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Abstract 

Plants have evolved sophisticated mechanisms to perceive biotic stresses and launch 

appropriate defence responses that safeguard their health. Aphids and thrips can threaten plant 

health both as herbivores and as vectors of plant viruses. Despite this, the mechanisms by which 

plants perceive localised feeding from these insects are not well characterised. Therefore, the 

work described in this thesis aimed to investigate how plants perceive feeding by aphids and 

thrips. To achieve this goal, methods were developed to investigate plant responses to localised 

stimuli by visualising fluorescent reporters expressed in Arabidopsis thaliana. These methods 

revealed that feeding from the aphid species Myzus persicae induces intracellular Ca2+ 

concentration ([Ca2+]) increases which are altered in A. thaliana carrying mutations in both 

GLUTAMATE RECEPTOR-LIKE (GLR) 3.3 and 3.6. Reporter imaging with localised wound and 

touch stimuli explored how the GLR3.3 and 3.6 Ca2+-permeable channels might function in 

damage or mechanical stress perception during localised insect feeding. GLR3.3 alone 

contributed to the wound-induced [Ca2+] elevations whilst neither channel functioned in 

responses to touch. Further reporter imaging of wound- and touch-induced responses 

investigated the role of apoplastic pH and glutamate in regulating GLR3.3 and revealed that 

localised GLR3.3 activation promotes jasmonate-mediated defence gene expression. GLR3.3 

also functioned in responses to feeding by a thrips species, Frankliniella occidentalis, as well as 

by the aphid species M. persicae, Rhopalosiphum padi and Brevicoryne brassicae. The 

contribution of GLR3.3 to the responses induced by each species appeared to differ, potentially 

due to differences in insect feeding behaviour or effector activity. A reverse genetics approach 

evaluated additional candidate genes for their potential to contribute to aphid or thrips 

perception in A. thaliana. Through characterising GLR3.3 function in responses to localised 

wounding, touch, aphid feeding and thrips feeding, this thesis significantly advances the 

understanding of how plants perceive aphids and thrips. 
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Biotic stress: An environmental stress caused by a living organism. 

Cell wall damage: The degradation of cell wall components that is caused directly by a stress 

stimulus. 

(Cell) damage: Irreversible rupture of the plasma membrane resulting from stress. 

Effector: A pest- or pathogen-derived molecule that promotes the performance of a biotic 

attacker by modifying plant physiology.  

Effector-Triggered Immunity (ETI): Defence responses that are triggered by the recognition of a 

pest- or pathogen-derived effector. 

Elicitor: A pest- or pathogen-derived molecule that triggers the induction of early plant defence 

responses. Elicitors are typically conserved between many species and form molecular patterns 

that are often perceived by plasma membrane-localised receptors. 

Insect feeding: Any insect behaviour that directly facilitates the ingestion of a substrate. For 

thrips and aphids, these behaviours include any contact of insect mouth parts with the host 

plant, any navigation of mouth parts within the host plant, and the ingestion of plant material. 

Feeding behaviours for thrips and aphids are described in detail in Sections 1.2.2. and 1.2.3., 

respectively. This broad definition of insect feeding does not discriminate between different 

feeding behaviours, which are complex for many insects and challenging to differentiate.  

Large scale stimuli: Any stimulus that directly affects many cells across several tissues or organs. 

These stimuli often cause systemic signalling responses.  

Localised/local stimulus: Any stimulus that directly affects only a relatively small number of cells 

and tissues with limited effect beyond the range of the stimulated region.  

Mechanical stress: A stress event that causes changes in the tension or pressure experienced. 

Mechanosensing/mechanical stress perception: The perception of changes in the tension or 

pressure experienced. 

Pattern-Triggered Immunity (PTI): Rapid defence responses triggered by a pest or pathogen 

elicitor. 

Resistance: The extent to which plant defence responses limit the ability of the pest or pathogen 

to colonise or feed from the plant.  
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Stress: Any environmental condition that negatively impacts plant physiology.  

Touch stimulus: A mechanical stress event that occurs without cell damage.  

Wound: A stress event that directly causes cell damage.  

  



 

19 
 

Acknowledgements 

Firstly, I would like to acknowledge the supervisory dream team of Professors Saskia 

Hogenhout, Dale Sanders and Tony Miller. They have all offered invaluable guidance and have 

always been ready to provide support however it may be required.  

On the ground, all the members of the Hogenhout and Sanders/Miller groups that I have 

worked alongside have greatly supported this PhD and deserve recognition. Sam Mugford, you 

truly are the do-it-all scientist that represents everything good about research. Thank you Sam 

for chatting science and always being on hand with some words of wisdom. James Canham, 

thank you for being an excellent mentor and friend. Your perseverance, generosity and kindness 

are an inspiration and collaborating with you has been an immense pleasure. Emma Turley, 

thank you for being an incredible student and outstanding company. Matteo and Qun, you are 

simply the best. Sylvain, Captain Rolie, Sigi, Thomas, Millie, Reuben and George, it has been a 

delight to stumble through a PhD with you all.  

The John Innes Centre Entomology, BioImaging, and Horticulture Platforms have been 

fundamental to this PhD. Thank you to Ian, Victor, Mike, Anna, Darryl, Will, Susie, Eva, Sergio, 

Tim and Sophie. Without you all, this thesis would not have been possible.  

Outside of the lab, I have been blessed with some top-tier friends who have helped me 

through this PhD. José, Baz, Conal and Weller, it is always a pleasure to have you around. 

Melissa, your support and positivity have been uplifting from the very start of this PhD. Alan, 

Lauren, Tom, Johnny and Ocean, it never fails to amaze me how lovely and supportive you all 

are. Thank you all.  

Most importantly, the biggest thanks must go to my family. To my parents and sister, 

your strength, guidance, and friendship underpin everything that I do. I don’t always make the 

best decisions or even know what I am doing but I know that I can always count on you to help 

me figure it out. To Oti (the dog), thanks for always bringing good energy, no questions asked. 

To the Minters & Co., hanging out is always a delight. Thanks for welcoming me with open arms 

and always guaranteeing a joyful break from the PhD. To all my family, I love you unreservedly 

and wouldn’t make it far without you all. 

To my partner and best friend, Francesca, my life has transformed for the better since 

you came into it. Your loving support and empathy have carried me through this PhD. Our best 

adventures lie ahead.  

 



 

20 
 

 

 

 

 

 

 

 

 

 

 

 

1. General Introduction 

  



 

21 
 

To survive, plants must defend themselves against a diverse range of biotic stresses 

including pests and pathogens. To do so, plants possess an array of constitutive defences such 

as waxy cuticles and trichomes (War et al., 2012). However, with limited resources, those 

allocated to defence come at the cost of growth and reproduction (Huot et al., 2014). Therefore, 

plants have evolved inducible defences that they can initiate on perception of a biotic stress. 

Understanding the mechanisms of inducible plant defence responses is crucial for appreciating 

plant-pest/pathogen interactions. Moreover, this understanding may aid efforts to enhance 

plant resistance to pests and pathogens and limit the significant crop yields lost to these biotic 

stresses each year (Savary et al., 2019). This thesis explores how the model organism, 

Arabidopsis thaliana, perceives feeding from some significant pest species in the Aphidoidea 

(aphid) superfamily and in the Thysanoptera (thrips, singular and plural) order.  

1.1. Plant defence responses to biotic stresses 

Inducible plant defence responses against biotic stresses comprise of perception events, 

signalling events and then defence outputs. The molecular mechanisms of inducible plant 

defence responses are most well characterised for microbial pathogens in ‘plant immunity’. 

Many elements of plant immunity are applicable more broadly to plant defence responses 

including those to aphids and thrips. Section 1.1 will explore the general mechanisms of plant 

immunity and defence responses to provide a foundation for considering molecular insect-plant 

interactions. Section 1.2 will then consider the existing knowledge of the molecular interactions 

between plants and relevant insects to frame the investigations of this thesis into how plants 

perceive aphid and thrips feeding.    

1.1.1. Introduction to plant immunity 

Plant immunity can be described by a two-tier ‘zig-zag’ model (Figure 1.1)(Jones and 

Dangl, 2006). In this model, biotic stresses are perceived by the presence of conserved molecular 

patterns that bind plasma membrane Pattern Recognition Receptors (PRRs). These patterns, or 

elicitors, induce effective defence responses in Pattern-Triggered Immunity (PTI) including rapid 

and transient Ca2+ and reactive oxygen species (ROS) signalling, transcriptional changes and 

callose deposition. However, pathogens and pests can deliver effector proteins that manipulate 

the host plant to promote colonisation and some of these may do so by suppressing PTI in 

Effector-Triggered Susceptibility (ETS). Plants may possess intracellular Nucleotide-Binding 

Leucine-Rich Repeat (NB-LRR or NLR) receptors that perceive effectors or their activity to induce 

an enhanced defence response of Effector-Triggered Immunity (ETI). ETI often involves similar 

signalling to PTI but with a greater amplitude and duration. Additionally, ETI can include a 
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programmed cell death defence response called the hypersensitive response (HR). The ETS-ETI 

interactions can result in a co-evolutionary arms race. Overall, these molecular interactions 

become significant determinants of how resistant a plant is to a pest or pathogen meaning the 

extent to which the plant defences limit colonisation of the pest or pathogen. Additionally, these 

molecular interactions can differ for different genotypes and species of plant, pest, and 

pathogen. As PTI confers effective resistance in the absence of effectors, most pests and 

pathogens can only colonise hosts with which they have co-evolved, resulting in ‘specialist’ pests 

and pathogens with relatively narrow host ranges. However, some pests and pathogens can 

evolve broader host ranges as ‘generalists’, though the mechanisms of generalism are largely 

enigmatic. Whilst the classifications within the zig-zag model can be blurred (Thomma et al., 

2011), this model provides the foundations for exploring molecular plant-pathogen and -pest 

interactions and understanding plant resistance to biotic stresses. 

1.1.2. Diversity in biotic stresses and specificity in responses 

Plant pests and pathogens can have diverse feeding mechanisms or infection strategies. 

For example, pathogens can be grouped by their infection strategies as: biotrophic pathogens 

Figure 1.1 Zig-zag model of plant immunity.  
 
(A) Model of plant immunity in which molecular patterns or elicitors are perceived by 
plasma membrane receptors to initiate s ignalling upstream of defence gene expression. 
The defences triggered in this way are termed Pattern-Triggered Immunity (PTI). Effector 
proteins introduced by the pest or pathogen can manipulate the host to promote infection 
or colonisation and may do so by suppressing PTI in Effector-Triggered Susceptibil ity 
(ETS). However, if effectors are recognised by plant nucleotide-binding leucine-rich 
repeat (NLR) receptors,  then the plant can trigger enhanced defence responses in  
Effector-Triggered Immunity (ETI).  (B) The model outlined in (A) but arranged to highlight 
the amplitude of the defence responses. PTI can confer effective resistance against a
biotic stress. ETS can suppress defences making them insufficient for pathogen/pest 
resistance. ETI bolsters plant defence responses and can trigger the hypersensitive 
response. A co-evolutionary arms race between ETS and ETI may result.  Model adapted 
from Jones and Dangl (2006). Created with BioRender.com. 
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which extract nutrients from living cells with limited cell death, necrotrophic pathogens which 

require cell death to access nutrients and hemi-biotrophic pathogens which initially exhibit 

biotrophic infection before switching to necrotrophic infection (McCombe et al., 2022). To be 

effective, plants must tailor the defence responses to the specific pest or pathogen present. For 

instance, cell death in HR is effective against biotrophs but can promote necrotrophic infection 

by improving access to plant nutrients (Morel and Dangl, 1997; Pitsili et al., 2020). Therefore, 

specificity in the perception and signalling mechanisms can be important for ensuring the 

inducible defence responses are appropriate for the biotic stress present.  

1.1.3. Perceiving biotic stress at the plasma membrane 

Plasma membrane perception mechanisms are key in the early and specific recognition 

of biotic stresses. Here, elicitors and PRRs are considered along with other mechanisms that 

underpin this perception. 

Pattern Recognition Receptors (PRRs): Class and activity 

Plants have evolved hundreds of PRRs that can facilitate the perception of biotic stresses. 

The most common PRR forms are the Receptor-Like Kinases (RLKs) and the Receptor-Like 

Proteins (RLPs) with RLKs containing a cytoplasmic kinase domain but RLPs not (Roudaire et al., 

2020; McCombe et al., 2022). RLPs and RLKs can be further categorised by their extracellular 

domains which could include a leucine-rich repeat (LRR), lysin motif (LysM), epidermal growth 

factor (EGF)-like domain, lectin (lec), malectin-like domain, galacturonan-binding wall-

associated-kinase (GubWAK) domain or a WAK-associated C-terminal domain (McCombe et al., 

2022; Albert et al., 2020; Jose et al., 2020). There are various other forms that PRRs can take 

such as ion channel receptors. The presence of diverse PRRs facilitates the perception of a wide 

range of elicitors and biotic stresses.  

Activation of PRRs by elicitors initiates signal transduction events. For the large family of 

LRR-RLK PRRs, this involves receptor complex formation usually with co-receptor Somatic 

Embryogenesis Receptor Kinase (SERK) RLKs (Albert et al., 2020). The SERK BRI1-ASSOCIATED 

KINASE1 (BAK1) is a co-receptor for many RLKs functioning in defence responses and 

development (Chinchilla et al., 2009). Following complex formation, phosphorylation events 

occur between RLK receptors, co-receptors and interacting partners (Wang et al., 2014b; 

Schwessinger et al., 2011). For example, BAK1 and the Receptor-Like Cytoplasmic Kinase (RLCK), 

BOTRYTIS-INDUCED KINASE 1 (BIK1), can undergo transphosphorylation that initiates BIK1 

migration to the nucleus to phosphorylate downstream signalling components (Lu et al., 2010; 

Lal et al., 2018; Albert et al., 2020). Through such activity, RLCKs are key in defence signalling 

following RLK activation and complex formation (Liang and Zhou, 2018). RLP PRRs initiate 
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signalling processes similarly to RLKs. However, as RLPs lack an intracellular kinase domain, 

downstream phosphorylation events are often mediated by the co-receptor RLK SUPPRESSOR 

OF BIR1 (SOBIR1), with which many RLPs constitutively interact (Liebrand et al., 2013; Liebrand 

et al., 2014). The PRRs, co-receptors, signalling proteins and phosphorylation sites involved vary 

in response to different elicitors (Albert et al., 2020). Through this mechanism of complex 

formation and phosphorylation, RLPs and RLKs can transduce the perception of diverse 

extracellular elicitors into intracellular signalling events upstream of appropriate plant defence 

responses.  

Elicitors and modulators of defence responses perceived at the plasma membrane 

Different forms of elicitor molecules are perceived at the plasma membrane along with 

other molecules and stimuli that can induce or modulate plant defence responses. These 

elicitors can be categorised based upon their origin and function.  

Pathogen-associated molecular patterns (PAMPs) and herbivore-associated molecular 

patterns (HAMPs) are elicitors that derive from pathogens and herbivores, respectively. Many 

PAMPs have been identified and some have been well characterised (Albert et al., 2020). For 

example, apoplastic plant enzymes, including β-galactosidase 1, liberate the flg22 peptide PAMP 

from bacterial flagellin which then binds the FLS2 LRR-RLK to induce FLS2-BAK1 complex 

formation and PTI signalling (Felix et al., 1999; Gómez-Gómez et al., 1999; Chinchilla et al., 2006; 

Sun et al., 2013; Buscaill et al., 2019). Additionally, nlp20 is a peptide PAMP that can derive from 

many proteins in the NLP superfamily of microbial proteins (Böhm et al., 2014; Oome and Van 

den Ackerveken, 2014). The RLP23 LRR-RLP binds nlp20 resulting in RLP23-SOBIR1-BAK1 

complex formation and defence signalling (Albert et al., 2015). Finally, oligomers of the chitin 

aminopolysaccharide found in fungal cell walls and insects can bind the LysM-RLKs CERK1 and 

LYK5 to initiate immune signalling (Cao et al., 2014; Xue et al., 2019; Iizasa et al., 2010; 

Petutschnig et al., 2010; Miya et al., 2007). In contrast to PAMPs, relatively few HAMPs have 

been identified and characterised with those for caterpillars, aphids and thrips explored in 

sections 1.2.1-1.2.3. 

Damage-associated molecular patterns (DAMPs) are elicitors released by cell or cell wall 

damage without processing by plant enzymes (Hou et al., 2021a; Rzemieniewski and Stegmann, 

2022). Unless cell wall damage is specified, damage in this thesis refers to cell damage meaning 

an event that includes irreversible plasma membrane rupture. There are various DAMPs thought 

to operate in plant damage responses including extracellular nicotinamide adenine dinucleotide 

(eNAD) and eNAD phosphate (eNADP) (Wang et al., 2017a), extracellular DNA (eDNA) 

(Rassizadeh et al., 2021) and the HMG-box domain containing protein, HMGB3 (Choi et al., 

2016). For example, the DAMP extracellular ATP (eATP) induces defence responses of [Ca2+] 
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elevations, gene expression changes and pathogen resistance via the lectin RLKs, DOES NOT 

RESPOND TO NUCLEOTIDES 1 (DORN1, P2K1) and P2K2 (Choi et al., 2014b; Choi et al., 2014a; 

Matthus et al., 2020; Bouwmeester et al., 2011; Pham et al., 2020). Amino acids and small amino 

acid derivatives, such as glutamate (Glu) and glutathione, can also act as DAMPs. These DAMPs 

can be perceived by the GLUTAMATE RECEPTOR-LIKE (GLR) ion channels with a clear role for 

GLR3.3 in this perception (Qi et al., 2006; Li et al., 2013; Goto et al., 2020; Gao et al., 2023). 

Apoplastic [Glu] elevations are thought to occur passively with damage (Toyota et al., 2018; 

Bellandi et al., 2022; Grenzi et al., 2023) whilst glutathione levels can increase in pathogen-

infected cells and be released by transporters or damage (Vanacker et al., 2000; Parisy et al., 

2007). GLR-activating ligands, such as Glu and glutathione, can induce a range of defence 

responses that promote resistance against biotic attackers (Wingate et al., 1988; Qi et al., 2006; 

Goto et al., 2020; Toyota et al., 2018; Li et al., 2013). Homogalacturonan-derived 

oligosaccharides (OGs) are DAMPs released with the partial degradation of cell wall pectin 

during pathogen infection or cell wall damage (Benedetti et al., 2015). OGs induce various 

immune responses including resistance against multiple pathogens with the RLK WAK1 

contributing to OG perception (Gravino et al., 2017; Bellincampi et al., 2000; Galletti et al., 2011; 

Galletti et al., 2008; Ferrari et al., 2007; Brutus et al., 2010; Decreux and Messiaen, 2005). These 

DAMPs demonstrate how cell wall or cell damage can induce plant defence responses.  

Phytocytokines are plant-derived signalling peptides that are perceived at the plasma 

membrane and stored as inactive precursor peptides often extracellularly. Some phytocytokines 

are processed during biotic stresses and modulate plant defence responses (Hou et al., 2021a; 

Rzemieniewski and Stegmann, 2022). The serine-, glycine- and proline-rich (SGP-rich) PLANT 

ELICITOR PEPTIDES (PEPs) are phytocytokines which trigger defence responses. They are 

released from their precursors (PROPEPs) by METACASPASE (MC) activity and can bind the 

PEPR1 and/or PEPR2 RLKs (Yamaguchi et al., 2010; Yamaguchi et al., 2006; Shen et al., 2019; 

Huffaker et al., 2006; Bartels et al., 2013). Damage can induce PEP1 release by MC4 because a 

loss of membrane integrity causes a Ca2+ influx which can activate MC4 (Hander et al., 2019). 

Other defence promoting SGP-rich phytocytokines include the SERINE-RICH ENDOGENOUS 

PEPTIDES (SCOOPs), perceived by the MIK2 receptor, and the PAMP-INDUCED PEPTIDES (PIPs) 

(Rhodes et al., 2021; Hou et al., 2021b; Hou et al., 2014). Some phytocytokines can negatively 

regulate plant defence responses. For example, RAPID ALKALINISATION FACTOR (RALF) 23 and 

33 are phytocytokines rapidly released from PRORALFs by SITE-1 PROTEASE (S1P) with the 

initiation of PTI (Stegmann et al., 2017). RALF23 and 33 then bind to the FERONIA (FER) RLK 

inducing complex formation with LORELEI-LIKE GPI-ANCHORED PROTEIN 1 (LLG1) (Xiao et al., 

2019). This complex formation impairs the ability of FER and LLG1 to promote PRR activity and 

PTI signalling, thus suppressing PTI (Stegmann et al., 2017; Shen et al., 2017). Other 
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phytocytokines which suppress defence responses include PHYTOSULFOKINE (PSK) and PLANT 

PEPTIDE CONTAINING SULFATED TYROSINE1 (PSY1), which are perceived by the LRR-RLKs 

PSKR1/2 (Matsubayashi et al., 2006) and PSYR1 (Amano et al., 2007), respectively (Mosher et 

al., 2013). Whilst many phytocytokines exist with diverse functions (Rzemieniewski and 

Stegmann, 2022), these members display how phytocytokines can modulate plant defence 

signalling.  

Mechanosensing or mechanical stress perception involves the perception of mechanical 

perturbations without requiring any cell wall or cell damage. Such perception can contribute to 

plant defence responses against pests and pathogens (Jayaraman et al., 2014). For example, 

mechanosensing guides microtubule reorganisation during Sclerotinia sclerotiorum infection of 

A. thaliana which activates plant defences (Léger et al., 2022). Moreover, touch stimuli can 

induce defence responses against various pests and pathogens (Tomas-Grau et al., 2018; 

Markovic et al., 2014; Benikhlef et al., 2013; Matsumura et al., 2022). Mechanical stress 

perception can occur by several mechanisms. Mechanosensitive membrane ion channels can be 

gated by tension changes in the membrane or between the channels and extracellular or 

intracellular components to initiate signalling responses (Hamant and Haswell, 2017). 

Mechanosensitive ion channels which could contribute to the perception of biotic stresses 

include the plasma membrane localised MID1-COMPLEMENTING ACTIVITY 1 & 2 (MCA1 & 2) 

(Yoshimura et al., 2021) and the 10 A. thaliana MscS-LIKE (MSL) channels (Basu and Haswell, 

2017). MSL10 has been implicated in modulating A. thaliana resistance against the pathogen 

Pseudomonas syringae (Basu et al., 2022). An alternative mechanism for mechanical stress 

perception is by receptors that perceive cell wall physicochemical properties (Hamant and 

Haswell, 2017; Rui and Dinneny, 2020). The Catharanthus roseus RLK1-LIKE (CrRLK1L) family of 

RLKs contain two extracellular malectin-like domains which may bind cell wall carbohydrates 

and confer mechanosensing activity to the receptors (Rui and Dinneny, 2020). FER is a CrRLK1L 

which can bind de-methylesterified homogalacturonan which is found in the cell wall (Feng et 

al., 2018; Lin et al., 2018). This binding could explain the function of FER in root mechanosensing 

(Shih et al., 2014). By these mechanisms, mechanical stress perception can contribute to the 

initiation of plant defence responses. 

PAMPs, HAMPs, DAMPs, phytocytokines and mechanical stress can be perceived at the 

plasma membrane to initiate or modulate plant defence responses to biotic attackers (Figure 

1.2). The presence of many perception mechanisms and components provides a framework for 

plants to specifically respond to diverse biotic stresses with appropriate defence responses.  
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1.1.4. Communicating the perception of a biotic stress 

Rapid and transient signalling events transduce the perception of a biotic stress at the 

plasma membrane into a defence response. These early signalling events function largely to 

drive transcriptional changes that promote further defence signalling as well as defence outputs. 

The signal properties and the combination of signalling events that occur can communicate 

information about the specific stress perceived to help coordinate an appropriate defence 

response. Whilst not all the mechanisms that comprise early plant defence signalling can be 

explored here, those with particular relevance to the plant-insect interactions discussed in 

Section 1.2 and the content of this thesis are considered. 

Calcium signalling 

Changes in intracellular Ca2+ concentrations ([Ca2+]) are a versatile and ubiquitous 

eukaryotic signalling mechanism (Edel et al., 2017). As Ca2+ ions form cytotoxic precipitates with 

phosphate, free Ca2+ concentrations in the cytosol are maintained low at approximately 100 - 

200 nM. Ca2+ is instead sequestered in stores of the apoplast, vacuole and endoplasmic 

reticulum by the action of membrane localised Ca2+ transporters. Resultingly, a steep [Ca2+] 

gradient exists between stores and their surroundings. Controlled release of Ca2+ from the stores 

via Ca2+-permeable channels creates transient cytosolic [Ca2+] increases of up to 1 - 2 µM (Rudd 

Figure 1.2 Examples of the mechanisms for plasma membrane perception of pests and 
pathogens.  
 
Biotic stress perception at the plasma membrane can include the perception of pathogen-
and pest-derived elicitors as pathogen- and herbivore-associated molecular patterns 
(PAMPs and HAMPs), respectively. Additionally, damage-associated molecular patterns 
(DAMPs) can be released passively with cell damage and perceived as elic itors to induce 
plant defence responses.  Phytocytokine signalling peptides can be processed with biotic 
stress to modulate defence responses. Additionally,  the perception of mechanical stresses
can initiate plant defence responses. Created with BioRender.com. 
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and Franklin-Tong, 1999; Dodd et al., 2010). These [Ca2+] elevations can regulate various 

processes through Ca2+ sensor proteins, including defence responses (Ranf et al., 2014; Bigeard 

et al., 2015; Peng et al., 2018; Li et al., 2016a; Jiang and Ding, 2023). To ensure [Ca2+] elevations 

regulate the appropriate responses, specificity is encoded into the elevations through variation 

in the amplitude, duration and frequency of the [Ca2+] changes, known as ‘Ca2+ signatures’ 

(McAinsh and Pittman, 2009). Spatial specificity can also occur because Ca2+ diffusion is limited 

in the intracellular environment (Stael et al., 2012) and as [Ca2+] elevations can be confined to 

within organelles. For example, transient [Ca2+] elevations have been identified in nuclei 

(Charpentier et al., 2016; Lecourieux et al., 2005; Leitão et al., 2019) and mitochondria (Logan 

and Knight, 2003; Loro et al., 2012; Loro et al., 2013; Manzoor et al., 2012). Such properties of 

[Ca2+] elevations allow them to specifically coordinate responses to diverse stimuli including 

biotic stresses. 

A. thaliana possesses many Ca2+-permeable channels that can contribute to Ca2+ 

signalling. These include several families that are relevant to A. thaliana defence responses: 

 The CYCLIC-NUCLEOTIDE-GATED CHANNEL (CNGC) family includes 20 members that form 

homo- or hetero-tetrameric channel complexes largely at the plasma membrane (Zelman et 

al., 2012; Jarratt-Barnham et al., 2021). Regulation of CNGC activity can involve complex 

formation, phosphorylation, Ca2+ signalling and the cyclic nucleotide monophosphates 

(cNMPs) adenosine 3′,5′-cyclic monophosphate (cAMP) and guanosine 3′,5′-cyclic 

monophosphate (cGMP) (Jarratt-Barnham et al., 2021). CNGCs implicated in plant immunity 

and defence responses include CNGC2 and 4 (Chin et al., 2013; Wang et al., 2022a; Tian et 

al., 2019), CNGC11 and 12 (Yoshioka et al., 2006) and CNGC19 and 20 (Yu et al., 2019b; Zhao 

et al.; Meena et al., 2019). Interestingly, cGMP and PEP can both induce CNGC2-dependent 

[Ca2+] elevations and the PEPR1 PEP receptor has guanylyl cyclase activity capable of 

catalysing cGMP production (Qi et al., 2010). Therefore, some defence receptors may 

produce cNMPs that induce CNGC-dependent [Ca2+] elevations and signalling.  

 

 TWO-PORE CHANNEL 1 (TPC1) is a tonoplast-localised Na+-, K+- and Ca2+-permeable channel 

regulated by voltage and [Ca2+] with increased cytosolic [Ca2+] promoting opening and 

increased vacuolar [Ca2+] suppressing opening (Guo et al., 2016; Beyhl et al., 2009; Allen and 

Sanders, 1996; Hedrich and Neher, 1987). TPC1 contributes to various processes including 

tonoplast excitability (Jaślan et al., 2019) and propagating [Ca2+] elevations in root salt stress 

responses (Choi et al., 2014c; Evans et al., 2016). Moreover, TPC1 functions in systemic [Ca2+] 

elevations induced by large-scale damage (Kiep et al., 2015).  
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 MCA1 and MCA2 form homo-tetrameric Ca2+-permeable plasma membrane channels gated 

by membrane tension and voltage (Nakagawa et al., 2007; Yoshimura et al., 2021; Yamanaka 

et al., 2010; Nakano et al., 2011; Kamano et al., 2015; Shigematsu et al., 2014). The functions 

of MCA1 and 2 include in responses to hypergravity (Hattori et al., 2020), chilling and 

freezing (Mori et al., 2018) and root sensing of media hardness (Yamanaka et al., 2010; 

Nakagawa et al., 2007). Moreover, MCA1 has been implicated in responses to cell wall 

damage (Engelsdorf et al., 2018a) that can occur with biotic attack. 

 

 ANNEXINs (ANNs) comprise an 8-member family thought to act as ion channels permeable 

to Ca2+ (Laohavisit and Davies, 2011; Cantero et al., 2006). ANNs are atypical membrane 

proteins as their subcellular localisation and membrane binding can dynamically change in 

a [Ca2+]-dependent manner (Laohavisit and Davies, 2011; Tichá et al., 2020). ANNs are 

proposed to have diverse functions including in plant immunity. For example, ANN1 

contributes to ROS- and eATP-induced [Ca2+] elevations in roots (Laohavisit et al., 2012; 

Richards et al., 2014; Mohammad-Sidik et al., 2021), chitin-induced CERK1 signalling 

(Espinoza et al., 2017) and systemic responses to large-scale wounding or herbivory 

(Malabarba et al., 2021). Additionally, ANN1 and ANN4 are targets of a nematode effector 

(Zhao et al., 2019) and ANN8 negatively regulates HR-like cell death and resistance mediated 

by A. thaliana RESISTANCE TO POWDERY MILDEW 8.1 (RPW8.1) (Zhao et al., 2021b) 

 

 REDUCED HYPEROSMOLARITY-INDUCED [Ca2+] INCREASE (OSCA) channels form a 15-

member family with some members demonstrated to be Ca2+-permeable (Murthy et al., 

2018; Yuan et al., 2014). OSCA1.1, 1.2 and 3.1 form channels as homo-dimers (Liu et al., 

2018; Zhang et al., 2018; Jojoa-Cruz et al., 2018) and OSCA1.2 is known to be 

mechanosensitive (Murthy et al., 2018). Whilst many OSCA functions remain unknown, 

osca1.3 osca1.7 double mutants are impaired in PAMP-induced stomatal closure and [Ca2+] 

elevations in guard cells as well as resistance against P. syringae (Thor et al., 2020).  During 

PAMP-induced responses, BIK1 can phosphorylate OSCA1.3 and increase its activity as a 

Ca2+-permeable channel (Thor et al., 2020).  

 

 PIEZO1 is a tonoplast-localised mechanosensitive ion channel that is widely expressed in A. 

thaliana and is thought to be Ca2+-permeable (Mousavi et al., 2021; Radin et al., 2021; Fang 

et al., 2021). PIEZO1 functions in mechanical stress-induced [Ca2+] elevations in A. thaliana 

roots (Mousavi et al., 2021; Fang et al., 2021) and can suppress the systemic movement of 

plant viruses (Zhang et al., 2019). 
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 GLUTAMATE RECEPTOR-LIKEs (GLRs) are a 20-member family of channels split across three 

clades (I, II, III) that are homologous to animal ionotropic glutamate receptors (iGluRs) 

(Wudick et al., 2018a; Chiu et al., 2002). A. thaliana GLRs are thought to function as homo- 

or hetero-tetramers with a homo-tetrameric structure of GLR3.4 demonstrated (Green et 

al., 2021; Wudick et al., 2018a). Many GLRs are considered to be Ca2+ channels in planta 

with GLR1.1, 1.4 and 3.3 demonstrated to form channels permeable to Ca2+, Na+ and K+ 

(Tapken and Hollmann, 2008; Shao et al., 2020; Alfieri et al., 2020). GLRs can display various 

intracellular localisations (Wudick et al., 2018a) with some members, including GLR3.3, 

reported at the plasma membrane (Alfieri et al., 2020; Bellandi et al., 2022). GLR gating is 

not well resolved but can involve ligand binding and pH (Simon et al., 2023; Shao et al., 

2020). For example, GLR3.3 can be regulated by extracellular pH and has a broad agonist 

profile that includes various amino acids, such as glutamate which is thought to act as a 

DAMP (Alfieri et al., 2020; Qi et al., 2006; Grenzi et al., 2023; Bellandi et al., 2022). GLR3.1, 

3.2, 3.3, 3.5 and 3.6 have all been implicated in large-scale wound-induced responses 

thought to be induced by chewing herbivores (Nguyen et al., 2018; Mousavi et al., 2013; 

Salvador-Recatalà, 2016; Toyota et al., 2018; Bellandi et al., 2022; Shao et al., 2020; Grenzi 

et al., 2023). Additionally, GLRs have been implicated in plant immunity with glr2.7 glr2.8 

glr2.9 mutants impaired in PAMP-induced [Ca2+] elevations and resistance to P. syringae 

(Bjornson et al., 2021). GLR3.3 also promotes resistance to Hyaloperonospora arabidopsidis 

(Manzoor et al., 2013) and P. syringae (Li et al., 2013).  

[Ca2+] elevations are also shaped by Ca2+ transporters that use ATP or cation gradients to 

transport Ca2+ against its concentration gradient back into stores. Whilst some of this Ca2+ efflux 

is mediated by the chloroplast PI-ATPase HMA1 and the mitochondrial Ca2+ uniporter complex 

(MCUC) proteins, most of this efflux is driven by PII Ca2+-ATPases and Ca2+ exchangers (Moreno 

et al., 2008; Seigneurin-Berny et al., 2006; Teardo et al., 2019; Ghosh et al., 2022). PII Ca2+-

ATPases form two clades: PII-A ER-type ATPases (ECAs), which are mainly found at the 

endoplasmic reticulum (ER) membrane, and PII-B autoinhibited Ca2+-ATPases (ACAs), primarily 

located at the plasma membrane but with some members present in the ER and vacuole 

membranes (García Bossi et al., 2019). Some Ca2+-ATPases have been implicated in plant 

defence responses. For example, the tonoplast-localised ACA4 and ACA11 negatively regulate 

flg22-induced PTI responses (Hilleary et al., 2020) as well as P. syringae resistance (Boursiac et 

al., 2010). Furthermore, plants lacking the plasma membrane-localised ACA8 and ACA10 

proteins are impaired in flg22-induced [Ca2+] elevations, PTI responses, pathogen resistance and 

ATP-induced responses (Frei dit Frey et al., 2012; Behera et al., 2018). The Ca2+-exchangers 

comprise five families that display different cation specificities, including the vacuolar cation/H+ 

exchangers (CAXs) (Zheng et al., 2021). Whilst the contribution of Ca2+-exchangers to plant 



 

31 
 

immunity is poorly characterised, CAX1 and CAX3 have been proposed to contribute to plant 

immunity through the regulation of stomatal aperture by Ca2+ transport (Hocking et al., 2017). 

The combined activity of Ca2+ transporters can help shape [Ca2+] elevations important in the 

specific regulation of downstream responses.  

Ca2+ sensor proteins with variation in Ca2+-binding capacity, Ca2+ affinity, structure, and 

localisation function to decode Ca2+ signatures and regulate downstream responses (Jiang and 

Ding, 2023). There are four main Ca2+ sensor families in A. thaliana and all contain members that 

can regulate biotic stress responses (Singh and Pandey, 2020; Ghosh et al., 2022). Calmodulin 

(CaM) and CaM-like (CML) proteins bind Ca2+ via EF-hand motifs with four EF-hands in CaMs and 

between one and six EF-hands in CMLs (Ghosh et al., 2022). Ca2+-bound CaMs and CMLs can 

interact with diverse proteins, including transcription factors and ion channels, to regulate their 

activities. Ca2+-dependent protein kinases (CDPKs) mediate responses via kinase activity 

following Ca2+ binding to a CaM-like domain (Singh and Pandey, 2020). CDPKs can then 

phosphorylate various substrates to regulate responses (Bredow and Monaghan, 2019) 

including in flg22-induced PTI (Boudsocq et al., 2010). In contrast to CDPKs, calcineurin B-like 

(CBL) proteins require interaction with CBL-interacting protein kinases (CIPKs) to mediate 

phosphorylation events (Tang et al., 2020). The CBL-CIPK association is regulated by Ca2+ binding 

to CBLs via four EF-hands. Some CBL-CIPKs have been implicated in plant defence responses (Ma 

et al., 2020b) including CIPK6 which negatively regulates resistance against P. syringae (Sardar 

et al., 2017). Thus, various Ca2+ sensor proteins can function to decode [Ca2+] elevations in plant 

defence responses.  

Visualising [Ca2+] elevations can provide unique insights into plant responses to biotic 

stresses (Jiang and Ding, 2023). There are various approaches for [Ca2+] visualisation (reviewed 

in Grenzi et al., 2021). These include imaging fluorescent [Ca2+] indicator dyes which were 

applied to plants early on but are challenging to load reproducibly (Bush and Jones, 1987; Bush 

and Jones, 1990). Genetically encoded [Ca2+] indicators (GECIs) were therefore developed. The 

first GECI established in plants was aequorin which exhibits [Ca2+]-dependent bioluminescence 

and revealed fungal elicitor-induced [Ca2+] elevations in Nicotiana plumbaginifolia (Knight et al., 

1991). Aequorin remains a useful tool but is limited by the need for pre-treatment with its co-

factor and its relatively low quantum yield efficiency (Grenzi et al., 2021). Since the development 

of aequorin, the GECI toolbox has rapidly expanded to include a wide range of bioluminescent 

and fluorescent GECIs with properties appropriate for different applications. Some fluorescent 

GECIs are intensiometric and report [Ca2+] by a single emission signal whilst others are 

ratiometric and report [Ca2+] via a ratio of two emission signals. Ratiometric reporters can be 

based on Förster resonance energy transfer (FRET) between two fluorescent proteins (FPs). The 
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Yellow Cameleon (YC) family of reporters display [Ca2+]-dependent FRET between a cyan FP (CFP) 

and a yellow FP (YFP). This is regulated by Ca2+ binding to an incorporated CaM which then 

interacts with an M13 peptide to reduce the distance between the two fluorescent entities 

(Miyawaki et al., 1997). YC reporters have been widely used in A. thaliana including to reveal 

the dependency of flg22-induced stomatal [Ca2+] elevations on OSCA1.3/1.7 (Thor et al., 2020). 

GCaMPs are intensiometric fluorescent GECIs. The GCaMP GECIs are also based on [Ca2+]-

dependent interactions between a CaM and an M13 but these are attached to the termini of a 

single circularly permuted enhanced green FP (GFP) (Nakai et al., 2001; Kostyuk et al., 2019). 

GCaMPs, such as GCaMP3 (Tian et al., 2009), have been expressed in A. thaliana and utilised for 

a range of experiments including investigations into plant-insect interactions (Vincent et al., 

2017a; Nguyen et al., 2018; Toyota et al., 2018). In summary, the GECI toolbox can be useful for 

investigating plant responses to stimuli including biotic stresses.  

Pharmacological manipulations of [Ca2+] elevations can help generate insights into how 

plants respond to biotic stresses. For example, Ca2+ signalling can be non-selectively 

manipulated by the direct blocking of Ca2+ permeable channels by La3+ or Gd3+ ions, chelation of 

extracellular Ca2+ by EGTA or by CaM binding and inhibition (De Vriese et al., 2018). Moreover, 

some processes can be selectively targeted. For instance, 6,7-dinitroquinoxaline-2,3-dione 

(DNQX) and 2-amino-5-phosphonopentanoic acid (AP5) can antagonise GLR activity by 

competitively binding to the ligand binding sites (De Vriese et al., 2018; Dubos et al., 2003). 

DNQX was used to identify a role for GLRs in OG-induced [Ca2+] elevations that led to GLR3.3 

being implicated in resistance against H. arabidopsidis (Manzoor et al., 2013). Whilst such 

pharmacological manipulation can cause off-target effects (De Vriese et al., 2018), these 

approaches can inform on the mechanisms and significance of [Ca2+] elevations in plant defence 

responses.  

In summary, [Ca2+] elevations in plants can act as signals that communicate the 

perception of a biotic stress to specifically regulate defence responses. This signalling includes 

the action of Ca2+ channels, transporters, and sensor proteins (Figure 1.3). Studying [Ca2+] 

elevations can provide significant insights into the plant perception and signalling mechanisms 

that operate in response to a biotic stress.  
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Reactive oxygen species signalling 

The production of apoplastic ROS contributes to plant defence responses by damaging 

the biotic attacker, by promoting cell wall cross-linking and strengthening, and as a signalling 

species (Lamb and Dixon, 1997). This ROS is predominantly produced by plasma membrane 

RESPIRATORY BURST OXIDASE HOMOLOGs (RBOHs). These enzymes catalyse the production of 

superoxide which is then converted to H2O2 spontaneously or through superoxide dismutase 

activity (Qi et al., 2017). The most prominent RBOHs in plant defence responses are RBOHD and 

F, which mediate plant immune responses to many pathogens (Kadota et al., 2015; Otulak-Kozieł 

et al., 2020; Torres et al., 2002). These RBOHs have overlapping but distinct expression profiles 

and activities (Morales et al., 2016). Multiple mechanisms regulate RBOHD and F activity. For 

example, following the perception of eATP, flg22 or elf18, RBOHD activity can be promoted by 

phosphorylation (Li et al., 2014; Kadota et al., 2014; Chen et al., 2017). [Ca2+] elevations can also 

promote ROS production from RBOHD through binding to its EF-hand motifs (Ogasawara et al., 

2008) or by promoting its phosphorylation by CPK5 (Dubiella et al., 2013). In contrast, 

phosphorylation of RBOHD by PBS1-LIKE KINASE 13 (PBL13) can promote RBOHD ubiquitination 

and degradation suppressing plant resistance against bacterial infection (Lee et al., 2020). 

Through regulation of RBOHs, ROS production and signalling can be tightly regulated in plant 

defence responses.  

Figure 1.3 Generalised overview of plant Ca2 + signalling components.  
 
General ised model of plant Ca2+ signall ing components with Ca2 + influx from Ca2+ stores
mediated by Ca2+ channels, Ca2+ efflux mediated by Ca2+  pumps and transporters, and the 
decoding of Ca2+  signals mediated by Ca2+ sensor proteins. Model adapted from Edel  et 
al.  (2017) with permissions. Figure modified with BioRender.com. 



 

34 
 

Identifying proteins regulated by ROS elevations can be challenging as direct ROS effects 

often manifest as changes in redox state resulting in altered protein conformation or 

interactions which can be difficult to detect (Qi et al., 2017). However, there are notable proteins 

in plant defence responses that may be regulated by ROS. For instance, NON-EXPRESSOR OF PR 

GENES 1 (NPR1) is thought to be regulated by redox reactions and is a central regulator of 

resistance mediated by the hormone, salicylic acid (Section 1.1.5)(Mou et al., 2003). 

Additionally, an A. thaliana quiescin sulfhydryl oxidase, QSOX1, negatively regulates plant 

immunity and functions as a redox sensor activated by ROS (Chae et al., 2021). Identifying ROS-

regulated components can help reveal how ROS signalling regulates plant defence responses.  

MAPK signalling 

Mitogen-activated protein kinase (MAPK) cascades are key in plant signalling responses 

to biotic attackers (Zhang and Zhang, 2022). These cascades in A. thaliana typically consist of a 

MAPK (20 genes), a MAPK kinase (MAPKK, 10 genes) and a MAPKK kinase (MAPKKK, 

approximately 70 genes). Often, more than one kinase can operate at each level with redundant 

or partially overlapping functions. When active, each member of a cascade is phosphorylated 

and activated in turn starting with the MAPKKK and ending on the MAPK which phosphorylates 

target proteins to regulate their activity. In PTI signalling, two cascades dominate (Tang et al., 

2017; Erickson et al., 2022). One cascade is comprised of MEKK1 (MAPKKK), MKK1/2 (MAPKKs) 

and MPK4/11 (MAPKs). The second and more significant cascade is comprised of MKKK3/5 

(MAPKKK), MKK4/5 (MAPKK) and MPK3/6 (MAPK). The elicitors flg22, elf18 and chitin can all 

induce MKKK3/5 phosphorylation by PRR-associated RLCKs upstream of plant immune 

responses (Bi et al., 2018; Yamada et al., 2016). Following the cascade, MAPK targets can include 

transcription factors, protein kinases and structural proteins. One immune related target is the 

repressor of defence gene expression, CaM-BINDING TRANSCRIPTION FACTOR 3 (CAMTA3) 

(Galon et al., 2008). flg22 induces MPK3/6 phosphorylation of CAMTA3 promoting its nuclear 

export and de-repression of defence gene expression (Jiang et al., 2020). Therefore, MAPK 

signalling is significant in transducing the perception of a biotic stress into a defence response.  

G-protein signalling 

Membrane-bound G proteins are guanine nucleotide-binding proteins formed of 3 

subunits (Gα, Gβ and Gγ) which can contribute to plant defence signalling. In A. thaliana, there 

is one Gα subunit (GPA1), one Gβ subunit (AGB1) and three Gγ subunits (AGG1-3) as well as 

three atypical Gα-like subunits (XLG1-3) (Zhang et al., 2021b). In the inactive state, Gα-GDP is 

associated with Gβγ. Active Gα binds GTP and dissociates from Gβγ. Promoted by GTPase 

activity-accelerating proteins (GAPs), the GTP is then hydrolysed reforming inactive Gα-GDP 

(Zhang et al., 2021b). One GTPase accelerating protein, REGULATOR OF G-PROTEIN SIGNALLING 
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1 (RGS1), maintains XLG2 in an inactive state until flg22-induced phosphorylation of RGS1 de-

represses G-protein signalling (Liang et al., 2018; Tunc-Ozdemir and Jones, 2017). Similarly, 

elf18, chitin and PEP2 can all regulate RGS1 activity (Liang et al., 2018). GPA1 positively regulates 

responses to flg22 (Xue et al., 2020) along with AGB1, AGG1 and AGG2, which are also implicated 

in responses to chitin and elf18 (Liu et al., 2013a). G-protein signalling can regulate immune 

responses by various processes including by regulating MAPK signalling (Meng et al., 2015; Su et 

al., 2015) and RBOHD activity (Xu et al., 2017; Zhang et al., 2021b).  

Apoplastic pH changes 

Apoplastic pH changes occur in plant defence responses and could function as signalling 

events that regulate these responses (Geilfus, 2017). Various elicitors, including flg22, induce 

apoplastic alkalinisations (Gust et al., 2007; Jeworutzki et al., 2010; Felix et al., 1999). In support 

of a signalling role for apoplastic pH changes, plasma membrane H+-ATPases (AHAs), which 

regulate apoplastic pH, have been implicated in plant defence responses (Elmore and Coaker, 

2011). For example, overactive AHA1 mutants display reduced flg22-induced ROS production 

(Keinath et al., 2010) whilst aha5 null mutants have enhanced PTI against P. syringae (Zhao et 

al., 2022). Furthermore, flg22 induces phosphorylation status changes in AHA1, 2 and 3, which 

may regulate their activity (Nühse et al., 2007). As GLR3.3 and 3.6 can be gated by apoplastic 

pH, apoplastic pH changes could regulate their function in defence signalling (Shao et al., 2020). 

Interestingly, many pathogens have evolved to manipulate apoplastic pH to promote 

colonisation (Elmore and Coaker, 2011; Havshøi and Fuglsang, 2022; Kesten et al., 2019). 

Moreover, beneficial microbes in the plant rhizosphere appear to reduce apoplastic pH to limit 

PTI responses important in subsequent root colonisation (Yu et al., 2019a). Therefore, it is 

possible that apoplastic pH changes act as signalling events in plant defence responses.  

1.1.5. Hormone signalling in plant responses to biotic attackers 

Following the rapid signal transduction events, phytohormone signalling helps drive 

plant defence responses. Salicylic acid (SA) is the dominant phytohormone for signalling 

responses to biotrophs. In contrast, jasmonic acid/jasmonates (JA/JAs) and ethylene (Et) 

dominate phytohormone signalling responses against necrotrophs and damage-based stresses, 

such as wounding or chewing insects (Bürger and Chory, 2019). Here, the synthesis and signalling 

of these hormones will be explored along with their role in systemic defence responses.   

Salicylic acid: Synthesis and signalling 

SA biosynthesis and regulation has recently been well reviewed by Huang et al. (2020). 

Briefly, there are two SA biosynthesis pathways which both begin in chloroplasts from 

chorismate (CA). In the isochorismate synthase (ICS) pathway, ICS enzymes mediate 
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isochorismate (IC) synthesis in the chloroplast before export to the cytosol. In the cytosol, 

glutamate is conjugated to IC before spontaneous degradation to SA which can be promoted by 

ENHANCED PSEUDOMONAS SUSCEPTIBILITY 1 (EPS1) (Torrens-Spence et al., 2019; Rekhter et 

al., 2019). The phenylalanine ammonia-lyase (PAL) pathway begins by converting CA to 

phenylalanine which is used then to produce trans-CA in the cytosol by PAL enzymes. 

ABNORMAL INFLORESCENCE MERISTEM 1 (AIM1) then converts trans-CA to benzoic acid (BA) 

before an unknown enzyme converts BA to SA (Huang et al., 2020).  

Many of the genes that mediate SA biosynthesis in plant immune responses are 

transcriptionally regulated (Huang et al., 2020). For example, ICS1 expression is regulated by 

SAR-DEFICIENT 1 (SARD1) and CaM-BINDING PROTEIN 60 g (CBP60g) (Zhang et al., 2010; Wang 

et al., 2011; Wang et al., 2009). CBP60g and SARD1 expression is also regulated in plant immunity 

including by certain CAMTA transcription factors, such as CAMTA3 which negatively regulates 

their expression (Sun et al., 2020). CAMTA3 repressive activity can be reduced by flg22-induced 

phosphorylation of CAMTA3 by MPK3/6 (Jiang et al., 2020). Through such regulation, SA 

biosynthesis can be enhanced in defence or immune responses.  

SA is perceived by the NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES (NPR) 1, 3 

and 4 which directly regulate defence gene expression (Fu et al., 2012; Wu et al., 2012). NPR1 

acts as a transcriptional co-activator of SA-dependent gene expression whilst NPR3 and 4 

function independently of NPR1 and are transcriptional co-repressors (Ding et al., 2018). SA 

binding to NPR3 or 4 relieves their repressive activity whilst SA binding to NPR1 causes 

monomerization and subsequent translocation to the nucleus (Mou et al., 2003; Wu et al., 

2012). The TGACG SEQUENCE-SPECIFIC BINDING PROTEIN (TGA) transcription factors, TGA2, 5 

and 6, then interact with NPR1 to induce transcriptional changes key to SA-induced defence 

responses (Kesarwani et al., 2007; Zhang et al., 2003; Després et al., 2000; Zhang et al., 1999; 

Zhou et al., 2000). SA treatments can cause differential expression of over 2400 genes (Ding et 

al., 2018). Some of these genes can promote further defence signalling and defence responses 

such as cell wall strengthening by lignin production and the synthesis of antimicrobial secondary 

metabolites (van Butselaar and Van den Ackerveken, 2020). Therefore, SA signalling is a key 

regulator of plant defence responses.  

Systemic SA signalling 

Following the local perception of a biotic threat, SA signalling can contribute not only to 

local responses but also to systemic defence responses in systemic acquired resistance (SAR) 

(Sun and Zhang, 2021). Whilst many candidate signalling species have been proposed to mediate 

SAR, it is currently thought that N-hydroxypipecolic acid (NHP) is the dominant systemic signal 

with transport likely via the phloem (Chen et al., 2018; Hartmann et al., 2018). NHP derives from 
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lysine in the plastid with additional biosynthetic steps in the chloroplast and cytosol (Sun and 

Zhang, 2021). As with SA biosynthesis, NHP biosynthetic enzymes are transcriptionally regulated 

with SARD1 and CBP60g promoting their expression following local immune signalling (Sun et 

al., 2020; Sun et al., 2015; Sun et al., 2018). NHP treatment induces the expression of various 

defence genes including SA and NHP biosynthetic genes (Chen et al., 2018; Hartmann et al., 

2018). Resultingly, NHP systemic signalling activates SAR through promoting NHP and SA 

signalling in systemic tissues.  

Jasmonic acid: Synthesis and signalling 

Biosynthesis of JAs can occur via three pathways all split across the chloroplasts, 

peroxisomes, and cytosol (Ruan et al., 2019). The octadecane pathway is a major contributor to 

JA synthesis in plant defence responses. This pathway can start from α-linolenic acid (18:3) 

released from chloroplast phospholipids. α-linolenic acid then undergoes reactions catalysed by 

a 13-LIPOXYGENASE (LOX), ALLENE OXIDE SYNTHASE (AOS) and an ALLENE OXIDE CYCLASE (AOC) 

to produce cis (+)-12-oxo-phytodienoic acid (OPDA) (Bürger and Chory, 2019; Griffiths, 2020). 

OPDA is exported from the chloroplasts and can itself function as a signalling species in plant 

defence responses (Taki et al., 2005; Gleason et al., 2016). Additionally, OPDA can be reduced 

by OPDA REDUCTASE 3 (OPR3) in the peroxisome before three rounds of β-oxidation to produce 

jasmonic acid which is released into the cytosol (Griffiths, 2020). In the cytosol, jasmonic acid 

can be converted to various forms including the bioactive jasmonic acid-isoleucine (JA-Ile) 

(Staswick and Tiryaki, 2004; Fonseca et al., 2009).  

JA biosynthesis in plant defence responses can be transcriptionally regulated. For 

example, in the absence of defence signalling, the JAV1-JAZ8-WRKY51 complex represses the 

expression of JA biosynthetic genes including AOS and OPR3. Damage that occurs with insect 

herbivory leads to [Ca2+] elevations perceived by a CaM that promotes the phosphorylation and 

disassembly of this complex, thus promoting expression of JA biosynthetic genes and JA 

accumulation (Yan et al., 2018). Similarly, CaM1 is thought to perceive [Ca2+] elevations in 

response to herbivory to release WRKY52 repression of (13-)LOX gene expression promoting JA 

biosynthesis (Jiao et al., 2022). Whilst other mechanisms exist for regulating JA levels, this 

demonstrates how JAs can accumulate in plant defence responses.  

