a is one of the MDS genes, whose expression is transcriptionally activated by 

several TFs related to hypoxia and mitochondrial malfunction, including ANAC013 and ANAC017 

(He et al., 2022; Ng et al., 2013). Other hypoxia responsive TFs that control AOX1a expression are 

the ERF-VIIs, as observed by the binding of RAP2.12 to the AOX1a promoter and evidenced by the 

transcriptional downregulation of AOX1a in rap2.12 mutants in response to flooding (Yao et al., 

2017a). HRE2 is another ERF-VII included in the MDS gene list and consequently, it is 

transcriptionally upregulated by ANAC013 (Eysholdt-Derzsó et al., 2023). Hence, HRE2 is not only 

a target of mitochondrial malfunction response, but also a mediator of it, as it binds AOX1a 

promoter, establishing a feedback regulatory loop to regulate mitochondrial malfunction (He et 

al., 2022; Ng et al., 2013). 

Altogether, mitochondrial ROS might be a key hub in the crosstalk between hypoxia and 

pathogen/PAMP response and could potentially play a role when these stresses are combined as 

a hypoxia-dependent regulator of plant immunity. In addition, these studies suggest a role of ERF-

VIIs in the regulation of mitochondrial ROS production and scavenging, consistent with previous 

studies suggesting a role of ERF-VIIs regulating genes involved in redox regulation (Giuntoli et al., 

2017). A recent report  showed that ROS inhibit PCOs (Akter et al., 2024), raising the possibility 

that mitochondrial ROS could contribute to regulating ERF-VII stability in hypoxic conditions and 

perhaps in response to PAMPs too, establishing a feedback loop in which ERF-VIIs and 

mitochondria interact with and regulate each other in combined stress conditions.  
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1.4.2. ROS production by RBOHD 
 

As mentioned previously, RBOHD is a plasma membrane–localised NADPH oxidase that plays a 

central role in ROS production during stress responses. It is activated in response to several 

environmental cues such as PAMPs and pathogens (Dubiella et al., 2013; Kadota et al., 2014; Li 

et al., 2014; Torres et al., 2002), hypoxia (Wang et al., 2017; Yu et al., 2024), high light stress (Miller 

et al., 2009; Zandalinas et al., 2020) or phytohormones (Kwak et al., 2003). Given the central role 

of RBOHD in plant stress responses, its regulation has been extensively studied, but much more 

is known about the regulation of RBOHD upon flg22 perception than in response to hypoxia. 

 RBOHD comprises six plasma membrane-spanning domains (Figure 1.10) responsible 

for RBOHD location in dynamic spots in the plasma membrane (Hao et al., 2014). In this previous 

studies, it was also shown how RBOHD activity, in response to stress perception (flg22, abscisic 

acid (ABA) or salt), increased the diffusion and oligomerization of RBOHD itself. This dynamic 

behaviour is cooperatively regulated by clathrin- and microdomain-dependent endocytic 

pathways, indicating the importance of RBOHD stability in stress conditions. 

 

 

Figure 1.10. Structure of RBOHD. The RBOHD amino acid sequence is shown, with its different 

domains: EF-Hands 1 (EF1; amino acids (aa) 253-288) and EF2 (aa 297-332), FAD-binding domain 

(aa 611-732) and the six transmembrane domains (aa 377-397; 462-482; 517-537; 560-580; 589-

606; 735-755). Adapted from Köster et al., 2025. 

 

The cytoplasmic C-terminal domain of RBOHD harbours NADPH- and FAD-binding sites (Keller 

et al., 1998) (Figure 1.10). This domain is in charge of transferring electrons from cytosolic 

NADPH to apoplastic O2, leading to the production of superoxide anion in the apoplast (Figure 

1.8). This domain also plays an important role in the regulation of RBOHD activity and stability via 
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different mechanisms: (i) S-nitrosylation of Cys-890 by NO abolishes RBOHD ability to synthesise 

ROS in the context of pathogen-induced cell death (Table 1.2) (Yun et al., 2011); (ii) 

phosphorylation of Ser-611, Ser-703 and Ser-862 by CYSTEINE-RICH RLK2 (CRK2) is required to 

fine-tune flg22-triggered ROS production by RBOHD and regulate resistance to virulent bacterial 

pathogens (Table 1.2)  (Kimura et al., 2020); and (iii) phosphorylation of Ser-862 and Thr-912 by 

PBS1-LIKE KINASE 13 (PBL13) negatively regulates RBOHD activity by enhancing the subsequent 

ubiquitination by PBL13-INTERACTING RING TYPE E3 UBIQUITIN LIGASE (PIRE), which triggers 

the subsequent vacuolar degradation of RBOHD (Lee et al., 2020). While both mechanisms are 

active in the absence of flg22, in the presence of this PAMP, PIRE is phosphorylated by an 

unknown kinase, which inhibits its function and thus stabilises RBOHD in the plasma membrane 

(Table 1.2) (Lee et al., 2020). These regulatory mechanisms of RBOHD highlight the role of the C-

terminal domain as the catalytic domain responsible for ROS production, but also as a critical 

regulatory hub that integrates information from diverse post-translational modifications. 

The cytoplasmic N-terminal domain of RBOHD comprises two Ca2+-binding motifs called EF-

Hands (Torres et al., 1998) (Figure 1.10). This domain plays an important role in regulating RBOHD 

activity and stability in response to stress perception (Kimura et al., 2012; Ogasawara et al., 

2008). For example, phosphorylation of four serine residues in this domain (Ser-39, Ser-339, Ser-

343 and Ser-347) by BIK1 activates RBOHD activity after flg22 treatment (Kadota et al., 2014; Li 

et al., 2014). At the same time, PHAGOCYTOSIS OXIDASE/BEM1P (PB1) DOMAIN-CONTAINING 

PROTEIN (PB1CP) can also interact with RBOHD after flg22 treatment, competing with BIK1 and 

leading to the dissociation of phosphorylated BIK1 from RBOHD (Goto et al., 2024b). In addition, 

phosphorylation of other 4 serine residues (Ser-8, Ser-9, Ser-339, and Ser-347) by the MAP4 

kinase SERINE/THREONINE KINASE 1 (SIK1) enhances ROS production by RBOHD after flg22 

treatment. SIK1 also stabilises BIK1 in the absence of flg22 through direct phosphorylation or 

indirectly through heterotrimeric G protein subunit EXTRA-LARGE GTP-BINDING PROTEIN 2 

(XLG2)  (Liang et al., 2018; Liang et al., 2016; Zhang et al., 2018).  

In addition to this role in regulating BIK1 stability, different heterotrimeric G proteins are 

also involved in the regulation of RBOHD function through different ways. For example, the Gβ 

subunit ARABIDOPSIS GTP BINDING PROTEIN BETA 1 (AGB1), similar to XLG2, associates with 

the FLS2–BIK1 receptor complex and is required for flg22-triggered ROS burst in a BIK1-

dependent mechanism (Ishikawa, 2009; Liang et al., 2018; Wang et al., 2023; Liang et al., 2016). 

Furthermore, the canonical Gα subunit G PROTEIN ALPHA SUBUNIT 1 (GPA1) constitutively 

associates with RBOHD to enhance flg22-induced ROS independently of BIK1 (Ishikawa, 2009; 

Lahong Xu et al., 2019). Beyond immunity, the heterotrimeric G proteins regulate RBOHD 
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function, for example, GPA1 mediates high-concentration CO2-induced stomatal closure through 

interacting with CARBOXIC ANHYDRASE 1 (CA1) and CA4 to promote H2O2 accumulation in A. 

thaliana guard cells (Zhang et al., 2025). Furthermore, in response to ABA GPA1 couples with 

PHOSPHOLIPASE D ALPHA 1 (PLDα1) to produce Phosphatidic Acid (PA), which binds to Arg-149, 

Arg-150, Arg-156 and Arg-157 residues of RBOHD positively regulating its activity (Zhang et al., 

2009). Briefly, PA is a phospholipid that acts as a second messenger in stress responses. It 

accumulates in plant cells in response to PAMPs (Cao et al., 2022; Kalachova et al., 2022; Kong 

et al., 2024), pathogen infection (Pst DC3000) (De Torres Zabela et al., 2002)  and hypoxic 

conditions (Fan et al., 2023; Premkumar et al., 2019; Xie et al., 2015; Zhou et al., 2022) among 

other stresses. Intriguingly, PA-activated RBOHD is more stable and remains in the plasma 

membrane after ROS production (Qi et al., 2024).  

Hence, several mechanisms are at play for the regulation of RBOHD (i) phosphorylation 

of residues at both C- and N-terminal domains, leading to RBOHD endocytosis and subsequent 

degradation; (ii) PA binding to Arg residues, leading to RBOHD retention at the plasma membrane 

and stabilisation; and (iii) Ca2+-dependent regulation mediated by Ca2+ itself, and different 

kinases such as CPK2/4/5/11 as positive immunity regulators or CPK28 as negative immune 

regulator, as outlined in Section 1.3.1.2 above (Table 1.1 and Figure 1.11).  

These mechanisms allow us to generate an up-to-date model for ROS production by 

RBOHD upon flg22 perception by FLS2. In this model, activated-BIK1 phosphorylates RBOHD at 

different residues, resulting in RBOHD initial activation and local extracellular ROS production 

(Figure 1.11). In addition, other regulators of RBOHD are thought to phosphorylate RBOHD in 

early stages of PTI, such as SIK1 or CRK2 (Figure 1.11). Once RBOHD is activated, BIK1 

dissociates from RBOHD through the action of PB1CP and together with the activation of HPCA1 

by the initial ROS production, Ca2+ channels become active and allow for [Ca2+]cyt increases to 

take place (Figure 1.11). Cytosolic Ca2+ binds the EF-hand domains of RBOHD triggering 

conformational changes. In addition, cytosolic Ca2+ also activates different Ca2+ sensors involved 

in RBOHD regulation, such as the CBL1/CIPK26 and CPK2/4/5/11/28 (Figure 1.11). The 

conformational changes triggered by Ca2+ binding, together with the post-translational 

modifications triggered by CPKs, further activate RBOHD. Afterwards, CBL1/CIPK26 and CPK5, 

and potentially other CPKs, can further phosphorylate each other to maintain ROS production by 

RBOHD  (Figure 1.11). However, there are still aspects of this model that are poorly understood, 

such as how PA-dependent activation is integrated in this model, which regulators interact with 

each other similar to CBL1/CIPK26 and CPK5 or the mechanisms that regulate the stability of 

RBOHD via internalisation or degradation after RBOHD becomes active.  
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Figure 1.11. Current models for RBOHD regulation in response to pathogens and to PAMPs. 

First, after PAMP perception, BIK1 phosphorylates RBOHD triggering an initial ROS burst, which 

triggers Ca2+ increases, triggering complete activation of RBOHD and allowing ROS burst to 

propagate to neighbouring cells. Figure adapted from Köster et al., 2025. 

 

RBOHD is also important for the onset of plant responses to hypoxia, but much less is known 

about its regulation in low O2 conditions. In addition to previously mentioned CPK16 (see also 

section 1.3.1.1 above), in response hypoxic conditions, the ERF-VIIs induce HYPOXIA 

RESPONSIVE UNIVERSAL STRESS PROTEIN 1 (HRU1) re-location to the plasma membrane, 

favouring its interaction with RBOHD (Figure 1.12) (Gonzali et al., 2015a). When interacting with 

RBOHD, HRU1 can also interact with Ras HOMOLOGOUS-LIKE SMALL G PROTEIN OF PLANTS 

(ROP2), which was previously reported to activate ROS production in hypoxic conditions (Figure 

1.12) (Baxter-Burrell et al., 2002). This data allowed us to generate a similar model for RBOHD 

function and regulation in response to hypoxia than the one in response to flg22. 
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Figure 1.12. Current model for RBOHD regulation in systemic signal initiation and 

propagation adapted for hypoxic conditions. First, hypoxia sensing, an unknown element will 

activate RBOHD, then the ROS produced triggers Ca2+ increases, triggering complete activation 

of RBOHD and allowing ROS burst to propagate to neighbouring cells. Figure adapted from Köster 

et al., 2025. 

 

However, when comparing the proposed model of RBOHD activation in hypoxic conditions and 

flg22, several mechanisms remain unclear. For example, (i) what initiates RBOHD activation 

under hypoxia, HRU1 is one plausible candidate as it monomerizes upon hypoxia when ATP levels 

decrease; (ii) are there additional Ca2+ sensors involved in RBOHD activation upon hypoxia, and 

could any of them phosphorylate CPK16, analogous to the CBL1/CIPK26 and CPK5 

phosphorylation mechanisms. Moreover, different regulators of RBOHD upon flg22 have known 

roles in hypoxia response, but their role in RBOHD regulation upon hypoxia remains 

undiscovered. Lastly, although several regulatory mechanisms of RBOHD function have been 

discovered, its function has not been clearly integrated in the most recent module of RBOHD 

regulation (Table 1.2). Integrating these modules into the most recent RBOHD regulatory models 

will clarify how individual components fit together and highlight shared convergence points that 

coordinate ROS output across contexts and therefore underline potential convergent points with 

a role in combined stress responses. 
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Table 1.2. List of regulators of RBOHD function. List of regulators of RBOHD activity whose 

function has not been studied in terms of residue-specific regulation or timely integration into the 

current model, including the functional involvement of the regulation and the studies where these 

mechanisms were discovered.  

Regulators Known 
Regulation Functional Involvement Reference 

FLS2 Interaction Enhance immune responses (Li et al., 2014) 

AGB1 Interaction and 
phosphorylation Enhance immune responses 

(Liang et al., 2016) 
XLG2/3 

Interaction and 
phosphorylation Enhance immune responses 

CPK28 Interaction Unknown (Monaghan et al., 
2014) 

RIPK 
Phosphorylation of 

Enhance immune responses (Goto et al., 2024) 
Ser-347 Ser-343 

OXI1 Interaction and 
phosphorylation Enhance immune responses (Ma et al., 2024) 

PUB2/4 Interaction Enhance immune responses (Wang et al., 2022) 

QSK1 Interaction Enhance immune responses (Goto et al., 2024) 

PLC2 Interaction Enhance immune responses (D’Ambrosio et al., 
2017) 

S-nitrosothiols S-nitrosylation of 
Cys-890 

Suppress immunity 
responses (Yun et al., 2011) 

XCP1 - CYS6 Interaction Enhance immune responses (Liu et al., 2024) 

ALR1 Phosphorylation  
of Ser-39 Heavy metal stress response (Z. J. Ding et al., 2024) 

OST1 Phosphorylation  
of Ser-347 Acclimate to high light stress (Fichman et al., 2022; 

Wang et al., 2019) 

LSK4 Phosphorylation  
of Ser-39 K+ Uptake (Wang et al., 2021) 

H2S 
S-sulfhydration of  

Stomatal closure (Shen et al., 2020) 
Cys-825 Cys-890 

DORN1 
Phosphorylation of 

Stomatal closure (Chen et al., 2017) 
Ser-22 Thr-24 

 

Taking both models for RBOHD regulation, other unanswered questions arise in terms of 

RBOHD regulation: 

(i) What are the negative regulators (e.g. protein phosphatases) of RBOHD that prevent 

excessive ROS production in stress responses. 

(ii) Are there different regulatory pathways depending on the tissue or the cell type where 

RBOHD is located. 
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(iii) Phosphorylation of RBOHD is well established, however other post-translational 

modifications (PTMs) such as ubiquitination, sumoylation, S-nitrosylation, or 

oxidation together with RBOHD stability in the plasma membrane are much less 

understood. 

(iv) How do plants integrate the different activation mechanisms when plants face 

combined stress conditions. 

  

Considering the central role of RBOHD in the response to a wide range of (a)biotic stresses 

integrating complex regulatory mechanisms which can be stress-specific or common to different 

stresses, RBOHD is one of the main and most studied convergence points that could potentially 

regulate plant responses to combined stresses, including combined PAMP/hypoxia or 

pathogen/hypoxia. 

 

1.4.3. Signalling pathways downstream of ROS production 
 

Once ROS are produced in different compartments of the plant cell, they can follow 

different pathways to activate stress responses, including protein oxidation or movement of ROS 

to neighbouring cells.  

 

1.4.3.1. A ROS wave contributes to systemic signalling 
 

ROS can propagate stress signals to neighbouring cells via RBOHD-dependent apoplastic 

ROS production in a process called “ROS wave”, which enables rapid signal transduction from 

local tissues to systemic (not-stressed) tissues. This ROS wave relies on three main mechanisms 

to propagate the ROS signal to neighbouring cells, (i) apoplastic H2O2 enters cells through 

aquaporin membrane proteins and covalently modifies cytoplasmic proteins (Dynowski et al., 

2008), (ii) apoplastic H2O2 triggers an influx of Ca2+ ions to the cytoplasm through the activation 

of HPCA1 and subsequent phosphorylation of Ca2+ channels (Figures 1.11-13) (Fichman et al., 

2022; Wu et al., 2020), or (iii) H2O2 enters neighbouring cells through plasmodesmata, which are 

channels that provide direct cytoplasmic connections between plant cells (Fichman et al., 2021). 

This cell-to-cell mode of signal propagation is evidenced by the inhibition of ROS production in 

systemic tissues when inhibitors of Ca2+ and ROS signalling were applied between systemic and 

local tissues (Miller et al., 2009).  

Moreover, other waves (Ca2+, electric and redox waves) have been identified  to coordinate 

each other through different regulators to propagate the stress signal to distal tissues in response 
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to stress conditions such as waterlogging (Peláez-Vico et al., 2024, 2023), pathogens (Dubiella et 

al., 2013; Fichman et al., 2019; Morales et al., 2016), salinity (Evans et al., 2016; Miller et al., 

2009), wounding (Fichman et al., 2019; Lew et al., 2020; Miller et al., 2009; Yosef Fichman and 

Ron Mittler, 2021), or high light (Fichman et al., 2022, 2021; Yosef Fichman and Ron Mittler, 2021) 

(Figure 1.13).  

 

Figure 1.13. Scheme of the hierarchy and known or proposed interactions between the fast-

propagated signals (waves) after stress sensing. The diagram illustrates the interconnected 

and hierarchical roles of the hydraulic, electric, Ca²⁺, ROS, and redox waves in mediating 

systemic acquired acclimation (SAA) and systemic acquired resistance (SAR). Dotted lines 

represent studied and hypothetical connections between waves and the known or proposed 

regulators of the connections. Figure from Peláez-Vico et al., 2024. 

 

Several gaps of knowledge remain in the context of systemic signalling, especially for 

combined stresses. It has nevertheless been shown that plants can integrate two different 

systemic signals simultaneously generated during stress combination (high light and heat 

stress). However, the way plants sense the different stresses that trigger these signals makes a 

significant difference to how fast and how efficiently they induce systemic ROS signals, and 

therefore plant acclimation to these combined conditions (Zandalinas et al., 2020). Little is 

known about RBOHD regulation and role in these combined ROS waves at the molecular level.  

 

1.4.3.2. ROS contribution to transcriptional changes 
 

Once ROS are produced upon stress conditions, they can react with a wide range of redox-

sensitive proteins to regulate the function, localisation, or DNA-binding capacity of downstream 
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transcription factors. Through this redox-dependent regulation, ROS links cellular redox status to 

gene expression changes in stress responses. Furthermore, this ROS-dependent transcriptional 

activation has the ability to integrate stress signals from different cell compartments such as the 

apoplast, the cytosol, chloroplast or mitochondria. One example of ROS-dependent regulation 

of transcriptional changes is the indirect transcriptional upregulation of several HRGs upon 

hypoxia by RBOHD and RBOHF, such as ADH1, PDC1, MYB2, SUS1/4, HEAT STRESS 

TRANSCRIPTION FACTOR (HSFA2) or HEAT SHOCK PROTEIN 18.2 (HSP18.2) (Liu et al., 2017). 

This is evidenced by the transcriptional downregulation of HSF2A in the rbohd mutant in 

comparison with wild type plants in response to anoxia (Liu et al., 2017). In another study in which 

hypoxia and ROS responsive transcriptomic datasets were compared, HSFA2 and HSP22 were 

identified as genes transcriptionally induced in response to ROS and hypoxia (Pucciariello et al., 

2012). Several genes from HSF and HSP families were also shown to be induced in response to 

mitochondrial malfunction (Kuzmin et al., 2004; Miller and Mittler, 2006), suggesting that not only 

RBOHD-dependent ROS production, but also mitochondrial ROS regulate transcriptional 

changes during hypoxia, underpinning ROS role as integrators of stress signalling pathways. 

In addition, RBOHD acts as a central regulator linking early ROS production to 

transcriptional immune reprogramming, yet its regulatory role has not been extensively studied. 

In response to flg22, RBOHD-dependent ROS production modulates the expression of oxidative 

stress and secondary metabolism genes such as PRX34, CYP71A12, CYP79B2, CYP81B2, and 

MYB51 (Daudi et al., 2012), and is required for induction of NHL10 in distal tissues after flg22 

treatment (Dubiella et al., 2013). Furthermore, chemical inhibition of RBOHD activity by spermine 

reduces expression of early PTI marker genes such as WRKY22, WRKY29, FRK1 and NHL10 (Zhang 

et al., 2023). However, another study showed lack of involvement of RBOHD in the transcriptional 

regulation of the same PTI marker genes (Macho et al., 2012; Yuan et al., 2021). These contrasting 

findings highlight how different experimental approaches to study RBOHD function can change 

the transcriptional outputs of the experiments, where one approach could allow for 

compensatory mechanisms (ROS produced in other sources of the plant cell such as RBOHF or 

mitochondria). Similarly, PR1 expression is enhanced in rbohD plants upon Pst DC3000 hrcC 

infection (Kadota et al., 2015), although other studies reported no effect of RBOHD on PR1 

induction following flg22 perception (Smith et al., 2014). These studies suggest that RBOHD 

regulation of immunity-related genes is highly dependent on the context of the immune response. 

Altogether, these studies highlight the role of ROS in the regulation of transcriptional 

changes in response to hypoxia and PAMPs, but further study is needed on this topic to 
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understand how different ROS signals are integrated into transcriptional changes during 

combined hypoxia and flg22 combined stress responses.  

 

1.4.3.3. Protein oxidation by ROS 
 

Once ROS accumulates in plant cells, they affect the redox state of many proteins 

through oxidative post-translational modifications, activating, modifying or integrating multiple 

stress-response signal transduction pathways, redox regulation or metabolic pathways. One of 

the main mechanisms involves the reaction of ROS with the thiol group of cysteine (Cys) and 

methionine (Met) residues. However, the presence of positively charged residues or hydrogen 

bonds, also influences protein reactivity to ROS (Zaffagnini et al., 2016). Oxidation of proteins 

involved in signal perception and transduction include the oxidation of two cysteine residues 

(Cys421 and Cys424) located in the extracellular domain of the LRR receptor kinase HPCA1. 

These cysteine residues are oxidised in response to pathogen infection to activate plasma 

membrane-localised Ca2+ channels and propagate the ROS and Ca2+ waves to from local to distal 

tissues (Fichman et al., 2022; Wu et al., 2020).  

Proteins involved in redox regulation are themselves susceptible to oxidative modifications, 

including ASCORBATE PEROXIDASEs (APXs), which act as ROS-scavenging enzymes (Kubo et al., 

1992). Among them, cytosolic APX1 is a central component of ROS signalling, as its activity is 

regulated by ROS during developmental transitions such as bolting  (Zimmermann et al., 2006) or  

in response to both individual (Davletova et al., 2005)  and combined stress conditions 

(Koussevitzky et al., 2008; Zandalinas et al., 2021, 2016). Oxidation of proteins regulates 

metabolic pathways such as glycolysis and photosynthetic carbon assimilation with the 

oxidation of NAD-dependent GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE 1 (GAPC1) 

in response to H₂O₂ (Vescovi et al., 2013) and flg22 treatment (Henry et al., 2015). Indeed, ROS 

oxidation of the catalytic cysteine residue (Cys149) of GAPC1 results in the loss of GAPC1 

enzymatic activity, resulting in its translocation to the nucleus and subsequent interaction with 

different transcription factors, where it can regulate defence-related gene expression. However, 

no role of GAPC1 has been studied in hypoxia responses, which could be relevant, as primary 

metabolism is severely affected by the decrease in O2 levels. 

Altogether, the role of ROS as second messengers is a crucial component of stress 

responses. Their ability to regulate redox and metabolic signalling in response to different 

stresses establishes them as key convergent points during plant stress responses and therefore, 

potential regulators of combined stress conditions.  
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1.5. Importance of MAPK cascades in response to hypoxia and 
immune signalling 

 

The mitogen-activated protein kinase (MAPK) cascade is a key signal transduction 

pathway that contributes to plant responses to a wide range of signals, including developmental 

cues and environmental stresses (Arthur and Ley, 2013; Kumar et al., 2020; Zhang and Zhang, 

2022). The ubiquitous role of MAPK cascades have made them interesting candidates as 

components that could integrate different extracellular signals into cue-specific targets (Ma et 

al., 2024). MAPK cascades involve serine/threonine protein kinases that interact and activate 

each other in a sequential and hierarchical manner, starting with MAP KINASE KINASE KINASEs 

(MAPKKKs or MEKKs; 60 members in A. thaliana) that are activated by phosphorylation, and then 

interact and phosphorylate different MAP KINASE KINASEs (MAPKKs or MKKs), of which there are 

10 members in A. thaliana. Activated MAPKKs then phosphorylate subsets of MAP KINASEs 

(MAPKs or MPKs), with 20 MPKs identified in A. thaliana (Ma et al., 2022). This last kinase 

component phosphorylates a wide range of targets with different biochemical functions, 

including TFs (Figure 1.14). 

 

Figure 1.14. Mode of action of MAPKs in response to developmental or stress cues. MAPK 

cascades consist in the phosphorylation of MAPKKKs downstream of stress perception. MAPKKK 

phosphorylate MAPKKs, which subsequently phosphorylate MAPKs. MAPKs will phosphorylate 

several target proteins, including TFs, that regulate plant acclimation to abiotic stresses and 

defence responses. Figure from Wang and Gou, 2020. 
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One of the main challenges in MAPK signalling is to elucidate how the specificity of the 

signal received by the MAPKKKs is transduced to the substrates of the MPKs to activate a cue-

specific response. In the stress response context, although the specific molecular mechanisms 

are unknown, it is known that this specificity is given by (i) the spatiotemporal-specific expression 

of the stress sensing machinery, which determines when and in which cells the MAPK cascade is 

activated; (ii) the interaction between MAPK cascade elements and second messengers; (iii) the 

interactions between different components of MAPK cascades; and (iv) the availability and 

function of the MAPK substrates, however, only some of them have been identified and studied 

(Dhatterwal et al., 2024).  

 

1.5.1. Activation of MAPK cascades in response to flg22 or hypoxia 
 

In A. thaliana, the first evidence of MAPK signalling demonstrated the activation of 

MPK3/MPK6 in a receptor-ligand-dependent manner during PTI, in response to flg22 sensing by 

FLS2 (Asai et al., 2002). In the context of both flg22 and plant pathogen infection, arguably one of 

the best understood MAPK cascades is the MKKK3/5–MKK4/5–MPK3/6 pathway, which was first 

discovered when MKK4 and MKK5 were identified as the upstream kinases of MPK3 and MPK6 in 

A. thaliana (Asai et al., 2002; Ren et al., 2002). MKKK3/5 were subsequently identified as the 

upstream kinases of MKK4 and MKK5 in response to flg22 (Bi et al., 2018; Sun et al., 2018). 

However, additional unidentified MKKKs are likely involved in the activation of MPKs, as MPK3/6 

phosphorylation was not completely abolished in mapkkk3 mapkkk5 double mutants upon PAMP 

perception (Bi et al., 2018). Additionally, MPK6 can phosphorylate MKKK5, enhancing MPK3/6 

activation and disease resistance, suggesting that MAPK cascades are not strictly linear, but 

instead can include regulatory feedback loops that amplify signalling outputs (Figure 1.15) (Bi et 

al., 2018). The connection between PRRs and the activation of MAPKKKs after PAMP perception 

were partially discovered more recently, as analysis of various high-order mutants for six 

members of RLCK VII-4 subgroup (PBL19, PBL20, PBL37, PBL38, PCRK1, and PCRK2) showed 

that these RLCKs play crucial roles in the activation of MAPK signalling during PTI. However, MPK 

phosphorylation still occurs in the rlck vii-4 sextuple mutant backgrounds tested, suggesting that 

additional RLCKs likely contribute to the activation of MAPK signalling during PTI (Bi et al., 2018; 

Rao et al., 2018; Tian et al., 2021).  

Another important MAPK cascade in the context of plant immunity is the MEKK1–MKK1/2–

MPK4/11 pathway, which was first discovered when a study demonstrated that MPK4 plays a 

negative role in plant immunity suppressing salicylic acid (SA)-dependent defence signalling 

(Berriri et al., 2012; Brodersen et al., 2006; Morten Petersen et al., 2000; Qiu et al., 2008). In 
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addition, MPK11, a close homolog of MPK4, was also found to be activated after PAMP treatment 

(Bethke et al., 2012). Subsequently, MEKK1 was identified as the upstream MAPKKK of MPK4 

(Ichimura et al., 2006; Nakagami et al., 2006; Suarez-Rodriguez et al., 2007), followed by the 

discovery that MKK1 and MKK2 acted downstream of MEKK1 and upstream of MPK4 (Figure 1.15) 

(Gao et al., 2008; Qiu et al., 2008). Interestingly, the MEKK1–MKK1/2–MPK4/11 pathway was also 

shown to be activated by H2O2 treatment (Nakagami et al., 2006), in contrast to the MKKK3/5–

MKK4/5–MPK3/6 cascade which is not regulated by H2O2 after flg22 treatment (Xu et al., 2014). 

Both hypoxia and reoxygenation activate the two MAPK cascades outlined above. In 

addition, upon submergence stress, PA binds to MPK3 and MPK6, activating them (Figure 1.15) 

(Zhou et al., 2022). However, only the MKKK3/5–MKK4/5–MPK3/6 pathway is activated by 

mitochondrial ROS produced under hypoxic conditions, which is evidenced by activation of 

MPK3/6 after treatment with the mETC inhibitors antimycin A (AA) and potassium cyanide (KCN) 

(Figure 1.15)  (Chang et al., 2012). These studies demonstrate that MAPK cascade elements not 

only depend on upstream phosphorylation events in the cascade, but also on second 

messengers generated during stress. 

 

 

Figure 1.15. Different modes of MAPK cascade activation during either hypoxia or immune 

responses. The two main MAPK cascades downstream of PAMP and hypoxia sensing are 

depicted, including regulatory mechanisms. 

 

Altogether, these findings highlight the complexity of MAPK cascades activation in plant 

stress responses. The involvement of multiple signals downstream of the stress sensing 

machinery that activate MAPK cascades such as different RLCKs, mitochondrial ROS or PA 
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suggests a potential role of MAPKs as convergent points of hypoxia and flg22 responses, 

potentially coordinating the integration of stress signals upon combined stress. 

 

1.5.2. MAPK signalling activates regulators of hypoxia and immune 
responses 

 

Once MPKs are activated in response to stress, they phosphorylate a wide number of targets with 

different biological function that regulate stress response pathways. The known substrates of 

MPK3/4/6 are summarized in Table 1.3. 

 

Table 1.3. List of known substrates of MPK3/4/6 that are relevant in the context of hypoxia and 

PAMP or pathogen infection. 

MPK Target Functional Involvement Reference 

MPK3/4/6 CAMTA3 Suppress plant immune responses (Jiang et al., 2020) 

MPK3/6 

PLDα1 Plant Hypoxia Response (Zhou et al., 2022) 

RAP2.12 (ERF74) Plant Hypoxia Response (Zhou et al., 2022) 

ASC2/6 Enhance plant immune responses 
(Han et al., 2010; Liu 

and Zhang, 2004) 

EIN3 Enhance ethylene signalling (Yoo et al., 2008) 

ERF1a Suppress plant immune responses (Wang et al., 2022) 

ERF5 Enhance plant immune responses (Son et al., 2012) 

ERF6 
Enhance plant immune and 

oxidative responses 

(Meng et al., 2013; 

Wang et al., 2013; Xu 

et al., 2016) 

MAPKKK5 Enhance plant immune responses 
(Bi et al., 2018; Wang 

et al., 2024) 

MVQ1 Enhance plant immune responses (Pecher et al., 2014) 

MYB44 Enhance plant immune responses (Wang et al., 2023) 

PTI1-4 Only interaction known (Forzani et al., 2011) 

PHOS32 Enhance plant immune responses 
(Merkouropoulos et 

al., 2008) 

RAP2.3 (ERF72) Enhance plant immune responses (Li et al., 2022) 

VLN3 Enhance plant immune responses (Zou et al., 2021) 
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WRKY7 

Enhance plant immune responses (Adachi et al., 2015) 
WRKY8 

WRKY11 

WRKY9 

WRKY18 Enhance plant immune responses (Wang et al., 2023) 

WRKY33 Enhance plant immune responses 

(Mao et al., 2011; Qiu 

et al., 2008; Ren et al., 

2008; Zhou et al., 

2020) 

WRKY46 Enhance plant immune responses (Sheikh et al., 2016) 

WRKY62 Only interaction known (Popescu et al., 2009) 

ZAT10 Only interaction known (Nguyen et al., 2012) 

MPK3 
MYB4 Enhance plant immune responses (Lin et al., 2022) 

VIP1 Enhance plant immune responses (Djamei et al., 2007) 

MPK4 

C3H14 Enhance plant immune responses (Wang et al., 2022) 

ERF8 
Enhance plant immune responses 

and ABA signalling 
(Cao et al., 2018) 

MEKK1 Enhance plant immune responses (Bi et al., 2018) 

MPK6 ERF104 Enhance plant immune responses (Bethke et al., 2009) 

 

Among MPK substrates, there are several transcription factors of the WRKY family, which 

are key regulators of stress responses, as outlined previously in section 1.4.2.2 above. WRKY33 

is arguably one of the best studied substrates of MAPK signalling, and is well-established as a key 

regulator of plant immunity and defences against pathogens (Chen et al., 2025; Chen and Zhang, 

2024; Zheng et al., 2006). In response to pathogens, WRKY33 is rapidly activated and translocates 

to the nucleus, where it binds to specific W-box elements in the promoter of target genes, 

transcriptionally inducing genes involved in the synthesis of secondary metabolites, such as 

camalexin, and in the modulation of hormone signalling pathways, including jasmonic acid (JA) 

and ethylene (ET), which are two key hormones involved in pathogen responses (Birkenbihl et al., 

2012; Zheng et al., 2006) as well as hypoxia responses (Hartman et al., 2021; Shukla et al., 2020). 

WRKY33 has been shown to be directly phosphorylated by MPK3/6 at Ser-54, Ser-59, Ser-65, Ser-

72, and Ser-85 in response to B. cinerea infection, and then regulates the expression of camalexin 

biosynthesis genes and SAR-related genes (Mao et al., 2011; Wang et al., 2018). This 

phosphorylation of WRKY33 by MPK3/6 was later shown to enhance WRKY33’s transactivation 
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activity and further induce camalexin biosynthesis (Zhou et al., 2020). MPK4 also regulates 

WRKY33 by forming a trimeric complex together with MAP KINASE SUBSTRATE 1 (MKS1) in the 

nucleus, inhibiting WRKY33 activity. However, when MPK4 is phosphorylated upon PAMP 

perception, it phosphorylates MKS1 on multiple sites triggering the release of WRKY33 from the 

complex, and activating the expression of its target genes (Figure 1.16) (Andreasson et al., 2005; 

Caspersen et al., 2007; Qiu et al., 2008).  

In hypoxic conditions, few MPK substrates have been identified. Submergence activates 

PLDα1 and PLDδ, which hydrolyse phosphatidylethanolamine (PE) to generate PA and activates 

MPK3/6 (Xie et al., 2015). Once activated, MPK3/6 phosphorylate the ERF-VII RAP2.12 to activate 

its transcriptional activity of downstream HRGs and PLDα1 and PLDδ enzymes to reduce their 

protein levels, thus inhibiting submergence-induced PA accumulation as a part of a feedback 

regulatory loop (Figure 1.16) (Li et al., 2022). Other ERF-VII identified as a MPK3/6 substrate is 

RAP2.3, and is involved in both hypoxia and pathogen responses. Specifically, MPK3/6 

phosphorylates  RAP2.3 at Ser-151, which allows this ERF-VII to up-regulate PAD3, CYP71A13 and 

WRKY33, resulting in increased camalexin biosynthesis in response to B. cinerea (Li et al., 2022).  

In addition MPK3/6 substrates also play roles in hormonal regulation of stress responses, as the 

EIN3 TF is phosphorylated by MPK3/6 at Thr-174, promoting EIN3 stability and boosting ethylene-

responsive transcription (Figure 1.16)  (Yoo et al., 2008). MPK3/6 also directly phosphorylate 

ACS6, reducing its turnover and contributing to the regulation of ethylene synthesis (Figure 1.16) 

(Han et al., 2010; Joo et al., 2008; Li et al., 2012; Liu and Zhang, 2004). Considering the important 

roles of ethylene in both hypoxia and pathogen responses (Hartman et al., 2021; Shekhawat et 

al., 2023), these regulatory mechanisms could be of importance when plants experience the two 

stresses simultaneously. 
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Figure 1.16. Summary of MPK targets relevant to either hypoxia or pathogen responses. 

Following their activation, MPKs phosphorylate a wide range of substrates (Table 1.3) involved in 

either pathogen or hypoxia responses and hypoxic conditions, such targets are mainly involved 

in ethylene biosynthesis, secondary metabolite production and signal transduction. In addition, 

most of the identified MPK targets are transcription factors, establishing transcriptional 

activation, the main signalling event downstream of MPKs. 

 

As with the other signalling pathways discussed above, the roles of MAPK signalling have 

been mostly studied under individual stress conditions. However, a recent study from our 

laboratory highlighted differential phosphorylation of MPK3/6 under combined hypoxia/flg22 

treatment compared to flg22 treatment alone. Specifically, applying at the same time hypoxia and 

flg22 resulted in significantly lower levels of MPK3/6 phosphorylation compared to treatment with 

flg22 alone (Mooney et al., 2024). This finding strongly suggests that MAPK signalling via MPK3/6 

could play an important role in mediating plant responses to combined hypoxia/flg22.  

 

1.6. Hypoxia and immune responses share transcriptional 
regulators and changes 

 

Plants exposed to hypoxia, pathogens or PAMPs undergo extensive transcriptional 

reprogramming, with the hypoxia transcriptional response being centred on anaerobic 

metabolism and energy conservation, while PTI or pathogen-associated gene expression 

changes activate immune and defence-related pathways that lead to physical changes, such as 
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stomatal closure or callose deposition, as well as chemical changes (e.g. the synthesis of 

secondary metabolites and anti-microbial molecules). While hypoxia and immune 

transcriptional responses are different, some of the TFs that contribute to the reprogramming of 

gene expression are common to both, and there is overlap in the transcriptional response 

programs to hypoxia and to flg22 (Mooney et al., 2024). In the following sections, I will discuss the 

roles and regulatory mechanisms of specific transcription factor families involved in both hypoxia 

and flg22-induced signalling pathways, because of their potential relevance in the context of 

combined hypoxia/flg22 stress. 

 

1.6.1. Transcriptional response programmes to hypoxia, flg22 and 
combined treatment 

 

At the single-cell level, Liu et al., 2023 showed an overlap between hypoxia and immunity 

transcriptional responses. Gene ontology analysis revealed that genes involved in hypoxia 

signalling were upregulated in almost all cell types in response to the activation of innate 

immunity. Subsequent analysis indicated that hypoxia signalling interacts with immune response 

signalling and plays a role in the development of immune response-induced cells (IMC). 

Transcription factor network analysis and subsequent loss-of-function analysis revealed that the 

TF APETALA2/ETHYLENE-RESPONSIVE 13 (ERF13) plays an important role in regulating IMC 

differentiation both in innate immunity and hypoxia. Nobori et al., 2025, also showed the overlap 

between hypoxia and immunity transcriptional programs at single-cell level. Marker genes of 

clusters identified for mesophyll (clusters 3, 7 and 11) and epidermis (cluster 12) cell populations 

were enriched with defence-related and decreased oxygen levels genes. Furthermore, this study 

previously uncharacterized transcription factor, GT-3A, which contributes to plant immunity. 

Consistently, genes downregulated in a bystander cluster of gt3a-KO mutants (vs. WT) were 

enriched for “response to hypoxia” and “response to decreased oxygen levels”. These studies 

highlight that hypoxia-associated programs are co-activated with PTI, with TFs ERF13 and GT-3A 

emerging as regulators that potentially integrate hypoxia-stress and defence responses. 

Additionally, meta-Analysis of RNA-seq datasets from A. thaliana and Rice (Oryza sativa) under 

hypoxia, revealed that in Arabidopsis, gene set enrichment analysis showed that hypoxia-

inducible upregulated genes were enriched for immunity-related terms, including defence 

responses to fungi and bacteria. This analysis also allowed for the identification of hypoxia-

induced genes that had previous known roles in plant immunity, such as WRKY33/46/53 or 

CYP73A5 (Tamura and Bono, 2022). Whole plants transcriptomics and meta-analysis carried out 

by Mooney et al., 2024 showed that transcriptional responses to individual stresses hypoxia and 
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flg22 substantially overlap, as GO terms for “response to oxygen levels/hypoxia” are enriched 

within flg22 transcriptomic datasets, and hundreds of genes are co-regulated by both stresses. 

Furthermore, combined hypoxia/flg22 treatments displayed substantial increase in 

transcriptional changes compared to hypoxia and flg22 individual stresses, indicating that the 

combined stress elicits a distinct transcriptional response. Analysis of individual genes upon 

combined hypoxia/flg22 treatments demonstrated transcriptional downregulation of EFR, FLS2 

and MYB51. Additionally, Hsu et al., 2013 observed the transcriptional upregulation of several 

innate immunity marker genes (e.g. WRKY29, FRK1 and PHI1) by submergence.  