JA-Ile signalling is transduced via an SCF complex containing CORONATINE INSENSITIVE 

1 (COI1) as a JA-Ile receptor (Yan et al., 2009; Griffiths, 2020). In the absence of JA-Ile, JA ZIM 

domain (JAZ) proteins function as transcriptional repressors of JA-regulated transcription factors 

along with the TPL co-repressor and NINJA adaptor proteins (Acosta et al., 2013; Pauwels et al., 

2010). JA-Ile binding to the SCF-COI1 complex triggers JAZ ubiquitination and subsequent 

proteasomal degradation (Griffiths, 2020). This signalling therefore de-represses various JA-
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regulated transcription factors with two major branches identified: the MYC branch which is 

largely active against damage-based stimuli and the ERF branch which is predominantly active 

in responses to necrotrophic pathogens (Gupta et al., 2020). In the MYC branch, MYC2 is a 

master regulator transcription factor that can function as a homo-dimer or in hetero-dimers 

with MYC3 or MYC4 (Dombrecht et al., 2007; Kazan and Manners, 2013; Lorenzo et al., 2004; 

Fernández-Calvo et al., 2011). The ERF branch involves the ETHYLENE-INSENSITIVE 3 (EIN3) and 

EIN3-LIKE 1 (EIL1) transcription factors which are stabilised by Et signalling and induce various 

defence genes including ETHYLENE RESPONSE FACTOR 1 (ERF1) and PLANT DEFENSIN 1.2 

(PDF1.2) (Gupta et al., 2020). These two branches of JA-mediated defence signalling are 

mutually antagonistic helping to tailor the transcriptional changes and defence responses to the 

prevailing biotic stress (Song et al., 2014).  

Systemic JA signalling: Mobile JAs and de novo JA biosynthesis 

JA signalling can also contribute to systemic responses following biotic attack or damage 

(Hilleary and Gilroy, 2018). In part, this systemic JA signalling can be mediated by mobile JA 

species. For instance, cotyledon wounding induces LOX2-dependent root JA signalling mediated 

by mobile JA oxylipins (Gasperini et al., 2015). Moreover, systemic wound responses in adult 

plants are thought to involve mobile jasmonates produced by LOX6 that travel radially away 

from the vasculature into the leaf blade (Gasperini et al., 2015). OPDA and its derivatives, but 

not JA-Ile, can translocate from shoots into roots following wounding. This transport is thought 

to occur by the phloem with OPDA then converted into JA and JA-Ile to mediate responses 

(Schulze et al., 2019). JAT3 and JAT4 are plasma membrane-localised JA importers that function 

in the phloem to promote long distance JA translocation in wound responses (Li et al., 2020; Li 

et al., 2021b). Moreover, JAT1, could contribute to this process as a transporter that mediates 

JA efflux from cells (Li et al., 2017; Wang et al., 2019a). In summary, mobile JAs can contribute 

to systemic JA signalling in plant defence responses.  

Large-scale wounding triggers rapid systemic JA accumulations within 120 s which are 

thought occur by de novo JA biosynthesis and contribute to plant defence responses (Mousavi 

et al., 2013; Chauvin et al., 2013; Glauser et al., 2009; Koo et al., 2009; Glauser et al., 2008). A 

model is evolving for the mechanisms that may underpin this rapid systemic JA biosynthesis 

(Figure 1.4)(Suda and Toyota, 2022). In this model, large-scale wound events, including primary 

vascular tissue, trigger rapid systemic signalling that propagates via the vascular tissue to 

connected organs. This signalling includes membrane depolarisations, [Ca2+] elevations, ROS 

elevations and hydraulic waves, which are thought to be interconnected (Mousavi et al., 2013; 

Fichman and Mittler, 2021a; Fichman et al., 2019; Toyota et al., 2018; Nguyen et al., 2018; 

Bellandi et al., 2022; Grenzi et al., 2023; Salvador-Recatalà, 2016; Gao et al., 2023). The Ca2+-
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permeable GLR3.3 and 3.6 channels both significantly contribute to all these large-scale wound-

induced signalling events with roles also reported for GLR3.1, GLR3.5, RBOHD, AHA1, MSL10, 

ANNEXIN1 and plasmodesmata (Mousavi et al., 2013; Salvador-Recatalà, 2016; Toyota et al., 

2018; Nguyen et al., 2018; Kumari et al., 2019; Fichman and Mittler, 2021a; Moe-Lange et al., 

2021; Malabarba et al., 2021; Bellandi et al., 2022; Grenzi et al., 2023; Gao et al., 2023). GLR3.3 

and GLR3.6 are primarily expressed in the phloem and xylem contact cells, respectively (Nguyen 

et al., 2018). Various mechanisms are thought to contribute to GLR3.3 and 3.6 activation in 

systemic responses to large-scale wounding. Some mechanisms involve the rapid transport of 

mobile signals via the xylem. Glutamate has been proposed to be passively released from the 

phloem with large-scale wounding and to travel by bulk flow in the xylem to systemically activate 

GLR3.3 (Toyota et al., 2018; Bellandi et al., 2022; Grenzi et al., 2023). The thioglucosidase (TGG) 

enzymes, TGG1 and 2, are also released with large-scale wounding and can travel systemically 

via the xylem to induce rapid membrane depolarisations, [Ca2+] elevations, and JA defence 

signalling (Gao et al., 2023). TGG1 appears to activate GLR3.3 and 3.6 because TGG1-induced 

systemic responses are impaired in glr3.3 mutants and abolished in glr3.6 mutants. It is unclear 

how TGG1 could activate GLRs, though reactive aglycones produced from glucosinolates by 

TGG1 are required for the systemic signalling. Other proposed mechanisms for the large-scale 

wound-induced rapid systemic signalling include the systemic perception of turgor pressure 

changes in the vascular tissue (Farmer et al., 2014). The MSL10 mechanosensitive anion channel 

is thought to perceive these pressure changes and contribute to systemic membrane 

depolarisations which promote the full activation of GLR3.3 and 3.6 (Moe-Lange et al., 2021). 

Moreover, turgor pressure changes may activate GLRs by causing systemic elevations in 

apoplastic glutamate concentrations by unknown mechanisms (Grenzi et al., 2023). Finally, 

there may be a role for pH in the systemic activation of GLR3.3 and 3.6 because the AHA1 plasma 

membrane H+-ATPase is implicated in large-scale wound-induced systemic signalling and 

because pH can gate GLR3.3 and 3.6 (Kumari et al., 2019; Shao et al., 2020). Whilst the activation 

of GLR3.3 and 3.6 in large-scale wound-induced systemic signalling is not well resolved, these 

channels are heavily implicated in the rapid systemic accumulation of JAs and subsequent 

defence responses.   
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Ethylene signalling 

Et signalling can function in plant defences and promote the ERF branch of jasmonate 

signalling (Bürger and Chory, 2019). Briefly, Et synthesis begins with methionine conversion into 

S-adenosylmethionine before 1-aminocyclopropane-1-carboxylic acid (ACC) synthesis by ACC 

SYNTHASE. ACC oxidases convert ACC into Et. Five receptor histidine kinases bind Et to 

A) 

B) 

Figure 1.4 Model for large-scale wound-induced rapid systemic signalling upstream of 
de novo JA biosynthesis.  
 
(A) Representation of large-scale wounding and the resulting rapid systemic GLR3.3/3.6-
dependent [Ca2+] elevations that propagate via the vascular tissue to directly connected
leaves. Plasmodesmata aid the propagation of the [Ca2+] elevations. GLR3.3 is localised 
to the phloem whilst GLR3.6 is in the xylem contact cel ls with MSL10 expressed in both 
cell types. (B)  Hypothetical model  for signal propagation in (A) . Systemic signals in the 
vasculature include interacting [Ca2 +] elevations, ROS elevations,  membrane 
depolarisations and hydraulic pressure changes. An initial damage event causes a release 
of glutamate that activates GLR3.3 and 3.6 to facilitate Ca2+ influxes. RBOHD-dependent 
ROS elevations co-occur which may be activated by the Ca2 + elevations and/or 
hypothetical DAMP signalling from eATP. Wounding causes pressure changes in the xylem 
which activates MSL10. The Ca2 + influxes and MSL10 activity cause membrane 
depolarisations. Systemic GLR3.3 and 3.6 activation may be triggered by mobile signals in  
the xylem (e.g. glutamate, TGG proteins), systemic pressure changes and MSL10 activity,  
and/or pH effects (not  shown). The [Ca2+]  and ROS elevations may also form a self-
propagating ROS-Ca2+ s ignall ing mechanism with Ca2+-induced Ca2+-release via TPC1. 
Models adapted from Suda and Toyota (2022) with permissions.  
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phosphorylate and inactivate CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) which liberates EIN2 

from suppression by CTR1. EIN2 then enters the nucleus and stabilises EIN3 and EIL transcription 

factors which promote the expression of ERF transcription factor genes that can induce defence 

gene expression. Et signalling can thereby integrate into the ERF branch of JA defence signalling.  

Interactions between SA and JA signalling 

As SA signalling promotes defences against biotrophs and JA signalling promotes 

defences against necrotrophs, SA and JA signalling often interact antagonistically to ensure 

appropriate defence responses (Hou and Tsuda, 2022). These interactions can be regulated in 

several ways. SA signalling can suppress JA-induced gene expression to promote SA-dependent 

pathogen resistance by SA-activated NPR1 binding and inhibiting JA-activated MYC2 (Nomoto et 

al., 2021). Moreover, CATALASE2 promotes JA biosynthesis and is suppressed by SA signalling 

(Yuan et al., 2017). During JA signalling, MYC2 and its homologues promote the expression of 

specific ANAC genes and ZAT18. The ANAC transcription factors suppress the expression of ICS1 

whilst ZAT18 inhibits EDS1 both leading to reduced SA accumulation and SA signalling (Zheng et 

al., 2012; Gao et al., 2022). This SA-JA antagonism can help tailor plant defence responses to be 

appropriate for the pest or pathogen present. However, there are cases when SA and JA 

signalling operate synergistically, especially if SA and JA are applied at relatively low 

concentrations (Mur et al., 2006). In ETI, SA signalling via NPR3 and 4 may promote JA signalling 

by JAZ degradation (Liu et al., 2016). SA signalling promoting JA signalling could act to limit the 

risk of necrotrophic pathogen infection after cell death in HR against biotrophic pathogens. 

However, this may not be true synergy between the signalling pathways as the SA and JA 

signalling domains appear to be spatially separated (Betsuyaku et al., 2018). In any case, SA and 

JA signalling interact and can tailor plant defence responses for the biotic stress present.  

1.1.6. Effectors and ETI 

Pest or pathogen effectors can manipulate a broad range of host processes to promote 

infection or colonisation including elicitor perception, defence signalling and defence outputs 

(Wang et al., 2022c). NLRs may recognise effectors directly by binding them or through 

monitoring and ‘guarding’ effector targets or ‘decoy’ proteins (Chen et al., 2022). NLR signalling 

is an important determinant of plant resistance to pests and pathogens and will therefore be 

considered here.  

NLR classification and activity 

The understanding of NLR structure, function and signalling is rapidly advancing and has 

recently been well reviewed by Wang et al. (2023). In brief, most NLRs consist of three domains: 

a variable N-terminal domain, a central conserved nucleotide-binding and oligomerization 
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domain (NOD) and a C-terminal LRR domain. Plant NLRs can largely be categorised into groups 

by their N-terminal domains: coiled-coil (CC) NLRs (CNLs), Toll/interleukin-1 receptor (TIR) NLRs 

(TNLs), and CCR-NLRs (RNLs). Finally, NLRs can be categorised by their functions as either sensor 

NLRs or helper NLRs which perceive effectors or mediate signalling responses, respectively 

(Feehan et al., 2020). However, some NLRs can mediate both the perception of effectors and 

downstream signalling such as the CNL HOPZ-ACTIVATED RESISTANCE 1 (ZAR1). When sensor 

and helper NLRs are required, they may be genetically linked as paired NLRs.  

Oligomerisation of NLRs into a ‘resistosome’ complex is important for signalling from 

many NLRs and can involve nucleotide switching. The ZAR1 resistosome typifies this mechanism 

and is one of the most well characterised NLRs. ZAR1 constitutively interacts with the RLCK 

RESISTANCE-RELATED KINASE 1 (RKS1) which allows ‘guarding’ of another RLCK, PBS1-LIKE 2 

(PBL2). The Xanthomonas campestris effector AvrAC uridylates PBL2 to form PBL2UMP which is 

recruited to ZAR1-RKS1. This recruitment causes a ZAR1 conformational change which releases 

ADP and results in the formation of the pentameric wheel-like ZAR1 resistosome stabilised by 

ATP binding (Wang et al., 2019c; Wang et al., 2019b; Hu et al., 2020). Not all NLRs show 

nucleotide switching in oligomerisation with the TNL RECOGNITION OF Peronospora parasitica 

1 (RPP1) remaining ADP bound in a tetrameric resistosome (Ma et al., 2020a). Appreciating the 

mechanisms of NLR oligomerisation will help understand how effector recognition initiates 

plants defence signalling. 

Following oligomerisation, NLRs trigger signalling events that drive defence responses. 

The structure of the ZAR1 resistosome contains a central pore required for its function (Wang et 

al., 2019b). This pore creates a plasma membrane Ca2+-permeable channel allowing Ca2+ influxes 

that are required for HR activation (Bi et al., 2021). Whilst it is not yet resolved how the Ca2+ 

fluxes regulate immunity, Ca2+ channel formation is thought to be a conserved mechanism for 

CNL signalling (Wang et al., 2023). TNL oligomerisation into a tetrameric resistosome is also 

thought to induce Ca2+-permeable channel formation to regulate responses (Wang et al., 2023). 

Firstly, the TIR domains of activated TNL tetramers form two composite NADase active sites from 

each TIR dimer (Ma et al., 2020a; Wan et al., 2019; Horsefield et al., 2019; Martin et al., 2020). 

Small molecules generated by this activity then regulate the interactions of the lipase-like 

protein ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) with either PHYTOALEXIN DEFICIENT 4 

(PAD4) or SENESCENCE-ASSOCIATED GENE 101 (SAG101). Subsequently, EDS1-PAD4 and EDS1-

SAG101 complexes promote the formation of Ca2+-permeable resistosome channels by the 

RNLs, ACTIVATED DISEASE RESISTANCE 1 (ADR1) and N REQUIREMENT GENE 1 (NRG1), 

respectively (Jacob et al., 2021; Dongus and Parker, 2021; Wang et al., 2023). In this way, it is 
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thought that NLR activation converges on Ca2+ channel formation and signalling that promotes 

ETI responses including large scale transcriptional reprogramming (Figure 1.5).  

 

ETI signalling and the interactions with PTI 

ETI and PTI signalling appear to be overlapping and interacting. For example, PTI and ETI 

responses both involve MAPK signalling, [Ca2+] and ROS elevations, transcriptional 

reprogramming, and hormone signalling (Thulasi Devendrakumar et al., 2018; Peng et al., 2018; 

Tsuda and Katagiri, 2010). Whilst there are differences in the dynamics of the responses induced 

by PTI and ETI, this overlap suggests PTI and ETI signalling could act synergistically in immune 

responses (Yuan et al., 2021). Indeed, recent work has revealed that NLR-activated responses 

potentiate those induced by PRR activation including ROS elevations, MAPK activation, gene 

Figure 1.5 Model of resistosome and Ca2+-permeable channel formation by NLRs. 
 
Pathogen recognition involves PAMP-perception and signalling to mediate defence 
responses including transcriptional changes. Effector recognition by NLRs can also occur. 
Following this perception, coiled coil domain NLRs (CNLs)  form resistosome oligomers that
can insert into the plasma membrane as Ca2 +-permeable channels.  Effector recognition by 
toll/interleukin-1 receptor domain NLRs (TNLs) results in resistosome oligomers that  have 
NADase activity and produce small  nucleotide-based molecules. These small molecules
activate either EDS1-PAD4 or EDS1-SAG101 that then act ivate the helper NLRs, ADR1 and 
NRG1, respectively.  The helper NLR resistosomes can then form Ca2 +-permeable channels 
in the plasma membrane. Channel formation allows Ca2 + influx and promotes signalling to 
induce effector-triggered immunity. Model  adapted from Wang  et al.  (2023) with 
permissions.  
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expression and callose deposition (Ngou et al., 2021). Moreover, ETI activation induces the 

expression of various PTI signalling components including BAK1 and SOBIR1 (Ngou et al., 2021; 

Yuan et al., 2020). PRR signalling can also promote ETI-associated responses to ectopically 

expressed effectors and the pathogen P. syringae carrying the AvrRpt2 or AvrRps4 effectors 

(Ngou et al., 2021; Yuan et al., 2020). Whilst there are some cases in which PRR signalling 

suppresses ETI responses (Hatsugai et al., 2017), these recent findings suggest that PTI and ETI 

are largely mutually potentiating. Subsequently, the ‘zig zag’ model of plant immunity (Figure 

1.1) has been adapted to incorporate this mutual potentiation (Yuan et al., 2021). An improved 

understanding of ETI signalling will help evolve the understanding of plant defence responses.   

1.1.7. Plant defence outputs 

Plant perception and signalling of a biotic stress ultimately functions to tailor inducible 

defences against the specific pest or pathogen. Some inducible defences can be structural such 

as reinforcement of the cell wall and callose deposition (Voigt, 2014; Rasool et al., 2017). 

Additionally, plants can express pathogenesis related (PR) proteins with diverse and direct 

defence related functions, such as chitinases that can attack fungal or insect chitin and defensins 

that have antibacterial and antifungal activities (Loon et al., 2006). Against herbivorous insects, 

plant defence responses can include the expression of proteinase inhibitors (PIs) which can 

impair insect protein digestion (War et al., 2012; Arnaiz et al., 2018). Secondary metabolites are 

diverse compounds that primarily function in plant-environment interactions including plant 

defence responses (Erb and Kliebenstein, 2020; Piasecka et al., 2015). Inducible defensive 

secondary metabolites can include cyanogenic glycosides, terpenes, and alkaloids and can have 

diverse defensive effects including membrane disruption, inhibition of ion or nutrient transport 

and disruption of DNA replication (Piasecka et al., 2015; Divekar et al., 2022). Some secondary 

metabolites form volatile organic compounds (VOCs) which can be toxic to insect herbivores, 

repel them or attract natural predators of the insect (Zhou  and Jander, 2021). Pathogen 

infection and aphid feeding can both promote increases in the amino acid-derived glucosinolate 

secondary metabolite, 4-methoxyindole-3-yl-methylglucosinolate, that functions in plant 

defence responses (Kim and Jander, 2007; Xu et al., 2016). Glucosinolates can act as defences 

following their enzymatic break down into toxic products during pathogen or pest attack 

(Piasecka et al., 2015). In summary, diverse inducible defences are deployed following the 

perception and signalling of a biotic stress to limit pest or pathogen colonisation or infection.  
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1.1.8. Summary of general plant defence responses to biotic stress 

Here, the mechanisms by which plants recognise and respond to biotic stresses have 

been explored. Perception at the plasma membrane can include the recognition of PAMPs, 

HAMPs, DAMPs, phytocytokines and mechanical stress. This perception triggers a series of rapid 

signalling events, including [Ca2+] elevations. Together with phytohormone signalling, these 

signalling events coordinate defence outputs. Whilst effectors may function to suppress defence 

signalling, NLR recognition of pest or pathogen effectors can trigger further signalling to enhance 

plant defence responses. The defence outputs can take many forms. To ensure defence 

responses are appropriate to resist diverse pests and pathogens, there is specificity built into 

the perception and signalling mechanisms. The molecular interactions between plants and their 

biotic attackers can determine how resistant the plant is to the pest or pathogen present.  

1.2. Plant defence responses to insect pests 

Using the understanding of general plant defence responses laid out in Section 1.1, plant 

defence responses to insect pests can be explored. Molecular insect-plant interactions are 

heavily influenced by how the insect colonises and/or feeds from the plant. These interactions 

are relatively well characterised for the chewing insects of lepidopteran larvae (caterpillars) but 

much less well characterised for aphids and thrips which feed on a more localised scale. To lay 

the foundations for the upcoming investigations into how plants perceive aphid and thrips 

feeding, the knowledge of the plant molecular interactions with caterpillars, aphids and thrips 

will be considered here.  

In considering the plant-insect interactions, stimuli will be categorised based on spatial 

scales. A large-scale stimulus will refer to any stimulus that influences many cells across different 

tissues (e.g. cutting or crushing a leaf and caterpillar feeding). Such stimuli may induce rapid 

systemic signalling. A localised/local stimulus will refer to any stimulus that affects only a few 

cells in direct contact with the stimulus or closely neighbouring cells (e.g. localised wounding or 

aphid feeding). These stimuli generally do not trigger rapid systemic signalling responses.  

1.2.1. Lepidopteran larvae: Chewing insects that cause large-scale damage 

Caterpillar feeding and plant perception 

Phytophagous lepidopteran larvae (caterpillars) are usually multiple millimetres in 

length. They can form significant pests through using their chewing mandibles to fracture and 

remove relatively large quantities of plant tissue for consumption. During this feeding process, 
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caterpillars can produce oral secretions (OS), comprised of regurgitant from the anterior gut, 

and salivary secretions, produced from labial and mandibular glands (Acevedo et al., 2015).  

Plant responses to caterpillar feeding have been heavily studied. To mimic caterpillar 

feeding in investigations, stimuli that cause large-scale damage are often applied with or without 

OS treatments (Malabarba et al., 2021; Meena et al., 2019). Moreover, robotics has been used 

to recapitulate caterpillar feeding patterns with MecWorm (Bricchi et al., 2010) and with salivary 

components added using SpitWorm (Li et al., 2019). These investigations have revealed that the 

pattern of damage and the OS both contribute to the plant perception of caterpillar feeding. 

Perception of caterpillar HAMPs 

Various HAMPs that induce plant defences have been identified from lepidopteran 

larvae (Jones et al., 2022; Snoeck et al., 2022). For example, volicitin, a fatty acid-amino acid 

conjugate (FAC), was the first purified HAMP and was identified from Spodoptera exigua. 

Volicitin induces VOC emissions in damaged maize leaves that can attract parasitic wasps of S. 

exigua (Turlings et al., 2000). Similar FAC HAMPs have been identified in the OS of many 

lepidopteran species (Yoshinaga et al., 2010). For some lepidopteran larvae, bacterial 

endosymbionts can modulate the extent of defence elicitation suggesting that endosymbionts 

may influence HAMP production or perception (Wang et al., 2017b; Acevedo et al., 2017; 

Yamasaki et al., 2021). There is limited knowledge of receptors that perceive lepidopteran 

HAMPs. However, recently a receptor for the HAMP, inceptin, was identified (Steinbrenner et 

al., 2020). Inceptins are present in the OS of several lepidopteran species and are produced by 

caterpillars as disulfide-bridged peptides derived from plant chloroplastic ATP synthase γ-

subunits (Schmelz et al., 2006; Schmelz et al., 2012). Inceptins can induce many defence 

responses including JA signalling, volatile emissions, and PI production (Schmelz et al., 2006). 

The RLP INCEPTIN RECEPTOR (INR) was demonstrated in tobacco species to bind inceptins, 

facilitate inceptin-induced defence responses and enhance S. exigua resistance (Steinbrenner et 

al., 2020). In summary, plant perception of caterpillar feeding can include HAMP perception.  

Damage perception and signalling during lepidopteran larval feeding 

Large-scale damage is an integral part of caterpillar feeding. Therefore, the mechanism 

of large-scale wound-induced rapid systemic signalling that leads to de novo JA biosynthesis may 

operate in responses to caterpillar feeding (Section 1.1.5 – Systemic JA Signalling). In support of 

this notion, when the primary vascular tissue is damaged, both large-scale wounding and 

caterpillar feeding induce rapid systemic [Ca2+] elevations, membrane depolarisations and JA 

marker gene expression (Kiep et al., 2015; Salvador-Recatalà et al., 2014; Nguyen et al., 2018; 

Toyota et al., 2018; Gao et al., 2023). Moreover, resistance against Spodoptera spp. is altered in 

several A. thaliana mutants (glr3.3, aha1, isi1, aca10 aca12 and ann1) that are impaired in the 
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large-scale wound-induced rapid systemic signalling (Kumari et al., 2019; Nguyen et al., 2018; 

Wu et al., 2022; Malabarba et al., 2021; Fotouhi et al., 2022). As proposed for the large-scale 

wound-induced responses (Toyota et al., 2018; Bellandi et al., 2022; Grenzi et al., 2023), the 

caterpillar-feeding induced rapid systemic signalling may be regulated by GLR3.3 and 3.6 

following the perception of the DAMP glutamate. Thus, the perception of damage or DAMPs 

with caterpillar feeding appears to trigger rapid systemic signalling upstream of JA-mediated 

plant defence responses.  

Other damage perception mechanisms also appear to contribute to local and systemic 

responses to caterpillar feeding, including various phytocytokine signalling pathways. For 

example, the systemin phytocytokine found in many solanaceous plant species is thought to be 

released from pro-systemin with wounding and caterpillar feeding as a mobile signal (Zhang et 

al., 2020). Systemin is perceived locally and systemically by the RLK SYSTEMIN RECEPTOR 1 

(SYR1) to promote defence responses against chewing insects including ROS and ethylene 

production, JA signalling and PI accumulation (Wang et al., 2018; Coppola et al., 2019; Pearce et 

al., 1991; Green and Ryan, 1972; Orozco-Cardenas et al., 1993). Similar molecules in 

hydroxyproline-rich systemins have also been implicated as phytocytokines in responses to 

lepidopteran larvae as well as to some pathogens (Pearce, 2011; Hou et al., 2021a). The PEP-

PEPR phytocytokine signalling system that can be induced by damage can also promote 

resistance against chewing insects. For example, pepr1 pepr2 mutant A. thaliana displays 

reduced resistance against S. littoralis (Klauser et al., 2015). The SCOOP-MIK2 phytocytokine 

signalling system that can be induced by wounding is also induced following S. littoralis feeding 

and contributes to plant defences against this pest (Stahl et al., 2022). Therefore, various 

damage-associated phytocytokine signalling pathways operate in plant defence responses to 

lepidopteran larvae.  

Hormone signalling responses to caterpillars 

JA signalling is largely considered to be the dominant hormone signalling pathway that 

operates in responses to chewing insect herbivory in both local and systemic tissues (Bürger and 

Chory, 2019; Erb et al., 2012; Wang et al., 2021a). Indeed, many investigations report that 

caterpillar feeding induces the accumulation of JAs and JA-regulated defence compounds as well 

as the expression of JA responsive genes (Weech et al., 2008; Reymond et al., 2004; De Vos et 

al., 2005; Schweizer et al., 2013; Mewis et al., 2006; Meena et al., 2019). Moreover, A. thaliana 

mutants defective in JA biosynthesis or signalling often display reduced resistance to chewing 

insect herbivores (Schweizer et al., 2013; Fernández-Calvo et al., 2011; Mewis et al., 2006; 

Meena et al., 2019; Havko et al., 2020). The dominance of JA signalling in responses to caterpillar 

feeding is consistent with damage being a major contributor to the plant perception of 
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caterpillar feeding because JA signalling also dominates hormone signalling responses to large-

scale damage (Koo and Howe, 2009; Mousavi et al., 2013; Meena et al., 2019; Toyota et al., 

2018). However, treatment with caterpillar OS can also induce JA accumulation (Klauser et al., 

2015). Thus, the perception of both damage and HAMPs may induce JA defence signalling in 

responses to caterpillar feeding. 

Effectors from lepidopteran larvae 

Lepidopteran larval secretions are considered to contain effector proteins that can 

manipulate host defences. In support of this, the OS of some caterpillars species can suppress 

wound-induced responses in plants (Consales et al., 2011; Kinoshita and Betsuyaku, 2018) 

including the large-scale wound-induced systemic [Ca2+] elevations (Kiep et al., 2015). Moreover, 

some effectors have been identified in caterpillar OS. In contrast to the inceptin elicitor from the 

generalist S. frugiperda, the Anticarsia gemmatalis specialist caterpillar produces a truncated 

inceptin peptide effector that antagonises full length inceptin-induced defence responses 

(Schmelz et al., 2012). Additionally, Helicoverpa armigera produces the HARP1 effector protein 

that is delivered into plants with feeding. HARP1 limits JA-induced JAZ repressor degradation 

and JA-mediated defence responses thus promoting H. armigera feeding (Chen et al., 2019). 

Many caterpillar species are relatively mobile and quickly consume large amounts of plant 

tissue. Therefore, effectors may play a relatively minor role in determining whether a caterpillar 

can feed from a plant. However, S. frugiperda feeding occurs over extended periods of time in 

enclosed whorls where frass can accumulate near feeding sites. Interestingly, when feeding 

from maize, this frass can contain maize chitinases that are induced with feeding and that 

suppress host defences against S. frugiperda (Ray et al., 2016). These examples reveal that 

caterpillars can deliver effectors to suppress plant defence responses and promote feeding. 

Summary of plant responses to lepidopteran larvae 

Feeding from caterpillars causes significant damage which can be perceived along with 

HAMPs from OS. The perception of caterpillar feeding in A. thaliana induces local and systemic 

defence responses which can include rapid systemic signalling and de novo JA biosynthesis. 

Effectors can also be delivered with feeding to suppress plant defence responses. The ability to 

mimic caterpillar feeding by wounding and OS treatments has greatly facilitated investigations 

into the mechanisms that underpin the plant perception of caterpillar feeding. 

1.2.2. Thrips: Minute pests that exhibit damage-based feeding on a local scale 

There are over 5500 described species of thrips (order: Thysanoptera). These insects are 

usually less than 1.5 mm in length and display characteristic fringed wings that help them remain 

airborne despite being poor flyers (Mound, 2005). Phytophagous thrips species can form plant 
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pests by direct damage during feeding or by transmitting economically significant plant viruses, 

such as tospoviruses (Riley et al., 2011; Steenbergen et al., 2018; Rotenberg and Whitfield, 2018; 

Jones, 2005). For example, the thrips Frankliniella occidentalis poses a significant threat as both 

a generalist pest, feeding on host plants from over 60 families, and as the primary vector of the 

devasting tomato spotted wilt virus (TSWV) (Wijkamp et al., 1995; Riley et al., 2011; Steenbergen 

et al., 2018; Mouden et al., 2017). Thrips pests are challenging to control due to several factors, 

including their complex lifecycles, rapidly evolving pesticide resistance and ability to evade 

pesticides or detection (Gao et al., 2012; Steenbergen et al., 2018; Rotenberg and Whitfield, 

2018). Understanding and enhancing plant defences against thrips would help to limit thrips 

damage to plants and thrips-vectored virus transmission.  

Thrips interactions with plants 

Thrips detect suitable host plants through pre- and post-alighting cues which occur 

before and after making physical contact with the plant, respectively (Steenbergen et al., 2018). 

Pre-alighting selection involves the detection of various stimuli including volatile molecules and 

colour (Childers and Brecht, 1996; Koschier et al., 2007; Teulon et al., 1999; Koschier et al., 

2000). Post-alighting selection can involve sensing plant nutritional quality and the presence of 

plant defences (Leiss et al., 2013; Wang et al., 2014a; Pobożniak and Koschier, 2014; Leiss et al., 

2009; Baez et al., 2011). For example, potato overexpressing defensive PIs can deter F. 

occidentalis (Outchkourov et al., 2004).  

Thrips display a complex lifecycle on host plants (Steenbergen et al., 2018). This involves 

a haplodiploid sex-determination system with diploid females emerging from fertilised eggs and 

haploid males emerging from unfertilised eggs. Adult female thrips lay eggs into or on host plant 

tissue from which larvae emerge and develop through two larval stages (L1 then L2) that actively 

feed on the plant. Following this, thrips larvae develop into prepupae and then pupae, both of 

which do not feed and are soil-dwelling. Adults form from pupae with adult females of F. 

occidentalis being notably larger than adult males. Viral acquisition occurs by L1 and early L2 

thrips with later L2 larvae and adult thrips able to deposit viruses (Steenbergen et al., 2018; Riley 

et al., 2011). The thrips lifecycle generally takes two to three weeks to complete with females 

capable of laying between 40 and 100 eggs (Cloyd, 2009; Steenbergen et al., 2018). As a result, 

thrips populations can rapidly expand to colonise a host plant.  

Phytophagous thrips can often feed on leaves, petals, fruits and pollen (Steenbergen et 

al., 2018). Thrips feeding uses the mouth cone which contains two paired, interlocking maxillary 

stylets and a single mandibular stylet which are all innervated supporting chemosensory 

functions (Hunter and Ullman, 1994; Hunter and Ullman, 1992). At its distal point, the F. 

occidentalis mandibular stylet is approximately 1-2 μm in diameter as is the maxillary stylet 
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bundle (Hunter and Ullman, 1992).  The mandibular stylet protrudes from the mouth cone by a 

maximum of approximately 20 µm whilst the maxillary stylets protrude to a maximum of 

approximately 60 µm (Chisholm and Lewis, 1984). These stylet properties result in highly 

localised feeding events that are limited to a few cell layers at the leaf surface (Figure 1.6A). To 

initiate feeding, the mandibular stylet macerates epidermal and mesophyll cells by a downward 

and backward thrust of the head taking only a fraction of a second. Following this, the 

mandibular stylet is rapidly withdrawn and replaced by the maxillary stylets. The food canal 

formed by the maxillary stylets is then used to suck up the released cell contents (Kindt et al., 

2006; Kindt et al., 2003; Hunter and Ullman, 1992; Hunter and Ullman, 1989; Chisholm and 

Lewis, 1984). The maxillary stylets also form a salivary canal which can deliver watery or gelling 

saliva from the salivary glands during feeding (Hunter and Ullman, 1992; Stafford et al., 2011; 

Heming, 1978). Whilst the functions of thrips saliva are poorly characterised, saliva is thought to 

contribute to virus delivery, lubrication of mouth parts, digestion, and effector delivery 

(Stafford-Banks et al., 2014; Rotenberg et al., 2020). Individual feeding events often last 

between a few seconds and 30 min with more damage caused by longer duration feeding events 

(Chisholm and Lewis, 1984). Following feeding, pierced cells collapse and fill with air causing 

silvery ‘scars’ to form (Figure 1.6B) (Steenbergen et al., 2018). This feeding behaviour means 

individual thrips feeding events cause highly localised damage of epidermal and mesophyll cells 

with limited penetration towards vascular tissue.  

 

A) B) 

Figure 1.6 Thrips feeding model and scar damage. 
 
(A) Model of feeding for the thrips Frankliniella occidentalis.  During feeding, F.  
occidental is pierces and macerates epidermal and mesophyll cells  with the mandibular 
stylet before sucking up cell  contents with the maxil lary stylets. This feeding and cell  
damage is largely restr icted to a few cel l layers at the leaf surface. Created with 
BioRender.com. (B) Scar damage that results from cell col lapse following thrips feeding.  
Image from Steenbergen  et al.  (2018) with permissions.  
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Plant perception of thrips feeding 

The plant perception of thrips feeding is not well characterised. Partly, this results from 

thrips being difficult to culture, handle and contain safely without the risk of virus transmission. 

High throughput methods for assessing thrips resistance are emerging through the automated 

measurement of thrips feeding-induced damage or plant choice (Thoen et al., 2016; Visschers 

et al., 2018; Jongsma et al., 2019). However, these approaches have not yet been used to search 

for components involved in thrips perception in plants and cannot directly provide insights into 

the initial plant responses to thrips feeding. It is also challenging to recapitulate thrips feeding 

experimentally without using live insects as can be done for caterpillar feeding. This is because 

thrips feeding is highly intricate and localised with micrometre or sub-micrometre scale feeding 

structures and small volumes of saliva which have not yet been collected. Whilst thrips feeding 

can induce the transcription of PEPR1, PEPR2 and PROPEP3 (Klauser et al., 2015), it is unknown 

if these components contribute to thrips perception. In summary, there are currently no known 

receptors that perceive thrips feeding or elicitors implicated in this plant perception. 

Phytohormone signalling in responses to thrips feeding 

Since localised damage is a major component of thrips feeding, it is unsurprising that JA 

signalling dominates phytohormone responses to thrips (Steenbergen et al., 2018). In A. 

thaliana, thrips treatment has been shown to induce JA accumulation and the expression of 

many JA responsive genes (De Vos et al., 2005; Steenbergen, 2022; Santamaria et al., 2021; 

Sarde, 2019; Abe et al., 2009; Abe et al., 2008). Moreover, JA pre-treatment of A. thaliana 

increases resistance to F. occidentalis whilst coi1 mutants defective in JA signalling have reduced 

F. occidentalis resistance (Kato et al., 2022; Abe et al., 2009; Abe et al., 2008). F. occidentalis 

treatment can also induce the expression of JA responsive genes in the pepper, Capsicum 

annuum (Sarde, 2019), and in Solanum lycopersicum with JA-deficient S. lycopersicum mutants 

impaired in the production of thrips-induced defensive VOCs (Escobar-Bravo et al., 2017). 

Interestingly, TSWV can suppress JA defence signalling against F. occidentalis by inducing 

antagonistic SA signalling (Abe et al., 2012) and by the viral NSs protein binding JA-activated 

MYC transcription factors (Wu et al., 2019). This viral manipulation of JA signalling further 

demonstrates the importance of JA-mediated defence responses in plant resistance to thrips.  

It is unclear whether JA signalling in responses to thrips feeding operates systemically. 

Since thrips feed from epidermal and mesophyll cell layers in leaves, they are not expected to 

damage the primary vascular tissue as is required to induce rapid systemic [Ca2+] signalling and 

membrane depolarisations (Kiep et al., 2015; Salvador-Recatalà et al., 2014; Toyota et al., 2018; 

Gao et al., 2023). Because these rapid systemic signalling mechanisms are thought to regulate 

de novo JA biosynthesis (Johns et al., 2021), it is unlikely that thrips could trigger systemic JA 
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signalling in this way. However, thrips treatment of A. thaliana has been demonstrated to cause 

the systemic induction of JA marker gene expression in LOX2, 3 and 4 and PDF1.2 (Steenbergen, 

2022). These JA-induced responses could be regulated by migratory JA species activating 

systemic responses. Further investigations are required to appreciate the local and systemic 

hormone signalling responses to thrips feeding.  

Thrips effectors 

Whilst thrips effectors may be present in saliva, no bona fide thrips effectors have yet 

been identified and characterised. A salivary gland transcriptome of F. occidentalis has been 

used to predict salivary proteins and has revealed some candidate effectors including regulacin, 

a Ca2+-binding protein hypothesised to disrupt host Ca2+ signalling (Stafford-Banks et al., 2014). 

Recently, a F. occidentalis genome has also been produced which facilitated improved 

characterisation of proteins that may be secreted into saliva on the basis of displaying enriched 

expression in the salivary glands, predicted signal peptides and no apparent transmembrane 

domains (Rotenberg et al., 2020). These genes form candidate effectors that could suppress 

plant defence responses. Methods have been developed to identify whether putative salivary 

proteins influence thrips resistance by assaying thrips reproduction on tomato leaf discs 

transiently expressing candidate effector genes (Abd-El-Haliem et al., 2018). This method 

yielded a putative effector, Foc238, which has not yet been further characterised. Because F. 

occidentalis gene expression can be knocked down by RNA interference (RNAi) (Badillo-Vargas 

et al., 2015), the contribution of putative effectors to thrips-plant interactions could be assessed 

through RNAi. Identifying any thrips effectors will be significant in understanding the molecular 

interactions between plants and thrips.  

Summary of plant responses to thrips feeding 

Plant responses to thrips feeding are challenging to investigate. In contrast to 

caterpillars, there are no known elicitors or plant receptors for the recognition of thrips feeding. 

Moreover, thrips effectors that suppress plant defence responses have not yet been identified. 

Like caterpillar feeding, damage is likely significant in the plant perception of thrips feeding and 

the subsequent JA defence signalling. However, unlike caterpillars, thrips feeding-induced 

damage is highly localised and focussed in epidermal and mesophyll cells. Nonetheless, various 

DAMPs could be significant for thrips perception in plants as could mechanosensory 

components and HAMPs that may exist in thrips saliva. Understanding how plants perceive 

thrips feeding will be significant for appreciating thrips resistance in plants. 
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1.2.3. Aphids: Phloem feeding pests that minimise cell damage for sustained feeding 

Aphids are small hemipteran insects with adult body lengths typically between 1 and 3 

mm. Aphids use stylets to feed and primarily feed from plant phloem tissue. With over 4700 

species and a presence on all continents except Antarctica, aphids are highly pervasive and 

diverse (Dixon, 2012; Remaudiere and Remaudiere, 1997). Most of these species are specialists 

with relatively few aphid species forming generalists (Dixon, 2012). Myzus persicae is a model 

generalist aphid that can colonise more than 100 different plant species including A. thaliana 

(Blackman and Eastop, 2000). Aphid colonisation of plants can directly deplete nutrients, reduce 

light availability for photosynthesis, promote pathogen infection and cause gall formation 

(Guerrieri and Digilio, 2008; Kranti et al., 2021). Additionally, aphids can transmit a multitude of 

economically significant plant viruses (Ng and Perry, 2004). For example, M. persicae can 

transmit over 100 different viruses (CABI, 2015; Blackman and Eastop, 2000). For these reasons, 

aphid species that can colonise crop plants can be devasting pests (Valenzuela and Hoffmann, 

2015; Watanabe et al., 2018; Rabbinge et al., 1981; Khan et al., 2012; Blackman and Eastop, 

2017). Whilst pesticide application has been the major strategy for controlling aphid pests, 

pesticide resistance and legislation to reduce pesticide use make this control strategy less 

effective (Dewar, 2017; Dedryver et al., 2010; Bass et al., 2014; Silva et al., 2012). Moreover, 

alternative control strategies for insect pests, such as plant-mediated RNAi and Bt toxins, are of 

limited use against aphids (Yu et al., 2016; Porcar et al., 2009; Zhao et al., 2016). Therefore, 

efforts to control aphid pests focus on understanding and enhancing aphid resistance in plants.  

Aphid lifecycle and host selection 

Aphid colonisation of plants differs throughout a complex lifecycle which is influenced 

by environmental conditions and varies between species (Hardy et al., 2015; Simon et al., 2002). 

Despite this, a generalised lifecycle can be described that applies to M. persicae in temperate 

climates and includes cyclic parthenogenesis (Blackman, 1974). In winter, short day lengths and 

low temperatures result in a single sexual generation of aphids that produce overwintering eggs 

on a primary host (Le Trionnaire et al., 2008). This phase helps avoid winter food shortages, 

allows genetic mixing and confers a better ability to tolerate harsh winter conditions (Simon et 

al., 2002). Following winter, female nymphs emerge from eggs and develop to begin viviparous 

asexual reproduction producing nymphs which develop through 4 instar stages to become 

reproductive adults. These asexual or parthenogenetic aphids soon migrate to a suitable 

secondary host and can continue asexual reproduction until autumn. Asexual populations can 

expand rapidly as females display relatively short generation times, high fecundities and give 

birth to individuals with the next generation already developing within them (Kranti et al., 2021; 

Hong et al., 2019). Aphids can develop as winged (alate) or wingless (apterous). Alates can 
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develop to promote migration between host plants especially in unfavourable conditions such 

as on overpopulated leaves (Ogawa and Miura, 2014; Le Trionnaire et al., 2008). Aphid host 

selection involves a series of cues including pre-alighting cues such as visual and volatile stimuli 

(Döring, 2014), and post-alighting cues including tactile (Powell et al., 2006) and gustatory cues 

(Powell et al., 2006; Dixon, 2012; Leybourne et al., 2018; Phelan and Miller, 1982; Escudero-

Martinez et al., 2021). These lifecycle properties and behaviours can allow aphids to identify and 

rapidly colonise secondary host plants.  

Aphid feeding structures and behaviour 

Like thrips, aphids feed using stylets. However, the aphid stylets and feeding behaviours 

are significantly different from those of thrips (Figure 1.7). Aphids possess two innervated 

mandibular stylets that surround two maxillary stylets to form a stylet bundle typically 400 – 700 

µm in length (Forbes, 1966; Forbes, 1969). The maxillary stylets interlock and form a food canal 

and a smaller salivary canal, which fuse into a single common canal towards the distal point of 

the stylet bundle (Forbes, 1969). The entire stylet bundle tapers from a diameter of 

approximately 4.5 µm at the head to 2.7 µm near the tip, with each stylet also tapering to a finer 

point (Forbes, 1969). Both the mandibular and maxillary stylets have several barb-like 

projections in series towards the distal tip that may aid with clamping stylets in plant tissue or 

with tissue penetration (Forbes, 1966; Klingauf, 1987). In the common canal, the acrostyle exists 

as a distinct anatomical region on the inner face of the maxillary stylet cuticle (Uzest et al., 2010). 

The acrostyle appears to bind effectors and viruses and may therefore promote effector delivery 

and virus transmission (Deshoux et al., 2022; Webster et al., 2017). The stylets lie in part within 

a groove along the segmented labium which is extended under the body towards the posterior 

when aphids are not feeding (Forbes, 1977). These stylets differ significantly from thrips stylets 

and allow aphids to feed on plant vascular tissue.  

To initiate feeding, the aphid labium taps and explores the leaf surface before 

contracting to allow stylet emergence (Forbes, 1977). A drop of gelling saliva is secreted onto 

the leaf surface and solidifies to provide a holdfast for feeding initiation as the stylets penetrate 

into the leaf intercellular spaces (Pollard, 1973; Tjallingii, 2006). Gelling saliva secretion then 

continues in the plant apoplast producing a sheath that surrounds the stylets (Tjallingii, 2006). 

This stylet sheath may help lubricate and guide stylet movement and protect stylets from 

mechanical or chemical damage (Tjallingii, 2006; Will et al., 2012). This sheath remains in the 

plant after stylet retraction allowing the path of aphid stylets to be visualised. Before reaching 

the phloem for feeding, aphids perform probes of approximately 5 – 10 s on most of the cells 

that they encounter, including epidermal and mesophyll cells (Tjallingii and Esch, 1993). During 

these probes, they secrete a small amount of a watery saliva and ingest a small volume of the 
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cell contents (Martín et al., 1997). Though some cell death can result from this probing, most 

cells show no signs of damage or necrosis with gelling saliva helping to plug probed sites 

(Tjallingii and Esch, 1993; Walling, 2008). The process of probing with limited cell death may 

promote virus transmission and limit plant defence responses (Martín et al., 1997). Probing 

mesophyll cells may also allow aphids to sense sugar concentrations and vacuolar pH, both lower 

than that of phloem sieve elements, to help guide stylets to the phloem (Hewer et al., 2010; 

Hewer et al., 2011). Once aphids locate the phloem, there is an initial salivation of watery saliva 

before ingestion coupled with salivation, which is thought to limit the coagulation of phloem 

proteins during ingestion (Tjallingii, 2006). The watery saliva likely contains proteins that limit 

phloem occlusion in response to aphid feeding (Will et al., 2009). Subsequent sustained feeding 

from the phloem can occur and last for hours or even days (Tjallingii, 1995) with phloem sap 

forming a high carbon and nitrogen substrate which is relatively low in plant defence molecules 

(Douglas, 2006).  

Figure 1.7 Model of aphid feeding. 
 
Model for aphid feeding from a leaf with the path of the aphid stylets demonstrated in 
red. The aphid stylets extend from the aphid mouthparts and penetrate the leaf cuticle 
to enter the intercellular space. The stylets are then navigated through the apoplast and 
probe most cells  that they encounter. The probes are short,  5 – 10 s long events that 
involve secreting a small  amount of watery saliva and consuming a small amount of cell  
contents. Very few cells die because of the probing. The probing process helps guide the 
stylets to the vascular bundle which includes the phloem and the xylem tissue. When the 
stylets reach the vascular bundle, they can penetrate the phloem cells and aphids can 
begin sustained feeding from the phloem sap. Created with BioRender.com.  
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Plant perception of aphids at the plasma membrane 

Aphid feeding interactions are intricate. The cell damage caused is highly localised and 

limited and the aphid saliva is complex with different types present. Thus, aphid feeding is 

challenging to recapitulate for investigations into how plants perceive aphid feeding. 

Nonetheless, aphid feeding is known to induce plant defence responses, including [Ca2+] 

elevations and gene expression changes, within 30 minutes of feeding initiation or probing 

(Vincent et al., 2017a; Giolai, 2019). Other inducible defence responses also occur with aphid 

feeding including ROS production, secondary metabolite accumulation and callose deposition 

(Nalam et al., 2019; Moran and Thompson, 2001; Jaouannet et al., 2015). Therefore, plants can 

perceive the early phases of aphid feeding to trigger defence responses.  

With limited damage caused by aphid feeding, it is thought that HAMPs play a more 

major role in the plant perception of aphid feeding than damage or DAMPs. Such HAMPs could 

be present in aphid saliva. Indeed, the less than 10 kDa fraction of M. persicae saliva appears to 

contain a proteinaceous component that induces plant defence responses against M. persicae 

(De Vos and Jander, 2009). Some candidate HAMPs in aphid saliva have been identified. For 

example, the M. persicae salivary proteins, Mp56, 57 and 58, are considered putative elicitors 

because they promote aphid resistance when expressed in A. thaliana and N. benthamiana 

(Elzinga et al., 2014). Additionally, a salivary pectinase from Sitobian avenae can elicit the 

production of VOCs in wheat that attract the aphid parasitoid, Aphidius avenae (Liu et al., 2009). 

GroEL, a protein derived from the Buchnera aphidicola endosymbiont, is a candidate elicitor 

found in Macrosiphum euphorbiae saliva (Chaudhary et al., 2014). GroEL can induce PTI-like ROS 

bursts, callose deposition, gene expression changes and resistance to aphids (Chaudhary et al., 

2014; Elzinga et al., 2014). Extracts produced from whole aphids may also contain HAMPs that 

function in aphid-plant interactions. M. persicae aphid extract can induce the PTI-like responses 

of ROS bursts, MAPK activation, gene expression changes and aphid resistance (Prince et al., 

2014; Canham, 2022). However, the identity of any specific elicitors in M. persicae aphid extract 

remains unknown. Whilst putative aphid HAMPs exist, none have yet been demonstrated to be 

active in plant-insect interactions without exogenous application or ectopic expression. As such, 

there is a limited understanding of HAMPs that function in the plant perception of aphid feeding.  

Receptors for aphid HAMPs at the plasma membrane have also not yet been identified. 

The BAK1 RLK co-receptor is required for the full induction of responses to GroEL and M. persicae 

aphid extract (Chaudhary et al., 2014; Prince et al., 2014; Canham, 2022). Whilst M. persicae 

resistance is unaltered on bak1-5 mutant A. thaliana (Prince et al., 2014; Drurey et al., 2019), 

this may be explained by M. persicae effectors suppressing BAK1-dependent defence responses 

(Drurey et al., 2019). In support of BAK1 contributing to the perception of aphid feeding, M. 
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persicae feeding induces [Ca2+] elevations that are thought to be BAK1-dependent (Vincent et 

al., 2017a). Moreover, resistance against the pea aphid, Acyrthosiphon pisum, is reduced on 

bak1-5 mutant A. thaliana suggesting that BAK1 can contribute to defences against certain aphid 

species (Prince et al., 2014). Similarly to BAK1, the SOBIR1 co-receptor contributes to aphid 

extract-induced PTI-like responses but does not contribute to M. persicae resistance (Canham, 

2022). The AGB1 G-protein is another plasma membrane signalling component that contributes 

to M. persicae aphid extract-induced responses (Drurey, 2015). As M. persicae fecundity and A. 

pisum survival is increased on agb1-2 mutants (Drurey, 2015), it may be that an aphid HAMP 

receptor activates a G-protein signalling response that contributes to defence induction. 

Nonetheless, whilst receptors for aphid HAMPs in A. thaliana may exist, none have yet been 

identified.  

A role for damage sensing in the perception of aphid feeding is often overlooked due to 

the small amount of cell damage and death caused by aphid feeding. Despite this, there is some 

evidence that damage perception might contribute to aphid feeding-induced responses in A. 

thaliana. Firstly, M. persicae feeding induces rapid [Ca2+] elevations around the feeding site that 

are thought to be dependent on the glutamate DAMP receptors, GLR3.3/3.6 (GLR3.3 and/or 

GLR3.6)(Vincent et al., 2017a). In addition, these [Ca2+] elevations are considered partially 

dependent on TPC1 (Vincent et al., 2017a), which has been implicated in plant responses to 

large-scale wounding (Kiep et al., 2015). The ROS producing RBOHD enzyme, also implicated in 

systemic responses to large-scale wounding (Fichman and Mittler, 2021a; Fichman and Mittler, 

2021b; Fichman et al., 2019; Miller et al., 2009), has also been implicated in M. persicae 

resistance (Miller et al., 2009). However, this role for RBOHD is unclear with RBOHF reported to 

function in M. persicae resistance instead (Jaouannet et al., 2015). Nonetheless, several 

components implicated in responses to M. persicae feeding also function in responses to 

wounding suggesting that cell damage may contribute to aphid perception. Cell wall damage 

during aphid feeding could also lead to the release of DAMPs, such as OGs, that induce plant 

defence responses. In support of this, aphid saliva can contain cell wall modifying enzymes 

including pectin methylesterases (PMEs) and polygalacturonases (PGs) (Dreyer and Campbell, 

1987; Ma et al., 1990; McAllan and Adams, 1961). Moreover, PME activity in A. thaliana 

increases in response to M. persicae feeding (Silva-Sanzana et al., 2020) and OGs can induce M. 

persicae resistance (Silva-Sanzana et al., 2022). Therefore, whilst damage perception has not 

been directly reported during aphid feeding, this perception could contribute to the induction 

of plant defence responses following aphid feeding.  

Whilst there are plasma membrane co-receptors and signalling components implicated 

in aphid perception, there are no HAMPs, DAMPs or plasma membrane receptors that have 



 

58 
 

been demonstrated to function at the aphid feeding site. Moreover, mechanical stress caused 

by stylet navigation may contribute to the plant perception of aphid feeding, but no 

mechanosensory components have yet been implicated in this perception. Characterising how 

plants perceive aphid feeding will be critical for understanding plant defence responses against 

aphids.  

JA and SA signalling in responses to aphids 

Compared with thrips and caterpillar feeding, the roles of phytohormone signalling 

pathways in responses to aphid feeding are less clear. For example, M. persicae has been 

demonstrated to induce the expression of various SA and JA marker genes including PR1 and 

PDF1.2, respectively (Moran and Thompson, 2001; Moran et al., 2002; De Vos et al., 2005). 

Additionally, the Brassica specialist aphid, Brevicoryne brassicae, can induce PR1 and JAZ10 

expression around feeding sites (Rubil et al., 2022) along with the expression of over 800 JA-

regulated transcripts following colonisation (Kusnierczyk et al., 2011). Interestingly, A. thaliana 

genotypes impaired in SA signalling or accumulation have often been shown to have unaltered 

resistance against M. persicae (Pegadaraju et al., 2005; Moran and Thompson, 2001). 

Additionally, M. persicae colonisation is reduced on A. thaliana npr1 mutants and NahG 

expressing plants that have impaired SA perception and enhanced SA degradation, respectively 

(Mewis et al., 2006). Therefore, SA signalling may promote M. persicae colonisation of A. 

thaliana. In contrast, M. persicae resistance is reduced in the coi1 and aos mutants, which are 

defective in JA signalling, and enhanced in the cev1 and fou2 mutants, which over-accumulate 

JAs (Ellis et al., 2002; Vincent et al., 2017a; Archer et al., 2022). With JA signalling likely therefore 

to promote aphid resistance, it has been proposed that aphid feeding may induce SA signalling 

to antagonise JA signalling and promote aphid colonisation (Züst and Agrawal, 2016). The plant 

responses to aphids vary with different aphid species (Jaouannet et al., 2015). Therefore, the 

hormone signalling pathways active may differ in different aphid-plant interactions and may be 

influenced by the balance of plant perception, defence signalling and aphid effector activity.   

Hormone signalling and defence responses induced by aphid feeding and colonisation 

are thought to remain localised to the feeding sites and colonised leaves, respectively. This is 

evidenced by aphid resistance induced by prior aphid treatments only occurring in the 

challenged leaves and not in systemic leaves (De Vos et al., 2005). Moreover, [Ca2+] elevations 

induced by individual aphid feeding events remain localised and do not propagate systemically 

in A. thaliana or N. benthamiana (Then et al., 2021; Vincent et al., 2017a; Wang et al., 2022b). 

Similarly, aphid feeding-induced defence gene expression in A. thaliana remains localised 

around feeding sites (Rubil et al., 2022; Giolai, 2019; Kettles et al., 2013). However, it seems that 

heavy aphid infestation can trigger systemic transcriptional changes, JA and glucosinolate 
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accumulation, and aphid resistance (Xue et al., 2022). As GLR3.3/3.6 are required for the full 

activation of these systemic responses (Xue et al., 2022), these responses may be regulated by 

the rapid systemic signalling mechanism proposed to underpin systemic JA biosynthesis (Section 

1.1.5 – Systemic JA Signalling). It may be, therefore, that aphid infestation triggers such systemic 

responses when the colonisation pressure is sufficiently high. In contrast, individual feeding 

events appear to primarily induce responses that remain localised to the feeding sites. 

Aphid effectors and plant NLRs 

Aphids produce effectors that can promote aphid colonisation. These effectors are 

primarily delivered into plants in the watery saliva (Mondal, 2020). Aphid effector proteins may 

be recognised by NLRs to trigger enhanced defence responses against aphids. To appreciate how 

plants perceive aphids and the molecular aphid-plant interactions, it is important to characterise 

any aphid effectors and cognate NLRs. 

Many aphid effectors have been identified. Examples of aphid effector proteins include 

COO2 (Mutti et al., 2008; Bos et al., 2010; Pitino and Hogenhout, 2013; Elzinga et al., 2014; 

Coleman et al., 2015; Escudero-Martinez et al., 2020), PIntO1 and PIntO2 (Pitino and Hogenhout, 

2013; Coleman et al., 2015; Rodriguez et al., 2017), Mp42 (Bos et al., 2010; Rodriguez et al., 

2014), Me10 (Atamian et al., 2013; Chaudhary et al., 2018), MIF (Naessens et al., 2015), Mp55 

(Elzinga et al., 2014) and Armet (Cui et al., 2019; Wang et al., 2015). Aphid effectors can influence 

aphid colonisation ability through diverse mechanisms. Some of the earliest proposed aphid 

effector activity was in Ca2+-binding proteins in the watery saliva. When stylets penetrate the 

phloem, a Ca2+ influx drives phloem occlusion to limit sap loss. Salivary Ca2+-binding proteins are 

thought to prevent and reverse that process allowing aphids to continue feeding (Will et al., 

2009; Will et al., 2007; Mondal, 2020). Saliva from the cowpea aphid, Aphis craccivora, contains 

a DCXR enzyme effector. This effector is thought to promote A. craccivora colonisation of 

cowpea by catalysing the release of carbohydrate energy sources and limiting the production of 

a defence signalling molecule and toxin (MacWilliams et al., 2020). The M. persicae Mp1 effector 

interacts with A. thaliana VACUOLAR SORTING ASSOCIATED PROTEIN 52 (VPS52) and promotes 

its relocalisation and degradation which reduces M. persicae resistance (Rodriguez et al., 2017). 

Some effectors are immunosuppressive such as M. persicae Mp10 (Bos et al., 2010). Mp10 

suppresses ROS bursts induced by flg22 and aphid extract with RNAi of Mp10 reducing M. 

persicae fecundity on A. thaliana (Bos et al., 2010; Drurey et al., 2019). Moreover, Mp10 is 

delivered into plant mesophyll cells with aphid feeding suggesting that it could suppress plant 

defence signalling during aphid feeding (Mugford et al., 2016). Aphid effectors can also be non-

proteinaceous such as the Ya1 RNA effector which migrates systemically from M. persicae 

feeding sites and promotes aphid colonisation (Chen et al., 2020). Interestingly, aphid effectors 
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can display species specificity in their activity. For example, the M. persicae COO2, but not A. 

pisum COO2, suppresses resistance against M. persicae (Pitino and Hogenhout, 2013). 

Characterising aphid effector activities will help appreciate how aphids can colonise host plants.  

With aphid effectors promoting colonisation, plants have likely evolved NLRs capable of 

detecting aphid effectors to initiate enhanced ETI-like defence responses. This notion is 

supported with evidence that some putative aphid effectors induce aphid resistance instead of 

suppressing it. For example, Mp10 reduces M. persicae fecundity when expressed in N. 

benthamiana and induces chlorosis dependent on the ETI-associated co-chaperone SGT1 (Bos 

et al., 2010). Moreover, there are various NLRs that can confer resistance to certain aphid 

species in specific plant species. For example, the Mi 1.2 sensor NLR can confer resistance to the 

potato aphid, Macrosiphum euphorbiae, in tomato but not eggplant (Rossi et al., 1998; Vos et 

al., 1998; Goggin et al., 2006). Mi 1.2 functions with the helper NLR, NRC4 (Wu et al., 2017). The 

Vat NLR confers resistance to Aphis gossypii in the melon species, Cucumis melo, as well as 

resistance to A. gossypii-vectored viruses (Dogimont et al., 2014). The Adnr1 NLR in wheat can 

confer resistance against the specialist aphid, Diuraphis noxia (Nicolis and Venter, 2018). Other 

NLR-encoding loci are also implicated in aphid resistance. Such loci include RAP1 that contains 

NLR encoding genes and confers resistance to A. pisum in Medicago truncatula (Stewart et al., 

2009; Kanvil et al., 2015; Kamphuis et al., 2016). Though no effector-NLR pairs have been 

identified for aphid-plant interactions, it seems that some plant NLRs can recognise aphid 

effectors or effector activity and promote plant defence responses.  

Aphid-plant interactions summary 

Aphid feeding establishes a highly intricate and localised interaction with host plants that 

can be sustained for hours. Whilst damage is thought to play a minor role in aphid-plant 

interactions, plants could perceive HAMPs, DAMPs, and mechanical stress to trigger defence 

responses. With sustained feeding events, aphid effectors and plant NLRs may be particularly 

influential in determining whether certain aphid species can feed from specific plant species. 

Molecular plant-aphid interactions are challenging to investigate and remain enigmatic. 

Improving the knowledge of these interactions will be important for understanding aphid 

resistance in plants.  

1.3. Investigations of this thesis 

The early perception of pests and pathogens is crucial for initiating plant defence 

signalling and resistance against biotic stresses. Whilst these perception mechanisms are well 

characterised for some pests and pathogens, for insects with highly localised feeding 

mechanisms, such as aphids and thrips, the early perception mechanisms are poorly resolved. 
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This thesis focusses therefore on investigating how the model plant species, A. thaliana, 

recognises and responds to localised feeding from aphids and thrips. Whilst these insects both 

feed using stylets, they differ significantly in their feeding mechanisms and the extent of damage 

that they cause.  

In Chapter 3, I report methods developed for utilising genetically encoded fluorescent 

reporters to visualise early plant responses to localised stimuli such as aphid and thrips feeding. 

These methods are applied to investigate the reported contributions of BAK1, TPC1 and 

GLR3.3/3.6 to M. persicae feeding-induced [Ca2+] elevations. 

In Chapter 4, I describe investigations aimed to characterise the role of GLR3.3 and 3.6 

in responses to localised damage through wounding and in responses to localised mechanical 

stress through touch. These investigations reveal a role for GLR3.3 in responses to localised 

wounding and explore its activation and its contribution to JA signalling. Furthermore, these 

investigations explore the nature of touch-induced [Ca2+] elevations in A. thaliana. 

In Chapter 5, I describe investigations that utilise the findings of Chapter 4 to explore 

whether and how GLR3.3 contributes to localised aphid and thrips feeding-induced responses 

and insect resistance. These investigations include three different aphid species and the thrips 

species, F. occidentalis. The work reported provides insights into how the relationship of the 

aphid species to A. thaliana and the insect feeding mechanisms influence GLR3.3 activation. 

In Chapter 6, I report investigations that use a reverse genetics approach coupled with 

genetically encoded fluorescent reporter imaging to test whether candidate genes are likely to 

contribute to aphid or thrips perception in A. thaliana. The candidate genes investigated include 

genes involved in the perception of HAMPs, DAMPs, mechanical stress or phytocytokines. 

In Chapter 7, I consider the contributions of this thesis to the understanding of how A. 

thaliana perceives aphid and thrips feeding as well as localised wound and touch stimuli. 

Furthermore, I consider future experiments which can complement the work reported in this 

thesis to advance the understanding of how A. thaliana perceives these localised stimuli.   

1.4. Contributions to this thesis 

All experiments reported in this thesis were designed and undertaken by me. In Chapter 

3, some data are presented from Vincent et al. (2017a) and this is acknowledged in the text and 

figure legends. Additionally, the modelling of reporter signals in Chapter 3 was performed in 

collaboration with Dr Sergio Lopez (BioImaging Platform, John Innes Centre) and this 

contribution is acknowledged in the relevant figure legends. In Chapter 4, experiments revealing 



 

62 
 

local wound-induced iGluSnFR signals and GLR3.3-dependent [Ca2+] elevations in A. thaliana 

leaves were performed in collaboration with Dr Annalisa Bellandi (formerly Faulkner lab, John 

Innes Centre). Dr Bellandi obtained similar results in A. thaliana cotyledons, which are cited in 

the text as appropriate. Experiments in Chapter 6 regarding aphid HAMP perception were 

performed in collaboration with Dr James Canham (formerly Hogenhout lab, John Innes Centre). 

Dr Canham produced the aphid extract and repeated any experiments with the extract for the 

independent verification of results.  
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2.1.Plant materials, growth conditions and generation of new material  

2.1.1. Plant materials and growth conditions 

A. thaliana plants were grown for many purposes including crossing, seed collection, 

insect rearing and experimentation. Seeds were either germinated on Levington F2 compost 

(Scotts, UK) or Murashige and Skoog (MS) media (Murashige and Skoog, 1962) with the option 

of seedlings later being transferred from MS to compost. All A. thaliana seeds were stratified in 

dH2O at 4⁰C in dark conditions for 2 - 5 days before germination. Those grown with MS media 

were also surface sterilised before stratification. For sterilisation, seeds were immersed in a 

solution of 1 mL 0.01% v/v sodium dodecyl sulphate (SDS) and 1.6% v/v NaClO with 30 rpm at 

4⁰C for 10 min. Sterilised seeds then underwent three sterile dH2O washes before resuspension 

in 1 mL dH2O with 10 min, 30 rpm at 4⁰C before stratification. A. thaliana seeds for fluorescence 

selection or microscopy experiments were germinated on ¼-strength MS media (w/v in dH2O: 

0.11% MS + vitamins, 0.75% sucrose, 1% Formedium agar, NaOH adjusted to pH 5.8) in 100 mm 

square plastic plates (ThermoFisher Scientific) and grown vertically with three rows of 9-12 

seeds per plate. A. thaliana seeds grown for plate reader experiments were germinated in 96-

well plates in 200 µL ½-strength liquid MS (w/v in dH2O: 0.22% MS + vitamins, 0.5% sucrose, 

NaOH adjusted to pH 5.8) with a single seed per well. Plants growing with MS media were in 

conditions of 22°C for cycles of 16 h light (90 µmol m−2 sec−1) and 8 h dark. A. thaliana grown in 

compost for seed collection or crossing was grown in 15- or 24-cell trays in cycles of 16 h light 

(120 µmol m−2 sec−1) at 22°C and 8 h dark at 20°C. A. thaliana plants used for rearing age-

standardised insect populations were grown in 7.5 cm diameter, 8 cm high pots at 22°C with 10 

h light (125 µmol m−2 sec−1) and 14 h dark cycles. For A. thaliana used in insect resistance assays, 

plants were grown identically but instead in 15-cell trays. A. thaliana lines used that were 

donated, made available or ordered from the Nottingham Arabidopsis Stock Centre (NASC) 

(Scholl et al., 2000) are listed in Table 2.1. Additional mutant A. thaliana lines containing reporter 

transgenes were generated by crossing and are listed in Table 2.2.  

Avena sativa (Aspen Spring Oat, Senova, UK) for R. padi rearing was grown directly on 

Levington F2 compost (Scotts, UK) in 9 cm diameter, 9 cm high pots. Approximately 10 seeds 

were sown 1 mm deep in each pot and then grown with cycles of 22°C for 14 h light (90 µmol m-

2 s-1) and 20°C for 10 h dark. 

Chrysanthemum spp. for thrips rearing were purchased as bouquets from supermarkets 

and maintained in beakers containing dH2O with plants replaced whenever they deteriorated. 

Plants were kept at 21⁰C with cycles of 10 h light (90 µmol m-2 s-1) and 14 h dark at 70% relative 

humidity. 
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2.1.2. Crossing A. thaliana 

All A. thaliana crosses described in this thesis were made to introduce a fluorescent 

reporter transgene into a mutant background for investigation and are shown in Table 2.2. For 

each cross, the reporter line was used as the male component or pollen donor. To cross plants, 

first the largest fully closed buds of several inflorescences on the receiving plant were opened 

using sharp forceps and all but the carpel and stigma tissue was removed. Fully open flowers 

from the pollen donor were then removed and the stamens exposed. Pollination was performed 

by brushing the stamens and pollen against the receiving stigmas. Successfully pollinated 

stigmas on the recipient plant were then left to develop to maturation. Resulting seeds were 

germinated on ¼-strength MS before using an Axio Zoom.V16 microscope (Zeiss) to assess 

reporter fluorescence and identify seeds from successful crosses. Such seeds were grown to 

maturation on soil and the next generation grown and genotyped to identify individuals 

homozygous for any mutations. These plants were also screened for fluorescence to assess the 

presence of the reporter transgene. As resting reporter fluorescence was not always clear for 

crosses with pAOS/JAZ10::NLS-3xVENUS A. thaliana, reporter expression was induced in this 

generation by crushing a single leaf with forceps. Identified lines homozygous for mutations and 

possessing the reporter transgene, were assessed for reporter homozygosity and expression 

levels by fluorescence in the next generation. To do this for the pAOS/pJAZ10::NLS-3xVENUS A. 

thaliana lines, plants were first treated with methyl-jasmonate (MeJA) to induce reporter 

expression. Lines subsequently selected for experiments were homozygous for desired 

mutations and reporter transgenes and ideally displayed uniform and consistent reporter 

expression that was approximately equal to the parental or control reporter line. If no such lines 

were detected, more seed or additional generations were screened. Seed used in experiments 

was from the earliest possible generation following crossing.  
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Table 2.1 Details of donated Arabidopsis thaliana  l ines used in this study.  
All Arabidopsis thaliana l ines are of the Col-0 ecotype. JA – jasmonic acid, SA – salicylic acid, Et – ethylene. 

Genotype Description AGI Locus Code Mutant 
Reference 

Source Reference  

Col-0 UBQ10:GCaMP3 Intensiometric GFP-based intracellular [Ca2+] 
reporter line  

  

Edward Farmer, 
University of Lausanne 

Nguyen et al. (2018) 

glr3.1a UBQ10::GCaMP3 T-DNA mutant in GLR3.1 with UBQ10::GCaMP3  AT2G17260 SALK_063873 

glr3.3a UBQ10::GCaMP3 T-DNA mutant in GLR3.3 with UBQ10::GCaMP3 AT1G42540 SALK_099757 

glr3.6a UBQ10::GCaMP3 T-DNA mutant in GLR3.6 with UBQ10::GCaMP3 AT3G51480 SALK_091801 

glr3.1a glr3.3a 
UBQ10::GCaMP3 

T-DNA mutant in GLR3.1 and GLR3.3 with 
UBQ10::GCaMP3 

AT2G17260, 
AT1G42540 

SALK_063873, 
SALK_099757 

glr3.3a glr3.6a 
UBQ10::GCaMP3 

T-DNA mutant in GLR3.3 and GLR3.6 with 
UBQ10::GCaMP3  

AT1G42540, 
AT3G51480 

SALK_099757, 
SALK_091801 

glr3.1a glr3.3a glr3.6a 
UBQ10::GCaMP3 

T-DNA mutant in GLR3.1, GLR3.3 and GLR3.6 with 
UBQ10::GCaMP3 

AT2G17260, 
AT1G42540, 
AT3G51480 

SALK_063873, 
SALK_099757, 
SALK_091801 

aha1-7 UBQ10::GCaMP3 T-DNA mutant in AHA1 with UBQ10::GCaMP3 AT2G18960 SALK_065288 
Kumari et al. (2019) 

Col-0 35S::CHIB-iGluSnFR Intensiometric GFP-based apoplastic [Glu] 
reporter line 

  
Murray Grant, 

University of Warwick 
Toyota et al. (2018) 

Col-0 35S::Apo-pHusion Ratiometric GFP/RFP-based apoplastic pH reporter 
line 

  
Anja Thoe Fuglslang, 

University of 
Copenhagen 

Gjetting et al. (2012) 

Col-0 pAOS::NLS-3xVENUS YFP-based expression reporter line for JA 
signalling 

  

Niko Geldner, 
University of Lausanne 

Marhavý et al. (2019) 
Col-0 pJAZ10::NLS-
3xVENUS 

YFP-based expression reporter line for JA 
signalling 

  

Col-0 pACS6::NLS-
3xVENUS 

YFP-based expression reporter line for Et signalling 
  

Col-0 pPR4::NLS-3xVENUS YFP-based expression reporter line for Et signalling 
  

Col-0 pPR1::NLS-3xVENUS YFP-based expression reporter line for SA 
signalling 

  

Poncini et al. (2017) 
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Col-0 35S::GCaMP3 Intensiometric GFP-based intracellular [Ca2+] 
reporter line  

  
Simon Gilroy, 
University of 

Wisconsin-Madison 
Vincent et al. (2017a) 

Col-0 UBQ10::NES-YC3.6 Ratiometric YFP/CFP-based cytosolic [Ca2+] 
reporter line 

  

Alex Costa, University 
of Milan 

Krebs et al. (2012) 

aca8 aca10 T-DNA mutant in ACA8 and ACA10 AT5G57110, 
AT4G29900 

GK-688H09, 
GK-044H01 

Behera et al. (2018) 
aca8 aca10 UBQ10::NES-
YC3.6 

T-DNA mutant in ACA8 and ACA10 with 
UBQ10::NES-YC3.6  

AT5G57110, 
AT4G29900 

GK-688H09, 
GK-044H01 

gl1 35S::GCaMP3 Deletion mutant in GL1 with 35S::GCaMP3  AT3G27920 Oppenheimer 
et al. (1991) 

Masatsugu Toyota, 
Saitama University 

Matsumura et al. 
(2022) 

Col-0 UBQ10::GCaMP6s Intensiometric GFP-based intracellular [Ca2+] 
reporter line  

  

Kai He, Lanzhou 
University 

Shao et al. (2020) 

piezo-1 UBQ10::GCaMP6s T-DNA mutant in PIEZO1 with UBQ10::GCaMP6s AT2G48060 SALK_003005 
Fang et al. (2021) 

tpc1-2 35S::GCaMP3 T-DNA mutant in TPC1 with 35S::GCaMP3  AT4G03560 SALK_145413 Dale Sanders, John 
Innes Centre 

Vincent et al. (2017a) 

bak1-5 Missense point mutant in BAK1 AT4G33430 Schwessinger 
et al. (2011) 

Ben Schwessinger, The 
Sainsbury Laboratory 

Schwessinger et al. 
(2011) 

dorn1-3 T-DNA mutant in P2K1/DORN1 AT5G60300 SALK_042209 NASC, Nottingham, 
U.K. 

Scholl et al. (2000) 

fer-4  T-DNA mutant in FER  AT3G51550 GABI_106A06 Jack Rhodes, The 
Sainsbury Laboratory 

Duan et al. (2010) 

glr3.2a T-DNA mutant in GLR3.2 AT4G35290 SALK_150710 NASC, Nottingham, 
U.K. Scholl et al. (2000) 

isi1-3 T-DNA mutant in ISI1  AT4G27750 SALK_045849 NASC, Nottingham, 
U.K. 

Scholl et al. (2000) 

Table 2.1 Continued 
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mca1 mca2 T-DNA mutant in MCA1 and MCA2  AT4G35920, 
AT2G17780 

T-DNA-tag line 
of Kazusa DNA 
Research 
Institute 
(Chiba, Japan); 
SALK_129208 

Hidetoshi Iida, Tokyo 
Gakugei University Yamanaka et al. (2010) 

mik2-6 T-DNA mutant in MIK2  AT4G08850 SAIL_264_A08 Jack Rhodes, The 
Sainsbury Laboratory 

Unpublished 

msl10-1 T-DNA mutant in the MSL10 AT5G12080 SALK_076254  Elizabeth Haswell, 
Washington State 

University 

Basu and Haswell 
(2020) MSL10-3G Gain-of-function point mutant in MSL10  AT5G12080 Zou et al. 

(2016) 
pepr1-1 pepr2-3 T-DNA mutant in PEPR1 and PEPR2 AT1G73080, 

AT1G17750 
SALK_059281, 
SALK_098161 

Cyril Zipfel, The 
Sainsbury Laboratory 

Krol et al. (2010)  

rbohD rbohF T-DNA mutant in RBOHD and RBOHF AT5G47910, 
AT1G64060 

Tissier et al. 
(1999) 

Jonathon Jones, The 
Sainsbury Laboratory Torres et al. (2002) 

sobir1-12 T-DNA mutant in SOBIR1 AT2G31880 SALK_050715 Cyril Zipfel, The 
Sainsbury Laboratory 

Gao et al. (2009) 

tpc1-2 T-DNA mutant in TPC1 AT4G03560 SALK_145413 Dale Sanders, John 
Innes Centre 

Peiter et al. (2005)  

tpk1-1 tpk3-2 T-DNA mutant in TPK1 and TPK3 AT5G55630, 
AT4G18160 

SALK_146903, 
SALKseq_61131 

Rainer Hedrich, 
University of Würzburg 

Jaślan et al. (2019)  

Table 2.1 Continued 
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Table 2.2 A. thaliana l ines produced by crossing. 
Donor refers to the male component and pollen donor. Recipient refers to the female 
component.  

Donor Genotype Recipient Genotype Homozygous Product Published 
Col-0 UBQ10::GCaMP3 bak1-5 bak1-5 UBQ10::GCaMP3 - 
glr3.3a UBQ10::GCaMP3 bak1-5 bak1-5 glr3.3a 

UBQ10::GCaMP3 
- 

glr3.3a UBQ10::GCaMP3 dorn1 -3 dorn1-3 
UBQ10::GCaMP3 

- 

glr3.3a UBQ10::GCaMP3 dorn1-3 dorn1-3 glr3.3a 
UBQ10::GCaMP3 

- 

Col-0 35S::apo-pHusion fer-4 fer-4 35S::apo-pHusion - 
glr3.3a UBQ10::GCaMP3 fer-4 fer-4 UBQ10::GCaMP3 - 
glr3.3a UBQ10::GCaMP3 fer-4 fer-4 glr3.3a 

UBQ10::GCaMP3 
- 

Col-0 UBQ10::GCaMP3 glr3.2a glr3.2a UBQ10::GCaMP3 - 
Col-0 35S::apo-pHusion glr3.3a glr3.3a 35S::apo-

pHusion 
- 

Col-0 35S::CHIB-
iGluSnFR 

glr3.3a glr3.3a 35S::CHIB-
iGluSnFR 

- 

Col-0 pAOS::NLS-
3xVENUS 

glr3.3a glr3.3a pAOS::NLS-
3xVENUS 

- 

Col-0 pJAZ10::NLS-
3xVENUS 

glr3.3a glr3.3a pJAZ10::NLS-
3xVENUS 

- 

Col-0 UBQ10::GCaMP3 isi1-3  isi1-3 UBQ10::GCaMP3 - 
Col-0 UBQ10::GCaMP3 mca1 mca2  mca1 mca2 

UBQ10::GCaMP3 
- 

glr3.3a UBQ10::GCaMP3 mik2-6  mik2-6 UBQ10::GCaMP3 - 
glr3.3a UBQ10::GCaMP3 mik2-6  mik2-6 glr3.3a 

UBQ10::GCaMP3 
- 

Col-0 UBQ10::GCaMP3 msl10-1 msl10-1 
UBQ10::GCaMP3 

- 

Col-0 UBQ10::GCaMP3 MSL10-3G MSL10-3G 
UBQ10::GCaMP3 

- 

Col-0 UBQ10::GCaMP3 pepr1-1 pepr2-3 pepr1-1 pepr2-3 
UBQ10::GCaMP3 

- 

Col-0 35S::GCaMP3 rbohD rbohF rbohD rbohF 
35S::GCaMP3 

Bellandi et al. (2022) 

Col-0 35S::GCaMP3 rbohD rbohF rbohD 35S::GCaMP3 Bellandi et al. (2022) 
Col-0 35S::GCaMP3 rbohD rbohF rbohF 35S::GCaMP3 - 
glr3.3a UBQ10::GCaMP3 sobir1-12  sobir1-12 

UBQ10::GCaMP3 
- 

glr3.3a UBQ10::GCaMP3 sobir1-12  sobir1-12 glr3.3a 
UBQ10::GCaMP3 

- 

Col-0 UBQ10::GCaMP3 tpc1-2 tpc1-2 UBQ10::GCaMP3 - 
glr3.3a UBQ10::GCaMP3 tpc1-2 tpc1-2 glr3.3a 

UBQ10::GCaMP3 

 

Col-0 35S::GCaMP3 tpk1-1 tpk3-2 tpk1-1 35S::GCaMP3 - 
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2.1.3. Methyl-jasmonate treatment 

pAOS/pJAZ10::NLS-3xVENUS A. thaliana lines were treated with MeJA to induce reporter 

expression and aid screening of reporter homozygosity and expression levels following crosses. 

For this, a solution of 1 mM MeJA (Sigma-Aldrich), 10% v/v EtOH and 0.1% v/v TWEEN 20 (Merck) 

was sprayed onto 15-day-old seedlings on ¼-strength MS plates alongside equivalent plants 

treated with an equivalent mock solution without MeJA. Plates were then resealed and left 

vertically at room temperature for 48 h. Leaves from these plants were prepared in 96-well 

plates and reporter expression and homozygosity was assessed via fluorescence as by the 

methods in 2.3. 

2.1.4. DNA extractions and genotyping  

DNA extractions and genotyping were performed on individuals from segregating 

populations after crosses as well as on all populations used in experiments for which there were 

no obvious reported developmental phenotypes. DNA extractions were in either single 2 mL 

tubes or, for higher throughput extractions, in 96-well collection microtube plates with caps 

(Qiagen). In both, samples were contained with a single 4 mm stainless steel ball and flash frozen 

in liquid nitrogen before grinding with a Geno/Grinder 2010 (Spex SamplePrep) or TissueLyser 

LT (Qiagen). 250 µL DNA extraction buffer (10mM Tris HCl pH 7.0, 1mM EDTA, 0.4M NaCl) was 

then added and samples vortexed before 10 min centrifugation at 3200 x g for 96-well plates or 

16000 x g for single tubes. 200 µL of the supernatant was transferred into 200 µL isopropanol 

for a 30 min incubation at -20⁰C to promote DNA precipitation. Samples were then centrifuged 

with the same conditions before the DNA pellet was washed with 500 µl 70% v/v ethanol and 

air dried. DNA was resuspended in 50 µl sterile dH2O and 1 µL was used as the PCR template for 

genotyping with the primers outlined in Table 2.3. PCRs used Phusion polymerase in HF buffer 

(New England BioLabs) according to the manufacturer’s guidance and annealing temperatures 

calculated using the Tm calculator (New England BioLabs). Sequencing was performed as 

required using the Eurofins Genomics TubeSeq service (Eurofins Genomics).  
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Table 2.3 Genotyping primers used in this study 
Where Left and Right Primers are given, the Right Primer amplified with the Left Border primer. 

Mutant Primer Mutant Code Method Primer Sequence (5’-3’) Reference 

- LBb1.3  - PCR - SALK 
Left Border 

ATTTTGCCGATTTCGGAAC Alonso et al. 
(2003) 

- GABI-LB -  - PCR - GABI-
Kat Left 
Border 

TTGGACGTGAATGTAGACAC Huep et al. (2014) 

- GABI-LB2 
-  

- PCR - GABI-
Kat Left 
Border 2 

ATATTGACCATCATACTCATTGC Guo et al. (2018) 

- SAIL LB2 
-  

- PCR - SAIL 
Left Border 
2 

GCTTCCTATTATATCTTCCCAAATT
ACCAA 

Sessions et al. 
(2002) 

- dSpm1 -  - PCR - dSpm 
Border  

CTTATTTCAGTAAGAGTGTGGGG
TTTTGG 

Torres et al. 
(2002) 

aca8  Forward 
Primer  

GK-688H09 PCR with 
GABI-LB 

GAGTTTCTTCACCATTGTCT Yu et al. (2018) 

Reverse 
Primer  

GACATAGTGGTGGGTGATGT 

aca10 Forward 
Primer  

GK-044H01 PCR with 
GABI-LB 

GAACCTGAGGCCAATAGTG Yu et al. (2018) 

Reverse 
Primer  

CAAGACCATGTCATACTGC 

aha1-7 Left 
Primer 

SALK_065288 PCR with 
LBb1.3 

GCGTTGTAACTCTTGCAGTTTG SALK Institute 
Genomic Analysis 

Laboratory Right 
Primer 

TCTTTCTTGGTTGTGAAAGCG 

bak1-5  Forward 
Primer  

- PCR and 
dCAPs with 
RsaI  

AAGAGGGCTTGCGTATTTACATG
ATCAGT 

Schwessinger et 
al. (2011) 

Reverse 
Primer  

GAGGCGAGCAAGATCAAAAG 

bak1-5  Forward 
Primer  

- PCR and 
sequencing  

CATGACTCCAACCGAAA Unpublished 

Reverse 
Primer  

CATGACTCCATACCCAAA 

dorn1-3 Left 
Primer 

SALK_042209 PCR with 
LBb1.3 

CTGAATACTTGCGTCTCCTGC SALK Institute 
Genomic Analysis 

Laboratory Right 
Primer 

CAGCTTGCGAGGTTATGATTC 

fer-4 Forward 
Primer  

GABI_106A06 PCR with 
GABI-LB2 

GGAAAATGAGAGAACAGAGAAC
AA  

Guo et al. (2018) 

Reverse 
Primer  

CTTCTGTGAGTTCCTTGTCTCTCT
C  

glr3.1a Left 
Primer 

SALK_063873 PCR with 
LBb1.3 

AGATGAACAAACGTGACCACC Mousavi et al. 
(2013) 

Right 
Primer 

TGGCTTTTTGTGGTTCTGATC 

glr3.2a Left 
Primer 

SALK_150710 PCR with 
LBb1.3 

TTTTGGATCCAGCATTAGTCG Mousavi et al. 
(2013) 

Right 
Primer 

TTTTGCGGTTTTGTTTGTAGG 

glr3.3a  Left 
Primer 

SALK_099757 PCR with 
LBb1.3 

GATGCTGCATATGGTTGTGTG Mousavi et al. 
(2013) 

Right 
Primer 

GTTGAACGATAAGCTTGCGAG 

glr3.6a  Left 
Primer 

SALK_091801 PCR with 
LBb1.3 

TTCGTTCAAAGGTGGCATAAC  Mousavi et al. 
(2013) 

Right 
Primer 

CGACTATGAGGAAAGACGCAG 

isi1-3 Left 
Primer 

SALK_045849 PCR with 
LBb1.3 

ATCCTTCCCATTTACGTGTCC 
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Right 
Primer 

CTCCATCCTCAGAGCACTGTC  SALK Institute 
Genomic Analysis 

Laboratory 
mca1  Left 

Primer 
- PCR with 

Border 
Primer  

TCTCTATCAACAATGCCGTCC Hidetoshi Iida, 
Tokyo Gakugei 

University Right 
Primer 

GCTGCACGAGTACTGCTTTTC 

Border 
Primer  

CAACATTTGCCCCGAGCTTC 

mca2  Left 
Primer  

SALK_129208 PCR with 
Border 
Primer  

CAAGGTTCTGAACAACAATCCAG
C 

Right 
Primer 

ACAAGTACCATCTCTGTAATTCTT
GAC 

Border 
Primer  

ATTTTGCCGATTTCGGAAC 

mik2-6 Left 
Primer 

SAIL_264_A08 PCR with 
SAIL LB2 

TGGATGCTCTCCTTTGATCAC Jack Rhodes, The 
Sainsbury 

Laboratory Right 
Primer 

AAGCTACCAAACGCAATCATG 

msl10-1 Left 
Primer 

SALK_076254 PCR with 
LBb1.3 

GTTGGTTTCTGGGTTTAAGCC Basu and Haswell 
(2020) 

Right 
Primer 

TACTTGGAGTAACCGGTGCTG 

MSL10-
3G 

Forward 
Primer  

- PCR and 
CAPs with 
Taq1 

GCAACGACTAAGGTTTTGCTG  Basu and Haswell 
(2020) 

Reverse 
Primer  

AGGAGAGTGTAGTCGATGTGAA 

pepr1-1 Left 
Primer 

SALK_059281 PCR with 
LBb1.3 

TTTCACCTGTCAATCCGTTTC SALK Institute 
Genomic Analysis 

Laboratory Right 
Primer 

TCGTTTCGGATCACCTAATTG 

pepr2-3 Left 
Primer 

SALK_098161 PCR with 
LBb1.3 

AGCGTCCAAAGAAGCTTTCTC SALK Institute 
Genomic Analysis 

Laboratory Right 
Primer 

TGCCTATCTCAGGTGGAACAC 

rbohD Forward 
Primer  

- PCR with 
dSpm1 

TTGCAAGCGGGATAGTCGTC Morales Bello 
(2015) 

Reverse 
Primer  

TTAACCGGAAAAAGGAAAGAAA
AT 

rbohF Forward 
Primer  

- PCR with 
dSpm1 

CTTCCGATATCCTTCAACCAACTC Hsu et al. (2018) 

Reverse 
Primer  

CGAAGAAGATCTGGAGACGAGA 

sobir1-
12  

Left 
Primer 

SALK_050715 PCR with 
LBb1.3 

GGAGCCATAGGAGGAACAATC SALK Institute 
Genomic Analysis 

Laboratory Right 
Primer 

TGACATCTTTACTGTTCGGCC 

tpc1-2 Left 
Primer 

SALK_145413 PCR with 
LBb1.3 

ATATCGAAGAAAGCTCGGCTC Vincent (2016) 

Right 
Primer 

GGGAAATAGAACCCGTGAGAG 

tpk1-1  Left 
Primer 

SALK_146903 PCR with 
LBb1.3 

AAATGTCGAGTGATGCAGCTC SALK Institute 
Genomic Analysis 

Laboratory Right 
Primer 

TCAAGTTGCTCGAACTCATCC 

tpk3-2 Left 
Primer 

SALKseq_61131 PCR with 
LBb1.3 

GTTTTGGATCGGTGAAGAGC Jaślan et al. 
(2019) 

Right 
Primer 

ACGTTTCACGTTCCTCCTCT 

 

Table 2.3 Continued 
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2.1.5. Protein extractions and visualisation of GCaMP3  

To assess GCaMP3 protein levels in A. thaliana lines, protein was first extracted from the 

aerial tissue of single 15-day-old seedlings grown vertically on ¼-strength MS. For this, the tissue 

was harvested into a 2 mL tube containing a 4 mm stainless steel ball. Samples were snap frozen 

and ground using a TissueLyser LT (Qiagen). Ground tissue was then thawed in 120 µL 1 x 

NuPAGE™ LDS Sample Buffer (Invitrogen) before boiling for 5 min. The proteins within were 

resolved alongside a broad range colour prestained protein standard (New England BioLabs) on 

12-well 12% TruPAGE™ precast gels (Sigma-Aldrich) by SDS-PAGE with 1 x TruPage™ SDS 

Running Buffer (Merck Life Science UK Ltd) in a mini-PROTEAN Tetra Electrophoresis Cell (Bio-

Rad). Protein was then transferred by Western blot to a 0.45 μm polyvinylidene difluoride 

membrane (PVDF, Thermo Scientific) at 4⁰C overnight in the same cell but with 1 x TruPage™ 

Transfer Buffer. Membrane blocking was performed with 5% w/v powdered milk solution in 1 x 

phosphate-buffered saline (PBS) for 30 min shaking at room temperature. To probe the 

membrane, this solution was replaced with the same solution but containing 1:1000 GFP (B-2) 

HRP monoclonal antibody (anti-GFP-HRP, sc-9996 HRP, Santa Cruz Biotechnology) for 1 h 

shaking at room temperature. The membrane was then washed twice for 10 min with 1 x PBS 

0.1% v/v triton before three 10 min washes with 1 x PBS. Immunodetection of proteins was on 

the ImageQuant™ LAS-500 (GE Healthcare Life Science) with the Immobilon Western 

Chemiluminescent HRP substrate (Millipore). Total protein staining was performed with 1 x 

amido black staining solution (Sigma-Aldrich). GCaMP3 quantities were compared across 

samples against the total protein stain visually.  

2.2. Insect rearing and resistance assays 

All aphid populations of Myzus persicae (US1L), Brevicoryne brassicae and 

Rhopalosiphum padi were kept in cycles of 22⁰C for 14 h light (90 µmol m-2 s-1) and 20⁰C for 10 

h dark.  M. persicae (Clone O) was reared under similar conditions but with light temperatures 

of 24⁰C and dark temperatures of 20⁰C. Aphid colonies were maintained as asexual females. All 

Frankliniella occidentalis populations were kept at 21⁰C with cycles of 10 h light (90 µmol m-2 s-

1) and 14 h dark at 70% relative humidity.  

The F. occidentalis thrips were donated by Professor Kirk (Keele University, U.K.) and the 

B. brassicae aphids were donated by Professor Carr (Cambridge University, U.K.). 
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2.2.1. Stock insect colony maintenance  

Stock colonies of M. persicae (US1L & Clone O), B. brassicae, R. padi and F. occidentalis 

were maintained separately in cages (52 cm x 52 cm x 50 cm). M. persicae and B. brassicae were 

reared on Brassica rapa (subsp. chinensis) whilst R. padi was reared on A. sativa (Aspen Spring 

Oat, Senova, UK). F. occidentalis was reared on Chrysanthemum spp. Stock plants were replaced 

and new colonies started as required. Stock colonies were the only source of insects used in 

these experiments and were maintained by the Entomology Facility at the John Innes Centre.  

2.2.2. Myzus persicae fecundity assays 

M. persicae (US1L) resistance was assessed through fecundity assays performed on four-

week-old A. thaliana plants that were double caged in microperforated bread bags (160 holes 

per square inch, SNAPPY). Age-standardised M. persicae (US1L) nymphs were produced by 

adding approximately 15 female apterous M. persicae adults to two individual A. thaliana plants 

of each genotype to be investigated. After 24 h, one resulting nymph was transferred by 

paintbrush to each of the remaining A. thaliana plants of the corresponding genotypes and the 

plants were caged. This was defined as Day 0 with aphid fecundity scored on Days 7, 9, 11 and 

13 by counting and removing the nymphs. For any nymphs that did not survive transfer from the 

aged population, samples were discarded. The total number of nymphs per aphid (fecundity) 

was compared between genotypes at each time point. 

2.2.3. B. brassicae fecundity assays 

Resistance assays for B. brassicae were performed as for M. persicae fecundity assays. 

However, as B. brassicae produced fewer nymphs throughout these experiments than M. 

persicae, fecundity was scored for B. brassicae on Days 11, 13, 15 and 17.  

2.2.4. R. padi survival assays 

R. padi resistance was assessed through survival assays performed on four-week-old A. 

thaliana plants. Age-standardised R. padi aphids were first produced on 10-day-old A. sativa by 

adding multiple adult female apterous aphids to several pots each containing multiple plants 

and leaving them for 24 h before removing the adults. The resulting nymphs were left to develop 

for 4 additional days. R. padi was caged on A. sativa during this time by clear plastic tubing (10 

cm diameter x 30 cm high) with a thrips-proof mesh window in the base and top caps. After this, 

10 of the aphids were transferred by paintbrush to each four-week-old A. thaliana plant. These 

plants were then double caged in microperforated bread bags (160 holes per square inch, 
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SNAPPY) and the number of nymphs alive on A. thaliana was scored each day for the subsequent 

6 days. Survival was then compared between genotypes. 

2.2.5. Thrips damage assays 

Thrips resistance was assessed through F. occidentalis damage assays performed using 

adult female F. occidentalis harvested from the stock colony into groups of 4 in 2 mL tubes. Two 

of these tubes (8 thrips) were placed open into the soil either side of individual 4-week-old A. 

thaliana plants allowing the thrips to emerge. These thrips treated plants were then caged by 

clear plastic tubing (10 cm diameter x 20 cm high) with a thrips-proof mesh window in the base 

and top caps. Control plants did not have thrips added but were still caged. After 8 days, all the 

leaves from each plant were removed and placed flat on a white PVC foam board containing a 

10 cm scalebar. Samples were then scanned using a CanoScan LiDE 300 scanner (Canon) and IJ 

Scan Utility (Canon) software with a ScanGear setting of 720 dpi. Scans were opened in Fiji Image 

J 1.53j (Schindelin et al., 2012) and the scale was set. All the scar damage on the leaves from 

each plant was then outlined using the polygon ROI tool and the ROI manager. Measuring all the 

ROIs from each plant revealed the total area (mm2) of thrips scar damage across each plant and 

this was compared between genotypes and treatments. 

2.2.6. Insect rearing for microscopy experiments 

Age-standardised populations were reared for assessing aphid feeding-induced 

responses in A. thaliana reporter plants by microscopy. For M. persicae (US1L) and B. brassicae, 

these populations were reared on individual four-week-old A. thaliana (Col-0) plants. R. padi 

aged populations were reared on multiple 10-day-old A. sativa plants grouped within single pots. 

These plants were caged by clear plastic tubing (10 cm diameter x 30 cm high) with a thrips-

proof mesh window in the base and top caps. Approximately, 15 - 20 adult female apterous 

aphids were added to each A. thaliana plant or to each group of A. sativa plants. These were left 

for 24 h before removing all the adult aphids to leave just the nymphs that had been produced. 

Nymphs were then left to develop into adult female aphids and apterous aphids were used for 

microscopy 7 days later for M. persicae, 8 days later for B. brassicae and 6 days later for R. padi. 

The differences in timing were designed to ensure adult aphids only were used for microscopy 

experiments as detected by the consistent appearance of nymphs within aged populations. For 

each day of microscopy, two age-standardised populations were used.  

For microscopy investigations using F. occidentalis, individual flower heads were 

removed from the stock colony. Adult female thrips were selected from these flower heads and 

used for microscopy experiments.  
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2.3. Assessing stimulus-induced responses in A. thaliana by imaging 

genetically encoded fluorescent reporters  

A. thaliana plants expressing genetically encoded fluorescent reporters were imaged to 

investigate responses to aphids, thrips, micropipette wounding and touch. Reporters were split 

into two categories and investigated differently. ‘Signalling reporters’ were those that reported 

relative changes in analyte concentration by binding the analyte (e.g. Ca2+, H+ (pH), glutamate), 

whilst ‘expression reporters’ reported increases in phytohormone-mediated marker gene 

expression. The methods used to treat and image reporter samples here are outlined below and 

were developed around existing methods for investigating aphid feeding-induced Ca2+ signalling 

(Vincent et al., 2017b; Vincent et al., 2017a). 

2.3.1. Plant preparation for fluorescence microscopy  

For fluorescence microscopy experiments, A. thaliana reporter plants were grown 

vertically on ¼-strength MS media for 15 days. Using an established leaf numbering system 

(Farmer et al., 2013), the first or second true leaf was detached from healthy seedlings of an 

appropriate size. Individual leaves were then placed abaxial surface up on 300 µL dH2O within a 

well of a flat bottomed clear 96-well plate (Alpha Laboratories). For MeJA treated plants, plates 

were imaged immediately after this preparation. For all other experiments, plates were covered 

tightly with cling film and kept in the dark overnight at room temperature before use.  

For vacuum infiltration of A. thaliana leaves, the leaves were removed from the 96-well 

plate after the overnight incubation. The leaves were then placed in a 20 mL syringe and 

submerged in 15 mL of the desired infiltration solution. The plunger was used to expel air in the 

syringe before the syringe was sealed. The plunger was then fully retracted to create negative 

pressure within the syringe. This negative pressure was held for 5 s before slowly releasing the 

plunger and repeating this process 4 more times. All leaves were then visibly infiltrated with the 

solution. Infiltrated leaves were returned to the 96-well plate, abaxial surface up, and covered 

with cling film in the dark for 2 h before use to allow samples to recover intracellular [Ca2+] to a 

resting state. 

As samples in 96-well plates would later be imaged in groups of four (2 x 2 wells), 

samples from each group (e.g. genotype) were distributed to ensure an approximately equal 

number of samples would be in each of the four relative positions. This was designed to limit 

the impact of any position effects on data though there were no indications that such effects 

were influential. Where mentioned, position was also included as a variable in statistical 
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analyses to assess, and account for, any variation in data that was due to the position of samples 

in the plate.  

2.3.2. Aphid and thrips treatment  

Signalling reporter leaves were treated with aphids or thrips by adding a single adult 

female insect using a fine paintbrush. For aphids, individuals were preferentially chosen that 

were feeding as these were deemed more likely to feed again. The treated leaf was imaged 

alongside a control leaf with no insect added and this pair represented one biological replicate 

(n). Plates were covered with cling film to maintain humidity and contain insects with treated 

leaves throughout the imaging period. Leaves were imaged until a suitable stimulus event was 

recorded or until one was deemed unlikely. For aphids, this was a single feeding event defined 

by the aphid remaining stationary for ≥ 5 min and presenting a visible feeding site. For thrips, 

this was an isolated feeding initiation event that occurred from the head of the thrips usually 

with a downward motion that corresponds to a piercing of the cuticle and/or epidermis (Kindt 

et al., 2003). Suitable thrips feeding events for analyses had no further feeding after feeding 

initiation. In this thesis, these aphid and thrips events are referred to as ‘feeding’ events as they 

form part of the insect’s feeding behaviours. The aphid and thrips feeding events ideally had 5 

min directly pre-stimulus and 30 min directly post-stimulus to measure baseline fluorescence 

and any stimulus-induced reporter signals, respectively. However, feeding events with ≥ 2.5 min 

directly prior to feeding and ≥ 10 min directly post-feeding were retained for further analyses. 

Samples not meeting these criteria were discarded. Each experiment ideally had 30 or more 

replicates with data collected over 9 – 18 imaging days.  

For the imaging of expression reporters in response to insect treatments, images were 

first taken of samples before insect treatment giving a pre-treatment reference. A single aphid 

or thrips was then added to a leaf alongside a control leaf with no insect added with the pair of 

leaves forming one biological replicate (n). Once all treatment leaves had received an insect, 

plates were covered with clingfilm and left for 30 min. In this time, aphid feeding events were 

monitored and events of ≥ 5 min were noted along with their location on the leaf. The location 

of thrips feeding events could not easily be monitored. All insects were then removed and 

another image was taken as the 0 h time point. Following this, images were taken hourly for 8 

h. Between time points, plates were sealed with clingfilm and kept in the dark at room 

temperature. 

All insects used in microscopy experiments were used only once and were discarded 

after use.  
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2.3.3. Micropipette wounding  

Localised wounds were administered to leaves based on methods modified from 

Bellandi et al. (2022). The wounds were inflicted by glass micropipette needles produced from 

Drummond Microcap glass microcapillaries (Sigma-Aldrich) using a Narishige PE-2 (Japan) glass 

microelectrode puller (magnet setting: 5.15; heater setting: 4.35). Needle points were measured 

at 65 x magnification on an Axio Zoom.V16 and had a mean ± S.E.M. diameter of 6.46 ± 0.61 µm 

(n = 6). The needle was controlled by a manual micromanipulator under an Axio Zoom.V16. To 

inflict wounds, the needle point was briefly pressed against the abaxial leaf surface away from 

the main vein and edge to produce a highly localised wound without deep penetration into the 

leaf. This marked time point 0 and the location of this event as the wound site. The needle and 

apparatus were only introduced into the imaging area for the wound event and were then 

completely removed for further imaging. Control sites were untreated representative sites on 

the same leaf with each wound and control site pair forming one biological replicate (n). Any 

samples in which reporter signals clearly propagated through vascular networks, or in which 

micropipette wounding penetrated deep into the leaf, were discarded. Wounding experiments 

were performed over 1 - 3 imaging days. Unless otherwise specified, wound or wounding in this 

thesis will refer to this method. 

For wounding of A. thaliana expressing signalling reporters, the cling film was first 

removed from covering the samples. After imaging for at least 5 min to allow for baseline 

measurements, these samples were wounded. The wounding was performed during continuous 

imaging in the dark and was followed by 30 min imaging to record any wound-induced 

responses.  

For wounding of expression reporter plants, plates were uncovered before wounding 

and wound sites were recorded by their location on the leaf. Images were then taken 

immediately after wounding and at hourly intervals for 8 h to allow change in signal intensity 

over time to be analysed. Between time points, plates were sealed with cling film in the dark. 

2.3.4. Touch treatment 

For localised touch treatments, the same methods were used as for wounding but the 

micropipette needle was first blunted by brief exposure to a flame. Blunted needle ends were 

measured at 65 x magnification on an Axio Zoom.V16 and had a mean ± S.E.M. diameter of 333 

± 13 µm (n = 7). Touch experiments were performed over one or two imaging days. Unless 

otherwise specified, a touch stimulus in this thesis will refer to this method.  
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2.3.5. Fluorescence microscopy imaging 

Leaves of stimulus treated A. thaliana reporter expressing lines were imaged in groups 

of four in 96-well plates (Figure 2.1). All images were taken in a dark room maintained at 21 ± 

2⁰C. An Axio Zoom.V16 epifluorescence microscope was used for the imaging and controlled via 

the ZEN Blue software (ZEISS). Unless otherwise stated, a Lumenocor Spectra III Light Engine 

(ZEISS) was used and provided 15% intensity excitation light for imaging. The additional 

conditions used for this imaging are outlined in Table 2.4 for each reporter. Where stated in 

figure legends, an alternative light source of a HXP 120 V metal halide lamp (ZEISS) was used at 

50% intensity with otherwise equal imaging conditions. For dual fluorescent protein (FP) 

reporters, the two FPs were imaged sequentially at each time point. All images were taken at 

100% aperture and 7 x magnification and were exported as .CZI files. The John Innes Centre 

BioImaging platform provided the imaging equipment and support for these experiments.  

 
  

Figure 2.1 Arrangement of isolated A. thaliana  leaves for Axio Zoom.V16 imaging.  
 
An example of the arrangement of A. thal iana leaves for imaging. Leaf 1 or 2 was 
removed from 15-day old Col-0 A. thaliana plants expressing  UBQ10::GCaMP3 and 
floated abaxial side up on 300 µl dH2O in wells  of a clear,  flat bottom 96-well  plate. 
Plates were sealed in cl ing fi lm and left overnight at room temperature in the dark 
before imaging. Samples were imaged in groups of four using an Axio Zoom.V16 at 7 x 
magnification. Fluorescence intensity from the GFP channel  is shown in greyscale with 
higher intensities represented by l ighter colours.  

Low Fluorescence 
Intensity 

High Fluorescence 
Intensity 
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Table 2.4 Conditions used to image A. thaliana fluorescent reporter l ines with a Zeiss Axio Zoom.V16 microscope and a Lumenocor Spectra III Light 
Engine. 
White background – Signalling reporters. Grey background – expression reporters. Modified FS47 does not contain an excitation fi lter. Modified FS108 
contains an FS47 excitation fi lter and a HC YFP emission fi lter. Subscript cyt – cytosolic,  subscript apo – apoplastic,  FP – fluorescent protein. Filter  
wavelengths (nm) are shown as ‘central wavelength/full bandwidth’.  

Reporter Transgene Analyte Reporter 
Type 

FP(s) LED  
Colour 

Excitation 
Filter (nm) 

Emission 
Filter (nm) 

Filter Cube Exposure 
(s) 

Reference for A. thaliana 
material 

UBQ10::GCaMP3 [Ca2+] Intensiometric cpEGFP Cyan 470/40 525/50 38 HE GFP 1.5 Nguyen et al. (2018) 

35S::GCaMP3 [Ca2+] Intensiometric cpEGFP Cyan 470/40 525/50 38 HE GFP 1.5 Vincent et al. (2017a) 

UBQ10::GCaMP6s [Ca2+] Intensiometric cpEGFP Cyan 470/40 525/50 38 HE GFP 1.5 Shao et al. (2020) 

35S::CHIB-iGluSnFR [Glu]apo Intensiometric cpGFP Cyan 470/40 525/50 38 HE GFP 1.5 Toyota et al. (2018) 

35S::Apo-pHusion Apoplastic pH Ratiometric – 
non-FRET 

eGFP Cyan 470/40 525/50 38 HE GFP 1.5 Gjetting et al. (2012) 

mRFP1 Green 545/25 605/70 43 DsRed 1.5 

UBQ10::NES-YC3.6 [Ca2+]cyt Ratiometric - 
FRET 

eCFP Blue 438/29 480/40 Modified FS47 - CFP 1 Krebs et al. (2012) 

cpVENUS Blue 436/24 544/24 Modified FS108 - 
CFP/YFP 

1 

pAOS::NLS-3xVENUS AOS expression  mVENUS Teal 509/22 544/24 HC YFP 1 Marhavý et al. (2019) 

pJAZ10::NLS-3xVENUS JAZ10 expression  mVENUS Teal 509/22 544/24 HC YFP 1 

pACS6::NLS-3xVENUS ACS6 expression  mVENUS Teal 509/22 544/24 HC YFP 1 

pPR4::NLS-3xVENUS PR4 expression  mVENUS Teal 509/22 544/24 HC YFP 1 

pPR1::NLS-3xVENUS PR1 expression  mVENUS Teal 509/22 544/24 HC YFP 1 Poncini et al. (2017) 
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For all signalling reporter samples, imaging was performed at 5 s intervals. Wherever 

possible, at least 5 min (60 frames) imaging was performed pre-stimulus for baseline analyses 

and 30 min (360 frames) after for analysing any reporter signals. For insect treatments, the 

feeding events could not be easily standardised to meet these criteria. Instead, image sequences 

were retained for further analyses if they had images available for ≥ 2.5 min directly pre-stimulus 

and ≥ 10 min directly post-stimulus. To acquire background correction values for signalling 

reporters, single images were taken of non-transgenic A. thaliana (Col-0) leaves with equivalent 

set ups. The conditions used for imaging signalling reporter samples were selected to allow clear 

and consistent visualisation of reporter responses without inducing significant reporter signals.  