Taken together, these studies position oxygen availability as a core regulator of plant 

immunity, as hypoxia-associated transcriptional programs are co-activated with PTI across cell 

types and shape immune and defence transcriptional outputs. At the network level, this crosstalk 

results in a specific combined-stress transcriptome, that can potentially be caused by the 

function of different regulators; the following section highlights candidate regulators and 

mechanisms underlying this crosstalk. 

 

1.6.2. Some transcription factors have dual roles in response to 
hypoxia or flg22/pathogens 

 

1.6.2.1. ERF-VII transcription factors are involved in both hypoxia and defence responses 
 

In recent years, several members of the ERF-VII family have been shown to play roles in the 

regulation of plant defences against pathogens, in addition to their well-known functions in plant 

responses to hypoxia. For example, through the study of Arg/N-degron pathway mutants, it was 

found that the constitutive accumulation of the ERF-VIIs in these mutant plants contributed to 

their increased susceptibility to the pathogen Plasmodiophora brassicae (Gravot et al., 2016). 

Interestingly, the ERF-VIIs were also proposed to play roles in the formation of galls during 

infection by the bacterial pathogen Agrobacterium tumefaciens, as erf-VII quintuple mutant 

plants showed reduced gall development (Kerpen et al., 2019). The roles of the TFs ERF-VIIs in 

this context may be linked to their function as regulators of hypoxia response, as gall formation 

triggers a hypoxic environment. The fungal pathogen Botrytis cinerea has also been shown to 

trigger the formation of local hypoxic niches during infection. This appears to be the result of 

increased respiration at the site of infection, leading to a drop in O2 levels, which is evidenced by 

the transcriptional upregulation of HRGs such as HRE2 or PCO1 and the stabilization of RAP2.12 

in the nucleus upon B. cinerea infection (Valeri et al., 2021). In agreement with this, the ERF-VIIs 

have been implicated in defence responses against B. cinerea. For example, RAP2.2 is 
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transcriptionally induced by B. cinerea infection and overexpression of RAP2.2 in Arabidopsis 

resulted in increased resistance to B. cinerea (Zhao et al., 2012). More recently, during B. cinerea 

infection, the OCTADECANOID-RESPONSIVE ARABIDOPSIS 59 (ORA59) TF was found to interact 

with ERF-VIIs and repress their activity (except for HRE2), resulting in reduced induction of HRGs 

such as ADH1, a hypoxia response marker gene whose role is to maintain cellular energy 

production converting acetaldehyde to ethanol during anaerobic fermentation (Brunello et al., 

2024; Pré et al., 2008). Specifically, the interaction between ORA59 and RAP2.3 in the nucleus is 

important for ORA59 positive role in ethylene-regulated responses, which could be involved in 

hypoxia responses (Kim et al., 2018; Pré et al., 2008). The ERF-VII RAP2.12 also appears to have 

roles in the regulation of salicylic acid (SA) as RAP2.12 binds directly to the SALICYLIC ACID 

INDUCTION DEFICIENT 2 (SID2) promoter, which codes for one of the main enzymes in the SA 

biosynthesis pathway, and activates its transcription (Koo et al., 2024).  

The HRE1 and HRE2 ERF-VIIs could also play dual roles in the regulation of hypoxia and defence 

responses, as they regulate the expression of target genes that have roles in both hypoxia 

response and pathogen defence. A good example is the link between HRE1 and RBOHD. 

Specifically, HRE1 is transcriptionally regulated by ROS produced by RBOHD in hypoxic 

conditions (Liu et al., 2017; Yang, 2014; Yang and Hong, 2015). In addition, as a negative feedback 

loop in hypoxic conditions, hre1 mutant plants have increased expression of RBOHD in response 

to hypoxia, therefore, HRE1 may act as a negative regulator of ROS production in hypoxia (Yang et 

al., 2017a). This role of HRE1 could, especially in the context of pathogens that trigger local 

hypoxic niches, affect plants’ ability to defend themselves against those pathogens. However, 

these mechanisms have not been studied upon pathogen infection. In addition, HRE2 is up-

regulated by both hypoxia and B. cinerea, but not by flg22 treatment (possibly because PAMPs do 

not appear to induce the formation of hypoxic microenvironments) (Valeri et al., 2021). 

Intriguingly, HRE2 is the only ERF-VII that does not interact with ORA59, and consequently, its 

potential role in pathogen responses may not be negatively affected by this TF (Brunello et al., 

2024). When the ERFVIIs are stabilised and locate to the nucleus, they will trigger the expression 

of several hypoxia- and pathogen-related genes shown in Figure 1. 17 (Li et al., 2022; Tang et al., 

2021; Yang et al., 2017; Zhao et al., 2012). 
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Figure 1.17. Summary of potential roles of ERF-VIIs in plant immunity and defences against 

pathogens. RAP2.12 induces SID2 and RBOHD to trigger SA biosynthesis and ROS production, 

respectively. RAP2.2 induces PDF1.2 to trigger ethylene signalling, and induces ChiB and 

WRKY33 to trigger plant immunity. RAP2.3 induces WRKY33, PAD3 and CYP71A13 to trigger plant 

immunity and camalexin production. HRE1 induces GR1 and CAT3 to trigger redox regulation and 

inhibit RBOHD expression to regulate ROS production. 

 

In sum, the master regulators of hypoxia response, the ERF-VIIs play dual roles in 

mediating both hypoxia response and defences against pathogens. Roles in the latter may be 

linked to the formation of local hypoxic niches at the site of infection by some pathogens such as 

B. cinerea, or in galls. Overall, many open questions remain regarding the molecular mechanisms 

that could underpin a role of ERF-VIIs in the regulation of plant defences against pathogens, as 

well as in mediating aspects of immune responses, including PTI and ETI (Figure 1.17). 

 

1.6.2.2. WRKY transcription factors have dual roles in hypoxia and immunity 
 
WRKY transcription factors are one of the largest families of transcriptional regulators in plants 

(Rushton et al., 2010). Their defining feature is the presence of an N-terminal DNA-binding WRKY 

domain that recognises the W-box (TTGACC/T) (Rushton et al., 1996). Some members of the 

WRKY family, such as WRKY33, also bind to non-W-box motifs, such as the TC Box (TCTCTC) 

(Zhang et al., 2021). As mentioned in section 1.3.3.2 above, WRKY33 is regulated by MPK3/6 and 

is involved in response to B. cinerea via its ability to regulate camalexin biosynthesis and 

phytohormone signalling (Birkenbihl et al., 2012; Zheng et al., 2006). Interestingly, the ERF-VII 

RAP2.3 contributes to camalexin biosynthesis during pathogen infection, in part through the 
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promoter binding and transcriptional activation of WRKY33 (Figure 1.17) (Li et al., 2022). In 

addition to its known roles during pathogen infection, WRKY33 is also considered to be a HRG 

that contributes to hypoxia response together with WRKY12 at least in part by binding to the 

promoter of RAP2.2, activating its transcription and promoting the activation of the hypoxia 

response program (Figure 1.17) (Tang et al., 2021). The roles of WRKY33 and its links with ERF-

VIIs during either infection or submergence/hypoxia, suggest that WRKY33 may play a role in 

regulating plant responses to pathogens under hypoxic or flooding conditions. However, WRKY33 

target genes have been identified mostly in response to pathogens, and little is known about its 

target genes during hypoxia treatment or submergence (Figure 1.18 and Table 1.4). 

 

Table 1.4. Identified WRKY33 targets in response to pathogens or hypoxic stresses that might be 

potentially involved in the molecular crosstalk between both stresses. 

Target Functional Involvement Reference 

ACS2/6 Redox Potential 
(Datta et al., 2015;             

Li et al., 2012) 

RAP2.2 Submergence responses (Tang et al., 2021) 

PEPR1 
Plant immune responses (Birkenbihl et al., 2017) 

PROPEP2/3 

CYP71A13 

Plant immune responses (Birkenbihl et al., 2012) 
ORA59 

GLIP1 

JAZ8/10 

RBOHD Plant immune responses (Zhao et al., 2020) 

PAD3 Plant immune responses 
(Birkenbihl et al., 2012; 

Mao et al., 2011) 

YDD4/5/6/7/11/13/15/17/26 Plant immune responses (Cai et al., 2021) 

 

To date, the only WRKY transcription factor with a demonstrated role in mediating the 

crosstalk between submergence and pathogen response is WRKY22. This WRKY TF is 

transcriptionally upregulated in response to both pathogen infection (Jiang et al., 2024; Macho et 

al., 2012; Yuan et al., 2021) and submergence (Hsu et al., 2013). In response to flg22, WRKY22 

directly regulates the expression of FRK1 (Asai et al., 2002) and it has a similar role during 

infection by the pathogen Verticillium dahliae (Gkizi et al., 2016). Hsu et al. showed that pre-
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treating plants with submergence prior to inoculation with the bacterial pathogen Pseudomonas 

syringae, resulted in increased resistance to this pathogen compared to plants that had not 

experienced submergence pre-treatment. Notably, the use of wrky22 mutants showed that this 

transcription factor was essential in mediating this waterlogging-induced increase in defence 

against P. syringae (Hsu et al., 2013). In addition, these authors showed that submergence could 

induce, in a WRKY22-dependent manner, the expression of PTI-associated genes, such as for 

example FRK1 (Figure 1.18) (Hsu et al., 2013). 

Perhaps another WRKY TF to consider for the potential crosstalk between hypoxia and 

defence responses is WRKY70, which is a well-known regulator of SA-dependent immunity and 

suppressor of JA-responsive genes, thereby modulating resistance to different pathogens (Hu et 

al., 2012; Li et al., 2017, 2006; Ülker et al., 2007). Beyond this role in plant immunity, Lou et al., 

2022 demonstrated that WRKY70 binds to the WT-box and W-box motifs present in the promoter 

of RAP2.12, thus potentially linking this TF to hypoxia response (Figure 1.18). 

 

Figure 1.18. Dual roles of regulators of plant defences against pathogens in hypoxia 

response. WRKY33 induces RAP2.2 to trigger HRGs expression, including ACS2/6 and RBOHD. 

WRKY22 up-regulates FRK1, WRKY53, and WRKY49 thus playing a role in plant immunity. WRKY70 

induces WRKY33 to trigger plant immunity. 

 

In sum, some TF families, such as the ERF-VIIs and WRKYs have dual roles downstream 

of hypoxia sensing or pathogen/PAMP perception. This dual function is the outcome of (i) their 

activation by signal transduction pathways that are involved in relaying information downstream 
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O2 sensing or pathogen perception and (ii) their mutual regulation. How their target genes overlap 

is another important question to establish links between the genome-wide transcriptional 

reprogramming that takes place in response to the individual stresses, and more importantly 

when plants might activate immune and defence responses while also experiencing hypoxia. 

 

1.7. Hormone signalling also integrates multiple stress signals and 
contributes to transcriptional reprogramming 

 
In response to stresses, phytohormone signalling pathways are also activated and contribute to 

the gene expression changes that enable a cue-specific response. Phytohormones work as 

regulatory molecules, functioning at very low concentrations in a local or systemic way. The 

molecular pathways triggered by phytohormones rarely act in isolation, and instead, form a 

complex web of synergistic and antagonistic interactions that integrate environmental and 

developmental cues. In response to hypoxia or pathogens/PAMPs, the most studied (and 

probably relevant) interactions among phytohormone signalling pathways involve ET, JA and SA 

signalling, with ET playing a particularly important role. During submergence, ET entrapment due 

to low gas diffusion is one of the earliest signals perceived by the plant (Hartman et al., 2019a), 

and it regulates adaptative traits such as aerenchyma formation, adventitious root initiation or 

shoot elongation. In the context of plant defences against necrotrophic pathogens (which trigger 

cell death in the early stages of infection and feed on the dead tissue), ET acts synergistically with 

JA signalling and ET can act antagonistically to SA signalling, regulating defences against 

biotrophic pathogens (which feed on living tissue) (Li et al., 2019; Mur et al., 2013; Yang et al., 

2015). Intriguingly, the necrotrophic pathogen B. cinerea was shown to trigger hypoxic niches at 

the site of infection (Valeri et al., 2021). Hence, when plants face hypoxic conditions together with 

a pathogen infection, ethylene could mediate the molecular crosstalk between plant responses 

to both stresses, through the control of its biosynthesis and of ET-dependent transcriptional 

regulators, which could act as points of convergence between hypoxia and pathogen response.  

 

1.7.1. ET biosynthesis is an important regulatory step 
 

The regulation of ET biosynthesis is a key step in controlling downstream ET signalling and 

gene expression changes, because ET is a gas and it cannot be conjugated. Several elements of 

ET biosynthesis act as convergence points between hypoxia and pathogen stresses. In the first 

reaction of ET biosynthesis, S-adenosyl-L-methionine (SAM) is transformed into the ET precursor 

1-aminocyclopropane-1-carboxylic acid (ACC) by ACC Synthase (ACS) enzymes (reviewed in 
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Pattyn et al., 2021). In A. thaliana, ACS enzymes belong to a multigene family of 12 members, 

divided in three major groups based on their C terminal domains: type 1 (ACS1/2/6) has MAPK 

and CPK target sites, type 2 (ACS4/5/8/9) has CPK and E3 ligases binding sites and type 3 

(ACS7/11) has no target sites (reviewed in Yoon, 2015). In the second step of ET synthesis, ACC is 

transformed into ET by the 5 ACC oxidase (ACO) enzymes in Arabidopsis (Figure 1.19)  (reviewed 

in Pattyn et al., 2021). 

During the activation of pathogen defence responses, WRKY33 has been shown to bind 

to the promoter of ACS2/6 to activate their expression (Table 1.4), together with that of ACO1 

(Datta et al., 2015), while WRKY29 binds to the W-boxes present in the promoters of ACS5/6/8/11 

and ACO5 to regulate ET biosynthesis (Wang et al., 2023). In addition, ACS2/6 are indirectly 

negatively regulated by ETHYLENE RESPONSE FACTOR 1A (ERF1A) in response to B. cinerea. 

ERF1A acts downstream of B. cinerea-induced ET signalling, establishing a negative feedback 

loop in which ET regulates its own biosynthesis during the onset of plant responses to pathogens. 

In addition, one potential convergence point of hypoxia and flg22 signalling, MPK3/6, directly 

phosphorylate ERF1A at Thr-116 and Ser-134 residues to enhance its transcriptional activity, 

suggesting different roles of MPKs in ET biosynthesis regulation, having enhancing roles through 

the phosphorylation of WRY33 and ACS2/6, and having negative roles through the 

phosphorylation of ERF1A (Figure 1.19)  (Wang et al., 2022).  

During hypoxia, ET synthesis is regulated through different pathways. First, 4 of the 12 ACS genes, 

ACS2/6/7/9, are induced following three different patterns: for ACS9 hypoxic induction, ET is 

needed, but not sufficient; for ACS2 hypoxia-dependent induction in roots, ET production has an 

inhibitory effect, and lastly, ET has no effect on the hypoxic induction of ACS6 and ACS7 (Peng et 

al., 2005). One mechanism for ACS7 induction was discovered by Yang and Hong, 2015, in which 

ACS7/8 are induced during hypoxic stress in a RBOHD-dependent manner. Another example of 

hypoxia-dependent transcriptional upregulation of ET biosynthesis is via the MYB30 TF, which 

contributes to plant response to submergence by repressing ACS7 expression and consequently 

negatively regulating ET biosynthesis (Figure 1.19) (Zhang et al., 2023). A crosstalk between 

mitochondrial ROS and ET signalling comes from ANAC017, which in response to mitochondrial 

stress treatments, binds to the promoter of ACS2. In addition, this study also demonstrates that 

mitochondrial malfunction induces the expression of several ET-related genes involved not only 

in biosynthesis (ACS2/6/11), but also in ET signalling (ERF019/042/100) (He et al., 2022). 

Few studies have been published regarding crosstalk between hypoxia and pathogen 

responses, however, WRKY22, previously shown to confer immunity when plants faced 

submergence stress (see also section 1.4.2.2 above and Hsu et al., 2013), binds to promoter 
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regions of ACS5/11 and ACO5, thus promoting ET production (Figure 1.19) (Wang et al., 2024). 

However, these ET biosynthesis-related genes are not the only ones regulates by WRKY22, as 

wrky22 mutants have lower ACS7 transcript levels upon submergence, suggesting that the 

already established role of WRKY22 as one of the regulators of hypoxia and pathogen responses 

could involve the regulation of ET biosynthesis genes (Hsu et al., 2013). 

 

Figure 1.19. Hypoxia and defence-dependent regulatory pathways of ET biosynthesis. ACS2 

is regulated by hypoxia through ANAC017 and ET, and by pathogens through MPK3/6, CPK5/6, 

ERF1A and WRKY33; ACS5 is regulated by hypoxia through WRKY22 and by pathogens through 

WRKY29; ACS6 is regulated by hypoxia through an unknown mechanism and by pathogens 

through ERF1A, WRKY29 and WRKY33; ACS7 is regulated by hypoxia through WRKY22 and 

MYB30; ACS8 is regulated by pathogens through WRKY29; ACS9 is regulated by hypoxia through 

an ET -dependent unknown mechanism; ACS11 is regulated by hypoxia through WRKY22 and by 

pathogens through WRKY22. ACO1 is regulated by pathogens through WRKY33; and ACO5 is 
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regulated by hypoxia through WRKY22 and by pathogens through WRKY29. Dashed arrows involve 

regulatory mechanisms in other stress responses other than hypoxia and pathogens. 

 

Although the core enzymatic steps of ET biosynthesis are well studied, significant gaps 

remain in our understanding of how these pathways are differentially regulated during hypoxia, 

and also when plants have to activate their immunity or defence responses while experiencing 

hypoxia. Importantly, the interplay between ET and other immunity-related phytohormones such 

as JA and SA also requires more studies. Because these are not the focus of this PhD, they will 

not be detailed here, but the following reviews are informative (Hartman et al., 2021; Li et al., 

2019; Miricescu et al., 2018; Shekhawat et al., 2023; Yang et al., 2015). 

 

1.7.2. ET signalling & crosstalk with other hormone signalling 
pathways during hypoxia or defence responses 

 

Once it is synthesised, ET diffuses from its site of production to neighbouring cells, where it is 

perceived by ET receptors, including ETHYLENE RESPONSE 1 (ETR1), ETR2, ETHYLENE RESPOSE 

SENSOR 1 (ERS1), ERS2, and ETHYLENE INSENSITIVE 4 (EIN4), which are located in the ER 

(Bleecker et al., 1988; Chang et al., 1993; Hua et al., 1998, 1995; Sakai et al., 1998). In the 

absence of ET binding, these 5 receptors phosphorylate the CONSTITUTIVE TRIPLE RESPONSE 1 

(CTR1) kinase, keeping it active and resulting in the phosphorylation and subsequent 

ubiquitination and degradation by the 26S proteasome of the ET-dependent TF ETHYLENE 

INSENSITIVE 2 (EIN2) (Qiao et al., 2009). Other ET-dependent TFs, EIN3, ETHYLENE 

INSENSITIVE3-like 1 (EIL1) and EIL2 are also targeted for degradation in absence of ET via the E3 

ubiquitin ligase components EIN3 BINDING F-BOX1 (EBF1) and EBF2 (Figure 1.20 A) (reviewed in 

Binder, 2020). After ET perception, ET receptor’s function is inhibited, resulting in the 

accumulation of EIN2 and its proteolytic cleavage. The latter released C-terminal portion of EIN2, 

can either (i) bind to the EBF1/2 mRNAs, triggering their degradation and stabilising EIN3 and 

EIL1/2, or (ii) translocate to the nucleus, where it associates with EIN2 NUCLEAR ASSOCIATED 

PROTEIN 1 (ENAP1) to regulate EIN3- and EIL1/2-dependent transcription (Figure 1.20 B)  (Binder, 

2020). EIN3 stability has also been shown to be regulated by other pathways, including MAPK 

signalling, so that MPK3/6 phosphorylate EIN3 at residue Thr-174, resulting in EIN3 stabilisation 

(Yoo et al., 2008). Once EIN3 is stabilised, it binds to EIN3-binding site (EBS) or primary ET 

response element (PERE), triggering the expression of ET-responsive genes (Solano et al., 1998). 
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Figure 1.20. Proposed model for ET signalling. A, in the absence of ET, the receptors signal to 

CTR1, phosphorylating EIN2, resulting in its degradation by the proteasome. Because EIN2 levels 

are low, EIN3 and EIL1/2 are degraded by the mechanism regulated by the F-box proteins EBF1 

and EBF2 which recognize these EIN3/EIL proteins and recruit them to an SCF E3 ubiquitin ligase 

complex, which polyubiquitinates the substrates and targets them for degradation by the 26S 

proteasome, preventing them from affecting transcription in the nucleus. B, in the presence of ET, 

CTR1-dependent phosphorylation of EIN2 is reduced, allowing EIN2 cleavage of its C-terminal 

domain triggering EIN3, EIL1/2-dependent transcription. Ethylene can also trigger a non-

canonical pathway by phosphorylating AHP proteins, which then shuttle to the nucleus and 

phosphorylate ARR response regulators which modulate transcription of downstream genes 

(Hass et al., 2004; Scharein et al., 2008). Figure from Binder, 2020. 
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 EIN3 and EIL1 targets relevant to defence against pathogens includes SID2 (Chen et al., 

2009), which encodes ISOCHORISMATE SYNTHASE 1 (ICS1; Wildermuth et al., 2001) - a key gene 

in the SA biosynthesis pathway together with ICS2 (Garcion et al., 2008; Wildermuth et al., 2001). 

This mechanism is an example of the crosstalk between SA and ET in pathogen response, 

although it is not known whether such a mechanism is relevant in the context of plants 

experiencing pathogen infection at the same time as hypoxia. More recently, Koo et al., 2024 

showed that RAP2.12 could bind directly to the SID2 gene promoter and activate SA biosynthesis, 

which could serve to link hypoxia response and immunity or defences against pathogens. 

ET and JA frequently act together to regulate stress responses, largely through the 

coordinated activities of the transcription factors EIN3 and MYC2, MYC3, and MYC4, which 

together control the expression of JA-responsive genes (Song et al., 2014). For instance, EIN3 and 

MYC2 physically interact, enabling reciprocal regulation between the ET and JA signalling 

pathways (Song et al., 2014). Consistent with these regulatory pathways, ET and JA can act 

synergistically to activate defence-related genes such as PLANT DEFENSIN 1.2 (PDF1.2), ERF1, 

and OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2/ERF 59 (ORA59) (Berrocal-Lobo et al., 

2002; He et al., 2017; Lorenzo et al., 2003; Penninckx et al., 1998; Zhu et al., 2011). Beyond 

pathogen defence, JA also has a role in hypoxia response, where MYC2 participates in 

submergence and reoxygenation responses by regulating antioxidant-related genes through 

direct binding to the promoters of VITAMIN C DEFECTIVE1 (VTC1) and GLUTATHIONE 

SYNTHETASE 1 (GSH1) (Yuan et al., 2017). In addition, ERF-VIIs have been shown to partially 

regulate JA marker genes upon hypoxia, including AT2G4790 and JASMONATE ZIM-DOMAIN 

PROTEIN 1 (JAZ1), a negative regulator of JA signalling (Shukla et al., 2020). 

Altogether, ET and its interaction with other phytohormone signalling pathways could 

serve as a point of convergence in hypoxia and pathogen responses. However, how plants 

coordinate these signalling hubs when plants face combined hypoxia/pathogen stress remains 

unknown.  

 

1.8. Project objectives 
 

As previously stated, plants can encounter hypoxic conditions at the same time as 

pathogen infection, so that hypoxia response and immunity or defence responses against 

pathogens could interact with each other in the context of this combined stress. Despite growing 

evidence for this crosstalk, our understanding of how these pathways are coordinated at the 

molecular level remains limited. Addressing these gaps requires a specific framework to study 
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immune activation within the physiological context of low-oxygen stress. Therefore, the 

objectives of this PhD project were: 

I. Explore the effect of hypoxia on plant immunity, and the potential role of RBOHD under 

combined hypoxia/flg22 

II. Identify novel genes that mediate plant resilience to combined waterlogging/pathogen 

using rapeseed as a model crop 

 

1.8.1. Exploring the effect of hypoxia on plant immunity, and the 
potential role of RBOHD under combined hypoxia/flg22 

 

The early regulatory pathways triggered after hypoxia or PAMP sensing are common, 

consisting in Ca2+ movements, ROS production by the NADPH oxidase RBOHD, activation of 

MAPK cascades, transcriptional activation of genes and the induction of phytohormone 

signalling. The similarities between hypoxia and flg22 responses underscores shared regulatory 

elements that may act as convergence points, integrating both signals to regulate plant stress 

responses when these stresses occur simultaneously or in sequence. RBOHD is one of these 

convergence points. Therefore, studying RBOHD expression, abundance and function during 

combined hypoxia and flg22 exposure can provide mechanistic insights into how plants 

coordinate stress responses when plants encounter oxygen limitation and immune challenges 

simultaneously. Understanding this crosstalk could reveal how hypoxia modulates defence 

amplitude, duration, or specificity, as previously demonstrated, and identify RBOHD as a key 

integrator of abiotic and biotic stress signalling networks. 

 

1.8.2. Identifying novel genes that mediate plant resilience to 
combined waterlogging/pathogen using rapeseed as a model 
crop 

 
1.8.2.1. Use of A. thaliana as a model plant versus crops 

 

Many of the molecular mechanisms involved in stress responses to hypoxia and 

pathogens were discovered using A. thaliana as a model system, because this species has the 

most resources available, as well as a faster pace of research (Provart et al., 2016; Roeder et al., 

2025). While A. thaliana offers many advantages as a model species, plant research should 

broaden to include a wider range of species. Unlike crop species, A. thaliana does not have many 

critical traits, such as large seeds, large starch reserves or complex root systems have 
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biochemical pathways absent or different from several crop species. From the genetic point of 

view, gene function and regulatory pathways can be dramatically different between species due 

to genetic divergence. For example, the previously discovered degradation of RBOHD by PIRE and 

PBL13 in A. thaliana could not provide resistance to diseases caused by root pathogens in tomato 

after the editing of its PIRE gene (Castro et al., 2025; Lee et al., 2020). Additionally, crop genomes 

are frequently polyploid and contain large repetitive segments. From the food security point of 

view, research directly done on crops can speed up breeding for yield or stress tolerance, while 

translating findings from A. thaliana to crops can take longer and not always be successful 

(Simmons et al., 2021). 

 For many decades, crop species were more difficult to work with to dissect molecular 

mechanisms due to practical issues (e.g. space needed and long generation times), as well as 

their more frequent polyploid genomes or difficulties to transform them using Agrobacterium 

tumefaciens. However, the development of new and affordable techniques have greatly 

contributed to making research work with crops more accessible. This includes (i) low-cost next-

generation sequencing, that allows a more rapid and affordable genome sequencing, assembly 

and annotation of crop species (Della Coletta et al., 2021); (ii) CRISPR/Cas9 approaches for 

precise, effective and low-cost genome editing in crop species (Saini et al., 2025); and (iii) 

bioinformatics methods, that allowed the development of crop-specific databases (Chen et al., 

2024).  

 

1.8.2.2. Using rapeseed as a model crop to study plant responses to combined 
waterlogging and pathogen infection 

 

Rapeseed (Brassica napus L.) is the world’s second-largest oilseed crop and is of 

significant economic importance in the production of edible oil, cattle feed, and as a source of 

biodiesel, or bioethanol (FAO, 2021; Kdidi et al., 2019a). B. napus is an allotetraploid species 

(genome AACC, n=19), which is the result of hybridisation event between ancestors of B. rapa 

(Asian cabbage or turnip, genome AA, n=10) and B. oleracea (Mediterranean cabbage, genome 

CC, n=9) about 7,500 years ago (Chalhoub et al., 2014; Rousseau-Gueutin et al., 2021). This 

genome complexity allows for multiple copies of genes (homoeologs), which make it 

complicated to carry out genetic studies and to identify genes relevant to stress tolerance.  

 Climate change is expected to increase the frequency of extreme precipitation and 

flooding events, increasing rapeseed exposure to waterlogging stress (Madsen et al., 2014). For 

example, Ireland has experienced more frequent and intense heavy rainfall events, especially in 

the east and southeast, and climate models project that this trend will continue, with winter and 
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autumn seeing roughly 20% more extreme rainfall events by mid-century (Nolan et al., 2017; Ryan 

et al., 2022). In other regions of the globe, such as in China (one of the largest rapeseed growing 

countries in the world), 80% of this crop is planted along the Yangtze river as a rotation crop after 

rice. While this rotation system has many agricultural advantages (e.g. improvement of soil 

fertility, decrease in pests and weeds (Cao et al., 2025), it also causes waterlogging of rapeseed 

fields at the seedling and flowering stages, when they are especially vulnerable (Guo et al., 2020; 

Hong et al., 2024; Wollmer et al., 2018; Xu et al., 2015; Zhou and Lin, 1995; Zou et al., 2014). One 

particularly problematic effect of flooding is that it causes an increased risk of pathogen 

infection. This is thought to result from increased dampness, changes to the soil and plants’ 

microbiome (Gschwend et al., 2020; Hartman and Tringe, 2019), and a generally elevated stress 

exposure that affects overall plant responses to biotic stresses (Velásquez et al., 2018). 

Therefore, in this PhD thesis I will use rapeseed as a model crop to dissect the physiological and 

molecular mechanisms underpinning rapeseed responses to combined waterlogging and 

pathogen infection, and to identify key pathways/genes that contribute to tolerance under these 

concurrent stresses. 

 

1.8.2.3. Identifying rapeseed varieties with tolerance to waterlogging and resilience to 
combined waterlogging/pathogen 

 
Here, a subset of the Brassica Rapeseed and Vegetable Optimisation (BRAVO) collection 

of 96 commercial rapeseed varieties (kindly provided by collaborators at the John Innes Centre: 

Dr. Rachel Wells, Prof. Chris Ridout and Prof. Lars Østergaard) was screened for waterlogging 

tolerance, as well as for resilience to combined waterlogging and infection with the necrotrophic 

fungal pathogen Sclerotinia sclerotiorum. This pathogen causes important crop losses for 

rapeseed (Mei et al., 2011), justifying the need to identify varieties with resilience to both 

waterlogging and Sclerotinia. The analysis of this screening carried out in collaboration with Prof. 

Rafael de Andrade Moral (MU, Department of Mathematics and Statistics), led to a varietal 

ranking that could be relevant to future breeding efforts, and through the subsequent and still on-

going genome-wide association study (GWAS) in collaboration with Dr. Rachel Wells and Dr. 

Emmanuel Solomon, this project also seeks to identify the genetic basis for waterlogging 

tolerance in rapeseed, as well as for resilience to combined waterlogging/pathogen. 
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2. Chapter 2: Materials and Methods 
 

2.1. Materials 
 

2.1.1. Arabidopsis thaliana lines used 
 

The Arabidopsis thaliana accession Columbia-0 (Col-0) was used as the wild type for this 

study. Mutant Arabidopsis lines were ordered from the Nottingham Arabidopsis Stock Centre 

(NASC) and are listed in Table 2.1. 

Table 2.1. List of A. thaliana lines used in this study. 

Name of Mutant AGI T-DNA Accession Reference 

rbohd-3 AT5G47910 CS9555 Col-0 (Torres et al., 2002) 

cpk28-1 AT5G66210 GK-523B08 Col-0 

Matschi et al., 2012. 

Seeds were donated 

by Prof. Cyril Zipfel 

(The Sainsbury 

Laboratory, UK). 

erfVII 

AT1G72360 

AT2G47520 

AT3G14230 

AT3G16770 

AT1G53910 

- Col-0 (Abbas et al., 2015) 

hre1hre2 

AT1G72360 

AT2G47520 

 

SALK_039484 x 

SALK_052858 
Col-0 (Gibbs et al., 2014) 

rap2.2rap2.3rap2.12 

AT3G14230 

AT3G16770 

AT1G53910 

SAIL_184_G12 x 

SAIL _1031_D10 

x GK_503A1_11 

Col-0 (Gibbs et al., 2014) 

gsnor1-3 AT5G43940 GK-315D11.03 Col-0 
(Feechan et al., 2005; 

Lee et al., 2008) 

hb1 (pgb1-1) AT2G16060 SALK_058388 Col-0 
(Hartman et al., 

2019) 

noa1 AT3G47450 SALK_047882 Col-0 (Guo et al., 2003) 
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2.1.2. Brassica napus lines used 
 

Germplasm used in this study consisted of approximately 100 varieties from the BRAVO 

collection of commercial rapeseed varieties. These accessions come from the BnASSYST 

diversity panel which originated from different countries and includes winter, semi-winter and 

spring oilseed rape (OSR, grown primarily for seed oil and meal), fodder (grown mainly for 

vegetative biomass as animal feed), kales (human consumption), and rutabaga/swede 

morphotypes (cultivated for its enlarged storage root used for feed and, in some cases, human 

consumption). These accessions were kindly donated by collaborators at the John Innes Centre: 

Dr. Rachel Wells, Prof. Chris Ridout and Prof. Lars Østergaard. Rapeseed varieties used in this 

study and are listed in Table 2.2. 

 

Table 2.2. List of B. napus accessions used in this study. 

BRAVO # Line Assyst # Crop type 
 Victor BnASSYST- Winter_OSR 

1 Capitol BnASSYST-028 Winter OSR/Modern winter OSR 
2 Apex BnASSYST-040 Winter OSR/Modern winter OSR 
3 Verona BnASSYST-053 Winter OSR/Modern winter OSR 
4 Expert BnASSYST-055 Winter OSR/Modern winter OSR 
 Viking BnASSYST-060 Winter_OSR/Modern winter OSR 

5 APEX-93_5 X GINYOU_3 DH LINE BnASSYST-090 Winter OSR 
6 BIENVENU DH4 BnASSYST-091 Winter OSR 
7 CANBERRA x COURAGE DH LINE BnASSYST-093 Winter OSR 
8 HANSEN X GASPARD DH LINE BnASSYST-096 Winter OSR 
9 MADRIGAL x RECITAL DH LINE BnASSYST-097 Winter OSR 

10 RAFAL DH1 BnASSYST-098 Winter OSR 
11 TAPIDOR DH BnASSYST-099 Winter OSR 
12 EUROL BnASSYST-101 Winter OSR 
13 Lesira BnASSYST-102 Winter OSR 
14 LICROWN X EXPRESS DH LINE BnASSYST-105 Winter OSR 
15 SHANNON x WINNER DH LINE BnASSYST-106 Winter OSR 
16 Janetzkis Schlesischer BnASSYST-107 Winter OSR 

17 LEMBKES MALCHOWER 
(LENORA) BnASSYST-108 Winter OSR 

18 NORIN BnASSYST-109 Winter OSR 
19 Samourai BnASSYST-113 Winter OSR 

 Askari BnASSYST-118 Winter_OSR 
 Jetneuf BnASSYST-121 Winter_OSR 

20 Baltia BnASSYST-133 Winter OSR 
21 Coriander BnASSYST-137 Winter OSR 
22 Dippes BnASSYST-139 Winter OSR 
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23 Kromerska BnASSYST-150 Winter OSR 
24 Matador BnASSYST-160 Winter OSR/Semi-Winter 
25 Ramses BnASSYST-168 Winter OSR 
26 Slovenska Krajova BnASSYST-172 Winter OSR 
27 CANARD BnASSYST-185 Winter fodder 
28 MOANA, MOANA RAPE BnASSYST-186 Winter fodder 
29 Aphid resistant rape BnASSYST-190 Winter fodder 
30 Dwarf Essex BnASSYST-193 Winter fodder 
31 English Giant BnASSYST-194 Winter fodder 
32 Taisetsu BnASSYST-203 "Exotics": Winter vegetable 
33 Q100 BnASSYST-204 "Exotics": synthetic 
34 BRAUNER SCHNITTKOHL BnASSYST-206 "Exotics": Siberian kale 
35 CHEMBERE DZAGUMHANA BnASSYST-207 "Exotics": unspecified 
36 COUVE NABICA BnASSYST-208 "Exotics": cauve nabica 
37 RAGGED JACK BnASSYST-209 "Exotics": rape kale 
38 SIBERISCHE BOERENKOOL BnASSYST-211 "Exotics": Siberian kale 
39 SLAPSKA, SLAPY BnASSYST-212 "Exotics": unspecified/Winter 
40 ABUKUMA NATANE BnASSYST-213 "Exotics": Winter OSR 
41 GROENE GRONINGER SNIJMOES BnASSYST-218 "Exotics": unspecified 
42 RAPID CYCLING RAPE (CrGC5) BnASSYST-221 "Exotics": rape kale 

43 SWU Chinese 1 BnASSYST-229 Semiwinter OSR/Exotics 
Semiwinter OSR 

44 SWU Chinese 2 BnASSYST-230 Semiwinter OSR/Exotics 
Semiwinter OSR 

45 Zhouyou BnASSYST-237 Semiwinter OSR/Exotics 
Semiwinter OSR 

46 Drakkar BnASSYST-238 Spring OSR 
47 STELLAR DH BnASSYST-239 Spring OSR 
48 WESTAR DH BnASSYST-240 Spring OSR 

 Brutor BnASSYST-242 Spring OSR 
49 CRESOR BnASSYST-245 Spring OSR 
50 KARAT BnASSYST-251 Spring OSR 
51 KAROO-057DH BnASSYST-256 Spring OSR 
52 MONTY-028DH BnASSYST-257 Spring OSR 
53 N01D-1330 BnASSYST-258 Spring OSR 
54 N02D-1952 BnASSYST-259 Spring OSR 
55 SURPASS400-024DH BnASSYST-260 Spring OSR 
56 CUBS ROOT BnASSYST-261 Spring OSR/Semi Winter 
57 ERGLU BnASSYST-263 Spring OSR/Spring_fodder 
58 HELIOS BnASSYST-264 Spring OSR 
59 MAZOWIECKI BnASSYST-268 Spring OSR 
60 TANTAL BnASSYST-269 Spring OSR 
61 WEIHENSTEPHANER BnASSYST-270 Spring OSR 
62 Liho BnASSYST-271 Spring fodder 
63 Bronowski BnASSYST-273 Spring OSR 
64 Ceska Krajova BnASSYST-274 Spring OSR 
65 Duplo BnASSYST-275 Spring OSR 
66 Topas BnASSYST-283 Spring OSR 
67 Tribune BnASSYST-307 Spring OSR 
68 Willi BnASSYST-394 Spring OSR 
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69 VIGE DH1 BnASSYST-401 Swede 
70 HUGUENOT BnASSYST-410 swede 
71 JAUNE A COLLET VERT BnASSYST-411 swede 
72 SENSATION NZ BnASSYST-414 swede 
73 Altasweet BnASSYST-418 swede 
74 Tina BnASSYST-436 swede 
75 YORK BnASSYST-438 swede 
76 Wilhelmsburger BnASSYST-448 swede 
77 Cabernet BnASSYST-509 Winter OSR 
78 Cabriolet BnASSYST-510 Winter OSR 
79 Castille BnASSYST-511 Winter OSR 
80 Catana BnASSYST-512 Winter OSR 

81 Chuanyou 2 BnASSYST-513 Semiwinter OSR/Exotics 
Semiwinter OSR 

82 Dimension BnASSYST-514 Winter OSR 
83 Excalibur BnASSYST-515 Winter OSR 
84 Flash BnASSYST-516 Winter OSR 
85 Huron x Navajo BnASSYST-517 Winter OSR 
86 Inca x Contact BnASSYST-518 Winter OSR 

87 Ningyou 7 BnASSYST-520 Semiwinter OSR/Exotics 
Semiwinter OSR 

88 Palmedor BnASSYST-521 Winter OSR 
89 POH 285, Bolko BnASSYST-522 Winter OSR 
90 Quinta BnASSYST-523 Winter OSR 
91 Rocket BnASSYST-524 Winter OSR 

92 Shengliyoucai BnASSYST-526 Semiwinter OSR/Exotics 
Semiwinter OSR 

93 Temple BnASSYST-527 Winter OSR 
94 Vision BnASSYST-528 Winter OSR 

95 Xiangyou 15 BnASSYST-529 Semiwinter OSR/Exotics 
Semiwinter OSR 

96 Zhongshuang II BnASSYST-530 Semiwinter OSR/Exotics 
Semiwinter OSR 

 

2.2.  Methods 
 

2.2.1. Growth conditions  
 
2.2.1.1. Arabidopsis thaliana  
 

For experiments requiring growth in sterile conditions, Arabidopsis seeds were sterilised 

using the vapor-phase sterilisation method (Lindsey et al., 2017). Briefly, an aliquot of seeds in an 

Eppendorf tube was placed in a closed desiccator with a beaker containing 100 mL of bleach and 

3 mL of 37% HCl. Sterilisation took place for 3 hours. Then, seeds were sown on Petri dishes 

containing 0.5x Murashige and Skoog (MS) medium (pH 5.7) and 6 g/L agar with 0.5% sucrose 

(w/v). For stratification, plates were kept at 4°C for 3 days before transferring to growth rooms. 
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Unless otherwise stated, growth was in a controlled environment room at 20 °C ± 2 °C under 

continuous light for 9 days, after which, seedlings were placed in liquid 0.5x MS medium (pH 5.7) 

with 0.5% sucrose (w/v) and kept in continuous light on a shaker at 120 rpm for 24 hours. Then, 

treatments were applied as stated in section 2.2.2 below.  

Adult plants were grown for 9 days in continuous light as indicated above and were placed 

in pots with autoclaved soil (5:3:2 compost : vermiculite : perlite, v/v/v) and then grown in a 

controlled-environment room at 20 °C ± 2 °C under a short-day photoperiod (8 hours light / 16 

hours dark) with a photosynthetic photon flux density of ~80 µmol m⁻² s⁻¹ and ~65% relative 

humidity.  