For aphid, thrips, touch or wound treated expression reporter samples, images were 

taken hourly starting immediately after treatment. To ensure the first time point was not 

influenced by the insect treatment, a pre-treatment reference image was also taken for thrips 

and aphid treated expression reporter samples. For expression reporter samples treated with 

MeJA for screening purposes, images were taken only at 48 h post-treatment.  

2.3.6. Microscopy data analyses – Signalling reporters 

For analysing image sequences of signalling reporter samples, .CZI files were opened in 

Fiji Image J 1.53j (Schindelin et al., 2012) with Bio-Formats 6.10.0 (Linkert et al., 2010). Regions 

of interest (ROIs) were outlined with the polygon or circular ROI tool with the ROI manager. 

For Col-0 non-transgenic samples used to obtain background correction values, ROIs 

were drawn within the area of leaves to cover most of the leaf surface. The measure function 

was then used to obtain the mean fluorescence intensity (A.U.) across each sample. The 

background correction values for each experiment and reporter are shown in Table 2.5 and 

these were the values used for background corrections unless otherwise specified.  

For signalling reporter analyses, the treatment site was first identified and any 

associated reporter signals were considered to assess whether they were induced by the 

treatment stimulus. If reporter signals were present, a single dominant signal was identified as 

that which gave the most significant changes in fluorescence intensity across the signalling area. 

The maximum visible area of this dominant signal was outlined by a ROI and measured to give 

the ‘signal area’ (µm2). Additionally, the mean propagation rate for the dominant reporter signal 

was measured using the MTrackJ 1.5.1 plugin (Meijering et al., 2012). For this, the origin of the 

dominant signal was identified and marked with another mark placed at a representative region 

on the maximum signal area perimeter when the dominant signal first stopped propagating 

radially outwards. The ‘signal rate’ (µm s-1) was then calculated from the distance (µm) and time 
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(s) between these marks. In the absence of any reporter signal, these values were omitted from 

data. Instead, circular ROIs were placed at the stimulus treated sites of a size comparable to 

other reporter responses induced by the same stimulus. These ROIs had areas and radii of 

320000 µm2 (0.32 mm2) and 319.15 µm for wounding, 150000 µm2 (0.15 mm2) and 218.51 µm 

for aphids and 130000 µm2 (0.13 mm2) and 203.42 µm for touch, respectively. The ROI at the 

stimulus treated site was then duplicated to a representative untreated control site on the same 

leaf for wounding or touch stimuli, or on an untreated leaf for insect stimuli. The mean 

fluorescence intensity across ROIs for each frame was extracted using the Time Series Analyzer 

3.0 plugin (RRID:SCR_014269). These values represented the non-corrected fluorescence 

intensity (F) values and were further analysed in Microsoft Excel Version 2202 (Microsoft). This 

method for analysing signalling reporters is demonstrated for wounding (Figure 2.2A) and M. 

persicae feeding (Figure 2.2B). In some cases, characterising reporter dynamics required 

additional analyses. Therefore, additional measurements using these same approaches were 

performed on specific components of the reporter signals as described in results.  

Table 2.5 Background correction values used for signalling reporter analyses.  
The background intensity  or correction value  is a mean shown alongside the standard 
error of the mean (S.E.M) for the number of samples, n ,  measured. e/E – enhanced, cp – 
circularly permuted. All correction values were calculated from images taken with an 
AxioZoom.V16. 

Stimulus Reporters Fluorescent 
Protein 

Background Intensity 
(A.U.) 

S.E.M. n 

Aphid or 
Thrips 

GCaMP3 cpEGFP 1908.35 16.61 10 
GCaMP6s cpEGFP 
iGluSnFR cpGFP 
Apo-pHusion eGFP 1787.41 11.42 18 

mRFP1 9312.59 142.76 18 
Wound GCaMP3 cpEGFP 2062.56 12.56 21 

GCaMP6s cpEGFP 
iGluSnFR cpGFP 
Apo-pHusion eGFP 1973.84 43.53 10 

mRFP1 1930.90 42.06 10 
YC3.6 eCFP 2360.68 56.67 8 

cpVENUS  1170.90 12.93 8 
Water 

Infiltrated 
Wound 

Apo-pHusion eGFP 1822.90 6.58 48 
mRFP1 1598.87 4.61 48 

GCaMP3 cpEGFP 1838.86 8.45 24 
iGluSnFR cpEGFP 
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Figure 2.2 Demonstration of signalling reporter analyses in response to 
micropipette wounding and M. persicae feeding. 
 
Axio Zoom.V16 time series images from (A) micropipette wound-induced and (B) M. 
persicae feeding-induced GCaMP3 fluorescent reporter signals in A. thaliana .  
Analyses performed in Fij i Image J 1.53j (Schindelin  et al.,  2012)  with stimuli onset 
at 0 min. The ROIs for  the stimulus and control sites used to measure mean 
fluorescence intensity over time are shown in yellow in the frame that the dominant 
signal f irst reached its maximum area (Max Area). This ROI outlines the dominant 
signal at this point and was used to measure signal area. MTrackJ 1.5.1 (Meijering  et 
al. ,  2012) was used to measure the signal  rate. This was the rate of dominant signal 
propagation from its origin marked by the first red dot to when the signal f irst  
stopped propagating at the max area marked by a second red dot at a representative 
site. The rate was calculated as the length of the red line divided by the time 
between these points.  
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Unless otherwise specified, non-corrected fluorescence intensity values from signalling 

reporters first underwent a background correction in Excel. For this, the relevant value in Table 

2.5 was subtracted from every fluorescence intensity value to produce background corrected 

fluorescence intensity values (F). For intensiometric signalling reporters, corrected or non-

corrected F values were normalised using the formula ΔF/F0 where F0 is the baseline 

fluorescence calculated as the mean F over a resting period of the 5 min prior to stimulus 

application and ΔF = F - F0. For ratiometric signalling reporters, the ratio (R) of the F values from 

the two emission wavelengths was first calculated at each time point before this was normalised 

by ΔR/R0. R0 was the baseline R calculated as the mean R over the resting period of the 5 min 

prior to stimulus application and ΔR = R - R0. For all signalling reporters, stimuli occurred at time 

point 0 with time plotted from -5 min to 30 min. Often data presented for ΔF/F0 or ΔR/R0 are 

for the difference between treated and control ROI pairs. Taking this difference further 

normalised reporter signals to their control, removed variation caused by fluctuations in 

background or excitation light intensity and efficiently incorporated untreated controls into 

analyses. These values are referred to as normalised ΔF/F0 or ΔR/R0 values and were compared 

between groups over time to assess reporter signal dynamics. As required, reporter signals were 

also compared by maximum (peak) normalised ΔF/F0 or ΔR/R0 values and these values at 

selected times, signal areas and signal propagation rates. F0 values for stimulus-treated sites 

were compared as a measure of reporter expression. To test if reporter signals were induced in 

response to certain stimuli, the approximate time of the normalised ΔF/F0 or ΔR/R0 trace peaks 

were identified and the ΔF/F0 or ΔR/R0 values at these times were compared between control 

and treated groups.  

To ensure data were representative and accurate, strict criteria were applied during 

analyses which resulted in some data points or samples being removed. Unrepresentative data 

points which were removed were often due to stimuli, especially insect stimuli, interfering with 

treatment or control ROIs. If a second insect feeding event caused another signal which 

interfered with the signal being analysed, all data points after that time were discarded. 

Occasionally, data points were removed due to spikes in light intensity caused by either light 

intensity increases in the imaging environment or errors in the microscopy equipment. Following 

this step, to ensure data were based around an accurate F0 value, samples were discarded if 

they did not have ≥ 30 data points in the 60 possible directly prior to stimulus application for 

baseline calculations. Additionally, to give accurate measurements of the stimulus-induced 

responses, samples were discarded if they did not have ≥ 120 data points from the 180 (15 min) 

directly post stimulus for measuring reporter signals. Most samples used significantly exceeded 

these criteria. To avoid measuring responses to non-treatment stimuli, samples were discarded 

in the rare case that both the treated and control samples gave reporter signals with a sustained 
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normalised intensity greater than that of a typical stimulus induced response. Any discarded 

samples were excluded from all analyses. 

2.3.7. Microscopy data analyses – Expression reporters 

Images of expression reporter samples were opened and managed as for signalling 

reporter images.  

In response to micropipette wounding, touch or aphid treatment, images of expression 

reporter samples were analysed with the knowledge of where the stimulus events occurred. For 

each sample, if there was a clear elevation in this area of the reporter fluorescence through the 

imaging period, a fitted ROI was drawn around the signal area. The signal area was then 

measured. In the absence of any reporter signal, a circular ROI was drawn at the stimulus treated 

site with an area based on the signal area recorded for responses to the same stimulus in other 

reporters. These ROIs had areas and radii of 320000 µm2 (0.32 mm2) and 319.15 µm for 

wounding, 150000 µm2 (0.15 mm2) and 218.51 µm for aphids and 130000 µm2 (0.13 mm2) and 

203.42 µm for touch, respectively. As thrips feeding events could not easily be recorded during 

treatment, ROIs were first drawn around the whole leaf for all samples allowing measurements 

of whether the reporter expression was induced by the thrips treatment. Additionally, if reporter 

signal responses were clear, one signal for each sample was outlined with an ROI and analysed 

allowing responses to presumed individual feeding events to be measured. For all treatments, 

the ROIs were duplicated or reproduced at an equivalent control site in every image. This was in 

the same leaf for wounding and touch and in a control leaf for insect treatments. Next, the 

fluorescence intensity (F, A.U.) was measured for every ROI across the time points adjusting the 

ROI position as necessary to ensure measurements represented the same region of the leaf. The 

change in fluorescence intensity, ΔF, was then calculated for each ROI at each time point from 

the fluorescence intensity in the earliest image, F0, as ΔF = F – F0. ΔF values were compared 

between groups at each time point along with signal areas as required. 

For MeJA treatments and screening of pAOS/JAZ10::NLS-3xVENUS A. thaliana lines, ROIs 

were drawn around the whole abaxial surface of MeJA- or mock-treated leaves. Intensity values 

were measured and compared for the treatments and genotypes being assessed.   
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2.4. Assessing aphid extract-induced A. thaliana responses by plate reader 

measurements of genetically encoded fluorescent reporters 

2.4.1. Preparation of aphid extract   

Aphid extract used to investigate aphid HAMP-induced responses was prepared by 

James Canham (formerly Hogenhout Group, J.I.C.) from M. persicae (Clone O) as described in 

Canham (2022). Approximately 50 mg of mixed instar adult M. persicae (Clone O) aphids were 

collected into 2 mL tubes and snap frozen in liquid nitrogen with a 4 mm stainless steel ball 

before grinding in a TissueLyser LT (Qiagen). 820 µL 4⁰C extraction buffer (50 mM Tris-HCl pH 7, 

1 mM EDTA) was added to tubes and vortexed prior to sonication twice for 20 s with a Soniprep 

150 Plus (MSE) at amplitude 8. To remove insoluble material, samples were centrifuged for 10 

min at 10000 x g and 4°C. The supernatant was collected and the protein within precipitated 

with 60% v/v 4.1 M ammonium sulphate solution with constant agitation for 1 h at 4°C. The 

precipitate was isolated by centrifugation at 12000 x g for 20 min before being resuspended in 

400 µL 1 X PBS at 4°C overnight with 30 rpm. Samples were then treated with 80% v/v 

acetonitrile and mixed before incubation on ice for 1 h and subsequent centrifugation for 10 

min at 12000 x g and 4°C. The low molecular weight enriched supernatant was snap frozen and 

lyophilised using a Centrifugal Quattro Concentrator (Genevac). 400 µL 1 X PBS was added to 

the resulting powder which was then passed with other batches of extract through a 15 mL < 3 

kDa low molecular weight filter (Amicon) according to the manufacturer’s guidance. Filtrates 

were then treated with 200 μM proteinase k (Merck) and incubated for 2 h at 50°C before 

deactivation by heat treatment at 95°C for 10 min. Filtrate was stored at 4°C for up to 3 weeks 

prior to use as ‘aphid extract’. 

2.4.2. Plant preparation 

A. thaliana seedlings for experiments with aphid extract were grown in 96-well plates 

for 9 days before the 200 µL ½-strength MS media was replaced with 150 µL of dH2O. Plates 

were sealed with cling film and kept dark overnight at room temperature before 

experimentation on day 10. 

2.4.3. Treatment, fluorescence intensity measurements and analyses 

To measure fluorescence intensity from samples in 96-well plates, plates were 

uncovered and placed in the FLUOstar Omega plate reader (BMG LABTECH) controlled by the 

Omega software (BMG LABTECH). As reporters investigated in this way were all GFP-based, wells 
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were successively excited, going between treatment groups, using a high energy xenon flash 

lamp with a GFP filter set (emission: 485/12 nm, excitation: 520/30 nm) and a gain of 1000. A 

cycle of the entire plate took 40 s and was repeated at 1 min intervals. 30 min recording was 

performed prior to treatment to acquire baseline intensities for normalisation. Elicitor 

treatment was then performed by quickly replacing 50 µL from each well with a 3 x elicitor 

solution with minimal agitation of seedlings. Treatments applied were dH2O, 0.75% v/v 1 x PBS, 

0.75% v/v aphid extract and 60 nM flg22 in dH2O (EZBiolab, Carmell, USA). After elicitation, 

plates were quickly returned for a further 90 min recording of plant fluorescent reporter 

intensity. Intensity measurements for each sample and time point were exported into Microsoft 

Excel Version 2202 (Microsoft). Every fluorescence intensity value was then background 

corrected by subtracting a mean background intensity value collected over 60 min from non-

transgenic seedlings under equal conditions (background value: 348.01 ± 0.94 A.U., n = 55). The 

resulting background-corrected fluorescence intensity, F, values were normalised by ΔF/F0 

where F0 was the mean F over the 30 min baseline period prior to elicitation and ΔF = F – F0. F0 

values were compared between the genotypes and treatments to assess for equal reporter 

expression. Mean ΔF/F0 traces and maximum ΔF/F0 values were also compared between 

treatments and genotypes to evaluate responses to the treatments applied. 

2.5. Data handling and presentation 

All numerical data were recorded and handled in Microsoft Excel Version 2202 

(Microsoft). Where measures of central tendency and variation are given, these are the mean 

and the standard error of the mean (S.E.M.), respectively. For each variable investigated, data is 

reported to a consistent number of decimal places throughout the thesis to aid the comparison 

of results. Repeated measures were not performed to assess the precision to which each 

variable should be reported. However, the precision to which each variable is reported was 

deemed reasonable for the equipment and approaches used.  

For data presented in line graphs, data points represent the mean at each time point 

with the mean ± S.E.M. presented as a shaded region around the mean. For data presented in a 

boxplot, horizontal lines indicate the lower quartile, median and upper quartile. Individual data 

points are indicated by black dots on boxplots. Data points that fell outside of the interquartile 

range by more than 1.5 x the interquartile range were deemed to be outliers. These data points 

are highlighted on boxplots by the addition of a grey dot in the centre line of the boxplot at the 

same vertical position as the data point. Whiskers on boxplots extend from the lower and upper 

quartile lines to the minimum and maximum data points that are not outliers, respectively. 
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All statistical analyses were performed using RStudio Version 1.2.5033 (RStudio Team, 

2020). The assumptions for all statistical tests were assessed before tests were implemented. 

Data were assessed for normality using Shapiro-Wilks tests. A Levene’s test was used for 

assessing the equality of variances between compared groups. Further statistical tests used are 

referenced in the relevant results text and figure legends. For each statistical test, all data points 

were included in the analysis, including data points that were identified as outliers.  

2.6. Reporter signal modelling  

Modelling of reporter fluorescence intensity values and normalised reporter signals was 

performed in Python using the Jupyter notebook (Kluyver et al., 2016), as described in results. 

Scripts for the models were originally written by Sergio Lopez (BioImaging Platform, John Innes 

Centre) as part of a collaboration and were subsequently modified here to meet the desired 

parameters. 
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3. Developing the Foundations for Exploring the Perception of 

Aphid and Thrips Feeding in A. thaliana with Genetically Encoded 

Fluorescent Reporters 
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3.1. Introduction 

To investigate how A. thaliana perceives aphid and thrips feeding, it will be beneficial to 

develop methods that allow the visualisation of early plant responses to localised stimuli. [Ca2+] 

reporter imaging can provide a foundation for these methods as Ca2+ signalling is fundamental 

in plant biotic stress responses and as [Ca2+] reporter imaging is well established with various 

genetically encoded Ca2+ indicators (GECIs) available (Grenzi et al., 2021; Jiang and Ding, 2023; 

Patra et al., 2021). Moreover, GECI imaging has previously been performed to investigate A. 

thaliana responses to aphid feeding (Vincent et al., 2017a; Vincent et al., 2017b; Then et al., 

2021; Wang et al., 2022b; Xue et al., 2022). In Section 3.1.1., I will explore key considerations for 

developing methods to image genetically encoded fluorescent reporters. In Section 3.1.2., I will 

summarise the knowledge of aphid feeding-induced responses in plants that has been 

established by GECI imaging. Section 3.1.3. will then outline the aims of this chapter. 

3.1.1. Considerations for genetically encoded reporter imaging 

Many genetically encoded reporters are based on fluorescent proteins (FPs). 

Intensiometric FP-based reporters indicate relative analyte concentrations by the absolute 

intensity of a single emission wavelength. In contrast, ratiometric reporters indicate analyte 

levels by the ratio of two emission wavelengths. Ratiometric reporters may be based on a single 

FP, two FPs displaying FRET, or two linked FPs with a reporter FP that indicates analyte 

concentration and an analyte-insensitive reference FP (Walia et al., 2018). Reporters differ in 

their properties including their signal-to-noise ratios (SNRs), dynamic ranges, and detection 

ranges (Grenzi et al., 2021). Selecting appropriate reporters based on their properties and 

rigorously implementing them can determine the success and reliability of investigations using 

genetically encoded reporters. 

Intensiometric reporters, such as the GFP-based GCaMP GECIs, are relatively simple to 

implement and have comparatively broad dynamic ranges and high SNRs compared to 

ratiometric FRET-based reporters (Hilleary and Gilroy, 2018; Grenzi et al., 2021). However, using 

absolute intensities to report relative analyte concentrations with intensiometric reporters can 

elevate the risk of producing artefactual results (Grenzi et al., 2021). For example, intensiometric 

reporter fluorescence is often sensitive to pH as has been demonstrated for the R-GECO1 (Zhao 

et al., 2011; Keinath et al., 2015) and GCaMP3 GECIs (Cho et al., 2017). As a result, pH changes 

can influence intensiometric reporter signals and cause artefacts in data. Assessing and 

controlling for the limitations of intensiometric reporters is therefore important. For example, 

complementary measurements to assess for pH changes could be conducted with a genetically 
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encoded pH reporter such as the ratiometric dual FP reporter, pHusion (Gjetting et al., 2012). 

Additionally, to assess for pH changes, intensiometric GECIs could be replaced by dual Ca2+-pH 

reporters such as CapHensor (Li et al., 2021a) or R-GECO1-GSL-E2GFP (Waadt et al., 2020). 

Because reference proteins can indicate changes in variables such as pH, non-FRET ratiometric 

reporters can limit the risk of artefacts in results going unnoticed. For the FRET-based YC-Nano 

65 and YC3.6 GECIs, it is thought that both FPs are similarly responsive to pH and thus pH 

changes should not significantly influence signals detected with these reporters (Behera et al., 

2018; Grenzi et al., 2021; Nagai et al., 2004). Therefore, compared to other reporters, 

intensiometric reporters require additional care to ensure that background variables, such as 

pH, do not influence the reporter signals detected or resulting conclusions.  

Intensiometric reporter signals can also be heavily influenced by variation in reporter 

expression levels (Grenzi et al., 2021; Rudolf et al., 2003; Bootman et al., 2013). To control for 

expression levels, intensiometric reporter signals are normalised to their baseline intensity. This 

normalisation is often performed by a ΔF/F0 calculation where F is fluorescence intensity, F0 

represents the baseline F over a resting period and ΔF = F - F0. However, changes in fluorescence 

(ΔF) are only directly proportional to F0 or reporter expression when F represents solely the 

reporter signal and does not include any background intensity. The inclusion of a constant 

background intensity in F leads to ΔF/F0 underestimations. This underestimation effect would 

be greater with lower reporter expression or F0 than with higher reporter expression. 

Resultingly, if background signal is included in F, expression differences can cause artefactual 

differences in ΔF/F0 comparisons. To avoid this issue, the background intensity, representing 

that of a sample in the absence of the reporter, should be removed from all F values in a 

‘background correction’. The use of a background correction is mentioned in some guidance for, 

or descriptions of, using genetically encoded fluorescent reporters (Bootman et al., 2013; 

Gjetting et al., 2012; Shkryl, 2020). Nonetheless, this risk of expression artefacts highlights the 

need for extra caution when using intensiometric reporters. 

Ratiometric reporters can help avoid expression artefacts and aid comparisons of 

reporter signals between tissues, samples and material (Grenzi et al., 2021). This is as two 

emission intensities are used for ratiometry and these usually originate from components with 

linked expression. Expression levels can therefore be gauged by the two intensities and the ratio 

can help control for variation in expression (Rudolf et al., 2003; Grenzi et al., 2021). GEX-GECO1 

provides an example of a single FP-based ratiometric GECI derived from GCaMP3 that reports 

[Ca2+] via the [Ca2+]-dependent excitation ratio at 400 and 488 nm (Zhao et al., 2011). However, 

this reporter has relatively low emission intensity compared to intensiometric GCaMPs (Grenzi 

et al., 2021). To keep the benefits of existing intensiometric GECIs but with an added reference 
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FP for ratiometry, dual FP non-FRET reporters have been developed around single FP GECIs. For 

instance, the R-GECO1-mTurquoise reporter utilises R-GECO1 for [Ca2+] reporting and 

mTurquoise as a reference FP (Waadt et al., 2017). Based on a similar principle but with only 

one excitation wavelength required, Ast et al. (2017) developed MatryoshCaMP6s around 

GCaMP6s. Such reporters are not without challenges as they are often more complex to image 

and of a larger size than intensiometric reporters (Grenzi et al., 2021). With the benefits of 

ratiometric reporters in controlling for expression, background correction may be deemed less 

important. However, having a background intensity contributing to fluorescence measurements 

and ratios may still influence results, thereby maintaining a risk of expression artefacts 

emerging. The extent to which this is a problem has not been well demonstrated for ratiometric 

reporters used in A. thaliana. Therefore, it seems important to maintain care for expression with 

ratiometric reporters and consider background corrections that remove all signal extraneous to 

the reporter to improve the accuracy of results.  

3.1.2. Insights into aphid feeding-induced [Ca2+] elevations established with GECIs 

Despite their limitations, the benefits of intensiometric GECIs have made those such as 

GCaMPs popular for studying whole plant or organ Ca2+ signalling responses to stimuli and 

especially those less reproducible like insect feeding (Toyota et al., 2018; Vincent et al., 2017a; 

Nguyen et al., 2018; Xue et al., 2022; Shao et al., 2020; Hagihara et al., 2022; Parmagnani and 

Maffei, 2022). Whilst GECIs have not yet been used to investigate thrips-plant interactions, live 

aphid-plant interactions have been investigated with GECIs on several occasions (Then et al., 

2021; Vincent et al., 2017a; Xue et al., 2022; Wang et al., 2022b). GCaMP3 imaging revealed that 

M. persicae feeding induces [Ca2+] elevations in epidermal and mesophyll cell layers that are 

restricted around the feeding site and do not travel systemically (Vincent et al., 2017a). 

Additionally, these [Ca2+] elevations appear to be fully dependent on BAK1 and GLR3.3/3.6 

(GLR3.3 and/or GLR3.6) as well as partially dependent on TPC1 (Vincent et al., 2017a). This 

localised response is consistent with M. persicae being thought not to induce significant systemic 

signalling or defence responses in A. thaliana (De Vos and Jander, 2009; Vincent, 2016). 

However, Xue et al. (2022) utilised GCaMP6s to reveal that heavy M. persicae infestation can 

induce systemic GLR3.3/3.6-dependent [Ca2+] elevations and JA-mediated aphid resistance. As 

Ca2+-permeable receptor channels, GLR3.3/3.6 therefore appear to function in both localised 

and systemic aphid-induced responses. Overall, it is largely unknown how plants initially 

perceive aphid feeding with only a few candidate elicitors described and PRRs remaining elusive 

(Chaudhary et al., 2014; Elzinga et al., 2014; Bos et al., 2010; Nalam et al., 2019; Prince et al., 

2014; Canham, 2022). As such, intensiometric [Ca2+] reporter imaging has helped provide key 
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insights into the plant perception of live aphid feeding by implicating BAK1, TPC1 and 

GLR3.3/3.6. 

3.1.3. Current investigations 

Imaging genetically encoded reporters will be valuable here for investigations into how 

plants recognise and respond to aphid or thrips feeding. For this, approaches can build on the 

existing knowledge of aphid-induced Ca2+ signalling (Vincent et al., 2017a; Xue et al., 2022) and 

the established protocols for imaging aphid-induced [Ca2+] elevations using GCaMP3 (Vincent et 

al., 2017b). However, considering the limitations of the intensiometric reporters used for 

previous investigations into aphid feeding-induced [Ca2+] elevations, it is important that the 

existing methods and results are reassessed and that any findings inform the methods and 

rationales of this thesis. As such, the research aims of this chapter are to: 

1. Identify whether differences in intensiometric reporter expression between 

compared lines could have influenced the conclusions of Vincent et al. (2017a) 

regarding aphid feeding-induced [Ca2+] elevations.  

2. Explore how differences in reporter expression between compared groups could 

cause differences in normalised intensiometric and ratiometric non-FRET 

reporter signals and whether background corrections can adequately control for 

this effect. Utilise any findings to develop methods for imaging and analysing 

genetically encoded reporter signals induced by localised stimuli. 

3. Using the updated methods, investigate whether M. persicae feeding-induced 

[Ca2+] elevations are dependent on BAK1, TPC1 and GLR3.3/3.6. 
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3.2. Results  

3.2.1. Previous conclusions implicating BAK1, GLR3.3/3.6 and TPC1 in aphid feeding-

induced [Ca2+] elevations are compromised by differences in reporter expression 

Vincent et al. (2017a) investigated M. persicae feeding-induced [Ca2+] elevations using 

A. thaliana expressing 35S::GCaMP3 but analyses did not include background corrections. 

Compared to Col-0 controls, the ΔF/F0 measurements suggested a loss of [Ca2+] elevations in 

bak1-5 and glr3.3b glr3.6a mutants with reduced amplitude elevations in the tpc1-2 mutant. To 

assess if variation in GCaMP3 expression influenced these results, I reanalysed the raw data from 

Vincent et al. (2017a). In these data, non-corrected fluorescence intensity, F, was measured at 

5 s intervals with the baseline fluorescence, F0, being the mean F for the 5 min before feeding. 

F0 values from the M. persicae feeding sites were used as an indicator of reporter expression. 

Compared to its Col-0 control samples, the F0 values from bak1-5 35S::GCaMP3 A. thaliana 

samples were significantly reduced (Figure 3.1A, Kruskal-Wallis, W = 619, p = 0.011). Similarly, 

compared to Col-0 control samples, F0 values were significantly lower in glr3.3b glr3.6a 

35S::GCaMP3 samples (Figure 3.1B Kruskal-Wallis, W = 1148, p < 0.0001) and tpc1-2 

35S::GCaMP3 samples (Figure 3.1C, Kruskal-Wallis, W = 515, p < 0.0001). The difference 

between F0 values in the Col-0 and mutant samples was much more pronounced for the 

comparisons with glr3.3b glr3.6a and tpc1-2 than with bak1-5 (Figure 3.1). Given these data, 

GCaMP3 expression differences may have influenced the results implicating BAK1, GLR3.3/3.6 

and TPC1 in M. persicae feeding-induced [Ca2+] elevations thereby warranting further 

investigation. 
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Figure 3.1 Mutant 35S::GCaMP3  A. thaliana  l ines investigated in Vincent  et al.  (2017a) 
had reduced baseline fluorescence intensities compared to their wild-type counterparts. 
 
Boxplots of non-corrected baseline fluorescence (F0, arbitrary units: A.U.) at feeding sites 
calculated as the mean of the non-corrected f luorescent intensity  (F, A.U.) values over the 
5 min prior to M. persicae feeding. Data taken from Vincent  et al.  (2017a) with imaging on 
a Leica M205FA microscope. A. thaliana l ines were (A)  Col-0 35S::GCaMP3  (n  = 30) and 
bak1-5  35S::GCaMP3  (n  = 30),  (B)  Col-0 35S::GCaMP3  (n  = 33) and glr3.3b glr3.6a 
35S::GCaMP3 (n  = 35) and (C) Col-0 35S::GCaMP3 (n  = 22)  and tpc1-2 35S::GCaMP3 (n  = 
24). Grey dots are associated with outliers. Statistical significance, tested using Kruskal-
Wall is tests,  shown by *: p  ≤ 0.05, ****: p  ≤ 0.0001.  

A B 
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3.2.2. Empirically assessing the effect of variation in reporter expression on normalised 

GCaMP3 signals and whether background corrections can offset any effects 

Next, I investigated the impact of variation in intensiometric reporter expression on 

ΔF/F0 comparisons and whether background corrections can limit any effects. To do so, I first 

identified A. thaliana lines with different GCaMP3 expression levels by screening GFP 

fluorescence intensities in seedlings on an Axio Zoom.V16 microscope. Selected lines were then 

subjected to localised micropipette wounding to induce reporter signals that could be compared 

between lines by normalised ΔF/F0 values before and after background corrections. For this, 

fluorescence intensity, F, was measured over the responding areas and at control sites at 5 s 

intervals with baseline intensity, F0, values being the mean F over the 5 min prior to wounding. 

After wounding, a further 30 min imaging was performed to measure the wound-induced 

responses. Background-corrected F values were produced by subtracting from all F values a 

mean intensity value obtained from across equivalent non-transgenic A. thaliana leaves imaged 

under equivalent conditions. As the wounding experiments were conducted over two occasions, 

there were two background intensity values of 1974.90 ± 14.91 A.U. (n = 13) and 2036.57 ± 12.69 

A.U. (n = 39). The corrected F0 values were compared between lines to compare reporter 

expression levels (Figure 3.2A, B, C). Additionally, GCaMP3 expression was assessed by Western 

blots of the aerial tissue from whole seedlings with an anti-GFP-HRP antibody that probes 

GCaMP3 (Figure 3.2D, E, F). This allowed comparisons to be established between A. thaliana 

lines with different fluorescence intensities and attribution of that variation to differences in 

reporter expression before comparing non-corrected and corrected normalised ΔF/F0 values. 

Various wildtype and mutant GCaMP3 lines were assessed for their fluorescence 

intensities. First identified was a Col-0 35S::GCaMP3 A. thaliana line with a relatively high and 

uniform reporter fluorescence within and between seedlings and only occasional low intensity 

seedlings that were discarded. This ‘high expression line’ was a descendant of the one used in 

Vincent et al. (2017a) which was crossed to produce the tpc1-2 35S::GCaMP3 A. thaliana line. 

This Col-0 high expression line was identified as containing two copies of the 35S::GCaMP3 

transgene (iDna Genetics, Norwich, U.K.). Notable variation between tpc1-2 35S::GCaMP3 A. 

thaliana lines allowed selection for different fluorescence intensities and revealed that the tpc1-

2 mutation did not explain this variation. I identified a tpc1-2 35S::GCaMP3 line with greatly 

reduced F0 values compared to the wildtype (Figure 3.2A, Wilcoxon rank-sum, W = 477, p < 

0.0001) and very low, almost unidentifiable, GCaMP3 concentrations (Figure 3.2D). This was 

termed the ‘low expression line’. A parental line to this was a tpc1-2 35S::GCaMP3 line which, 

compared to the wildtype, had moderately reduced F0 values (Figure 3.2B, t-test, t = 5.60, p < 

0.0001) and GCaMP3 concentrations (Figure 3.2E). This was termed the ‘moderate expression 
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line’. The low and moderate expression lines yielded some seedlings with no clear reporter 

expression and some with older leaves that displayed localised lower expression that developed 

after approximately 7 days post-germination and seemed to expand with development. These 

seedlings were discarded. To produce Col-0 and tpc1-2 lines with equal reporter expression, Col-

0 UBQ10::GCaMP3 A. thaliana (Nguyen et al., 2018) was crossed with the tpc1-2 mutant to 

produce a homozygous tpc1-2 UBQ10::GCaMP3 line. The Col-0 and tpc1-2 UBQ10::GCaMP3 A. 

thaliana lines had F0 values that were not statistically different (Figure 3.2C, Wilcoxon rank-sum, 

W = 295, p = 0.70) and displayed similar GCaMP3 concentrations (Figure 3.2F). As these lines 

had GCaMP3 expression levels that seemed slightly lower than that of the Col-0 35S::GCaMP3 

line, they were termed ‘intermediate expression’ lines. As a result, the selection process 

established three comparisons between Col-0 and tpc1-2 lines based on GCaMP3 fluorescence 

and expression levels: a high vs low expression, a high vs moderate expression and an 

intermediate vs intermediate expression comparison. These comparisons provided a 

background to investigate the effect of variation in reporter expression on non-corrected and 

background-corrected normalised ΔF/F0 values.  
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Figure 3.2 Selected Col-0 and tpc1-2 A. thaliana l ines expressing GCaMP3  with different 
expression levels and fluorescence intensities.  
 
Baseline fluorescence and GCaMP3 levels in selected Col-0 and tpc1-2 A. thaliana l ines 
expressing GCaMP3. L ines assessed were (A, D) Col-0 35S::GCaMP3 (high expression,  n  = 
22) and tpc1-2 35S::GCaMP3 ( low expression,  n = 22), (B, E)  Col-0 35S::GCaMP3 (high 
expression,  n = 19) and tpc1-2 35S::GCaMP3 (moderate expression,  n = 18) and (C, F)  Col-
0 UBQ10::GCaMP3 (intermediate expression,  n  = 22) and tpc1-2 UBQ10::GCaMP3 
(intermediate expression,  n = 24). (A-C) Boxplots of corrected baseline f luorescence (F0, 
A.U.) values calculated as the mean of the background corrected fluorescence intensity 
(F, A.U.) values over the 5 min prior to wounding for the responding areas in Col-0 and 
tpc1-2 A. thaliana samples  expressing  GCaMP3.  The background correction values were 
(A)  1974.90 A.U. and (B, C) 2036.57 A.U. Grey dots are associated with outliers. Statistical 
significance,  tested using (A, C)  a Wilcoxon rank-sum test or (B )  a t-test,  is  shown by ns: 
p  > 0.05, ****: p  ≤ 0.0001. (D-F) Western blots displaying GCaMP3 protein levels  across 
the selected Col-0 and tpc1-2 GCaMP3 expressing  A. thaliana l ines with (E) two non-
transgenic Col-0 samples  included. Blots  were performed on aerial t issue samples from 
representat ive 16-day-old seedlings and were probed with an anti-GFP-HRP antibody 
before a 10 min exposure for  immunodetection and then total protein staining with 1 x 
Amido Black.  
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To test the effect of the expression differences on non-corrected ΔF/F0 values for each 

comparison, I compared the normalised ΔF/F0 traces and the peak normalised ΔF/F0 values in 

the absence of a background correction (Figure 3.3A, C, E). Compared to the high expression 

Col-0 35S::GCaMP3 line, the peak normalised ΔF/F0 values were significantly lower in the low 

expression tpc1-2 35S::GCaMP3 line (Figure 3.3A, Wilcoxon rank-sum, W = 479, p < 0.0001) and 

in the moderate expression tpc1-2 35S::GCaMP3 line (Figure 3.3C, t-test, t = 9.04, p < 0.0001). 

In contrast, the intermediate expression Col-0 and tpc1-2 UBQ10::GCaMP3 lines with equal 

expression had statistically indifferent peak normalised ΔF/F0 values (Figure 3.3E, Wilcoxon 

rank-sum, W = 281, p = 0.9244). The differences in leaf fluorescence intensities in the three 

comparisons were clear in images from 2 min post-wounding (Figure 3.3B, D, F). These data 

revealed that the significantly reduced peak normalised ΔF/F0 values in the moderate and low 

expression lines compared to the high expression wildtype was a direct effect of reduced 

reporter expression. As such, differences in reporter expression can produce artefactual 

differences in non-corrected ΔF/F0 values. 
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Figure 3.3 Assessing the effect of GCaMP3 reporter expression differences on wound-
induced non-corrected normalised reporter s ignals in the Col-0 and tpc1-2  l ines.  
 
Comparisons of wound-induced non-corrected reporter signals in A. thaliana  l ines 
between (A, B) high expression Col-0 35S::GCaMP3  (n  = 22) and low expression tpc1-2 
35S::GCaMP3 (n  = 22),  (C, D) high expression Col-0 35S::GCaMP3  (n  = 19) and moderate 
expression tpc1-2 35S::GCaMP3 (n  = 18) and (E, F) the intermediate expression lines of 
Col-0 (n  = 22) and tpc1-2  UBQ10::GCaMP3 (n  = 24).  Non-corrected f luorescence intensity 
values (F, A.U.) were detected at 5 s intervals over the area of wound-induced reporter 
signals and at comparable control s ites with the baseline (F0,  A.U.) values being the mean 
F over the 5 min before wounding at 0 min. F values were not corrected for background 
intensity. (A, C, E) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Wound ΔF/F0 
– Control ΔF/F0) over time with wounding at 0 min (grey dashed line) alongs ide boxplots 
for the peak normalised ΔF/F0 values with grey dots associated with outliers. Statist ical 
significance, tested using (A, C) a Wilcoxon rank-sum test or (B) a t-test, shown by ns: p 
> 0.05,  ****: p  ≤ 0.0001. Representative images for samples 2 min post-wounding in the 
(B) low vs high expression comparison, (D) the moderate vs high expression comparison 
and (F)  the intermediate vs intermediate expression comparison. Arrows indicate wound-
induced reporter signals. 
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Next, I tested the ability of background corrections to prevent differences in reporter 

expression giving rise to artefactual differences in ΔF/F0 values. To do so, background 

corrections were applied using the correction values of 1974.90 A.U. for the high vs low 

expression comparison and 2036.57 A.U. for the other comparisons. Following this, compared 

to the high expression Col-0 35S::GCaMP3 line, the peak normalised ΔF/F0 values were not 

statistically different for the low expression tpc1-2 35S::GCaMP3 line (Figure 3.4A, Wilcoxon 

rank-sum, W = 282, p = 0.36) or for the moderate expression tpc1-2 35S::GCaMP3 line (Figure 

3.4B, t-test, t = 1.83, df = 33.25, p = 0.077). There were also no statistically significant differences 

between peak normalised ΔF/F0 values for the equally expressing, intermediate expression Col-

0 and tpc1-2 UBQ10::GCaMP3 lines (Figure 3.4C. Wilcoxon rank-sum, W = 267, p = 0.86). Wound-

induced GCaMP3 signal areas were also not statistically different between the Col-0 and tpc1-2 

UBQ10::GCaMP3 samples with mean values of 0.574 ± 0.032 mm2 and 0.577 ± 0.029 mm2, 

respectively (Figure 3.5A, t-test, t = -0.073, p = 0.94). Similarly, there were no statistically 

significant differences in the signal propagation rates for these lines with a mean value of 2.40 

± 0.10 µm s-1 for Col-0 and 2.24 ± 0.10 µm s-1 for tpc1-2 (Figure 3.5B, t-test, t = 1.14, p = 0.26). It 

was clear however, that background correction on the low expression tpc1-2 35S::GCaMP3 line 

led to notably larger variation in normalised ΔF/F0 values compared to the other lines (Figure 

3.4A). Some of the increased variation likely derived from noise within each sample being 

amplified with background correction. However, Figure 3.4A revealed that some of the low 

expression samples had high peak corrected normalised ΔF/F0 values that contributed 

significantly to the increased variation. This resulted from some samples having such low 

reporter expression and intensity that they were only marginally brighter than a non-transgenic 

sample. As the background correction value is an estimate of the true background value for each 

sample, any error in the background value leads to a misestimation of the ΔF/F0 values. For 

lower expression lines, this effect is more significant as the background correction error is larger 

relative to the fluorescence intensity from the reporter. As such, low expression lines appear to 

be problematic for analyses with a background correction. Nonetheless, an appropriate 

background correction can offset the effects of differences in reporter expression on the 

amplitude of ΔF/F0 and is therefore, important for analyses of intensiometric reporters. 
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High vs Moderate Expression 

Intermediate vs Intermediate Expression 

Figure 3.4 Background correction offsets the effects of differences in GCaMP3 
expression on ΔF/F0 amplitude. 
 
Comparisons of background-corrected reporter signals in A. thaliana  l ines between (A)  
high expression Col-0 35S::GCaMP3  (n  = 22) and low expression tpc1-2 35S::GCaMP3 (n  
= 22), (B) high expression Col-0 35S::GCaMP3  (n  = 19) and moderate expression tpc1-2 
35S::GCaMP3 (n  = 18) and (C) the intermediate expression lines of Col-0 (n  = 22) and 
tpc1-2  UBQ10::GCaMP3 (n  = 24).  Fluorescence intensity (F, A.U.) values were detected 
over the area of wound-induced reporter signals and at comparable control sites and 
background corrected with values of (A) 1974.90 A.U. or (B, C)  2036.57 A.U. Baseline 
intensity (F0, A.U.) was the mean corrected F over the 5 min before wounding at 0 min 
for each sample. (A-C) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Wound 
ΔF/F0 – Control ΔF/F0) with wounding at 0 min (grey dashed line) alongside boxplots for 
the peak normalised ΔF/F0 values with grey dots associated with outl iers. Stat istical 
significance, tested by (A, C) a Wilcoxon rank-sum test or (B) a t-test,  shown by ns: p  > 
0.05.  
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Figure 3.5 Local wound-induced GCaMP3 signals display similar properties in Col-
0 and tpc1-2 A. thaliana leaves. 
 
Boxplots comparing (A)  the maximum signal areas (mm2) and (B) the signal 
propagation rates (µm s- 1) in wound-induced GCaMP3 reporter signals from Col-0 
UBQ10::GCaMP3  and tcp1-2  UBQ10::GCaMP3  A. thaliana .  Grey dots are associated 
with outliers. Sample sizes were Col-0 n  = 22, tpc1-2 n = 24. Statistical s ignificance,  
tested using a t -test, shown by ns: p  > 0.05.  
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3.2.3. Modelling highlights the benefit of background corrections in limiting the effects 

of variable intensiometric and ratiometric reporter expression on normalised signals 

To further demonstrate how variation in reporter expression can influence ΔF/F0 values, 

and how background corrections can counter these effects, the experimental data were used to 

produce a model. This model included A. thaliana GCaMP3 reporter lines with high (10 units 

GCaMP3/pixel), moderate (5 units GCaMP3/pixel) and low GCaMP3 expression (3 units 

GCaMP3/pixel) along with two intermediate expression lines (7 units GCaMP3/pixel). Reporter 

signals were modelled over 1653 pixels or 0.57 mm2 which equalled the mean area of the wound 

induced GCaMP3 signals in the UBQ10::GCaMP3 lines. Background intensity values were 

1974.90 A.U./pixel for the high vs low expression comparison and 2036.56 A.U./pixel for the 

other comparisons. Using these values, I modelled GCaMP3 intensity to range from 83.00 A.U. 

unbound to 183.43 A.U. when fully Ca2+-bound. The non-corrected fluorescence intensity, F, 

values were calculated as the mean intensity across the area including the intensity of the 

background, the free GCaMP3 and the Ca2+-bound GCaMP3. F0 was the mean F over the baseline 

period from -5 to 0 min. A wound event started at 0 min and peaked at 5 min with 80% of the 

GCaMP3 molecules Ca2+-bound at the peak. For the lines with different expression levels, this 

modelling facilitated comparisons of non-corrected and background-corrected ΔF/F0 values. 

Firstly, the non-corrected F and ΔF/F0 values were modelled. This revealed that, 

compared to the high expression line, the low expression (Figure 3.6A) and moderate expression 

(Figure 3.6B) lines had reduced peak ΔF/F0 values. The lines with equal, intermediate expression 

had equal ΔF/F0 values (Figure 3.6C). The background correction, which subtracted the 

appropriate background value from all F values, eliminated these differences for the low (Figure 

3.7A) and moderate expression lines (Figure 3.7B). After background correction, the equal 

intermediate expression lines were again equal in their ΔF/F0 values (Figure 3.7C). Modelling 

also clarified that ΔF/F0 amplitude is underestimated without background corrections and that 

this underestimation is greater in lines with lower expression as it depends on the reporter 

baseline intensity/background intensity ratio (Figure 3.8). Background correction eliminates this 

underestimation. In summary, this modelling demonstrated that differences in intensiometric 

reporter expression in comparisons can produce artefactual differences in ΔF/F0 values. 

Moreover, background correction can prevent these differences by eliminating the 

underestimation of ΔF/F0 caused by the presence of background signal intensity. 
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Figure 3.6 Modell ing the effect of variation in reporter expression on non-corrected 
ΔF/F0 values. 
 
Modelled representations of non-corrected fluorescence intensity values (F, A.U., left) 
and ΔF/F0 traces (right)  for A. thaliana  plants expressing the [Ca2+] reporter, GCaMP3, 
and responding to a wounding stimulus at 0 min. Comparisons were model led for 
samples with (A) high (10 units GCaMP3/pixel) vs low expression (3 units  
GCaMP3/pixel),  (B) high vs moderate expression (5 units GCaMP3/pixel) and (C)  
intermediate (7 units GCaMP3/pixel) vs intermediate expression. Modell ing based on 
values obtained from experimental data with background intensities of (A)  1974.90 
A.U. and (B, C) 2036.56 A.U.,  free GCaMP3 intensity of 83.00 A.U. increasing to 183.43 
A.U. when bound to Ca2+,  and signals  peaking at 5 min with 80% of the GCaMP3 bound 
to Ca2+. Datapoints are plotted at 5 s intervals. Signals were modelled over 1653 pixels.  
F values were the mean intensit ies across the area including the intensities of the 
background and GCaMP3. F0 values were the mean of the F values from -5 min to 0 
min. Modell ing performed in Python (Van Rossum and Drake Jr,  2009) with assistance 
from Sergio Lopez (Bioimaging Platform, John Innes Centre).  
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Figure 3.7  Modelling how background corrections can offset the effects of variation 
in reporter expression on ΔF/F0 traces. 
 
Modelled representations of background-corrected f luorescence intensity values (F, 
A.U.,  left) and ΔF/F0 traces (right) for A. thaliana  plants expressing the [Ca2+] reporter, 
GCaMP3, and responding to a wounding stimulus at 0 min.  Comparisons were modelled 
for plants with (A) high (10 units GCaMP3/pixel) vs low expression (3 units 
GCaMP3/pixel),  (B) high vs moderate expression (5 units GCaMP3/pixel) and (C) 
intermediate (7 units GCaMP3/pixel) vs intermediate expression. Modell ing based on 
values obtained in experimental data with background intensities of (A) 1974.90 A.U. 
and (B, C)  2036.56 A.U.,  free GCaMP3 having an intensity  of 83.00 A.U. increasing to 
183.43 A.U. when Ca2+ bound, and signals peaking at 5 min with 80% of GCaMP3 bound 
to Ca2 + at  the peak. Datapoints are plotted at 5 s intervals. Signals were modelled over 
1653 pixels. F values were the mean GCaMP3 intensities across the area and F0 values 
were the mean of the F values from -5 min to 0 min.  Modelling was performed in Python 
(Van Rossum and Drake Jr,  2009) with assistance from Sergio Lopez (Bioimaging 
Platform, John Innes Centre). 
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Though background correction limited the effect of GCaMP3 expression differences on 

ΔF/F0 amplitude in responses to micropipette wounding, the low expression reporter line 

displayed greater variation in corrected ΔF/F0 than the high expression line (Figure 3.4). As 

background correction amplifies peak ΔF/F0, and as this effect is greater in lower expression 

lines (Figure 3.8), I hypothesised that this increased variation came in part from amplifying noise 

in ΔF/F0 more in low expression lines than in high expression lines. To test this, I added a fixed 

degree of noise to the high and low expression line models. The noise comprised values 

randomly sampled from a normal distribution with a standard deviation equal to the square root 

of the background intensity. As the noise came from a constant distribution that was the same 

for both lines, this noise represented non-biological noise. The signal-to-noise ratio (SNR) was 

then calculated as SNR = A/(1.96 * SD) where A is the amplitude of the ΔF/F0 peak and SD is the 

standard deviation of the ΔF/F0 values over the last 35% of time points. This measure of signal 

peak relative to noise revealed that the low expression line had a lower SNR than the high 

expression line and that background correction did not change the SNR values (Figure 3.9). 

Therefore, these results provide evidence that background correction does not alter SNR 

properties but instead, amplifies variation in ΔF/F0 and does so more in lower expression lines 

contributing to greater variation in ΔF/F0 values.  

Figure 3.8 The effect of variation in reporter expression on the underestimation of 
ΔF/F0.  
 
Modell ing of the effect  of reporter expression (baseline intensity, A.U.),  indicated 
relative to background intensity (A.U.),  on the underestimation of ΔF/F0 for a GCaMP3 
expressing A. thaliana sample analysed without background correction. Baseline 
intensity represents the background-corrected F0 of the sample ( i .e. GCaMP3 
fluorescence intensity) whilst background intensity represents the intensity of the 
sample in the absence of any reporter expression. Underestimation of ΔF/F0 is calculated 
as the percentage difference between the peak ΔF/F0 in background-corrected and non-
corrected models. Background intensity was taken as 1974.90 A.U. with the baseline 
intensity ranging from 1 to 197490 A.U. GCaMP3 intensity (A.U.) increased by 2.21x at 
the signal peak. Modell ing performed in Python (Van Rossum and Drake Jr,  2009) with 
assistance from Sergio Lopez (Bioimaging Platform, John Innes Centre).  
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Figure 3.9 Background correction does not alter the signal-to-noise ratio but does 
amplify variation in ΔF/F0. 
 
Modelled representations of (A) non-corrected and (B) background-corrected 
fluorescence intensity values (F,  A.U., left) and ΔF/F0 traces (right) over time with 
noise for  A. thaliana  plants expressing the [Ca2 +]  reporter, GCaMP3, and responding 
to a typical wounding stimulus at 0 min. Modelling was of a low expression (3 units of 
GCaMP3/pixel) and a high expression line (10 units of GCaMP3/pixel) . Values based 
on those obtained in previous experiments with intensit ies being 1974.90 A.U./pixel 
for the background, 83.00 A.U. for free GCaMP3 and 183.43 A.U. for Ca2+-bound 
GCaMP3. Signals peaked at 5 min with 80% of the GCaMP3 bound to Ca2+. Signals were 
modelled over 1653 pixels. Datapoints were plotted at 5 s  intervals. Noise was added 
to the model at a fixed rate for both lines. This noise was randomly sampled from a 
normal distribution with a standard deviation equal to the square root of the 
background intensity. Signal/Noise (SNR) was calculated using 𝑺𝑵𝑹 =

𝑨

𝟏.𝟗𝟔∗𝑺𝑫 
 where A  

is the amplitude of the signal at its peak and SD is the standard deviation of the ΔF/F0 
values in the last 35% of t ime points. Modell ing performed in Python  (Van Rossum and 
Drake Jr,  2009) with assistance from Sergio Lopez (Bioimaging Platform, John Innes 
Centre).  
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Ratiometric reporters are often established with reference proteins or wavelengths to 

help control for variation in reporter expression levels. Using ratiometric reporters could 

eliminate the need for background corrections. To test if this is the case, I modelled the effects 

of reporter expression differences with and without background corrections on signals reported 

from the ratiometric non-FRET reporter, apo-pHusion (Figure 3.10, Gjetting et al., 2012). Apo-

pHusion uses linked GFP and RFP, and the GFP/RFP intensity ratio, to report apoplastic pH. The 

raw fluorescence intensity (F) of GFP and RFP, the GFP/RFP intensity ratio (R) and the normalised 

R (ΔR/R0) were modelled for time frames -60 to 360 A.U. ΔR/R0 was calculated as (R-R0)/R0 

where R0 represents the mean R for frames -60 to 0. A signal elevation was introduced to occur 

just after frame 0 and peak at frame 90 in which GFP, the pH reporter FP, increased in brightness 

by 4 x to its maximum whilst the reference FP, RFP, maintained a constant brightness. The model 

included a ‘low expression’ line (baseline intensity: GFP = 40 A.U., RFP = 60 A.U.) and a 2.5x 

greater expression ‘high expression’ line (baseline intensity: GFP = 100 A.U., RFP = 150 A.U.). 

Background intensities were kept constant at 100 A.U. for both GFP and RFP. Results 

demonstrated that, in the absence of a background correction, peak R and ΔR/R0 were lower in 

the low expression line than in the high expression (Figure 3.10A, C, E). Upon background 

correction, the high and low expression lines were equal in their R and ΔR/R0 traces (Figure 

3.10B, D, F). Therefore, background corrections are necessary to limit the risk of differences in 

reporter expression impacting comparisons of reporter signals with ratiometric non-FRET 

reporters as well as intensiometric reporters.  

  



 

110 
 

 

 

  

Figure 3.10 Modelling the effects of variation in reporter expression on signals 
detected from the ratiometric apo-pHusion reporter.  
 