 

2.2.1.2. Brassica napus  
 

For B. napus plants, seeds were placed in pots with autoclaved soil (5:3:2, compost : 

vermiculite : perlite, v/v/v) and then grown in a temperature-controlled (~22 °C ± 2 °C) 

greenhouse for 3 weeks (reaching the state in which the 2nd-3rd leaf is fully unfolded) maintaining 

spacing between pots to minimize shading and adjusting the watering frequency ( approximately 

every 3-4 days) to keep substrate moisture.  

Environmental conditions were maintained under a neutral-day regime with a minimum 

photoperiod of 12 h light and 12 h dark. Natural daylight was supplemented with LED lighting 

(Valoya RX600 Solray 385) when required to ensure that plants received at least 12 h of light 

(neutral days). During summer, supplementary lighting was switched off when natural day length 

exceeded this threshold. To minimise abrupt transitions in irradiance during switching on and off 

of the lights, light intensity was gradually increased when switching on at the end of the summer 

and gradually decreased at the end of the spring, with the timing of these adjustments varying 

according to the season. 

 

2.2.1.3. Sclerotinia sclerotorium  
 

Sclerotinia sclerotiorum was maintained on potato dextrose agar (PDA) at 20 °C ± 2 °C 

under short-day photoperiod (8 hours light / 16 hours dark) with a photon flux density of ~80 µmol 

m⁻² s⁻¹. Humidity was maintained by keeping the plate sealed with parafilm. These conditions 

support active mycelial growth and subsequent sclerotial development. 
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2.2.2. Hypoxia treatments 
 
2.2.2.1. Hypoxia chambers  
 

For hypoxia treatments, the experimental material was prepared according to plant 

developmental stage before transfer to the hypoxia chambers (transparent PhO2X boxes (Baker-

Ruskinn)). 10-day old seedlings were placed in plates containing liquid medium (0.5x MS + 0.5% 

Sucrose) and then kept in continuous light for 24 h in a shaker and later transferred into the 

hypoxia chambers. 4-week old plants leaf discs were cut and floated in water before being placed 

in the hypoxia chambers. 

 For all hypoxic treatments, nitrogen gas was pumped in the chamber until the desired O2 

concentrations were reached (as indicated for each specific experiments). CO2 levels were also 

kept constant at atmospheric levels. Normoxic control plates were maintained on adjacent 

shelves outside the hypoxia chambers, where they were exposed to the same light conditions as 

the hypoxia-treated plates, but at ambient oxygen concentrations. 

 

2.2.2.2. Anaerojars 
 

An Anaerogen sachet (Oxoid) was placed into an anaerojar (Oxoid), which was sealed 

after introduction of the plants, and placed back into the plant culture rooms to keep temperature 

and light conditions as constant as possible. Normoxic control plates were maintained on 

adjacent shelves outside the anaerojars, where they were exposed to the same light conditions 

as the hypoxia-treated plates, but at ambient oxygen concentrations. 

 

2.2.2.3. Waterlogging 
 

For waterlogging treatments, pots with 3-week old B. napus plants were placed in plastic 

boxes and water was added to ~1 cm above the soil surface. This water level was maintained for 

the duration specified for each experiment. When applying waterlogging treatment, plants were 

moved between benches to reduce positional effects in the greenhouse. Control plants were 

watered as normal (every 3-4 days). 
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2.2.3. Pathogen and flg22 treatments 
 
2.2.3.1. Treatments with flg22 to elicit PTI 
 
 The synthetic flg22 peptide (Alpha Diagnostic International; FLG22-P-5) was resuspended 

in sterile deionised water to a stock concentration of 1 mM and aliquoted in 25 µL aliquots to 

avoid repeated freeze-thaw cycles. Aliquots were stored at −80 °C and thawed on ice immediately 

before use. Plants were treated by applying freshly prepared working solutions (concentrations 

specified on each experiment) from the 1 mM stock in sterile dH₂O, directly to the liquid medium 

surrounding the tissue material (seedling or leaf disc). Mock controls received carrier only (sterile 

dH₂O). 

 

2.2.3.2. Sclerotinia sclerotiorum inoculations 
 

S. sclerotiorum detached leaf assays with B. napus were performed by Dr. Shreenivas 

Singh as in Mullins et al., 1999. Briefly, S. sclerotiorum sclerotias were placed on PDA plates at 

20 °C ± 2 °C in short-day conditions (8 hours light / 16 hours dark). After 48 hours of growth, S. 

sclerotiorum mycelia agar plugs (5 mm of diameter) were placed on PDA for 48 hours after which 

agar plugs were excised from the edges of actively growing colonies and placed onto detached B. 

napus leaves (i.e. the 3rd leaf of 5-week old plants grown in control/waterlogging conditions for 15 

days prior to the detached leaf assays – section 2.2.2.3 above). Leaves were placed on water 

agar (1%) plates and left in short-day conditions. At 24 and 48 hours post inoculation (hpi) 

pictures of the leaves were taken. The lesion size area was then calculated using Image J.  

 

2.2.4. Molecular biology methods 
 
2.2.4.1. Genomic DNA extraction 
 

Genomic DNA was extracted from plant tissue using a protocol adapted from Edwards et 

al., 1991 for tissue grinding with a TissueLyser (Qiagen). Briefly, a small piece of leaf material was 

immersed in 400 µL of Edward’s buffer (200 mM Tris–HCl, pH 7.5–8.0; 250 mM NaCl; 25 mM EDTA) 

with a metal bead and broken up with a TissueLyser (2 cycles of 120 seconds at 30 rpm) at room 

temperature. Metal beads were removed and 20 µL of 0.5% (w/v) SDS was added to each sample. 

The tube was centrifuged for 1 minute at 14,000 rpm (~16,000×g) at room temperature to pellet 

cell debris. 300 µL of the supernatant was transferred to a new tube and mixed 1:1 (v/v) with 100% 

isopropanol, gently inverted 10–15 times to precipitate nucleic acids, and then centrifuged for 5 

minutes at 14,000 rpm at room temperature. The resulting pellet was rinsed with 70% (v/v) 
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ethanol, recentrifuged for 3 minutes at 14,000 rpm, air-dried for approximately 1 hour in a fume 

hood, and resuspended in 100 µL of nuclease-free water. DNA was then stored at 4 °C until use.  

 

2.2.4.2. Genotyping by PCR 
 

T-DNA insertion mutants were genotyped by PCR using T-DNA and gene-specific primers. 

The OligoAnalyzer online tool (Integrated DNA Technologies) was used to assess primer melting 

temperatures, hairpin formation, self-dimerisation and hetero-dimerisation properties. DNA 

primers were diluted to 100 µM in nuclease-free H2O and stored at -20°C. All the oligos used in 

this study for genotyping are listed in Table 2.4. 

Table 2.4. Primers used in this study for genotyping. 

Line Primer name Sequence 

rbohd-3 
BM rbohd LP GTTATTGCGTTTGTGTCGCCAAAG 

BM rbohd RP GGTCAGGACCTTTCATGTTGTTGATG 

 

For the genotyping PCR reactions, 3 µL of extracted genomic DNA (see also section 

2.2.4.1 above) was mixed with 0.2 µM of each primer , 0.2 mM dNTP mixture and Taq polymerase 

following manufacturer’s instructions. The PCR program used was as follows:  94°C, 30 sec; 55°C 

for 30 sec and  72°C for 1 minute per 1 kb of DNA . The products of the PCR reactions were 

separated using agarose gel electrophoresis and visualised using SYBR safe DNA stain 

(ThermoFisher). 

 

2.2.4.3. Total RNA extraction 
 

Total RNA was isolated from leaf tissue that had been frozen in liquid nitrogen and stored 

at -80ºC by using column-based plant RNA kits according to the manufacturers’ instructions 

(GeneJET Plant RNA Purification Kit (Thermo Scientific  - K0802), Spectrum Plant total RNA kit 

(Merck  - STRN250-1KT) and EasyPure® RNA Purification Kit (TransGen - ER701-01)). Kits changed 

depending on commercial availability, as there were disruptions in supply for the brand normally 

used in the lab. The tissue was lysed in a TissueLyser (Qiagen) using blocks previously cooled to 

-80°C to prevent tissue thawing during the lysing process. After RNA extraction, RNA quantity and 

purity were assessed by spectrophotometry (NanoDrop, DeNovix), with typical values of A260/A280 

≈ 2.0 and A260/A230 ≈ 2.0–2.2. Purified RNA was stored at −80 °C until use. 
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2.2.4.4. Reverse Transcription (RT) 
 

1 µg of extracted total RNA was reverse transcribed to complementary DNA (cDNA) by 

incubating with 1X Reaction Buffer (Thermo Fisher), RevertAid Reverse Transcriptase (Thermo 

Fisher), RiboLock RNase inhibitor (Thermo Fisher), oligo(dT)18 (IDT) and 1 mM dNTP mixture 

(volumes shown in Table 2.4) in a thermocycler at 42°C for 60 minutes. The cDNA was used 

directly for qPCR analysis and was stored at -20°C. 

Table 2.5. Volumes used for Reverse Transcription (RT) reaction. 

Reagents Volume 

Diluted total RNA 12 µL 

5X Reaction Buffer (Thermo Fisher) 4 µL 

100 µM Oligo(dT)18 (IDT) 0.5 µL 

RiboLock RNase inhibitor (Thermo Fisher) 0.5 µL 

10 mM dNTP 2 µL 

RevertAid Reverse Transcriptase (Thermo Fisher) 1 µL 

Total Reaction Volume 20 µL 

 

2.2.4.5. Quantitative PCR (qPCR)  
 

For the Quantitative PCR (qPCR),  cDNA was mixed with a primer pair mixture (1 μM final 

concentration each primer), water and 2X SYBR green master mix (Roche) (volumes shown in 

Table 2.6) in each well of a LightCycler 480 96-well plate (Roche) that was placed in a LightCycler 

480. The qPCR amplification was performed for 40 cycles consisting of denaturation at 95 °C for 

30 s, annealing at 60 °C for 20 s, and extension at 72 °C for a duration adjusted to amplicon length 

(approximately 1.5 kb min⁻¹, kept as short as possible). 

 

Table 2.6. Volumes used for Quantitative PCR (qPCR) reaction. 

Reagents Volume 

2X SYBR green master mix (Roche) 5 µL 

cDNA 1 µL 

Primer pair mixture 1 µL 

dH₂O 3 µL 

Total Reaction Volume 10 µL 
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The LightCycler 480 software provided crossing point (CP) values based on the Absolute 

Quantification/Second Derivative Maximum method, which were used to calculate the gene 

expression (CP reference gene – CP gene of interest = ∆CP), and assuming a PCR efficiency value 

of 2 (PCR products double each cycle), relative expression was calculated as 2^∆CP . MON1 

(AT2G28390) was used as a reference gene for Arabidopsis samples because previous 

expression-stability studies identified AT2G28390 as a comparatively stable transcript across a 

range of tissues and conditions, supporting its suitability for normalization of gene expression 

data (Czechowski et al. 2005). Primers used in this study for qPCR analysis are listed in Table 2.7. 

 

Table 2.7. Primers used in this study for qPCR. 

Target Gene Sequence (5’ à 3’) 

RBOHD 
(AT5G47910) 

TGGATGTTGTGTCGGGTACACG 

TGGCATTCCACAGTAGAAGACTCCTA 

WRKY33 

(AT2G38470) 

GGAGTGAACCTGAAGCAAAGAGATGGAA 

CGTTGTCTGCACTACGATTCTCGGC 

BIK1 

(AT2G39660) 

CATGTCATCAGGTCACTTGAATGCAAG 

CGGTCTGTTATGATCCAACGCTCG 

FRK1 

(AT2G19190) 

TGAGAACTTAGGAGACTATTTGGCAGGTAA 

ACCATTGTGAAGATACTCTAGTCCTTGCG 

CPK28 

(AT5G66210) 

AGTCTTGAAGAGATGAGACAGGCACT 

CCCATCAGTGTTGCTATCAATCGCTTC 

PHI1 

(AT1G35140) 

CGACGTTGGTTTAGACGGGATGG 

AGACTCCAGTACAAGCCGATCCA 

CYP71A13 

(AT2G30770) 

ATCTTGGATATGTTTATCGGAGGAACGTC 

AGCACCTCTTTAATCACGGCTTTTAAGT 

NHL10 

(AT2G35980) 

GCCTTCTACGGTCCATCA 

TGACGAATAAGCTGAGGAGG 

WRKY22 

(AT4G01250) 

GAATTACGGTGTGTCGGAGCTGG 

CGATGTCTGGGCATGGCGA 
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2.2.5. Biochemical methods 
 
2.2.5.1. Protein extraction  
 

Frozen tissue was ground in a TissueLyser (Qiagen) by keeping samples in blocks stored 

at -80ºC to prevent tissue thawing during the lysing process. After grinding, the tissue powder was 

mixed with Laemmli protein extraction buffer (2xSDS loading dye) in a 1:1 ratio (v/v) of 2xSDS 

(µL):volume of powder (µL) ratio. After mixing, samples were kept at 95°C for 5 minutes to 

denature proteins, centrifuged at 14,000 rpm for 10 minutes at room temperature to pellet and 

remove cell debris, supernatant was transferred to fresh Eppendorf tubes.  

 

2.2.5.2. Immunoblot analysis 
 

Protein extracts (25 µL)  were loaded directly on acrylamide SDS-PAGE gels (10%) 

alongside 10 µL of PageRuler of pre-stained protein ladder (ThermoFisher) and run through the 

gel using 1x running buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS, pH 8.3) at 90 volts. 

Separated proteins were transferred to a PVDF membrane through a wet/semi-dry transfer 

system at 60 mA (transfer buffer: 10 mM Tris base, 100 mM glycine, 10% ethanol (v/v)). To assess 

equal protein loading, membranes were incubated with Ponceau S staining (0.4% (w/v) Ponceau 

S, 10% (v/v) acetic acid in water) for 5 minutes after equilibrating the membrane in a 7.5% acetic 

acid solution for 3 minutes. Then, the membranes were rinsed with 1xPBS-T and blocked with 5% 

milk in PBS-T (PBS (OXOID #BR0014G)) containing 0.05% (v/v) Tween-20) for 30 minutes (3x 10 

minutes) at room temperature. Membranes were placed in 50 mL Falcon tubes containing 5 mL 

of PBS-T with 5% (w/v) non-fat dry milk and the relevant primary antibody and incubated overnight 

at 4°C with constant rotation on a tube roller (Stuart). RBOHD protein was detected using a rabbit 

polyclonal anti-RBOHD antibody (Agrisera, AS15 2962), raised against Arabidopsis thaliana 

RBOHD (AT5G47910). The primary antibody was used at a dilution of 1:2,000 for immunoblot 

analysis. 

After incubation with the primary antibody solution, the PVDF membranes were washed 

with PBS-T for 3x 5 minutes and incubated with the secondary antibody for 2 hours at room 

temperature with constant shaking. An HRP-conjugated anti-mouse secondary antibody (Sigma, 

A9044) was used at a dilution of 1:50,000 for immunoblot detection. Membranes were washed 

with PBS-T for 3x 5 minutes and immunoblots were imaged using WesternBright ECL substrate 

(Advansta) in a G:BOX gel documentation system with the GeneSys software.  
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2.2.6. ROS measurement 
 

ROS burst triggered by flg22 was quantified using Arabidopsis thaliana leaf discs using a 

luminol–horseradish peroxidase (HRP) chemiluminescence assay with minor adaptations for 

plate-based kinetics and optional hypoxia pre-treatment (Bisceglia et al., 2015; Smith and Heese, 

2014; Wagner et al., 2019). Briefly, plants were grown to 4–5 weeks as outlined in section 2.2.1.1 

above, and fully expanded, non-senescent rosette leaves of similar, intermediate age (Sew et al., 

2015) were sampled to minimise developmental variation; 3 leaf discs per plant were excised 

with a (7 mm diameter) cork borer. Each leaf disc was placed abaxial side up at the bottom of 

each well of a black 96-well plate (Thermo Scientific) prefilled with 372 µL sterile deionized water 

and 4 µL of fresh 100x stocks of luminol (17.7 mg mL⁻¹ in 200 mM KOH; Sigma) and HRP (10 mg 

mL⁻¹ in dH₂O; Fisher Scientific) to reach a final concentration of 1x. Intercellular spaces were 

then infiltrated with the water surrounding the leaf discs by applying three rounds of vacuum and 

release for 10 minutes each.  

The plates were then dark-adapted for 60 minutes at room temperature. This period also 

allowed for wounding recovery. The plates were then introduced in a hypoxia chamber (see also 

section 2.2.3.1 above) set to 21% (normoxia control) or 1% O₂ (hypoxia) for 4 hours in the dark. 

At the end of the hypoxia treatment, the plates were sealed with a transparent gas-tight qPCR film 

(Roche) to maintain the hypoxic environment during handling. Plates were loaded into a 

POLARstar Omega microplate reader (BMG LABTECH) configured for luminescence for 6 min in 

in the dark to establish a baseline. A flg22 working solution was prepared at 20 µM so that addition 

of 20 µL to each well (initially 380 µL) yielded a final flg22 concentration of 1 µM in 400 µL total 

volume. Controls received the same volume of the mock solution (sterile water). flg22 or mock 

solution was dispensed rapidly (manual pipetting under dim light), and luminescence was 

recorded immediately for 60 min with a 120-s integration time per read, using top-read optics at 

room temperature. Raw relative light units (RLU) were exported and the values for each disc within 

a biological replicate and treatment were averaged. The area under the curve for the averages was 

then determined using GraphPad Prism v10. This software was also used for statistical analyses 

of the data - exact sample sizes, tests and P values are reported with the relevant figures. Wells 

exhibiting bubbles, splashing, unstable baselines, or other handling artefacts were excluded a 

priori. 
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2.2.7. MultispeQ measurements 
 

 Measurements of fluorescence-derived parameters were performed with the MultispeQ 

device (PhotosynQ Inc.), which is a portable leaf fluorometer/spectrophotometer that enables 

rapid, non-destructive measurement of photosynthesis-related and environmental parameters. 

Using the RIDES 2.0 protocol, light-adapted leaves can be assessed for chlorophyll fluorescence 

traits associated with PSII performance and non-photochemical quenching together with 

environmental conditions. 

 
 To perform the measurements, the 3rd leaf of B. napus plants after control  or waterlogging 

treatment (see also section 2.2.2.3 above) for 15 days were measured between 09:00 am and 

12:00 pm (noon) to minimize diurnal variability. Leaf photosynthetic parameters were measured 

using a MultispeQ fluorometer controlled via the PhotosynQ Desktop app v1.10.59 following the 

PhotosynQ protocol “Photosynthesis RIDES 2.0” with default pulse amplitudes and timing. 

Leaves were gently cleaned of surface moisture prior to clamping. For each plant, 2 technical 

replicates were taken on independent leaf positions avoiding the midrib and major veins; 3-4 

biological replicates were measured per treatment/cultivar, as outlined in the relevant sections.  

 

2.3. Statistical Analyses 
 

2.3.1. Statistical analysis of A. thaliana experiments 
 
The number of biological replicates is indicated in the corresponding figure legends, as well as 

the statistical tests applied. These were performed using GraphPad Prism v10 (GraphPad, San 

Diego, California, USA). 

 

2.3.2. Statistical analysis of B. napus screening 
 

Effect size analysis was used to quantify the magnitude of differences between control and 

waterlogging conditions independently of statistical significance. Effect sizes for group 

comparisons of screening conditions optimization experiments were expressed as Hedges’ g, 

which is a small-sample–corrected version of Cohen’s d (Hedges, 1981; Ialongo, 2016). Hedges’ 

g was chosen because several of the comparisons in this study involved relatively small group 

sizes, conditions under which uncorrected d tends to be positively biased. For each comparison, 

Hedges’ g was reported along with its direction and magnitude. Values of about 0.2, 0.5, and 0.8 
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were interpreted as small, medium, and large effects, respectively, but interpretation was 

ultimately made in the substantive context of the study. 

 

Figure 2.1. Formula used to calculate Hedge’s g. Hedge’s g was calculated following the 

formula explained in (Ialongo, 2016). 

 
Statistical analysis was then carried out with n = 3 using R. All source codes are available upon 

request.  

To analyse the phenotypic data generated in the Brassica napus screening, all measurements 

made during the screening of the rapeseed collection were entered in an Excel file where all 

measurements made with individual plants were averaged to consider a single value which was 

then used by Prof. Rafael de Andrade Moral for statistical analysis.  

Bayesian mixed-effects models were fitted separately for each measured trait using the brms 

package in R. For the “absolute” approach, raw trait values were modelled assuming a Gaussian 

error distribution. Fixed effects included biological replicate, environmental covariates such as 

table location, age of lamps, ambient humidity, ambient temperature, time of day, 

photosynthetically active radiation (PAR), and treatment, together with the interaction between 

treatment and the two internal control varieties present across all batches (C1 (#240) and C2 

(#229)). Random effects were included to account for variation among batches and varieties, with 

treatment-specific random slopes fitted for each variety. The model structure was: 

 

𝑦 ∼ bio_rep + Location + Age_of_Lamps + Ambient_Humidity + Ambient_Temperature +

Time_of_Day + PAR + treatment × (𝐶1 + 𝐶2) + (1 ∣ 𝑏𝑎𝑡𝑐ℎ) + (0 + treatment_Control ∣∣

𝑣𝑎𝑟𝑖𝑒𝑡𝑦) + (0 + treatment_WL ∣∣ 𝑣𝑎𝑟𝑖𝑒𝑡𝑦). 

 

In addition, a “relative” approach was used in which the ratio between waterlogged and control 

values was calculated and then modelled for each trait. These ratio data were analysed using a 
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simpler Bayesian mixed-effects model with biological replicate, and environmental covariates 

such as location, age of lamps, and the two internal control varieties (C1 and C2) as fixed effects, 

and batch and variety as random intercepts: 

 

y ∼ bio_rep + Location + Age_of_Lamps + 𝐶1 + 𝐶2 + (1 ∣ 𝑏𝑎𝑡𝑐ℎ) + (1 ∣ 𝑣𝑎𝑟𝑖𝑒𝑡𝑦). 

 

For all models, four Markov chains were run for 2,000 iterations each, with 1,000 warm-up 

iterations, resulting in 4,000 post-warm-up posterior draws. Model outputs were summarised 

using posterior estimates and 95% credible intervals, which were used to identify varietal 

responses differing from the population mean. 

2.3.3. Genome-wide association studies (GWAS) and associated 
transcriptomics 
 

Genome-wide association studies (GWAS) were conducted to identify loci associated with 

variation in rapeseed responses to waterlogging, S. sclerotiorum infection, and combined 

waterlogging + S. sclerotiorum stress. Analyses were performed by our collaborators Dr. Rachel 

Wells and Dr. Emmanuel Solomon (John Innes Centre; UK) in R using the GAPIT software package. 

The phenotypic input for GWAS consisted of the fitted mixed-effects models fitted by Prof. Rafael 

de Andrade Moral. Using model-derived phenotypes allowed the association analyses to be 

based on values already adjusted for environmental covariates and experimental structure. 

Parameters chosen to perform the GWAS were SPAD, Fv’/Fm’, ΦII, ΦNO, NPQt, plant weight and 

lesion size at 24 hpi. 

Markers were filtered according to standard quality criteria, including thresholds for minor allele 

frequency and missing data, and only accessions with complete genotype–phenotype 

information were retained. GWAS was performed using several models implemented in GAPIT, 

including GLM, MLM, CMLM, MLMM, FarmCPU and Blink, to compare their performance and 

identify the best-fit model for each trait. Population structure and relatedness were accounted 

for by incorporating principal components and kinship matrices. 

Model performance was assessed using GAPIT diagnostic outputs, particularly Manhattan and 

QQ plots, and the best-fit models were selected for downstream interpretation. Significant 

marker–trait associations were identified using FDR = 0.05, and for each associated SNP, the 

estimated effect size and proportion of phenotypic variance explained were extracted from the 

GAPIT results. 
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3. Chapter 3: Regulation of RBOHD during combined 
hypoxia and flg22 responses: effects of light availability, 
developmental stage, and CPK28. 
 

3.1. Introduction 
 

3.1.1. Background Information 
 

Plants are sessile organisms that often experience simultaneous abiotic and biotic stresses, for 

example, flooding conditions provide adequate conditions for pathogen infections (increased 

leaf wetness, high humidity, anaerobic and humid soils…), but also pathogens can cause the 

establishment of hypoxic microenvironments at the site of infection (Chung et al., 2019; Gravot 

et al., 2016; Valeri et al., 2021). Combined stress responses often involve trade-offs between 

individual stress response pathways. Previous studies have highlighted negative trade-offs 

between hypoxia and flg22 responses for example (Brunello et al., 2024; Mooney et al., 2024). 

However, hypoxia and pathogen responses have common molecular components that are 

activated in both individual stress responses and may act as convergence points to regulate the 

response to this combined stress.  

One of these common components is RBOHD, which, as detailed in section 1.3.2.2, is a plasma 

membrane–localised NADPH oxidase that plays a central role in ROS production during stress 

responses. During early stress responses, RBOHD is the target of multiple multilayered regulatory 

pathways involving transcriptional to post-translational levels, leading to the rapid yet balanced 

production of ROS. For example, at the transcriptional level, hypoxia induces RBOHD transcript 

levels through the action of different ERFVII TFs and EIN2 (Yang et al., 2017; Yang and Hong, 2015; 

Yao et al., 2017), whereas immune responses induce RBOHD transcriptional expression through 

the WRKY DNA-BINDING PROTEIN 33 (WRKY33) TF and other second messengers such as PA 

(Birkenbihl et al., 2012; Qi et al., 2024; Zhao et al., 2020). At the post-translational level, both 

hypoxia and flg22 treatment trigger sequential phosphorylation and Ca²⁺-dependent feedback 

loops to dynamically activate RBOHD ROS production, however these stresses differ in the direct 

activators of RBOHD. While flg22 responses activate RBOHD through kinases like BIK1, SIK1 or 

GPA1, hypoxia activates RBOHD through HRU1 or ROP2 (Table 1.1-2 and Figures 1.11-12). Most 

studies on flg22 have mainly focused on these activation pathways, while transcriptional control 

and protein abundance of RBOHD have been a more recent focus. In the context of hypoxia, 

transcriptional control of RBOHD has been studied to some extent, whereas RBOHD activation 
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at the protein level remains poorly understood compared to flg22, with few identified activators 

(Table 1.1-2). The integrated control of RBOHD under combined hypoxia and flg22 is poorly 

understood.  

 

3.1.2. Aims of this chapter 
 
The two aims of this chapter were (i) to determine how hypoxia influences the onset of innate 

immune responses and (ii) to dissect the role of RBOHD during the onset of innate immune 

responses under hypoxic conditions. Transcriptional and post-transcriptional analyses were 

conducted in this chapter in order to better understand a potential role of RBOHD in regulating 

plant responses to combined hypoxia/flg22. For these experiments, the role of the ERF-VIIs was 

considered as hypoxia sensing mechanisms converge on the transcriptional control of gene 

expression through the induction and/or stabilisation of the master regulators of hypoxia, the 

ERFVIIs (Gibbs et al., 2011; Licausi et al., 2011). Recent studies on this group of TFs underscore 

the roles of the N-degron pathway, more specifically the ERFVIIs, in both hypoxia and immune 

responses (Brunello et al., 2024; De Marchi et al., 2016; Gravot et al., 2016; Mooney et al., 2024; 

Valeri et al., 2021; Vicente et al., 2019). Given the existing evidence that the ERFVIIs stabilise and 

interact with regulators of immune responses, such as RBOHD (Yao et al., 2017), one question is: 

do the ERFVIIs also participate in modulating defence pathways, such as ROS production, 

triggered by flg22, especially when hypoxia and flg22 are applied at the same time? Recent 

studies have demonstrated that hypoxia inhibits immune responses (Brunello et al., 2024; 

Mooney et al., 2024). Therefore, potential hypoxia-dependent activation of negative regulators of 

immunity may contribute to the trade-off between hypoxia and immune responses. Here, we 

explored this possibility by focusing on negative regulators of immunity, such as CPK28, which is 

a common response element to hypoxia and flg22 treatments (Bakshi et al., 2023; Chi et al., 

2021; Keinath et al., 2015; Peláez-Vico et al., 2023; Subbaiah et al., 1994; Thor and Peiter, 2014; 

Wagner et al., 2019; Yemelyanov et al., 2011). 

 

3.2. Optimisation of experimental conditions 
 

3.2.1. Exploring chemical induction of mitochondrial malfunction as a 
readout for hypoxia response 
 

As stated in the introduction, mitochondria play a key role in mediating responses to 

hypoxia. Wagner et al. (2019) demonstrated that treatment with antimycin A (AA), which inhibits 

the mETC, partially mimics the cytosolic responses to hypoxic conditions, including a decrease 
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in cytosolic MgATP2+ levels, an increase in [Ca2+]cyt, a transient reduction of the NAD pool, 

acidification of the cytosol, and oxidation of the glutathione pool. These findings indicate that 

inhibition of the mETC is sufficient to account for some of the hypoxia-associated cellular 

changes.  

As previously mentioned in Section 1.3.2.1, AOX1a transcriptional expression can be 

used to assess mitochondrial malfunction (Clifton et al., 2005; Vanlerberghe and Mclntosh, 

1996). AOX1a bypasses two proton translocation sites in the cytochrome pathway (complexes III 

and IV), thereby uncoupling respiration from ATP synthesis, and can be pharmacologically 

inhibited through salicylhydroxamic acid (SHAM) treatment. Wagner et al. (2019) demonstrated 

that further mitochondrial inhibition through treatment with a combination of AA+SHAM resulted 

in cellular responses that mimicked more closely those obtained under O2 depletion. These 

authors concluded that the impairment of mitochondrial function by AA+SHAM was sufficient to 

trigger hypoxia-induced cytosolic changes. This gene  

Transcriptional changes are one of the main outputs downstream of the cytosolic changes 

triggered by hypoxia. Notably, the main known transcriptional regulators of mitochondrial 

malfunction also have a role in hypoxia response. These include the transcription factors 

ANAC013, ANAC016 and ANAC017 (De Clercq et al., 2013; Eysholdt-Derzsó et al., 2023; Jethva 

et al., 2023; Ng et al., 2013). These transcription factors trigger the expression of target genes by 

binding to the MDM cis-regulatory element present in their promoter regions. A classic example 

of this is the binding of ANAC017 to the AOX1a promoter (Ng et al 2013). Among the MDM-

containing genes are several HRGs and ANAC013/16/17 have been shown to bind to the cis-

regulatory elements in the promoters of these genes, such as HRE2, ADH1, PGB1 and PDC1 

(Eysholdt-Derzsó et al 2023; Ng et al 2013). The presence of MDM elements in several HRGs 

further links mitochondrial malfunction to hypoxia responses, suggesting that chemically 

induced mitochondrial malfunction could regulate HRG expression and could be used as a 

method to study hypoxia responses at cellular level. 

This link was further supported by Schmidt et al (2018), who showed that decreasing the cellular 

ATP level constitutes limiting conditions for LONG-CHAIN ACYL-CoA SYNTHETASE (LACS) 

activity. When ATP is limiting, LACS activity drops, which is associated with induction of low-

oxygen (hypoxia)–responsive genes. This reduction in ATP levels was achieved by chemically 

inhibiting the mETC through AA treatment. Notably, AA treatment not only triggered the induction 

of ANAC017 target genes, but also other HRGs such as HYPOXIA RESPONSE UNKNOWN 

PROTEIN 7 (HUP7), which lacks the MDM motif (Eysholdt-Derzsó et al., 2023). Additionally, 
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another treatment that induced the expression of several HRGs was the combination of AA and 

dimethylthiourea (DMTU), an H2O2 scavenger (Schmidt et al., 2018). Since DMTU was 

hypothesised to inhibit the mitochondrial ROS produced by AA treatment, these results suggest 

that cellular energy status is involved in the regulation of hypoxic gene expression and therefore 

that factors other than ANAC013/16/17 contribute to controlling the expression of HRGs in a 

mitochondrial-dependent manner.  

Altogether, these findings support the view that mitochondrial malfunction is a central 

trigger of hypoxia-associated signalling, integrating energy status, ROS, and ANAC-mediated 

transcriptional regulation. To study the extent of mitochondrial malfunction in hypoxia responses 

and to identify a potential chemical treatment for co-application with flg22, we compared the 

responses of plants subjected to the combined AA+SHAM treatment or to hypoxic conditions by 

monitoring the expression of selected genes (Figure 3.1). 

 

Figure 3.1. Mitochondrial malfunction triggered by AA+SHAM does not induce HRG 

expression. Expression analysis of mitochondrial malfunction responsive genes in 10-day old 

wild-type (Col-0) seedlings treated in the dark with ethanol (control, 21% O2, light pink symbols), 

AA+SHAM (green symbols) or hypoxia (1% O2; red symbols) for 1, 2 or 4 hours. The mean relative 

expression to the MON1 reference gene is shown. Results are means ± standard deviation (SD) of 

3 biological replicates (n = 3). Statistical analysis: two-way ANOVA with Tukey’s test (p < 0.05); 
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different letters indicate statistically different groups. AA concentration was 100 μM and SHAM 

concentration was 10 mM. 

As expected, the transcription of the two previously known mitochondrial malfunction 

marker genes, AOX1a and HRE2, were induced upon AA+SHAM treatment (Figure 3.1), showing 

that the treatment applied efficiently disrupts mitochondrial function. Next, the expression of 

seven additional HRGs (MYB2, PCO1, HRE1, PGB1, ADH1, PDC1 and SUCROSE SYNTHASE 1 

(SUS1)) was tested, and revealed that apart from MYB2, the expression of the remaining HRGs 

was not affected by AA+SHAM treatment (Figure 3.1). The extent of MYB2 induction was smaller 

compared to that observed in hypoxic conditions caused by hypoxia chambers. MYB2 is known 

to bind to the GT-motif (5’-TGGTTT-3’) present in the promoter of ADH1 (Hoeren et al. 1998). 

However, despite MYB2 binding sites in the ADH1 promoter, together with the presence of an 

MDM motif, the ADH1 gene was not transcriptionally induced by AA+SHAM treatment. Similarly, 

the transcription of other HRGs with an MDM motif present in their promoters, such as PDC1, 

were not induced by AA+SHAM compared to the mock treatment (21% O2 + ethanol) (Figure 3.1). 

This contrasts with the induction of PDC1 by AA alone observed in previous studies (Schmidt et 

al., 2018). Together, these results indicate that the simultaneous inhibition of both the 

cytochrome and alternative respiratory pathways through AA+SHAM treatment can trigger the 

expression of canonical mitochondrial malfunction marker genes (AOX1a and HRE2), but these 

chemical treatments were not sufficient to induce the expression of HRGs despite the presence 

of the MDM cis-regulatory motif. Therefore, AA+SHAM application was not considered further for 

co-treatment with flg22. 

 

3.2.2. Comparing the use of anaerojars and hypoxia chambers 
 

We next compared the use of anaerojars and hypoxia chambers, as each of these 

experimental approaches has a unique set of characteristics that can potentially impact on plant 

hypoxia responses. In hypoxia chambers, O2 is displaced by flushing the chamber with another 

gas (nitrogen (N2) or argon (Ar)) under a positive pressure (Figure 3.2 A). In anaerojars, plant 

samples are introduced in a sealed chamber where an O2-consuming chemical reaction removes 

O2 (Figure 3.2 B). Importantly, this system also increases local levels of CO2, potentially leading 

to sample acidification or an increase in the rate of photosynthesis in the light (Donahue et al., 

1997; Wurts and Durborow, 1992), and O2 levels cannot be as tightly controlled as in a hypoxia 

chamber. In addition, anaerojars (Oxoid) commonly reach <1% O₂ within ~30 minutes in a sealed 
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jar, whereas in hypoxia chambers (Baker-Ruskinn) take shorter periods of time to reach <1% O₂ 

(15 mins approx.). 

 

 

Figure 3.2. Different experimental approaches to induce hypoxia in plant tissues. (A) Hypoxia 

chambers can reduce O2 levels through O2 displacement by blowing gas mixtures over a sample 

under a positive pressure. (B) Anaerojars can reduce O2 levels through gas replacement by the 

use of an O2-reacting catalyst. Figure from (Brazel and Graciet, 2023). 

 

For these experiments, we combined the hypoxia treatments with flg22 and monitored the 

expression of two HRGs (HRE2 and AOX1a) and two genes associated with pathogen response 

(AGB1 and ARABIDOPSIS G-PROTEIN GAMMA-SUBUNIT 1 (AGG1)) (Figure 3.3). When comparing 

the results from the anaerojars and hypoxia chambers, HRE2 showed the most important 

differences, with a robust induction in hypoxia chambers (with or without flg22; hypoxia/mock 

(HM) or hypoxia/flg22 (HF)) compared to normoxia/mock (NM), but not in anaerojars (Figure 3.3). 

In hypoxia chambers, the induction of HRE2 was consistent with previous reports (Brunello et al., 

2024; Licausi et al., 2010; Park et al., 2011). The other HRG tested, AOX1a, did not show such a 

strong discrepancy between anaerojars and hypoxia chambers and was not induced by the 

hypoxia treatment applied, perhaps because longer treatments or lower O2 levels are needed 

(Vishwakarma et al., 2018; Yao et al., 2017). The two defence-related genes, AGG1 and AGB1, 

also behaved similarly in anaerojars and hypoxia chambers, and their expression was not 

regulated by hypoxia treatment (Figure 3.3). When comparing the effects of flg22 under normoxia 

(NF) or hypoxia (HF), the expression of HRE2 was not affected by flg22 consistent with previous 

reports (Valeri et al., 2021), suggesting that HRE2 expression is largely regulated by hypoxia 

(Figure 3.3). In contrast, AOX1a was transcriptionally induced in HF compared to NF in hypoxia 

chambers but not in anaerojars, (Figure 3.3), although for the latter variation between replicates 



90 
 

and reproducibility may be the problem. The defence-related genes AGB1 and AGG1 were 

induced under HF compared to NF in anaerojars but not in hypoxia chambers (Figure 3.3).  These 

data suggest that different experimental approaches to trigger hypoxic conditions influence 

transcriptional dynamics of hypoxia responses alone, but also influence responses to combined 

hypoxia/flg22.  

 

Figure 3.3. Differential expression of selected genes in response to hypoxia and flg22 

individually and in combination. Expression analysis of hypoxia and flg22-response genes in 10-

day old seedlings treated for 2 hours with a mock solution under normoxia (21% O2; NM) or 

hypoxia (1% O2; HM) and treated with 100 nM flg22 under normoxia (NF) or in combination with 
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hypoxia (1% O2; HF) . Results are means ± standard deviation (SD) of 2-3 biological replicates (n 

= 2 or 3). Statistical analysis: one-way ANOVA with Tukey’s test (p < 0.05); different letters indicate 

statistically different groups. 

Based on these results, as well as the technical specifications of the hypoxia chambers, 

it was decided that the latter would be more suitable for our experiments due to (i) reduced time 

to achieve hypoxic conditions, (ii) possibility of maintaining atmospheric CO2 levels (allowing a 

normal photosynthesis rate when treatments were done in the light) in contrast to the elevated 

CO2 levels in anaerojars, and (iii) the possibility of controlling more accurately O2 levels, over a 

wider range. However, these experiments also highlighted the need to identify the best possible 

O2 levels to be used for the experiment (i.e. if hypoxia stress is too strong, this could mask the 

effects of flg22 when comparing HF to NF, for example), as well as the best duration of the hypoxia 

treatment.  

 

3.2.3. Optimizing hypoxia treatments in hypoxia chambers 
 
Here, we sought to identify the O2 levels and duration of hypoxia treatments, as both can affect 

the outcome of hypoxia responses and therefore, the subsequent hypoxia/flg22 combined stress 

responses. For example, Licausi et al., (2011) showed that mild hypoxic conditions (8% O2) 

induced upregulation of a small number of TF genes after 30 min and 2 h after the onset of hypoxia 

(7 and 11 genes, respectively), while lower oxygen levels (4% and 1% O2) increased the number 

of upregulated TF after 30 min of hypoxia to 29 and 24, respectively. This finding suggests that 

different sets of transcriptional regulators are differentially activated depending on O2 levels. 

Furthermore, Kosmacz et al., (2015) showed that the subcellular localisation of RAP2.12 in the 

nucleus was lower upon mild hypoxia (10% O2) compared to lower O2 levels ranging between 0 

and 5%. However, the peak induction of some hypoxia-responsive genes at 1 h does not match 

the timing of RAP2.12 nuclear accumulation, which is only observed after ~3–4 h of hypoxia. This 

suggests that early hypoxia transcription is controlled by mechanisms other than RAP2.12 (or 

other ERF-VIIs) nuclear localisation. Similarly, different durations of hypoxia treatment affect 

hypoxia response differently. For example, at 1 hour of hypoxia, different regulators of hypoxia 

response have been shown to be transcriptionally induced, such as HRE1 and HRE2 (Licausi et 

al., 2010). Genes involved in anaerobic metabolism such as ADH1, PDC1, LOB DOMAIN-

CONTAINING PROTEIN 41 (LBD41) or SUS1 are also induced at early timepoints of hypoxia (1 

hour) (Gasch et al., 2016; Kosmacz et al., 2015; Licausi et al., 2010; Liu et al., 2017; Wagner et al., 

2019; Yang and Hong, 2015; Zhou et al., 2020). In addition, these studies show that these same 
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genes are further induced at later stages of hypoxia response. This likely represents additional 

events in the hypoxia response activated at later timepoints (Gasch et al., 2016; Kosmacz et al., 

2015; Schippers et al., 2024).  

To optimise the experimental conditions, O2 levels of 0.1%, 1% , 4% and 10% were tested in 

addition to 21% O2 (normoxia), for different durations (1, 2, 4 and 6 h), and  the expression of 

several HRGs was monitored taking into account the previously observed transcriptional 

expression dynamics in hypoxia responses: HRE2 (Licausi et al., 2010; Park et al., 2011), AOX1a 

(Vishwakarma et al., 2018; Wany et al., 2018; Yao et al., 2017), PCO1 (Gasch et al., 2016; Valeri 

et al., 2021; Weits et al., 2014) and ADH1 (Bakshi et al., 2023; Gasch et al., 2016; Giuntoli et al., 

2014; Hsu et al., 2011; Kosmacz et al., 2015; Licausi et al., 2010; Liu et al., 2017; Loreti et al., 

2005; Yang and Hong, 2015; Zubrycka et al., 2023). The latter codes for alcohol dehydrogenase, 

whose activity is important to maintain cellular energy production by regenerating NAD+ under 

hypoxic conditions. 

The four genes tested showed different dynamics of gene expression depending on O2 

levels and duration of the hypoxia treatment. Induction of PCO1 was largely dependent on O2 

levels, in that its expression was higher at 0.1% and 1% O2 compared to 4%, 10% and 21% 

(normoxia) O2 and its level of induction did not increase further beyond one hour of treatment 

(Figure 3.4). ADH1, HRE2 and AOX1a induction was clearer at 0.1% O2, although also detected at 

1% O2. In contrast to PCO1, the expression of these three HRGS continued to increase with longer 

hypoxia treatments. 
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Figure 3.4. Transcriptional changes of hypoxia marker genes depend on O2 levels and 

duration of the hypoxia stress. Expression analysis of different hypoxia marker genes (PCO1, 

ADH1, HRE2 and AOX1a) with different O2 levels (21% O2-purple; 10% O2-dark blue; 4% O2-blue; 

1% O2-light blue; 0.1% O2-green) for 1, 2, 4 and 6 hours. Results are means ± standard deviation 

(SD) of 2-6 biological replicates (n = 2 to 6). Statistical analysis: two-way ANOVA with Tukey’s test 

(p < 0.05); different letters indicate statistically different groups. 

 

These results suggests that in terms of O2 levels, 0.1% or 1% could be suitable for combined 

hypoxia/flg22 experiments, and that the duration of the treatment is important to optimise. For 

the next optimisation steps, 1% O2 was chosen because (i) 1% O₂ represents a level of oxygen 

that is low enough to trigger hypoxia responses and sufficient to avoid effects where the plant is 

energy-deprived; (ii) it is more widely used in the community, so this will allow comparison with a 

broader range of published studies that also used 1% O2 (Bui et al., 2015; Eysholdt-Derzsó et al., 

2023; Kosmacz et al., 2015; Licausi et al., 2010; Liu et al., 2017; Schmidt et al., 2018; Triozzi et 

al., 2024; Zhou et al., 2020),and (iii) 1% O₂ represents a level of oxygen that is high enough so 

plants can still produce ROS (Pucciariello et al., 2012), which is important for the questions 

addressed.  
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Finally, careful comparison of the data obtained to previously published results indicated 

that the expression pattern of HRE2 and PCO1 differed from previous reports (Kosmacz et al., 

2015; Licausi et al., 2010). While here, HRE2 was not significantly induced within 1 hour of 

hypoxia treatment (1% O2), Licausi et al., (2010) reported differences in HRE2 expression levels 

at this timepoint. Similarly, while Kosmacz et al., (2015) reported increased PCO1 expression 

levels upon 1% O2, where PCO1 expression increased with time, in contrast to our results, where 

the transcriptional levels remained stable across time (Figure 3.4). In addition, Kosmacz et al., 

(2015) studied PCO1 expression at different O2 levels, which in contrast to our results, peaked at 

1% O2 instead of 0.1% O2. One main difference between our experimental conditions and those 

of Licausi et al., 2010 and Kosmacz et al., 2015 is that we applied hypoxia in light conditions as 

opposed to dark. Hence, in subsequent experiments, light availability was also considered as a 

factor that could affect how hypoxia interacts with the onset of PTI. 

 

3.2.4. Effect of combined hypoxia/flg22 on RBOHD expression 
 

One of the main questions addressed in this PhD is “What is the role of RBOHD in the 

molecular response to the activation of innate immune responses under hypoxic conditions?”. 

RBOHD expression levels are induced rapidly upon either hypoxia or flg22 stress (Section 1.4.2), 

and RBOHD-dependent ROS production regulates downstream hypoxia and flg22 signalling 

(Dubiella et al., 2013; Peláez-Vico et al., 2023). We therefore hypothesised that RBOHD could act 

to regulate plant responses in the context of a hypoxia/flg22 co-treatment, and presumed that 

hypoxia-dependent changes in RBOHD expression could modulate flg22 responses differently 

under hypoxia compared to normoxic conditions. In this scenario, RBOHD expression levels 

could be differently regulated under the combined HF treatment compared to NF.  

To assess the dynamics of RBOHD expression under HF conditions, we investigated the 

effect of different durations of hypoxia pre-treatment prior to the addition of flg22. For HF 

conditions, plants were maintained under hypoxia for one hour after the addition of flg22, or for 

NF treatment, plants were kept under normoxic during the entire duration of the experiment. The 

duration of the hypoxia pre-treatments were chosen as follows: 

- 1 hour of hypoxia pre-treatment accounted for early hypoxia transcriptional responses and 

genes with roles in both hypoxia and immunity, such as ADH1 (Barreto et al., 2022; Brunello et 

al., 2024; Castellana et al., 2024; Hsu et al., 2013; Licausi et al., 2010; Loreti et al., 2005; Yang et 

al., 2011), CPK28 (Bakshi et al., 2023; Monaghan et al., 2014), APX1(Hong et al., 2023; Yang et al., 

2017), WRKY22 (Asai et al., 2002; Hsu et al., 2013) and RBOHD (Zabela et al., 2002; Dubiella et 
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al., 2013; Kadota et al., 2014; Li et al., 2014; Yang et al., 2017; Yang and Hong, 2015). We 

hypothesised that this early hypoxic-dependent induction of plant immunity regulators could 

potentially regulate subsequent flg22 responses in combination with hypoxia. 

- 2 hours of hypoxia pre-treatment should result in hypoxia-dependent ROS production, which 

could affect flg22 response. As shown in Pucciariello et al. (2012), low O2 levels trigger ROS 

production between 1 and 2 hours after the establishment of anoxic conditions. In addition, these 

authors suggested that this ROS production is probably mediated by a member of the RBOH 

family, characterised by presenting NADPH oxidase activity, which was later demonstrated by 

Gonzali et al., 2015 and Yu et al., 2024. In addition, hypoxic ROS production could modulate flg22 

responses through the induction of ROS-responsive genes such as RBOHD (Nakagami et al., 

2006), OXIDATIVE SIGNAL-INDUCIBLE 1 (OXI1) (Nakagami et al., 2006), REDOX RESPONSIVE 

TRANSCRIPTION FACTOR 1 (RRTF1) (Hong et al., 2023), ERF6 (Meng et al., 2013; Wang et al., 

2013), or ZINC FINGER ARABIDOPSIS THION 10 (ZAT10) and ZAT12 (Davletova et al., 2005; Rossel 

et al., 2007). 

- 4 hours of hypoxia pre-treatment was used because it gives sufficient time to stabilise RAP2.2 

and RAP2.12 in the nucleus (Kosmacz et al., 2015). This is a major event in hypoxia response and 

it is also relevant to combined hypoxia and flg22 responses, as it has been demonstrated that 

RAP2.12 can induce the expression of several immunity regulators such as SID2 (Koo et al., 

2024a) or RBOHD (Yao et al., 2017). In addition, Kosmacz et al., 2015 showed that together with 

RAP2.12 nuclear location, several HRGs reached their maximal expression levels within 3-4 hours 

of hypoxic conditions, suggesting that hypoxia signalling could crosstalk with the onset flg22 

responses at this timepoint. 

Consistent with previous reports, under NF conditions, RBOHD expression levels were 

reproducibly induced within 1 hour after the addition of flg22 (Bai et al., 2023; Trujillo et al., 2008). 

Under HF conditions (with either a 1-hour or 2-hour hypoxia pre-treatment), RBOHD induction 

was similar as that observed under NF conditions (Figure 3.5). However, 4 hours of hypoxic 

conditions prior to flg22 treatment triggered a stronger transcriptional induction of RBOHD in HF 

compared to NF conditions (Figure 3.5). 
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Figure 3.5. RBOHD transcriptional levels in seedlings upon combination of hypoxia and flg22 

with different duration of hypoxia pre-treatment. Expression analysis of RBOHD upon 

normoxia (21%O2+mock solution (NM)); hypoxia (1%O2+mock solution (HM)); flg22 (21%O2+100 

nM flg22 (NF)) or hypoxia+flg22 (1%O2+100 nM flg22 (HF)), with different lengths of hypoxia or 

normoxia pre-treatments (1, 2 and 4 hours). Ten-day old wild-type Col-0 seedlings were used. 

Results are means ± standard deviation (SD) of 4 biological replicates (n = 4). Statistical analysis: 

one-way ANOVA with Tukey’s test (p < 0.05); different letters indicate statistically different groups. 

 

3.2.5. Conclusions 
 

Altogether, these findings indicate that depending on the duration of the hypoxia pre-

treatment, RBOHD could respond differently to flg22 treatment. At 1% O2, a 4-hour hypoxia pre-

treatment is needed to observe an effect of hypoxia on flg22-dependent transcriptional 

regulation of RBOHD. Therefore, for this study, a 4-hour of hypoxia pre-treatment followed by 

flg22 treatment for 1 hour were therefore chosen for studying the role of RBOHD in mediating 

plant responses to the combination of hypoxia and flg22 treatments because (i) it gives hypoxia 

response programmes sufficient time to be activated, and (ii) longer treatment lengths could 

trigger secondary effects such as cell death or large-scale metabolic shifts that would make it 

more difficult to study the role of ROS. These conditions were used in all assays below. 
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3.3. Contributions and role of RBOHD in HF stress responses 
 

3.3.1. Apoplastic ROS dynamics under combined hypoxia and flg22 
treatment 
 
 As stated in section 1.4.2, RBOHD functions in both hypoxia and flg22 responses, 

triggering apoplastic ROS production in response to environmental cues in a tightly regulated 

process. In hypoxia response, several activators of RBOHD regulate its activity, such as CPK16, 

ROP2 or HRU1 (Figure1.12) (Baxter-Burrell et al., 2002; Gonzali et al., 2015; Yu et al., 2024). In the 

context of plant immunity, activators of RBOHD include BIK1, XLG2, CRK2, SIK1, 

DIACYLGLYCEROL KINASE 5 (DGK5) or CPK5 (Figure 1.11) (Dubiella et al., 2013; Kadota et al., 

2015; Kimura et al., 2020; Kong et al., 2024; Li et al., 2014; Köster et al., 2025; Qi et al., 2024; Liang 

et al., 2016; Zhang et al., 2018). This differential mechanism of activation highlights that the 

context-specific signal integration of RBOHD into distinct signalling networks may not be only at 

the transcript and protein level, but also at the ROS production level, enabling plants to fine-tune 

the magnitude, duration and spatial distribution of ROS production in response to combined 

stress conditions. 

 Experiments performed by Dr. Catherine Doorly indicated that in NF samples, the 

characteristic transient ROS production previously attributed to RBOHD activation was detected, 

with maximum luminescence reached within 15-20 minutes after flg22 treatment. By contrast, 

RBOHD function was differently regulated in HF, where plants were pre-treated with 2 hours of 

hypoxia treatment in anaerojars prior to flg22 treatment. This assay showed that the oxidative 

burst triggered by flg22 was markedly altered under hypoxic conditions, in terms of both the 

kinetics and the amplitude of the ROS production. Specifically, under hypoxia the flg22-triggered 

ROS production failed to reach the peak observed under normoxia, and the subsequent 

desensitisation was altered, leading to a more sustained ROS production over time (Figure 3.6). 

These features indicate that RBOHD activity was not simply reduced by lack of oxygen but rather 

was regulated through alternative signalling events.  
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Figure 3.6. Apoplastic ROS production in HF conditions. The luminol-based approach was 

used to measure apoplastic ROS production upon Normoxia Mock (NM), hypoxia mock (HM), 

normoxia flg22 (NF), and hypoxia flg22 (HF). Leaf discs of 4-week old plants grown in short-day 

conditions were used. Results are means ± Standard Error of the Mean (SEM) of the average of 12 

biological replicates (n = 12). 

 

This experiment was performed by Dr. Catherine Doorly rather than by the author because it was 

undertaken under significant time constraints and required a highly time-sensitive assay 

workflow. Although suitable for longer hypoxia treatments, hypoxia chambers were not 

technically compatible with the CLARIOstar-based ROS measurement workflow, as it was 

difficult to maintain hypoxic conditions consistently during sample transfer, flg22 application, 

and plate-reader measurements. Nevertheless, future optimisation of this assay could employ 

reader-integrated atmospheric control systems, such as the Atmospheric Control Unit (ACU) for 

the Clariostar, which enables independent regulation of O₂ and CO₂ within the plate reader 

chamber during kinetic measurements. 

 

3.3.2. Transcriptional reprogramming under HF conditions reveals RBOHD 
as a component of hypoxia–flg22 crosstalk 

 
 To further confirm a role of RBOHD in combined hypoxia/flg22 responses, we analysed 

the expression of different PTI marker genes in 4-week old plants, together with that of genes 

previously identified to participate in the crosstalk between hypoxia and immunity and in the 
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regulation of RBOHD function. As expected, PTI marker genes such as FRK1 or NHL10 were 

induced in samples treated with flg22 (Figure 3.7), and the hypoxia marker gene ADH1 was only 

induced in samples treated with hypoxia (Figure 3.7). Expression analysis demonstrated slight 

transcriptional upregulation, although not statistically significant, of BIK1 in HF conditions 

compared to NF (Figure 3.7). Although none of these genes were transcriptionally differentially 

regulated upon HF compared to NF in the wild type, in the rbohd mutant, BIK1 was hyper-induced 

in HF compared to NF (Figure 3.7). Similarly, although WRKY22 expression did not differ between 

NF and HF in the wild type,  it was hyper-induced in HF compared to both NF in the rbohd mutant 

and also compared to HF in the wild type. This suggests a specific role of WRKY22 in combined 

hypoxia/flg22 experiments, in line with previous findings in Arabidopsis using waterlogging and 

the bacterial pathogen Pseudomonas syringae (Hsu et al., 2013). Furthermore, although WRKY33 

was not differentially regulated in HF, one of its target genes, CYP71A13, was transcriptionally 

upregulated in rbohd mutant in NF compared to the wild type, this upregulation was reduced in 

HF conditions compared to NF in the rbohd mutant (Figure 3.7). Collectively, these data indicate 

that, while early PTI transcriptional markers respond largely as expected to flg22 and hypoxia 

when applied individually, combined hypoxia/flg22 uncovers RBOHD-dependent layers of 

regulation that are not present when stresses are applied individually. However, due to the central 

role of RBOHD in stress responses the mechanisms behind this expression patterns upon HF 

remain undiscovered, as they can be loss of RBOHD-dependent negative feedback, 

compensatory activation of other pathways, altered redox signalling, changes in calcium and 

kinase signalling, developmental or physiological differences in the mutant, etc. 
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Figure 3.7. Transcriptional changes of hypoxia and PTI associated genes in HF conditions. 4-

week old wild type (circles) and rbohd (squares) plants undergoing NM, HM, NF or HF treatment 

in the light (pink). Here, a 4-hour hypoxia pre-treatment, followed be 1 hour combined treatment 

was used (hypoxia: 1% O2). Results are means ± standard deviation (SD) of 4 biological replicates 

(n = 4). Statistical analysis: two-way ANOVA with Tukey’s test (p < 0.05); different letters indicate 

statistically different groups. 

 

3.3.3. Conclusions 
 

Altogether, the combination of both luminol assays performed by Dr. Catherine Doorly 

and the expression patterns of hypoxia and PTI-associated genes in wild-type and rbohd mutant 

plants show that the combination of hypoxia and flg22 treatments triggers unique stress 

responses and RBOHD plays a role in the differential regulation of PTI-associated genes in these 

unique stress responses. 
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3.4. Regulation of RBOHD expression in combined hypoxia and flg22 
experiments 
 

3.4.1. Effect of light availability on RBOHD expression in combined 
hypoxia/flg22 
 

As outlined in section 3.2.3, some of the transcriptional responses to hypoxia that we 

observed were different from previous reports, and we hypothesised that light availability in our 

hypoxia pre-treatments could explain some of the differences. Given that plants generate their 

energy primarily through photosynthesis, which is a light-dependent process, dark conditions 

during hypoxic conditions inhibit (i) the plant local production of O2 and (ii) glucose production 

for downstream use in anaerobic fermentation. Therefore, in the dark, the plant experiences an 

energy deficit, leading to stronger activation of hypoxic stress responses (Kunkowska et al., 2023). 

In addition, light has emerged as a critical environmental cue influencing plant-pathogen 

interactions. Specifically, light can influence plant immunity through light receptors, such as 

blue-light photoreceptor CRYPTOCHROME 1 (CRY1) (Hao et al., 2025; Wu and Yang, 2010) and 

CRY2 (Jeong et al., 2010) or through regulators of light signalling such as  ELONGATED 

HYPOCOTYL 5 (HY5) (Liu et al., 2025). In addition to light signalling, the circadian rhythm also 

influences plant responses to hypoxia and pathogens. Intriguingly, hypoxia response genes and 

plant immunity genes show opposite transcriptional trends, whereby hypoxia responses are 

transcriptionally induced upon dark conditions (Triozzi et al., 2024) while immunity genes are 

transcriptionally induced upon light conditions (Bhardwaj et al., 2011; Goodspeed et al., 2012; 

Korneli et al., 2014; Lai et al., 2012; Wang et al., 2011). These findings suggest that depending on 

light availability during HF treatment, the effect of hypoxia on the onset of flg22 responses could 

be different, perhaps as the result of plants prioritizing response to one stress over the other. To 

test this, we subjected seedlings to NM, HM, NF, HF conditions with 4 hours of hypoxia pre-

treatment followed by treatment with flg22 for 1 hour in the dark and determined the 

transcriptional changes of RBOHD, which was compared to our results obtained when plants 

were treated with these conditions in the light (Figure 3.8). 

In contrast to light conditions, RBOHD expression levels in HF did not differ from NF, 

indicating that the HF-dependent hyper-induction of RBOHD observed in the light was absent in 

darkness (Figure 3.8). Interestingly, though, comparing RBOHD expression in NF conditions in 

the dark and in the light, indicated that RBOHD is already more strongly induced in the dark under 

NF and HF conditions compared to those conditions in the light. This comparison suggests that 

dark flg22-treated samples induce more strongly RBOHD, potentially masking any hypoxia-
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dependent hyper-induction in HF conditions. These results suggest that light availability during 

HF conditions is a factor that needs to be taken into account as it contributes to modulating the 

synergistic interaction by which hypoxia further induces flg22-induced RBOHD. 

 

 

Figure 3.8. Light availability contributes to regulating RBOHD transcriptional changes in HF 

conditions in seedlings. Expression analysis of RBOHD in the light and in the dark under NM, 

HM, NF and HF (same conditions as in Figure 3.5). The data for samples obtained in the presence 

of light are the same as in Figure 3.5 but added here to facilitate comparison. Ten-day old wild-

type Col-0 seedlings were used. Results are means ± standard deviation (SD) of 3 or 4 biological 

replicates (n = 3 or 4). Statistical analysis: one-way ANOVA with Tukey’s test (p < 0.05); different 

letters indicate statistically different groups. 

 

3.4.2. Effect of development on RBOHD expression in combined 
hypoxia/flg22 
 

Responses to single stresses (including hypoxia and flg22) differ depending on the 

developmental stage at which plants encounter them. In hypoxic conditions, age-dependent 

regulation of plant responses rely on ANAC017 differential regulation of target genes, as they are 

in genomic regions that move towards a heterochromatic state as development proceeds, 

hindering ANAC017-dependent transcriptional activation (Bui et al., 2020). In addition, an age-

dependent mechanism also restrains ERF-VII activity on core HRGs, independently of the N-

degron pathway (Giuntoli et al., 2017). Altogether, these mechanisms suggest that juvenile plants 
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possess better tolerance to low O2 levels than adult plants, although the age-dependent 

mechanism governing hypoxia responses are not fully understood.  

Plant immunity is also regulated by plant development as proceeds through a process called Age-

Related Resistance (ARR), which allows plants to gain or reinforce defences against pathogens 

during the process of host maturation (reviewed in Hu and Yang, 2019). An example of this is the 

age-dependent regulation of FLS2 (the receptor for flg22), whose expression is repressed at early 

developmental stages but not at later stages (Winter et al., 2011; Zou et al., 2018). It is intriguing 

as well to note that that hypoxia and immunity have opposite outcomes when it comes to age-

dependent responses, in that juvenile plants are more tolerant to hypoxic conditions, but more 

susceptible to pathogens, while adult plants are more sensitive to hypoxic conditions and more 

resistant to pathogen infection.  

To determine which developmental stage might be best to use to study the role of RBOHD 

in mediating the effect of hypoxia on the onset of PTI, RBOHD expression levels were analysed 

across NM, HM, NF and HF treatments in both light and dark conditions in 4-week old plants as 

opposed to 10-day old seedlings used pre viously. This also allowed us to determine whether the 

developmental stage could affect how RBOHD expression is regulated under HF treatment. As 

shown in Figure 3.8-9, in the light, RBOHD expression in 4-week old plants had the same pattern 

as in seedlings, as it was hyper-induced in HF compared to the already induced NF-treated 

plants. In 4-week-old plants, RBOHD transcript levels were higher in dark HF compared to dark 

NF, indicating that, in contrast to 10-day old seedlings, mature plants further induce RBOHD 

when exposed to combined hypoxia and flg22 in the dark. Moreover, when HF samples were 

compared across light/dark conditions during stress treatments, RBOHD expression was 

significantly higher in the dark than in the light. This mirrors the pattern observed in seedlings, 

where RBOHD transcripts were generally higher in the dark than in light, but in 4-week-old plants 

the dark treatment under HF led to an additional hypoxia-driven increase over NF, revealing a 

dark-dependent induction at this developmental stage. This comparison indicates that RBOHD 

expression dynamics upon HF treatment are different depending on the developmental stage of 

the plants and light status during the treatment. These differences suggest additional layers of 

transcriptional control for RBOHD dependent on both light availability during the treatment and 

the developmental stage of the plant.  
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Figure 3.9. Differential expression of RBOHD upon HF treatment in 4-week old wild-type Col-

0 plants. Expression analysis of RBOHD in the light (pink) and in the dark (blue) in NM, HM, NF 

and HF (conditions as in Figure 3.5). Results are means ± standard deviation (SD) of 3 biological 

replicates (n = 3). Statistical analysis: two-way ANOVA with Tukey’s test (p < 0.05); different letters 

indicate statistically different groups. 

 

Because RBOHD transcripts were differentially regulated by light availability during the 

combined hypoxia/flg22 treatment, we next asked whether the absence of RBOHD in the dark (i.e. 

in a rbohd mutant) would alter the expression of candidate genes under HF. To address this, the 

same experiment as in Figure 3.7 was performed, but in the dark and the results were compared 

(Figure 3.10). ADH1, a hypoxia response marker gene, was more strongly induced in dark HM 

compared to light HM conditions. The wild type and the rbohd mutant behaved similarly, 

suggesting that RBOHD is not implicated in this stronger expression of ADH1 in the dark. NHL10 

expression was induced to the same extent in NF or HF, in the wild type as well as the rbohd 

mutant. Light/dark also did not affect this up-regulation, so that RBOHD or light/dark or hypoxia 

do not impact on NHL10 induction. WRKY22 up-regulation in NF was not influenced by RBOHD 

or light/dark conditions. In contrast, in HF conditions, the hyper-induction of WRKY22 in dark HF 

compared to light HF was lost in the rbohd mutant, suggesting that in HF conditions, RBOHD 

could contribute to a stronger expression of WRKY22 in the dark compared to the light. Similar 

observations were made for the hyper-induction of CPK28 and BIK1 in dark HF compared to light 
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HF, with a dependency on RBOHD. These data indicate that the CPK28 and BIK1 transcriptional 

hyper-induction observed in the dark under combined hypoxia and flg22 requires functional 

RBOHD. Lastly, for FRK1, dark conditions with NF significantly reduced the expression of this 

gene in both wild type and rbohd mutant compared to light NF conditions. This dark-dependent 

repression of FRK1 was lost in the wild type in HF, while it was retained in the rbohd mutant in HF, 

suggesting that RBOHD could contribute to the regulation of FRK1 in HF conditions, in a light/dark 

dependent manner.  

 

Figure 3.10. Transcriptional changes of candidate genes involved in the crosstalk of 

hypoxia/flg22 comparing light and dark conditions. Expression analysis of candidate genes 

involved in HF crosstalk (NHL10, ADH1, WRKY22, BIK1, CPK28 and FRK1) in 4-week old wild type 

(circles) and rbohd (squares) plants undergoing NM, HM, NF or HF treatment in the light (pink) 

from Figure 3.7 or in the dark (purple). Results are means ± standard deviation (SD) of 3-4 

biological replicates (n = 3-4). Statistical analysis: two-way ANOVA with Tukey’s test (p < 0.05); 

different letters indicate statistically different groups. 
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 In summary, the data indicate that (i) RBOHD expression is differentially regulated upon 

HF treatment, with differences between light/dark or developmental stage; and (ii) in a rbohd 

mutant, PTI associated genes do not have the same expression pattern in HF compared to NF, 

again also depending on light/dark conditions. Together, this points to a role of RBOHD in the 

regulation of plant responses to HF, and to the need to identify which TFs might contribute to the 

differential regulation of RBOHD expression in HF conditions compared to NF. 

 

3.4.3. Identifying potential regulators of RBOHD expression in HF 
 

Identifying the transcription factors that could mediate the differential expression of 

RBOHD in HF compared to NF conditions would be important to understand how RBOHD is 

integrated in the molecular crosstalk between hypoxia and flg22 responses. Several TFs have 

been shown to be involved in the transcriptional regulation of RBOHD during development and 

single stresses (Table 3.1). 

 

Table 3.1. List of identified RBOHD transcriptional regulators that directly bind to the RBOHD 

promotor. 
 

 

Among these RBOHD transcriptional regulators, WRKY33 has a well-established role in 

immune responses but has also been shown to contribute to hypoxia responses, and RAP2.12 is 

Gene Functional Involvement Reference 

WRKY33 Response to fungi (Zhao et al., 2020) 

WRKY55 

Leaf Senescence 

(Wang et al., 2020) 

Brassica napus WRKY generating ROS 1 

(WGR1) 
(Yang et al., 2018) 

BRASSINAZOLE RESISTANT 1 (BZR1) and  

SHORT-ROOT (SHR) 
Periclinal division (Tian et al., 2022) 

ABSCISIC ACID INSENSITIVE 4 (ABI4) Salinity stress responses (Luo et al., 2021) 

RAP2.12 Hypoxia stress responses    (Yao et al., 2017) 

WRKY46 and MYC2 Herbivore responses Hao et al., 2024) 
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a central regulator of hypoxia responses, but has emerging roles in plant immunity (sections 

1.4.2.2 and 1.4.2.3). However, whether these TFs modulate RBOHD transcription under 

combined hypoxia and flg22 treatment is unknown and was tested as outlined below.  

 

3.4.3.1. WRKY33 expression under HF conditions 
 

In a first step to determine if WRKY33 is involved in regulating RBOHD expression during 

combined hypoxia/flg22 treatments at both developmental stages used in this work (10-day old 

seedlings and 4-week old plants) and light/dark conditions, we monitored the expression of this 

TF across NM, HM, NF and HF treatments. In seedlings, conclusions were difficult to draw due to 

experimental variability and the lack of statistically significant differences, even though the data 

showed a trend towards increased expression of WRKY33 in NF and HF samples (compared to 

NM and HM), both in the dark and in the light (Figure 3.11). Although not significant, WRKY33 

expression in light HF in seedlings seemed to be in average higher than in NF, thus mimicking (with 

more variability) the expression pattern of RBOHD in the same conditions (Figure 3.11). However, 

the opposite trend is seen in seedlings treated with dark HF conditions, where on average, 

WRKY33 expression levels seem to be lower compared to dark NF (Figure 3.11). Similarly to 

seedlings, in 4-week old plants undergoing treatment under different light regimes, average 

WRK33 expression did not change significantly when comparing NF and HF conditions (Figure 

3.11), which is different from the expression of RBOHD in the same experimental conditions, in 

that RBOHD was more strongly upregulated in HF than NF (Figure 3.7). Taken together, these 

results suggest that the hyper-induction of RBOHD expression in HF conditions may be 

independent of WRKY33. However, considering the level of variation, specifically in dark HF, 

additional replicates are needed to confirm this result.  
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Figure 3.11. WRKY33 transcriptional levels upon combination of hypoxia and flg22 

depending on light availability and developmental stage. Expression of WRKY33 in 10-day old 

seedlings (green datapoints) or in 4-week old plants (purple datapoints) undergoing NM, HM, NF 

or HF treatment in the light or in the dark. Results are means ± standard deviation (SD) of 3 

biological replicates (n = 3). Statistical analysis: one-way ANOVA with Tukey’s test (p < 0.05); 

different letters indicate statistically different groups. 

 

3.4.3.2. Exploring a link between RBOHD expression in HF and ERFVII TFs 
 
As stated in the introduction, three ERFVII TFs, RAP2.2, RAP2.12 and HRE1 are known to regulate 

RBOHD expression upon hypoxia treatment through both direct and indirect mechanisms (Yang 

et al., 2017; Yao et al., 2017), we hence sought to test a potential regulatory role of ERFVIIs in the 

hyper-induction of RBOHD expression during HF treatment in the light. To do so, we assessed 

RBOHD expression levels in seedlings in different ERFVII mutant backgrounds. 10-day old 

seedlings was chosen as the developmental stage for these experiments as the activities of the 

ERFVIIs are at their highest and decrease as development proceeds (Giuntoli et al., 2017). The 

mutants used were the erfvii quintuple mutant, which carries T-DNAs in all 5 ERFVII-coding genes 

(RAP2.2/3/12 and HRE1/2), as well as the rap2.2/3/12 triple and hre1/2 double mutants so that 

the potential role of either the 3 RAPs or the 2 HREs could be determined (Abbas et al., 2015). 
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Triple mutant rap2.2/3/12 was used instead of single rap2.12 mutant, as these transcription 

factors have partially redundant functions, and the phenotype of rap2.12 alone may therefore be 

masked by compensation from RAP2.2 and RAP2.3. The latter could be relevant because Licausi 

et al., 2010 showed that HRE1 and HRE2 are transcriptionally induced during hypoxia, while 

RAP2.2, RAP2.3 and RAP2.12 are not transcriptionally induced also independently of hypoxic 

conditions. 

Despite having 4 biological replicates for each set of conditions, the RT-qPCR data obtained 

remained variable, making it difficult to draw conclusions with confidence. In the quintuple erfvii 

mutant, RBOHD hyper-induction upon HF in the light appeared to be suppressed (Figure 3.12). 

The rap2.2/3/12 and hre1/2 mutants displayed the same transcriptional dynamics for RBOHD as 

the quintuple erfvii mutant, but with slightly higher expression levels (Figure 3.9 and 3.12), 

presumably because of the remaining ERFVII activity in the double and triple mutants. These 

results suggest that the ERFVIIs could play a role in the hyper-induction of RBOHD during HF 

treatment in the light in seedlings, and that these were functionally redundant, which is 

consistent with previous reports (Bui et al., 2015; Gasch et al., 2016; Papdi et al., 2015; Yao et al., 

2017). 

 

 

Figure 3.12. ERFVIIs contribute to the transcriptional regulation of RBOHD in HF conditions. 

Expression analysis of RBOHD in 10-day old seedlings in NM, HM, NF and HF conditions in the 

light. Results are means ± standard deviation (SD) of 4 biological replicates (n = 4). Statistical 

analysis: one-way ANOVA with Tukey’s test (p < 0.05); different letters indicate statistically 

different groups. 
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3.4.3. Conclusions 
  

 Altogether, RBOHD transcript levels were shown to be hyper-induced in a combination of 

hypoxia and flg22 treatments. Light availability plays a role in the hyper-induction of RBOHD 

expression under HF compared with NF conditions in seedlings, but darkness likely masks the 

hypoxia-dependent transcriptional regulation of RBOHD in dark HF. However, in 4-week old 

plants, hyper-induction of RBOHD in HF compared to NF is present irrespective of dark/light 

conditions. Noteworhty, RBOHD transcript levels were further induced in dark HF compared to 

light HF, indicating distinct mechanisms in charge of controlling transcriptional regulation of 

RBOHD in HF conditions. We examined the roles of previously identified RBOHD transcriptional 

regulators, including WRKY33 and the ERFVIIs. Although too variable, the data obtained suggest 

a potential role of the ERFVIIs in this hyper-induction of RBOHD in HF compared to NF.  

 

3.5. Combined hypoxia and flg22 signalling differentially regulates 
RBOHD protein abundance and reveals CPK28 as a candidate 
regulator 
 

Although transcriptional profiling revealed differential RBOHD dynamics in HF conditions, 

transcript abundance does not necessarily correlate with protein levels. We therefore 

complemented the transcriptional expression analysis of RBOHD with the monitoring of 

endogenous RBOHD at the protein level under NM, HM, NF and HF conditions, thereby providing 

a more comprehensive understanding of RBOHD regulation in combined hypoxia/flg22 

conditions. The regulation of RBOHD protein levels has not been studied under hypoxic 

conditions. In contrast, regulation of RBOHD stability is understood to some extent in the context 

of plant immunity, such as (i) the PBL13 and PIRE1- dependent ubiquitination of RBOHD (Lee et 

al., 2020), or (ii) PA-dependent enhanced stability of RBOHD (Kong et al., 2024; Qi et al., 2024). 

The latter might also be relevant under hypoxic conditions, considering the dual role of PA in 

regulating plant responses to hypoxia and pathogens. The different genes known to be involved 

in regulasting RBOHD protein levels are summarised in Table 3.3. 
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Table 3.3. List of regulators of RBOHD protein stability. 

Gene Functional Involvement Role in RBOHD 
Stability Reference 

CONSTITUTIVE 
EXPRESSER OF 

PATHOGENESIS-
RELATED GENES (CPR5) 

Resting conditions Negative (Qi et al., 2023) 

CONSERVED BINDING 
OF eIF4E1 (CBE1) Resting conditions Negative (George et al., 2023) 

PBL13 & PIRE1 

Resting conditions and 
PAMP-enhanced RBOHD 

stability 
Negative (Lee et al., 2020) 

PAMP- and PA-enhanced 
RBOHD stability Negative (Kong et al., 2024;      

Qi et al., 2024) 

PB1CP PAMP-triggered RBOHD 
stability Negative (Goto et al., 2024) 

XYLEM CYSTEINE 
PEPTIDASE 1 (XCP1) PAMP-triggered RBOHD 

stability 

Negative 
(Liu et al., 2024) 

CYSTATIN 6 (CYS6) Positive 

DGK5 PAMP- and PA-enhanced 
RBOHD stability Positive (Kong et al., 2024;   

Qi et al., 2024) 

CPK16 In vitro experiments Positive (Yu et al., 2024) 

 

3.5.1. RBOHD protein dynamics in combined hypoxia/flg22 
 

Here, we explored whether (i) RBOHD protein levels were differentially regulated in HF 

compared to NF in wild-type Col-0 seedlings and 4-week old plants, and (ii) there was a 

correlation between the loss of hyper-induction in the erfvii quintuple mutant and RBOHD protein 

levels in HF. To do so, we analysed endogenous RBOHD protein abundance in both seedlings and 

4-week old plants in light and dark conditions, with NM, HM, NF and HF treatments.  
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Figure 3.13. RBOHD protein abundance in NM, HM, NF and HF conditions in the wild type and 

the erfvii mutant. Total proteins were extracted after 4 hours of normoxia/hypoxia pre-treatment 

followed by one hour of combined hypoxia/flg22 treatment or equivalent control (i.e. same 

experimental conditions as in section 3.4). The endogenous RBOHD protein was detected using 

the anti-RBOHD antibody (Agrisera #AS15 2962) by immunobloting. Ponceau S staining serves as 

a control for protein loading. The band corresponding to the large subunit of RubisCO (RBCL) is 

shown here. Numbers between the immunoblot and the Ponceau S staining indicate the relative 

levels of RBOHD protein normalised with RBCL levels. Blots are representative of n = 2 for 

seedlings, n=3 for 4-week old plants.  

 

In the wild type, we obtained the same RBOHD abundance dynamics in both seedlings and 4-

week old plants, indicating that the behaviour of RBOHD protein levels across treatments is not 

dependent on developmental stage (Figure 3.13). In the light, as previously observed, both 

seedlings and 4-week old plants presented increased RBOHD protein levels in NF compared to 

the control conditions (NM) (Kong et al., 2024) (Figure 3.13). Furthermore, hypoxia treatment 

alone (HM) did not affect RBOHD levels, but when combined with flg22 in HF, RBOHD protein 

abundance decreased in both wild-type seedlings and 4-week old plants compared to NF in the 

light (Figure 3.13). In contrast, in the dark, for both wild-type seedlings and 4-week old plants, we 

did not detect an increase in RBOHD protein abundance in NF relative to NM, suggesting that dark 

conditions prevent the accumulation of RBOHD in NF (Figure 3.13). Similarly to light conditions, 
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HM did not affect RBOHD levels, but when combined with flg22 in HF, RBOHD protein abundance 

increased compared to NM, HM and NF in wild-type 4-week-old plants in the dark, and to a lesser 

extent in seedlings (Figure 3.13).  

Taken together, these results indicate that HF conditions in the light reduce RBOHD 

protein abundance in comparison to NF, but under HF conditions in the dark, RBOHD protein 

abundance increases compared to NF. However, when comparing protein an mRNA levels, they 

do not align. Although RBOHD transcripts were strongly induced under HF in the light, RBOHD 

protein abundance decreased. However, in the dark, mRNA and protein levels mirrored each 

other. These contrasting dynamics suggest that post-transcriptional or post-translational 

mechanisms (e.g. translation efficiency or protein turnover,) play a role in determining RBOHD 

protein abundance in HF compared to NF, especially in light conditions. 

As our transcriptional data suggested that the ERFVIIs could contribute to the regulation 

of RBOHD expression in HF treatment in seedlings treated in the light (Figure 3.9), we also tested 

how RBOHD protein abundance was affected in the erfvii quintuple mutant (Figure 3.13). In the 

light, RBOHD protein levels increased in NF treated plants in the erfvii mutant background (both 

seedlings and 4-week old plants), similarly to that seen in wild type plants. In light HF treated 

seedlings RBOHD protein levels increased rather than decline in contrast with the trend observed 

in the wild type, indicating that the ERFVIIs might play a role in  decreasing RBOHD abundance in 

light HF in seedlings (Figure 3.13). In contrast, in 4-week old plants, the lack of ERFVIIs resulted 

in RBOHD protein levels between NF and HF that are similar to the ones observed in the wild type 

(Figure 3.13), albeit with generally lower RBOHD levels. In the dark, erfvii seedlings displayed 

reduced RBOHD levels in HF compared to NF, indicating that the ERFVIIs are required for the 

increased RBOHD levels in dark HF (Figure 3.13). Conversely, in 4-week old plants, the lack of 

ERFVIIs resulted in the reduction of RBOHD levels in HF in comparison with wild type, however, it 

remained higher than those observed in dark NF (Figure 3.13), and hence the dynamics of 

RBOHD level showed similar behaviour in wild type and erfvii. 

In sum, ERFVIIs contribute to regulating RBOHD protein levels in HF conditions in 

seedlings, as evidenced by the inverted trend of RBOHD abundance present in erfvii mutants 

compared to the wild type. However, in 4-week old, the trends do not change in comparison to 

wild type plants, but the overall protein levels are reduced. This suggests that the ERFVIIs still 

contribute to the regulation of RBOHD abundance, but their role is limited to maintaining basal 

levels. 
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3.5.2. Exploring a role of NO in RBOHD regulation under HF treatment 
 
Nitric Oxide (NO) in plants is a small redox-active molecule that functions primarily as a gaseous 

second messenger in stress responses (Borrowman et al., 2023; Gupta et al., 2020; Yu et al., 

2014). In hypoxic conditions, mitochondria play a major role in NO production through different 

pathways, such as for example AOX1a-dependent production of NO upon hypoxia (Vishwakarma 

et al., 2018). During the onset of plant immunity and defences against pathogens, NO also plays 

a major role and has been shown to S-nitrosylate different components involved in PTI (Cui et al., 

2024; Yang et al., 2015; Yun et al., 2011). Notably, NO directly S-nitrosylates RBOHD, thus 

decreasing its activity (via interference with FAD binding) upon pathogen infection (Yun et al., 

2011). BIK1 is another key regulator of PTI that is directly S-nitrosylated, this modification 

promotes BIK1 phosphorylation, which activates and stabilises BIK1, together with an increase 

in its physical interaction with RBOHD, promoting ROS production (Cui et al., 2024). Altogether, 

these results indicate an important, as well as dynamic role of NO in hypoxia and pathogen 

responses, with direct and indirect effects on RBOHD activity. Here, we studied RBOHD protein 

levels in HF in different mutant backgrounds that are affected for NO levels and capacity of S-

nitrosylation. 