Modelled representation of A. thaliana samples expressing the apo-pHusion pH reporter.  
Apo-pHusion contains a GFP and RFP which display pH-dependent and pH-independent 
fluorescence, respectively. Reporter signals were modelled over time (frames, A.U.)  
from -60 to 360 frames with a signal peak at  frame 90 which represented a pH elevation. 
Traces are for the (A, B) raw fluorescence intensity values (F, A.U.),  (C, D) the GFP/RFP 
intensity rat io (R) values and (E, F) the ΔR/R0 values. R0 values were the mean of the R 
values  from -60 to 0. The model was comprised of two lines: a low expression l ine (RFP 
intensity = 60 A.U.,  GFP baseline intensity = 40 A.U., GFP peak intensity = 160 A.U.) and 
a high expression line (RFP intensity = 150 A.U.,  GFP baseline intensity = 100 A.U.,  GFP 
peak intensity = 400 A.U.). Modell ing was for non-corrected ( left) and background-
corrected (right) values in which the non-corrected F values for GFP and RFP had a 
constant  background value of 100 A.U. added. Model ling was performed in Python (Van 
Rossum and Drake Jr, 2009) with assistance from Sergio Lopez (Bioimaging Platform, 
John Innes Centre).  
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3.2.4. M. persicae feeding-induced [Ca2+] elevations are not altered in tpc1-2 A. thaliana  

Previously, M. persicae feeding-induced [Ca2+] elevations were found to be impaired in 

tpc1-2 mutants (Vincent et al., 2017a). I reassessed the contribution of TPC1 to these elevations 

with updated methods from those used previously (Vincent et al., 2017b). These methods 

included checks for equal reporter expression, background corrections to offset any effects from 

variation in reporter expression and higher resolution imaging with the Axio Zoom.V16. With 

the higher resolution imaging, stricter criteria could be applied of only retaining samples if the 

aphid feeding site was visible. An additional change from the methods previously used was to 

utilise ROIs fitted to the reporter signal areas instead of fixed circular ROIs. This meant that 

intensity values only represented regions displaying reporter signals and that these values were 

less heavily affected by variation in signal shape or size or the region in which the signal 

occurred. The Col-0 and tpc1-2 UBQ10::GCaMP3 lines were used for this investigation as they 

appeared to display equal expression levels with no statistically significant differences detected 

in the corrected F0 values at feeding sites (Figure 3.11A, t-test, t = -0.65, df = 56.89, p = 0.52). 

Assessing M. persicae feeding-induced GCaMP3 signals by corrected normalised ΔF/F0 traces 

revealed reporter signals in both the Col-0 and tpc1-2 lines with no clear differences in reporter 

signal dynamics between the genotypes (Figure 3.11B). These reporter signals were localised 

around the feeding sites. Furthermore, there were no statistically significant differences 

between the genotypes in the peak normalised ΔF/F0 values (Figure 3.11C, Wilcoxon rank-sum 

test, W = 418, p = 0.64), the reporter signal areas (Figure 3.11D, Wilcoxon rank-sum, W = 542, p 

= 0.18), or the signal propagation rates (Figure 3.11E, Wilcoxon rank-sum, W = 395, p = 0.42). 

These data indicate that M. persicae feeding-induced [Ca2+] elevations in A. thaliana leaves are 

not dependent on TPC1.  
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Figure 3.11 Properties of M. persicae feeding-induced GCaMP3 signals in Col-0 and 
tpc1-2 A. thaliana.  
 
Properties of M. persicae feeding-induced reporter signals in Col-0 and tpc1-2 
UBQ10::GCaMP3  A. thaliana (n = 30). Elevations were recorded by imaging A. thaliana 
leaves subjected to M. persicae or no aphid control treatments. Background-corrected 
fluorescence intensity (F, A.U.) values were recorded over the area of the feeding-
induced responses and at comparable control sites and transformed into ΔF/F0 values 
with F0 being the mean F over the 5 min prior to feeding. (B) Traces for  the mean ± 
S.E.M. normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0) over time with feeding 
beginning at 0 min (grey dashed line). Boxplots  are displayed for the (A)  feeding site F0 
values (A.U.),  (C) peak normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0), (D) signal  
areas (mm2) and (E) s ignal propagation rates (µm s- 1),  with grey dots associated with 
outliers. Statist ical signif icance, tested using (A) a t-test or (C, D, E) a Wilcoxon rank-
sum test, shown by ns: p  > 0.05.  
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3.2.5. M. persicae feeding-induced [Ca2+] elevations are not altered in bak1-5 mutant A. 

thaliana 

As with TPC1, BAK1 was previously implicated in M. persicae feeding-induced [Ca2+] 

elevations (Vincent et al., 2017a). With the improved methods, I reassessed this contribution. 

For this, Col-0 UBQ10::GCaMP3 A. thaliana was crossed with the bak1-5 mutant to produce a 

homozygous bak1-5 UBQ10::GCaMP3 A. thaliana line. I then investigated M. persicae feeding-

induced GCaMP3 signals in these lines. The feeding site F0 values were not statistically different 

between the Col-0 and bak1-5 lines indicating that they had comparable GCaMP3 expression 

levels (Figure 3.12A, t-test, t = -1.277, df = 57.011, p = 0.21). M. persicae feeding induced 

GCaMP3 reporter signals in both Col-0 and bak1-5 with no clear differences in the normalised 

ΔF/F0 traces between the genotypes (Figure 3.12B). Furthermore, there were no statistically 

significant differences between Col-0 and bak1-5 samples in peak normalised ΔF/F0 values 

(Figure 3.12C, Wilcoxon rank-sum, W = 434, p = 0.82), signal areas (Figure 3.12D, Wilcoxon rank-

sum, W = 416, p = 0.62) or signal propagation rates (Figure 3.12E, Wilcoxon rank-sum, W = 437, 

p = 0.85). Therefore, these data indicate that M. persicae feeding-induced [Ca2+] elevations in A. 

thaliana leaves are not altered in bak1-5 mutants.  
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Figure 3.12 Properties of M. persicae feeding-induced GCaMP3 signals in Col-0 and 
bak1-5 A. thaliana.  
 
Properties of M. persicae feeding-induced reporter signals in Col-0 and bak1-5 
UBQ10::GCaMP3  A. thaliana (n  = 30). Elevations were recorded by imaging A. thaliana 
leaves subjected to M. persicae or no aphid control treatments. Background-corrected 
fluorescence intensity (F, A.U.) values were recorded over the area of the feeding-
induced responses and at comparable control sites and transformed into ΔF/F0 values 
with F0 being the mean F over the 5 min prior to feeding. (B)  Traces for the mean ± 
S.E.M. normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0) over time with feeding 
beginning at 0 min (grey dashed line). Boxplots are displayed for the (A) feeding site 
F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0), (D) 
signal areas (mm2) and (E ) signal propagation rates (µm s- 1),  with grey dots associated 
with outliers.  Statist ical significance,  tested using (A)  a  t-test  or  (C, D, E)  a  Wilcoxon 
rank-sum test,  shown by ns: p  > 0.05. 
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3.2.6. M. persicae feeding-induced [Ca2+] elevations are partially dependent on 

GLR3.3/GLR3.6 

In previous work, glr3.3 glr3.6 double mutants lacked detectable M. persicae feeding-

induced [Ca2+] elevations (Vincent et al., 2017a). I reassessed this phenotype using the improved 

methods and the Col-0 and glr3.3a glr3.6a UBQ10::GCaMP3 A. thaliana lines from Nguyen et al. 

(2018). These investigations were performed using an Axio Zoom.V16 microscope with a metal 

halide HXP 120 V light source but did not include imaging of suitable background control samples 

before the light source was replaced at the BioImaging Platform (John Innes Centre, Norwich). 

As a result, background corrections were absent here. Nonetheless, these lines were deemed 

sufficiently comparable as the feeding site F0 values were not statistically different (Figure 

3.13A, t-test, t = 47.90, p = 0.47). The normalised ΔF/F0 traces were superficially similar between 

the genotypes with clear reporter signals in both (Figure 3.13B). However, the mutant trace was 

smoother than the wildtype trace. Moreover, the Col-0 samples gave statistically larger peak 

normalised ΔF/F0 values than the glr3.3a glr3.6a samples (Figure 3.13C, Wilcoxon rank-sum, W 

= 435, p = 0.017). There were 11 Col-0 samples with peak normalised ΔF/F0 values greater than 

the maximum value of 0.30 A.U. detected for the glr3.3a glr3.6a samples. The peak normalised 

ΔF/F0 values of the other 14 Col-0 samples were comparable to those of the glr3.3a glr3.6a 

samples (Figure 3.13C). There were no significant differences in signal areas between Col-0 and 

glr3.3a glr3.6a samples with mean values of 0.169 ± 0.013 mm2 and 0.181 ± 0.019 mm2, 

respectively (Figure 3.13D, Wilcoxon rank-sum, W = 318, p = 0.92). There were also no 

statistically significant differences in the reporter signal propagation rates between Col-0 and 

glr3.3a glr3.6a samples with mean values of 2.01 ± 0.29 µm s-1 and 1.20 ± 0.09 µm s-1, 

respectively (Figure 3.13E, Wilcoxon rank-sum, W = 389, p = 0.14). However, 6 out of the 25 Col-

0 reporter signals had propagation rates greater than the maximum rate of 2.24 µm s-1 detected 

for the glr3.3a glr3.6a samples (Figure 3.13E). These 6 were in the group of 11 Col-0 samples 

with peak normalised ΔF/F0 values beyond the maximum value detected for glr3.3a glr3.6a 

samples. The signal propagation rates for the other 19 Col-0 samples were comparable to those 

for the glr3.3a glr3.6a samples. Taken together, these data suggest that glr3.3a glr3.6a mutants 

are impaired in M. persicae feeding-induced GCaMP3 signals that give relatively high peak 

intensities and/or propagation rates. As such, M. persicae feeding-induced [Ca2+] elevations are 

partially dependent on GLR3.3/3.6 (GLR3.3 and/or GLR3.6). 
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Figure 3.13 Properties of M. persicae feeding-induced GCaMP3 signals in Col-0 and 
glr3.3a glr3.6a A. thaliana.  
 
Properties of M. persicae feeding-induced reporter signals in Col-0 and glr3.3a glr3.6a  
UBQ10::GCaMP3  A. thaliana (n = 25).  Elevations were recorded by imaging (Axio 
Zoom.V16,  HXP 120 V light source, 50 % excitation intensity)  A. thaliana  leaves 
subjected to M. persicae  or no aphid control treatments. Non-corrected fluorescence 
intensity (F, A.U.) values were recorded over the area of the feeding-induced 
responses and at comparable control sites and transformed into ΔF/F0 values with F0 
being the mean F over the 5 min prior to feeding. (B) Traces for the mean ± S.E.M. 
normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0) over time with feeding 
beginning at 0 min (grey dashed line). Boxplots are displayed for the (A) feeding site 
F0 values (A.U.), (C) peak normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0), (D)  
signal areas (mm2) and (E ) signal propagat ion rates (µm s- 1),  with grey dots associated 
with outliers. Statistical s ignificance, tested using (A) a t -test or (C, D, E) a Wilcoxon 
rank-sum test,  shown by ns: p  > 0.05, *: p  ≤ 0.05.   
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3.3. Discussion 

In this chapter, I re-evaluated the methods and key results from previous investigations 

into M. persicae feeding-induced [Ca2+] elevations by Vincent et al. (2017a) to ensure these could 

provide a foundation for further investigations into aphid and thrips perception in A. thaliana. 

Consistent with the results of Vincent et al. (2017a), M. persicae feeding induced [Ca2+] 

elevations localised to the feeding sites and these had similar areas and propagation rates to 

those previously reported (Then et al., 2021; Vincent et al., 2017a). However, I found that some 

of the mutant phenotypes reported in Vincent et al. (2017a) were likely caused by GCaMP3 

expression differences between the compared lines. Empirical and modelling approaches 

highlighted how differences in reporter expression can give rise to artefactual differences in 

normalised intensiometric reporter signals if background corrections are absent. Moreover, a 

similar effect was demonstrated for the non-FRET ratiometric reporter, apo-pHusion, and is also 

expected for FRET-based ratiometric reporters (preliminary data, not shown). Methods for 

imaging all intensiometric and ratiometric genetically encoded fluorescent reporters were 

therefore developed to include checks for equal reporter expression between compared 

material and background corrections where appropriate and possible. Moreover, the improved 

methods avoid lines with low reporter expression and utilise higher resolution imaging 

equipment, fitted ROIs for analyses, and stricter criteria for retaining samples only if stimulus 

treated sites are visible. Aided by these improved methods, I identified that TPC1 and BAK1 do 

not contribute to M. persicae feeding-induced [Ca2+] elevations in contrast to previous findings 

(Vincent et al., 2017a). Interestingly however, glr3.3a glr3.6a mutants displayed M. persicae 

feeding-induced GCaMP3 signals but did not produce the relatively high intensity or fast 

propagating signals that were found in the wildtype. As the glr3.3a glr3.6a mutant signals were 

superficially similar to a subset of the Col-0 signals, it appears that a subset of M. persicae 

feeding-induced [Ca2+] elevations are GLR3.3/3.6-dependent. These methods and results form a 

foundation for further investigations into A. thaliana responses to aphid and thrips feeding. 

3.3.1. Causes and lessons: What has been learnt from investigating the effects of 

variation in fluorescent reporter expression on normalised reporter signals? 

Through the present investigations, the methods for assessing stimulus-induced 

genetically encoded fluorescent reporter signals have been developed to limit variation in 

reporter expression and any effects of this variation on results. The lessons that have been learnt 

are valuable for any investigations utilising such reporters and are outlined below. 
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Silencing of reporter transgenes appeared to be the major cause of variation in reporter 

expression in Vincent et al. (2017a) and is a frequent challenge with transgenic reporter lines 

(Loro et al., 2016; Behera et al., 2015; Grenzi et al., 2021). The nature of the reduced expression 

regions was characteristic of silencing with low expression regions being heterogeneous within 

seedlings, expanding through development and becoming more widespread in later generations 

(Napoli et al., 1990; Amack and Antunes, 2020; Elmayan and Vaucheret, 1996). To limit the risk 

of reporter transgene silencing, it would be beneficial to avoid high expression levels with the 

35S viral promoter and aim for more moderate reporter expression levels with, for example, the 

A. thaliana UBQ10 promoter (DeBlasio et al., 2010; Amack and Antunes, 2020; Schubert et al., 

2004; Elmayan and Vaucheret, 1996; Behera et al., 2015). Additionally, avoiding multiple copies 

of a transgene or transgene sequences with high homology to the genomic background can help 

limit silencing (DeBlasio et al., 2010). This was likely problematic for the mutant 35S::GCaMP3 

lines because there were two copies of the reporter transgene and because both the 

35S::GCaMP3 and SALK T-DNA mutant transgenes contain the 35S promoter and a kanamycin 

resistance gene (Daxinger et al., 2008; Ülker et al., 2008; Vincent et al., 2017a; Alonso et al., 

2003). In conclusion, silencing seemed to cause the differences in reporter expression between 

lines in Vincent et al. (2017a). Such silencing could be limited by utilising single copy reporter 

lines and reporter transgenes that have a low homology to the genomic background as well as 

a moderate expression constitutive promoter such as the UBQ10 promoter. 

As differences in reporter expression may be subtle, unexpected or go unnoticed, it is 

important to assess the variation in reporter expression within experiments and consider its 

impacts. Many authors make attempts to do just this. For example, Matsumura et al. (2022) 

assessed GCaMP3 protein levels via Western blots and concluded comparable reporter 

expression between A. thaliana lines. Meena et al. (2019) treated GCaMP3 lines with ethanol 

and CaCl2 to trigger maximal reporter signals and showed that they were similar between their 

lines suggesting comparable GCaMP3 expression. A similar approach was used in Vincent (2016). 

These approaches are useful but can be difficult or costly to apply and challenging to standardise 

or reproduce. Additionally, they can overlook the impacts of other variables on reporter 

fluorescence such as pH.  As such, a standardised, simple, and efficient way of assessing for equal 

reporter expression would be beneficial. This could be achieved by assessing and reporting the 

background-corrected baseline fluorescence (F0) values as a proxy for expression. Whilst these 

values could be influenced by pH effects or other variables, this approach does not require any 

further experimentation and can highlight the need for further investigation or to exercise 

additional caution. Using this approach with the two FPs of ratiometric reporters can provide an 

even better indication of expression levels and the impacts of other variables such as pH. 

Therefore, assessing and reporting background-corrected baseline fluorescence is a useful 
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addition to methods for using genetically encoded intensiometric and ratiometric fluorescent 

reporters. 

Even with the best effort, unavoidable differences in intensiometric or ratiometric 

reporter expression will exist within and between A. thaliana lines due to natural variation, 

biological effects, or time constraints. To limit the impact of this variation on results, analyses 

should include a suitable background correction which leaves only the reporter fluorescence to 

be analysed. In this context, this may be achieved by subtracting from all intensity values the 

intensity of an equivalent region in a non-transgenic sample. In some cases, such a background 

correction is described and applied (Gjetting et al., 2012; Palmer and Tsien, 2006; Mou et al., 

2020). However, in many cases, it unclear whether appropriate background corrections have 

been performed as they are absent from methods descriptions (Matsumura et al., 2022; Toyota 

et al., 2018; Meena et al., 2019; Luo et al., 2020; Krogman et al., 2020; DeFalco et al., 2017; 

Matthus et al., 2020; Xue et al., 2022; Uemura et al., 2021; Hagihara et al., 2022) or not fully 

described (Kelner et al., 2018; Leitão et al., 2019; Waadt et al., 2017; Matthus et al., 2022). 

Background correction values used sometimes originate from regions in images outside of a 

reporter expressing sample (Bootman et al., 2013; Himschoot et al., 2018; Yoshinari et al., 2021). 

These background values can misrepresent the true background intensity of a sample and 

thereby maintain a risk of expression artefacts in results. It seems much more common in studies 

of animal calcium signalling with GECIs to see great care paid to appropriate background 

corrections (Yasuda et al., 2004; Shkryl, 2020; Zhang et al., 2021c; Joucla et al., 2013). Whilst it 

is unclear whether expression differences have influenced results beyond those in Vincent et al. 

(2017a), it appears beneficial to utilise a suitable background correction for analyses with 

intensiometric and ratiometric reporters and detail the correction in methods descriptions.  

Whilst a background correction reduces the risk of expression artefacts when comparing 

normalised reporter signals, it does not overcome all the challenges caused by the presence of 

expression differences in comparisons or reduced expression levels. For example, background 

corrections were problematic with the low expression tpc1-2 35S::GCaMP3 line here as small 

errors in the background correction value for each sample led to significant variation in ΔF/F0 

values. Moreover, lower reporter expression generally results in lower SNR values for 

normalised reporter signals (Rose et al., 2014) and signals which are less clear for analyses 

compared to those in a higher expression line imaged under equal conditions. As reporter 

expression can influence endogenous signalling and plant development through binding 

signalling species or disrupting molecular processes, variation in reporter expression can also 

make plant responses less comparable (Yang et al., 2018; Rose et al., 2014; Waadt et al., 2017; 

Castro-Rodríguez et al., 2022). As such, comparing results from lines with different expression 
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levels is of limited value even with background corrections and the limitations should be 

considered. 

In conclusion, I identified that silencing likely caused the expression differences in 

Vincent et al. (2017a) which influenced some of the results reported. Steps can be taken to 

reduce silencing in A. thaliana reporter lines. Background corrections limit the risk of expression 

differences affecting results but comparing lines with significantly different or low expression 

levels is of limited value. Investigations here will report baseline fluorescence for comparisons 

between reporter expressing lines as a measure of expression levels and implement background 

corrections where possible. These steps will allow various genetically encoded fluorescent 

reporters to be robustly visualised to investigate plant responses to localised stimuli including 

aphid and thrips feeding.  

3.3.2. Reassessing the role of BAK1, TPC1 and GLR3.3/3.6 in aphid-plant interactions  

Having reassessed key results of Vincent et al. (2017a) with updated methods, I 

confirmed the presence of M. persicae feeding-induced [Ca2+] elevations restricted to the 

feeding site. However, in contrast to Vincent et al. (2017a), data here indicated that TPC1 and 

BAK1 do not contribute to these [Ca2+] elevations and that glr3.3 glr3.6 mutants do display some 

M. persicae feeding-induced [Ca2+] elevations. Instead, the glr3.3a glr3.6a UBQ10::GCaMP3 A. 

thaliana mutants were impaired in GCaMP3 signals with relatively high intensities and/or fast 

propagation rates, revealing a novel role for GLR3.3/3.6 in M. persicae feeding-induced [Ca2+] 

elevations. With this, the role of TPC1, BAK1 and GLR3.3/3.6 in aphid-plant interactions shall be 

reconsidered here to form the foundations for further investigations into aphid and thrips 

perception in A. thaliana. 

The contribution of TPC1 to aphid-induced defence responses has multiple lines of 

support. Beyond identifying reduced M. persicae feeding-induced [Ca2+] elevations in tpc1-2, 

Vincent et al. (2017a) revealed that the gain-of-function TPC1D454N mutant, fou2, responds to M. 

persicae feeding with further propagating [Ca2+] elevations. This mutant has reduced TPC1 

inhibition by elevated vacuolar [Ca2+] (Beyhl et al., 2009; Bonaventure et al., 2007b; Guo et al., 

2016). fou2 mutants also display enhanced resistance against the aphids B. brassicae 

(Kusnierczyk et al., 2011) and A. pisum (Vincent, 2016) along with enhanced JA-dependent 

resistance against M. persicae (Vincent et al., 2017a). As such, TPC1 seemed likely to contribute 

to the perception of aphid feeding and aphid-induced defence responses. However, the 

enhanced aphid resistance of fou2 mutants may derive entirely from the mutant’s elevated 

basal JA signalling activity (Bonaventure et al., 2007a) without the need for aphid perception or 

induced defence responses. Moreover, the further propagating M. persicae feeding-induced 
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[Ca2+] elevations in fou2 (Vincent et al., 2017a) may result from enhanced TPC1 activity without 

TPC1 functioning in endogenous aphid-plant interactions. With no role for TPC1 in responses to 

localised wounding here or in Bellandi et al. (2022), it may be that TPC1 function in leaves is 

restricted to mediating systemic Ca2+ signal propagations induced by large-scale wound events 

(Kiep et al., 2015; Fichman et al., 2020). Finally, M. persicae colonisation is not altered on tpc1-

2 mutants (Vincent et al., 2017a). As a result, whilst fou2 mutants display phenotypes in aphid-

plant interactions, TPC1 does not clearly contribute to the endogenous plant perception of aphid 

feeding or subsequent signalling events.   

Though data here indicates that BAK1 does not contribute to M. persicae feeding-

induced [Ca2+] elevations, evidence suggests that BAK1 does function in aphid-plant interactions. 

This contribution focusses around the perception of aphid-derived HAMPs. Putative aphid 

HAMPs or HAMP-containing aphid extracts induce PTI-associated ROS signalling, gene 

expression, MAPK activation and aphid resistance, which are all impaired in bak1-5 mutants 

(Prince et al., 2014; Canham, 2022; Vincent, 2016; Chaudhary et al., 2014). BAK1-dependent 

responses are also thought to be targeted by the Mp10 M. persicae effector as Mp10 promotes 

M. persicae colonisation in a BAK1-dependent manner (Bos et al., 2010; Drurey et al., 2019). 

Mp10 suppression of BAK1-dependent responses may explain why M. persicae fecundity is 

unaltered on bak1-5 mutants (Prince et al., 2014). In contrast, bak1-5 mutants have impaired 

resistance against A. pisum which cannot colonise A. thaliana (Prince et al., 2014). Therefore, 

BAK1 likely contributes to putative aphid HAMP perception and aphid resistance as well as a 

response mechanism targeted by an aphid effector. Effector suppression of BAK1-dependent 

responses may explain why M. persicae feeding-induced [Ca2+] elevations were not BAK1-

dependent here. As Mp10 is delivered into cells probed by aphid stylets during feeding (Mugford 

et al., 2016), it is possible that Mp10 or other effectors could act within minutes to suppress any 

BAK1-dependent aphid feeding-induced [Ca2+] elevations. Alternatively, it may be that BAK1-

dependent aphid HAMP perception does not contribute to the induction of [Ca2+] elevations 

with M. persicae feeding. Further investigations into aphid effector activity and HAMP 

perception during aphid feeding could help test whether BAK1 functions in the initial perception 

of aphid feeding.  

GLR3.3/3.6 contributed to M. persicae feeding-induced GCaMP3 signals with fast 

propagation rates and/or high peak intensities revealing a novel role for these channels in aphid 

feeding-induced [Ca2+] elevations. Whilst heavy M. persicae infestation may trigger systemic 

GLR3.3/3.6-dependent [Ca2+] signalling and defence responses (Xue et al., 2022), individual M. 

persicae feeding events trigger [Ca2+] elevations that remain highly localised to the feeding site 

in epidermal and mesophyll cells (Vincent et al., 2017a; Wang et al., 2022b; Then et al., 2021). 
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Therefore, a role for GLR3.3/3.6 here is in stark contrast to the GLR3.3/3.6-dependent rapid 

systemic signalling responses that propagate via the vascular tissue following large-scale 

wounding (Mousavi et al., 2013; Toyota et al., 2018; Nguyen et al., 2018; Shao et al., 2020; 

Salvador-Recatalà, 2016; Wu et al.; Moe-Lange et al., 2021; Xue et al., 2022). Furthermore, the 

majority of reports for GLR3.3/3.6 expression have identified their expression as predominantly 

in vascular bundles with only limited GLR3.3 expression elsewhere in trichome base cells, guard 

cells and leaf mesophyll cells (Moe-Lange et al., 2021; Nguyen et al., 2018; Toyota et al., 2018; 

Wu et al., 2022; Tenorio Berrío et al., 2022). Recently GLR3.3 has been implicated in localised 

wound-induced [Ca2+] elevations in the epidermal and mesophyll cells of cotyledons (Bellandi et 

al., 2022). As such, it may be that M. persicae feeding-induced [Ca2+] elevations in true leaves 

are also triggered by localised damage perception. As aphids do only limited damage with 

feeding and use gelling saliva that protects cells that stylets probe or pass by (Hewer et al., 2011; 

Silva-Sanzana et al., 2020; Nalam et al., 2019), this could explain why M. persicae feeding-

induced [Ca2+] elevations were only partially dependent on GLR3.3/3.6. Alternatively, 

mechanical stress perception could contribute to aphid feeding-induced GLR3.3/3.6-dependent 

responses because trichome touch induces hyponasty that is partially dependent on GLR3.3/3.6 

(Pantazopoulou et al., 2022). At present, there have been few investigations into GLR3.3/3.6 

activity in responses to localised stimuli. As such, it is unclear how these channels could function 

in M. persicae feeding-induced [Ca2+] elevations. Nonetheless, M. persicae feeding-induced 

[Ca2+] elevations appear partially dependent on GLR3.3/3.6. 

In summary, using improved reporter imaging methods, I have identified that BAK1 and 

TPC1 do not clearly contribute to M. persicae feeding-induced [Ca2+] elevations. Moreover, I 

have revealed that these elevations are partially dependent on GLR3.3/3.6. The GLR3.3/3.6-

dependent [Ca2+] elevations could be triggered by damage or mechanical stress perception 

during aphid feeding. However, the roles of GLR3.3 and 3.6 in leaf epidermal and mesophyll cells 

in responses to localised stimuli are largely uncharacterised. Therefore, further investigations 

will aim to better characterise the contributions of GLR3.3 and 3.6 to the perception of localised 

damage and mechanical stress. Any findings will help appreciate how these channels could 

contribute to the perception of localised feeding from aphids and thrips and provide a platform 

for further investigations. 
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4. Exploring the Mechanisms of Localised Wound and Touch 

Perception and the Contributions of GLR3.3/3.6 
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4.1. Introduction 

The results in Chapter 3 show that gl3.3a glr3.6a mutants are impaired in M. persicae 

feeding-induced [Ca2+] elevations that give GCaMP3 signals with relatively high peak intensities 

and/or propagation rates. This contribution of GLR3.3/3.6 to M. persicae feeding-induced 

responses may derive from the plant perception of damage or mechanical stress during aphid 

feeding. In this chapter, I will explore GLR3.3/3.6 activity, starting with the existing knowledge, 

to consider how these channels may operate in responses to localised damage or mechanical 

stress. Findings will then inform further investigations into how GLR3.3/3.6 contribute to the 

plant perception of localised insect feeding from aphids and thrips.  

Throughout this thesis and in particular this chapter, stimuli will be categorised based 

on their spatial scales. A ‘large-scale’ stimulus will refer to any stimulus that directly affects cells 

across many tissues. Large-scale wound events often induce rapid systemic signalling that 

propagates via the vascular tissue. ‘Localised’ stimuli are those which directly affect only the few 

cells contacted by the stimulus or closely neighbouring cells and these stimuli typically do not 

induce rapid systemic signalling. For example, localised insect feeding refers to thrips or aphid 

feeding whilst chewing insects do large-scale damage during feeding. In the absence of these 

terms, ‘localised’ stimuli should be assumed.  

4.1.1. GLR3.3/3.6 contribute to various biological processes including responses to large-

scale damage and touch 

GLR3.3 and GLR3.6 can be present at the plasma membrane and form non-selective 

cation channels that preferentially transport Ca2+ (Alfieri et al., 2020; Bellandi et al., 2022; Toyota 

et al., 2018; Shao et al., 2020). Their expression in aerial tissues is predominantly in vascular 

bundles with additional GLR3.3 expression in trichome base cells, guard cells and leaf mesophyll 

cells (Nguyen et al., 2018; Toyota et al., 2018; Moe-Lange et al., 2021; Tenorio Berrío et al., 

2022). GLR3.3 functions in the regulation of pollen tube [Ca2+] elevations and development 

(Wudick et al., 2018b) as well as in resistance against H. arabidopsidis (Manzoor et al., 2013) and 

P. syringae (Li et al., 2013). GLR3.6 contributes to the developmental regulation of primary and 

lateral root growth (Singh et al., 2016). However, the most studied functions of GLR3.3 and 

GLR3.6 are in signalling responses to large-scale wounding, touch and insect feeding. For 

instance, large-scale wounding triggers rapidly propagating systemic [Ca2+] elevations, ROS 

production, depolarisations and hydraulic pressure changes that are all dramatically impaired in 

glr3.3 glr3.6 mutants (Fichman and Mittler, 2021a; Nguyen et al., 2018; Mousavi et al., 2013; 

Toyota et al., 2018). Moreover, glr3.3 and glr3.6 single mutants display phenotypes in some 
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responses to large-scale wounding. glr3.3 mutants, for example, lack the systemic hydraulic 

pressure changes (Fichman and Mittler, 2021a) and display reduced systemic [Ca2+] elevations 

(Nguyen et al., 2018; Bellandi, 2021; Grenzi et al., 2023). This contribution of GLR3.3/3.6 to large-

scale wound-induced signalling leads them to function in defences against chewing insect pests 

(Nguyen et al., 2018; Mousavi et al., 2013). glr3.3 glr3.6 double mutants are also impaired in 

large-scale touch responses such as touch-induced hyponasty which is associated with [Ca2+] 

elevations in the vascular tissue (Pantazopoulou et al., 2022). As such, GLR3.3 and GLR3.6 

perform various functions including in responses to large-scale touch and wounding. Through 

similar functions in damage or mechanical stress perception, GLR3.3/3.6 could contribute to the 

perception of localised insect feeding.  

4.1.2. What factors determine GLR3.3/3.6 activation? 

Understanding how GLR3.3 and GLR3.6 permeability is dynamically regulated is crucial 

for appreciating how they could operate in plant responses to localised insect feeding. There are 

many components to this regulation which will be explored here.  

Several amino acids and related molecules (e.g. glutamate and glutathione) are 

considered the dominant GLR3.3/3.6 agonists in planta as they induce GLR3.3/3.6-dependent 

Ca2+ influxes and as some are known to directly bind to GLR3.3 (Alfieri et al., 2020; Qi et al., 

2006; Li et al., 2013; Shao et al., 2020). Glu treatment, for example, can trigger GLR3.3/3.6-

dependent [Ca2+] elevations in various plant tissues including systemically between leaves and 

between roots and shoots (Alfieri et al., 2020; Qi et al., 2006; Li et al., 2013; Toyota et al., 2018; 

Bellandi et al., 2022; Shao et al., 2020; Grenzi et al., 2023). Localised Glu application onto 

cotyledons and within leaves also induces localised epidermal and mesophyll [Ca2+] elevations 

that are GLR3.3-dependent (Bellandi et al., 2022; Grenzi et al., 2023). In planta, GLR ligands are 

thought to operate as DAMPs passively released with cell damage. Support for this comes from 

investigations utilising the genetically-encoded [Glu] reporter, iGluSnFR (Marvin et al., 2013), 

expressed in the A. thaliana apoplast. Large-scale wounding and leaf burning induce local and 

systemic iGluSnFR signals indicating increases in apoplastic [Glu] which are thought to activate 

GLR3.3/3.6-dependent [Ca2+] elevations (Toyota et al., 2018; Bellandi et al., 2022; Grenzi et al., 

2023). For propagation of large-scale wound-induced rapid systemic signalling, Glu may act as a 

mobile signal in the xylem travelling by bulk flow with further spread through mesophyll tissues 

by diffusion (Bellandi et al., 2022). Interestingly, applying mechanical stress to trichomes 

through touch stimuli also induces iGluSnFR reporter signals and localised [Ca2+] elevations 

(Bellandi et al., 2022). This suggests that apoplastic [Glu] elevations could occur without cell 

damage to activate GLRs though there are no known mechanisms for such Glu efflux. In any 
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case, there is significant evidence for GLR ligands in the apoplast acting as DAMPs or signals to 

activate GLR3.3/3.6 and these agonists could regulate GLR activity in responses to localised 

insect feeding. 

Recently, extracellular pH gating of GLR3.3 and GLR3.6 has been revealed as their Glu-

induced conductance in heterologous systems requires pH 6.5 or above and is greater at pH 8.5 

than pH 7.5 (Shao et al., 2020). In support of pH regulating GLR3.3/3.6 in planta, the GLR3.3/3.6-

dependent large-scale wound-induced systemic depolarisations are negatively regulated by 

AHA1 which exports protons into the apoplast (Kumari et al., 2019; Shao et al., 2020). Moreover, 

overactivation of plasma membrane H+-ATPases by fusicoccin treatment curtails these 

depolarisations (Shao et al., 2020; Kumari et al., 2019). As such, GLR3.3 and GLR3.6 activities 

appear to be inhibited by lower apoplastic pH, as is the case for their animal homologs of NMDA 

Glu receptors (Traynelis and Cull-Candy, 1990; Wudick et al., 2018a). Importantly, Shao et al. 

(2020) only found pH gating with [Glu] of 50 mM or more suggesting that any pH gating of 

GLR3.3/3.6 operates alongside gating by GLR ligands. It is unclear at present how apoplastic 

alkalinisations could occur to gate GLR3.3/3.6 though suppression of AHA activity has been 

proposed (Shao et al., 2020). Moreover, apoplastic pH changes with GLR3.3/3.6-dependent 

responses are not well characterised. The apoplastic ratiometric pH reporter, apo-pHusion 

(Gjetting et al., 2012), would provide a means to visualise any such pH changes. In summary, pH 

could be an important determinant of GLR3.3/3.6 activity and is currently understudied 

including in responses to localised stimuli such as insect feeding. 

Large-scale wound-induced systemic hydraulic pressure changes and membrane 

depolarisations may also regulate GLR3.3/3.6 activity (Moe-Lange et al., 2021). These 

depolarisations are significantly shortened in glr3.3 and glr3.6 mutants and are absent in glr3.3 

glr3.6 double mutants (Mousavi et al., 2013; Nguyen et al., 2018; Moe-Lange et al., 2021; 

Salvador-Recatalà et al., 2014; Wu et al., 2022). Mutants in the plasma membrane 

mechanosensitive ion channel, MSL10, are also impaired in these systemic depolarisations and 

phenocopy glr3.3 and glr3.6 mutants, with no further phenotype in the glr3.3 msl10 or glr3.6 

msl10 double mutants (Moe-Lange et al., 2021). With a preference for anion efflux (Maksaev 

and Haswell, 2012; Basu and Haswell, 2020), MSL10 likely contributes directly to the large-scale 

wound-induced systemic depolarisations. Furthermore, msl10 is impaired in large-scale wound-

induced systemic [Ca2+] elevations (Moe-Lange et al., 2021). Assuming GLR3.3/3.6 primarily 

conduct the Ca2+ for these [Ca2+] elevations, this implies that MSL10-dependent depolarisations 

are required for the full GLR3.3/3.6 activation (Moe-Lange et al., 2021). In large-scale wound-

induced systemic responses, MSL10 stretch activation may result from turgor pressure changes 

in the xylem increasing membrane tension in neighbouring xylem contact cells, as outlined in 
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the Squeeze Cell hypothesis (Farmer et al., 2014; Moe-Lange et al., 2021). Interestingly, MSL10 

did not contribute to large-scale wound-induced [Ca2+] elevations in the local damaged tissue, 

potentially because agonist accumulation there is alone sufficient for full GLR3.3/3.6 activation 

without requiring depolarisations (Moe-Lange et al., 2021). Nonetheless, depolarisations 

alongside ligand release may contribute to the regulation of GLR3.3/3.6 in plants. 

The potential for pH, membrane potential and ligands to influence GLR3.3/3.6 activity 

makes appreciating GLR3.3/3.6 regulation complex. Furthermore, these regulatory components 

do not exist independently of one another and may interact (Suda and Toyota, 2022). For 

example, systemic turgor pressure changes, which may contribute to MSL10 activation, also 

appear capable of triggering systemic [Glu] increases (Grenzi et al., 2023). Moreover, Ca2+ 

binding EF-hand motifs in MSL10 imply that the systemic large-scale wound-induced MSL10-

dependent depolarisations may be influenced by the GLR3.3/3.6-dependent [Ca2+] elevations 

(Moe-Lange et al., 2021). Finally, in response to turgor pressure changes, systemic iGluSnFR 

signals are reduced in glr3.3 mutants suggesting that GLR3.3 activity may promote Glu efflux 

further activating GLR3.3 (Grenzi et al., 2023). There are also less well characterised components 

that influence GLR activity in systemic responses to large-scale wounding. For instance, ISI1 

interacts with GLR3.3 and negatively regulates its activity in these responses (Wu et al., 2022). 

Additionally, large-scale wounding releases TGG thioglucosidase enzymes into the xylem as 

systemic mobile signals. These TGGs hydrolyse glucosinolates into unstable aglycones and their 

activity induces GLR3.3- and GLR3.6-dependent systemic signalling responses (Gao et al., 2023). 

Whilst many of the GLR3.3/3.6 regulatory components have been investigated in systemic 

responses to large-scale wounding, the regulation of GLR3.3/3.6 in responses to localised stimuli 

is less well characterised. Deciphering localised GLR3.3/3.6 regulation will be key to appreciating 

how these channels might function in responses to localised insect feeding from aphids and 

thrips.  

4.1.3. How do GLR3.3/3.6 contribute to plant defence responses? 

To appreciate how GLR3.3/3.6 could contribute to aphid or thrips perception, it is 

important to explore any defence responses downstream of these channels. In responses to 

large-scale wounding, rapid systemic signalling is thought to drive the in-situ production of JAs 

in distal tissue with vascular connections within 120 s of wounding (Mousavi et al., 2013; Chauvin 

et al., 2013; Glauser et al., 2009; Koo et al., 2009; Glauser et al., 2008). This production appears 

to be GLR3.3/3.6-dependent as systemic JA marker gene expression is severely reduced in glr3.3 

glr3.6 double mutants (Mousavi et al., 2013; Fichman and Mittler, 2021a; Shao et al., 2020) with 

smaller reductions in glr3.3 and glr3.6 single mutants (Mousavi et al., 2013). Interestingly, LaCl3 
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treatment suppresses the large-scale wound-induced systemic [Ca2+] elevations and JA marker 

gene expression (Toyota et al., 2018). Therefore, GLR3.3/3.6-dependent [Ca2+] elevations may 

be required for systemic JA accumulation following large-scale wounding. [Ca2+] elevations could 

directly regulate JA signalling by promoting disassembly of the JAV1-JAZ8-WRKY51 complex 

which suppresses the expression of JA biosynthetic genes (Yan et al., 2018). In responses to 

large-scale damage from chewing insects, systemic JA accumulation is also GLR3.3/3.6-

dependent (Xue et al., 2022). In many cases, genetically suppressing GLR3.3/3.6-dependent 

responses reduces chewing insect resistance whilst enhancing them has the opposite effect (Xue 

et al., 2022; Nguyen et al., 2018; Kumari et al., 2019; Wu et al., 2022). Therefore, GLR3.3/3.6 

appear to promote systemic JA-mediated defence responses to large-scale wounding and 

chewing insects. As such, GLR3.3/3.6 could contribute to any localised insect feeding-induced JA 

signalling and JA-dependent insect resistance.   

4.1.4. Current investigations  

There is a good understanding of the functions of GLR3.3/3.6 in responses to large-scale 

wounding and chewing insect feeding as well as growing insights into GLR3.3/3.6 regulation in 

those contexts. However, there is a limited understanding of how GLR3.3/3.6 could function in 

responses to localised damage or mechanical stress during aphid or thrips feeding. The stylet 

bundle of M. persicae has a diameter of approximately 4.5 µm near the head that tapers to 2.7 

µm near the tip (Forbes, 1969). The F. occidentalis mandibular stylet is approximately 2 µm in 

diameter as is the maxillary stylet bundle (Hunter and Ullman, 1992). The micropipette needles 

used for localised wound treatments in Chapter 3 had a diameter of 6.46 ± 0.61 µm (n = 6). Here, 

micropipette wounding will be used to investigate the mechanisms of localised damage 

perception on a scale relevant to aphid and thrips feeding as well as the contributions of 

GLR3.3/3.6 to this perception. Furthermore, fire blunted versions of the micropipette needles, 

with broader diameters of 333 ± 13 µm (n = 7), will be used to investigate the perception of 

localised mechanical stress or touch and whether GLR3.3/3.6 function in this perception. An 

improved understanding of localised wound and touch perception will provide the foundations 

for further investigations into GLR3.3/3.6 activity in the perception of aphid and thrips feeding.  

To investigate plant responses to localised stimuli and the contributions of GLR3.3/3.6 

with high spatiotemporal resolution, I acquired A. thaliana lines expressing various genetically 

encoded fluorescent reporters. These reporters included 35S::iGluSnFR (Toyota et al., 2018) for 

assessing the potential of apoplastic [Glu] increases to regulate GLR3.3/3.6 in responses to 

localised stimuli. Similarly, I acquired A. thaliana expressing 35S::Apo-pHusion to assess the 

potential for GLR3.3/3.6 regulation by apoplastic pH changes (Gjetting et al., 2012). A. thaliana 
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lines expressing UBQ10::GCaMP3 were available to visualise any localised wound- or touch-

induced [Ca2+] elevations. As GLR3.1, GLR3.3 and GLR3.6 have all been implicated in large-scale 

wound-induced systemic responses (Nguyen et al., 2018), UBQ10::GCaMP3 A. thaliana lines 

containing different combinations of mutations in these genes were acquired to assess their 

contributions to localised wound- and touch-induced responses. Finally, marker gene expression 

reporters were acquired for assessing hormone signalling responses to localised wounding and 

touch. These reporters utilised JA-, SA- and Et-activated promoters to drive the expression of a 

nuclear-localised 3xVENUS FP (Marhavý et al., 2019). Together, these reporters will be used to 

explore localised wound- and touch-induced responses and how GLR3.3/3.6 may contribute to 

these responses and be regulated. These investigations will provide insights into how GLR3.3/3.6 

could function in the perception of aphid or thrips feeding. With this, the research aims of this 

chapter are to:  

1. Characterise any localised wound- or touch-induced [Ca2+] elevations and 

whether they are GLR3.1/3.3/3.6-dependent. 

2. Explore the mechanisms that underpin the signalling responses to localised 

wound and touch stimuli including any GLR3.1/3.3/3.6 activation. 

3. Identify whether wound and touch stimuli induce hormone signalling that could 

influence insect resistance and whether these responses are dependent on any 

associated GLRs. 
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4.2. Results  

4.2.1. The dynamics of wound-induced [Ca2+] elevations are altered on glr3.3a mutants 

To test whether GLR3.1/3.3/3.6 contribute to localised wound-induced [Ca2+] elevations, 

I micropipette wounded (‘wounded’) A. thaliana UBQ10::GCaMP3 expressing lines containing 

mutations in one or more of these channels. The resulting reporter signals were analysed for 

their F0 values, peak normalised ΔF/F0 values, areas, and propagation rates (Table 4.1). For 

glr3.1a glr3.3a, glr3.3a glr3.6a and glr3.1a glr3.3a glr3.6a mutants, the peak normalised ΔF/F0 

values and rate values were significantly lower than in their Col-0 controls. These properties did 

not differ between the triple mutant and the glr3.3a mutant. Comparing the single mutants, the 

glr3.3a signal propagation rates were significantly lower than in Col-0 with mean values of 1.11 

± 0.16 µm s-1 and 2.33 ± 0.13 µm s-1, respectively. The glr3.3a peak normalised ΔF/F0 values were 

also significantly lower than in Col-0 with mean values of 0.75 ± 0.06 A.U. and 1.17 ± 0.07 A.U., 

respectively. glr3.1a and glr3.6a single mutants did not display reduced peak normalised ΔF/F0 

values or signal propagation rates compared to Col-0. Instead, glr3.6a peak normalised ΔF/F0 

values were significantly greater than in Col-0. These analyses revealed that glr3.3a mutants 

have altered wound-induced [Ca2+] elevations, detected by GCaMP3 signals with lower peak 

normalised ΔF/F0 values and propagation rates, whilst GLR3.1 and GLR3.6 do not clearly 

contribute to these elevations. 

Table 4.1 Properties of wound-induced GCaMP3 signals in A. thaliana with mutations in 
GLR3.1, GLR3.3 and/or GLR3.6  alongside wildtype Col-0 controls.  
Statist ical  analyses were performed within experiments. For pairwise comparisons, tests were t-
tests or Wilcoxon rank-sum tests.  For comparing multiple genotypes,  tests were one-way ANOVAs 
with Tukey post hoc tests or Kruskal-Wall is tests with Wilcoxon rank-sum post hoc tests.  For 
pairwise comparisons to Col-0: No symbol:  p  > 0.05,  *: p  ≤ 0.05, ****: p  ≤ 0.0001. For mult i-group 
comparisons, superscr ipt letters indicate signif icance levels.  
Red -  statistically s ignif icant properties for A. thal iana l ines carry ing the glr3.3a mutation. Data  
values represent mean ± S.E.M. Grey highlight – background correction inc luded in analyses.  

Experiment Genotype F0 (A.U.) Peak Normalised 
ΔF/F0 (Wound ΔF/F0 

- Control ΔF/F0)  

Signal Rate (µm s-1) Signal Area 
(mm²) 

Sample 
size 

Col-0 vs glr3.3a 
glr3.6a 

UBQ10::GCaMP3 

Col-0 775 ± 12 0.36 ± 0.02 2.38 ± 0.17 0.700 ± 0.038 17 

glr3.3a glr3.6a 749 ± 11 0.23 ± 0.01**** 0.81 ± 0.04**** 0.843 ± 0.080 15 

Col-0 vs glr3.1a 
glr3.3a 

UBQ10::GCaMP3 

Col-0 713 ± 12 0.37 ± 0.02 2.14 ± 0.11 0.617 ± 0.048 17 

glr3.1a glr3.3a 705 ± 13 0.19 ± 0.01**** 0.74 ± 0.05**** 0.616 ± 0.061 16 

Col-0 vs glr3.1a 
glr3.3a glr3.6a vs 

glr3.3a 
UBQ10::GCaMP3 

Col-0 635 ± 14 0.29 ± 0.01 a 2.96 ± 0.19 a 0.638 ± 0.045 17 

glr3.1a glr3.3a 
glr3.6a 

657 ± 15 0.19 ± 0.01 b 1.16 ± 0.08 b 0.685 ± 0.047 19 

glr3.3a 652 ± 14 0.18 ± 0.01 b 1.09 ± 0.07 b 0.606 ± 0.057 19 

Col-0 vs glr3.1a 
vs glr3.3a vs 

glr3.6a 
UBQ10::GCaMP3 

Col-0 698 ± 46 1.17 ± 0.07 b 2.33 ± 0.13 ab 0.640 ± 0.047 19 

glr3.1a 722 ± 32 1.27 ± 0.06 ab 2.56 ± 0.10 a 0.621 ± 0.041 21 

glr3.3a 737 ± 46 0.75 ± 0.06 c 1.11 ± 0.16 c 0.615 ± 0.045 21 

glr3.6a 666 ± 35 1.38 ± 0.07 a 2.22 ± 0.10 b 0.690 ± 0.052 18 
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To characterise the glr3.3a phenotype in more detail, I focussed on the Col-0 and glr3.3a 

comparison from the ‘Col-0 vs glr3.1a vs glr3.3a vs glr3.6a UBQ10::GCaMP3’ experiment in Table 

4.1. In glr3.3a mutant samples, wound-induced GCaMP3 signal dynamics were dramatically 

different from those in Col-0 (Figure 4.1, Video S4.1). In Col-0, there was a single normalised 

ΔF/F0 peak around 2 min post-wounding (Figure 4.1A). This peak corresponded approximately 

to the maximum area of reporter signals (0.640 ± 0.047 mm2) which propagated radially from 

each wound site as a ring travelling at a mean rate of 2.33 ± 0.13 µm s-1 (Figure 4.1B). These 

reporter signals and [Ca2+] elevations were termed ‘waves’ and were analysed as the ‘dominant 

signal’ for rate, area, and intensity measurements. Following wave reporter signals, there were 

occasionally less defined, lower-intensity reporter signals that appeared to grow out from the 

wound site and then fade over approximately 15 min. In contrast, glr3.3a mutants displayed two 

phases of reporter signals with two peaks in the normalised ΔF/F0 traces (Figure 4.1, Video S4.1). 

As these two phases were not always clearly separable, they were analysed as one ‘dominant 

signal’ for overall rate, area, and intensity measurements. Initial glr3.3a mutant reporter signals, 

termed ‘bursts’, occurred at each wound site with a normalised ΔF/F0 peak within 40 s of 

wounding. Bursts then largely dissipated by 60.95 ± 6.34 s post-wounding (Figure 4.1A). Bursts 

propagated at a mean rate of 6.02 ± 0.49 µm s-1 which was significantly faster than the wave 

propagation rates (Wilcoxon rank-sum, W = 2, p ≤ 0.0001). However, burst signals only reached 

a mean area of 0.267 ± 0.034 mm2 and were significantly smaller than the wave signals of Col-0 

(t-test, t = 6.43, p ≤ 0.0001). Bursts in glr3.3a mutants were followed by ‘secondary (2⁰)’ reporter 

signals that grew radially from wound sites giving a mean normalised ΔF/F0 peak around 5 min 

(Figure 4.1). Secondary reporter signal areas had a mean of 0.615 ± 0.045 mm2 which was not 

statistically different from the Col-0 wave signal areas (Table 4.1). After secondary ΔF/F0 peaks, 

glr3.3a normalised ΔF/F0 values were often greater than for Col-0 as glr3.3a secondary reporter 

signals faded over the next 25 min. For instance, at 12 min post-wounding, the glr3.3a 

normalised ΔF/F0 values were significantly greater than values for Col-0 samples (Wilcoxon rank-

sum test, W = 81, p = 0.00097). The normalised ΔF/F0 traces were initially closely matched for 

Col-0 and glr3.3a mutants (Figure 4.1) indicating that the wound-induced burst and wave 

reporter signals may begin as the same response but that GLR3.3 is required for propagation of 

the wave. Additionally, the reporter signals behind the Col-0 wave front may represent 

suppressed versions of the secondary [Ca2+] elevations in the glr3.3a mutant. In summary, these 

data reveal that glr3.3a mutants display wound-induced burst and secondary [Ca2+] elevations 

with different dynamics to the Col-0 wave [Ca2+] elevations. These differences can be detected 

in normalised ΔF/F0 traces with glr3.3a GCaMP3 reporter signals having reduced signal 

propagation rates and peak normalised ΔF/F0 values compared to Col-0.  
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Figure 4.1 glr3.3a mutants display altered wound-induced GCaMP3 signals.  
 
Comparisons of wound-induced GCaMP3 reporter s ignal dynamics between Col-0 (n = 
19) and glr3.3a UBQ10::GCaMP3 (n = 21) A. thaliana .  F (A.U.) values were the 
background corrected fluorescence intensities over the area of reporter signals and 
at comparable control sites which were transformed by ΔF/F0 with F0 being the mean 
F over the 5 min prior to wounding. (A) Traces for the mean ± S.E.M. normalised ΔF/F0 
values (Wound ΔF/F0 – Control ΔF/F0) over time with wounding occurring at 0 min 
(grey dashed line). (B) Time series images from representative Col-0 and glr3.3a 
samples. Red arrows indicate wound sites at 0 s.  Data taken from the comparison 
between Col-0, glr3.1a ,  glr3.3a and glr3.6a UBQ10::GCaMP3 A. thaliana .   
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4.2.2. Water infiltration perturbs wound-induced [Ca2+] elevations and provides insights 

into the underlying signalling mechanisms 

To investigate the mechanisms underpinning wound-induced wave, burst and secondary 

[Ca2+] elevations as well as GLR3.3 activation, I attempted to manipulate the wound-induced 

GCaMP3 signals. To do so, I vacuum-infiltrated leaves expressing GCaMP3 with different 

solutions before micropipette wounding. Infiltrations included sterile dH2O (pH 5.49 ± 0.08, n = 

8) as a negative control, (2R)-amino-5-phosphonopentanoate (AP5) as a competitive GLR 

antagonist (Li et al., 2013), citrate buffer (pH 5) to buffer apoplastic alkalinisation, LaCl3 to block 

plasma membrane Ca2+ channels, and EGTA to reduce free apoplastic [Ca2+]. In these preliminary 

experiments (data not shown), all pre-treatments, including water, resulted in similarly altered 

wound-induced GCaMP3 reporter signals.  

To better characterise the effect of water infiltration on wound-induced [Ca2+] 

elevations, I wounded Col-0 and glr3.3a UBQ10::GCaMP3 A. thaliana leaves without pre-

treatment (‘uninfiltrated’) and after water infiltration (‘infiltrated’). Uninfiltrated glr3.3a leaves 

again displayed wound-induced burst and secondary reporter signals whilst Col-0 samples 

displayed wave signals (Figure 4.2A, Video S4.2). The glr3.3a GCaMP3 signals again had reduced 

peak normalised ΔF/F0 values (Figure 4.2B, Tukey test following ANOVA, p ≤ 0.0001) and 

propagation rates (Figure 4.2C Tukey test following ANOVA, p ≤ 0.0001). Wound-induced 

reporter signals in water-infiltrated Col-0 samples recapitulated this uninfiltrated glr3.3a 

phenotype with burst and secondary signals (Figure 4.2A) and reduced peak normalised ΔF/F0 

values (Figure 4.2B, Tukey test following two-way ANOVA, p = 0.0050) and propagation rates 

compared to uninfiltrated Col-0 (Figure 4.2C, Tukey test following two-way ANOVA, p = 0.031). 

Across all groups, F0 values (Figure 4.2D, two-way ANOVA, F = 0.015, p = 0.90) and signal areas 

were not statistically different (Figure 4.2E, two-way ANOVA, F = 0.29, p = 0.60). Whilst water-

infiltrated Col-0 and glr3.3a mutants showed similar normalised ΔF/F0 traces, the burst peak 

values were significantly reduced in glr3.3a as seen at 10 s post-wounding (Figure 4.2A, Wilcoxon 

rank-sum, W = 139, p = 0.0037). Because GLR3.3 contributed to wound-induced wave reporter 

signals in uninfiltrated leaves and burst signals in infiltrated leaves, these data support the 

hypothesis that burst [Ca2+] elevations develop into waves via GLR3.3-dependent propagation. 

Moreover, water infiltration suppressed this GLR3.3-dependent propagation perhaps as it 

altered important apoplastic conditions for GLR3.3 activation. Interestingly, the secondary 

reporter signals were similar in water-infiltrated Col-0 and glr3.3a leaves (Figure 4.2A) 

suggesting that they are independent of burst signal properties. As such, these experiments 

have informed on the mechanics of wound-induced [Ca2+] elevations and revealed that burst 

signals likely develop into waves via GLR3.3-dependent propagation in uninfiltrated Col-0 leaves.   
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Figure 4.2 Wound-induced GCaMP3 signals are perturbed in water-infiltrated Col-0 
and glr3.3a mutant A. thaliana .  
 
Wound-induced GCaMP3 reporter signals in Col-0 and glr3.3a UBQ10::GCaMP3  A. 
thaliana leaves that had been pre-treated with water infi ltration (‘ infiltrated’) or had 
not been (‘uninfiltrated’).  Background corrected fluorescence intensities (F, A.U.) 
were calculated across the area of reporter signals and at comparable control sites.  
F values were transformed by ΔF/F0 with F0 being the mean F over the 5 min prior to 
wounding at 0 min (grey dashed l ine). (A) Traces for the mean ± S.E.M. normalised 
ΔF/F0 values (Wound ΔF/F0 – Control ΔF/F0) over time. ‘**’ indicates statistical 
significance as p  ≤ 0.01 at 10 s post-wounding between infiltrated Col-0 and glr3.3a 
mutant samples, as determined by a Wilcoxon rank-sum test.  Boxplots for the (B) 
peak normalised ΔF/F0 values (Wound ΔF/F0 – Control  ΔF/F0), (C)  signal  propagation 
rates (µm s- 1),  (D)  F0 values (A.U.) and (E)  signal areas (mm2) are shown with grey 
dots associated with outl iers. Significance levels are indicated with letters and were 
calculated by two-way ANOVAs with Tukey post-hoc tests. Sample sizes were Col-0 
uninfiltrated: n = 14, glr3.3a uninfiltrated: n = 16, Col-0 infiltrated: n = 12, glr3.3a 
infi ltrated: n = 14. 
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4.2.3. Micropipette wounding induces iGluSnFR and apo-pHusion signals that are 

spatiotemporally correlated with GCaMP3 reporter signals 

To investigate if wound-induced GLR3.3-dependent [Ca2+] elevations could be promoted 

by apoplastic [Glu] or pH increases, I wounded A. thaliana expressing 35S::iGluSnFR and 

35S::Apo-pHusion, respectively. iGluSnFR plants displayed clear wound-induced reporter signals 

that began at the wound sites and propagated radially without notable decreases in intensity 

behind the leading fronts (Figure 4.3A, C, Video S4.3). These signals propagated at a mean rate 

of 2.01 ± 0.20 µm s-1 to a mean maximum area of 0.570 ± 0.041 mm2 and gave a mean normalised 

ΔF/F0 peak around 4 min post-wounding (Figure 4.3A). At this point, wound site ΔF/F0 values 

were significantly greater than control site ΔF/F0 values (Figure 4.3B, paired Wilcoxon signed 

rank, V = 0, p ≤ 0.0001). Apo-pHusion leaves also displayed clear wound-induced reporter signals 

that again propagated radially without clear intensity decreases behind the leading fronts. These 

signals propagated at a mean rate of 2.11 ± 0.16 µm s-1 to a mean maximum area of 0.723 ± 

0.036 mm2 and gave a mean normalised ΔR/R0 peak at approximately 3 min (Figure 4.4A, C, 

Video S4.4). At this time, wound site ΔR/R0 values were significantly greater than control site 

ΔR/R0 values (Figure 4.4B, paired Wilcoxon signed rank, V = 0, p ≤ 0.0001). Leaves of both 

35S::iGluSnFR and 35S::Apo-pHusion expressing A. thaliana displayed visually greater GFP 

emission from trichomes compared to surrounding tissues (Figure 4.3C, Figure 4.4C). As 

trichomes have elevated apoplastic pH values compared to surrounding tissue (Zhou et al., 

2017), and as the apo-pHusion GFP fluorescence should increase with higher pH within the 

apoplastic pH range, this supports apo-pHusion functioning as an apoplastic pH reporter here. 

However, it also strongly suggests that iGluSnFR is pH-sensitive in this context consistent with 

iGluSnFR being reported to be pH sensitive in vitro within the pH range of the apoplast (Marvin 

et al., 2013; Geilfus, 2017). As it is difficult to disentangle the contribution of pH and [Glu] to 

iGluSnFR reporter signals here, iGluSnFR will be referred to here as a [Glu] reporter until further 

discussion in the context of all additional results. As such, data reveal that micropipette 

wounding induces iGluSnFR and apo-pHusion reporter signals indicative of apoplastic 

alkalinisations and putative [Glu] increases that could be linked to the GLR3.3-dependent [Ca2+] 

elevations.  
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Figure 4.3 Wound-induced reporter signals in A. thaliana expressing 35S:: iGluSnFR  
 
Properties of wound-induced reporter signals in Col-0 35S::iGluSnFR A. thaliana  imaged 
with an Axio Zoom.V16 and a 120 V metal halide excitat ion lamp. (A) Traces for the 
mean ± S.E.M. normalised ΔF/F0 (Wound ΔF/F0 – Control ΔF/F0) over time with 
wounding occurring at  0 min (grey dashed l ine). (B) Boxplots of the ΔF/F0 values for 
wound and control sites at 4 min post-wounding. Fluorescence intensity values (F, A.U.)  
were calculated as the mean intensity over the area of reporter s ignals and at  
comparable control s ites and transformed by ΔF/F0 with F0 being the mean F over the 
5 min prior to wounding. F values were not background corrected. Statistical  
significance, tested using a paired Wilcoxon rank-sum test,  shown by ****: p  < 0.0001. 
(C)  Time series of images from a representative wounded Col-0 A. thaliana  sample 
expressing  35S::iGluSnFR.  Red arrow indicates wound site. Sample s ize: n = 15. 
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Figure 4.4 Wound-induced reporter signals in A. thaliana expressing 35S::Apo-pHusion 
 
Properties of wound-induced reporter s ignals in Col-0 35S::Apo-pHusion A. thaliana .  (A) 
Traces for the mean ± S.E.M. normalised ΔR/R0 (Wound ΔR/R0 – Control ΔR/R0) over 
time with wounding occurring at 0 min (grey dashed line). (B) Boxplots of ΔR/R0 values 
for wound and control sites at 3 min post-wounding with grey dots associated with 
outliers. Background corrected fluorescence intensity (F, A.U.) values were calculated 
for both GFP and RFP over the area of reporter signals and at comparable control sites. 
The GFP/RFP ratio (R) values were calculated from F values and transformed by ΔR/R0 
with R0 values being the mean R over the 5 min prior to wounding. Statistical 
significance, tested using a paired Wilcoxon rank-sum test,  shown by ****: p  < 0.0001. 
(C) Time series of images from a representative wounded Col-0 A. thaliana sample 
expressing 35S::Apo-pHusion and shown for both the GFP and RFP channels.  Red arrow 
indicates wound site. Sample size: n  = 27.  
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To further investigate the correlations between apoplastic alkalinisations, potential [Glu] 

increases and GLR3.3-dependent [Ca2+] elevations, I compared the properties of the wound-

induced GCaMP3, iGluSnFR and apo-pHusion reporter signals (Figure 4.5). Peak normalised 

ΔF/F0 values occurred later for iGluSnFR and apo-pHusion signals than for GCaMP3 signals 

(Figure 4.5A, Wilcoxon rank-sum tests following a Kruskal-Wallis test, p ≤ 0.0001 for both). 

However, the signal propagation rates for each reporter were not statistically different (Figure 

4.5B, Kruskal-Wallis rank-sum test, df = 2, χ2 = 3.22, p = 0.2). There were no significant differences 

in the iGluSnFR and apo-pHusion reporter signal areas compared to the GCaMP3 signal areas 

(Figure 4.5C, Wilcoxon rank-sum tests following a Kruskal-Wallis test, p = 0.34 for iGluSnFR and 

p = 0.14) though the iGluSnFR signal areas were significantly smaller than the apo-pHusion signal 

areas (Figure 4.5C, Wilcoxon rank-sum test following a Kruskal-Wallis test, p = 0.0022). Overall, 

all reporter signals were approximately spatially correlated and propagated at statistically 

similar rates. This is consistent with the wound-induced apoplastic pH and/or [Glu] increases 

being linked to the GLR3.3-dependent [Ca2+] elevations by being either upstream of, interacting 

with, or downstream of the [Ca2+] elevations. 

I attempted to wound water-infiltrated and uninfiltrated A. thaliana leaves expressing 

the 35S::iGluSnFR or 35S::Apo-pHusion reporters to test if signals in these reporters remained 

correlated with the GCaMP3 signals. However, water infiltration caused a significant reduction 

in baseline GFP fluorescence in iGluSnFR and apo-pHusion samples as well as an even greater 

reduction in RFP baseline fluorescence in apo-pHusion samples (data not shown). These 

differences could have been caused by reporter dilution, ligand dilution and/or pH effects 

amongst other factors. In any case, data could not be interpreted to draw a conclusion.   
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Figure 4.5 Comparisons of wound-induced reporter signal properties in Col-0 A. 
thaliana expressing UBQ10::GCaMP3,  35S::iGluSnFR or 35S::Apo-pHusion.  
 
Comparisons of the (A) t ime of the peak normalised ΔF/F0 values post-wounding (s),  (B) 
signal propagation rates (µm s- 1) and (C) signal areas (mm2) shown in boxplots with grey 
dots associated with outliers. Data for Col-0 UBQ10::GCaMP3 (n  = 19) were taken from 
the comparison of wound-induced reporter signals in Col-0, glr3.1a,  glr3.3a and glr3.6a 
A. thaliana expressing UBQ10::GCaMP3 .  Data for Col-0 A. thaliana expressing 
35S::iGluSnFR  (n = 15) or 35S::Apo-pHusion  (n = 27) were taken from their respective 
wound vs control experiments. Statistical  significance levels, calculated using a Kruskal-
Wall is rank-sum test followed by pairwise Wilcoxon rank-sum tests, are indicated by 
letters.  
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4.2.4. Wound-induced apo-pHusion and iGluSnFR signals are altered in glr3.3a mutants 

To further test the relationship between wound-induced [Ca2+] elevations and putative 

elevations in apoplastic pH and [Glu], I wounded Col-0 and glr3.3a mutant A. thaliana expressing 

35S::Apo-pHusion or 35S::iGluSnFR. Data from three independent repeats, each with multiple 

replicates, were combined before comparing signal properties between the genotypes with 

ANOVAs (Repeat + Genotype). Between Col-0 and glr3.3a samples, F0 values were not 

statistically different for iGluSnFR or apo-pHusion (Figure 4.6A, iGluSnFR: F = 0.40, p = 0.53; 

Figure 4.7A, apo-pHusion: GFP: F = 0.045, p = 0.83, RFP: F =2.40, p = 0.13), nor were peak 

normalised ΔF/F0 values for iGluSnFR or peak normalised ΔR/R0 values for apo-pHusion (Figure 

4.6B, C, iGluSnFR: F = 3.11, p = 0.080; Figure 4.7B, C apo-pHusion: F = 0.65, p = 0.42). However, 

normalised ΔF/F0 and ΔR/R0 traces did differ between the genotypes for iGluSnFR (Figure 4.6B) 

and apo-pHusion, respectively (Figure 4.7B). Specifically, the Col-0 normalised ΔF/F0 and ΔR/R0 

traces smoothly decreased after the peak whilst the glr3.3a traces displayed a secondary curve. 

As such, at 12 min post-wounding, the normalised ΔF/F0 and ΔR/R0 values were significantly 

greater in glr3.3a than in Col-0 (Figure 4.6D, iGluSnFR: F = 9.87, p = 0.0021; Figure 4.7D, apo-

pHusion: F = 12.05, p = 0.00073). These wound-induced glr3.3a reporter signal dynamics for 

iGluSnFR and apo-pHusion were similar to the burst and secondary reporter signal dynamics of 

wounded glr3.3a UBQ10::GCaMP3 samples. For both iGluSnFR and apo-pHusion, wound-

induced glr3.3a mutant signals had significantly greater propagation rates (Figure 4.6E, 

iGluSnFR: F = 13.01. p = 0.00045; Figure 4.7E, apo-pHusion: F = 45.78, p ≤ 0.0001) and lower 

signal areas than the Col-0 signals (Figure 4.6F, iGluSnFR: F = 7.30, p = 0.0079; Figure 4.7F, F = 

22.99, p ≤ 0.0001). This is alike the glr3.3a UBQ10::GCaMP3 burst reporter signals which, 

compared to Col-0 wave GCaMP3 signals, had reduced signal areas and faster propagation rates. 

Therefore, these data reveal that there are strong correlations between wound-induced 

reporter signals in Col-0 and glr3.3a A. thaliana for GCaMP3, iGluSnFR and apo-pHusion. The 

dynamics, areas, and propagation rates of the wound-induced iGluSnFR and apo-pHusion 

reporter signals indicate that this correlation is most clear for burst or wave GCaMP3 signals and 

less so for secondary GCaMP3 signals, though the correlation does still hold for the secondary 

GCaMP3 signals. The strong correlations between all the wound-induced reporter signals 

suggest that the [Ca2+] elevations could be linked to the putative apoplastic [Glu] or pH increases. 

With glr3.3a phenotypes present in iGluSnFR and apo-pHusion reporter signals, wound-induced 

apoplastic [Glu] or pH increases are unlikely to solely be upstream of GLR3.3-dependent [Ca2+] 

elevations but may be downstream of, or interact with, the [Ca2+] elevations. In any case, 

wounding glr3.3a A. thaliana expressing 35S::iGluSnFR or 35S::Apo-pHusion has provided 
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insights into the potential relationships between the putative wound-induced apoplastic pH and 

[Glu] increases and the wound-induced [Ca2+] elevations. 

  

 

 

 

 

Figure 4.6 Wound-induced iGluSnFR signals are altered in glr3.3a mutants. 
 
Comparisons of wound-induced reporter signals in Col-0 and glr3.3a mutant A. thaliana  
expressing 35S::iGluSnFR .  Background corrected f luorescence intensity (F,  A.U.) values 
were calculated over the area of reporter signals and at comparable control sites. F values 
were transformed by ΔF/F0 with F0 calculated as the mean F over the 5 min before 
wounding. (B) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Wound ΔF/F0 - 
Control ΔF/F0) over time with wounding at 0 min (grey dashed line). Boxplots for (A) F0 
values (A.U.), (C) peak normalised ΔF/F0 values (Wound ΔF/F0 - Control ΔF/F0) (D)  
normalised ΔF/F0 values (Wound ΔF/F0 - Control ΔF/F0) at 12 min post-wounding, (E) 
signal propagation rates (µm s- 1) and (F) signal areas (mm2). Shapes indicate data points 
from each repeat (Repeat 1 (○): Col-0 n = 21,  glr3.3a n = 22; Repeat 2 (Δ): Col-0 n = 17,  
glr3.3a n  = 19; Repeat 3 (+): Col-0 n = 24, glr3.3a n  = 25) and grey dots are associated 
with outliers.  Statist ical s ignificance, calculated using an ANOVA (Repeat + Genotype) and 
a Tukey post hoc test, is  shown for each boxplot by ns: p  > 0.05, **: p  ≤ 0.01, ***: p  ≤ 
0.001. 
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Figure 4.7 Wound-induced apo-pHusion signals are altered in glr3.3a mutants 
 
Comparisons of wound-induced reporter signals in  Col-0 and glr3.3a mutant A. thaliana 
expressing  35S::Apo-pHusion.  Background corrected fluorescence intensity (F, A.U.)
values were calculated for GFP and RFP across the area of reporter signals and at  
comparable control sites.  F0 was the mean F over the 5 min prior to wounding. R values 
were the ratio of GFP/RFP F values and were transformed by ΔR/R0 with R0 as the mean 
R over the 5 min prior to wounding. (B) Traces for the mean ± S.E.M. normalised ΔR/R0 
values (Wound ΔR/R0 - Control ΔR/R0) over time with wounding at 0 min (grey dashed 
line). Boxplots for  (A) F0 values (A.U.),  (C) peak normalised ΔR/R0 values (Wound ΔR/R0 
- Control ΔR/R0), (D) normalised ΔR/R0 values (Wound ΔR/R0 - Control ΔR/R0) at 12 min 
post-wounding, (E) s ignal propagation rates (µm s - 1) and (F) s ignal areas (mm2). Shapes 
indicate data points from repeats (Repeat 1 (○): Col-0 n = 16, glr3.3a n = 16; Repeat 2 (Δ):  
Col-0 n = 23, glr3.3a n  = 21; Repeat  3 (+):  Col-0 n = 22,  glr3.3a n  = 23) and grey dots are 
associated with outliers. Statist ical significance, calculated using an ANOVA on a linear 
model (Repeat  + Genotype) and a Tukey test,  are shown for each boxplot by ns: p  > 0.05,  
***: p  ≤ 0.001. 
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4.2.5. Wounding induces JA marker gene expression that shows partial dependency on 

GLR3.3 

To examine if the localised wound-induced responses detected and GLR3.3 could 

contribute to plant defence responses, I first assessed wound-induced marker gene expression 

for several defence-related hormone signalling pathways. To do so with spatiotemporal 

resolution, I wounded ‘expression reporter’ A. thaliana lines which utilise promoters from JA 

(pAOS, pJAZ10), Et (pACS6, pPR4) and SA (pPR1) marker genes to drive the expression of a 

nuclear localised 3xVENUS FP (NLS-3xVENUS)(Marhavý et al., 2019). The fluorescence intensity, 

F, at wound and control sites was monitored hourly over the 8 h post-wounding to calculate the 

change in F, ΔF, from 0 h. I then compared wound and control site ΔF values using ANOVAs 

(Repeat + Sample + Treatment). There were no differences between wound and control site ΔF 

values at 8 h post-wounding for pACS6::NLS-3xVENUS (Figure 4.8A, F = 0.59, p = 0.45), pPR4::NLS-

3xVENUS (Figure 4.8B, F = 1.91, p = 0.18) or pPR1::NLS-3xVENUS A. thaliana (Figure 4.8C, F = 

0.30, p = 0.59). However, ΔF values were significantly greater for wound sites than control sites 

at 8 h post-wounding for pAOS::NLS-3xVENUS (Figure 4.8D, F = 210.84, p ≤ 0.0001) and 

pJAZ10::NLS-3xVENUS A. thaliana (Figure 4.8E, F = 70.88, p ≤ 0.0001) with signals visible in 39/40 

and 34/40 samples, respectively. All JA expression reporter signals were spatially restricted 

around wound sites with a mean area of 0.318 ± 0.023 mm2 for pAOS::NLS-3xVENUS (Figure 

4.8D) and 0.367 ± 0.023 mm2 for pJAZ10::NLS-3xVENUS (Figure 4.8E). These reporter signals, 

therefore, fall within the mean area of 0.640 mm2 for the wound-induced [Ca2+] elevations in 

Col-0 (Table 4.1). Thus, micropipette wounding induced the expression of JA marker genes but 

not SA or Et marker genes. The spatial patterns of the JA marker gene expression responses 

suggest that wound-induced [Ca2+] elevations, apoplastic alkalinisations and/or apoplastic [Glu] 

increases as well as GLR3.3 could promote JA marker gene expression.  
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Figure 4.8 Wounding of A. thaliana  induces JA, but not SA or Et, marker gene expression. 
 
Wound-induced responses in Col-0 A. thaliana leaves containing the expression reporter 
transgenes of (A) pACS6::NLS-3xVENUS ,  (B) pPR4::NLS-3xVENUS ,  (C)  pPR1::NLS-3xVENUS  
(D) pAOS::NLS-3xVENUS  or (E) pJAZ10::NLS-3xVENUS.  Fluorescence intensity (F, A.U.) was 
monitored across reporter signal areas or, in the absence of clear signals,  around wound 
sites and at comparable control  sites at hourly intervals  from 0 h to 8 h.  The change in F 
over t ime, ΔF, is shown in line graphs (mean ± S.E.M.). For (D,  E ),  this is accompanied by 
representat ive images of wound-induced responses at 8 h with red arrows marking the 
wound site at 0 h. Box plots display the signal area (mm2) for the (D) 39/40 and (E) 36/40 
wound events that induced visible reporter signals. Stat istical significance for all  
genotypes was assessed for the 8 h time point by ANOVAs on l inear models (Repeat + 
Sample + Treatment) and is shown by ns: p  > 0.05, ****: p  ≤ 0.0001. Sample sizes were n  
= 44 for pACS6::NLS-3xVENUS and n = 40 for al l other expression reporter genotypes. 
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To assess if wound-induced JA marker gene expression was GLR3.3-dependent, I crossed 

glr3.3a mutants with Col-0 A. thaliana carrying the pAOS::NLS-3xVENUS or pJAZ10::NLS-

3xVENUS transgenes to produce homozygous Col-0 and glr3.3a JA expression reporter lines. Col-

0 and glr3.3a lines were chosen with statistically equal responses to mock and MeJA treatments 

(AOS: Figure 4.9A, Wilcoxon rank-sum, Mock: W = 100, p = 0.45, MeJA: W = 87, p = 0.92; JAZ10: 

Figure 4.10A, t-test, Mock: t = 26.86, p = 0.44, MeJA: t = 23.23, p =0.32). These lines were then 

subjected to micropipette wounding and ΔF values were compared between the Col-0 and 

glr3.3a lines separately at wound and control sites at each time point using ANOVAs on linear 

models (Repeat + Position in Plate + Genotype). In pAOS::NLS-3xVENUS, ΔF values for Col-0 and 

glr3.3a mutant wound sites were only statistically different at 8 h post-wounding when the 

mutant ΔF was greater (Figure 4.9B, F = 4.27, p = 0.041). Additionally, the signal areas were not 

statistically different for Col-0 and glr3.3a pAOS::NLS-3xVENUS (Figure 4.9C, F =1.88, p = 0.17). 

In contrast, wound-induced ΔF values were significantly reduced in glr3.3a pJAZ10::NLS-

3xVENUS A. thaliana compared to Col-0 at all timepoints from 1 h post-wounding (Figure 4.10B, 

e.g. 4 h post wounding: F = 14.48, p = 0.00020). Furthermore, glr3.3a pJAZ10::NLS-3xVENUS A. 

thaliana displayed reduced signal areas compared to Col-0 (Figure 4.10C, F = 8.79, p = 0.0035). 

Therefore, glr3.3a mutants were impaired in wound induced JAZ10 expression but not AOS 

expression. This suggests that GLR3.3 activity promotes some wound-induced JA-mediated gene 

expression and defence signalling.  
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Figure 4.9 Developing and wounding glr3.3a pAOS::NLS-3xVENUS A. thaliana revealed 
that wound-induced AOS  marker gene expression is not GLR3.3-dependent. 
 
Col-0 and glr3.3a  pAOS::NLS-3xVENUS  A. thaliana expression reporter l ines were 
subjected to treatments of (A)  1 mM  methyl jasmonate (MeJA) or a mock solution and 
(B, C)  micropipette wounding.  (A)  Boxplots of the mean fluorescence intensities (F, A.U.) 
across leaves in MeJA and mock-treated Col-0 and glr3.3a  samples imaged 48 h after 
treatment. (B) Traces for the mean ± S.E.M. change in fluorescence intensities over t ime, 
ΔF, over the area of wound-induced reporter signals and at comparable control sites for 
Col-0 and glr3.3a samples. (C) Boxplot of signal areas (mm2) detected in response to 
wounding in Col-0 and glr3.3a samples  with data points shown and different shapes 
representing samples from the three different repeats.  Sample sizes were (A) n = 13 and 
(B, C)  n = 65. Statist ical analyses were (A) a  Wilcoxon rank-sum test  and (B, C) ANOVAs 
(Repeat + Position in Plate + Genotype). Statist ical significance is shown by no symbol 
or ns: p  > 0.05, *: p  ≤ 0.05.  
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Figure 4.10 Developing and wounding glr3.3a pJAZ10::NLS-3xVENUS A. thaliana 
revealed that wound-induced JAZ10 marker gene expression is reduced in glr3.3a 
mutants. 
 
Col-0 and glr3.3a  pJAZ10::NLS-3xVENUS  A. thaliana expression reporter lines were 
subjected to treatments of (A)  1 mM methyl jasmonate (MeJA) or a mock solution and 
(B, C)  micropipette wounding. (A) Boxplots of mean fluorescence intensities  (F, A.U.) 
across leaves  in MeJA and mock-treated Col-0 and glr3.3a  samples imaged 48 h after 
treatment. (B) Traces for the mean ± S.E.M. change in fluorescence intensit ies over time, 
ΔF, over the area of wound-induced reporter signals and at comparable control sites for  
Col-0 and glr3.3a samples. (C) Boxplot of signal areas (mm2) detected in response to 
wounding in Col-0 and glr3.3a with datapoints shown and different shapes representing 
samples from the four different repeats. Grey dots are associated with outliers.  Sample 
sizes were (A) n = 16 and (B, C) n = 87. Statist ical analyses were (A) a t-test and (B, C)  
ANOVAs (Repeat + Posit ion in Plate + Genotype). Statist ical significance is shown by no 
symbol or ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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4.2.6. Touch induces GLR3.3-independent [Ca2+] elevations similar to those induced by 

wounding in glr3.3a mutants 

Mechanical stress perception could form an important part of GLR3.3-dependent or -

independent responses to localised wounding or insect feeding. Therefore, I tested for touch 

induced GCaMP3 reporter signals and probed their dependency on GLR3.1/3.3/3.6. Firstly, I 

identified clear touch-induced elevations in normalised ΔF/F0 traces for Col-0 and glr3.3a A. 

thaliana expressing UBQ10::GCaMP3 (Figure 4.11A, Video S4.5). There were significant 

differences between touch and control site ΔF/F0 values at 2 min post-touch for both genotypes 

(Figure 4.11A, Col-0: paired Wilcoxon signed rank, V = 0, p ≤ 0.0001; glr3.3a paired Wilcoxon 

signed rank, V = 0, p ≤ 0.0001). Both Col-0 and glr3.3a presented similar reporter signal dynamics 

(Figure 4.11A) and signal properties with the only statistical differences being in signal 

propagation rates (Figure 4.11C, Wilcoxon rank-sum, W = 155, p = 0.0061) and F0 values (Figure 

4.11C, Wilcoxon rank-sum, W = 190, p = 0.047). Comparing touch-induced reporter signals in 

Col-0 and glr3.1a glr3.3a glr3.6a A. thaliana expressing UBQ10::GCaMP3 revealed similar 

normalised ΔF/F0 traces in both genotypes (Figure 4.12B) and no statistically significant 

differences in F0 values (Figure 4.12A, Wilcoxon rank-sum, W = 358, p = 0.25), peak normalised 

ΔF/F0 values (Figure 4.12C, Wilcoxon rank-sum, W = 282, p = 0.73), signal areas (Figure 4.12D, 

Wilcoxon rank-sum, W = 322, p = 0.67) or signal propagation rates (Figure 4.12E, Wilcoxon rank-

sum, W = 313, p = 0.80). Therefore, these data indicate that touch induces [Ca2+] elevations that 

appear to be GLR3.1/3.3/3.6-independent. 

Interestingly, the Col-0 and glr3.3a mutant touch-induced GCaMP3 signals displayed 

initial burst signals before secondary signals (Figure 4.11A, B, Video S4.5), similar to the wound-

induced glr3.3a GCaMP3 signals. However, compared to the wound-induced glr3.3a GCaMP3 

signals (Section 4.2.1), touch-induced GCaMP3 signals had lower signal areas, lower burst signal 

areas and shorter burst durations with no or limited burst signal propagation from the touch 

sites (Figure 4.11C). Taken together, these data suggest that the touch-induced GCaMP3 signals 

represented lower magnitude versions of the GLR3.3-independent wound-induced GCaMP3 

signals. Therefore, the regulation of touch- and wound-induced [Ca2+] elevations may involve 

shared mechanisms of mechanical stress perception.  
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Figure 4.11 Touch induces GCaMP3 signals with burst and secondary signal dynamics  
that appear GLR3.3-independent. 
 
Analysis of touch-induced GCaMP3 signals in Col-0 and glr3.3a A. thaliana expressing 
UBQ10::GCaMP3.  Background corrected f luorescence intensities (F, A.U.) were measured 
over the area of touch-induced reporter signals and at comparable control s ites. F values 
were transformed by ΔF/F0 with F0 being the mean F over the 5 min before touch 
treatment. (A) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Touch ΔF/F0 –
Control ΔF/F0) over time with touch occurring at 0 min (grey dashed l ine). Presented
alongside boxplots for  Col-0 and glr3.3a  touch and control s ite ΔF/F0 values at 2 min 
post-touch with grey dots associated with outliers. (B ) Time series images from 
representat ive touch-treated samples of Col-0 and glr3.3a A. thaliana .  Red arrows 
indicate touch sites. (C) Properties of signals detected in Col-0 and glr3.3a samples for  
the initial rapid GCaMP3 signals (‘Burst’)  and the overall properties of the burst and 
secondary signals (‘Signal’). Sample s izes were Col-0: n = 22 and glr3.3a n  = 26. Statistical 
significance is indicated by no symbol: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ****: p  ≤ 0.0001. 
Statist ical analyses were (A) a  paired Wilcoxon signed rank test and (C) Wilcoxon rank-
sum tests or t -tests. 
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Figure 4.12 Touch-induced GCaMP3 signals in A. thaliana leaves are unaltered in the 
glr3.1a glr3.3a glr3.6a mutant. 
 
Properties of touch-induced GCaMP3 signals in Col-0 and glr3.1a glr3.3a glr3.6a A.  
thaliana expressing UBQ10::GCaMP3.  Background corrected fluorescence intensit ies  
(F,  A.U.) were recorded over the area of reporter signals and at comparable control 
sites. F values were transformed by ΔF/F0 with F0 being the mean F over the 5 min 
before touch treatment. (B) Traces for the mean ± S.E.M. normalised ΔF/F0 (Touch 
ΔF/F0 – Control ΔF/F0) over time with touch occurring at 0 min (grey dashed line).  
Boxplots show the (A) F0 values (A.U.) (C)  peak normalised ΔF/F0 values (Touch ΔF/F0 
– Control ΔF/F0), (D) signal areas (mm2) and (E ) signal propagation rates (µm s- 1),  with 
grey dots associated with outliers. Sample sizes are Col-0 n  = 24 and glr3.3a n = 25. 
Statist ical significance, calculated using Wilcoxon rank-sum tests, is shown by ns: p  > 
0.05.  
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4.2.7. Touch can induce iGluSnFR and apo-pHusion signals that are associated with the 

touch-induced GCaMP3 signals 

To explore the mechanisms of touch-induced [Ca2+] elevations and their relationship to 

wound-induced GLR3.3-dependent responses, I investigated whether touch could induce 

35S::iGluSnFR or 35S::Apo-pHusion A. thaliana reporter signals. For both reporter lines, samples 

were grouped as those with visually clear touch-induced reporter signals (‘signal’ samples) and 

those without (‘no signal’ samples). These groups were analysed separately alongside a group 

for all samples (‘all (samples)’). In the signal group, there were 15/30 samples for iGluSnFR and 

9/38 samples for apo-pHusion. Touch-induced normalised ΔF/F0 elevations were present in the 

iGluSnFR signal samples group and all samples group but not in the no signal samples group 

(Figure 4.13A, C). This was reflected in statistically greater touch site ΔF/F0 values compared to 

control sites at 2 min post-touch for the all samples group (Figure 4.13B, paired Wilcoxon signed 

rank, V = 429, p ≤ 0.0001) and the signal samples group (Figure 4.13B, paired Wilcoxon signed 

rank, V = 119, p = 0.00012) but not for the no signal samples group (Figure 4.13B, paired 

Wilcoxon signed rank, V = 94, p = 0.055). The iGluSnFR signals detected propagated at a mean 

rate of 1.35 ± 0.12 µm s-1 to a mean area of 0.053 ± 0.009 mm2. This same pattern was detected 

for touch-induced apo-pHusion responses with normalised ΔR/R0 elevations detected in the 

signal samples group but not in the no signal samples group (Figure 4.14A). Comparing touch 

and control site ΔR/R0 values at 5 min post-touch revealed statistically greater values at touch 

sites for the all samples group (Figure 4.14B, paired Wilcoxon signed rank, V = 128, p = 0.00024) 

and the signal samples group (Figure 4.14B, paired Wilcoxon signed rank, V = 0, p = 0.0020) but 

not for the no signal samples group (Figure 4.14B, paired Wilcoxon signed rank, V = 127, p = 

0.086). The apo-pHusion signals detected propagated at a mean rate of 1.24 ± 0.16 µm s-1 to a 

mean area of 0.046 ± 0.006 mm2. In summary, touch treatment induced detectable apo-pHusion 

and iGluSnFR signals in some samples but not all samples. 
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Figure 4.13 Touch can induce detectable iGluSnFR reporter signals in A. thaliana leaves.
 
Analysis of touch treated and control s ites in Col-0 A. thaliana expressing 35S::iGluSnFR.  
Background corrected fluorescence intensity (F, A.U.)  values were measured over the 
area of reporter signals or, in the absence of clear reporter signals, around touch sites
and at comparable control sites. F values were transformed by ΔF/F0 with F0 being the 
mean F over the 5 min before touch treatment. Samples were analysed al l together (‘All 
(Samples)’) and in subgroups of those with clear signals (‘Signal’ ) and those without clear 
reporter signals (‘No Signal’). (A) Traces for the mean ± S.E.M. normalised ΔF/F0 values 
(Touch ΔF/F0 – Control ΔF/F0) over time for the three groups with touch occurring at  0 
min (grey dashed l ine). (B) Boxplots of ΔF/F0 values at 2 min post-touch for touch and 
control s ites  in each of the groups with grey dots associated with outliers. Statistical 
significance, assessed by paired Wilcoxon signed rank tests, shown by ns: p  ≥ 0.05, ***: 
p  ≤ 0.001, ****: p  ≤ 0.0001. (C)  Time series images of a touch-induced iGluSnFR reporter 
signal in a representative ‘Signal’ sample with a red arrow indicating the touch site.  
Sample sizes were ‘All Samples’: n  = 30, ‘Signal’: n = 15, ‘No Signal’ : n  = 15.   
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Figure 4.14 Touch can induce detectable apo-pHusion reporter signals in A. thaliana 
leaves. 
 
Analysis of touch treated and control sites in Col-0 A. thaliana expressing  35S::Apo-
pHusion .  Background corrected fluorescence intensity (F, A.U.) values were measured for 
GFP and RFP over the area of reporter signals or, in the absence of clear reporter s ignals,  
around touch s ites and at comparable control sites. The GFP/RFP ratios, R, were 
calculated from F values and transformed by ΔR/R0 with R0 being the mean R value over 
the 5 min prior to wounding. Samples were analysed all together (‘All (Samples)’) and in 
subgroups of those with clear signals (‘Signal’ ) and those without clear reporter signals 
(‘No Signal’).  (A) Traces for the mean ± S.E.M. normalised ΔR/R0 values (Touch ΔR/R0 – 
Control ΔR/R0) over time for the three groups with touch occurring at 0 min (grey dashed 
line). (B) Boxplots of ΔR/R0 values at 5 min post-touch for touch and control sites in each 
of the groups with grey dots associated with outliers. Statistical significance, assessed by 
paired Wilcoxon signed rank tests, shown by ns: p  ≥ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001. 
Sample sizes were ‘All Samples’: n  = 38, ‘Signal’: n = 9, ‘No Signal’ : n  = 29.  
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For wound-induced responses, data indicated that the iGluSnFR, apo-pHusion and 

GCaMP3 signals may be linked. Therefore, I assessed for correlations between touch-induced 

responses across these reporters. Firstly, visual touch-induced apo-pHusion and iGluSnFR signals 

were not always present whilst GCaMP3 signals were. Moreover, touch-induced GCaMP3 signals 

had larger areas than the signals in the other reporters (Figure 4.15A, Wilcoxon rank-sum after 

Kruskal-Wallis, p ≤ 0.001), reached their peaks earlier (Figure 4.15B, Wilcoxon rank-sum after 

Kruskal-Wallis, iGluSnFR: p = 0.040; apo-pHusion: p ≤ 0.0001) and had slower signal propagation 

rates (Figure 4.15C, Wilcoxon rank-sum after Kruskal-Wallis, iGluSnFR: p = 0.0066; apo-pHusion: 

p = 0.021). Whilst all the touch-induced reporter signals were approximately spatiotemporally 

associated, these data suggest that the touch-induced apo-pHusion and iGluSnFR signals were 

only weakly correlated with the GCaMP3 signals. However, support for the correlation being 

maintained comes from the touch-induced signals in all the reporters being of a lower amplitude 

and area than the signals induced by wounding. Additionally, the touch-induced apo-pHusion 

signals displayed an initial increase before a plateau and secondary signalling (Figure 4.14A), 

similar to the burst and secondary GCaMP3 signals induced by touch. Differences in the 

properties of the three different reporters likely contributed to some of the differences detected 

for the touch-induced reporter signal properties. Therefore, data here appears consistent with 

touch inducing spatiotemporally associated GCaMP3, apo-pHusion and iGluSnFR signals 

suggesting that touch-induced apoplastic [Glu] or pH increases could be linked with the [Ca2+] 

elevations. 
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Figure 4.15 Comparisons of touch-induced reporter signal properties in Col-0 A. thaliana 
expressing UBQ10::GCaMP3 ,  35S::iGluSnFR or 35S::Apo-pHusion.   
 
Comparisons of properties for touch-induced signals in Col-0 UBQ10::GCaMP3,  
35S::iGluSnFR and 35S::Apo-pHusion .  Boxplots for the (A)  signal areas (mm2), (B)  time of 
the peak normalised ΔF/F0 values post-touch (s) and (C) signal propagation rates (µm s-

1) are shown with grey dots associated with outlier data points. Data for Col-0 
UBQ10::GCaMP3 (n  = 22) were taken from the comparison of Col-0 and glr3.3a 
UBQ10::GCaMP3 touch-induced reporter s ignals.  Data for  Col-0 35S::iGluSnFR  (n = 15) 
and 35S::Apo-pHusion  (n = 9) were taken from their respective touch vs control 
experiments. Statistical significance levels, calculated using a Kruskal-Wallis rank-sum 
test fol lowed by pairwise Wilcoxon rank-sum tests, are indicated by letters.  
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4.2.8. Localised touch treatment does not induce JAZ10 or AOS expression 

Though touch does not trigger GLR3.3-dependent [Ca2+] elevations, mechanical stress 

perception could still contribute to any JA-mediated responses induced by localised wounding 

or insect feeding. Therefore, I tested if touch treatment induces signals in the expression 

reporter lines of pAOS::NLS3x-VENUS and pJAZ10::NLS-3xVENUS A. thaliana. Fluorescence 

intensity, F, was monitored at touch and control sites at hourly intervals over the 8 h after 

treatment to calculate change in fluorescence from the 0 h time point (ΔF). ΔF values were not 

statistically different between touch and control sites for either line as demonstrated at 8 h post-

touch for pAOS::NLS-3xVENUS (Figure 4.16A, ANOVA on linear models (Repeat + Sample), F = 

2.02, p = 0.16) and for pJAZ10::NLS-3xVENUS (Figure 4.16B, ANOVA on linear models (Repeat + 

Sample), F = 1.51, p = 0.23). Therefore, touch did not appear to induce JAZ10 or AOS expression 

suggesting that touch perception does not contribute to this element of the wound response 

and that this touch perception is unlikely to contribute to any JA-mediated responses to localised 

insect feeding. 

 

   

Figure 4.16 Touch treatment does not induce AOS or JAZ10  marker gene expression 
within 8 h of treatment. 
 
Assessment for touch-induced expression reporter signals in Col-0 A. thaliana carrying 
the (A) pAOS::NLS-3xVENUS or (B) pJAZ10::NLS-3xVENUS transgenes.  Change in 
fluorescence intensity (A.U.), ΔF, was monitored around the touch site and at 
comparable control s ites  at hourly intervals for 8 h post-touch which occurred at 0 h.  
Data represent mean ± S.E.M. for n = 44. Statistical significance, assessed with one-way 
ANOVAs on linear models (repeat + sample + treatment), shown by ns: p  > 0.05. 
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4.3. Discussion 

Here, I explored A. thaliana responses to localised wounding and touch stimuli and the 

contributions of GLR3.1/3.3/3.6 to these responses. These investigations aimed to provide 

insights into how the perception of damage or mechanical stress could function during aphid or 

thrips feeding and contribute to the activation of GLRs.   

Wound events induced a highly localised [Ca2+] increase, termed the ‘burst’ here, that 

developed into a radially propagating [Ca2+] wave dependent on GLR3.3 but not GLR3.1 or 

GLR3.6. In the absence of GLR3.3, this burst remained spatiotemporally restricted before being 

replaced by secondary [Ca2+] elevations. Though secondary [Ca2+] elevations may have been 

present in wild-type wound responses, they appeared to be suppressed by the presence of 

GLR3.3. Wounding also induced iGluSnFR reporter signals and apo-pHusion reporter signals that 

were spatiotemporally associated with all the [Ca2+] elevations. The presence of correlated 

iGluSnFR and GLR3.3-dependent GCaMP3 signals in responses to localised wounding has also 

been reported in cotyledons adding support to the results identified here in A. thaliana leaves 

(Bellandi et al., 2022). Finally, wound-induced increases in JA marker gene expression were 

spatially associated with the apo-pHusion, iGluSnFR and GCaMP3 reporter signals and showed 

partial GLR3.3-dependency. Therefore, wound induced responses included [Ca2+] elevations, 

apoplastic alkalinisations and JA marker gene expression increases which were all spatially 

correlated and partially dependent on GLR3.3 suggesting that they function in the same 

response mechanism.  

Touch stimuli only induced GLR3.1/3.3/3.6-independent [Ca2+] elevations with burst and 

secondary elevation dynamics. The touch-induced burst and secondary [Ca2+] elevations were 

similar to the wound-induced GLR3.3-independent responses but were of a smaller area and 

had shorter durations. These findings suggest a shared response mechanism for touch and 

wounding that involves mechanical stress perception and responses that correlate with the 

degree of mechanical stress experienced. Touch also induced limited iGluSnFR and apo-pHusion 

reporter signals that correlated with the [Ca2+] elevations suggesting a link between these touch-

induced responses. However, touch did not induce the expression of the selected JA marker 

genes. Therefore, the touch stimuli appeared not to activate GLR3.3-dependent responses.  

The following will discuss major questions related to localised touch and wound 

perception and the contributions of GLR3.3. Then, I will propose a model by which mechanical 

stress perception and apoplastic alkalinisations could operate in wound and touch perception 

and determine GLR3.3 activation. This model and the findings of this chapter will form the 
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foundations for the next chapter investigating how damage or mechanical stress perception and 

GLR3.3 could contribute to the perception of localised insect feeding from aphids or thrips.  

4.3.1. How could mechanical stress trigger burst [Ca2+] elevations? 

The first responses detected to localised touch and wounding were the highly localised 

and short-lived burst [Ca2+] elevations that correlated with apoplastic alkalinisations. As these 

bursts are present in touch responses, they are likely a result of mechanical stress. Potential 

mechanisms for mechanical stress-induced burst [Ca2+] and apoplastic pH elevations in wound 

and touch responses will be explored here.  

There are several ways in which mechanical stress perception could trigger burst [Ca2+] 

and apoplastic pH elevations in wound or touch responses and these could involve the 

perception of cell pressure changes. Similarly to laser ablation in roots, micropipette wounding 

bursts one or a few cells (Bellandi, 2021). Such laser ablation causes root cell collapse and 

pressure shocks in neighbouring cells as they rapidly bulge outwards (Hoermayer et al., 2020). 

These pressure shocks are perceived by root cells, which also display propagating [Ca2+] 

elevations (Marhavý et al., 2019), and appear to regulate regenerative cell divisions (Hoermayer 

et al., 2020) and PAMP receptor expression (Zhou et al., 2020). As such, wounding in leaves may 

cause burst [Ca2+] elevations in closely neighbouring cells that directly perceive pressure shocks 

as mechanical stress. As the touch needle is much broader than the wound needle and is unlikely 

to burst cells or penetrate the leaf cuticle, any pressure changes would be less severe than in 

wound responses and restricted to fewer cells. This may explain why touch-induced burst [Ca2+] 

and apoplastic pH elevations here were more spatially restricted and of a lower amplitude than 

those induced by wounding in glr3.3a mutants. In summary, mechanical stress perception with 

wounding and touch likely initiates burst [Ca2+] and apoplastic pH elevations and this perception 

may result from cell pressure changes.  

There are many candidate molecular components that could function as receptors in the 

active perception of touch- or wound-induced mechanical stresses. Any machinery must rapidly 

facilitate the initial burst events of [Ca2+] elevations and/or apoplastic alkalinisations or be 

upstream of at least one of these responses. Candidates include mechanosensitive ion channels, 

such as MSLs, MCAs or PIEZO1, and components that perceive cell wall properties, such as 

FERONIA which contributes to root touch-induced [Ca2+] elevations (Shih et al., 2014; Hamant 

and Haswell, 2017). Interestingly, FERONIA promotes the [Ca2+]-dependent suppression of H+-

ATPase activity which drives apoplastic alkalinisations in responses to some RALFs (Gjetting et 

al., 2020). Additionally, AHA1 has been implicated in GLR3.3/3.6-dependent responses to large-

scale wounding with a hypothesised role in apoplastic alkalinisations following [Ca2+]-dependent 
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suppression of its activity (Shao et al., 2020; Moe-Lange et al., 2021; Kumari et al., 2019). 

Therefore, it may be that bursts begin with a mechanical stress-induced receptor-mediated 

rapid [Ca2+] elevation that suppresses the activity of a H+-ATPase to induce apoplastic 

alkalinisations. Uncovering components involved in burst [Ca2+] and apoplastic pH elevations will 

be significant in appreciating the responses to touch and wounding.  

Passive mechanisms could also underpin burst responses to wounding or touch. In laser 

ablation of Drosophila melanogaster epithelial cells, neighbouring cells experience cavitation-

induced microtears allowing Ca2+
 influx into cells. The resulting [Ca2+] elevations recapitulate the 

burst elevations in A. thaliana as they are rapid, spatially restricted to closely associated cells, 

shrink after 40 – 200 s and are replaced by secondary [Ca2+] elevations (Shannon et al., 2017). 

Furthermore, larger-scale cavitation produces [Ca2+] elevations with a greater area alike how 

wound-induced burst [Ca2+] elevations in glr3.3a mutants were larger than those induced by 

touch. It is unknown whether similar microtears could occur in A. thaliana following localised 

wounding, especially with cell walls restricting any cell expansion. Interestingly, the rapid burst-

like [Ca2+] elevations in D. melanogaster propagated via gap junctions (Shannon et al., 2017). 

Whilst plasmodesmata do not contribute to the propagation of GLR3.3-dependent wave [Ca2+] 

elevations in cotyledons (Bellandi et al., 2022), it is not known whether they are significant in 

burst [Ca2+] elevations. Moreover, passive responses to mechanical stress could alter apoplastic 

pH or responses upstream of the [Ca2+] elevations. Therefore, the burst [Ca2+] and apoplastic pH 

elevations induced by wounding and touch may result from passive processes rather than the 

active perception of mechanical stress.  

In summary, touch- and wound-induced burst responses could result from active or 

passive mechanical stress perception mechanisms. In any case, a model in which mechanical 

stress causes burst [Ca2+] and apoplastic pH elevations following touch- or wound-induced 

pressure changes fits well with the findings here. Better characterising the cellular changes 

induced by localised touch and wounding will help appreciate how burst responses are initiated 

and how they could contribute to localised insect feeding-induced responses. 

4.3.2. How is GLR3.3 permeability regulated in localised wound-induced responses?  

Burst [Ca2+] elevations appeared to grow into GLR3.3-dependent [Ca2+] waves in wound 

responses but not touch responses. Identifying what determines the GLR3.3 activation in these 

localised responses will be key to appreciating GLR3.3 function in responses to localised insect 

feeding. Here, the potential for Glu/GLR agonists and pH to regulate GLR3.3 in localised wound-

induced responses will be considered. 
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Glu and GLR ligands are candidates for localised wound-induced GLR3.3 activation as 

wound-induced GLR3.3-dependent [Ca2+] elevations correlated with iGluSnFR signals here. 

Moreover, [Ca2+] elevations and iGluSnFR signals are closely correlated in localised wound-

induced responses in cotyledons and in trichome touch-induced responses (Bellandi et al., 

2022). These data have led to the hypothesis that localised wounding induces passive elevations 

of apoplastic [Glu] as a DAMP which spreads locally by diffusion to activate GLR3.3 (Bellandi et 

al., 2022). However, as localised wound-induced iGluSnFR signals were perturbed in glr3.3a 

mutants, data here indicates that passive [Glu] release does not solely precede GLR3.3 

activation. Recently, Grenzi et al. (2023) reported that glr3.3 mutants also display altered 

systemic iGluSnFR signals following the hypo-osmotic stress of roots. Therefore, GLR3.3 

activation may contribute to the regulation of apoplastic [Glu] explaining the results seen here. 

Alternatively, the wound-induced iGluSnFR signals seen here may have been influenced by the 

closely correlated apoplastic pH increases. This seems likely as iGluSnFR fluorescence increases 

with more alkaline pH values (Marvin et al., 2013) within the physiological range of the apoplast 

(Geilfus, 2017). Moreover, both iGluSnFR and apo-pHusion plants displayed increased 

fluorescence in trichomes where apoplastic pH is known to be elevated thus demonstrating the 

pH sensitivity of both reporters (Zhou et al., 2017). Therefore, apoplastic pH changes seem likely 

to have influenced the localised wound-induced iGluSnFR reporter signals detected making it 

challenging to assess whether increases in apoplastic [Glu] occurred and could have contributed 

to the activation of GLR3.3.  

Wound-induced [Ca2+] elevations and apoplastic alkalinisations were closely correlated 

here suggesting a link between these responses and a potential role for pH in regulating GLR3.3. 

However, the wound-induced apoplastic alkalinisations were altered in glr3.3a mutants 

revealing that these alkalinisations cannot solely precede GLR3.3 activation. Instead, the wound-

induced [Ca2+] and apoplastic pH elevations may interact with feedback between them. 

Interacting [Ca2+] and apoplastic pH elevations have been proposed for responses to trichome 

bending (Zhou et al., 2017) and root bending (Monshausen et al., 2009) with similar associations 

between cytosolic acidifications and [Ca2+] elevations in responses to large-scale wounding 

(Behera et al., 2018). If this is the case here, then wound-induced GLR3.3-dependent [Ca2+] 

elevations and apoplastic alkalinisations could form a positive feedback loop. For instance, 

wound-induced GLR3.3-dependent [Ca2+] elevations could promote apoplastic alkalinisations 

which promote further GLR3.3 activity in neighbouring regions, thereby propagating the 

responses. For GLR3.3 activation, apoplastic pH must exceed 6.5 (Shao et al., 2020). Such pH 

elevations seem feasible for wound-induced responses as root touch can alkalinise the apoplast 

from pH 5.6 to above pH 7.5 (Monshausen et al., 2009). Furthermore, resting tobacco leaf 

epidermal apoplastic pH is approximately 6.5 at the plasma membrane (Martinière et al., 2018). 
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However, it is unclear how the wound-induced apoplastic alkalinisations could be regulated. As 

with the burst responses, AHA suppression could cause the apoplastic alkalinisations. 

Importantly, it remains possible that apoplastic alkalinisation events are entirely downstream of 

the wound-induced [Ca2+] elevations and do not regulate GLR3.3 or that the responses are 

correlated but not causally linked. Further investigations to manipulate wound-induced 

apoplastic pH and [Ca2+] elevations whilst monitoring reporter signals could help clarify any 

relationships between these responses. Nonetheless, the tight correlations here suggest wound-

induced apoplastic alkalinisations and GLR3.3-dependent [Ca2+] elevations are linked in some 

way with the potential for pH to regulate GLR3.3 by a feedback loop that promotes signal 

propagation.  

In summary, iGluSnFR reporter data presented here is conflicted by coinciding apoplastic 

pH changes. Nonetheless, active and/or passive apoplastic [Glu] increases could still contribute 

to the activation of GLR3.3 in responses to localised wounding. Additionally, wound-induced 

apoplastic pH changes may interact with the closely correlated [Ca2+] elevations and contribute 

to the regulation of GLR3.3. Here, other components that influence GLR3.3 activity, such as 

MSL10 and membrane depolarisations (Moe-Lange et al., 2021), ISI1 (Wu et al., 2022), or TGG-

mediated aglycone production from glucosinolates (Gao et al., 2023), were not investigated. 

These components have only been implicated in systemic responses to large-scale wounding. 

TGG enzymes and their glucosinolate substrates are primarily stored within the vascular bundle 

(Andréasson et al., 2001; Koroleva et al., 2010; Shirakawa and Hara-Nishimura, 2018) making 

them unlikely to contribute to localised wound-induced responses. Additionally, MSL10 may be 

unlikely to function in localised responses because it does not contribute to local [Ca2+] 

elevations following large-scale wounding (Moe-Lange et al., 2021). Nonetheless, it remains 

unknown if these additional GLR3.3 regulatory factors could contribute to localised wound-

induced GLR3.3 activation. Further investigations into the mechanisms of GLR3.3 activation in 

localised responses will be important for understanding any contribution of GLR3.3 to the 

perception of localised wounding and insect feeding.  

4.3.3. What determines the extent of GLR3.3 activation in localised responses?  

To appreciate how GLR3.3 could function in responses to localised insect feeding, it is 

important to consider what determines the extent of GLR3.3 activation. As GLR3.3 was activated 

by wounding but not touch, comparing responses to these stimuli can provide insights into the 

factors that determine GLR3.3 activation.  

The obvious candidate for explaining why wounding induced GLR3.3-dependent [Ca2+] 

elevations but touch did not is that GLR3.3 activation requires the damage-induced release of 
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GLR ligands as DAMPs. However, with iGluSnFR signals not clearly reporting apoplastic [Glu], it 

is unclear whether localised wounding elevates the apoplastic concentrations of GLR ligands. 