 

3.5.2.1. RBOHD protein levels in a pgb1 mutant 
 
PGB1 is involved in NO scavenging during hypoxia (Hebelstrup et al., 2008) and pathogen 

infection (Mur et al., 2012; Qu et al., 2006; Terrón-Camero et al., 2023). When plants experience 

hypoxia, PGB1 expression is rapidly induced by ethylene, thereby preventing the accumulation of 

NO and maintaining redox balance (Hartman et al., 2019). One effect of this induced expression 

of PGB1 is the stabilisation of the ERFVIIs, which enables the activation of the transcriptional 

hypoxia response program (Gibbs et al., 2014; Hartman et al., 2019; Vicente et al., 2017). Here, 

we used the pgb1-1 mutant that has increased levels of NO upon stress treatment (Hartman et 

al., 2019) to determine if NO-dependent mechanisms play a role in the regulation of RBOHD 

protein levels in HF compared to NF, HM and NM, in the dark or in the light. This work focused on 

4-week old plants to ensure consistency across experiments, as the tissue used in ROS 

measurements (Figure 3.6) was also collected from 4-week-old plants. The immunoblot analysis 

with the anti-RBOHD antibody suggests that RBOHD protein levels change in a similar way in HF 

compared to NF in both the wild type and the pgb1-1 mutant, suggesting that hypoxia-triggered 

NO scavenging by PGB1 in hypoxic conditions does not influence the dynamics of RBOHD protein 

abundance in HF (Figure 3.14). 
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Figure 3.14. RBOHD protein abundance in NM, HM, NF and HF conditions in the wild type and 

the pgb1-1 mutant. Total proteins were extracted from leaves of 4-week old plants after 4 hours 

of normoxia/hypoxia pre-treatment followed by one hour of combined hypoxia/flg22 treatment or 

equivalent control (i.e. same experimental conditions as in section 3.4). The endogenous RBOHD 

protein was detected using the anti-RBOHD antibody (Agrisera #AS15 2962) by immunobloting. 

Ponceau S staining serves as a control for protein loading. The band corresponding to the large 

subunit of RubisCO (RBCL) is shown here. Numbers between the immunoblot and the Ponceau 

S staining indicate the relative levels of RBOHD protein normalised with RBCL levels. Blots are 

representative of n = 2.  

 

3.5.2.2. RBOHD protein levels in a noa1 mutant with decreased NO levels 
 

The regulation of RBOHD protein levels was also monitoredusing mutants with decreased 

levels of NO, and focused on a mutant for NITRIC OXIDE ASSOCIATED 1 (NOA1), which is a 

conserved mitochondrial GTP-binding protein essential for ribosome assembly and 

mitochondrial translation in plants (Sudhamsu et al., 2008) with an indirect role in NO synthesis 

(Guo et al., 2003; Feechan et al., 2005; Lee et al., 2008; Moureau et al., 2008). Additionally, in 

response to PAMPs, an noa1 mutant can regulate transcriptional levels of immunity-regulated 

genes such as the RBOHD regulator WRKY33 or the immunity regulator MPK3, inhibiting the 

immunity induced by the PAMPs and caused increased bacterial growth in plants pre-inoculated 

with PAMPs (Ma et al., 2013). Because of these roles in NO biosynthesis, we would expect noa1 

mutants to accumulate lower NO levels than WT. As these pathways can potentially regulate 

RBOHD protein abundance in HF conditions, we subjected 4-week old noa1 mutant plants to HF 
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treatment in light or dark conditions and assessed RBOHD protein levels by immunoblotting with 

an anti-RBOHD antibody. 

Data shown in Figure 3.15 show that in 4-week old plants, RBOHD protein levels in the 

noa1 mutant treated with HF in the light behave different than in the wild type. Specifically, while 

RBOHD protein levels are lower in HF compared to NF in the wild type, in the noa1 mutant, 

RBOHD protein levels are increased in HF and NF to a similar level. This suggests that in the wild-

type, NO might play a role in mediating downregulation of the abundance of RBOHD in HF 

compared to NF. In the dark, RBOHD protein levels are the same in the wild type and noa1 mutant.  

 

 

Figure 3.15. RBOHD protein abundance in NM, HM, NF and HF conditions in the wild type and 

the noa1 mutant. Total proteins were extracted after 4 hours of normoxia/hypoxia pre-treatment 

followed by one hour of combined hypoxia/flg22 treatment or equivalent control (i.e. same 

experimental conditions as in section 3.4). The endogenous RBOHD protein was detected using 

the anti-RBOHD antibody (Agrisera #AS15 2962) by immunobloting. Ponceau S staining serves as 

a control for protein loading. The band corresponding to the large subunit of RubisCO (RBCL) is 

shown here. Numbers between the immunoblot and the Ponceau S staining indicate the relative 

levels of RBOHD protein normalised with RBCL levels. Blots are representative of n = 2  

 

3.5.2.3. Exploring a potential role of GSNOR in the regulation of RBOHD in HF 
 

S-nitrosoglutathione (GSNO) is the product derived from the reaction of NO with 

glutathione (GSH) and is a major source of bioavailable NO species to mediate protein S-

nitrosylation (Hess et al., 2005). However, GSNO can be converted to glutathione disulfide 

(GSSG) and ammonia (NH3) by GSNO REDUCTASE (GSNOR), thus decreasing GSNO levels and 
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protein S-nitrosylation (Jahnová et al., 2019; Sakamoto et al., 2002). The GSNOR-mediated 

GSNO/NO reduction is thus an important pathway to scavenge excess NO in plants (Gupta et al., 

2011), in addition to the PGB1-dependent scavenging of NO. 

GSNOR is widely involved in responses to various biotic and abiotic stresses, such as 

hypoxia response and plant immunity, and has a strong link with second messengers such as 

Ca2+, NO itself and ROS. GSNOR is itself S-nitrosylated in hypoxic conditions, which triggers 

conformational changes that promote the interaction of GSNOR with AUTOPHAGY-RELATED 8e 

(ATG8e), leading to the degradation of GSNOR via autophagy (Frungillo et al., 2014; Zhan et al., 

2018). In addition, this pathway has been shown to have a role in disease resistance in fruit (Yu et 

al., 2020). In the context of plant defences against pathogens, gsnor mutant plants have been 

shown to have increased RBOHD activity due to decreased S-nitrosylation and subsequent 

increased cell death in response to pathogen (Pst DC3000) infection, controlling the 

hypersensitive response (Yun et al., 2011). Because of these roles in NO biosynthesis, we would 

expect gsnor1-3 mutants to accumulate lower NO levels than WT. In addition, this dual role in 

regulating individual stress responses to both hypoxia and pathogens suggests that GSNOR could 

also potentially play a role in the differential regulation of RBOHD protein levels in HF conditions. 

This was tested using 4-week old gsnor1-3 mutant plants treated with HF in dark and light 

conditions. 

The data obtained in the light was not of sufficient quality to draw conclusions (Figure 

3.16), but in the dark, the gsnor1-3 mutant behaved similarly to the wild type, suggesting that 

GSNOR does not play a major role in the regulation of RBOHD abundance in HF in the dark. In 

conclusion, NO does not appear to be a key regulator of RBOHD protein levels when 4-week old 

plants are treated with combined HF.  
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Figure 3.16. RBOHD protein abundance in NM, HM, NF and HF conditions in the wild type and 

the gsnor1-3 mutant. Total proteins were extracted after 4 hours of normoxia/hypoxia pre-

treatment followed by one hour of combined hypoxia/flg22 treatment or equivalent control (i.e. 

same experimental conditions as in section 3.4). The endogenous RBOHD protein was detected 

using the anti-RBOHD antibody (Agrisera #AS15 2962) by immunobloting. Ponceau S staining 

serves as a control for protein loading. The band corresponding to the large subunit of RubisCO 

(RBCL) is shown here. Numbers between the immunoblot and the Ponceau S staining indicate 

the relative levels of RBOHD protein normalised with RBCL levels. Blots are representative of n = 

2 for seedlings, n=3 for 4-week old plants.  

 

3.5.3. Exploring a potential role of CPK28 in the regulation of RBOHD levels 
in HF 

 

CPK28 is a Ca2+-regulated protein kinase that plays a negative role in plant immunity via the 

indirect repression of RBOHD function and also has roles in hypoxia response. For example, 

CPK28 has been shown to be transcriptionally induced within 30 minutes of low O2 levels (Bakshi 

et al., 2023), as well as phosphorylated together with other CPKs (Fan et al., 2023; Yu et al., 2024). 

In the context of PTI, the main identified target of CPK28 is BIK1, a key regulator of RBOHD upon 

flg22 perception by FLS2. Specifically, CPK28 phosphorylates BIK1 in the absence of PAMP, 

promoting its turnover and inhibiting immune responses (Monaghan et al., 2014). CPK28 can also 

promote BIK1 turnover indirectly by phosphorylating the E3 ligases PUB25 and PUB26, which 

target non-activated BIK1 for degradation (Wang et al., 2018). Interestingly, CPK28 also interacts 

with RBOHD at the plasma membrane, although no phosphorylation of RBOHD by CPK28 has 

been reported (Monaghan et al., 2014). 
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Therefore, we hypothesised that the potential activation of CPK28 in hypoxic conditions 

might alter RBOHD levels in HF conditions. To address this hypothesis, expression analysis in the 

cpk28-1 mutant was performed. Unexpectedly, RBOHD transcript levels were already elevated in 

cpk28-1 under NF, suggesting an additional negative role for CPK28 in restraining RBOHD 

expression upon flg22 treatment (Figure 3.17).  Furthermore, the genes tested (RBOHD, ADH1 

and BIK1) were genes with light-dependent expression patterns in HF in the wild type, however, 

when expression levels were analysed in the cpk28-1 mutant, the significant transcriptional 

induction of these genes upon dark HF in comparison with light HF observed in the wild type was 

lost (Figure 3.17). These results suggest that CPK28 is required to control the light-dependent 

component of the HF response. 

 

Figure 3.17. Transcriptional changes of candidate genes involved in the crosstalk of 

hypoxia/flg22 comparing light and dark conditions in 4-week old plants. Expression analysis 

of candidate genes involved in HF crosstalk (RBOHD, ADH1 and BIK1) in 4-week old wild type 

(circles) and cpk28-1 (hexagons) plants undergoing NM, HM, NF or HF treatment in the light (pink) 

or in the dark (purple). Results are means ± standard deviation (SD) of 3 biological replicates (n = 

3). Statistical analysis: two-way ANOVA with Tukey’s test (p < 0.05); different letters indicate 

statistically different groups. 
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As CPK28 can regulate RBOHD expression levels and the CPK28 protein interacts with RBOHD, 

we hypothesised that CPK28 could also play a role in the regulation of RBOHD protein abundance 

in HF. To address this, we subjected 4-week old cpk28-1 mutant plants (Monaghan et al., 2014) to 

HF treatment under light and dark conditions to monitor endogenous RBOHD protein levels. 

In contrast with RBOHD expression levels, where the role of CPK28 was only observed in 

samples treated with flg22, RBOHD protein levels were higher in the cpk28-1 mutant compared 

to the wild type in absence of flg22 and independently of light availability during the treatments. 

When plants underwent treatment in light conditions, the levels of RBOHD increased in NF in 

both wild type and cpk28-1 plants. Although the decrease in RBOHD levels was not obvious in HF 

versus NF in the wild type in this experiment, in the cpk28-1 mutant, the results showed that 

RBOHD abundance decreased in HF compared to NF, therefore suggesting that CPK28 does not 

play a role in regulating RBOHD stability in HF conditions in the light (Figure 3.18). In the dark, in 

the cpk28-1 mutant (but not in the wild type), HM treatment decreased RBOHD protein levels 

compared to those found in NM conditions. In addition, a comparable decrease in RBOHD 

protein levels was visible under HF compared to NF (or NM). These results suggests that CPK28 

has a role in the regulation of RBOHD stability in the absence of any stress, and CPK28 has a light- 

and hypoxia-dependent role on the ability of plants to increase the levels of RBOHD under 

combined HF (Figure 3.18).  

 

 

Figure 3.18. RBOHD protein abundance in HF conditions and role of CPK28 controlling of 

RBOHD protein abundance. 4-week old plants in the light and dark normoxia (21%O2+mock 

solution (NM)); hypoxia (1%O2+mock solution (HM)); flg22 (21%O2+100nM flg22 (NF)) or 

hypoxia+flg22 (1%O2+100nM flg22 (HF)). Total proteins were extracted after 4 hours of 

normoxia/hypoxia pre-treatment prior to mock solution/flg22 and RBOHD abundance was 
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detected by immunoblot analysis (Agrisera #AS15 2962) using the Ponceau S staining of the large 

subunit of Rubisco (RBCL) as a loading control. Numbers between the blot and the Ponceau S 

staining indicate the relative levels of RBOHD proteins normalized with RBCL levels. n=2 

 

3.5.4. Conclusions 
 

The results presented in section 3.5 indicate that  in HF conditions, RBOHD transcript 

levels do not correlate with protein abundance, as RBOHD protein levels are reduced in light HF 

comparison to light NF, and RBOHD protein levels increase in dark HF comparison with dark NF. 

In seedlings, subjected to HF conditions, the data suggest that ERFVII-dependent transcriptional 

regulation of RBOHD might explain both mRNA and protein levels. However, in 4-week old, CPK28 

appears to be more important to control the dynamics of RBOHD protein levels between NF and 

HF in the dark. 

 

3.6. Discussion 
 

This chapter provides evidence that RBOHD is a key point of integration between hypoxia and 

flg22 signalling, and that its regulation during combined hypoxia/flg22 treatment occurs at 

multiple levels (transcriptional and post-transcriptional). Rather than simply suppressing PTI 

output as it has been previously observed (Mooney et al., 2024), prior hypoxia reconfigured the 

flg22 response by altering the kinetics of the apoplastic ROS burst, RBOHD transcript 

accumulation, and RBOHD protein abundance in a manner that dependeds strongly on other 

environmental factors such as light availability and developmental stage. Together, these findings 

suggest that the contribution of RBOHD to immune responses is not fixed but instead is shaped 

by the physiological and environmental context in which immune signalling is initiated. 

The experimental framework used in this chapter was designed to identify conditions 

under which hypoxia pre-treatment would modify RBOHD regulation during the early phase of 

flg22 signalling. This optimisation identified 4 hours of hypoxia (1% O2) pre-treatment as suitable, 

and hence this 4 hour pre-treatment was used in conjunction with a subsequent one-hour flg22 

treatment under maintained hypoxia. Interestingly, the 4 hour time point of hypoxia pre-treatment 

coincides with RAP2.12 nuclear localisation (Kosmacz et al., 2015), consistent with  previous 

evidence that this transcription factor regulates RBOHD expression upon hypoxia (Yang et al., 

2017). We also tested the effects of light and developmental stage on experimental outcomes 

because both are known to influence the balance between hypoxia and immune signalling. 
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Hypoxia response genes are transcriptionally induced upon dark conditions, when plants are not 

able to produce local O2 via photosynthesis (Triozzi et al., 2024) while immunity genes are 

transcriptionally induced upon light conditions (Bhardwaj et al., 2011; Goodspeed et al., 2012; 

Korneli et al., 2014; Lai et al., 2012; Wang et al., 2011). In addition, ERFVII activity and immune 

responsiveness differ between different developmental stages (seedlings and adult plants), 

making developmental context an important variable for interpreting combined stress responses. 

The first outcome of this chapter is that hypoxia pre-treatment altered the shape of the 

flg22-triggered apoplastic ROS burst. In HF conditions the ROS burst failed to reach the peak 

amplitude seen in NF and instead showed a flatter, more sustained ROS production over time 

(Figure 3.6). This flatter and more sustained ROS burst suggests that hypoxic conditions changes 

the balance between burst activation and burst attenuation producing lower-intensity defence 

signalling over acute oxidative responses.  

We hypothesise that the mechanisms causing this can range from (i) different expression 

dynamics of RBOHD in combined HF conditions, (ii) energy constrains on energy produced by 

hypoxia, limiting NADPH availability, a substrate needed for RBOHD activity (Torres et al., 1998; 

Triozzi et al., 2024), (iii) disturbance of Ca2+ signalling by hypoxia responses (Bakshi et al., 2023; 

Subbaiah et al., 1994; Wagner et al., 2019; Yemelyanov et al., 2011), (iii) inhibition of flg22 

canonical desensitization machinery to (iv) disturbance of apoplastic environment by hypoxia, 

such as apoplastic pH or peroxidase activity (Felle, 2006; Hofmann et al., 2020). Among these 

potential mechanisms, the data presented here most strongly support the idea that RBOHD 

abundance and/or regulation are distinctively influenced under HF, although the contribution of 

altered metabolism and signalling attenuation is also likely to be important. In addition, 

downstream of this ROS production, transcriptional analyses showed that the absence of 

RBOHD disrupted the transcriptional dynamics normally observed under HF conditions (Figure 

3.7). 

To address the first potential mechanism, we studied the transcriptional dynamics of 

RBOHD, which showed that RBOHD was hyper-induced in HF relative to NF at both 

developmental stages. These dynamics of RBOHD indicate that prior hypoxia modifies how it  

responds to flg22 perception (Figures 3.8-9). This finding agrees with previous studies that 

demonstrated that the short, combined stress treatment of hypoxia and flg22 increases the 

amplitude of gene expression change for DEGs common to HF and NF (Mooney et al., 2024). 

Importantly, this effect was more pronounced in the dark, suggesting that light availability 

strongly influences the extent to which hypoxia preconditions the immune response. A possible 
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explanation for this enhancement of hyper-induction is the plant’s energy metabolism becomes 

limited due to reduced photosynthesis, therefore further activating hypoxia responses (Triozzi et 

al., 2024), and increasing RBOHD transcript abundance. Consistently, RBOHD is required for full 

induction of HF unique response (Figure 3.10), further supporting RBOHD role in HF responses. 

An important question given the hyper-induction of RBOHD in HF which regulators might 

account for this transcriptional behaviour. Lack of regulation of WRKY33 across developmental 

stages and light availabilities suggests that RBOHD regulation upon HF conditions is independent 

of WRKY33 (Figure 3.11). However, due to variability between replicates, additional experiments 

need to be performed. On the other hand, ERFVIIs contributed to RBOHD hyper-induction, as in 

seedlings it was reduced in the light (Figure 3.12). This was only tested in seedlings, as ERFVII 

activity decreases with development, and hence might be most relevant at the seedling stage 

rather than in 4-week old plants. Mechanistically, it is plausible, as stabilised ERFVIIs could act 

directly through hypoxia-responsive motifs in the RBOHD promoter or indirectly via downstream 

transcriptional regulators (Yao et al., 2017). We therefore propose a model where stabilised 

ERFVIIs induce RBOHD transcription additively to flg22-triggered RBOHD induction  (Figure 

3.19). Whether the ERFVIIs act in the dark to hyper-induce RBOHD expression in HF conditions 

remains to be determined in the future.  

One of the main findings from this chapter is that RBOHD transcript abundance did not always 

predict RBOHD protein abundance, as previously observed in hypoxic stress (Branco-Price et al., 

2008; Lee and Bailey-Serres, 2019; Mustroph et al., 2009; Sorenson and Bailey-Serres, 2014). 

Therefore, combined hypoxia/flg22 stress-triggered transcriptional changes may not reflect 

changes in protein levels. Consistent with previous reports that demonstrated increased RBOHD 

protein levels upon PAMP treatment, flg22 induced RBOHD accumulation NF in the light (Kong et 

al., 2024b; Qi et al., 2024) (Figure 3.13). One of the most important conceptual advances from 

this chapter is that RBOHD transcript abundance did not always predict RBOHD protein 

abundance (Figure 3.13). This data indicates that hypoxia influences RBOHD stability triggered 

by flg22. Possible mechanisms causing this could be selective translational repression or 

sequestration of RBOHD mRNA, altered ribosome association or degradation of RBOHD protein. 

Light availability further shaped this post-transcriptional behaviour. In dark NF 

conditions, we observed reduced RBOHD protein levels in comparison to light NF conditions, 

indicating that darkness alone inhibit flg22-triggered RBOHD stability (Figure 3.13).  By contrast, 

upon dark HF conditions, RBOHD protein abundance increased relative to dark NF, mirroring 

transcriptional hyper-induction of RBOHD (Figure 3.10). This data indicates that hypoxia 
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inhibition or deactivation of mechanisms ensuring RBOHD internalisation and/or degradation in 

the dark by flg22. One possible interpretation is that under strong energy limitation, such as dark 

hypoxia endocytosis, vesicle trafficking, and proteolytic routes are altered, reducing RBOHD 

turnover. Other possibility is that under these strong energy limitations, plants actively stabilise 

RBOHD at the plasma membrane prioritizing signalling capacity, enabling defence responses and 

stress-triggered ROS production. Altogether, these data indicate that the relationship between 

RBOHD transcript and protein is context-dependent, and that the HF response cannot be 

understood from transcriptional data alone. 

The effect of ERFVIIs on RBOHD protein accumulation further emphasised the 

developmental specificity of this regulation. In seedlings, as activity of ERFVIIs is not reduced 

(Giuntoli et al., 2017), the erfvii quintuple mutant increased levels of RBOHD protein upon light 

HF conditions and decreased under dark HF conditions (Figure 3.13). In contrast, 4-week old 

erfvii mutants exhibited reduced RBOHD protein levels but do not display altered RBOHD 

dynamics in comparison with wild type plants (Figure 3.13). This is consistent with previous 

reports that ERFVII activity declines with development (Bui et al., 2020; Giuntoli et al., 2017), and 

suggests that while ERFVIIs are important contributors to RBOHD regulation in seedlings, their 

influence becomes more limited in adult plants. Taken together, the data support a 

developmental layer in the control of RBOHD, in which ERFVII-dependent regulation is stronger 

in seedlings, whereas other regulatory mechanisms become dominant in adult plants.  

To identify these regulators of RBOHD protein levels in adult plants, we examined the 

roles of NO and CPK28. Despite NO directly modifying RBOHD protein, none of the mutants 

affecting hypoxia-associated NO scavenging or basal NO production altered the trends of 

RBOHD protein abundance observed in wild type (Figure 3.14-16). This suggests that NO is 

unlikely to be the principal determinant of the HF-dependent RBOHD protein phenotype, and 

other mechanisms account for RBOHD stability upon HF conditions. 

Among the candidate regulators tested, CPK28 emerged as the strongest regulator of RBOHD 

behaviour under HF conditions. This was plausible given the role of CPK28 as a negative regulator 

of immunity controlling E3 ubiquitin ligases that control the stability of BIK1, and therefore 

controlling RBOHD function (Monaghan et al., 2014), and its transcriptionally induction and 

phosphorylation upon hypoxic conditions (Bakshi et al., 2023; Fan et al., 2023; Yu et al., 2024). 

Moreover, both CPK28 and BIK1 displayed transcriptional behaviour in HF that mimics RBOHD 

transcriptional dynamics (Figure 3.10). Indeed, transcriptional expression analysis in the cpk28-

1 mutant revealed that CPK28 controls the light-dependent hyper induction of RBOHD, ADH1 and 
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BIK1, therefore establishing CPK28 not only as an immune regulator, but also as a regulator of 

hypoxia responses prior to flg22 treatment. Subsequent immunoblotting showed that loss of 

CPK28 displayed reduced RBOHD abundance in dark HF conditions instead of the expected 

hyper-accumulation of RBOHD protein, reaching levels even lower than those under dark NF 

conditions (Figure 3.13). These findings suggest two different possibilities: either CPK28 hypoxic 

activation only takes place in severe hypoxic conditions observed in dark hypoxia, or the CPK28-

dependent regulation of RBOHD stability is highly dependent on light signalling pathways. Several 

potential CPK28-dependent mechanisms may regulate RBOHD stability upon HF conditions: (i) 

through direct phosphorylation of RBOHD by CPK28, altering RBOHD ubiquitination and 

degradation, which would be in line with the direct interaction of RBOHD and CPK28 (Monaghan 

et al., 2014) or (ii) through an indirect pathway that consists on the phosphorylation of RBOHD 

stability regulators like BIK1 or other E3 ligases in a similar mechanism as CPK28-dependent 

control of BIK1 turnover (Monaghan et al., 2014; Wang, 2018).  

 However, several limitations should be considered when interpreting these findings and 

should be taken care in the future. First, ERFVIIs contribution to the dark HF response remains 

unresolved because the relevant experiments were not completed. Second, the current 

experiments studying RBOHD protein levels do not distinguish whether this occurs primarily at 

the level of translation, membrane trafficking, internalisation, or degradation. Third, the role of 

CPK28 is strongly supported genetically, but its direct biochemical mode of action on RBOHD 

remains to be established. Future work combining polysome profiling, protein turnover assays, 

phosphosite analyses, and trafficking-based approaches will be required to distinguish between 

these potential mechanisms. 

We therefore propose a model in which prior hypoxia reprogrammes flg22-triggered 

RBOHD regulation at both transcriptional and post-transcriptional levels. Seedlings that face 

hypoxia prior to flg22 treatment present active ERFVIIs which regulate transcriptional and post-

transcriptional dynamics of RBOHD in seedlings. However, in adult plants, the ERFVIIs only 

control basal levels of RBOHD protein abundance, and other elements of the hypoxia stress 

response, most notably CPK28 control RBOHD transcription and protein levels. This regulatory 

mechanism is determined by light availability, possibly due to a stronger activation of hypoxia 

responses in the dark and the energetic state of the tissue (Figure 3.19).  
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Figure 3.19. Regulatory mechanisms controlling RBOHD transcript and protein abundance 

upon HF. In this diagram, the identified hypoxia-activated mechanisms regulating dynamics of 

RBOHD transcript and protein abundance are shown in response to HF conditions. In addition, 

identified regulators highlighted with the hypoxia icon (yellow square) with arrows pointing at 

them. Dashed lines indicate indirect and still unknown mechanisms that influence the regulation 

of RBOHD transcriptional levels. 

 

Altogether, these mechanisms suggests that RBOHD represents a convergence point at 

the intersection of abiotic and biotic stress pathways, integrating oxygen sensing and immune 
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signalling through context-specific (light availability and development stages) regulatory 

modules that ensure adequate RBOHD transcript and protein abundance in combined HF 

conditions. Furthermore, the convergence of ERFVIIs and CPK28 on RBOHD likely reflects a 

broader principle: plants integrate O₂ sensing and immune signalling at the RBOHD level to 

ensure that immune competence is preserved under low O₂ levels without compromising survival 

under energy-limiting conditions such as submergence. Future work should determine how these 

layers of transcriptional and post-translational control RBOHD transcript and protein levels and 

how they interact with additional signalling networks, including circadian regulation, hormone 

pathways, and metabolic status. 
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4. Chapter 4: Screening for combined waterlogging and 
pathogen stress tolerance in rapeseed 
 

4.1. Introduction 
 

4.1.1. Background Information 
 
The Brassicaceae family, which Arabidopsis is a member of, is composed of ~3700 species (Al-

Shehbaz, 2012), which have great importance in agricultural, scientific and economic sectors. 

Among them, rapeseed (Brassica napus L.) is the world’s second largest oilseed crop after 

soybeans (FAO, 2021). Rapeseed plays a central role in breaking crop rotation systems that are 

often dominated by cereals, and is used to produce edible oil, cattle feed, and as a source of 

biodiesel or bioethanol (Kdidi et al., 2019). However, this role in crop rotation systems means that 

rapeseed plants experience waterlogging as part of their life cycle, one example of which is in 

China along the Yangtze River, where rapeseed is cultivated in rotation with rice, and therefore 

exposed to frequent waterlogging during the vulnerable seedling and flowering stages. This 

severely reduces its yield (Guo et al., 2020; Hong et al., 2024; Wollmer et al., 2018; Xu et al., 2015; 

Yang et al., 2024; Zhou and Lin, 1995; Zou et al., 2014). Globally, rapeseed plants can face 

waterlogging in emerging cultivation regions (Canada, Europe, India, and Australia (FAO, 2021)), 

where climate change driven increases in heavy rainfall and flooding further threaten productivity 

(Madsen et al., 2014). Although rapeseed plants are frequently subjected to waterlogging 

conditions, rapeseed exhibits high susceptibility to waterlogging conditions mainly due to (i) lack 

of aerenchyma, a tissue with enlarged gas spaces that increase the porosity of the root and thus 

reduces the resistance for gas movement from the shoot to the root tips; and (ii) lack of Radial 

Oxygen Loss (ROL) barrier formation, which prevents oxygen from leaking from the roots to the 

soil (Voesenek et al., 1999). Although physiological traits such as fresh and dry weight, seed oil 

content or plant yield are mainly used in studies assessing rapeseed tolerance to waterlogging, 

photosynthetic-related parameters are emerging as reliable traits to measure waterlogging 

tolerance (Lee et al., 2014; Li et al., 2023; Nabloussi et al., 2019; Song et al., 2025; Zhou and Lin, 

1995). 

In field conditions, waterlogging can increase the risk of pathogen infection. One 

pathogen that favours the increased humidity during waterlogging is Sclerotinia sclerotiorum 

(Zamani-Noor and Jedryczka, 2025). S. sclerotiorum is a fungal  pathogen that causes sclerotinia 

stem rot (white mould) on the stems of the host plant and results in substantial yield and oil-
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quality losses across major producing regions (Derbyshire and Denton-Giles, 2016; Ding et al., 

2021; Shahoveisi et al., 2020). Humidity is important for the germination of the sclerotias (resting 

bodies) through two different processes: (i) myceliogenic germination, which produces hyphae 

to infect plant roots, and (ii) carpogenic germination, leading to the production of apothecia from 

which ascospores are released into the air to inoculate aerial parts of the plant (Chen et al., 

2023). Although S. sclerotiorum is considered a necrotrophic pathogen, it has been proposed to 

have a transient biotrophic phase after initially colonizing plant tissues before transitioning into a 

necrotrophic pathogen (Kabbage et al., 2015). During this initial biotrophic phase, the pathogen 

releases plant cell wall degrading enzymes (PCWDEs) to weaken cell walls, helping penetration 

so that the nutrients can be taken up by the appressorium, then the pathogen also releases oxalic 

acid (OA) to suppress host oxidative defences by affecting the normal metabolism of the host 

cells (Ding et al., 2021). Then, the pathogen transitions into a necrotrophic lifestyle in which ROS 

accumulation and programmed cell death (PCD) in host cells promote tissue maceration and 

nutrient release, enabling full colonisation (Liang et al., 2009).  

 

4.1.2. Aims of this chapter 
 

The study of combined stress is emerging in model plant species like A. thaliana, where it 

has been recently demonstrated that hypoxia can repress flg22-triggered immunity and regulate 

early defence programs (Mooney et al., 2024). However, in crop species the literature regarding 

this field of study is divided across species, abiotic stresses and pathosystems. Some examples 

include (i) soybean, in which the combination of flooding with Phytophthora sojae infection was 

applied to evaluate the response of soybean seedlings, and demonstrated that traits such as 

maximum root length (MRL) and shoot and root dry weight were affected by interaction between 

inoculation and flooding (Tada et al., 2021); (ii) wheat and barley, for which yield components, 

grain composition and quality were significantly affected by combined Fusarium poae infection 

and waterlogging treatment (Martínez et al., 2019). These studies pinpoint specific outcomes of 

stress combination between waterlogging and pathogen infection. It has been suggested that 

plants perceive the combination of two (or more) stresses as a new state of stress rather than a 

sum of individual stresses (Mittler, 2006). Despite the connection between S. sclerotiorum, 

rapeseed and waterlogging, little is known about how waterlogging influences rapeseed plants’ 

ability to defend against S. sclerotiorum infection. The main aims of this work were to determine 

a work frame that allowed us to elucidate if: 

i. Waterlogging treatment affected rapeseed ability to fight off S. sclerotiorum.  
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ii. Rapeseed varieties that are tolerant (or sensitive) to waterlogging tend to be either more 

susceptible or resistant to S. sclerotiorum. 

iii. And that allows us to identify genes associated with waterlogging tolerance, S. 

sclerotiorum resistance or resilience to combined waterlogging + S. sclerotiorum (see 

next chapter).  

 Indeed, early studies demonstrated that waterlogging at different developmental stages 

decreased leaf chlorophyll content and leaf photosynthetic rate of rapeseed (Zhou and Lin, 

1995). Later, Lee et al., 2014 reported that waterlogging caused a significant decrease in leaf 

chlorophyll content and premature senescence of the leaves, together with a decrease in a 

parameter noted Fv/Fm which corresponds to the maximal quantum efficiency of photosystem II 

(PSII) in rapeseed. More recently, photosynthetic-related parameters have been used by 

Nabloussi et al., 2019 to demonstrate that waterlogging-tolerant varieties display relative high 

chlorophyll content to sustain photosynthesis and tolerate waterlogging stress, and additional 

studies have used similar parameters to distinguish waterlogging tolerant and sensitive rapeseed 

varieties (Li et al., 2023; Song et al., 2025). Altogether, these studies show that the measurement 

of different photosynthesis-related parameters is a suitable approach to distinguish between 

waterlogging sensitive or tolerant rapeseed varieties. To this aim, a screen was completed to 

monitor the response of ~100 rapeseed varieties, as it is a set of genetically diverse rapeseed 

lines supported by established genotyping resources makes it practical and powerful for a 

screening-first, GWAS-second strategy to identify loci controlling your waterlogging and 

waterlogging + S. sclerotiorum. Therefore, in this work, we treated these varieties with 4 different 

treatment conditions: control, waterlogging, S. sclerotiorum inoculation and combined 

waterlogging + S. sclerotiorum treatment. Response to S. sclerotiorum was assessed by 

measuring lesion size, and waterlogging resilience was assessed by measuring photosynthesis 

related traits. 

 

4.2. Optimization of experimental conditions 
 

4.2.1. Exploring different methods to apply hypoxia  
 

In order to optimise the experimental conditions that could be used to screen the rapeseed 

collection for resilience to combined waterlogging and S. sclerotiorum treatment (as well as the 

individual stresses as controls), we first considered different experimental approaches to apply 

hypoxia. Common approaches to study hypoxia responses in rapeseed include waterlogging, 

submergence, de-oxygenated hydroponic media, or anoxic/stagnant agar (Ambros et al., 2022; Li 
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et al., 2023; Voesenek et al., 1999). Submergence, which would be ideal to restrict O2 supply to 

aerial as well as underground tissues (Wittig et al., 2021) could not be used here because of the 

need to also inoculate leaves or stems with S. sclerotiorum either after or during submergence 

treatment. Hence, to reproduce this whole-plant hypoxic experience, we first carried out some 

preliminary experiments with hypoxia chambers. 

 

4.2.1.1. Using hypoxia chambers with rapeseed seedlings 
 

Hypoxia chambers enable (i) controlled O2 levels during the hypoxic treatment, (ii) control 

of additional environmental factors that could potentially affect hypoxia responses, such as CO2 

or light availability, and (iii) could improve reproducibility of the results. One week old seedlings 

(Westar variety due to its wide use in published B. napus molecular studies) grown in short day 

conditions (8 h light / 16 h dark) conditions were kept in a hypoxia chamber (1% O2) for 24 hours 

with the same light regime at the start of the dark period to test their response to hypoxic 

conditions. After a one-week recovery period in normal O2 conditions, root length, shoot length, 

and overall seedling size were measured and compared with seedlings that were not subjected 

to hypoxic conditions. The data suggest that exposure to hypoxia did not significantly affect 

rapeseed growth, as observed in plant, root and shoot lengths one week after hypoxia treatment 

(Figure 4.1). These results indicate that longer hypoxia treatments may be needed, which would 

not be convenient using hypoxia chambers in the context of a large screen.  

 

Figure 4.1. Effect of hypoxia treatment on one week old rapeseed seedlings growth. Means 

and standard deviations are shown for rapeseed seedlings treated with hypoxia for 24 hours (1% 

O2; grey circles) or for control seedlings (21% O2; blue circles). Statistical analysis: unpaired t-test 

(p < 0.05); different letters indicate statistically different groups. 
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4.2.1.2. Effect of waterlogging on 4-week old rapeseed plants 
 

To apply hypoxic conditions for longer, we tested waterlogging treatments by immersing plant 

pots in a plastic container and raising the water level to 1-2 cm above soil surface, which is a 

method commonly used to test for waterlogging tolerance using rapeseed as well as other crops 

(Hong et al., 2023; Hong et al., 2024; Kuai et al., 2020; Li et al., 2024; Xu et al., 2016). Several 

parameters can be measured to score plants for waterlogging tolerance, many of which rely on 

determining the photosynthetic capacity of plants and transpiration rate (Li et al., 2023; Liu et al., 

2020; Liu and Zwiazek, 2022; Ploschuk et al., 2018; Zhou and Lin, 1995), reduced chlorophyll 

content (Ashraf and Mehmood, 1990; Lee et al., 2014; Men et al., 2020; Nabloussi et al., 2019; Le 

Xu et al., 2019; Zhou and Lin, 1995) or reduced chlorophyll fluorescence (Lee et al., 2014; Li et 

al., 2023; Ploschuk et al., 2018; Xu et al., 2019). To measure these parameters, we used a portable 

MultispeQ (PhotosynQ) to allow rapid, non-invasive, and multiparametric assessment of light-

adapted photosynthesis parameters in vivo (Kuhlgert et al., 2016), including PSII quantum yield 

(ΦII), non-photochemical exciton quenching (NPQt), light-driven proton translocation and 

thylakoid proton motive force, regulation of the chloroplast ATP synthase and leaf chlorophyll 

content (Table 4.1). These parameters are sensitive indicators of photosynthetic processes and 

of the onset of photoinhibition and photodamage, which in turn are useful indicators of plant 

health status (Baker, 2008; Baker and Rosenqvist, 2004; Murchie and Lawson, 2013). The 

MultispeQ is also equipped with a series of actinic and measuring lights, allowing the 

measurements of environmental conditions (light intensity and quality, temperature, humidity, 

CO2 levels, time and location), which can be useful in the context of a large screen.  

Table 4.1. Photosynthesis-related parameters used in this study. 

Parameter Definition Physiological relevance  References 

Fm' 

Maximal 
chlorophyll 

fluorescence 
measured in a 
light-adapted 

state 

Level of fluorescence when primary 
quinone electron acceptor of PSII 

(QA ) is maximally reduced (PSII 
centers are closed). Estimates 

capacity of PSII to perform 
photochemistry in the light-adapted 

state. 

 (Baker, 2008; Baker 
and Rosenqvist, 2004; 

Genty et al., 1989) 

Fo' 

Minimal 
fluorescence 

measured in a 
light-adapted 

state 

Level of fluorescence when primary 
quinone electron acceptors of PSII 

(QA ) are maximally oxidized (PSII 
centres are open). 

 (Baker, 2008; Baker 
and Rosenqvist, 2004; 

Genty et al., 1989)  
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Fs 

Steady-state 
chlorophyll 

fluorescence 
measured in a 
light-adapted 

state 

Provides little information on 
photosynthetic performance, as it 

depends on plant status or 
environmental factors. Measures the 

fluorescence emitted when the 
photosynthetic apparatus is actively 

engaged in photosynthesis. 

  (Baker, 2008; Baker 
and Rosenqvist, 2004; 

Genty et al., 1989) 

Fv'/Fm' 
Maximum 

efficiency of 
PSII 

PSII efficiency if all PSII centers were 
open (with QA oxidized), and all 

harvested light was converted to 
chemical energy 

 (Baker, 2008; Baker 
and Rosenqvist, 2004; 

Genty et al., 1989)  

NPQt 
Non-

photochemical 
quenching 

Estimates the share of excess 
energy dissipated as heat in 

photosystem II (PSII) associated 
antenna complexes. 

(Tietz et al., 2017)  

ΦII Quantum yield 
of PSII 

Estimate the operating efficiency of 
PSII with the available PSII open 

centers. Estimates the proportion of 
light absorbed by PSII that is used in 

photochemistry. 

  (Genty et al., 1989) 

ΦNO  

Quantum yield 
of non-

regulatory 
energy 

dissipation 

Estimates the proportion of light 
energy absorbed by PSII that is lost 

through processes other than 
photochemistry or regulated non-
photochemical quenching (NPQ). 

 (Tietz et al., 2017) 

SPAD 
Chlorophyll 
content in 

leaves 

Estimates photosynthetic pigment 
status and nitrogen allocation to the 

photosynthetic apparatus. 

(John Markwell et al., 
1995)  

 

In a first preliminary experiment, four-week old rapeseed plants of the Westar variety were 

subjected to waterlogging treatment and photosynthesis-related parameters were measured 

over this time during waterlogging to determine the optimal duration of the treatment that elicits 

different responses in waterlogged versus control plants kept under normal watering conditions. 

Measurements were performed on the third leaf of all plants, as this is a developmentally mature 

leaf and consistently present among rapeseed plants at this developmental stage. It also 

provides a sufficient surface area to carry out the measurements. Growth of the aerial part of the 

plant was also determined at the end of the treatment by measuring fresh and dry weight together 

with its length. 
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Figure 4.2. Waterlogging treatment did not impact growth of 4-week old Westar plants, but 

affected photosynthetic parameters. (A) Time course measurement of photosynthetic 

parameters on rapeseed plants using MultispeQ (SPAD, Fv’/Fm’, NPQt (Table 4.1)) during 15 days 

of waterlogging (blue circles) or for control plants kept with normal watering (grey circles). (B) 

Physiological parameters of the aerial part of the plant were taken at day 15 of waterlogging (blue 

circles) and control (grey circles) treatment. Results are means ± standard deviation (SD) of 3 

biological replicates (n = 3). Statistical analysis: unpaired t-test (p < 0.05) for physiological 

parameters and two-way ANOVA with Tukey’s test (p < 0.05) for photosynthetic parameters; 

different letters indicate statistically different groups. 

 

Decreased SPAD values were observed within 6 days of waterlogging treatment (Figure 

4.2 A), indicating that waterlogging had an impact on rapeseed, and suggesting that nitrogen 

status might be affected early in the treatment. This reduction in nitrogen, combined with the 

maintenance of waterlogging (and low O2 conditions for the roots) could subsequently affect the 

photosynthetic apparatus, reducing the quantity of harvested light that is converted to chemical 

energy, which is observed here at day 15 by the reduction of Fv’/Fm’ values (Figure 4.2 A). This 

was accompanied by an increase in NPQt values (Figure 4.2 A), which would suggest an increase 

in the excess energy that is dissipated as heat in PSII. Despite these changes in photosynthetic-

related parameters, growth of rapeseed plants did not show significant differences between 

treated and control plants at the end of the waterlogging treatment (Figure 4.2 B). These 
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preliminary experiments suggest that these conditions are sufficient to alter the photosynthetic 

apparatus, but not to affect biomass production. However, it is possible that an impact on growth 

would become visible at later stages of development, after plants have been returned to normal 

watering conditions after waterlogging (e.g. Miricescu et al., 2021; Ploschuk et al., 2018).  