Moreover, emerging data reveals that GLR3.3 activation may not require cell damage. For 

example, hypo-osmotic stress-induced turgor pressure changes can activate systemic GLR3.3-

dependent [Ca2+] elevations (Grenzi et al., 2023). Moreover, trichome bending is capable of 

triggering wave [Ca2+] elevations and correlated apoplastic alkalinisations that appear to occur 

without cell damage (Zhou et al., 2017; Bellandi et al., 2022). In preliminary data (not shown), 

trichome touch-induced [Ca2+] waves seemed dependent on GLR3.3. Whilst GLR3.3 activation 

without damage could occur by the active release of GLR3.3 ligands, mechanisms for such stress-

induced efflux of GLR3.3 ligands are not known. Therefore, it is not clear whether apoplastic GLR 

ligand concentrations increase with localised wounding or if damage-induced DAMP release is 

required for GLR3.3 activation.  

Instead, the extent of mechanical stress experienced may be the key determinant of 

GLR3.3 activation. Mechanical stress perception during touch and wounding likely led to the 

GLR3.3-independent burst responses of [Ca2+] elevations and apoplastic alkalinisations that 

appeared to be linked. However, the touch-induced burst responses were of a smaller area and 

magnitude than those induced in the glr3.3a mutant by wounding. Moreover, only the wound-

induced burst [Ca2+] elevations propagated as GLR3.3-dependent waves. It could be then, that 

the extent of the mechanical stress experienced determines the magnitude or size of the burst 

responses that subsequently determine the extent of GLR3.3 activation. For instance, greater 

mechanical stress could lead to larger area and magnitude burst responses. The burst apoplastic 

alkalinisations may then activate GLR3.3 in proportion to their magnitude or area. This may 

result in proportional activation of the proposed GLR3.3-dependent Ca2+-pH positive feedback 

loop (Section 4.3.2.). Interestingly, this notion of mechanical stress activating GLRs is 

conceptually similar to the Squeeze Cell model for large-scale wound-induced systemic 

signalling. In this model, turgor pressure changes in the xylem are perceived in neighbouring 

cells as mechanical stress, potentially by MSL10, to activate GLR3.3/3.6 (Farmer et al., 2014; 

Moe-Lange et al., 2021).  Additional support for mechanical stress determining localised GLR3.3 

activation comes from comparing the localised touch-induced GLR3.3-independent responses 

with the trichome touch-induced responses of wave [Ca2+] elevations (Bellandi et al., 2022) that 

appear to be GLR3.3-dependent (preliminary data, not shown). Compared to localised touch, 

trichome touch may lead to greater GLR3.3 activation as trichomes focus mechanical forces into 

neighbouring cells amplifying the mechanical stress experienced (Zhou et al., 2017). Moreover, 

in preliminary experiments, less severe trichome touch stimuli appeared to induce [Ca2+] 

elevations with burst and secondary dynamics whilst firmer touch stimuli induced wave [Ca2+] 

elevations (data not shown). Therefore, the degree of mechanical stress experienced correlates 
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with, and could explain, the extent of GLR3.3 activation in localised responses to wounding and 

touch. 

Further investigations are required to clarify whether localised GLR3.3 activity is 

determined by damage-induced DAMP release and/or mechanical stress perception. Data and 

considerations here fit well with a model for the extent of mechanical stress experienced 

determining GLR3.3 activation. Understanding the cellular processes that determine localised 

GLR3.3 activity will be important for appreciating the role of GLR3.3 in responses to localised 

stimuli including aphid or thrips feeding.    

4.3.4. What drives secondary [Ca2+] elevations?  

The mechanisms and functions of wound- and touch-induced secondary [Ca2+] elevations 

remain unclear from these investigations. However, as glr3.3a mutants display wound-induced 

JA marker gene expression, secondary [Ca2+] elevations may be significant in regulating plant JA 

responses. Therefore, the properties of these [Ca2+] elevations are of interest in the wound- and 

touch-induced responses and may be relevant to localised insect feeding-induced responses.  

The dynamics of initial responses, such as burst [Ca2+] elevations, that precede delayed 

secondary [Ca2+] elevations suggest that the secondary responses may require a perception 

event, some processing event and then initiation. Such a mechanism could involve the burst 

perception event leading to active agonist release with propagation of the processing 

component or agonist to trigger propagating secondary [Ca2+] elevations. This kind of signalling 

mechanism is seen in some D. melanogaster damage-induced [Ca2+] elevations which display an 

initial burst-like increase before delayed secondary increases (Shannon et al., 2017). These 

secondary [Ca2+] elevations are driven by protease diffusion from the wound site that liberates 

Growth-blocking peptides to bind Methuselah-like 10 upstream of the [Ca2+] elevations 

(O’Connor et al., 2021). A similar mechanism has been proposed for signalling from the 

phytocytokine, PEP1, following cell damage in roots. A damage-induced loss of membrane 

integrity causes a Ca2+ influx that activates METACASPASE4 to release PEP1 from PROPEP1 at 

the tonoplast forming a mobile signal that induces [Ca2+] elevations via PEPR1/2 in surrounding 

cells (Hander et al., 2019). Accumulation of PEP1 in this model occurs within 30 s of wounding 

suggesting that it could contribute to the wound-induced secondary [Ca2+] elevations that occur 

around 30 – 60 s post-wounding in glr3.3a leaves. However, because touch is unlikely to cause 

sufficient damage for this pathway, PEP1 signalling is not a strong candidate for touch-induced 

secondary [Ca2+] elevations. Other mechanisms that induce [Ca2+] elevations and require similar 

perception and ligand processing, such as signalling from other phytocytokines (Hou et al., 

2021a), could also be candidates for driving secondary [Ca2+] elevations.  
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The relationship of secondary [Ca2+] elevations to burst and wave [Ca2+] increases is also 

not well resolved. Secondary [Ca2+] elevations appeared suppressed after GLR3.3-dependent 

wave [Ca2+] elevations. As Ca2+-ATPase activity can be [Ca2+]-dependent (Fuglsang and Palmgren, 

2021), this suppression could result from wave [Ca2+] elevations promoting Ca2+-ATPase activity 

before the secondary elevations. It may be then, that the greater the extent of GLR3.3 activation 

and wave [Ca2+] elevations, the greater the suppression of secondary [Ca2+] elevations. The 

secondary [Ca2+] elevations do not appear to be dependent on burst properties because wound-

induced burst [Ca2+] elevations in water-infiltrated plants were reduced in the glr3.3a samples 

whilst the secondary [Ca2+] elevations were unaffected. Both touch-induced burst and secondary 

[Ca2+] elevations were of a shorter duration than those induced by wounding. Therefore, whilst 

the relationship between burst and secondary responses remains unclear, both responses 

correlate with the extent of mechanical stress experienced.  

Exploring how secondary [Ca2+] elevations are driven may reveal additional mechanisms 

or components of localised damage or mechanical stress perception and help reveal the 

significance of these elevations in plant defence responses. Improving the understanding of the 

secondary responses could also be important for a mechanistic description of how A. thaliana 

perceives aphid and thrips feeding. 

4.3.5. Do localised GLR3.3-dependent responses contribute to plant defences?  

For considering the contribution of GLR3.3 to insect perception, it is important to assess 

whether GLR3.3 can promote plant defence responses to localised stimuli. Data here revealed 

that JAZ10 and AOS JA marker gene expression was induced with wounding within the area of 

the rapid apoplastic alkalinisations and [Ca2+] elevations. Similarly, localised wounding in 

cotyledons induces localised JAZ10 expression (Bellandi et al., 2022). JAZ10 expression was 

impaired in wound-induced responses in glr3.3a mutants. Furthermore, touch, which did not 

induce GLR3.3-dependent responses, also did not induce JAZ10 or AOS expression within 8 h of 

wounding. Thus, wound-induced GLR3.3-dependent responses appear to contribute to JA-

mediated gene expression which could contribute to insect resistance. However, wound-

induced expression of AOS was unaltered in glr3.3a mutants. Similarly, in cotyledons, the JOX3 

and VSP2 JA marker genes show unaltered localised wound-induced expression in glr3.3a 

mutants (Bellandi et al., 2022). As such, it may be that GLR3.3 activity regulates only a subset of 

JA-inducible genes. Moreover, wound-induced JAZ10 expression was only partially suppressed 

in glr3.3a mutants. This indicates that there is significant redundancy in the signalling 

mechanisms that regulate JA responses following localised wounding. For example, the 

remaining wound-induced JA-regulated gene expression in the glr3.3a mutants could be 
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mediated by the wound-induced GLR3.3-independent [Ca2+] and apoplastic pH elevations or 

alternative signalling components not investigated here. In any case, GLR3.3 activity appeared 

to contribute to the wound-induced expression of a JA marker gene indicating that GLR3.3 can 

promote JA-mediated responses to localised wounding.  

4.3.6. A model for mechanical stress perception and GLR3.3 activation in responses to 

localised wounding and touch 

Findings here have raised many questions regarding the perception of localised touch 

and wound stimuli in A. thaliana and the mechanisms of localised GLR3.3 activation. These 

include: 

1. What mechanisms underpin the initiation of burst [Ca2+] elevations?  

2. How is GLR3.3 permeability regulated in localised wound-induced responses?  

3. Is the extent of GLR3.3 activation determined by the extent of damage/DAMP 

release or mechanical stress?  

4. What mechanisms give rise to secondary [Ca2+] elevations?  

5. What signalling components other than GLR3.3 contribute to wound-induced 

responses including JA-mediated gene expression changes?  

Despite these outstanding questions, findings here have supported a role for mechanical 

stress perception in responses to localised wounding and touch. This perception seems to 

initiate burst and secondary [Ca2+] elevations with the former developing into wave [Ca2+] 

elevations with GLR3.3 activation. This GLR3.3 activation may require damage-induced 

DAMP/GLR ligand release. However, with the reports that GLR3.3 activation may be possible 

without cell damage (Grenzi et al., 2023; Bellandi et al., 2022), and with the comparisons of 

wound- and touch-induced responses, the favoured hypothesis here is that the extent of 

mechanical stress experienced during localised wounding or touch determines GLR3.3 

activation. Burst, wave and secondary [Ca2+] elevations are closely correlated with apoplastic 

alkalinisations suggesting a link between these responses. Moreover,  extracellular pH increases 

can activate GLR3.3 (Shao et al., 2020). Therefore, it may be that larger mechanical stress events 

cause greater apoplastic alkalinisations which proportionally activate GLR3.3-dependent [Ca2+] 

elevations. These GLR3.3-dependent [Ca2+] elevations could drive further apoplastic pH 

increases in a Ca2+-pH feedback loop that promotes signal propagation. Finally, GLR3.3 

contributes to wound-induced JA marker gene expression. Whilst there are many outstanding 

questions here, these findings have been used to synthesise a model for how mechanical stress 

perception could contribute to localised wound- and touch-induced responses (Figure 4.17).  
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In Chapter 3, I identified that M. persicae feeding induced [Ca2+] elevations that were 

partially GLR3.3/3.6-dependent. The M. persicae feeding-induced GLR3.3/3.6 dependent 

GCaMP3 signals were alike the wound-induced GLR3.3-dependent GCaMP3 signals in that they 

both displayed relatively fast propagation rates and/or high peak intensities. Therefore, 

GLR3.3/3.6-dependent [Ca2+] elevations induced by M. persicae feeding may be alike those 

induced by wounding. Additionally, GLR3.3/3.6-independent M. persicae feeding-induced [Ca2+] 

elevations may be alike those induced by touch. The findings of this chapter will be used to 

provide a foundation for exploring aphid and thrips perception and the contributions of 

GLR3.3/3.6 to this perception in the next chapter.  
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Figure 4.17 Hypothetical model for how mechanical stress perception and GLR3.3 could 
function in wound- and touch-induced responses.  
 
An initial wound event causes lysis of a cell and pressure shocks in neighbouring cells resulting in 
mechanical stress. Touch triggers lower levels of mechanical stress restricted more to the 
contacted cell(s). Perturbed cells passively or actively perceive mechanical stress, potentially via 
mechanosensitive ion channels, resulting in [Ca2+] increases that are short-lived as ‘burst’ 
elevations. Apoplastic alkalinisations co-occur and may result from the suppression of plasma 
membrane H+-ATPase (AHA) activity, potentially in a [Ca2+]-dependent manner. The extent of 
GLR3.3 activation could then be determined by the magnitude of the mechanical stress and burst 
apoplastic alkalinisations or the damage-induced release of GLR3.3 ligands (e.g. Glu) as DAMPs. 
GLR3.3 may then function in a propagating Ca2+-H+ wave. In this wave, AHA suppression could 
alkalinise the apoplast to activate GLR3.3-dependent [Ca2+] elevations that further suppress AHAs 
in neighbouring regions, thereby propagating the response. After bursts, secondary [Ca2+] and 
apoplastic pH elevations occur as a result of the mechanical stress perception. GLR3.3-dependent 
wave responses suppress secondary [Ca2+] elevations. Finally, GLR3.3-dependent and -
independent responses can contribute to JA-mediated defence gene expression. Arrows indicate 
positive regulation. Flat arrows indicate suppression. Dashed lines indicate indirect links. Red 
indicates queries. Created with BioRender.com  
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5. Exploring the Role of GLR3.3 in the Perception of Aphid and 

Thrips Feeding 
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5.1. Introduction 

There is a limited understanding of how plants perceive pests with localised feeding 

mechanisms such as aphids and thrips. Specifically, there are no known DAMPs or HAMPs 

associated with thrips feeding and no A. thaliana membrane receptors known to perceive thrips 

(Steenbergen et al., 2018). For aphids, there is evidence of HAMP existence from aphid saliva 

and aphid extract but little is known about any specific candidate HAMPs or DAMPs or the 

receptors that perceive them (Elzinga et al., 2014; Chaudhary et al., 2014; Canham, 2022; Bos et 

al., 2010; Prince et al., 2014; Nalam et al., 2019; De Vos and Jander, 2009). In the current work, 

I have identified that glr3.3a glr3.6a mutants are impaired in M. persicae feeding-induced [Ca2+] 

elevations detected by GCaMP3 signals with relatively fast propagation rates and/or high peak 

intensities. Additionally, I have identified that GLR3.3, but not GLR3.6, contributes to localised 

wound-induced responses including [Ca2+] elevations. Based on these findings, it may be that 

GLR3.3 contributes to M. persicae feeding-induced [Ca2+] elevations without GLR3.6 and that 

GLR3.3 functions more widely in A. thaliana responses to aphid and thrips feeding. 

Characterising any contribution of GLR3.3, with or without GLR3.6, to aphid and thrips feeding-

induced responses could significantly advance the understanding of aphid and thrips perception 

in A. thaliana. 

With mechanical stress and/or damage potentially important in determining localised 

GLR3.3 activation, the role of GLR3.3 in responses to localised insect feeding is likely to be heavily 

influenced by the insect feeding mechanisms. Thrips feeding behaviour involves localised 

piercing of epidermal and mesophyll cells using the mandibular stylet before salivation and then 

ingestion of the released cell contents through the maxillary stylets (Kindt et al., 2006; 

Steenbergen et al., 2018; Chisholm and Lewis, 1984). Thus, thrips feeding involves high levels of 

localised mechanical stress, damage and cell death. In direct contrast, aphids carefully navigate 

their stylets to the vascular bundle for feeding. The gelling saliva, which envelopes the stylets, 

protects plant cells along the stylet path from damage and can contribute to plugging pores 

following stylet penetration of sieve elements, mesophyll cells and epidermal cells (Walling, 

2008; Miles, 1999; Tjallingii, 2006). Whilst aphid stylets pierce, probe and disrupt most 

mesophyll cells en route to the vascular bundles for feeding, very few cells die (Tjallingii and 

Esch, 1993; Tjallingii, 2006). Therefore, aphid feeding causes limited damage and mechanical 

stress compared to thrips feeding. As wound stimuli activated GLR3.3 but touch did not, and as 

GLR3.3 contributes to large-scale wound-induced responses (Nguyen et al., 2018), it may be that 

thrips feeding activates GLR3.3 more than aphid feeding. However, GLR3.3 also contributes to 

pathogen resistance against P. syringae pv tomato DC3000 (Li et al., 2013) and H. arabidopsidis 

(Manzoor et al., 2013) where mechanical stress and damage are less apparent. This suggests 
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that the contribution of GLR3.3 to plant biotic stress responses may be determined by more 

complex factors than just the degree of mechanical stress or damage induced. Nonetheless, 

aphid and thrips differentially cause mechanical stress and damage when they feed which may 

influence the activation of GLR3.3 in feeding-induced responses.  

The relationship that the thrips or aphid species has with the host plant may also 

influence the contribution of GLR3.3 to the feeding-induced responses. For example, GLR3.3 

activity could be influenced by differences in feeding behaviour determined by the ability of the 

insect species to colonise the host plant species. In support of this, when aphids cannot colonise 

the host, feeding often becomes less efficient with increased probing of mesophyll cells and an 

impaired ability to initiate sustained feeding from the phloem (Escudero-Martinez et al., 2021; 

Escudero-Martinez et al., 2017; Kaloshian et al., 2000; Jhou et al., 2021). The relationship 

between the insect and host plant may also influence the contribution of GLR3.3 to plant 

responses as it may determine whether the insect has suitable effectors to manipulate the host 

responses. For example, some aphid species that have co-evolved with A. thaliana or related 

hosts may deploy effectors that target A. thaliana GLR3.3 activation. Other species that cannot 

colonise A. thaliana may not have evolved suitable effectors for this activity. These 

considerations indicate that the relationship of the insect species to A. thaliana seems more 

likely to influence GLR3.3 function in responses to aphid feeding than to thrips feeding. This is 

because individual aphid feeding events can last for hours and are more protracted than thrips 

feeding events (Tjallingii, 2006; Kindt et al., 2003). As such, to appreciate the contribution of 

GLR3.3 to thrips and aphid perception, it will be important to assess whether GLR3.3 

differentially contributes to feeding from aphid species with different A. thaliana colonisation 

abilities.  

To explore the contribution of GLR3.3 to localised insect feeding-induced responses in 

A. thaliana and incorporate differences in the host colonisation abilities and feeding 

mechanisms, aphid species were carefully selected along with a thrips species for investigations. 

This selection included species for which JA is known to contribute to plant defences because 

GLR3.3 contributed to wound-induced JAZ10 expression. With a known phenotype for M. 

persicae feeding-induced [Ca2+] elevations in glr3.3a glr3.6a A. thaliana, M. persicae was used 

as the focus for these investigations as a generalist aphid that can colonise A. thaliana. Next, the 

cabbage aphid, B. brassicae, was selected as a Brassica specialist which can also colonise A. 

thaliana (Kusnierczyk et al., 2008). Whilst both M. persicae and B. brassicae colonisation induces 

JA-mediated responses in A. thaliana (Kuśnierczyk et al., 2007; Rubil et al., 2022), B. brassicae 

can uniquely sequester certain JA-induced plant glucosinolates for its own defence responses 

against insect predators (Kazana et al., 2007; Mewis et al., 2005). The final aphid species selected 
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was R. padi which is a grass specialist (Peng et al., 2019; Leather and Dixon, 1982). R. padi cannot 

colonise A. thaliana but does initiate feeding and probes A. thaliana leaf epidermal and 

mesophyll cells (Jaouannet et al., 2015; Escudero-Martinez et al., 2017). R. padi colonisation 

induces JA marker gene expression in A. thaliana (Jaouannet et al., 2015) and barley (Escudero-

Martinez et al., 2020). Moreover, barley JA responses can limit R. padi colonisation (Losvik et al., 

2017) and are suppressed by R. padi effectors (Escudero-Martinez et al., 2020). Finally, the thrips 

species, F. occidentalis, was selected as a serious pest species and generalist that can colonise 

over 240 host plants (He et al., 2020; Tommasini and Maini, 1995). F. occidentalis can infest A. 

thaliana and induces JA-mediated defence responses (Abe et al., 2008). This selection process 

gave three aphid species and a thrips species which covered variation in the feeding mechanism 

used and the ability to colonise A. thaliana. As such, investigating A. thaliana responses to these 

insects provides a unique opportunity to explore the contribution and mechanisms of GLR3.3 

activity in responses to localised insect feeding.  

To investigate the contribution of GLR3.3 to aphid and thrips feeding-induced responses 

and perception in A. thaliana, the methods and approaches developed in Chapters 3 and 4 can 

be utilised. Therefore, for the aphids M. persicae, R. padi and B. brassicae, and the thrips F. 

occidentalis, the research aims of this chapter are to:  

 Identify whether localised insect feeding triggers GLR3.3-dependent [Ca2+] 

elevations along with apoplastic pH and/or [Glu] increases that could regulate 

GLR3.3 activity. 

 Identify whether localised insect feeding induces JA marker gene expression that 

could be GLR3.3-dependent. 

 Investigate whether GLR3.3 contributes to resistance against the selected aphid 

and thrips species. 
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5.2. Results  

5.2.1. GLR3.3 contributes to [Ca2+] elevations induced by M. persicae feeding 

With the glr3.3a mutant, but not glr3.6a mutant, impaired in wound-induced [Ca2+] 

elevations, I hypothesised that the glr3.3a mutation was responsible for the loss of relatively 

high intensity and/or fast propagating M. persicae feeding-induced GCaMP3 signals in the 

glr3.3a glr3.6a mutant. To test this hypothesis, I investigated M. persicae feeding-induced 

GCaMP3 signals in Col-0 and glr3.3a UBQ10::GCaMP3 A. thaliana. Whilst data could not be 

background corrected, F0 values were not significantly different between the genotypes (Figure 

5.1A, t-test, t = -0.31, p = 0.76). M. persicae feeding induced GCaMP3 signals with normalised 

ΔF/F0 elevations that appeared superficially similar in Col-0 and glr3.3a (Figure 5.1B). Col-0 and 

glr3.3a reporter signal areas were not significantly different and had mean values of 0.215 ± 

0.025 mm2 and 0.178 ± 0.020 mm2, respectively (Figure 5.1E, Wilcoxon rank-sum, W = 510, p = 

0.38). However, the glr3.3a mean normalised ΔF/F0 trace appeared smoother than the Col-0 

trace (Figure 5.1B). Moreover, the Col-0 peak normalised ΔF/F0 values were statistically greater 

than the values for the glr3.3a samples (Figure 5.1C, Wilcoxon rank-sum, W = 651, p = 0.0026). 

Col-0 reporter signals had significantly faster propagation rates than the glr3.3a signals (Figure 

5.1D, Wilcoxon rank-sum, W = 654, p = 0.0022). 9/30 Col-0 samples had reporter signal 

propagation rates exceeding the maximum rate detected in glr3.3a of 1.35 µm s-1. 7 of these 

responses were in a group of 12 Col-0 responses that displayed peak normalised ΔF/F0 values 

exceeding the maximum detected in glr3.3a of 0.26 A.U. Therefore, glr3.3a mutants were 

impaired in M. persicae feeding-induced GCaMP3 signals with relatively fast propagation rates 

and/or high peak intensity values. This phenotype recapitulated that of the glr3.3a glr3.6a 

mutant revealing that the mutation in GLR3.3 is sufficient for the glr3.3a glr3.6a phenotype. 

The M. persicae feeding-induced GCaMP3 signals could be approximately grouped by 

their properties with some signals displaying similarities to those induced by wounding or touch 

(Figure 5.1F, Video S5.1). Firstly, M. persicae feeding-induced Col-0 signals with relatively high 

propagation rates or peak intensity values often propagated radially as rings. Thus, these signals 

were similar to the wound-induced GLR3.3-dependent wave GCaMP3 signals. Furthermore, 

8/30 Col-0 and 11/30 glr3.3a samples displayed highly localised burst GCaMP3 signals at feeding 

sites that dissipated before secondary signalling of a lower intensity developed. These signals 

recapitulated the touch- and wound-induced GLR3.3-independent GCaMP3 signals. The other 

GCaMP3 reporter signals could not be visually placed into these categories. Whilst this 

categorisation is approximate, these data suggest that M. persicae feeding can induce GCaMP3 

signals similar to the GLR3.3-independent touch responses or the GLR3.3-dependent wound 

responses.  
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Figure 5.1 glr3.3a  mutants are part ially impaired in M. persicae feeding-induced 
GCaMP3 signals.  
 
Properties of M. persicae feeding-induced GCaMP3 signals in Col-0 and glr3.3a
UBQ10::GCaMP3  A. thaliana (n = 30). E levations were recorded by imaging (Axio 
Zoom.V16,  HXP 120 V l ight source) A. thal iana  leaves subjected to M. persicae  or no 
aphid control treatments. Non-corrected fluorescence intensity (F, A.U.) values were 
recorded over the area of feeding-induced reporter signals and at comparable control 
sites and transformed into ΔF/F0 values with F0 being the mean F over the 5 min prior  
to feeding. (B) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Aphid ΔF/F0 –
Control ΔF/F0) over time with feeding beginning at 0 min (grey dashed l ine). Boxplots 
are displayed for the (A) feeding s ite F0 values (A.U.),  (C)  peak normalised ΔF/F0 values 
(Aphid ΔF/F0 – Control  ΔF/F0), (D) s ignal propagation rates (µm s- 1) and (E)  s ignal areas 
(mm2), with grey dots associated with outliers. Statistical significance, tested using a 
(A) t -test or a (C,  D,  E ) Wilcoxon rank-sum test,  shown by ns: p  > 0.05,  **: p  ≤ 0.01.  (F) 
Representative time series images of a Col-0 high intensity, fast propagating wave 
GCaMP3 signal and a glr3.3a burst and secondary GCaMP3 signal.  Times are shown in 
relation to aphid feeding at 0 min with a 1000 µm scale bar.    
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To test if GLR3.1 contributes to M. persicae feeding-induced [Ca2+] elevations alongside 

GLR3.3, I imaged M. persicae feeding-induced GCaMP3 signals in Col-0 and glr3.1a glr3.3a 

UBQ10::GCaMP3 A. thaliana. Fluorescence intensity values could not be background-corrected 

but the F0 values were not significantly different between the genotypes (Figure 5.2A, Wilcoxon 

rank-sum, W = 427, p = 0.74). As with the glr3.3a mutant, the mean normalised ΔF/F0 traces 

appeared superficially similar with reporter signals in both genotypes but with the glr3.1a 

glr3.3a trace seemingly smoother than the Col-0 trace (Figure 5.2B). Whilst there were no 

statistically significant differences in the peak normalised ΔF/F0 values between the genotypes 

here (Figure 5.2C, Wilcoxon rank-sum, W = 551, p = 0.14), the signal propagation rates were 

significantly reduced in glr3.1a glr3.3a samples (Figure 5.2D, Wilcoxon rank-sum, W = 726, p ≤ 

0.0001). Moreover, 6 Col-0 responses had peak normalised ΔF/F0 values exceeding the 

maximum value detected for glr3.1a glr3.3a and 4 of these had propagation rates beyond the 

upper limit detected in glr3.1a glr3.3a. As such, glr3.1a glr3.3a mutants appeared to be impaired 

in M. persicae feeding-induced GCaMP3 signals with relatively fast propagation rates and/or 

high peak normalised ΔF/F0 values. There were no statistically significant differences in signal 

areas between the genotypes (Figure 5.2E, Wilcoxon rank-sum, W = 381, p = 0.31). In summary, 

the glr3.1a glr3.3a phenotype here can be explained by the glr3.3a mutation suggesting that 

GLR3.1 does not contribute to M. persicae feeding-induced [Ca2+] elevations beyond the role of 

GLR3.3. 

Considering these two experiments along with that for M. persicae feeding-induced 

GCaMP3 signals in glr3.3a glr3.6a A. thaliana (Section 3.2.6), the ability to detect the glr3.3a 

phenotype in the signal properties by statistical significance clearly varied. From multiple 

independent experiments using glr3.3a A. thaliana (data not shown), this seemed to result from 

variation in the GLR3.3-dependency for individual M. persicae feeding-induced responses with 

most responses seemingly GLR3.3-independent. Therefore, identifying the glr3.3a phenotype 

for M. persicae feeding-induced GCaMP3 signals here required consideration of the signal 

propagation rates, intensities and dynamics.  
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Figure 5.2 glr3.1a glr3.3a  mutants are part ially impaired in M. persicae feeding-
induced GCaMP3 signals.  
 
Properties of M. persicae feeding-induced GCaMP3 signals in Col-0 and glr3.1a 
glr3.3a  UBQ10::GCaMP3  A. thaliana (n = 30).  Elevations were recorded by imaging 
(Axio Zoom.V16, HXP 120 V light source) A. thaliana  leaves subjected to M. persicae
or no aphid control treatments. Non-corrected fluorescence intensity (F, A.U.) values 
were recorded over the area of feeding-induced reporter signals and at comparable 
control sites and transformed into ΔF/F0 values with F0 being the mean F over the 5 
min prior  to feeding. (B) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Aphid 
ΔF/F0 – Control ΔF/F0) over time with feeding beginning at 0 min (grey dashed line). 
Boxplots are displayed for the (A) feeding site F0 values (A.U.),  (C) peak normalised 
ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0), (D) signal propagation rates (µm s- 1) and 
(E) signal areas (mm2), with grey dots associated with outliers. Statistical 
significance, tested using Wilcoxon rank-sum tests, shown by ns: p  > 0.05, ****: p  ≤
0.0001.   
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5.2.2. R. padi and B. brassicae feeding induces localised [Ca2+] elevations in A. thaliana 

that are altered in glr3.3a mutants 

To test whether GLR3.3 activation differs in responses to aphid species with different 

abilities to colonise A. thaliana, I assessed GCaMP3 signals in Col-0 and glr3.3a UBQ10::GCaMP3 

A. thaliana in responses to feeding from R. padi and B. brassicae. These aphids cannot and can 

colonise A. thaliana, respectively. For both investigations, F0 values were not statistically 

different between the genotypes (R. padi: Figure 5.3A, t-test, t = 0.90, p = 0.37; B. brassicae: 

Figure 5.4A, t-test, t = 0.38, p = 0.71). Both aphid species induced localised reporter signals in 

Col-0 as visible in the mean normalised ΔF/F0 traces (Figure 5.3B, Figure 5.4B). For Col-0 

responses, the mean signal area was 0.193 ± 0.024 mm2 for R. padi and 0.186 ± 0.015 mm2 for 

B. brassicae. The mean normalised ΔF/F0 traces for both aphid species revealed a change in the 

reporter signal dynamics in glr3.3a with a lower peak amplitude and longer duration of elevation 

compared with the Col-0 traces. Moreover, R. padi and B. brassicae feeding-induced GCaMP3 

reporter signals in glr3.3a had significantly reduced peak normalised ΔF/F0 values (R. padi: 

Figure 5.3C, Wilcoxon rank-sum, W = 674, p = 0.00073; B. brassicae: Figure 5.4C, Wilcoxon rank-

sum, W = 746, p ≤ 0.0001) and propagation rates (R. padi: Figure 5.3D, Wilcoxon rank-sum, W = 

744, p ≤ 0.0001; B. brassicae: Figure 5.4D, Wilcoxon rank-sum, W = 862, p ≤ 0.0001). There were 

no differences between the signal areas in Col-0 and glr3.3a for either aphid species (R. padi: 

Figure 5.3E, Wilcoxon rank-sum, W = 416, p = 0.63; B. brassicae: Figure 5.4E, Wilcoxon rank-sum, 

W = 500, p = 0.46). Finally, for both aphid species, Col-0 GCaMP3 signals with relatively high 

propagation rates or peak normalised ΔF/F0 values often propagated as waves whilst some 

other Col-0 and glr3.3a GCaMP3 signals displayed burst and secondary dynamics (Figure 5.3F, 

Figure 5.4F). Therefore, R. padi and B. brassicae feeding appeared to induce A. thaliana GCaMP3 

signals that were GLR3.3-dependent and similar to wound responses along with some GLR3.3-

independent responses that were more similar to touch-induced responses. Whilst data were 

not directly compared to the M. persicae feeding-induced GCaMP3 signals, R. padi and B. 

brassicae feeding-induced GCaMP3 signals appeared to be more heavily dependent on GLR3.3 

than those induced by M. persicae. This was apparent because R. padi and B. brassicae feeding 

resulted in a more pronounced glr3.3a phenotype in normalised ΔF/F0 traces, peak normalised 

ΔF/F0 values and signal propagation rates, compared to M. persicae feeding. As such, various 

aphid species induce GLR3.3-dependent [Ca2+] elevations with feeding but the extent to which 

they are GLR3.3-dependent appears to vary between the species investigated. 
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Figure 5.3 R. padi feeding induces GCaMP3 signals that are part ially dependent on 
glr3.3a .  
 
Properties of R. padi feeding-induced GCaMP3 signals in Col-0 and glr3.3a  
UBQ10::GCaMP3  A. thaliana (n = 30). Elevations were recorded by imaging (Axio 
Zoom.V16,  HXP 120 V light source) A. thaliana  leaves subjected to R. padi  or  no 
aphid control treatments. Non-corrected f luorescence intensity (F, A.U.)  values 
were recorded over the area of feeding-induced reporter signals and at comparable 
control sites and transformed into ΔF/F0 values with F0 being the mean F over the 
5 min prior to feeding. (B) Traces for the mean ± S.E.M. normalised ΔF/F0 values  
(Aphid ΔF/F0 – Control ΔF/F0) over time with feeding beginning at 0 min (grey 
dashed line). Boxplots are displayed for the (A) feeding site F0 values (A.U.),  (C) 
peak normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0), (D) signal propagation 
rates (µm s- 1) and (E) s ignal areas (mm2), with grey dots associated with outliers.  
Statist ical significance, tested using a (A) t-test or a (C,  D,  E ) Wilcoxon rank-sum 
test, shown by ns: p  > 0.05, ***: p  ≤ 0.001, ****: p  ≤ 0.0001. (F)  Representative t ime 
series images of a Col-0 high intensity, fast propagating wave GCaMP3 signal and a 
glr3.3a burst and secondary signal . Times are shown in relation to aphid feeding at 
0 min with a 1000 µm scale bar.   
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Figure 5.4 B. brassicae feeding induces A. thaliana GCaMP3 signals that are 
partially dependent on GLR3.3. 
 
Properties of B. brassicae feeding-induced GCaMP3 signals in Col-0 and glr3.3a
UBQ10::GCaMP3  A. thaliana (n = 30). Elevations were recorded by imaging A. 
thaliana  leaves subjected to B. brassicae  or no aphid control treatments.  Background
corrected f luorescence intensity (F, A.U.)  values were recorded over the area of 
feeding-induced reporter signals and at comparable control sites and transformed 
into ΔF/F0 values with F0 being the mean F over the 5 min prior to feeding. (B) Traces 
for the mean ± S.E.M. normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0) over 
time with feeding beginning at 0 min (grey dashed line). Boxplots  are displayed for 
the (A) feeding site F0 values (A.U.), (C) peak normalised ΔF/F0 values (Aphid ΔF/F0 
– Control ΔF/F0), (D) signal propagation rates (µm s- 1) and (E) s ignal areas (mm2),
with grey dots associated with outliers. Statistical significance, tested using a (A)  t-
test or a (C ,  D,  E ) Wilcoxon rank-sum test, shown by ns: p  > 0.05, ****: p  ≤ 0.01. (F) 
Representative time series images of a Col-0 high intensity, fast propagating wave 
GCaMP3 signal  and a glr3.3a burst and secondary GCaMP3 signal. Times are shown 
in relation to aphid feeding at 0 min with a 1000 µm scale bar.   
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5.2.3. F. occidentalis feeding induces localised GLR3.3-dependent [Ca2+] elevations in A. 

thaliana 

Next, I investigated whether localised damage-based feeding from the generalist thrips, 

F. occidentalis, induces A. thaliana [Ca2+] elevations and whether these are GLR3.3-dependent. 

To do so, I imaged responses to F. occidentalis feeding on Col-0 and glr3.3a UBQ10::GCaMP3 A. 

thaliana. F0 values were not significantly different between the genotypes (Figure 5.5A, t-test, t 

= -0.24, p = 0.81). On leaves of both genotypes, thrips triggered multiple visible GCaMP3 signals. 

These localised reporter signals were considered to result from feeding events as they originated 

from the anterior of the thrips and often began with a visible downward movement of the head 

characteristic of feeding initiation (Kindt et al., 2003). GCaMP3 responses to isolated feeding 

events were analysed and revealed that thrips feeding induced elevations in normalised ΔF/F0 

values in Col-0 and glr3.3a (Figure 5.5B). The Col-0 samples displayed a single peak in normalised 

ΔF/F0 values associated with a GCaMP3 signal that propagated radially away from the feeding 

site as a wave elevation (Figure 5.5B, F, Video S5.2). In each glr3.3a sample, thrips feeding 

induced a highly restricted initial burst GCaMP3 signal that rapidly dissipated and was replaced 

by a secondary GCaMP3 signal that grew radially away from the feeding site (Figure 5.5B, F, 

Video S5.2). Moreover, thrips feeding-induced GCaMP3 signals in glr3.3a samples had reduced 

peak normalised ΔF/F0 values (Figure 5.5C, Wilcoxon rank-sum, W = 774, p ≤ 0.0001) and signal 

propagation rates (Figure 5.5D, Wilcoxon rank-sum, W = 884, p ≤ 0.0001). The signal areas were 

not statistically different between Col-0 and glr3.3a (Figure 5.5E, Wilcoxon test, W = 525, p = 

0.27) and had mean values of 0.338 ± 0.032 mm2 and 0.276 ± 0.019 mm2, respectively. These 

data reveal that thrips feeding induces localised [Ca2+] elevations that are partially dependent 

on GLR3.3. Moreover, the signal dynamics and properties of the Col-0 and glr3.3a thrips feeding-

induced [Ca2+] elevations recapitulate those of the wound-induced [Ca2+] elevations reported in 

Section 4.2.1.  

  



 

180 
 

  

Figure 5.5 F. occidentalis feeding induces A. thaliana GCaMP3 signals  that are 
partially dependent on GLR3.3. 
 
Properties of F. occidentalis feeding-induced GCaMP3 signals in  Col-0 and glr3.3a
UBQ10::GCaMP3  A. thaliana (n = 30). Elevations were recorded by imaging A. thaliana
leaves subjected to F.  occidentalis  or no thrips control treatments. Background-
corrected fluorescence intensity (F, A.U.) values were recorded over the area of 
feeding-induced reporter signals and at comparable control sites and were
transformed into ΔF/F0 values with F0 being the mean F over the 5 min prior to 
feeding.  (B) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Aphid ΔF/F0 –
Control ΔF/F0) over time with feeding occurr ing at 0 min (grey dashed l ine). Boxplots 
are displayed for the (A)  feeding site F0 values (A.U.),  (C)  peak normalised ΔF/F0
values (Aphid ΔF/F0 – Control ΔF/F0), (D) signal propagation rates (µm s- 1)  and (E)
signal areas (mm2), with grey dots associated with outliers. Statist ical significance,  
tested using a (A) t-test or a (C,  D,  E ) Wilcoxon rank-sum test,  shown by ns: p  > 0.05,  
****: p  ≤ 0.0001. (F) Representative t ime series images of a Col-0 high intensity, fast 
propagating wave GCaMP3 signal  and a glr3.3a burst and secondary GCaMP3 signal.  
Times are shown in relation to thrips feeding at 0 min with a 500 µm scale bar.   
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5.2.4. Localised feeding from aphids and thrips induces iGluSnFR and apo-pHusion 

reporter signals associated with the GCaMP3 signals  

As localised feeding from the different insect species triggered GLR3.3-dependent [Ca2+] 

elevations, I investigated whether these stimuli also trigger apoplastic [Glu] increases that could 

influence GLR3.3 activity. To do so, I imaged 35S::iGluSnFR A. thaliana responses to feeding from 

M. persicae, R. padi, B. brassicae and F. occidentalis in separate experiments. All feeding events 

from all the insect species triggered visible iGluSnFR reporter signals except 1/30 M. persicae 

events and 2/30 B. brassicae events. For all species, the feeding-induced iGluSnFR reporter 

signals were spatially restricted to the feeding sites and gave elevations in normalised ΔF/F0 

values with a peak in the mean traces around 5 min post-feeding initiation (Figure 5.6A). At this 

time, ΔF/F0 values at feeding sites were significantly greater than at control sites (Figure 5.6B) 

for M. persicae (Wilcoxon signed rank, V = 3, p ≤ 0.0001), R. padi (Wilcoxon signed rank, V = 1, p 

≤ 0.0001), B. brassicae (Wilcoxon signed rank, V = 464, p ≤ 0.0001) and F. occidentalis (paired 

Wilcoxon signed rank, V = 0, p ≤ 0.0001). As the F0 values appeared to differ between the 

experiments (Figure 5.6B) and F values were not background corrected, the normalised ΔF/F0 

values could not be compared between the insect species. However, the properties of the 

localised iGluSnFR reporter signals (Figure 5.6B) revealed that these signals were approximately 

spatiotemporally correlated with the GCaMP3 reporter signals induced by feeding from each of 

the insect species. Therefore, if iGluSnFR reports apoplastic [Glu] increases here, these increases 

could influence GLR3.3 activity and interact with the localised insect feeding-induced [Ca2+] 

elevations.  
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Figure 5.6 Localised feeding from aphids and thrips induces iGluSnFR reporter signals.  
 
Properties of iGluSnFR signals in A. thaliana in responses to localised feeding from M. 
persicae ,  R. padi,  B. brassicae and F. occidentalis.  Reporter signals were recorded by 
imaging 35S::iGluSnFR A. thal iana  leaves subjected to insect or no insect control  
treatments. Imaging was performed with an Axio Zoom.V16 with an HXP 120 V light source 
for the aphid species  and a Zeiss Lumenocor Spectra II I  l ight source for the thrips. Non-
corrected fluorescence intensit ies (F, A.U.) were recorded over the area of feeding-
induced reporter s ignals and at comparable control sites and transformed into ΔF/F0
values with F0 being the mean F over the 5 min prior to feeding. (A)  Traces for the mean 
± S.E.M. normalised ΔF/F0 values (Insect ΔF/F0 – Control ΔF/F0) over time with feeding 
beginning at 0 min (grey dashed line). Each trace is accompanied by a representative image 
of a reporter signal induced by the associated insect species (B) Table of mean ± S.E.M. 
properties for the reporter signals detected in response to each species. ΔF/F0 values at 
5 min after the initiation of feeding were compared between feeding and control sites 
using paired Wilcoxon signed rank tests with significance indicated by ****: p  ≤ 0.0001.
For all experiments, n  = 30. Visible signals were present in all samples for R. padi  and F. 
occidental is and in 29/30 M. persicae  samples and 28/30 B. brassicae samples. Responses 
to feeding from each insect species were investigated in independent experiments.  
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Next, I explored whether feeding from the aphid and thrips species triggers apoplastic 

alkalinisations that could have influenced the iGluSnFR signals detected and could influence 

GLR3.3 activity. Through imaging A. thaliana expressing 35S::Apo-pHusion, I found that feeding 

from each of the insect species induced visible apo-pHusion reporter signals with only 2/38 of 

the M. persicae feeding events not doing so (Figure 5.7A). For all the insect species tested, the 

mean normalised ΔR/R0 elevations peaked between 2- and 5-min post-feeding initiation. At 2.5 

min post-feeding initiation, the ΔR/R0 values were significantly greater at feeding sites than at 

control sites (Figure 5.7B) for M. persicae (Wilcoxon signed rank, V = 3, p ≤ 0.0001), R. padi 

(Wilcoxon signed rank, V = 29, p ≤ 0.0001), B. brassicae (Wilcoxon signed rank, V = 465, p ≤ 

0.0001) and F. occidentalis (Wilcoxon signed rank, V = 0, p ≤ 0.0001). The insect feeding-induced 

apo-pHusion reporter signal timings and properties (Figure 5.7) revealed that they 

spatiotemporally correlated approximately with the GCaMP3 signals induced by each species. 

Moreover, as F values were background corrected for apo-pHusion signals, the apo-pHusion 

responses to each species could be compared which revealed further correlations with the 

GCaMP3 signals. Specifically, M. persicae feeding induced apo-pHusion signals with the lowest 

mean peak normalised ΔR/R0 of the aphid species (Figure 5.7). This correlated with M. persicae 

seemingly inducing GLR3.3-dependent GCaMP3 signals with relatively high peak normalised 

ΔF/F0 values to a lesser extent than the other aphid species (Sections 5.2.1, 5.2.2). Additionally, 

F. occidentalis feeding induced both apo-pHusion and GCaMP3 reporter signals with a shorter 

duration than the aphid feeding-induced responses (Figure 5.7A, Sections 5.2.1-5.2.3). These 

comparisons suggest a close correlation between the localised insect feeding-induced apo-

pHusion and GCaMP3 reporter signals. The apo-pHusion reporter signals (Figure 5.7) for each 

insect species were also approximately spatiotemporally correlated with those induced in 

iGluSnFR (Figure 5.6). Therefore, apoplastic alkalinisations likely influenced the iGluSnFR 

reporter signals detected in responses to localised insect feeding. In summary, localised insect 

feeding from the aphid and thrips species induces apoplastic alkalinisations. These 

alkalinisations probably influenced the iGluSnFR reporter signals detected and may interact with 

the feeding-induced [Ca2+] elevations and influence GLR3.3 activity.   
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Figure 5.7 Localised feeding from aphids and thrips induces apo-pHusion reporter 
signals. 
 
Properties of apo-pHusion signals in  A. thaliana responses  to localised feeding from M. 
persicae ,  R. padi,  B. brassicae and F. occidentalis.  Reporter signals were recorded by 
imaging 35S::Apo-pHusion A. thaliana  leaves subjected to insect or no insect control  
treatments.  Background-corrected fluorescence intensit ies (F, A.U.) were recorded for 
both GFP and RFP over the area of feeding-induced reporter signals and at comparable 
control sites and transformed into R values by taking the GFP/RFP ratios. R0 and F0 values 
were the mean R and F values over the 5 min prior to feeding, respectively. R values were 
transformed by ΔR/R0. (A) Traces for the mean ± S.E.M. normalised ΔR/R0 values (Insect 
ΔR/R0 – Control ΔR/R0) over t ime with feeding beginning at 0 min (grey dashed l ine). (B)  
Table of mean ± S.E.M. properties for  the reporter signals in response to each species. 
ΔR/R0 values at 2.5 min after the init iation of feeding were compared using paired 
Wilcoxon signed rank tests with significance indicated by ****: p  ≤ 0.0001. For M. 
persicae ,  n = 38 and 36/38 feeding events induced visible signals. For  all other 
experiments, n  = 30 and all feeding events induced visible signals. Responses to each 
insect species were investigated in independent experiments.  
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5.2.5. Localised feeding from the aphid and thrips species differentially induces JA marker 

gene expression 

To investigate whether feeding from the insect species induces JA-mediated responses 

that could be GLR3.3-dependent, I first investigated whether aphid feeding induces JA marker 

gene expression using the A. thaliana lines carrying the pAOS::NLS-3xVENUS or pJAZ10::NLS-

3xVENUS transgenes. The change in fluorescence intensity (ΔF) from a pre-feeding timepoint 

was monitored for feeding and control sites at hourly intervals over the 8 h post-feeding. 

Feeding events were grouped into those that induced visible reporter signals (‘Signal’ group) and 

those that did not (‘No Signal’). ΔF values were compared between feeding and control sites 

within these groups. For Signal samples, reporter fluorescence increased from approximately 2 

h post-feeding and plateaued at around 6 h post-feeding. Only 4/48 M. persicae feeding events 

induced visible pAOS::NLS-3xVENUS reporter signals and there was no statistically significant 

difference in ΔF values between the feeding and control sites at 8 h post-feeding for these 

samples (Figure 5.8A, Wilcoxon signed rank, V = 0, p = 0.13). These signals had a mean area of 

0.109 ± 0.028 mm2. In contrast, 24/51 R. padi feeding events and 26/59 B. brassicae feeding 

events induced visible pAOS::NLS-3xVENUS reporter expression. These signals had mean areas 

of 0.061 ± 0.007 mm2 and 0.109 ± 0.021 mm2, respectively, and gave statistically greater ΔF 

values at feeding sites than at control sites at 8 h post-feeding (R. padi: Figure 5.8B, paired t-

test, t = -5.22, p ≤ 0.0001; B. brassicae: Figure 5.8C, paired t-test, t = 5.58, p ≤ 0.0001). In 

pJAZ10::NLS-3xVENUS A. thaliana, 11/50 M. persicae feeding events and 25/56 R. padi feeding 

events induced visible reporter signals. These signals had mean areas of 0.162 ± 0.020 mm2 and 

0.084 ± 0.008 mm2, respectively, and gave statistically greater ΔF values at feeding sites than at 

control sites at 8 h post-feeding (Figure 5.9A, M. persicae, paired t-test, t = -4.78, p = 0.00074; 

Figure 5.9B, R. padi, paired t-test, t = -3.44, p = 0.0021). In contrast, B. brassicae feeding induced 

visible pJAZ10::NLS-3xVENUS expression in only 1/46 feeding events (Figure 5.9C). In summary, 

aphid feeding induced JA marker gene expression in a subset of feeding events. AOS expression 

was most frequently induced by R. padi and B. brassicae feeding and rarely induced by M. 

persicae feeding. In contrast, B. brassicae feeding largely did not induce JAZ10 expression whilst 

JAZ10 expression was occasionally induced by M. persicae feeding and more frequently induced 

by R. padi feeding. 
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A) M. persicae: Signal – 4/48 

B) R. padi: Signal – 24/51  

C) B. brassicae: Signal – 26/59   
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Figure 5.8 pAOS::NLS-3xVENUS  expression in responses to feeding from different 
aphid species.  
 
pAOS::NLS-3xVENUS expression in A. thaliana  in responses to feeding from (A) M. 
persicae (n = 48),  (B) R. padi (n = 51) and (C) B. brassicae (n = 59).  Samples were 
categorised as those containing v isible elevations in fluorescence around the feeding 
site over time (‘Signal’  samples) and those with no clear elevations (‘No Signal’  
samples). The number of Signal samples is shown. Fluorescence intensity (F, A.U.) was 
monitored across reporter signal areas or, in the absence of clear signals,  around 
feedings sites and at comparable control sites. F was measured before treatment 
(‘Pre-feeding’) and at hourly intervals from 0 h to 8 h after treatment. The mean ±
S.E.M. change in intensity over time, ΔF, is shown in traces (left) a longs ide images 
(right) from representative Signal samples at the 0 h and 8 h time points with feeding 
sites indicated by arrows in the 0 h images. ΔF values at 8 h were compared between 
feeding and control  sites for the Signal and No Signal groups using paired t-tests for 
al l comparisons except the Signal  group of M. persicae for which a paired Wilcoxon 
signed rank test was used. Statistical significance is indicated by ns: p  > 0.05, ****: p
≤ 0.0001. Data were taken from independent investigations into each aphid species. 



 

187 
 

 

Figure 5.9 pJAZ10::NLS-3xVENUS  expression in responses to feeding from different 
aphid species.  
 
pJAZ10::NLS-3xVENUS expression in A. thaliana  in responses to feeding from (A)  M. 
persicae (n = 50), (B) R. padi (n = 56) and (C) B. brassicae (n = 46). Samples were 
categorised as those containing visible elevations in fluorescence around the feeding 
site over time (‘Signal’ samples) and those with no clear elevations (‘No Signal’  samples).  
The number of Signal samples is shown. Fluorescence intensity (F, A.U.) was monitored 
across reporter signal areas or, in the absence of a clear s ignal,  around feedings sites 
and at comparable control sites. F was measured before treatment (‘Pre-feeding’) and 
at hourly intervals from 0 h to 8 h after treatment. The mean ± S.E.M. change in intensity 
over time, ΔF,  is shown in traces (left) alongside images (right) from representat ive 
Signal samples at the 0 h and 8 h time points with feeding sites indicated by arrows in 
the 0 h images. ΔF values at 8 h were compared between feeding and control sites for 
the Signal and No Signal groups using paired t-tests. Statistical significance is indicated 
by ns: p  > 0.05, *: p  ≤ 0.05,  ***: p  ≤ 0.001,  ****: p ≤ 0.0001. Data were taken from 
independent investigations into each aphid species. 
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 Next, I investigated whether F. occidentalis feeding induces JA marker gene expression 

which could be GLR3.3-dependent by subjecting pAOS::NLS-3xVENUS and pJAZ10::NLS-3xVENUS 

A. thaliana leaves to F. occidentalis treatment. For treatment and control samples, the change 

in fluorescence (ΔF) from a pre-treatment timepoint was monitored hourly over the 8 h post-

treatment. As thrips feeding sites could not easily be recorded, I first monitored the ΔF values 

over the area of the leaves (‘Whole Leaves’ in Figure 5.10) to assess for thrips-induced JA marker 

gene expression. At 8 h after thrips treatment, ΔF values across whole leaves were significantly 

greater in treated leaves than in untreated control leaves for pAOS::NLS-3xVENUS (Figure 5.10A, 

paired t-test, t = -3.40, p = 0.0027) and pJAZ10::NLS-3xVENUS (Figure 5.10B, paired t-test, t = -

6.03, p ≤ 0.0001). Treated leaves typically displayed multiple localised reporter signal increases 

(Figure 5.10C) which were consistent with expected patterns of thrips feeding from A. thaliana 

leaves. Therefore, the visible JA reporter signals were likely induced by thrips feeding events. 

Isolated reporter signals (‘Isolated Responses’ in Figure 5.10) were then identified and ΔF values 

were analysed to characterise thrips feeding-induced AOS and JAZ10 gene expression changes. 

Individual responses could be identified in all the thrips treated pAOS::NLS-3xVENUS A. thaliana 

leaves and 21/23 of the thrips treated pJAZ10::NLS-3xVENUS A. thaliana leaves. For both 

reporters, fluorescence increased over the area of responses from 1 h after thrips treatment 

and plateaued at around 6 h after treatment. Compared to control sites, ΔF values were 

significantly greater at 8 h post-treatment at feeding sites for pAOS::NLS-3xVENUS (Figure 5.10A, 

paired t-test, t = -5.65, p ≤ 0.0001) and pJAZ10::NLS-3xVENUS A. thaliana (Figure 5.10B, paired 

t-test, t = -8.85, p ≤ 0.0001) with signals having mean areas of 0.168 ± 0.015 mm2 and 0.206 ± 

0.020 mm2, respectively. Therefore, these data indicate that thrips feeding induces AOS and 

JAZ10 JA marker gene expression localised to feeding sites.  

For each insect species investigated, the areas of the feeding-induced pAOS::NLS-

3xVENUS and pJAZ10::NLS-3xVENUS expression responses fell within the areas of the feeding-

induced GCaMP3 signals (Sections 5.2.1, 5.2.2, 5.2.3). As GLR3.3 contributed to these insect 

feeding-induced GCaMP3 signals, these correlations suggest that GLR3.3 could also contribute 

to the JA marker gene expression responses induced by the insect feeding events. 
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Figure 5.10 Feeding from F. occidentalis  induces AOS and JAZ10 JA marker gene 
expression. 
 