 

4.2.2. Identifying a suitable developmental stage to study waterlogging 
tolerance 

 

The developmental stage at which plants experience waterlogging or hypoxia can affect 

their responses and ability to survive. In rapeseed, earlier stages appear to be more sensitive to 

waterlogging. For example, Nabloussi et al., (2019) demonstrated that germination and post-

emergence seedling stages were the most sensitive to waterlogging stress in field experiments in 

the Gharb region (Morocco). Similarly, waterlogging treatment of rapeseed seedlings impacted 

plants more strongly than if applied at later stages (Liu et al., 2020), as plant dry weight, gas 

exchange, leaf water potentials and root hydraulic conductivity decreased more at early stages 

of development. Wollmer et al., (2019) also showed that the occurrence of micronutrient 

deficiencies or toxicities depended on the developmental stage at which the plant was flooded.  

In order to optimise the developmental at which the screen could be conducted, we 

subjected 2, 3, and 4-week old Westar plants to 15 days of waterlogging treatment and assessed 

their photosynthetic capacity by performing MultispeQ measurements on the third leaf as it was 

the only fully unfolded leaf on the 2, 3, and 4-week old Westar plants at the end of the 

waterlogging treatment. However, this third leaf did not always have a sufficient area to carry out 

the measurements. This was the case at days 4 and 8 of waterlogging when the treatment was 

applied to 2-week old, and at day 4 for 3-week old plants at the start of treatment.  
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Figure 4.3. Waterlogging treatment affects rapeseed growth and photosynthetic parameters 

depending on developmental stage. (A) Time course of SPAD measurements with a multispeQ 

device during 15 days of waterlogging (blue circles) or control (grey circles) treatments. Values 

were normalised relative to the control measurements. (B) Physiological parameters (leaf area, 
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plant weight and shoot length) taken at day 15 of waterlogging (blue circles) and control (grey 

circles) treatment. Results are means ± standard deviation (SD) of 3 biological replicates (n = 3). 

Statistical analysis: unpaired t-test (p < 0.05) for physiological parameters, unpaired 

multiparametric t-test corrected for multiple comparisons using the two-stage step-up method 

of Benjamini, Krieger, and Yekutieli (FDR < 0.05) for the time course of the SPAD values and two-

way ANOVA with Tukey’s test (p < 0.05) for photosynthetic parameters on each day of the 

waterlogging treatment; different letters indicate statistically different groups. 

 

For 4-week old plants at the start of treatment, SPAD values changed within the first 4 

days of waterlogging. While these values were higher in waterlogged plants at 4 days of treatment, 

at later time points, these SPAD values were lower under waterlogged conditions compared to 

normal watering (Figure 4.3 A). SPAD values of plants that were 3 weeks old at the start of 

waterlogging were not affected until day 12 of treatment, when they became lower in  waterlogged 

plants compared to the control. For 2-week old plants at the start of treatment, no differences 

were detected for SPAD values during the 15 days of waterlogging. When physiological 

parameters were measured, we observed reduced leaf area and plant weight, and increased 

shoot length in 2- and 3- week old plants that experienced waterlogging (Figure 4.3 B), while for 

plants that were 4 weeks old, 15 days of waterlogging did not cause changes in physiological 

parameters, as also found in Figure 4.2 B. Hence, plants that were 3 weeks old when starting the 

waterlogging treatment seemed to be the most consistently affected by waterlogging, both for 

photosynthetic and physiological measurements.  

 

4.2.3. Conclusions 
 

Taken together, these results indicate that, for a large screening to assess the differences 

in waterlogging tolerance among approximately 100 rapeseed varieties, the most adequate 

approach would be to use (i) waterlogging to induce hypoxic conditions, and (ii) plants that are 3 

weeks old at the start of treatment. These preliminary experiments also allowed us to identify 

some measurements (photosynthetic and physiological) that could be taken to assess the 

response of rapeseed plants to waterlogging.  
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4.3. Screening for rapeseed waterlogging tolerance and resilience to 
combined waterlogging and S. sclerotiorum 
 

4.3.1. Selection of internal controls 
 

Before screening approximately 100 varieties for waterlogging tolerance +/- S. sclerotinia, 

we verified whether the experimental conditions chosen would allow us to indeed detect 

tolerance/sensitivity to waterlogging amongst rapeseed varieties, while also identifying some 

varieties that could be used as internal controls for the screen. To this end we performed a pilot 

experiment with 15 different varieties to (i) check throughput and reproducibility of 

measurements, (ii) provide estimates of trait variability within and between varieties and (iii) 

identify tolerant and sensitive varieties that could serve as controls to account for batch effects 

and other environmental factors. We selected the 15 test varieties based on geographical origin, 

considering local annual precipitations and time of sowing, with the idea that varieties from areas 

with high precipitation, may have been selected by breeders for waterlogging tolerance, while 

varieties bred in regions with lower precipitation may be more sensitive to waterlogging.  

 Among all the parameters analysed, SPAD was the only photosynthesis-related 

parameter that consistently showed decreased values in all the varieties treated with 

waterlogging compared to control-treated plants from the same variety (Figure 4.3 A). To quantify 

by how much waterlogged-treated groups differed from control-treated plants from the same 

variety, an effect size analysis was performed using Hedge’s g formula (see section 2.3.2 above; 

Hedges, 1981; Ialongo, 2016) (see g values obtained on top of bars in each of the graphs in Figure 

4.3 A). In this analysis, g values close to 0.5 are considered as medium effects, while g values of 

at least 0.8 are considered as a strong effect. Based on this, we only considered |g values| > 0.5 

in our analysis. In addition, negative values indicate that waterlogging negatively affects plants 

compared to control-treated plants from the same variety, while positive values would indicate 

that waterlogged plants perform better. Effect size analysis for SPAD values yielded negative g 

values for all varieties, indicating that waterlogging treatment impacted in a negative manner to 

all the 15 tested varieties. This analysis also revealed that variety #240 had the smallest g value 

(-3.00), suggesting that, based on SPAD measurements, among the 15 varieties tested, #240 

could be the most affected by waterlogging. In contrast, varieties #275 and #242 had the highest 

g values (-0.63 and -0.61, respectively), suggesting that they may perform better under 

waterlogging (Figure 4.4).  
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A similar analysis was performed for the other photosynthesis-related measurements, 

namely Fv′/Fm′, ΦII and NPQt. For Fv’/Fm’, although both negative and positive g values were 

obtained, the absolute g values were in many cases smaller than 0.5 (|g value| < 0.5), suggesting 

a small effect of waterlogging on this measurement. The largest effects were observed for 

varieties #239 and #274 for negative g values (-0.52 and -0.63, respectively), and for variety #283 

for the positive g values (+0.63). For ΦII, both positive and negative g values were obtained and 

varieties #261 and #418 were the most affected (g values of -1.23 and -1.21, respectively). Finally, 

because NPQt estimates the excess energy dissipated as heat, for this measurement, varieties 

with positive g values would be considered as being more affected by waterlogging. Effect size 

analysis with NPQt yielded both negative and positive values, with most being small, however, 

variety #229 displayed the biggest ratio in this parameter (0.69), followed by variety #274 (0.6). 
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Figure 4.4. Waterlogging effects different in rapeseed varieties. Photosynthetic parameters 

were derived from measurements taken from the 3rd leaf of rapeseed plants using MultispeQ 

(SPAD, ΦII, Fv’/Fm’, NPQt) at 15 days of waterlogging (blue circles) and control (grey circles) 

conditions. Results are means ± standard deviation (SD) of 3 biological replicates (n = 3). 

Statistical analysis: two-way ANOVA with Tukey’s test (p < 0.05), effect sizes were calculated 

following Hedge’s g formula (Hedges, 1981; Ialongo, 2016). 
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Both physiological parameters (leaf area and shoot fresh weight (FW)) consistently 

showed negative g values, corresponding to waterlogging having a negative effect on the growth 

of all 15 varieties (Figure 4.5). The absolute g values obtained tended to be larger compared to 

those calculated for photosynthetic parameters (except for SPAD measurements) and suggested 

that varieties #240, #242, #436 and #526 were among the most strongly affected by waterlogging 

treatment, and hence potentially more sensitive. In contrast, variety #418 seemed less sensitive 

compared to the others.  

 

Figure 4.5. Waterlogging affects differently physiological measurements. Physiological 

parameters (plant weight and leaf area) taken at day 15 of waterlogging (blue circles) and control 

(grey circles) treatment. Results are means ± standard deviation (SD) of 3 biological replicates (n 

= 3). Statistical analysis: two-way ANOVA with Tukey’s test (p < 0.05), effect sizes were calculated 

following Hedge’s g formula (Hedges, 1981; Ialongo, 2016). 

 

Altogether, this pilot experiment with 15 different rapeseed varieties suggested that the 

chosen experimental conditions could be suitable to distinguish between rapeseed varieties that 

may be sensitive to waterlogging. Moreover, when put together (Figure 4.6), these results allowed 
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the selection of two varieties that could serve as internal controls across the multiple batches 

and replicates that could be used to screen the whole population of approximately 100 varieties. 

This will be important at later stages, to account for batch-specific and environmental-

dependent effects, to monitor the performance of the experiment and to improve statistical 

analyses. Specifically, we selected varieties #240 and #229 as internal controls, as #240 seemed 

to be consistently more sensitive to waterlogging with a particularly strong effect on SPAD and 

leaf area measurements, while variety #229 showed a stronger response for NPQt and plant 

weight. An additional factor for choosing these two varieties was that they rapidly produced large 

amounts of seeds, which would ensure enough material for the large-scale screening. 

 

Figure 4.6. Waterlogging response differs among rapeseed varieties. Heatmap summarising 

the effect sizes calculates in Figure 4.3. Warmer colours indicate stronger sensitivity to 

waterlogging, whereas cooler colours denote less sensitivity.  
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4.3.2. Overview of the experimental approach to the screen and of data 
obtained 
 

4.3.2.1. Experimental design for the screen 
 

As outlined in the Introduction, this project aims to identify rapeseed varieties that are 

tolerant/sensitive to waterlogging, as well as resilient to the combination of waterlogging and S. 

sclerotiorum. To this end, the 100 rapeseed varieties subset of the BRAVO collection of 

commercial rapeseed varieties (kindly provided by collaborators at the John Innes Centre: Dr. 

Rachel Wells, Prof. Chris Ridout and Prof. Lars Østergaard) was screened for waterlogging 

tolerance, and subsequent infection with the necrotrophic fungal pathogen S. sclerotiorum. As 

this aspect of my PhD work was part of a larger project funded by Research Ireland, I shared the 

work with a postdoctoral researcher in the lab, Dr. Shreenivas Singh, who carried out the S. 

sclerotiorum pathogen assays, while I focused on the waterlogging treatments. The screen 

resulted in a large dataset that required complex statistical methods for analysis and correction. 

This statistical analysis was performed by our collaborator Prof. Rafael de Andrade Moral 

(Maynooth University), who also provided advice for the experimental set up of the screen. 

As the ~100 rapeseed varieties could not be handled at the same time, the screen was 

carried out in batches. Each batch contained four randomly selected varieties and two internal 

controls (varieties #240 and #229) that could be used to identify and correct for batch-dependent 

effects, ensuring robust statistical comparisons across batches and biological replicates. In 

addition to having batches, 3 biological (independent) replicates were completed sequentially 

over a period of two years, so that all varieties were tested in batches in the first replicate, before 

initiating the second replicate. The batches also contained of different varieties (apart for the 

#240 and #229 controls) in each biological replicate. Trays were randomly distributed in the 

greenhouse, and plants corresponding to each variety were grown and waterlogged in individual 

trays to avoid potential effects of one variety on another (Figure 4.7). To ensure enough statistical 

power for analysis, we aimed at having 8 plants/variety/experimental condition/biological 

replicate. Due to germination problems, however, this was not always the case, and in such 

situations, the available plants were equally split between each of the treatments. 
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Figure 4.7. Plant arrangement during waterlogging screening in the greenhouse. Plants were 

grown for 3 weeks on Table 1, then they were moved to Tables 2, 3, or 4 as they face waterlogging 

or control conditions for 15 days. Green arrows represent the air currents given by the AC units 

(green squares). Blue squares represent plants undergoing waterlogging treatment 

 

Plants responses to waterlogging were measured using the same photosynthetic (on the 

3rd leaf) and physiological parameters as those outlined in Table 4.1. For multispeQ 

measurements, two independent measurements were taken close to the tip of each leaf and on 

each side of the mid vein. The average of these measurements was calculated and treated as a 

single representative value for that leaf. This approach reduced the variability of the 

measurements and the influence of physiological variability within the leaf, providing a more 

robust estimate of the different photosynthetic measurements. In addition, the multispeQ device 

measured environmental variables such as Photosynthetically Active Radiation (PAR), ambient 

humidity and ambient temperature. Other variables that were recorded included (i) location of 

each batch in the greenhouse to account for the airflows present in different areas, (ii) age and 

type of lamps (this was necessary, because of an upgrade that had to be scheduled at the end of 

the first replicate and which resulted in a change of lighting system in the greenhouse), and (iii) 

light intensity of the lamps, which was regularly adjusted during autumn and spring to account 

for decreased and increased natural light. The systematic recording of these environmental 

parameters together with the presence of the internal controls within every batch allowed 

correction of the data for batch-dependent environmental factors to ensure that the observed 
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differences were caused by genetic diversity instead of environmental variation in the 

greenhouse.  

 In order to determine the effect of waterlogging on plant S. sclerotinia infection, after 15 

days of waterlogging (or for control plants, 15 days of normal watering), the third leaf (used for 

multispeQ measurements) was infected with S. sclerotiorum using a detached leaf assay 

(Zamani-Noor and Jedryczka, 2025). The lesion size caused by S. sclerotiorum infection was then 

measured at 24 and 48 hours post inoculation (hpi). The pathogen inoculations, as well as lesion 

size measurements were performed by Dr. Shreenivas Singh.  

Altogether, our screen resulted in a large dataset of 14 parameters that were measured 

(columns) and 5,990 rows (number of individual plants used). 

 

4.3.2.2. Overview of the raw data obtained 
 

To obtain an overview of the results, all averages and standard deviations calculated from 

the raw data were plotted, both for control and waterlogged plants. Examination of the plots 

indicated that some traits were markedly different between control and waterlogged populations, 

such as for example Fm’, ΦII or SPAD, while other measurement such as leaf thickness, and lesion 

sizes at 24 and 48 hpi did not show clear differences between control and waterlogged 

populations (Figure 4.8). Overall, there also appeared to be differences between varieties, 

especially within the plant populations that experienced waterlogging. However, without a 

statistical model that accounts for environmental factors, it is difficult to further identify 

differences that may be linked to genotype within the population.  
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Figure 4.8. Overview of the raw data obtained. Different measurements made for each variety 

and treatment are shown, including Fm’, Fo’, Fs, Fv’/Fm’, SPAD, ΦII, ΦNO, NPQt, leaf temperature, 

leaf thickness, leaf weight, plant weight, and lesion size at 24 and 48 hpi. The X-Axis corresponds 

to the different varieties, which are arranged so that for a given variety, the data for control (red) 

and waterlogged (blue) are shown next to each other. Results are means ± standard deviation 

(SD) of 3 biological replicates (n = 3). 
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4.3.3. Statistical analysis of the dataset 
 

To identify genetically determined differences between rapeseed varieties in terms of 

waterlogging tolerance/sensitivity and for resilience to the combination of waterlogging + S. 

sclerotiorum, we analysed the data using two different approaches:  

(i) identifying differences between varieties in control conditions, and separately in 

waterlogged conditions. For example, in this analysis, after data normalisation, we 

compared all varieties to each other after waterlogging and determined those that 

behaved differently from the entire population of waterlogged varieties. This analysis 

is outlined in section 4.3.3.1 below. 

(ii) Identifying differences in the varieties’ ability to respond to waterlogging and maintain 

photosynthetic capacity and growth. For this analysis, for each variety and for each 

type of measurement, ratios of waterlogged:control were calculated and considered 

to rank the varieties after data normalisation. The results of this analysis are explained 

in section 4.3.3.2 below.  

Considering the complexity of the dataset and of the corrections needed, this statistical 

analysis was performed by our collaborator Prof. Rafael de Andrade Moral. The results and 

their interpretation are presented below. 

 

4.3.3.1. Comparison of varieties within either waterlogged or control populations 
 

First, the raw MultispeQ measurements were analysed using a mixed-effects model 

including treatment variable (control vs. waterlogging), together with environmental covariates 

(batch location, light intensity, lamp age, ambient humidity, ambient temperature, and time of 

day when the measurement was taken) as fixed effects. These covariates allow for the 

quantification and correction for environmental changes that might influence photosynthetic and 

physiological performance individually (per measurement). In addition, batch number and 

variety name were included as random factors, as these parameters introduce structured 

variability that needs to be accounted for. The variety itself was treated as a random effect to 

estimate the variability between rapeseed varieties, accounting for the effect of genetic diversity 

on waterlogging responses. Biologically, this model quantifies both the global impact of 

waterlogging on photosynthetic, physiological and pathogenesis-related measurements, while 

accounting for how individual varieties diverge from the population’s mean under either control 

or waterlogged conditions, as well as with/without the S. sclerotiorum pathogen. For clarity, we 
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refer to this as the “absolute” approach below. For all response variables we assumed a normal 

distribution, except ΦII and ΦNO, which are continuous proportions between 0 and 1, and 

therefore a beta distribution was assumed. 

To determine the overall effect of waterlogging on each measured parameter, the 

regression coefficients of the absolute analysis approach were analysed (Table 4.2). These 

coefficients indicate by how much and in which direction the different parameters measured 

change depending on the environmental covariates. In the case of waterlogging treatment, all 

photosynthetic-related parameters were reduced except for NPQt and leaf temperature, 

suggesting that the waterlogging treatment negatively affects photosynthetic capacity (Table 4.2) 

(Tietz et al., 2017). Because an increase in NPQt suggests loss of photosynthesis efficiency (i.e. 

more energy is dissipated as heat), the results obtained for this measurement are in line with the 

other photosynthetic ones. Waterlogging treatment also negatively affected the physiological 

parameters recorded (e.g. plant weight), suggesting a negative effect of waterlogging on growth 

(Table 4.2). In terms of plant resistance/susceptibility to S. sclerotiorum, the model could not 

predict with sufficient confidence that the effect was different from zero for the lesion size 

measurements at 24 hpi and 48 hpi, suggesting a lack of influence of waterlogging treatment in 

the progression of S. sclerotiorum infection in detached leaves (Table 4.2). 

 

Table 4.2. Regression coefficients accounting for waterlogging effect on all the varieties for 

each parameter measured in the screen. Values represent the estimated regression 

coefficients (Estimate) with their corresponding standard errors (Std. Error) and 95% credible 

intervals (l-95% CI and u-95% CI). Negative estimates indicate a decrease in the parameter value 

upon waterlogging relative to control, whereas positive estimates indicate an increase. Effects 

are considered statistically significant when the 95% confidence interval does not include zero, 

indicating that waterlogging had a meaningful impact on that parameter. 

Parameter Estimate Std. Error l-95% CI u-95% CI 

Fm' -1070.72 90.73 -1252.92 -891.85 

Fo' -117.96 27.45 -171.49 -65.49 

Fs -253.18 43.86 -339.76 -167.4 

Fv'/Fm' -0.03 < 0.01 -0.04 -0.02 

NPQt 0.56 0.18 0.2 0.9 

ΦII -0.16 0.03 -0.21 -0.11 
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ΦNO -0.09 0.01 -0.12 -0.07 

SPAD -9.09 0.56 -10.16 -7.99 

Leaf Temp. 0.64 0.09 0.47 0.81 

Leaf Thickness -0.04 0.01 -0.05 -0.03 

Leaf Weight -0.15 0.02 -0.18 -0.11 

Plant Weight -1.02 0.13 -1.26 -0.77 

Lesion Area (24h) 0.05 0.03 < 0.01 0.1 

Lesion Area (48h) 0.11 0.11 -0.11 0.32 

 

Having determined the global impact of waterlogging treatment on photosynthetic and 

physiological parameters, the next question was whether this impact was different depending on 

the rapeseed variety considered. The variety-dependent random effects (i.e. a prediction of the 

effect of the variety on the response to the stress after data normalisation) were used to answer 

this question. When comparing variety-dependent variation between control and waterlogged 

conditions, we found increased variation in photosynthesis-related parameters upon 

waterlogging, suggesting that there are intrinsic differences in the manner individual rapeseed 

varieties respond to waterlogging in the whole population (Table 4.3). In contrast, physiological 

parameters show a decrease in variability upon waterlogging, suggesting that, even though the 

waterlogging treatment negatively affects growth, differences fall within a narrower range after 

waterlogging (Table 4.3). A similar observation was made for the lesion size at 24 and 48 hpi.  

 

Table 4.3. Variance of the random effects and confidence intervals for each measured 

parameter. Values represent the estimated variances (Estimate) with their corresponding 

standard errors (Std. Error). 

Parameter Treatment Estimate Std. Error 

Fm' 
Control 106.07 68.18 

Waterlog. 631.94 70.26 

Fo' 
Control 51.02 28.02 

Waterlog. 171.21 22.78 

Fs 
Control 120.3 40.16 

Waterlog. 275.13 33.33 

Fv'/Fm' Control < 0.01 < 0.01 
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Waterlog. 0.03 < 0.01 

NPQt 
Control 0.07 0.05 

Waterlog. 1.28 0.14 

ΦII 
Control 0.02 0.01 

Waterlog. 0.17 0.02 

ΦNO 
Control 0.01 0.01 

Waterlog. 0.08 0.01 

SPAD 
Control 2.21 0.41 

Waterlog. 3.11 0.41 

Leaf Temp. 
Control 0.26 0.11 

Waterlog. 0.26 0.11 

Leaf Thickness 
Control 0.02 0.01 

Waterlog. 0.01 0.01 

Leaf Weight 
Control 0.08 0.02 

Waterlog. 0.02 0.01 

Plant Weight 
Control 0.5 0.13 

Waterlog. 0.15 0.11 

Lesion Area (24h) 
Control 0.06 0.03 

Waterlog. 0.03 0.02 

Lesion Area (48h) 
Control 0.25 0.14 

Waterlog. 0.15 0.1 

 

 Random effects were subjected to a Principal Component Analysis (PCA) as a quality-

control overview before formal statistics. This analysis allows the (i) visualization of how samples 

group by treatment (control vs waterlogging), (ii) spotting of trait modules (e.g., ΦII / Fv′/Fm′ vs 

NPQt) and redundancy from mathematically linked indices, and  (iii) quantification of the traits 

driving separation (loadings). 
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Figure 4.9. Principal Component Analysis (PCA) of physiological and phenotypic traits in 

control and waterlogged (WL) Brassica napus plants. PCA biplot illustrating the distribution of 

rapeseed cultivars grown under control (red dots) and waterlogged (blue dots) conditions based 

on standardised physiological and phenotypic parameters. Arrows indicate the loading vectors 

of each variable, each point represents a cultivar, and 95% confidence ellipses indicate the 

multivariate spread of each treatment group. The first two components (PC1 = 25.8%, PC2 = 

18.9%) together explain 44.7% of the total variance. 

 

PCA analysis accounts for 44.7% of the total variance, explained by the first two 

components (PC1 = 25.8%, PC2 = 18.9%) (Figure 4.9). PC1 separates traits in the stress-

responsive traits in the positive values, such as lesion area caused by S. sclerotiorum at 48 hpi, 

NPQt or leaf temperature, and physiological and photosynthetic efficiency-related traits in the 

negative values, such as ΦII, Fv’/Fm’ or SPAD. However, it is not clear what PC2 accounts for by 

looking at the trait positioning along this axis (Figure 4.9). Taking into account the vector lengths 

and directions, ΦII, ΦNO, Fv’/Fm’, NPQt, or SPAD explain more variation than other 
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measurements such as leaf thickness or leaf angle, therefore indicating that these traits are 

suitable for GWAS analysis. 

Blue dots indicate cultivars measured in waterlogged conditions and form a cloud that is 

shifted slightly to the positive values of PC1, suggesting that plants experiencing waterlogging 

show higher stress-responsive trait values and lower physiological and photosynthetic efficiency-

related trait values (Figure 4.9). On the contrary, cultivars measured in control conditions (red 

dots), cluster more towards the centre and slightly to the left, suggesting more homogeneous 

physiological responses under non-stressed conditions (Figure 4.9). However, there is a 

substantial overlap between both groups, which comes from the different responses given by the 

different rapeseed cultivars, which can maintain photosynthetic efficiency and pigment status 

instead of activating photoprotective mechanisms, which indicates tolerance when dealing with 

waterlogging conditions; or increase photoprotective mechanisms in response to lower 

photosynthetic efficiency of waterlogged plants. 

 In addition, several photosynthetic traits are also mathematically linked by definition 

(Table 4.10), and therefore, can mislead our interpretations of the data from the large-scale 

screening. Therefore we plotted a correlation matrix to have a visual image of this correlation 

between photosynthetic parameters. Some of these relationships include NPQt negative 

correlation with ΦNO, ΦII and Fv’/Fm’ or the positive correlation between Fv’/Fm’ and ΦII (Figure 

4.10), as expected. 
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Figure 4.10. Correlation structure of photosynthetic traits in Brassica napus under 

waterlogging followed by S. sclerotiorum infection. Heatmap shows pairwise correlations 

among the different traits evaluated in the large-scale screening. Cells display Pearson’s r (two-

tailed tests; Benjamini–Hochberg–adjusted P values). Rows/columns are ordered by average-

linkage hierarchical clustering to reveal trait modules. Colour scale indicates correlation 

magnitude (blue, positive; white, zero; red, negative). 

 

Next, we considered the random effects for each variety and each parameter measured 

within the population for both control and waterlogged conditions separately. Thereby, we can 

determine by how much each variety deviates from the population mean (predicted random 

effects) in each treatment conditions, with a range (credible intervals) showing the uncertainty of 

the model estimate. The plotted predicted random effects take into account environmental and 

batch effects, thus showing the performance of each variety as a deviation from the population 

mean caused by genetic differences. Therefore, these graphs indicate which varieties perform 
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better than the population average (i.e. waterlogging tolerance; in blue except for NPQt), or below 

the population average (waterlogging sensitivity; in red, except for NPQt). 

For example, for Fm’ (see Table 4.1 for definition), there were statistically significant 

differences between the varieties under waterlogging conditions, so that varieties #414, #436, 

#401, #438, #418, #230, #258, #448, #203, #237 and #411 could potentially be sensitive to 

waterlogging treatment, whereas varieties #99, #121, #221, #105, #242 and #96 were identified 

as potentially tolerant (Figure 4.11).  

 

 

Figure 4.11. Predicted random effects of rapeseed varieties for Fm′ under control and 

waterlogged conditions. Predicted random effects ± credible intervals are shown for each 

individual rapeseed variety. The varieties are identified based on their 3-digit identifier on the X-

Axis.  

 

The same analysis was repeated for each of the photosynthetic parameters that were 

measured. Each of the plots are presented in Figures 4.12 - 4.19. Throughout the analysis, we 

could observe no significant deviations from specific varieties in control conditions across the 

parameters, except for the SPAD measurements, for which we observed statistically significant 

differences between some varieties grown in control conditions. In the waterlogged population, 

varietal differences were observed for Fo’, Fs, Fv’/Fm’, NPQt, ΦII, ΦNO and SPAD. The summary 

of the potentially waterlogging sensitive or tolerant varieties for each of the measured parameters 

is presented in Table 4.4 below. 
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Figure 4.12. Predicted random effects of rapeseed varieties for Fo′ under control and 

waterlogged conditions. Predicted random effects ± credible intervals are shown for each 

individual rapeseed variety. The varieties are identified based on their 3-digit identifier on the X-

Axis.  

 

 

Figure 4.13. Predicted random effects of rapeseed varieties for Fs under control and 

waterlogged conditions. Predicted random effects ± credible intervals are shown for each 

individual rapeseed variety. The varieties are identified based on their 3-digit identifier on the X-

Axis.  
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Figure 4.14. Predicted random effects of rapeseed varieties for Fv′/Fm’ under control and 

waterlogged conditions. Predicted random effects ± credible intervals are shown for each 

individual rapeseed variety. The varieties are identified based on their 3-digit identifier on the X-

Axis.  

 

 

Figure 4.15. Predicted random effects of rapeseed varieties for NPQt under control and 

waterlogged conditions. Predicted random effects ± credible intervals are shown for each 

individual rapeseed variety. The varieties are identified based on their 3-digit identifier on the X-

Axis.  
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Figure 4.16. Predicted random effects of rapeseed varieties for Leaf Temperature under 

control and waterlogged conditions. Predicted random effects ± credible intervals are shown 

for each individual rapeseed variety. The varieties are identified based on their 3-digit identifier 

on the X-Axis.  

 

 

Figure 4.17. Predicted random effects of rapeseed varieties for ΦII under control and 

waterlogged conditions. Predicted random effects ± credible intervals are shown for each 

individual rapeseed variety. The varieties are identified based on their 3-digit identifier on the X-

Axis.  
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Figure 4.18. Predicted random effects of rapeseed varieties for ΦNO under control and 

waterlogged conditions. Predicted random effects ± credible intervals are shown for each 

individual rapeseed variety. The varieties are identified based on their 3-digit identifier on the X-

Axis.  

 

 

Figure 4.19. Predicted random effects of rapeseed varieties for SPAD under control and 

waterlogged conditions. Predicted random effects ± credible intervals are shown for each 

individual rapeseed variety. The varieties are identified based on their 3-digit identifier on the X-

Axis.  

 

When considering the physiological traits, ‘leaf weight’ corresponds to the weight of the 

3rd leaf (on which multispeQ measurements were made), whereas ‘plant weight’ is the weight of 

the aerial part of the plant. The analysis of the predicted random effects based on these two types 

of measurements did not observe any varieties that behaved differently from the population in 

either treatment (Figures 4.20).  
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Figure 4.20. Predicted random effects of rapeseed varieties for leaf and plant weight under 

control and waterlogged conditions. Predicted random effects ± credible intervals are shown 

for each individual rapeseed variety. The varieties are identified based on their 3-digit identifier 

on the X-Axis.  

 

Similarly to plant and leaf weight, analysis the leaf thickness parameter captured by the 

multispeQ did not allow for the identification of varieties that may be either sensitive or tolerant 

to waterlogging (Figure 4.21). 
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Figure 4.21. Predicted random effects of rapeseed varieties for leaf thickness under control 

and waterlogged conditions. Predicted random effects ± credible intervals are shown for each 

individual rapeseed variety. The varieties are identified based on their 3-digit identifier on the X-

Axis.  

 

Finally, analysis of the lesion size caused by S. sclerotiorum infection at 24 and at 48 hpi 

did not allow us to identify varieties that behaved differently in the control or in the waterlogged 

populations (Figure 4.22). 

 

 

 

Figure 4.22. Predicted random effects of rapeseed varieties for lesion size of S. sclerotiorum 

infection under control and waterlogging conditions. Predicted random effects ± credible 

intervals are shown for each individual rapeseed variety at S. sclerotiorum infection at 24 hpi (A) 

and 48 hpi (B). The varieties are identified based on their 3-digit identifier on the X-Axis. 
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As indicated above, Table 4.4 summarises the information gathered through the analysis 

of the random effects, listing for each measured parameter the varieties that could potentially be 

tolerant or sensitive. 

 

Table 4.4. Putative tolerant and sensitive varieties based on the analysis of random effects 

for each measured parameter. 

Parameter Tolerant Sensitive 

Fm' #96, #99, #105, #121, #221, 
#242 

#203, #230, 237, #258, #401, #411, 
#414, #418, #436, #438, 448 

Fo' #221, #256, #307, #520, #527 #414, #436, #438 

Fs #96, #221, #256, #307, #527 #133, #203, #414, #418, #436, #438 

Fv'/Fm' - #160, #237, #256, #261, #307, #401, 
#414, #438, #520, #527 

NPQt - #160, #237, #520 

ΦII #212 #118, #160, #237, #256, #307, #401, 
#411, #438, #520, #522, #527 

ΦNO #96, #513 #160, #237, #256, #307, #414, #418, 
#438, #520 

SPAD #28, #99, #204, #242 #237, #401, #414, #436 

 

Based on the aggregated data presented in Table 4.4, it is difficult to identify with 

confidence varieties that may be either tolerant or sensitive to waterlogging +/- S. sclerotiorum, 

because the different parameters measured do not consistently predict the same varieties as 

being tolerant or sensitive to the different treatments. In order to identify with more confidence 

candidate tolerant/sensitive varieties that could be studied in more detail, we sought to 

determine the overlap between the predictions of each of the measured parameters, presuming 

that a variety that is predicted as tolerant (or as sensitive) across a higher number of measured 

parameters is indeed more likely to perform better (or worse) under stress conditions. To this end, 
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we represented the data from Table 4.4 as UpSet plots (Figure 4.23). Interestingly, varieties #237, 

#414 and #438 were predicted as sensitive to waterlogging in 6 out of the 8 parameters measured. 

Varieties #160, #401, #436 and #520 were predicted as sensitive to waterlogging in 4 out of the 8 

traits analysed (Figure 4.19). Altogether, we concluded that these seven varieties were the most 

likely to be more sensitive to waterlogging. In contrast, the identification of varieties that could be 

predicted as tolerant to waterlogging across multiple measure parameters was more difficult, 

suggesting that this may be a less frequent trait in the population. The highest degree of overlap 

was observed with varieties #96 and #221, which displayed above-average performance in 3 out 

of 6 traits (Fv’/Fm’ and NPQt did not identify any tolerant varieties) in response to waterlogging 

(Figure 4.23).  

Intriguingly, we observed a set of varieties that were identified as potentially tolerant for 

some traits, but sensitive for others, for example, (i) variety #527 was identified as possibly 

sensitive to waterlogging for Fv’/Fm’ and ΦII parameters, but maybe tolerant for Fo’ and Fs; (ii) 

varieties #307 and #256 were identified as potentially sensitive for Fv’/Fm’, ΦII and ΦNO, but 

tolerant for Fo’ and Fs; and (iii) variety #520 was identified as possibly sensitive for Fv’/Fm’, NPQt, 

ΦII and ΦNO, but tolerant for Fo’ (Figure 4.23).  

 

Figure 4.23. UpSet plots for predicted sensitive and tolerant rapeseed varieties. UpSet plot 

representation of the overlap between different measured parameters for varieties predicted to 

be sensitive (red plot) tolerant (blue plot) to waterlogging. UpSet plots were created by using 

Multinet (https://multinet.app). 

https://multinet.app/
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4.3.3.2. Analysis of the impact of waterlogging relative to control conditions per variety 
 

To complement the analysis of the variation with control or waterlogged population and 

to consolidate the identification of tolerant or sensitive genotypes to waterlogging + S. 

sclerotiorum, we also modelled, for each measured parameter, the ratio between waterlogged 

and control conditions (waterlogging/control) for each rapeseed variety. This approach was 

additionally motivated by the fact that the “absolute” approach did not identify any variety with a 

significantly response to S. sclerotiorum according to whether plants had faced control or 

waterlogging conditions prior to infection. This approach also corrects for intrinsic varietal 

differences, as the ones observed by the deviations from the population mean in SPAD values in 

control conditions (Figure 4.19), and environmental effects within a given batch. By analysing the 

ratios with a simpler mixed-effects model, we focused on the relative performance of each 

genotype in response to waterlogging compared to control conditions (also with/without S. 

sclerotiorum), providing another indicator of tolerance or sensitivity. For example, in this analysis, 

waterlogging-sensitive varieties can be identified because the ratios will be consistently low, 

whereas more waterlogging-tolerant varieties will have ratios closer to 1 or higher. It is also 

possible to compare the relative behaviour of each variety to that of the population. This is 

visualised by plotting predicted random effects and credible intervals. For brevity, we refer to this 

analysis as the “relative” approach. 

Compared to the “absolute” approach outlined in section 4.3.3.1 above, this analysis 

resulted in few varietal differences for most of the measured parameters. For photosynthesis-

related traits, only two varieties were identified as sensitive to waterlogging in two different traits 

- variety #527 for ΦII and variety #160 with NPQt (Figure 4.24).  
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Figure 4.24. Predicted random effects of rapeseed varieties for photosynthetic-related traits 

under waterlogged conditions normalised for control conditions. Predicted random effects ± 

credible intervals are shown for each individual rapeseed variety. The varieties are identified 

based on their 3-digit identifier on the X-Axis.  
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For the physiological parameters, only variety #160 was identified as potentially tolerant 

to waterlogging with regards to leaf weight (Figure 4.25). 

 

Figure 4.25. Predicted random effects of rapeseed varieties for physiological traits under 

waterlogging conditions normalised for control conditions. Predicted random effects ± 

credible intervals are shown for each individual rapeseed variety. The varieties are identified 

based on their 3-digit identifier on the X-Axis. 

 

In terms of S. sclerotiorum resistance, this relative analysis only allowed us to identify 

varieties #511 and #264 as being potentially more tolerant to S. sclerotiorum infection (48 hpi) 

when plants faced waterlogging treatment just before infection (Figure 4.26). 
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Figure 4.26. Predicted random effects of rapeseed varieties for lesion size at 24 and 48 hpi of 

S. sclerotiorum infection under waterlogged conditions normalised for control conditions. 

Predicted random effects ± credible intervals are shown for each individual rapeseed variety. The 

varieties are identified based on their 3-digit identifier on the X-Axis. 

 

Although this analysis yielded very few varieties that could potentially be considered as 

tolerant or sensitive compared to the population mean, we used the predicted random effects as 

a method of ranking the varieties, so that we considered the 10 varieties with the lowest predicted 

random effects (i.e. predicted most sensitive varieties) and the 10 varieties with the highest 

predicted random effects (i.e. predicted 10 best varieties). For NPQt, the reasoning is reversed, 

as outlined previously. This ranking was used for every measured parameter. We then generated 

an UpSet plot to visualise the overlaps between the different rankings for each of the measured 

parameters (Figure 4.27). For varieties ranked as potentially sensitive, some appeared in 7 out of 

the 14 measured parameters (#401, #414 and #418), others appeared in 6/14 parameters (#118 

and #438) and others in 5/14 parameters (#203, #237, #411 and #520). These varieties were 

therefore considered as higher confidence sensitive ones to waterlogging. In addition, for 

potential tolerant varieties to waterlogging, one appeared in 7/14 parameters (#221), one in 6/14 

parameters (#91) and two in 5/14 parameters (#172 and #271) (Figure 4.27), and these would be 

the higher confidence tolerant varieties. 

In terms of pathogen resistance, 4 varieties were ranked as potentially susceptible at 24 

hpi (#185, #242, #269 and #512) and 5 at 48 hpi (#55, #96, #212, #213 and #510). When analysing 

varieties ranked for resilience to waterlogging + S. sclerotiorum infection, a lower number of 

potentially resilient varieties were found at 24 hpi (#209 and #530) and at 48 hpi (#307 and #401). 

Intriguingly, a number of varieties were ranked as potentially susceptible to S. sclerotiorum 
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infection at both 24 and 48 hpi (#101, #221, #238 and #521), suggesting that these varieties 

become more susceptible to S. sclerotiorum when experiencing waterlogging (because ratios of 

waterlogged:control are being considered here). However, there were no varieties ranked as 

potentially resistant for both timepoints when comparing lesion as a ratio of waterlogged:control. 

Interestingly, 2 varieties ranked as performing better against S. sclerotiorum upon waterlogging  

and for parameters measured for waterlogging response (#264 together with leaf temperature, 

and #524 together with Fs and plant weight). These two varieties may be particularly interesting 

to further examine for resilience. 

 

 

Figure 4.27. UpSet plots for the 10 most sensitive and tolerant rapeseed varieties under 

waterlogged conditions normalised for control conditions. UpSet plot representation of 

overlaps in traits for comparison of sensitive (red plot) and tolerant (blue plot). The vertical bar 

chart gives the traits measured in the screening, and the horizontal bar chart the number of 

overlapping rapeseed varieties in the intersects indicated by connected dots.  
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4.3.3.3. Analysis combination 
 

Examining which varieties were consistently identified as tolerant or susceptible across 

both the absolute and relative approaches allowed the identification of genotypes whose 

classification was robust to the analytical framework used (Table 4.5). By using both approaches, 

we can capture how environmental covariates such as waterlogging conditions modulate 

photosynthetic and pathogen defence traits by using the absolute model, and we can study the 

ability of each variety to maintain physiological function relative to its own control by using the 

relative model. As only one of the approaches identifies varieties with significant behaviours in 

response to S.sclerotiorum infection, this analysis was performed to spot varieties supported 

that are likely to represent biologically meaningful and stable responses to waterlogging, whereas 

those identified by only one approach may reflect model-specific sensitivity to baseline varietal 

differences or relative stress effects. 

 

Table 4.5. Identified tolerant and sensitive varieties for each measured parameter in the 

‘absolute’ analysis that were present in the 10 most tolerant and sensitive varieties in the 

‘relative’ analysis. 

Parameter Tolerant Sensitive 

Fm' #96, #105, #121, #221 
#203, #230, #237, #258,  

#401, #414, #418,  #438 

Fo' #221, #520, #527 #414, #438  

Fs #96, #221, #527  #133, #203 , #414, #418, #438 

Fv'/Fm' - #160, #237, #401, #414, #438, #520, #527 

NPQt - #160, #237 

ΦII #212 #118, #160, #237, #401, #411, #520, #527 

ΦNO #96, #513 #160, #237, #438, #418, #520 

SPAD #28, #204, #242 # 401, #414 

 

Altogether, these results allowed us to identify tolerant varieties, such as variety #221, 

identified as tolerant in Fm’, Fo’ and Fs parameters, variety 96, identified as tolerant in Fm’, Fs and 

ΦNO parameters, and other identified in only 1 or 2 parameters (Table 4.5). Furthermore, we 

identified sensitive varieties, such as variety #414, identified as sensitive in Fm', Fo', Fs, Fv'/Fm', 

ΦII, ΦNO, SPAD parameters, variety #401, identified as sensitive in Fm', Fv'/Fm', ΦII, SPAD 
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parameters, variety #438, identified as sensitive in Fm', Fo', Fs, Fv'/Fm', ΦNO, or other varieties 

such as #237, #160 and #520, identified as sensitive 4 or 5 parameters (Table 4.5). Moreover, 

varieties #520 and #527 are identified as both sensitive and tolerant to waterlogging for different 

parameters, underscoring that waterlogging tolerance in rapeseed is a multifaceted trait, where 

different parameters function individually across varieties.  

 

4.3.4. Conclusions 
 

Although we cannot conclude that waterlogging affects S. sclerotiorum resistance across 

this collection of varieties (Table 4.2), the reduced cultivar-dependent variability in lesion size at 

24 and 48 hpi following waterlogging suggests that prior waterlogging stress may constrain the 

genotypic differences in pathogen response among varieties (Table 4.3). We can nevertheless 

conclude that varieties exhibit different responses to the sequential combination of waterlogging 

stress and S. sclerotiorum infection as we could identify varieties #511 and #264 as tolerant to 

waterlogging + S. sclerotiorum infection at 48 hpi (Figure 4.26). Intriguingly, as these varieties 

exhibited tolerance to waterlogging + S. sclerotiorum infection, there are other varieties (#221) 

that were tolerant to waterlogging alone in Fm’ and Fo’ parameters but were ranked as potentially 

sensitive to waterlogging + S. sclerotiorum infection at both 24 and 48 hpi (Figure 4.23 and Table 

4.5). 

 
Taken together, these results allowed for the identification of a representative set of traits 

to further investigate the genetic basis of waterlogging tolerance through a genome-wide 

association study (GWAS). This set of traits accounts for (i) pigment status (SPAD), (ii) 

photochemistry and photosynthetic efficiency (Fv′/Fm′, ΦII, ΦNO), (iii) photoprotective 

mechanisms (NPQt), (iv) biomass generation (plant weight) and (v) progress of pathogen infection 

by S. sclerotiorum (lesion area at 24 hpi). 

 

4.4. Discussion 
 

This chapter established an experimental and analytical framework to investigate how 

prior waterlogging influences rapeseed performance, both in the absence and after subsequent 

challenge with S. sclerotiorum. This framework included measurements that fell in two 

categories – photosynthesis-related ones and physiological measurements. Measuring these 

parameters in 15 varieties allowed us to identify two rapeseed varieties (#229 and #240) as 
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internal controls that could be included in all batches of the large-scale screen to account for 

environmental and batch-specific variations in the statistical analysis of the dataset, which 

increases the robustness of the subsequent mixed-model analysis (Figures 4.1-6). 

At the population level, after completing the large screen, the mixed-model analysis 

showed that waterlogging influenced each of the measured traits (Table 4.2), although the 

magnitude of the effect differed among parameters. This agrees with previous evidence showing 

that waterlogging affected the photosynthetic capacity and that such parameters can be used in 

screens for waterlogging tolerance/sensitivity (Lee et al., 2014; Li et al., 2023; Nabloussi et al., 

2019; Song et al., 2025; Zhou and Lin, 1995). We also analysed the variance of the random effects 

and confidence intervals for each measured parameter (Table 4.3) which indicated which 

parameters triggered the most conserved responses across the varieties in the population. 

Interestingly, we observed that waterlogging altered the distribution of variability within the 

population in a trait-dependent manner. Photosynthesis-related parameters became more 

variable under stress (Table 4.3), suggesting that the photosynthetic capacity may be differently 

regulated across varieties in response to waterlogging. This indicates that not only all measured 

traits contribute equally to the identification of tolerant genotypes, but the increased variability 

observed in photosynthetic parameters under waterlogging specifically supports their use as 

discriminatory traits in future screenings. In contrast, physiological-related traits exhibited 

reduced variability upon waterlogging (Table 4.3), suggesting conserved biomass changes across 

the rapeseed population, even if photosynthetic capacity diverges. Lesion sizes following S. 

sclerotiorum inoculation showed a similar reduction in variability at 24–48 hpi, suggesting that 

waterlogging conditions prior to the inoculation may compress phenotypic spread in early 

infection dynamics even if it does not uniformly shift mean disease progression. Intriguingly, a 

recent study pinpointed that maintaining chlorophyll levels correlates with Sclerotinia stem rot 

resistance (Chawade et al., 2024). However, although waterlogging significantly changes 

chlorophyll content on rapeseed leaves, lesion size at 24–48 hpi was not affected by waterlogging 

at the population level, suggesting that the relation between physiological status and disease 

outcome is likely dependent on genotype-specific regulatory mechanisms. (Table 4.2). 

Next, the dataset obtained from the large-scale screen was analysed by our collaborator, 

Prof. Rafael de Andrade Moral, through two different approaches. First, the “raw” measurements 

were used to estimate treatment effects while adjusting for environmental covariates (termed 

‘absolute’ approach). Second, we normalised waterlogging to control measurements to analyse 

the data as a fold-change behaviour of each rapeseed variety upon waterlogging compared to the 

respective control (termed ‘relative’ approach). This second approach was important as it 
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reduced the influence of intrinsic varietal differences in baseline trait values, such as those 

observed for SPAD under control conditions. Additionally, the absolute approach did not identify 

any variety whose response to S. sclerotiorum differed significantly depending on whether plants 

had previously faced control or waterlogging conditions. These two approaches are 

complementary, in that each of them captured different biological questions, the absolute 

approach identifies sensitive or tolerant rapeseed varieties to waterlogging within the whole 

population, while the ‘relative’ approach asked how strongly each variety responded to 

waterlogging relative to its own baseline. By combining the results from both analyses, we 

thought to identify varieties that are consistently predicted as sensitive or tolerant to 

waterlogging, or that are susceptible/resistant to S. sclerotiorum in the presence or absence of 

waterlogging pre-treatment.  

From the waterlogging point of view, the combination of both approaches identified 

putative tolerant varieties such as #221 (based on Fm′, Fo′, Fs) and #96 (based on Fm′, Fs, ΦNO) 

together with candidate sensitive varieties including #414 (based on Fm', Fo', Fs, Fv'/Fm', ΦII, 

ΦNO, SPAD), #401 (based on Fm′, Fv′/Fm′, ΦII, SPAD), and #438 (based on Fm′, Fo′, Fs, Fv′/Fm′, 

ΦNO) (Table 4.5). These classifications suggest that waterlogging tolerance in this panel is 

associated primarily with the ability to preserve PSII-related function rather than with a 

generalised maintenance of all physiological traits. Tolerant varieties such as #221, have a PSII 

that remains stable under waterlogging, preserving thylakoid function and sustaining electron 

transport with adequate metabolic sinks, allowing variety #221 to keep photochemistry operating 

despite waterlogging stress. In contrast, sensitive varieties like variety #401 fail to maintain PSII 

function and pigment integrity under waterlogging, leading to reduced carbon assimilation and 

likely growth penalties, which is visible in the relative approach which predicts #401 as sensitive 

to waterlogging based on the plant weight parameter. Thus, the combined approach was useful 

for figuring out which physiological parameters of performance were associated with 

waterlogging tolerance (Figure 4.21 and Table 4.5). 

A note of caution is that several chlorophyll fluorescence parameters are mathematically 

related, and therefore significant changes across multiple such traits should not be over-counted 

as independent evidence. Nevertheless, this analysis has indicated that fewer potential tolerant 

varieties are identified and that in general they are classified as potentially tolerant based on a 

lower number of parameters, which might suggest that from a biological point of view, 

waterlogging tolerance within the different genotypes of commercial varieties is not a common 

trait. This could be linked to the fact there has been no selection for this trait in breeding 

programmes. Another possibility for the seemingly easier identification of candidate 
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waterlogging-sensitive varieties is that traits like Fv′/Fm′, ΦII have a limited range of possible 

values (between 0 and 1 in the case of ΦII, and between 0 and a theorical limit of 0.84 for Fv’/Fm’), 

making it easier to detect declines rather than increases. This would make negative shifts in 

sensitive lines more easily identifiable, while tolerant lines have limited room to “overperform.”  

Several varieties showed trait-dependent discordance, being identified as tolerant for 

some parameters and sensitive for others: #527 was sensitive for Fv′/Fm′ and ΦII, but tolerant for 

Fo′ and Fs; #307 and #256 were sensitive for Fv′/Fm′, ΦII and ΦNO, yet tolerant for Fo′ and Fs; and 

#520 was sensitive for Fv′/Fm′, NPQt, ΦII and ΦNO, but tolerant for Fo′. This trait-specific 

discordance is the result of waterlogging perturbation of multiple and partly independent layers 

of PSII function, which include PSII efficiency (Fv′/Fm′, ΦII), energy dissipation (NPQt, ΦNO), 

pigment status (SPAD), and biomass generation. These layers allow for the different varieties to 

stabilise one layer (Fo′ and Fs) while failing in another (e.g., Fv’/Fm’ and ΦII). From this data, we 

can conclude that varietal performance under waterlogging cannot always be reduced to a 

simple tolerant-versus-sensitive binary. For example, these varieties appear to maintain their 

antenna and PSII reaction centres intact, evidenced by their tolerance in Fo’ and Fs, however, the 

operational efficiency of PSII is compromised, evidenced by their susceptibility in Fv’/Fm’ and 

ΦII. These results indicate a decoupling between structural stability and functional yield, 

consistent with bottlenecks in downstream electron sinks (Baker, 2008; Genty et al., 1989). This 

suggests that different ways of waterlogging resilience may exist, each regulated by partially 

distinct physiological mechanisms, which is important for breeding efforts and the identification 

of novel regulators of stress responses. 

With respect to the first aim of the chapter, at the population level prior waterlogging did 

not significantly alter lesion size in the detached-leaf assay. However, this does not mean that 

waterlogging has no effect on disease outcome. The absolute approach was unable to identify 

any variety that would be considered as either resistant or susceptible, but the relative approach 

successfully identified varieties #511 and #264 as potentially less susceptible to S. sclerotinia 

infection at 48 hpi (but not at 24 hpi) following waterlogging, suggesting a time-dependent 

tolerance that emerges during lesion expansion. This finding also indicates that waterlogging may 

influence a rapeseed ability to fight off S. sclerotiorum infection, but this effect is genotype-

dependent and may become apparent only during later stages of lesion expansion. One 

possibility to explain this finding is that waterlogging of the roots elicits a cross-priming response 

in the aerial parts of the plant that boosts the plant’s ability to defend itself against pathogens. 

Such cross-priming mechanisms have been identified with other crop/pathogen combinations 

(e.g. Fukushima et al., 2016; Keswani et al., 2022; Martínez et al., 2019) or with different 
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combinations of abiotic and biotic stresses (e.g. Hilker et al., 2016). Interestingly, it also 

resembles observation made in A. thaliana, in which it was shown that waterlogging pre-

treatment could induce increases resistance to the bacterial pathogen Pseudomonas syringae 

pv. tomato (Hsu et al., 2013).  

This framework not only produced a classification of all varieties in terms of waterlogging 

tolerance but also established itself as a robust framework for identifying informative contrasts 

of waterlogging responses. The screen demonstrated that waterlogging responses can be 

resolved effectively at the varietal level, particularly through photosynthesis-related traits, and 

that combining absolute and relative analytical approaches strengthens confidence in the 

resulting classifications. Taken together, the results show that the framework was effective for 

capturing varietal responses to waterlogging, but that the effect of prior waterlogging on S. 

sclerotiorum infection was more subtle, more genotype-dependent, and less consistently 

detectable than the effect of waterlogging alone. These conclusions directly support the next 

stage of the thesis, in which we investigate the molecular basis of waterlogging tolerance, disease 

resistance, or resilience to the combined waterlogging and S. sclerotorium infection. In this 

respect, the framework achieved the third aim of the chapter: it identifies the phenotypic 

structure necessary to guide subsequent gene discovery. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



174 
 

5. Identifying candidate genes for rapeseed resilience to 
waterlogging and/or Sclerotinia using GWAS approaches 
 

5.1. Introduction 
 

5.1.1. Background Information 
 

Most of the studies regarding waterlogging stress in Brassica napus involve the identification of 

tolerant and susceptible varieties to waterlogging, to then perform transcriptomic analyses on 

those varieties to identify transcriptionally up or downregulated genes in response to 

waterlogging (Hong et al., 2023; Lee et al., 2014; Li et al., 2021; Zou et al., 2015). However, these 

studies overlook allelic diversity, focusing on what may be only line-specific waterlogging 

responses and the outcomes of the stress responses, instead of identifying the genetic basis for 

the stress tolerance/susceptibility. In contrast, Genome Wide Association Studies (GWAS) 

allowed for the identification of genomic regions and/or specific gene(s) that could be 

responsible for stress tolerance by detecting loci whose allelic variation correlates with 

phenotypic variation. In addition, it accounts for relatedness (through kinship corrections) and 

population structure, minimising the line-specific waterlogging false positive associations. 

GWAS studies have, however, their own limitations. Brassica napus (genome AACC, n=19) arose 

~7500 years ago after hybridisation between ancestors of B. rapa (Asian cabbage or turnip, 

genome AA, n=10) and B. oleracea (Mediterranean cabbage, genome CC, n=9), followed by 

chromosome doubling (allopolyploidy) (Chalhoub et al., 2014; Rousseau-Gueutin et al., 2021). 

This genome complexity results in gene duplication and redundancy, which could allow for 

differential expression of homoeologs under waterlogging or pathogen infection, thus 

contributing to new gene functions and to plant survival to stresses. However, the same genome 

complexity complicates GWAS-based dissection of tolerance mechanisms, as gene redundancy, 

or ambiguous, context-specific expression patterns challenges the gene-level validation of 

tolerance to waterlogging and to S. sclerotiorum. 

Genome-Wide Association Studies (GWAS) and complementary QTL analyses have 

significantly advanced the understanding of waterlogging tolerance in B. napus. Examples 

include (i) using advanced Unnamed Aerial Vehicule (UAV)-based field phenotyping, followed by 

GWAS, which identified hundreds of associated loci, defining 40 candidate genes related to 

known stress response pathways, such as CIPK15 and 2-oxoglutarate-dependent dioxygenases 

(Li et al., 2022); (ii) studies focusing on Seedling Death Rate (SDR), which identified 26 significant 
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Single Nucleotide Polymorphisms (SNPs) associations and 17 consensus QTLs for the SDR trait 

(X. Wang et al., 2020); (iii) the identification of BnaA04g14070D (BnaA04.BAK7), a RLK, which acts 

as a crucial positive regulator of submergence tolerance by forming a conserved positive 

feedback loop with the TEOSINTE BRANCHED1, CYCLOIDEA, PROLIFERATING CELL FACTOR 1 

and 2 (TCP) transcription factor TCP21 (Guo et al., 2025); and (iv) the identification of an elite 

haplotype (HAP1) in the BnaA04.BAK7 region, associated with improved tolerance, alongside 

consistent QTL clusters (like the six associated with relative root/hypocotyl length and fresh 

weight) that involve genes dedicated to oxidation-reduction processes and protein/RNA 

degradation (Ding et al., 2020).  

These techniques have also been used to study Sclerotinia Stem Rot (SSR) resistance in 

B. napus. These examples concluded that resistance to SSR is controlled by multiple minor QTLs 

whose identification serves as a valuable resource for future breeding. Examples of identified 

marker genes for S. sclerotiorum resistance include (i) novel loci on A05, A09, and C01 

chromosomes, identifying candidate genes such as BnROS1 or BnMED15A, whose homologues 

regulate disease resistance also in A. thaliana (Newman et al., 2023); (ii) three major loci (DSRC4, 

DSRC6, DSRC8) located on the C sub-genome gathering 39 candidate genes (Wu et al., 2016); 

(iii) a significant QTL located on chromosome A03 identified on a field study (Khan et al., 2023); 

or (iv) 133 significant SNPs corresponding with 123 loci for disease traits (Roy et al., 2021). 

Individual regulatory components are particularly important in plant stress responses 

because stress-response networks are frequently organised around key regulators that connect 

multiple signalling pathways and thereby determine the strength, timing, and specificity of 

downstream stress responses. In this context, proteins pinpointed as convergence points in 

hypoxia and flg22 responses in A. thaliana have similar but separated roles in B. napus. For 

example, BnRBOHD was found to be transcriptionally induced in response to S. sclerotiorum 

downstream of B. napus GDSL LIPASE-LIKE 1 (BnaC07.GLIP1) (Ding et al., 2024). In addition, 

BnWRKY33 was found to enhance resistance to Sclerotinia sclerotiorum by driving 

antimicrobial/phytoalexin and hormone-responsive defences after MPK3/MPK4 signalling 

activation, while also being a target of negative regulatory pathways as the one displayed by the 

regulatory module formed by the WRKY transcription factor BnWRKY28  and the VQ-motif protein 

BnVQ12. These proteins physically interact and, in the context of Sclerotinia sclerotiorum 

infection, the induced VQ12–WRKY28 complex which dampens WRKY33 expression by 

outcompetition at later infection stages of infection (Hu et al., 2021; Wang et al., 2014; Zhang et 

al., 2022). However, these components have not yet been demonstrated to have a role in the 

waterlogging response in B. napus. Given their well-established roles in hypoxia responses in A. 
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thaliana, they are strong candidates as points of convergence that contribute to waterlogging 

tolerance in rapeseed, and therefore, have a potential role in the cross-tolerance between 

waterlogging and S. sclerotiorum infection. 

In summary, Sclerotinia stem rot (SSR) and waterlogging stress have been widely studied 

individually, but no study has tested how waterlogging influences rapeseed defences to S. 

sclerotiorum infection in a diverse rapeseed population such as the one used here.  

 

5.1.2. Aims of this chapter 
 

In chapter 4, we identified sensitive and tolerant candidate rapeseed varieties to waterlogging 

stress, together with susceptible and resistant rapeseed varieties to S. sclerotiorum infection 

with and without waterlogging conditions prior to the infection. However, the genetic basis, 

molecular mechanisms and regulatory pathways responsible for this tolerance to individual and 

combined stresses need to be examined. Therefore, the aim of this work was to apply GWAS to 

identify candidate genes that contribute to individual stress tolerance to waterlogging and S. 

sclerotiorum infection in addition to the combination of waterlogging and S. sclerotiorum 

infection.  

 

5.2. GWAS and GEM analyses to identify SNPs relevant to the traits of 
interest 
 

To investigate the genetic basis for the different responses to waterlogging and S. 

sclerotiorum infection identified in the rapeseed screen detailed in Chapter 4, our collaborators 

Dr. Rachel Wells and Dr. Emmanuel Solomon (John Innes Centre; UK) performed associative 

transcriptomics (Harper et al., 2012; Havlickova et al., 2018) combining genome-wide SNPs and 

gene expression marker (GEM) association analysis to reveal SNPs and genes that might be linked 

to the observed behaviours in the screen. These two analyses were performed on the data 

obtained when trait values under both control and waterlogging conditions were normalised to 

the corresponding control measurement for each variety (i.e. the ratios of waterlogged/control 

were considered, noted for example SPADw/SPADc; see section 4.3.3.2 above). 

GWAS use samples from natural populations and cultivars to identify associations 

between genetic variants and traits, revealing the genetic basis of stress response traits, 

understanding the interaction between genetic variation and environments, and pinpointing 

targets for selective breeding (Clauw et al., 2025). These studies calculate an association 
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between a SNP and a single phenotype for each SNP. The GWAS analysis of the large-scale 

rapeseed screening presented in Chapter 4 was performed by our collaborators using the 

Genome Association and Prediction Integrated Tool (GAPIT) (Lipka et al., 2012; Tang et al., 2016). 

By using this software, different statistical models are used to analyse the data, including 

Generalized Linear Model (GLM), Mixed Linear Model (single-locus; MLM), Fixed and Random 

Model Circulating Probability Unification (FarmCPU), Bayesian-information and Linkage-

disequilibrium Iteratively Nested Keyway (Blink), the multi-locus mixed model (MLMM) and the 

Compressed Mixed Linear Model (CMLM) (compared in Table 5.1). All these models account for 

population structure, reducing baseline allele-frequency differences unrelated to the trait 

caused by systematic ancestry differences within the population (distinct 

subpopulations/breeding pools), avoiding false trait-SNP associations. Furthermore, pairwise 

genomic relatedness arising from shared recent ancestry (kinship) was considered, as it can also 

inflate SNP–trait associations if unmodeled. However, not all the models used account for kinship 

(GLM does not), but also not all the models that account for it, do it in the same way 

(MLM/CMLM/MLMM incorporate a K matrix while FarmCPU and Blink use selected marker 

covariates (plus PCs/Q)). 

 

Table 5.1. Summary of GWAS models used for the detection of SNP/trait associations in 

rapeseed.  

Model Model type Key features and 
statistical framework 

Advantages 
Limitations 

GLM 

Single-locus, 
mixed effects 

Tests each SNP 
independently using a 

fixed-effect model. 
Incorporates population 
structure via covariates. 

Suitable for large datasets with 
simple structure. 

High false-positive rate 
Ignores relatedness among 

individuals. 

MLM 

Extends GLM by 
including both fixed 

(population) and 
random (kinship) 

effects. 

Robust across diverse populations. 

May miss small-effect loci. 

CMLM 
Simplifies MLM by 

clustering individuals 
into groups. 

Faster than MLM; maintains 
statistical rigor. 

Compression may obscure fine-scale 
relatedness. 

MLMM Multi-locus, 
mixed effects 

Incorporates multiple 
significant loci as 

cofactors. 

Increases power to detect small-
effect loci; controls confounding. 

Model selection can be complex. 
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FarmCPU 

Multi-locus, 
iterative 

fixed/random 
effects 

Separates testing and 
model optimization 

steps by fitting fixed and 
random effects. 

High power and low false-positive rate 
Efficient for complex polygenic traits. 

May overfit when marker density is 
low or sample size is limited. 

Blink 
Multi-locus, 

LD-based 
mixed model 

Builds on FarmCPU by 
replacing bin-based 

marker selection with 
LD-based clustering and 

BIC for model 
optimization. 

Computationally efficient;  
Improved power by exploiting LD 

structure. 

Sensitive to LD threshold and uneven 
marker distribution. 

 

In addition, Dr. R. Wells and Dr. E. Solomon performed GEM analyses that treat expression 

levels as markers, running regression analyses to test whether the variation in expression of a 

gene explains some of the variation in the trait (Lin et al., 2017). 

In sum, Dr. R. Wells and Dr. E. Solomon performed the analyses with high-density SNP 

and GEM markers to identify loci and gene expression patterns that are statistically associated 

with the selected traits. Multiple testing was controlled at FDR = 0.05 using the qvalue package 

(v2.40.0) in R, which estimates q-values following Storey’s procedure (Storey and Bass, 2025). 

The results were visualized using Manhattan plots to highlight candidate genomic regions 

associated with a specific trait. This analysis was carried out by using the ratios of 

waterlogged/control for the seven measured parameters (or traits) for which there were 

statistically significant differences in the ‘absolute’ analysis (i.e. SPAD, Fv’/Fm’, ΦII, ΦNO, NPQt, 

plant weight and lesion size at 24 hpi). For each of these traits, the FitScores that indicate the 

best-fit models, as well as the global Manhattan plots obtained with all statistical models used 

are presented in the Appendix. In contrast, GWAS analysis with the normalised values of Fv’/Fm’ 

and NPQt, identified several SNPs that could be relevant to waterlogging tolerance. The data 

obtained for these two traits and candidate SNPs are presented in more detail below. The GEM 

analysis that was performed with Fv’/Fm’ and NPQt did not reveal any GEMs that could contribute 

to the traits observed. All the Manhattan plots obtained are presented in the Appendix.  

 

5.2.1. GWAS analysis with Fv’/Fm’ 
 

To investigate the genetic basis of PSII efficiency upon waterlogging conditions, we 

carried out a GWAS on the normalised Fv’/Fm’ measurements (i.e. (Fv’/Fm’) w/(Fv’/Fm’) c) and 

identified Blink as the most adequate model to carry out this analysis due to the lower FitScore 

value (Table 5.2). The Manhattan plots obtained for each of the models are also presented in 

Appendix A.  
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Table 5.2. FitScores to assess the relative goodness-of-fit of each model for Fv’/Fm’. Lower 

FitScore values indicate a better fit between the model and the observed phenotypic data.  

Models FitScore 

GLM 115.4128 

MLM 115.4125 

FarmCPU 158.9913 

Blink 10.53026 

MLMM 31.13719 

CMLM 115.4209 

 

Using the Blink model, two novel SNPs located on chromosomes A07 and C07 were 

significantly associated with the trait (Figure 5.1 and Table 5.3). Other models also identified 

these two SNPs as significant (Chr. A07 observed in CMLM and MLMM models; Chr.C07 observed 

in FarmCPU) (Figure 5.1 and Table 5.3). 

 

Figure 5.1. Manhattan plots obtained for normalised Fv’/Fm’ using Blink. Chromosomes are 

designated with different colours. Multiple testing was controlled at FDR = 0.05 using the qvalue 

package (v2.40.0) in R, which estimates q-values following Storey’s procedure (Storey and Bass, 

2025). The model used is indicated on the right. Candidate genes and quantitative trait 

nucleotides (QTNs) are marked with grey vertical lines. 

 

Significant associations were detected at markers Cab008997.1:363 on chromosome 

C07 (P = 9.45 × 10⁻²²) and at Bo7g110390.1:257 on C17 (P = 4.69 × 10⁻¹⁵) (Table 5.3). 

Cab008997.1:363 has no A. thaliana homologue, but it is located close to a disease resistance 
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cluster, while Bo7g110390.1:257 is a rapeseed homologue of A. thaliana INVOLVED IN RRNA 

PROCESSING 9 (At_IRP9;  At4g25550) - a gene identified by Palm et al., 2019 as being involved in 

pre-rRNA maturation, with heterozygous mutants for At_IRP9 being sensitive to high salt and 

sugar stresses. This finding points to a possible regulatory role of the rapeseed IRP9 homologue, 

or any other gene in linkage with this marker, in maintaining ribosomal function and cellular 

homeostasis during waterlogging stress. However, the phenotypic variance explained (PVE) value 

obtained for both models was 0, suggesting that these two SNPs may not explain the variation 

observed for this trait (PVE = 0), suggesting these SNPs reside in linkage disequilibrium (LD) with 

other explanatory loci. The minor allele frequencies (maf) of these SNPs were 0.02 and 0.46, 

respectively, which is very low and suggests that one is very rare within the population, whereas 

the other is present in nearly half of the population (Table 5.3). The positive values of the effect 

sizes (0.155 and 0.058 respectively) further suggest that these two SNPs may contribute to higher 

Fv’/Fm’ values, which would correlate with a better ability to maintain photosynthesis upon 

waterlogging stress (Table 5.3). 

 

Table 5.3. Significant SNPs associated with the normalised Fv’/Fm’ ratio using the Blink 

model. The table reports each SNP identifier, chromosome location (Chr.), physical position, p-

value of association, minor allele frequency (maf), estimated allelic effect on the trait, and the 

percentage of phenotypic variance explained (PVE) by each SNP. Abbr: abbreviation given to 

specific SNP; At homolog.: corresponding A. thaliana homologue. 

Abbr. 
SNP Chr. Position P.value maf Effect PVE(%) 

At homolog. 

SNP1Fv’/Fm’ Bo7g1103

90.1:257:A 
C07 43764934 4.69e-15 0.46226 0.05762 0 

At_IRP9 

SNP2Fv’/Fm’ Cab00899

7.1:363:T 
A07 13827406 9.45e-22 0.02830 0.15474 0 

- 

 

In addition, to visualise how the phenotype differed depending on the SNP, plots with the 

different genotypic variants in the population and their respective values for (Fv’/Fm’)w/(Fv’/Fm’)c 

were generated. For the Cab008997.1:363:T SNP, varieties carrying C/C homozygotes at this SNP 

showed higher Fv′/Fm′ values than entries recorded as “N”; however, because “N” denotes a 

missing/low confidence call rather than a true alternative allele (Figure 5.2). Furthermore, 

varieties carrying the A/G (R) genotype at Bo7g110390.1:257 showed higher normalized Fv′/Fm′ 
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than A/A homozygotes, indicating higher photosynthetic efficiency under waterlogging (Figure 

5.2). 

 

Figure 5.2. Differences in normalised Fv’/Fm’ performance by genotype of associated SNP 

in the Blink model. Each panel displays the distribution of the normalized Fv′/Fm′ ratios (Fv′/Fm′W 

/ Fv′/Fm′C; Y-Axis, blue dots) across different haplotypes of the SNP markers associated with 

Fv’/Fm’ (X-Axis). 

 

 Although FarmCPU had the worst FitScore for this trait, its associated SNPs were still 

examined, as this model can detect true associations with complex trait architectures 

overlooked by other approaches. By using this model, four additional SNPs associated with 

normalised Fv’/Fm’ performance were identified, in addition to Bo7g110390.1:257, which had 

also been identified with the Blink model (Figure 5.2). The most significant SNP was 

Bo6rg112170.1:1269 on Chromosome C06 (P=5.71x10-10), followed by Bo3g007450.1:528 on 

chromosome C03 (P=9.78x10-8), Bo4g195600.1:618 on chromosome C04 (P=6.69x10-8), and 

Cab007205.1:3648 on chromosome A10 (P=5.41x10-8) (Table 5.4). 
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Figure 5.4. Manhattan plots obtained for normalised Fv’/Fm’ using FarmCPU. Chromosomes 

are designated with different colours. Multiple testing was controlled at FDR = 0.05 using the 

qvalue package (v2.40.0) in R, which estimates q-values following Storey’s procedure (Storey and 

Bass, 2025). The model used is indicated on the right. Candidate genes and quantitative trait 

nucleotides (QTNs) are marked with grey vertical lines. 

 

The A. thaliana homologue for Bo6rg112170.1 is ALANINE-2-OXOGLUTARATE 

AMINOTRANSFERASE 2 (At_AOAT2; At1g70580), which encodes a peroxisomal aminotransferase 

that catalyses the reversible transamination reaction essential in photorespiration (Igarashi et al., 

2006, 2003; Liepman and Olsen, 2003). This gene is functionally redundant with At_AOAT1 

(At1g23310), and both genes are part of the Alanine aminotransferase (AlaAT) family, whose 

member, At_AlaAT1has been shown to be regulated in low-oxygen conditions (Loreti et al., 2005; 

Miyashita et al., 2007). Bo3g007450.1 has no A. thaliana homologue. Bo4g195600.1 is annotated 

as being the homologue of a protein annotated in A. thaliana as being an AAA-type ATPase 

(At2g45500), but its function has not been experimentally characterised. In contrast, 

Cab007205.1:3648 is the rapeseed homologue of the well-known A. thaliana ethylene receptor 

EIN2, which has been widely linked to hypoxia and pathogen stress responses, and has been 

proposed as a convergence point for the crosstalk between these two stresses in combined 

stress conditions (see also section 1.4.3.2 above). 
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Table 5.4. Significant SNPs associated with the normalised Fv’/Fm’ ratio using the FarmCPU 

model. The table reports each SNP identifier, chromosome location (Chr.), physical position, p-

value of association, minor allele frequency (maf), estimated allelic effect on the trait, and the 

percentage of phenotypic variance explained (PVE) by each SNP. Abbr: abbreviation given to 

specific SNP; At homolog.: corresponding A. thaliana homologue. 

Abbr. 
SNP Chr. Position P.value maf effect PVE (%) 

At homolog. 

SNP3Fv’/Fm’ Cab007205

.1:3648:A 
A10 19690994 5.41e-08 0.18868 -0.0135 0.91451 

At_EIN2 

SNP4 Fv’/Fm’ Bo3g00745

0.1:528:C 
C03 2699737 9.78e-08 0.33962 -0.01044 4.16545 

- 

SNP5 Fv’/Fm’ Bo4g19560

0.1:618:G 
C04 52966968 6.69e-08 0.34908 0.01551 2.33424 

At2g45500 

SNP6 Fv’/Fm’ Bo6rg11217

0.1:1269:G 
C06 35025428 5.71e-10 0.40566 -0.02693 0.03646 

At_AOAT2 

 

In contrast with the SNPs identified by using the Blink model, the FarmCPU SNPs have 

PVE values ranging from 0.03% to 4.17% (Table 5.4). Furthermore, the maf values of these SNPs 

ranged from 0.19 to 0.41, indicating that these SNPs were present at intermediate frequencies 

within the population (Table 5.4). Nevertheless, these SNPs accounted for little effect on the 

normalised Fv’/Fm’ as their effect values ranged from -0.027 to 0.016 (Table 5.4). This is further 

evidenced by the phenotype distribution as a function of genotype variation across the 

population, where Bo6rg112170.1:1269 SNP (i.e. homologue of At_AOAT2; At1g70580) displayed 

higher values for Fv’/Fm’ in G/G plants than C/C plants, indicating G is the favourable allele for 

waterlogging tolerance (Figure 5.5). However, at Cab007205.1:3648, no haplotype displayed 

significantly different normalized Fv’/Fm’ values. At Bo4g195600.1:618, A/G (R) shows a higher 

median than G/G, although with a few low outliers (Figure 5.5). However, this should not be 

interpreted as a true heterozygote effect, as these calls can represent hemiSNPs arising from the 

collapse of highly similar A- and C-genome sequences during read mapping (Trick et al., 2009). 

In such cases the “R” call likely reflects different bases on the two subgenomes rather than a 

single-locus heterozygote. Similarly, at Bo3g007450.1:528, C/T (Y) and C/C outperform T/T, 

implying C is favourable to waterlogging tolerance (Figure 5.5). 
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Figure 5.5. Differences in normalised Fv’/Fm’ performance by genotype of associated SNP 

in the FarmCPU model. Each panel displays the distribution of the normalized Fv′/Fm′ ratios 

(Fv′/Fm′W / Fv′/Fm′C; Y-Axis, blue dots) across different haplotypes of the SNP markers associated 

with Fv’/Fm’ (X-Axis). 

 

Altogether, these results provide six candidate genes to further explore their role in 

waterlogging response.  

 

5.2.2. GWAS analysis with NPQt 
 

The FitScores obtained when conducting the GWAS analysis with NPQt suggest that  

FarmCPU was the most adequate model, followed by Blink (Table 5.5). Hence our analysis 

focused on the SNPs identified by these two models. 
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Table 5.5. FitScores for the six GWAS models to assess the relative goodness-of-fit of each 

model for NPQt. Lower FitScore values indicate a better fit between the model and the observed 

phenotypic data. 

Models FitScore 

GLM 2815.202 

MLM 2815.164 

FarmCPU 1.558636 

Blink 9.390185 

MLMM 132.6971 

CMLM 2815.164 

 

 

By using the FarmCPU model, three novel SNPs located in chromosomes A04, C06 and 

C08 associated with the trait were identified (Figure 5.6 and Table 5.6). Other models also 

identified two out of these three SNPs as significantly associated with NPQt (i.e. the SNP on 

chromosome 4 was identified with the MLMM model; the SNP on chromosome 16 was also 

identified with GLM, MLM, Blink and CMLM models) (Figure 5.6 and Table 5.6). The most 

significant association was at genomic position Bo6rg118020.1:963 on chromosome C06 (P = 

9.39× 10⁻58), followed by Cab026024.1:300 on chromosome A04 (P = 1.44 × 10⁻31), and 

Bo8g091950.1:1272 on chromosome C08 (P = 2.47 × 10⁻8) (Figure 5.6).  

 

 

Figure 5.6. Manhattan plots obtained for normalised NPQt using FarmCPU. Chromosomes 

are designated with different colours. Multiple testing was controlled at FDR = 0.05 using the 

qvalue package (v2.40.0) in R, which estimates q-values following Storey’s procedure (Storey and 

Bass, 2025). The model used is indicated on the right. Candidate genes and quantitative trait 

nucleotides (QTNs) are marked with grey vertical lines. 
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Bo6rg118020.1 is a rapeseed homologue of A. thaliana SUPPRESSORS OF MEC-8 AND 

UNC-52 1 (At_SMU1; At1g73720), which functions primarily as a splicing factor within the 

spliceosome. It acts together with its partner At_SMU2 during the transition from the pre-catalytic 

to activated spliceosome, stabilising RNA–protein interactions and ensuring accurate splice site 

recognition (Chung et al., 2009; Kanno et al., 2017). In addition, At_SMU1 can also contribute to 

environmental responses, as it is involved in low-magnesium tolerance and proper co-

transcriptional splicing during cold stress (Feng et al., 2020; Long et al., 2024).  

Cab026024.1 is a rapeseed homologue of A. thaliana UDP-D-AOPIOSE/UDP-D-XYLOSE 

SYNTHASE 1 (At_AXS1), which functions as an enzyme that catalyses the conversion of UDP-D-

glucuronate to a mixture of UDP-D-apiose and UDP-D-xylose in a NAD+-dependent way (Choi et 

al., 2012; Mølhøj et al., 2003). D-Apiose serves as the binding site for borate cross-linking of 

rhamnogalacturonan II (RG-II) in the plant cell wall, influencing cell-wall architecture and plant 

growth (Mølhøj et al., 2003; Zhao et al., 2020). Mutants for this gene display growth arrest, leaf 

yellowing and cell death symptoms, including cell lysis and disintegration of cellular organelles 

and compartments which was accompanied by excessive formation of ROS and by induction of 

various protease genes (Zhao et al., 2020). Furthermore, abnormal wall structure of the affected 

cells was evident including excessive cell wall thickening and wall gaps (Ahn et al., 2006; X. Zhao 

et al., 2020). 

Bo8g091950.1 is a rapeseed homologue of A. thaliana CALCIUM-DEPENDENT PROTEIN KINASE 

32 (At_CPK32; At3g57530), which functions as a Ca2+ sensor. Although CPK32 has not been 

studied in the context of hypoxic conditions, it has been shown to be transcriptionally 

upregulated within 30 minutes of flooding in a Ca2+-dependent way (Bakshi et al., 2023). In 

addition, CPK32 acts as a positive regulator of ammonium (NH4
+) uptake in roots via 

phosphorylation of serine residue S450 in the C-terminus of AMT1;1 (Qin et al., 2020). 

Furthermore, submergence triggers rapid accumulation of this NH4
+ transporter AtAMT1;1, and 

other Ca2+ sensor (CIPK15) suppresses AMT activity through its phosphorylation (Chen and Ho, 

2023).  

Among these three SNPs, Bo6rg118020.1:963 has the largest PVE (18.47%), whereas the 

other two have a PVE of 0%, indicating that this SNP is likely the primary contributor to the 

variance explained in our model. The maf of these variants ranged from 0.028 to 0.491, indicating 

that both rare and intermediate-frequency alleles contributed to the trait variation (Table 5.6). 

Furthermore, the values of the positive effect sizes for two SNPs are negative (-0.59 and -3.28), 
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suggesting a positive influence on waterlogging tolerance, whereas Bo6rg118020.1:963 has a 

large positive effect (27.88), suggesting a negative influence on waterlogging tolerance (Table 

5.6).  

 

Table 5.6. Significant SNPs associated with the NPQt ratio under waterlogging conditions in 

Brassica napus identified using the FarmCPU model. The table reports each SNP identifier, 

chromosome location (Chr.), physical position, p-value of association, minor allele frequency 

(maf), estimated allelic effect on the trait, and the percentage of phenotypic variance explained 

(PVE). Abbr: abbreviation given to specific SNP; At homolog.: corresponding A. thaliana 

homologue. 

Abbr. 
SNP Chr. Position P.value maf effect PVE (%) 

AT Homolog. 

SNP1NPQt Bo6rg11802

0.1:963:G 
C06 36724185 9.38e-58 0.4905

7 
27.8844

9 
18.478 

At_SMU1 

SNP2NPQt Cab026024.

1:300:T 
A04 15280679 1.44e-31 0.0283

0 -3.27865 0 
At_AXS1 

SNP3NPQt Bo8g091950

.1:1272:C 
C08 31218633 2.47e-08 0.4528

3 -0.59001 0 
At_CPK32 

 

In addition, to visualise how the NPQtw/NPQtC ratios differed depending on the SNP 

genotype, we generated plots corresponding to the different genotypes observed among the 

rapeseed population and their respective values for NPQtw/NPQtC. For the Bo6rg118020.1:963 

SNP, varieties with A/A genotype for this SNP displayed bigger NPQtw/NPQtC values (Figure 5.7 

A). For Cab026024.1:300 SNP, varieties carrying C/C at this location were associated with a 

higher NPQtw/NPQtC, whereas varieties carrying T/T (or uracyl) had lower NPQtw/NPQtC values 

(Table 5.6 and Figure 5.7 B). Varieties carrying C/C genotype at Bo8g091950.1:1272 SNP 

displayed slightly higher NPQtw/NPQtC values than varieties carrying C/T (Table 5.6 and Figure 

5.7 C). 
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Figure 5.7. Differences in normalised NPQt performance by genotype of associated SNP in 

the FarmCPU model. Each panel displays the distribution of the normalized NPQt ratios (NPQtW 

/ NPQtC; Y-Axis, blue dots) across different haplotypes of the SNP markers associated with NPQt 

(X-Axis). 

 

 We repeated the same analysis with Blink, which was the second best-fit model (Table 

5.5) and could provide complementary insights into the genetic basis for high or low 

NPQtw/NPQtC ratios. By using this model, we identified novel SNPs associated with NPQtw/NPQtC 

performance in addition to one also identified with FarmCPU (Bo6rg118020.1:963) (Figure 5.8). 

The most significantly associated SNP was Cab008997.1:363 located in chromosome A07 

(P=5.28x10-19), followed by BnaC09g43910D:231 on chromosome C09 (P=2.45x10-8), 

Cab043190.1:141 on chromosome A04 (P=1.91x10-7), and Bo3g040620.1:802 on chromosome 

C03 (P=1.29x10-7) (Table 5.7). 

 

Figure 5.8. Manhattan plots obtained for normalised NPQt using BLINK. Chromosomes are 

designated with different colours. Multiple testing was controlled at FDR = 0.05 using the qvalue 

package (v2.40.0) in R, which estimates q-values following Storey’s procedure (Storey and Bass, 
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2025). The model used is indicated on the right. Candidate genes and quantitative trait 

nucleotides (QTNs) are marked with grey vertical lines. 

BnaC09g43910D is a rapeseed homologue of BETA-GALACTOSIDASE 13 (At_BGAL13; 

At2g16730), a member of the glycosyl hydrolase family 35 (GH35) with β-galactosidase activity, 

that likely functions in cell wall remodelling, seed mucilage modification, and carbohydrate 

metabolism (Becker et al., 2003; Chandrasekar and Van Der Hoorn, 2016; Hrubá et al., 2005). 

The homologues of Cab043190.1 is At2g41250, an A. thaliana gene encoding a Haloacid 

Dehalogenase (HAD)-like hydrolase superfamily protein, predicted to localise to the 

mitochondrion. The protein contains conserved HAD domains characteristic of Mg²⁺-dependent 

phosphatases and other hydrolases, suggesting a role in dephosphorylation or small molecule 

metabolism (Burroughs et al., 2006; Du et al., 2021; Rawat et al., 2011). 

Bo3g040620.1 is a rapeseed homologue of A. thaliana SECOND SUBUNIT (B2) of the DNA 

POLYMERASE EPSILON (POLε) complex (At_DPB2; At5g22110), a key enzyme responsible for 

leading-strand DNA synthesis during replication ensuring replication fidelity and coordination 

with cell-cycle progression. Moreover, it has been shown to be linked to epigenetic regulation, 

and responses to DNA damage and abiotic stress (García et al., 2017; Pedroza-Garcia et al., 2016; 

Ronceret et al., 2005; Yin et al., 2009). 

Interestingly, Cab008997.1 was identified in the GWAS analysis with NPQtW/NPQtC and 

had also been identified with Fv’/Fm’W/Fv’/Fm’C, indicating that this SNP may potentially be 

involved in multiple traits response to waterlogging stress. In comparison to Fv’/Fm’, 

Cab008997.1:363 had a large negative effect on  NPQtw/NPQtC (-3.59) and accounts for 

intermediate unique components of phenotypic variation (PVE=2.82%) (Table 5.7). 

For the remaining three SNPs mentioned above, only Bo3g040620.1:802:C displayed a 

significant maf value (0.47 compared to 0.028 for Cab008997.1:363:T, 0.075 for 

Cab043190.1:141:C, or 0.094 for BnaC09g43910D:231:G) (Table 5.7). The effects of the SNPs 

identified with Blink were negative for Bo3g040620.1:802:C (-1.21), indicating potential 

association with a low NPQtw/NPQtC ratio, and positive for Cab043190.1:141:C (0.54) and 

BnaC09g43910D:231:G (0.59), albeit with low values (Table 5.7). In addition, these three SNPs 

displayed low PVE values of 0.17%, 0.38% and 0.1% for Cab043190.1:141:C, 

Bo3g040620.1:802:C and BnaC09g43910D:231:G, respectively, indicating that each associated 

SNPs individually contributes only to a small proportion of the overall phenotypic variance for 

NPQtw/NPQtC ratio (Table 5.7). 
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Table 5.7. Significant SNPs associated with the NPQtw/NPQtC ratio using the Blink model. The 

table reports each SNP identifier, chromosome location (Chr.), physical position, p-value of 

association, minor allele frequency (maf), estimated allelic effect on the trait, and the percentage 

of phenotypic variance explained (PVE) by each SNP. Abbr: abbreviation given to specific SNP; At 

homolog.: corresponding A. thaliana homologue. 

Abbr. 
SNP Chr. Position P.value maf effect PVE (%) 

At homolog. 

SNP4NPQt Cab043190.

1:141:C 
A04 20791047 1.91e-07 0.07547 0.53624 0.17131 

At2g41250 

SNP5NPQt Cab008997.

1:363:T 
A07 13827406 5.28e-19 0.02830 -3.59027 2.82128 

- 

SNP6NPQt Bo3g040620

.1:802:C 
C03 16777757 1.29e-07 0.47170 -1.20735 0.38460 

At_DPB2 

SNP7NPQt BnaC09g43

910D:231:G 
C09 49621951 2.45e-08 0.09434 0.58836 0.09942 

At_BGAL13 

 

Phenotype distribution visualisation of these SNPs indicated that for Bo3g040620.1:802, 

varieties displaying T/T (or uracyl) displayed higher values of NPQtw/NPQtC (i.e. likely waterlogging 

sensitivity) than varieties carrying C/T genotypes (Figure 5.9). Although Cab043190.1:141and 

Cab008997.1:363 had missing entries, varieties containing C/C genotype displayed lower values 

of NPQtw/NPQtC ratio (i.e. likely better tolerance to waterlogging), although at Cab008997.1:363 

SNP it can only be compared to entries recorded as “N” (missing data) (Figure 5.9). For 

BnaC09g43910D:231, varieties carrying G/G genotypes displayed lower values of NPQtw/NPQtC 

ratio (i.e. likely better tolerance to waterlogging) than varieties carrying A/G genotypes. 
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Figure 5.9. Differences in normalised NPQtw/NPQtC performance by genotype of associated 

SNP in the Blink model. Each panel displays the distribution of the normalised NPQt ratios 

(NPQtW / NPQtC; Y-Axis, blue dots) across different haplotypes of the SNP markers associated 

with NPQt (X-Axis). 

 

5.2.3. GWAS analysis with Lesion Size at 24 hpi 
 

The FitScores obtained when conducting the GWAS analysis with Lesion size at 24 hpi 

suggest that FarmCPU was the most adequate model, followed by Blink (Table 5.8). Only SNPs 

were associated with Lesion size at 24 hpi in the blink model, hence our analysis focused on the 

SNPs identified by this model. 
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Table 5.8. FitScores for the six GWAS models to assess the relative goodness-of-fit of each 

model for NPQt. Lower FitScore values indicate a better fit between the model and the observed 

phenotypic data. 

models FitScore 

GLM 117.0684 

MLM 117.0739 

FarmCPU 10.02098 

Blink 11.27736 

MLMM 101.376 

CMLM 118.6929 

 

By using the Blink model, three novel SNPs located in chromosome A01 were associated 

with the trait were identified (Figure 5.10 and Table 5.9). The most significant association was at 

genomic position Cab044960.1:2889 (P = 9.34× 10⁻7), followed by Cab042243.1:550 (P = 7.04 × 

10⁻31), and Cab044960.1:2229 (P = 6.67 × 10⁻8) (Table 5.9). Intriguingly, all the SNP peaks were 

located in a region of linkage disequilibrium. 

 

 

Figure 5.10. Manhattan plots obtained for normalised Lesion Size 24 hpi using BLINK. 

Chromosomes are designated with different colours. Multiple testing was controlled at FDR = 

0.05 using the qvalue package (v2.40.0) in R, which estimates q-values following Storey’s 

procedure (Storey and Bass, 2025). The model used is indicated on the right. Candidate genes 

and quantitative trait nucleotides (QTNs) are marked with grey vertical lines. 

 Cab042243.1 is a rapeseed homologue of A. thaliana MAGNESIUM-PROTOPRPHYRIN IX 

METHYLTRANSFERASE (CHLM) (At_CHLM; At4g25080), which encodes a protein with 

methyltransferase activity responsible for the methylation of magnesium protoporphyrin IX, a 
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essential step for chlorophyll biosynthesis (Block et al., 2002; Tanaka et al., 2011). At_CHLM 

locates to both the envelope and thylakoid  chloroplast membranes (Block et al., 2002). Its 

activity is tightly regulated by chloroplast redox state and by folate-dependent one-carbon 

metabolism (Richter et al., 2016; Van Wilder et al., 2009). Intriguingly, null mutations of this gene 

impair photosystem accumulation and activates chloroplast-to-nucleus retrograde signalling 

(Pontier et al., 2007), whereas missense mutation (G to A transition) is suggested to disrupt 

membrane association of At_CHLM and triggers O2
- accumulation together with hypersensitivity 

to salt-stress and down-regulation of multiple stress response genes (Huang et al., 2020). 

Furthermore, genetic evidence indicates that this gene has also been involved in guard-cell ABA 

signalling (Tomiyama et al., 2014). 

 Cab044960.1 is a rapeseed homologue of A. thaliana COP1-INTERACTING PROTEIN 7 

(CIP7) (At_CIP7; At4g27430), which encodes for a light-responsive protein that binds COP1 and 

functions as a transcriptional co-activator (Yamamoto et al., 1998). The protein encoded by this 

gene has been shown to locate in the nucleus and, recently, to be associated with microtubules 

(Arico et al., 2024). In this same study, Ser-195 phosphorylation was shown to promote hypocotyl 

elongation and favours transverse MTs orientation in etiolated seedlings (Arico et al., 2024). 

However, direct roles in response to environmental stresses have not been demonstrated yet, 

though its canonical placement in light/anthocyanin programs suggests indirect connections to 

photoprotection pathways (Araguirang and Richter, 2022). Intriguingly, two different SNPs were 

located in this gene (Cab044960.1:2229 and Cab044960.1:2889) (Table 5.9). 

These three SNPs have very low minor allele frequencies (0.056 to 0.122), indicating that these 

alleles are rare in our population. In addition, these SNPs have moderate effects on the trait (-0.28 

to 0.57), intriguingly, the two SNPs located to the same gene have different effects, one positive 

(Cab044960.1:2229:A) and one negative (Cab044960.1:2889:C), suggesting that different 

haplotypes have opposite effects on infection progression. 
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Table 5.9. Significant SNPs associated with the NPQt ratio under waterlogging conditions in 

Brassica napus identified using the FarmCPU model. The table reports each SNP identifier, 

chromosome location (Chr.), physical position, p-value of association, minor allele frequency 

(maf), estimated allelic effect on the trait, and the percentage of phenotypic variance explained 

(PVE). Abbr: abbreviation given to specific SNP; At homolog.: corresponding A. thaliana 

homologue. 

Abbr. 
SNP Chr. Position P.value maf effect 

AT Homolog. 

SNP124hpi Cab044960.

1:2229:A 
A01 10147554 6.67e-07 0.06604 0.46131 

At_CIP7 

SNP224hpi Cab044960.

1:2889:C 
A01 10147554 9.34e-07 0.12264 -0.28009 

At_CIP7 

SNP324hpi Cab042243.

1:550:G 
A01 8817524 7.04e-07 0.05660 0.57040 

At_CHLM 

 

5.2.4. Conclusions 
 
 The GWAS analysis identified potential marker-trait associations for three measured 

parameters that are associated with photosynthetic capacity and infection progression following 

2 weeks of waterlogging. The identified candidates have plausible roles in DNA synthesis, RNA 

processing, Ca2+  and ethylene signalling, as well as cell wall metabolism and light signalling. The 

obtained results demonstrate that this study provides a promising  approach to study 

waterlogging tolerance and the crosstalk between waterlogging and S. sclerotiorum in rapeseed. 

 

5.3. Discussion 
 

This chapter aimed to identify the genetic basis underlying the stress response of 

rapeseed (Brassica napus) to waterlogging, Sclerotinia sclerotiorum infection and their 

combination. To do so, we used GWAS and GEM analyses together with the dataset generated in 

Chapter 4 to move from varietal contrasts to candidate loci and regulatory processes that may 

contribute to tolerance or susceptibility under individual and combined stress conditions. 

Overall, the results support the view that these traits are genetically complex and polygenic, they 

also highlight several candidate loci that point to different biological processes, particularly 
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translation and RNA processing, ethylene and Ca2+ signalling, and photosynthesis-associated 

regulation. 

To do so, we focused specifically on the ratios of waterlogged to control for each variety. 

Our first conclusion is that the ability to detect significant associations depended strongly on the 

trait analysed, as no significant SNPs or GEMs were identified for several of the traits, including 

SPAD, ΦNO, ΦII and plant weight. This may be in line with the fact that the statistical analysis 

presented in chapter 4 using the ‘relative’ approach also did not reveal varieties with a behaviour 

that was significantly different for those same traits. The absence of significant SNPs could 

indicate that these traits are under control of multiple genes (polygenic control) or that they are 

heavily influenced by environmental factors, thus requiring different experimental approaches 

for genetic dissection. In contrast, the ‘absolute’ statistical analysis presented in Chapter 4 could 

be used to distinguish between varieties that performed better or worse than the population upon 

waterlogging treatment. These results implicate two main things, (i) future analyses using 

absolute values for control and waterlogged conditions separately may recover additional loci 

and (ii) traits with significant loci detected in the ratio-based analysis are likely to be particularly 

relevant for understanding the genetic basis of stress responses. 

Two traits relate to how PSII performance is maintained under stress allowed us to identify SNPs 

that may be relevant to waterlogging tolerance/sensitivity. For (Fv’/Fm’)W/(Fv’/Fm’)C ratios, six 

novel SNPs were identified using the two best-fit models – Blink and FarmCPU. Several of the 

genes associated with the SNPs identified could be relevant to waterlogging response. 

Bo7g110390.1 (Table 5.4) is a homologue of At_IRP9, a gene involved in ribosomal RNA 

processing. As outlined in chapter 3 (section 3.6), translational regulation is a key layer of control 

during combined hypoxia and immune signalling (Branco-Price et al., 2008; Lee and Bailey-

Serres, 2019; Mustroph et al., 2009; Sorenson and Bailey-Serres, 2014). This association extends 

that concept by suggesting that natural variation in the machinery supporting RNA maturation 

and ribosome function may contribute to variation in photosynthetic resilience under 

waterlogging. Nonetheless, the low phenotypic variance attributed to this SNP indicates that, 

although it may be associated with waterlogging tolerance, it is not sufficient to explain the 

differences observed within the population. This may indicate the participation of additional and 

unidentified loci that require further study. In that context, a more careful analysis of the GWAS 

results may be needed, such as for example examining more carefully the genomic regions 

neighbouring the SNP or identifying regions in which SNPs cluster albeit without them being 

above the threshold for statistical significance. Nonetheless, the identification of this SNP is still 

important because it points to a regulatory layer that is rarely considered in crop waterlogging 
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studies. In previous studies in mammals there is evidence that hypoxia reprograms rRNA 2′-O-

methylation, increasing heterogeneity in ribosomes (Metge et al., 2021). This diversity in the 

mixture of rRNAs and protein composition of ribosomes has been hypothesised to produce 

‘‘specialised ribosomes’’ that differentially regulate translation upon hypoxia (Metge et al., 2021). 

Although not the best model, the FarmCPU model identified that Bo6rg112170.1 (Table 

5.4), a homologue of At_AOA2. Although this locus was identified in a weaker model, it is notable 

because alanine aminotransferase-related metabolism has long been associated with low-

oxygen acclimation. The At_AOA2 enzyme catalyses the glutamate:glyoxylate aminotransferase 

(GGAT) reaction as part of the photorespiration process, and is part of the AlaAT family, whose 

members include At_AlaAT1, which is known to be transcriptionally responsive to low-oxygen 

availability (Loreti et al., 2005; Miyashita et al., 2007). This family of proteins canonically catalyzes 

L-alanine + 2-oxoglutarate ⇌ pyruvate + L-glutamate, which is a key reaction in anaerobic 

metabolism and contributes to store carbon-nitrogen in the form alanine during hypoxia and 

reconvert alanine to pyruvate upon re-oxygenation (Miyashita et al., 2007). However, this role has 

only been confirmed for At_AlaAT1, and further study for additional alanine aminotransferases 

needs to be done to further define whether At_AOAT2 and other isoforms contribute to alanine 

accumulation and catabolism during hypoxia and re-oxygenation.  

This model also associated  Cab007205.1 (Table 5.4) to the (Fv’/Fm’)W/(Fv’/Fm’)C ratio. 

Although its effect and PVE values indicated that the variation of this SNP has a small effect on 

the trait and does not fully explain the variation observed in the population, its A. thaliana 

homologue is At_EIN2, a well-known TF involved in ethylene signalling. This TF has been proposed 

as a convergent point between hypoxia and pathogen responses (see also section 1.4.3.2 

above) as it is involved in the transcriptional regulation of genes involved in both hypoxia and 

pathogen responses (e.g. regulation of At_FLS2, At_ACS2/6, At_FRK1, At_HRE1…) (Boutrot et al., 

2010; Gravino et al., 2015; Hess et al., 2011; Mersmann et al., 2010; X. Wang et al., 2022; Yang, 

2014). Intriguingly, At_EIN2 has been recently involved in the modulation of translation together 

with GENERAL CONTROL NONDEREPRESSIBLE 2 (At_GCN2). Both genes were activated by 

entrapped ethylene during submergence to regulate the reduction in polysome loading and 

translational enhancement of specific mRNAs (Cho et al., 2022). Taken together, the 

identification of these SNPs associated with (Fv’/Fm’)W/(Fv’/Fm’)C highlight the role of translation 

control observed in Chapter 3 during hypoxia response. In addition, these SNPs support a model 

in which translation control and peroxisomal C–N flux regulate PSII performance upon 

waterlogging. Although individual SNP effects on the trait performance are small, together they 

are consistent with a polygenic regulation for Fv’/Fm’ under waterlogging. 
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The NPQt results expand this picture and suggest that natural variation in rapeseed 

responses to waterlogging also involves spliceosome function, cell wall organisation, and Ca2+-

dependent signalling. Intriguingly, Cab008997.1:363:T (no homologue in A. thaliana) was 

associated with both Fv’/Fm’ and NPQt ratios, indicating that this SNP is potentially involved in 

multiple traits response to waterlogging stress. The lack of A. thaliana homologue suggests that 

this gene may be rapeseed-specific, but this requires more careful analysis using BLAST. The 

association with multiple traits indicates that this SNP constitutes a candidate pleiotropic locus, 

which does not act on isolated outputs but instead affect broader physiological states that 

influence several photosynthetic parameters simultaneously. This SNP has a large effect on NPQt 

and a minor effect on Fv’/Fm’ under waterlogging. Because NPQt is a photoprotective valve, a 

negative effect could mean reduced photoprotection (risking more PSII stress) or less need for 

energy dissipation. 

Among the SNPs associated exclusively with NPQt, Bo6rg118020.1 (homologue of 

At_SMU1) on chromosome C06, explained a big portion of the phenotypic variance and was 

associated with a large negative effect on waterlogging tolerance (Table 5.6). At_SMU1 is involved 

in the transition from the pre-catalytic to activated spliceosome, stabilising RNA–protein 

interactions and ensuring accurate splice site recognition and has been linked to co-

transcriptional splicing under cold/low Mg (Chung et al., 2009; Feng et al., 2020; Kanno et al., 

2017; Long et al., 2024). Hypoxia limits cellular ATP and perturbs co-transcriptional RNA 

processing (Gibbs et al., 2025), conditions under which spliceosome activation is especially 

vulnerable. By facilitating the activation step, SMU1 is potentially well placed to maintain splicing 

fidelity when oxygen is scarce, thereby reducing hypoxia-induced intron retention and mis-

splicing in stress-response transcripts (Juntawong et al., 2014). 

Additional SNPs associated exclusively with NPQt include Cab026024.1:300:T (At_AXS1) 

and BnaC09g43910D (homologue of At_BGAL13). Both candidates implicate carbohydrate and 

cell wall metabolism growth (Mølhøj et al., 2003; Zhao et al., 2020; Becker et al., 2003; 

Chandrasekar and Van Der Hoorn, 2016; Hrubá et al., 2005) and although their individual effects 

are modest, they point towards variation in how plants remodel structural components under 

stress. This is plausible in the context of waterlogging, which affects growth, cellular integrity, and 

turgor-related processes. 

The identification of a CPK32-like locus within the NPQt dataset is also noteworthy. 

Although this SNP has a negative effect on little waterlogging tolerance and explains little 

variation across the population it is mechanistically attractive because Ca2+ signalling is a well-
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established component of both hypoxia and immune responses. In A. thaliana, At_CPK32 is a 

Ca2+-sensor which is induced and potentially involved in hypoxia through the regulation of AMT1;1 

(Bakshi et al., 2023; Chen and Ho, 2023; Qin et al., 2020). At_CPK32 has been shown to have a 

role in plant immunity in response to AtPep1, as mutants for CPK32 display enhanced ROS 

production by RBOHD, higher activation of MAPK cascades, transcript abundance of PDF1.2 and 

reduced Pst DC3000  growth and B. cinerea lesion area (Wang, 2018). In addition, At_CPK32 is 

one plausible candidate to regulate the trade-off between waterlogging and S. sclerotiorum 

infection in combined stress conditions, given the role of Ca2+ as a convergent point in hypoxia 

and flg22 (see also section 1.3.1 above), and the Ca2+-linked regulation role as a plausible 

determinant of RBOHD behaviour under combined hypoxia and flg22 treatment (see Chapter 3). 

Taken together, the identification of these SNPs associated with NPQt highlight the role of 

Ca2+ signalling, spliceosome control and cell wall metabolism, regulate non-photochemical 

quenching upon waterlogging. Together these SNPs contribute to the polygenic regulation for 

NPQt under waterlogging. 

By contrast, the associations identified for S. sclerotiorum lesion size at 24 hpi suggest 

that the influence of prior waterlogging on pathogen responses may involve somewhat different 

regulatory layers, particularly those linked to light signalling, chloroplast function, and growth–

defence coordination. Among the SNPs associated with S. sclerotiorum lesion size at 24 hpi, 

Cab044960.1 (rapeseed homologue of At_CIP7) was associated with two haplotypes, which 

suggests either allelic complexity or multiple functional variants within the same genomic region. 

Based on At_CIP7 role in hypocotyl elongation, we propose that this gene has a role in the switch 

that plants experience between growth and immune programs when the plant detects a 

pathogen. Other plausible explanation for the association is that waterlogging responses affect 

microtubule layout through the movement of tolerance materials to the cell wall, and handling of 

ROS, and therefore affect this protein, and downstream S. sclerotiorum lesion sizes. However, 

the identification of two opposite effects given by two different haplotypes needs further 

investigation with future fine mapping of the region where these SNPs are located. 

Cab042243.1:550 was also associated with S. sclerotiorum lesion size at 24 hpi. Cab042243.1 is 

the rapeseed homologue of At_CHLM, an enzyme catalysing an essential step in chlorophyll 

biosynthesis (Block et al., 2002; Tanaka et al., 2011). This is consistent with its role in chloroplast-

to-nucleus retrograde signalling (Pontier et al., 2007), which has been previously known to 

interact with mitochondrial retrograde signalling (Shapiguzov et al., 2019). In addition, 

chloroplast produced ROS upon flg22 in a weaker and slower way compared to cytosol, activating 
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retrograde signalling and contributing to plant immunity (Arnaud et al., 2023; Nomura et al., 

2012). It is also consistent with the idea that light-dependent photosynthetic electron flow helps 

determine the strength of flg22-responsive gene expression (Sano et al., 2014). This gene also 

sets a precedent for future studies to use photosynthetic parameters to study the crosstalk 

between hypoxia and plant immunity and evaluate the outcome of pathogen infections in plants 

who have previously faced hypoxic conditions. 

Taken together, these associated SNPs highlight the role of light signalling and 

photosynthesis in pathogen infection of plants previously subjected to waterlogging conditions. 

As seen in Chapter 4, waterlogging disturbs photosynthesis, therefore the identification of these 

SNPs highlights the role of maintaining photosynthetic efficiency for immunity responses. For 

future breeding programs selecting varieties that maintain a better photosynthetic efficiency 

during waterlogging could result in better pathogen resistant variants in combined stress 

conditions. 

At the same time, several limitations should be considered when interpretating this data. 

First, the ratio-based GWAS approach may have reduced power to detect loci affecting 

constitutive trait values. Second, for several loci the PVE was low, meaning that these markers 

should be considered entry points rather than definitive causal determinants. Third, some 

candidate associations remain provisional and require better characterisation of neighbouring 

genes and local linkage structure. Finally, the present study identifies associations rather than 

mechanisms. Functional validation will therefore be an essential step to carry out in the future. 

Overall, this chapter advances the aims of the thesis by showing that GWAS can identify 

plausible regulatory loci associated with waterlogging tolerance and with the influence of prior 

waterlogging on pathogen outcome. It also elucidates that the genetic architecture of responses 

to waterlogging and combined waterlogging–S. sclerotiorum stress is distributed and polygenic, 

with only a minority of loci showing moderate explanatory power. Interestingly, the candidate loci 

identified here converge on a limited number of biologically plausible processes not just isolated 

“stress genes”. These loci now provide a tractable set of candidates for future functional work 

and breeding programs, providing a starting point for future research to understand the molecular 

mechanisms underlying waterlogging tolerance, and those regulating the influence of 

waterlogging on pathogen resistance in rapeseed. For this purpose, functional approaches, such 

as gene editing and overexpression studies, could provide further insights into the regulatory 

pathways controlled by these loci, which could then be targeted for crop improvement strategies. 

Alternatively, mutant A. thaliana plants for these candidate genes could be characterised for their 
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tolerance to waterlogging and to the combined waterlogging/immunity stress, or to hypoxia and 

combined hypoxia/immunity. 
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6. Chapter 6: Conclusions 
 
 

Plants live in a complex environment, where they can face multiple stresses at once, 

however, how plants respond to these stress combinations is poorly understood. In this thesis, 

the crosstalk between low O2 levels (hypoxia) and immune responses that plants trigger during 

the combination of flooding and pathogen attack were studied by using model species 

Arabidopsis thaliana and the crop Brassica napus.  

 

6.1. RBOHD as a convergence point in combined hypoxia/flg22 
treatments 

 

In A. thaliana, combined hypoxia and flg22 treatments were used to study the role of 

RBOHD in the crosstalk between hypoxia responses and PTI. The results obtained show that 

RBOHD plays a role under combined hypoxia/flg22 treatments, with ERFVIIs, WRKY33, and 

CPK28 converging on the regulation of RBOHD, both at transcriptional and post-transcriptional 

levels. The crosstalk depended on developmental stage and light availability, thus adding 

additional levels of complexity to RBOHD regulation. Hypoxic conditions allow stabilisation of the 

ERFVII TFs, which contribute to the hyper-induction of RBOHD when flg22 treatment is combined 

with hypoxia. This is in line with the known interaction of ERFVIIs with the RBOHD promoter (Yao 

et al., 2017), and could be the result of the co-activation of oxygen-sensing and immune 

pathways at the same time, especially considering the emerging roles of the ERFVIIs in plant 

defences against pathogens (Gravot et al., 2016; Kerpen et al., 2019; Valeri et al., 2021). 

Consistent with their differential regulation through development, ERFVIIs exerted their strongest 

influence on RBOHD expression in HF conditions in seedlings, whereas in 4-week old plants, they 

only contributed to baseline levels of RBOHD protein. This points to a potential developmental 

regulation of the hypoxia/immunity crosstalk. Another transcriptional regulator of RBOHD 

identified here under combined treatment is WRKY33. This TF is known to bind the RBOHD 

promoter (Zhao et al., 2020), our data shows that WRKY33 expression mirrors RBOHD 

transcriptional dynamics under combined and single stresses.  

Results also showed that RBOHD mRNA and RBOHD protein levels do not correlate. 

Under HF in the light, RBOHD protein levels declined compared to those in NF, while transcript 

levels increased in HF compared to NF. This inversion implicates translational and/or post-

translational (e.g. protein stability) regulatory mechanisms for RBOHD. Here, negative regulator 
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of plant immunity, and previously characterised interactor to RBOHD, CPK28 emerged as a 

candidate regulator of RBOHD protein levels in HF conditions (Bakshi et al., 2023; Monaghan et 

al., 2014; Yu et al., 2024), potentially through direct phosphorylation or via indirect 

phosphorylation cascades that could involve with BIK1 and E3 ligases. The latter remains to be 

experimentally explored.  

Based on these results we propose the following model: when plants face hypoxia prior 

to flg22 treatment present active ERFVIIs which regulate transcriptional and post-transcriptional 

dynamics of RBOHD in seedlings. However, in 4-week old plants, the ERFVIIs only control basal 

levels of RBOHD protein abundance, and other elements of the hypoxia stress response (CPK28) 

control RBOHD transcription and protein levels in a light-dependent manner, possibly due to a 

stronger activation of hypoxia responses in the dark (Figure 3.19). 

 

6.2. Genetic basis for rapeseed resilience to waterlogging and S. 
sclerotiorum  
 

Despite the insights gained from the experiments conducted in Arabidopsis, sole reliance 

on this model plant to investigate the crosstalk between hypoxia and immunity naturally limits 

the acquisition and implementation of new knowledge suitable for translation to crop species. 

As well as being a species of economic and societal value, (see also sections 1.5.2.2 and 4.1.1 

above), rapeseed (Brassica napus) is closely related to Arabidopsis. To bridge this gap between 

fundamental research using Arabidopsis and more applied research with agronomical relevance, 

I completed a screen (together with Dr. Shreenivas Singh) to determine the impact of waterlogging 

on a set of ~100 commercial rapeseed varieties and on their defence capabilities against the 

necrotrophic fungal pathogen Sclerotinia sclerotiorum. Specifically, I monitored how 

waterlogging affected photosynthetic capacity and biomass accumulation, together with its 

effect on early timepoints of Sclerotinia sclerotiorum infection.  

Across the panel, chlorophyll-fluorescence and other photosynthetic parameters 

differed between genotypes after waterlogging, indicating that photochemical control is 

genotype-specific. By contrast, physiological traits, showed decreased variance, suggesting a 

conserved adjustment of growth after waterlogging despite the genotype-specific control of 

photosynthesis. This reduction in variance was also observed in early timepoints of S. 

sclerotiorum infection (24 and 48 hpi). Therefore, this trait-type split (diversification in 

photosynthesis, conservation in biomass generation and early disease progress) indicates that 
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multiple solutions exist for maintaining electron transport and energy dissipation under low O₂, 

while downstream growth and early pathogen outcomes are restricted at the population level.  

These patterns enabled the identification of tolerant and sensitive varieties using both 

absolute (absolute waterlogging values) and relative (waterlogging to control) approaches. 

Intriguingly, some varieties displayed tolerance for some photosynthetic parameters and 

sensitivity for others, highlighting the complexity of the regulation of photosynthesis by 

waterlogging. This experimental approach allowed the identification of two varieties tolerant to S. 

sclerotiorum infection at 48 hpi after previously facing waterlogging conditions, however, no 

susceptible genotypes were identified, suggesting that waterlogging could have a genotype-

specific priming of pathogen infection. 

Genomic association studies (GWAS) focusing on waterlogged:control ratios (to capture stress 

responsiveness) revealed a broadly polygenic architecture in which many small-effect loci shape 

performance of specific traits (i.e. Fv’/Fm’, NPQt and lesion size at 24 hpi) after waterlogging and  

S. sclerotiorum infection after waterlogging, but the SNP-associated loci converge on a few 

processes. For example, rapeseed homologues of splicing activators and other RNA-processing 

candidates were associated with higher NPQt and Fv′/Fm′ ratios – i.e. with potential resilience to 

the stress (Branco-Price et al., 2008; Lee and Bailey-Serres, 2019; Mustroph et al., 2009; 

Sorenson and Bailey-Serres, 2014). Another example includes Ca2+ signalling, as a rapeseed 

homologue for At_CPK32 was associated with tolerant NPQt ratios. In addition, cell-

wall/carbohydrate enzymes (e.g., homologues for Arabidopsis At_AXS1 or At_BGAL13) were 

associates with better photosynthetic performance upon waterlogging, consistent with cell wall 

integrity serving as both mechanical buffer in hypoxia and a key factor impeding the entrance of 

the pathogen (Ambros et al., 2022; Zou et al., 2013). Additional marker genes identified point to 

ethylene (At_EIN2-like) and photorespiration/peroxisome links (At_AOA2-like), tying hormonal 

signalling pathways and redox balance to photochemical stability. Analysis of lesion size ratios, 

allowed for the identification of genes associated with light status (rapeseed homologue of 

At_CIP7) and photosynthesis (At_CHLM-like) as modulators of S. sclerotiorum infection after 

waterlogging. 
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6.3. Common regulators of the crosstalk between hypoxia and 
immunity 
 

This thesis aimed to understand how plants regulate immune activation upon low oxygen 

conditions, and how the crosstalk between hypoxia and immunity programs translates from 

molecular regulation in Arabidopsis thaliana to population-level phenotypes and allelic variation 

in Brassica napus. Across chapters, three modulators are present in the regulation of this 

crosstalk: (i) Ca2+ signalling, (ii) light-dependent control over hypoxia and immunity/defence 

crosstalk (also through photosynthesis), and (iii) decoupling between mRNA and protein levels 

(Figure 6.1). 

 

Figure 6.1. Model of common elements in A. thaliana and B. napus regulating hypoxia and 

immunity crosstalk. Recurrent elements regulating both RBOHD in Arabidopsis thaliana (purple 

circle) and waterlogging/ S. sclerotiorum in Brassica napus (blue circle). 

 

Across the thesis, Ca²⁺ signalling emerged as a common regulator of immunity under low 

O₂ conditions. In A. thaliana, combined hypoxia/flg22 revealed a role of the Ca²⁺-dependent 

kinase CPK28 in the regulation of RBOHD at the protein level, suggested by a potential activation 

of CPK28 upon hypoxia (Bakshi et al., 2023; Yu et al., 2024), ensuring increased RBOHD protein 

abundance in dark HF conditions. In Brassica napus, GWAS associated a rapeseed homologue 

of At_CPK32 as a candidate gene for tuning NPQt and photochemical resilience under 

waterlogging. Together these findings position Ca²⁺-responsive kinases as convergence points 

that integrate hypoxia and immune signalling programs, and as practical targets for validation and 

marker development. 
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A second recurring regulator of hypoxia/flg22 combination is the decoupling between 

mRNA and protein levels. In A. thaliana, RBOHD transcripts can be hyper-induced during light HF 

conditions while RBOHD protein levels decline. This is in line with translation, protein 

modification, and turnover control of RBOHD protein when oxygen levels and energy status are 

limited. In B. napus we observe a similar trend, as we detected SNPs in genes such as a 

homologue of the splicing factor At_SMU1 and a rapeseed homologue of At_EIN2, which controls 

translation upon submergence in an ethylene-dependent way (Cho et al., 2022). These genes 

were associated with photosynthetic performance of B. napus upon waterlogging, and could 

potentially  also influence the response to combined waterlogging and S. sclerotiorum infection. 

Across chapters, the data suggest that regulating defence responses under waterlogged 

conditions is at the level of ribosome engagement, RNA processing, and proteostasis on points 

of convergence such as RBOHD or other common regulators of stress responses. 

Waterlogging consistently perturbed photosynthetic function, which partially explains 

downstream susceptibility to S. sclerotiorum. In B. napus, photosynthetic traits (e.g., Fv′/Fm′, 

NPQt, SPAD) showed large genotype-specific diversity upon waterlogging. Loci linked with 

photochemistry and light signalling (homologues of At_CHLM and At_CIP7) were associated with 

disease progression subsequent to waterlogging conditions. These associations potentially 

connects chlorophyll/retrograde pathways and photoregulation to early disease dynamics after 

flooding. In A. thaliana, light availability also reprogrammed the immune network state in hypoxic 

conditions around RBOHD, hyper-inducing its transcript levels, and differentially regulating its 

protein levels. Together, these results establish light availability as a central hub in the crosstalk 

between hypoxia and pathogen responses by a regulating hypoxia/flg22 control over RBOHD, and 

establishes photosynthesis as a practical phenotyping indicator for selecting lines that maintain 

both photochemical efficiency under waterlogging and disease resilience after waterlogging. 

 

6.4. Future directions 
 

Regarding A. thaliana, future work should be done to elucidate the mechanism by which 

CPK28 regulates RBOHD transcript and protein levels under simultaneous hypoxia/flg22, 

whether if it is by direct phosphorylation of by indirect regulation through BIK1 or additional E3 

ligases. Furthermore, future work on CPK28 activation during hypoxic conditions could 

potentially explain mechanisms by which hypoxia represses PTI, as previously proposed by 

Mooney et al., 2024. Furthermore, additional assays to quantify RBOHD activity should be carried 
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out in the future. Due to technical difficulties, such measurements in the different mutant 

backgrounds could not be completed. 

Regarding B. napus, future work should focus on the validation of the genes identified by GWAS 

(e.g., homologues for At_SMU1, At_CPK32, At_AOAT2, At_CHLM, At_CIP7 or Cab008997.1) in 

their role as regulators of waterlogging tolerance or pathogen resistance in waterlogging followed 

by S. sclerotorium infection. Due to time constrains, specific location of SNPs in their 

corresponding genes and genome could not be performed. Once SNPs are located within their 

corresponding genes, expression assays across genotypes including RT-qPCRs or promoter–

reporter assays (using transient expression systems in rapeseed (Mooney and Graciet, 2020) 

could be performed. Specifically, for intronic/splice-site SNPs, check splicing assays, specifically 

for coding SNPs, check protein function. Additionally, future work could knock-in the allele swap, 

or knock-out the candidate gene followed by adequate testing for predicted phenotypic shifts. 

However, the latter is complicated considering that rapeseed is an allotetraploid. Other model 

systems could therefore be used, such as Arabidopsis thaliana. In the long term, field or multi-

environment validation should be performed to confirm the allele contributes to waterlogging 

tolerance or pathogen resistance in waterlogging followed by S. sclerotorium infection. 

Finally, these strands should be unified in a predictive, testable model where three 

mechanisms (Ca²⁺ signalling, light/energy status, and mRNA-protein decoupling), jointly regulate 

defence outputs during simultaneous hypoxia and flg22 or waterlogging/S.sclerotorium in both 

A. thaliana and B. napus species. 
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Appendix A 
 

  

Figure 7.1. SNP markers associated with SPAD performance in waterlogged compared to 

control conditions. Manhattan plots for each B. napus chromosome plotting significance of 

SNP against its predicted unigene position. Significance (i.e. -log10(p) > 6.64 after Bonferroni-

correction) is marked with a blue dashed line.  
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Figure 7.2. SNP markers associated with Phi2 performance in waterlogging compared to 

control conditions. Manhattan plots for each B. napus chromosome plotting significance of 

SNP against its predicted unigene position. Significance (a –log10 P value of >7) is marked with a 

blue dashed line.  
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Figure 7.3. SNP markers associated with Fv’/Fm’ performance in waterlogging compared to 

control conditions. Manhattan plots for each B. napus chromosome plotting significance of 

SNP against its predicted unigene position. Red asterisks indicate SNPs identified for each of 

the models used.  
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Figure 7.4. SNP markers associated with PhiNO performance in waterlogging compared to 

control conditions. Manhattan plots for each B. napus chromosome plotting significance of 

SNP against its predicted unigene position. Significance (a –log10 P value of >7) is marked with a 

blue dashed line.  
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Figure 7.5. SNP markers associated with NPQt performance in waterlogging compared to 

control conditions. Manhattan plots for each B. napus chromosome plotting significance of 

SNP against its predicted unigene position. Significance (a –log10 P value of >7) is marked with a 

blue dashed line.  
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Figure 7.6. SNP markers associated with plant weight performance in waterlogging 

compared to control conditions. Manhattan plots for each B. napus chromosome plotting 

significance of SNP against its predicted unigene position. Significance (a –log10 P value of >7) 

is marked with a blue dashed line.  
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Figure 7.7. SNP markers associated with lesion size caused by S. sclerotinium in plants 

facing waterlogging prior to pathogen infection compared to plants facing control 

conditions prior to pathogen infection. Manhattan plots for each B. napus chromosome 

plotting significance of SNP against its predicted unigene position. Significance (a –log10 P 

value of >7) is marked with a blue dashed line.  
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Figure 7.8. Manhattan plots for GEM markers associated with SPAD performance in 

waterlogged compared to control conditions. Manhattan plots for each B. 

napus chromosome plotting significance of SNP against its predicted unigene position.   

  

  

  

Figure 7.9. GEM markers associated with normalised Fv’/Fm’ performance. Manhattan plots 

for each B. napus chromosome plotting significance of SNP against its 

predicted unigene position. Significance threshold (i.e. -log10(p) > 6.64) is marked with a blue 

dashed line.  
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Figure 7.10. GEM markers associated with normalised Phi2 performance. Manhattan plots 

for each B. napus chromosome plotting significance of SNP against its 

predicted unigene position. Significance threshold (i.e. -log10(p) > 6.64) is marked with a blue 

dashed line.  

  

  

  

Figure 7.11. GEM markers associated with Phi2 performance in waterlogging compared to 

control conditions. Manhattan plots for each B. napus chromosome plotting significance of 

SNP against its predicted unigene position. Significance (a -log10 P value of >7) is marked with a 

blue dashed line.  
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Figure 7.12. GEM markers associated with NPQt performance in waterlogging compared to 

control conditions. Manhattan plots for each B. napus chromosome plotting significance of 

SNP against its predicted unigene position. Significance (a -log10 P value of >7) is marked with a 

blue dashed line.  

  

  

  

Figure 7.13. GEM markers associated with plant weight performance in waterlogging 

compared to control conditions. Manhattan plots for each B. napus chromosome plotting 

significance of SNP against its predicted unigene position. Significance (a -log10 P value of >7) 

is marked with a blue dashed line.  
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Figure 7.14. GEM markers associated with lesion size caused by S. sclerotinium in plants 

facing waterlogging prior to pathogen infection compared to plants facing control 

conditions prior to pathogen infection. Manhattan plots for each B. napus chromosome 

plotting significance of SNP against its predicted unigene position. Significance (a -log10 P 

value of >7) is marked with a blue dashed line.  

  

 