F. occidentalis feeding-induced expression in A. thaliana  of (A,  C) pAOS::NLS-3xVENUS 
and (B ,  C) pJAZ10::NLS-3xVENUS.  Mean fluorescence intensit ies (F, A.U.) were recorded 
before thrips treatment (‘Pre-feeding’) and at hourly intervals after treatment for 0 – 8 
h. Samples were either thrips treated (‘Thrips’) with a single thrips added to the leaf or 
control (‘Control’) samples with no thrips added. F values were measured across the 
area of the leaves for  treated and control  leaves (‘Whole Leaves’)  and,  if reporter 
fluorescence elevat ions were clear,  over the area of an isolated signal for each sample 
(‘ Isolated Responses’).  The mean ± S.E.M. change in F from pre-feeding, ΔF, over time 
is shown in traces for (A) pAOS::NLS-3xVENUS for whole leaves (n  = 22) and isolated 
responses (n = 22) and for (B) pJAZ10::NLS-3xVENUS  for whole leaves (n  = 23) and 
isolated response (n = 21). Statist ical significance was tested using paired t-tests and is  
shown by **: p  ≤ 0.01 and ****: p  ≤ 0.0001. (C) Representative images from 0 h and 8 
h post-treatment for thrips-treated pAOS::NLS-3xVENUS and pJAZ10::NLS-3xVENUS 
samples. Arrows in the 0 h time point image indicate the origin of an isolated response 
used for analyses.   
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5.2.6. GLR3.3 contributes to limiting R. padi survival and F. occidentalis feeding but does 

not impact M. persicae or B. brassicae fecundity 

Next, I investigated the contribution of GLR3.3 to resistance against each of the insect 

species. For M. persicae and B. brassicae, which can colonise A. thaliana, this was assessed by 

adding a single aphid nymph to individual Col-0 and glr3.3a UBQ10::GCaMP3 A. thaliana plants 

and scoring aphid fecundity (nymphs/adult) over time. There were no statistically significant 

differences in aphid fecundity between the genotypes for M. persicae (Figure 5.11A, ANOVA 

(Repeat + Time + Genotype), F = 2.27, p = 0.13) or B. brassicae (Figure 5.11B, ANOVA (Repeat + 

Time + Genotype), F = 0.078, p = 0.78). However, many B. brassicae individuals did not survive 

transfer to A. thaliana or did not produce nymphs after transfer. Of the 30 B. brassicae nymphs 

transferred to A. thaliana, 19 survived and produced nymphs on Col-0 whilst only 12 did so on 

glr3.3a. Further investigation would be required to determine if this difference in colonisation 

ability on the two genotypes is reproducible. As R. padi cannot colonise A. thaliana, resistance 

was assessed through survival assays on Col-0 and glr3.3a UBQ10::GCaMP3 A. thaliana. Survival 

out of 10 was scored from Day 0 to Day 6 with aphids added on Day 0. R. padi survival was only 

statistically different for Day 3 when it was greater on glr3.3a than on Col-0 (Figure 5.11C, 

ANOVA (Repeat + Time + Genotype) with Tukey post hoc, p = 0.0026). For assessing F. 

occidentalis resistance on Col-0 and glr3.3a UBQ10::GCaMP3 A. thaliana, scar damage after 8 

days of colonisation from 8 adult female thrips was recorded as a measure of thrips feeding. The 

total area of scar damage was significantly greater on glr3.3a plants than on Col-0 plants after 

thrips treatment and was not statistically different between the genotypes on the control plants 

that were not treated with thrips (Figure 5.12, ANOVA (Repeat + Treatment * Genotype) with 

Tukey post hoc test, Thrips: p = 0.0028; No Thrips: p = 0.98). Therefore, these data provide 

evidence that GLR3.3 does not function in resistance against M. persicae or B. brassicae but does 

contribute to F. occidentalis resistance and performs a small but significant role in R. padi 

resistance.  
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Figure 5.11 The glr3.3a mutation does not affect M. persicae or B. brassicae fecundity 
on A. thaliana but does increase R. padi survival.  
 
Aphid performance on Col-0 and glr3.3a UBQ10::GCaMP3 A. thaliana measured as total 
fecundity (nymphs/adult)  for (A) M. persicae  and (B) B. brassicae and (C) survival for R. 
padi.  For fecundity assays, a single nymph was caged on each A. thaliana plant at day 0 
and total fecundity scored by removing and counting nymphs at each of the days shown. 
Data is reported only for aphids that survived transfer and reproduced during the 
experiments.  For R. padi  survival assays, 10 4-day-old aphids were caged on each A. 
thaliana plant and the number of aphids alive (Survival out of 10) was counted at each 
day shown. Sample sizes were (A) Col-0: n = 29, glr3.3a = 30, (B) Col-0: n = 19, glr3.3a = 
12 and (C) Col-0: n = 30, glr3.3a = 30. Data were collected from three repeats and the 
fecundity or survival compared between the genotypes using an ANOVA on a linear 
model (Repeat + Time + Genotype).  Statistical significance is indicated by *: p  ≤ 0.05.  

* 

A) M. persicae B) B. brassicae 

C) R. padi 
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Figure 5.12 F. occidentalis feeding is increased on glr3.3a A. thaliana.  
 
F. occidental is feeding damage on Col-0 and glr3.3a UBQ10::GCaMP3 A. thaliana as 
measured by the area of scar damage. 4-week-old Col-0 and glr3.3a UBQ10::GCaMP3 A.  
thaliana plants were caged with either 8 adult female F. occidentalis individuals added 
(‘Thrips’) or no thrips added (‘No Thrips’) and left for 8 days.  The leaves were then
removed and the total area of scar damage for each plant was measured from leaf scans. 
Total scar areas (mm2) were compared between Col-0 and glr3.3a samples within the 
No Thrips and Thrips treatment groups across 4 independent repeats us ing an ANOVA 
on a linear model (Repeat + Treatment + Genotype). Data points from each repeat are 
shown with the shape indicat ing the repeat. Sample sizes were Col-0 No Thrips: n = 25,  
Col-0 Thrips: n  = 34, glr3.3a No Thrips: n  = 24 and glr3.3a Thrips: n  = 36. Statist ical 
significance is indicated by ns: p > 0.05,  *: p  ≤ 0.05. 
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5.3. Discussion  

In this chapter, I explored the contribution of GLR3.3 to the perception of localised 

feeding from M. persicae, R. padi, B. brassicae and F. occidentalis. To do so, I assessed whether 

feeding from each species induced GLR3.3-dependent [Ca2+] elevations, apoplastic pH or [Glu] 

increases that could influence GLR3.3 activity, and JA marker gene expression that could be 

GLR3.3-dependent. I also investigated whether GLR3.3 contributed to resistance against the 

insect species. All the insect species induced correlated apoplastic alkalinisations and [Ca2+] 

elevations. However, the extent that the [Ca2+] elevations were GLR3.3-dependent and the 

proportion of feeding events that induced JA marker gene expression varied for the different 

insect species, as did the contribution of GLR3.3 to A. thaliana resistance (Table 5.1). Specifically, 

F. occidentalis consistently induced GLR3.3-dependent [Ca2+] elevations along with JA marker 

gene expression and GLR3.3 restricted F. occidentalis feeding from A. thaliana. In contrast, aphid 

feeding-induced JA marker gene expression from only a subset of feeding events and feeding 

could induce [Ca2+] elevations that appeared GLR3.3-dependent or -independent. For M. 

persicae, GLR3.3 played a minor role in the aphid feeding-induced [Ca2+] elevations and JA 

marker gene expression was induced by only a limited number of feeding events. Moreover, 

GLR3.3 did not influence M. persicae fecundity. In contrast, R. padi seemingly induced GLR3.3-

dependent [Ca2+] elevations and JA marker gene expression to a greater extent than M. persicae 

and R. padi survival increased on glr3.3a mutants. Finally, B. brassicae induced each of the 

responses other than JAZ10 expression to a greater extent than M. persicae but B. brassicae 

fecundity was unaltered on glr3.3a mutants. As such, data presented here revealed that GLR3.3 

functions in localised aphid and thrips feeding-induced [Ca2+] elevations that correlate with 

apoplastic alkalinisations. But, the extent that feeding activates GLR3.3 and induces JA marker 

gene expression, as well as the importance of GLR3.3 in insect resistance, varies between the 

insect species investigated.  

In Chapter 4, responses to localised wound and touch stimuli were explored along with 

the contribution of GLR3.3 to those responses. Considering the findings of Chapter 4 along with 

Table 5.1 The relative presence of GLR3.3-dependent and associated responses in A. 
thaliana following feeding from the aphid and thrips species investigated. 

Species Apoplastic 

Alkalinisation 

Role of GLR3.3 in 

[Ca2+] Elevations 

JAZ10 

Induction 

AOS  

Induction 

GLR3.3-Dependent 

Resistance 

M. persicae Yes Minor Rare Rare No 

R. padi Yes Moderate Often Often Yes 

B. brassicae Yes Moderate Very Rare Often No 

F. occidentalis Yes Strong Always Always Yes 
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those of this chapter, the mechanisms and importance of GLR3.3 in responses to localised 

feeding from the different aphid and thrips species will be explored here.  

5.3.1. How is GLR3.3 activity regulated in responses to localised insect feeding?  

As discussed in Chapter 4, the regulatory factors that determine localised GLR3.3 

activation remain unclear. Here, localised insect feeding from aphids and thrips was found to 

induce iGluSnFR reporter signals which can indicate increases in the apoplastic concentrations 

of the GLR3.3 agonist and DAMP, glutamate (Toyota et al., 2018; Bellandi et al., 2022; Grenzi et 

al., 2023). However, as these insect feeding-induced iGluSnFR signals were conflicted by 

spatiotemporally associated apoplastic alkalinisations, it is unclear whether Glu or GLR ligand 

release could contribute to activating GLR3.3 in these responses. The localised insect feeding-

induced apoplastic alkalinisations could also contribute to GLR3.3 activation (Shao et al., 2020). 

Almost all aphid and thrips feeding events induced spatiotemporally associated [Ca2+] and 

apoplastic pH elevations suggesting that these responses may be linked independently of GLR3.3 

activation. Localised wounding and touch also induced closely correlated [Ca2+] elevations and 

apoplastic alkalinisations independently of GLR3.3 activation (Chapter 4). In Chapter 4, I 

proposed that localised wound-induced apoplastic alkalinisations could contribute to the 

activation of GLR3.3 and that this could result in a positive feedback loop between propagating 

apoplastic alkalinisations and GLR3.3-dependent [Ca2+] elevations. With the correlations 

between [Ca2+] and apoplastic pH elevations presented here, the insect feeding-induced 

apoplastic alkalinisations could also contribute to regulating GLR3.3 activity and do so by this 

same mechanism. Alternatively, the apoplastic alkalinisations may be solely downstream of the 

[Ca2+] elevations and not influence GLR3.3 activity or there could be no causal link between these 

two correlated responses. Further investigations will be required to understand how DAMPs and 

apoplastic pH contribute to the regulation of GLR3.3 activity in responses to localised insect 

feeding. Importantly, these investigations could identify if GLR3.3 is functioning as a DAMP 

receptor or a signalling component in the early responses to aphid and thrips feeding.   

5.3.2. Why does localised feeding from the different insect species differentially activate 

GLR3.3?  

F. occidentalis damage-based feeding consistently induced [Ca2+] elevations that were 

GLR3.3-dependent. In contrast, the contribution of GLR3.3 to aphid feeding-induced [Ca2+] 

elevations was less clear and varied in responses to the different aphid species. For instance, 

GLR3.3 appeared to contribute less to the [Ca2+] elevations induced by M. persicae than those 

induced by R. padi or B. brassicae. Here, factors that could determine differential GLR3.3 
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activation in responses to localised feeding from the three aphid species and F. occidentalis will 

be considered.  

The degree of damage and/or mechanical stress caused by feeding could explain why 

GLR3.3 activation appeared to vary in responses to the different aphid and thrips species. As 

discussed in Chapter 4, this could be as GLR3.3 activation is determined by the extent of damage-

induced DAMP release and/or mechanical stress experienced. As with micropipette wounding, 

F. occidentalis feeding pierces and kills epidermal and mesophyll cells (Kindt et al., 2003). This 

feeding behaviour causes significant cell damage and mechanical stress and consistently induced 

GLR3.3-dependent [Ca2+] elevations. In contrast to thrips, aphid feeding behaviour causes 

limited mechanical stress and cell damage (Tjallingii, 2006) and the aphid feeding-induced [Ca2+] 

elevations were less heavily dependent on GLR3.3. Moreover, differences in the degree of 

mechanical stress or damage during aphid feeding from the different aphid species may explain 

why M. persicae appeared to activate GLR3.3 to a lesser extent than the other aphid species. 

For instance, M. persicae feeding may cause less mechanical stress or damage than B. brassicae 

feeding as, on some Brassica species, B. brassicae performs more probing than M. persicae 

(Cole, 1997). Moreover, M. persicae may cause less mechanical stress or damage than R. padi as 

M. persicae locates the A. thaliana phloem for feeding more quickly than R. padi with R. padi 

stylets in mesophyll and epidermal cell layers for a longer duration (Escudero-Martinez et al., 

2021). Other factors which can vary between aphid species, such as stylet dimensions (Harris 

and Maramorosch, 2014), may also influence the amount of mechanical stress or damage 

caused with aphid feeding and thus, GLR3.3 activation. Whilst it is not clear whether the extent 

damage or mechanical stress determines localised GLR3.3 activation (Section 4.3.3.), aphid 

feeding induced [Ca2+] elevations similar to those induced by touch and wounding. Therefore, 

mechanical stress appears significant in inducing at least some responses to aphid feeding and 

the extent of this stress may determine GLR3.3 activation. In any case, different extents of 

mechanical stress and/or damage during localised insect feeding could explain the differential 

GLR3.3 activation in responses to the different species investigated here.  

Insects could also deliver effectors that suppress GLR3.3 activity which could contribute 

to determining the extent of GLR3.3 activation in responses to each of the insect species 

investigated here. Whilst F. occidentalis may possess effectors, thrips effectors have not yet 

been characterised (Abd-El-Haliem et al., 2018; Steenbergen et al., 2018; Rotenberg et al., 

2020). Moreover, the nature of thrips feeding makes their effectors unlikely to influence the 

rapid feeding-induced GLR3.3-dependent [Ca2+] elevations monitored here. In contrast, aphid 

feeding here was often maintained and triggered [Ca2+] elevations at various times over the 30 

min after feeding initiation with some [Ca2+] elevations lasting most of this period. Thus, effector 
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delivery could occur and influence aphid feeding-induced [Ca2+] elevations. Indeed, various 

aphid effectors have been identified and characterised (Deshoux et al., 2022; Chen et al., 2020; 

Mugford et al., 2016; Bos et al., 2010; Liu et al., 2022; Zhang et al., 2022; Wang et al., 2021b; 

Escudero-Martinez et al., 2020; MacWilliams et al., 2020; Dommel et al., 2020; Cui et al., 2019; 

Chaudhary et al., 2018; Rodriguez et al., 2017; Peng et al., 2016; Wang et al., 2015; Elzinga et 

al., 2014; Atamian et al., 2013; Drurey et al., 2019). Whilst no aphid effectors have been 

specifically shown to manipulate GLR3.3 activity, M. persicae Mp10 is delivered into plants with 

feeding (Mugford et al., 2016) and can suppress PTI responses induced by various elicitors, 

including aphid HAMPs (Bos et al., 2010; Drurey et al., 2019). Therefore, aphid effectors could 

reasonably suppress GLR3.3 activity. Effector repertoires and expression levels can vary for 

different aphid species and ecotypes as well as on different host plants (Boulain et al., 2019; 

Thorpe et al., 2016; Mathers et al., 2017). Therefore, it may be that variation in the effectors 

present at feeding sites between the aphid species influences GLR3.3 activation. If this is the 

case, M. persicae, which can efficiently colonise A. thaliana, may be more likely to effectively 

suppress GLR3.3 activation than R. padi which cannot colonise A. thaliana. Many aphid effectors 

have been investigated in the context of PTI-like responses to aphid HAMPs (Bos et al., 2010; 

Drurey et al., 2019). The finding that mechanical stress and/or damage perception via GLR3.3 

contributes to aphid feeding-induced [Ca2+] elevations could help search for effectors that 

influence GLR3.3 activity or GLR3.3-dependent responses. 

In summary, the extent of mechanical stress and/or damage caused by localised insect 

feeding may determine the extent of GLR3.3 activation. Damage-based feeding by thrips 

consistently activated GLR3.3 whilst aphid feeding activated GLR3.3 to a lesser extent and causes 

relatively limited mechanical stress and damage. Moreover, M. persicae may activate GLR3.3 

less than R. padi and B. brassicae because it causes less cell damage or mechanical stress during 

feeding or because of GLR3.3 suppression by M. persicae effector activity.  

5.3.3. How could GLR3.3 contribute to A. thaliana resistance against aphids and thrips?  

There were strong correlations here between GLR3.3-dependent [Ca2+] elevations, JAZ10 

marker gene expression and the contributions of GLR3.3 to insect resistance. For example, 

GLR3.3-dependent [Ca2+] elevations and JAZ10 expression were consistently induced by F. 

occidentalis and F. occidentalis feeding was increased on glr3.3a mutants. Moreover, R. padi 

appeared to induce GLR3.3-dependent [Ca2+] elevations and JA marker gene expression to a 

greater extent than M. persicae, with GLR3.3 contributing to R. padi survival but not M. persicae 

fecundity. Taken together with the observation that wound-induced JAZ10 expression is partially 

GLR3.3-dependent (Section 4.2.5), these correlations suggest that GLR3.3 activation likely 
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promotes JA-mediated defences against aphids and thrips. In support of this notion, JA-

mediated defence responses can promote resistance against aphids (Ellis et al., 2002; Gao et al., 

2007; Mewis et al., 2006; Züst and Agrawal, 2016) and F. occidentalis (Abe et al., 2008; De Vos 

et al., 2005; Abe et al., 2009; Chen et al., 2023). As B. brassicae did not induce notable JAZ10 

expression despite inducing GLR3.3-dependent [Ca2+] elevations to a similar extent as R. padi, it 

may be that B. brassicae feeding does not induce GLR3.3-dependent JA signalling responses. 

This could be caused by B. brassicae effector activity targeting GLR3.3-dependent responses and 

may explain why B. brassicae fecundity was unaltered on glr3.3a A. thaliana. Interestingly, 

apoplastic alkalinisations can influence cell wall properties and plant defence responses (Geilfus 

et al., 2017; Kesten et al., 2019). With GLR3.3 contributing to wound-induced apoplastic 

alkalinisations (Section 4.2.4.), localised GLR3.3 activity could influence insect resistance through 

influencing apoplastic pH. Nonetheless, data here are consistent with localised GLR3.3 activation 

contributing to aphid and thrips resistance via the regulation of JA-mediated responses including 

JAZ10 expression.  

5.3.4. A piece in the puzzle of aphid and thrips perception in A. thaliana 

Here, I identified that GLR3.3 contributes to A. thaliana [Ca2+] elevations induced by 

localised feeding from M. persicae, R. padi, B. brassicae and F. occidentalis. In these responses, 

GLR3.3 activation likely depends on the extent of mechanical stress and/or damage perceived 

and may be regulated by apoplastic pH and/or DAMP concentrations. GLR3.3 contributes to 

resistance against R. padi and F. occidentalis and likely does so through promoting JA-mediated 

defence responses. Therefore, strategies that limit GLR3.3 activation or suppress GLR3.3-

dependent responses seem beneficial for insect colonisation. M. persicae may avoid or suppress 

GLR3.3 activation whilst B. brassicae may suppress GLR3.3-dependent responses. Using the 

model developed in Chapter 4 for localised GLR3.3 activity, the main findings of this Chapter are 

summarised in a model (Figure 5.13). With the regulatory mechanisms of GLR3.3 remaining 

unclear, it is not obvious whether GLR3.3 functions as a receptor that initially perceives localised 

insect feeding or as an important signalling component in responses. Nonetheless, implicating 

GLR3.3 in A. thaliana responses to thrips and aphid feeding forms a notable leap in the 

understanding of how A. thaliana perceives localised feeding from these insects. 

Despite this progress, there are various unresolved components and mechanisms 

operating in the initial responses to aphid and thrips feeding. Specifically, the underlying 

mechanisms are largely uncharacterised for the GLR3.3-independent [Ca2+] elevations that are 

similar to those induced by touch. Moreover, additional regulatory or signalling components 

likely contribute to the GLR3.3-dependent [Ca2+] elevations that are alike the wound-induced 
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responses. Whilst mechanical stress or damage is likely important in initiating these responses, 

aphid feeding also triggered GLR3.3-independent [Ca2+] elevations that did not clearly display 

dynamics similar to the touch- or wound-induced responses. The perception event that initiates 

these [Ca2+] elevations is unknown. Therefore, components could contribute to the perception 

of aphid and thrips feeding and the subsequent [Ca2+] elevations by functioning in the perception 

of mechanical stress, DAMPs, HAMPs, effectors or phytocytokines. It will be important to 

identify and characterise any of these components to place them alongside GLR3.3 as pieces in 

the puzzle of how A. thaliana perceives localised aphid or thrips feeding.  
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Figure 5.13 Hypothetical model for the contribution of GLR3.3 to aphid and thrips 
feeding-induced responses. 
 
Model for  the contribution of GLR3.3 to aphid and thrips feeding-induced responses 
compared to wounding- and touch-induced responses. Model based on the model 
presented in Figure 4.17.  Here, the extent of cell damage and mechanical stress caused 
by the stimuli var ies from high (wounding, F. occidentalis) to moderate (R. padi,  B. 
brassicae) and low (touch, M. persicae).  All st imuli can induce burst responses of [Ca2 +] 
elevations and apoplastic alkalinisations.  Subsequently, GLR3.3 activation can occur.  The 
extent of GLR3.3 activation correlates with the extent of damage and mechanical stress 
caused by the stimuli.  This correlation may result from the GLR3.3 activation being 
determined by the magnitude of the mechanical stress and burst apoplastic alkalin isation 
or the extent of damage-induced DAMP release. GLR3.3 activation results in wave [Ca2+]  
elevations which may promote further apoplast ic alkalinisations in a posit ive feedback 
loop. GLR3.3 activation promotes some JA-mediated defence gene expression which in 
turn promotes defence responses. M. persicae may deploy effectors to limit GLR3.3 
activat ion whilst B. brassicae may utilise effectors to suppress GLR3.3-dependent 
responses. This model results in effective GLR3.3-dependent defence responses against 
F. occidentalis and R. padi but not M. persicae or B. brassicae .   
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6. Screening Candidate Genes for Their Potential to Contribute to 

the Perception of Aphid or Thrips Feeding in A. thaliana  
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6.1. Introduction 

In Chapter 4, I identified that GLR3.3 contributes to localised wound-induced responses 

through the perception of mechanical stress or damage. In Chapter 5, I revealed that GLR3.3 

functions in responses to feeding from thrips and aphids with the extent of GLR3.3 activation 

potentially depending on the degree of mechanical stress or damage caused by each species. In 

this chapter, I focus on investigating additional components that could contribute to the 

perception of aphid or thrips feeding. Candidate components include those that function in 

GLR3.3 regulation or in responses to mechanical stress, damage, or HAMPs. In sections 6.1.1. 

through to 6.1.5., I categorise and outline candidate genes for contributing to the perception of 

aphid or thrips feeding in A. thaliana and summarise the rationale for their investigation in this 

chapter. In section 6.1.6., I outline the approaches taken to investigate these candidate 

components in section 6.2. 

6.1.1. Candidate genes selected for their potential to regulate GLR3.3 activity 

Several genes have been demonstrated to influence GLR3.3 activity and could do so in 

responses to localised insect feeding. These genes include ISI1, AHA1 and MSL10.  

IMPAIRED SUCROSE INDUCTION1, ISI1, was identified through its role in promoting the 

sugar-induced expression of starch biosynthesis genes with isi1 mutants displaying altered 

carbohydrate allocation as well as reduced plant growth and seed set (Rook et al., 2006). Whilst 

ISI1 function is not fully characterised, its expression is known to be predominantly in the 

phloem with some sugar-inducible expression demonstrated in leaf mesophyll cells (Rook et al., 

2006). Recently, ISI1 was found to interact with the GLR3.3 C-terminal domain and suppress 

large-scale wound-induced systemic electrical signalling and caterpillar resistance (Wu et al., 

2022). As ISI1 does not display any apparent functional domains, it may function as a scaffold 

protein for mediating GLR3.3 interactions with other unknown regulatory factors (Wu et al., 

2022). In this way, ISI1 could influence GLR3.3 activity in A. thaliana responses to thrips or aphid 

feeding. 

H+-ATPase 1, AHA1, encodes a plasma membrane H+-ATPase that extrudes protons into 

the apoplast (Falhof et al., 2016) with expression in various A. thaliana tissues including within 

leaves (Merlot et al., 2007). AHA1 functions in the repolarisation phase of large-scale wound-

induced systemic membrane depolarisations with aha1 mutants displaying longer duration 

depolarisations and enhanced JA-mediated resistance against S. littoralis (Kumari et al., 2019; 

Shao et al., 2020). Interestingly, these membrane depolarisations are curtailed in the glr3.3a 

mutant and this phenotype is dominant to the aha1-7 mutant phenotype (Kumari et al., 2019). 
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Therefore, GLR3.3 and AHA1 appear to function in the same large-scale wound-induced 

response mechanism. As GLR3.3 activity is gated by apoplastic pH, AHA1 could influence GLR3.3 

activity by determining apoplastic pH (Shao et al., 2020). For example, with large-scale 

wounding, AHA1 may be suppressed resulting in apoplastic pH increases which promote GLR3.3 

activity and depolarisations. AHA1 activity could then re-acidify the apoplast thereby limiting 

GLR3.3 activity and promoting repolarisation. Through this activity, AHA1 could regulate GLR3.3 

activity in responses to aphid or thrips feeding. 

MscS-LIKE 10, MSL10, encodes a plasma membrane mechanosensitive ion channel that 

preferentially transports anions and is primarily expressed in root cells and leaf vascular tissue 

(Maksaev and Haswell, 2012; Moe-Lange et al., 2021; Haswell et al., 2008). MSL10 modulates 

resistance to P. syringae (Basu et al., 2022) and confers mechanosensitivity to root protoplasts 

(Haswell et al., 2008). MSL10 also contributes to cell swelling-induced responses including [Ca2+] 

elevations, which are reduced in msl10-1 null mutants but enhanced in msl10-3G gain-of-

function mutants (Basu and Haswell, 2020). Recently, MSL10 has been proposed to perceive 

vascular pressure changes following large-scale wounding and to contribute to the systemic 

depolarisations (Moe-Lange et al., 2021). These MSL10-dependent depolarisations are thought 

to be required for the full activation of GLR3.3/3.6 (Moe-Lange et al., 2021). Though large-scale 

wound-induced [Ca2+] elevations in local tissue are not impaired in msl10-1 mutants (Moe-Lange 

et al., 2021), the properties of MSL10 suggest that it could perceive membrane tension changes 

during localised insect feeding and influence GLR3.3 activity. 

6.1.2. Candidate genes investigated for their contributions to large-scale wound-induced 

rapid systemic signalling 

The function of GLR3.3 in large-scale wound-induced rapid systemic signalling is well 

documented (Mousavi et al., 2013; Nguyen et al., 2018; Bellandi et al., 2022; Grenzi et al., 2023; 

Gao et al., 2023). With GLR3.3 functioning in responses to localised insect feeding, other 

components implicated in this rapid systemic signalling may also function in A. thaliana 

responses to aphid or thrips feeding. Genes implicated in large-scale wound-induced rapid 

systemic signalling include GLR3.2, TPC1 and RBOHD. RBOHF has been implicated in similar 

systemic signalling responses to high light stress. 

GLUTAMATE RECEPTOR-LIKE 3.2, GLR3.2, encodes a Ca2+-permeable GLR that can bind 

amino acid ligands including Gly and Met (Gangwar et al., 2021). GLR3.2 localises at the plasma 

membrane and is predominantly expressed in roots and rapidly growing tissues with lower 

expression present in leaf vascular tissues (Vincill et al., 2013; Turano et al., 2002). Whilst GLR3.2 

does not interact with GLR3.3 (Vincill et al., 2013), glr3.2 mutants are alike glr3.3 mutants in that 
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they are impaired in large-scale wound-induced depolarisations in both local and systemic 

leaves (Mousavi et al., 2013). This similarity suggests that GLR3.2 could, like GLR3.3, function in 

responses to aphid or thrips feeding.  

TWO-PORE CHANNEL 1, TPC1, encodes a Ca2+-, K+- and Na+-permeable cation channel 

that is responsible for large outward-rectifying conductance with slow activation kinetics at the 

tonoplast (Peiter et al., 2005; Hedrich and Neher, 1987; Ward and Schroeder, 1994; Gradogna 

et al., 2009; Guo et al., 2016; Allen and Sanders, 1995). This TPC1 activity is regulated by voltage 

and [Ca2+] with elevated cytosolic [Ca2+] promoting opening and elevated vacuolar [Ca2+] limiting 

opening (Guo et al., 2016; Beyhl et al., 2009; Allen and Sanders, 1996; Hedrich and Neher, 1987). 

TPC1 has been proposed to mediate Ca2+ release from the vacuole and could contribute to a 

Ca2+-induced-Ca2+-release mechanism for Ca2+ signalling (Ward and Schroeder, 1994; Allen and 

Sanders, 1995). Moreover, tpc1 mutants are impaired in ABA-induced repression of 

germination, Ca2+-induced stomatal closure (Peiter et al., 2005), propagating salt-induced [Ca2+] 

elevations (Evans et al., 2016; Choi et al., 2014c) and tonoplast excitability (Jaślan et al., 2019). 

Additionally, TPC1 functions in the propagation of large-scale wound-induced [Ca2+] elevations 

(Kiep et al., 2015). Though TPC1 did not appear to contribute to M. persicae- or wound-induced 

[Ca2+] elevations in Chapter 3, these functions of TPC1 suggest that it could contribute to [Ca2+] 

elevations induced by aphid or thrips feeding thereby warranting further investigation.  

RESPIRATORY BURST OXIDASE HOMOLOG D & F, RBOHD & F, are expressed in leaves 

amongst other locations and encode plasma membrane enzymes that produce ROS important 

in many plant stress responses including immune responses (Morales et al., 2016; Kadota et al., 

2014; Kadota et al., 2015; Torres et al., 2002; Otulak-Kozieł et al., 2020). High light stress and 

large-scale wounding induce systemic ROS and [Ca2+] elevations which are RBOHD-dependent 

and GLR3.3/3.6-dependent in adult A. thaliana (Fichman and Mittler, 2021a; Fichman and 

Mittler, 2021b; Fichman et al., 2019; Miller et al., 2009). RBOHF also contributes to systemic ROS 

elevations induced by high light stress but not by wounding (Zandalinas et al., 2020; Miller et al., 

2009). These findings have led to models for rapid systemic signalling involving GLR3.3/3.6 and 

RBOHD/F in which systemic ROS and [Ca2+] elevations interact to promote signal propagation 

(Johns et al., 2021; Gilroy et al., 2016). A similar model has been proposed for root salt stress-

induced propagating ROS and [Ca2+] elevations (Evans et al., 2016). The links between RBOHD/F 

and GLR3.3 in systemic signalling suggests that they could all function in responses to localised 

insect feeding in leaves. Moreover, M. persicae resistance is reduced on mutants in RBOHD 

(Miller et al., 2009) and RBOHF (Jaouannet et al., 2015). Therefore, RBOHD and RBOHF form 

candidates for investigations here.  
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6.1.3. Candidate genes for perceiving mechanical stress during thrips or aphid feeding  

Mechanical stress perception appeared to be significant in [Ca2+] elevations induced by 

touch, wounding and localised insect feeding. Along with MSL10, there are various components 

that could mediate this perception via different mechanisms. One mechanism could involve ion 

channel opening upon increased membrane tension or with increased tension between an ion 

channel and other proteins (Hamant and Haswell, 2017). Secondary mechanoreceptors can also 

perceive mechanical stress by detecting changes in cell wall properties that can occur without 

plasma membrane damage (Rui and Dinneny, 2020; Hamant and Haswell, 2017). Candidate 

genes for contributing to mechanical stress perception during aphid or thrips feeding include 

TPK1, MCA1, MCA2, PIEZO1, GL1 and FER.  

TWO-PORE K+ CHANNEL 1, TPK1, encodes a tonoplast localised K+ channel expressed in 

many tissues, including the leaf mesophyll, with permeability regulated by cytosolic [Ca2+] and 

pH (Czempinski et al., 2002; Bihler et al., 2005; Gobert et al., 2007). TPK1 has functions in K+ 

homeostasis (Gobert et al., 2007), tonoplast depolarisation (Jaślan et al., 2019) and ABA- and 

CO2-induced stomatal closure (Isner et al., 2018). With TPK1 also thought to function as a 

mechanosensitive ion channel important in osmosensing (Maathuis, 2011), TPK1 could 

contribute to the perception of mechanical stresses during aphid or thrips feeding. 

MID1-COMPLEMENTING ACTIVITY 1 & 2, MCA1 & 2, encode Ca2+-permeable plasma 

membrane channels with MCA1 expressed primarily in leaf vascular tissue and MCA2 expressed 

throughout leaves (Nakagawa et al., 2007; Yoshimura et al., 2021; Yamanaka et al., 2010). These 

channels have overlapping but distinct functions including in the ability of roots to sense the 

hardness of growth media (Yamanaka et al., 2010), in responses to chilling and freezing (Mori et 

al., 2018) and in responses to hypergravity (Hattori et al., 2020). Recently, MCA2 activity has 

been shown to be regulated by membrane tension and voltage with MCA1 thought to be 

regulated similarly (Yoshimura et al., 2021). These properties suggest that MCA1 and/or MCA2 

could contribute to thrips- or aphid-induced [Ca2+] elevations as mechanosensitive Ca2+-

permeable channels.  

PIEZO genes were first identified in mammals where PIEZO proteins function as plasma 

membrane mechanosensitive cation channels with a slight preference for calcium transport 

(Coste et al., 2010). One PIEZO gene, PIEZO1, has been identified in the A. thaliana genome. 

PIEZO1 is thought to function as a tonoplast-localised mechanosensitive ion channel expressed 

in various A. thaliana tissues including in trichomes (Mousavi et al., 2021; Radin et al., 2021; 

Fang et al., 2021). PIEZO1 suppresses the systemic movement of plant viruses (Zhang et al., 

2019). PIEZO1 also contributes to mechanical stress perception in roots including in the 
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associated [Ca2+] elevations and ability to penetrate harder media (Mousavi et al., 2021; Fang et 

al., 2021). Therefore, PIEZO1 could contribute to mechanical stress perception during thrips or 

aphid feeding.  

GLABROUS 1, GL1, encodes a Myb transcription factor most heavily studied for being 

required in trichome development (Larkin et al., 1994). However, gl1 mutants also display 

impaired leaf cuticle development which is associated with reduced resistance to fungal 

pathogens (Xia et al., 2010). Moreover, gl1 mutants are impaired in the ability to trigger 

mechanical stress-induced [Ca2+] elevations in leaves (Matsumura et al., 2022) that recapitulate 

those induced by localised wounding. Whilst this phenotype is thought to be due to the loss of 

trichomes, it could instead be caused by an impaired ability to perceive mechanical stresses due 

to the cuticle defects. If this is the case, then GL1 could influence mechanical stress perception 

in epidermal or mesophyll cells during feeding from aphids or thrips. 

FERONIA, FER, encodes a plasma membrane RLK which is a member of a family of RLKs 

that contain extracellular domains homologous to the diglucose-binding protein, malectin (Li et 

al., 2016b). This property of FER may facilitate binding to cell wall carbohydrates and an ability 

to respond to changes in cell wall properties (Cheung and Wu, 2011). Indeed, FER contributes to 

the sensing of cell wall properties during cell elongation (Dünser et al., 2019). However, FER is 

also broadly expressed and fer mutants display highly pleiotropic phenotypes (Li et al., 2016b). 

These fer phenotypes include impaired female fertility (Huck et al., 2003), growth (Li et al., 

2015), root hair development (Duan et al., 2010) and epidermal pavement cell patterning (Li et 

al., 2015). FER pleiotropy may derive from its activity as a scaffold protein for several RLKs, 

including FLS2, that results in it modulating immune signalling (Stegmann et al., 2017). 

Importantly here, FER has been found to contribute to mechanosensing during root bending and 

root touch with fer mutants impaired in the downstream [Ca2+] elevations and gene expression 

changes (Shih et al., 2014). Moreover, FER can bind the RALF1 growth regulator peptide and 

subsequently inhibit AHA2 leading to apoplastic alkalinisations (Haruta et al., 2014). These 

functions of FER make it a candidate for contributing to aphid and thrips feeding-induced [Ca2+] 

and apoplastic pH elevations, potentially by perceiving mechanical stress through changes in cell 

wall properties. 

6.1.4. Candidates genes selected for their role in damage perception 

Cell damage is fundamenal in thrips feeding and can occur with aphid feeding but to a 

lesser extent. Therefore, damage perception may be signficant in responses to aphid and thrips 

feeding. Various genes have been implicated in the perception of damage, DAMPs or damage-

associated phytocytokines including PEPR1, PEPR2, MIK2, DORN1, ACA8 and ACA10.  
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PLANT ELICITOR PEPTIDE RECEPTOR 1 & 2, PEPR1 & 2, encode plasma membrane RLKs 

with overlapping functions as receptors for the 8 A. thaliana PLANT ELICITOR PEPTIDEs (PEPs) 

which they bind with differing affinities (Krol et al., 2010; Yamaguchi et al., 2010; Yamaguchi et 

al., 2006). There is variation in PEP expression and localisation pattern throughout A. thaliana 

(Bartels et al., 2013). However, all PEPs function as phytocytokines expressed as precursor 

PROPEPs and then liberated by [Ca2+]-dependent metacaspase (MC) activity (Shen et al., 2019; 

Hou et al., 2021a). Following PEP binding, PEPR1 and 2 trigger PTI-like responses including MAPK 

activation, resistance to several pathogens and [Ca2+] elevations that are dependent on CNGC2, 

4 and 19 (Bartels et al., 2013; Yamaguchi et al., 2010; Qi et al., 2010; Huffaker et al., 2006; Liu et 

al., 2013b; Tian et al., 2019; Meena et al., 2019). PEP signalling can function in damage 

perception with PEPR1/2 promoting responses to large-scale wounding and S. littoralis feeding 

(Meena et al., 2019; Klauser et al., 2015). Interestingly, a damage-induced loss of membrane 

integrity in roots causes Ca2+ influxes which activate MC4 to release PEP1 to surrounding cells 

within 1 min of damage (Hander et al., 2019). Such a mechanism could underpin the burst and 

secondary GLR3.3-independent [Ca2+] elevations that were detected in responses to localised 

stimuli in leaves (Chapter 4 & 5). Therefore, damage induced by aphid or thrips feeding may 

trigger PEPR1/2-mediated responses.   

MDIS1-INTERACTING RECEPTOR-LIKE KINASE 2, MIK2, encodes a plasma membrane-

localised RLK that perceives A. thaliana SCOOP phytocytokine peptides with binding 

demonstrated for SCOOP12 (Rhodes et al., 2021; Hou et al., 2021b). MIK2 functions include in 

salt stress tolerance (Van der Does et al., 2017; Julkowska et al., 2016) and the perception of 

Fusarium oxysporum (Van der Does et al., 2017; Coleman et al., 2021) which may occur through 

the binding of SCOOP-like peptides produced by the pathogen (Rhodes et al., 2021). 

Interestingly, SCOOP12 induces many damage-associated responses (Gully et al., 2019) with 

MIK2 also implicated in cell wall damage sensing (Van der Does et al., 2017; Julkowska et al., 

2016) and responses to large scale wounding and caterpillar feeding (Stahl et al., 2022). As such, 

MIK2 and SCOOP signalling could contribute to localised damage perception. Moreover, SCOOPs 

are thought to be released from PROSCOOP peptides as mobile ligands (Gully et al., 2019) and 

can induce MIK2-dependent [Ca2+] elevations (Rhodes et al., 2021). Therefore, as with PEP 

signalling, SCOOP signalling could drive the delayed GLR3.3-independent secondary [Ca2+] 

elevations induced by aphid feeding or thrips feeding. Therefore, MIK2 is a candidate for 

contributing to aphid or thrips feeding-induced responses through the perception of SCOOPs 

and/or damage.  

DOES NOT RESPOND TO NUCLEOTIDES 1, DORN1, encodes a plasma membrane 

extracellular ATP (eATP) receptor required for ATP-induced [Ca2+] elevations, MAPK activation 
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and gene expression (Choi et al., 2014a; Matthus et al., 2020; Bouwmeester et al., 2011). Whilst 

intracellular ATP levels are highly regulated in plants, eATP is thought to act as DAMP in damage 

perception (Choi et al., 2014b). Consistent with this, eATP concentrations can be elevated 

around wound sites (Song et al., 2006). Moreover, DORN1 ectopic expression enhances wound-

induced responses (Choi et al., 2014a) and eATP treatment reinforces JA signalling (Chivasa et 

al., 2009). Interestingly, eATP concentrations can also be elevated by treatment with the 

proposed DAMP, L-Glu (Dark et al., 2011), and touch (Weerasinghe et al., 2009). Therefore, both 

mechanical stress or damage during aphid or thrips feeding could elevate eATP levels and 

activate DORN1-dependent responses including [Ca2+] elevations. As ATP treatment induces 

[Ca2+] elevations that are tightly linked to cytosolic acidification events (Behera et al., 2018), it 

could be that DORN1 contributes to both the localised insect feeding-induced [Ca2+] elevations 

and apoplastic alkalinisations.  

AUTOINHIBITED Ca2+-ATPase 8 & 10, ACA8 & 10, are considered to encode plasma 

membrane Ca2+-ATPases with broad expression throughout A. thaliana including in adult leaves 

(Bonza et al., 2000; George et al., 2008; Costa et al., 2017). ACA8 and 10 have overlapping and 

distinct functions including in A. thaliana development, stomatal closure, fertility, and immunity 

(George et al., 2008; Yang et al., 2017; Yu et al., 2018; Frei dit Frey et al., 2012; Li et al., 2018). 

Importantly here, aca8 aca10 double mutants are impaired in the linked cytosolic [Ca2+] 

elevations and acidifications induced by ATP (Behera et al., 2018). Moreover, aca8 single 

mutants display altered [Ca2+] elevations in responses to ATP and large-scale wounding (Costa 

et al., 2017). Interestingly, aca10 aca12 double mutants are impaired in the ability to produce 

large-scale wound-induced systemic depolarisations following prior large-scale wounding, S. 

littoralis feeding or B. brassicae feeding (Fotouhi et al., 2022). These mutants are also impaired 

in S. littoralis and B. brassicae resistance (Fotouhi et al., 2022). These functions of ACA8 and 

ACA10 in responses to ATP, large-scale wounding and insect feeding, make them candidates for 

contributing to aphid or thrips feeding-induced [Ca2+] and apoplastic pH elevations. 

6.1.5. Candidate genes that function in perceiving putative aphid HAMPs 

Additional candidate genes that could function in the perception of aphid feeding are 

those that facilitate aphid HAMP-induced responses. Whilst aphid HAMPs have been challenging 

to characterise, BRI1-ASSOCIATED KINASE 1 (BAK1) and SUPPRESSOR OF BIR1-1 (SOBIR1) have 

been implicated in the perception of M. persicae aphid extract which is thought to contain 

proteinaceous aphid HAMPs (Canham, 2022). These two LRR-RLK co-receptors contribute widely 

to immune and developmental signalling with SOBIR1 essential for RLP receptor function and 

BAK1 important in responses mediated by many RLP and RLK receptors (Liebrand et al., 2014). 
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For example, the RLP23-SOBIR1-BAK1 complex mediates plant immune responses to the nlp20 

elicitor found in multiple pathogens (Albert et al., 2015). Canham (2022) found that bak1-5 and 

sobir1 mutants were impaired in M. persicae aphid extract-induced MAPK phosphorylation, 

defence gene expression and seedling growth inhibition. Moreover, BAK1 contributes to ROS 

elevations and defence gene expression induced by aphid extracts (Prince et al., 2014) and by 

the putative aphid HAMP, GroEL (Chaudhary et al., 2014). Whilst in Chapter 3, BAK1 did not 

clearly contribute to M. persicae feeding-induced [Ca2+] elevations, it may be that its 

contribution was masked by the GLR3.3-dependent responses to M. persicae feeding. Therefore, 

the evidence for BAK1 and SOBIR1 contributing to aphid HAMP-induced responses warrants 

further investigation of their contributions to aphid feeding-induced responses.  

6.1.6. Screening components for their potential to contribute to aphid or thrips feeding-

induced responses 

The list of genes and proteins outlined here form a subset of candidate components that 

could contribute to aphid or thrips feeding-induced responses in A. thaliana. To investigate 

whether this is the case, a reverse genetics approach will be used here. For this, it is necessary 

to have a known and predictable measure of early plant responses to localised stimuli that could 

reveal potentially subtle differences in responses. These criteria can be met by visualising [Ca2+] 

reporter signals in real time. Moreover, there were correlations between the localised insect 

feeding-induced [Ca2+] elevations, JA marker gene expression and insect resistance (Chapter 5). 

These correlations indicate that visualising the [Ca2+] elevations can provide a valuable measure 

of the early plant defence responses to localised stimuli. Insect behaviour can be highly variable 

which limits throughput and reproducibility in experiments. A. thaliana responses to aphid and 

thrips feeding appeared to involve damage and/or mechanical stress perception and showed 

many similarities to localised wound- and touch-induced responses (Chapters 4 & 5). These 

factors allow the likelihood of candidate genes to contribute to localised insect feeding-induced 

responses to first be assessed by the more reproducible, higher throughput stimuli of localised 

touch and wounding. To assess if aphid HAMP perception contributes to M. persicae feeding-

induced [Ca2+] elevations, M. persicae aphid extract-induced responses can first be assessed to 

see if they include [Ca2+] elevations. These elevations can then be tested for dependency on 

BAK1 and SOBIR1 as well as GLR3.1/3.3/3.6 to assess if these components could contribute to 

HAMP perception during aphid feeding. Any components that function in responses to 

wounding, touch or aphid extract will be assessed for their role in aphid or thrips feeding-

induced [Ca2+] elevations and, if any role is identified, aphid or thrips resistance. Therefore, the 

research aims of this chapter are to:  
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 Investigate the contribution of candidate genes to localised wound- and touch-induced 

[Ca2+] elevations in A. thaliana.  

 Identify if M. persicae aphid extract treatment induces [Ca2+] elevations that are dependent 

on BAK1, SOBIR1 or GLR3.1/3.3/3.6.  

 Test any genes that contribute to wound-, touch- or aphid extract-induced [Ca2+] elevations 

for their contributions to aphid or thrips feeding-induced [Ca2+] elevations.  

 Test any genes involved in the localised insect feeding-induced responses for their 

contribution to aphid or thrips resistance.  
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6.2. Results 

6.2.1. Screening candidate mutants for a phenotype in wound- or touch-induced 

responses 

To investigate [Ca2+] elevations in responses to wounding and touch in candidate gene 

A. thaliana mutants, I first established homozygous reporter-expressing A. thaliana mutant lines 

by either acquiring published seed (aha1-7, piezo-1, gl1 and aca8 aca10) or by performing 

crosses (isi1-3, glr3.2a, msl10-1/3G, tpk1-1, mca1 mca2, fer-4, pepr1-1 pepr2-3, dorn1-3, tpc1-

2, rbohD rbohF, mik2-6, bak1-5 and sobir1-12). Whilst acquired material utilised a range of [Ca2+] 

reporters, crosses were performed to produce mutant lines expressing 35S::GCaMP3 in the wild-

type background or UBQ10::GCaMP3 in the wild-type or glr3.3a background. As FER has been 

implicated in apoplastic pH changes (Haruta et al., 2014), fer-4 A. thaliana expressing 35S::Apo-

pHusion was also produced. Mutant and control A. thaliana reporter lines were then subjected 

to localised touch or wound treatments and reporter signals were compared between the 

genotypes by their baseline intensities, peak intensities, propagation rates and signal areas. 

Additionally, reporter signal dynamics were compared by visually assessing the normalised 

reporter signal traces. Therefore, using [Ca2+] reporter imaging as the primary measure, these 

experiments allowed the contributions of candidate genes to localised touch- and/or wound-

induced responses to be assessed. The reporter signal properties for each candidate gene and 

experiment are summarised in Table 6.1 with accompanying figures in Appendix I. 

For most of the candidate genes and responses investigated, most of the signal 

properties were not statistically different between the control and mutant lines. There were also 

no clear differences detected in the wound- or touch-induced signal dynamics between any of 

the compared mutant and control lines. The differences that were detected in signal properties 

can be grouped into three categories: those likely caused by reduced baseline fluorescence in 

mutant samples (1), those likely caused by an altered resting state or indirect effects in mutant 

samples (2), and those which could represent direct mutant phenotypes in wound- or touch-

induced responses but that require further investigation (3).  

1. Reporter baseline fluorescence was significantly reduced in the tpk1-1 and gl1 

wound- and touch-treated samples. The wound- and touch-induced signals in these 

mutants displayed significantly faster propagation rates than signals in their Col-0 

controls. Signal areas were significantly increased in the gl1 touch treated samples 

as were peak normalised ΔF/F0 values in the touch treated tpk1-1 and gl1 samples. 

The reduced baseline fluorescence in these mutant lines, however, suggests that all 
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these differences are unreliable. This is because the reduced reporter baseline 

fluorescence was likely caused by reduced reporter expression. Reduced reporter 

expression usually results in a reduced signal-to-noise ratio which can bias 

measurements of signal properties and reduce their accuracy. Additionally, reduced 

reporter baseline fluorescence increases the error in background corrections 

(Chapter 3) which can make differences detected in peak normalised ΔF/F0 values 

unreliable. This is reflected in the increased variation in peak normalised ΔF/F0 

values for the gl1 and tpk1-1 touch treated samples. With wound- and touch-

induced reporter signal dynamics unaltered in tpk1-1 and gl1 samples, it seems 

likely that these mutants display wild-type touch- and wound-induced [Ca2+] 

elevations. Further investigations into these candidate genes with mutant and 

control lines that display equal reporter baseline fluorescence could better this 

hypothesis.  

2. Wound treated fer-4 (glr3.3a), rbohD rbohF and aca8 aca10 samples displayed 

altered resting states. fer-4 (glr3.3a) and rbohD rbohF samples displayed elevated 

baseline GCaMP3 fluorescence compared to their controls. GFP baseline 

fluorescence from apo-pHusion was also elevated in the fer-4 mutant whilst RFP 

baseline fluorescence was unaltered. Whilst baseline YFP and CFP fluorescence was 

not significantly altered in wound treated aca8 aca10 UBQ10::NES-YC3.6 samples, 

these samples did display reduced resting YFP/CFP fluorescence intensity (R0) 

values (Appendix I.XXVIII, Wilcoxon rank-sum, W = 649, p = 0.0093). rbohD rbohF, 

fer-4 (glr3.3a) and aca8 aca10 samples also displayed statistically significant 

differences in various wound-induced reporter signal properties compared to their 

controls. For example, the GCaMP3 signals in the rbohD rbohF and fer-4 samples 

and the YC3.6 signals in the aca8 aca10 samples all had significantly reduced signal 

areas. For the YC3.6 and apo-pHusion reporter samples, the altered resting states 

could indicate changes in resting [Ca2+] and apoplastic pH, respectively. However, 

what caused the differences detected in resting GCaMP3 fluorescence cannot be 

determined. Nevertheless, the changes in baseline properties probably affected the 

measurement of other signal properties in all these mutant lines. All these mutant 

lines also displayed dramatic developmental phenotypes (data not shown) which 

may have indirectly influenced the wound-induced responses or the ability to assay 

them. As reporter signal dynamics were unaltered in the mutants, and as rbohD and 

rbohF single mutants displayed wildtype wound-induced GCaMP3 signals, it seems 

likely that RBOHD, RBOHF, FER, ACA8 and ACA10 do not directly perform major 

functions in the localised wound-induced responses assessed.  
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3. In touch and wound responses, there were some differences detected between 

mutants and their controls that could represent direct phenotypes in these 

responses. These occurred without differences in baseline fluorescence and were 

the following: 

a. isi1-3: Reduced GCaMP3 signal propagation rates in touch responses.  

b. msl10-3G: Increased GCaMP3 peak normalised ΔF/F0 values in wound 

responses.  

c. tpc1-2: Reduced GCaMP3 signal areas in touch responses.  

d. mca1 mca2: Reduced GCaMP3 signal propagation rates in touch responses.  

e. dorn1-3: Reduced GCaMP3 signal propagation rates in wound responses.  

f. bak1-5: Increased GCaMP3 peak normalised ΔF/F0 in touch responses.  

g. sobir1-12: Increased GCaMP3 peak normalised ΔF/F0 in wound responses. 

Probabilistically, with 31 experiments performed and 4 variables quantified, some 

statistically significant differences were expected with a significance level of p ≤ 

0.05. Indeed, setting a higher significance threshold of p ≤ 0.01 would have rendered 

all of these differences nonsignificant except from the differences detected for 

dorn1-3 and msl10-3G. As the msl10-1 null mutant displayed wild-type wound-

induced GCaMP3 signals, MSL10 does not appear to be required for localised 

wound-induced [Ca2+] elevations. With none of these mutants displaying altered 

wound- or touch-induced GCaMP3 signal dynamics, the associated genes are all 

unlikely to perform major functions in the responses to these stimuli. Repeating the 

experiments for these genes would test whether the differences detected are 

robust and represent mutant phenotypes.   

In summary, none of the candidate genes demonstrated clear contributions to wound- 

or touch-induced [Ca2+] elevations. Therefore, without further investigations, the candidate 

genes assessed seem unlikely to contribute significantly to damage or mechanical stress 

perception during aphid or thrips feeding.  
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Mutant Reporter Stimulus Genotype 
Baseline Intensity, 
F0 (A.U.) 

Peak Normalised 
ΔF/F0 or ΔR/R0  Rate (µm s-1) Area (mm2) 

Dynamics 
Altered?  

Sample 
Size (n) Figure 

isi1-3 
UBQ10:: 
GCaMP3 

Wound 
Col-0 589 ± 58 1.73 ± 0.16 2.46 ± 0.15 0.578 ± 0.046 

No 

25 

I isi1-3 442 ± 26 1.70 ± 0.09 2.27 ± 0.09 0.662 ± 0.038 25 

Touch 
Col-0 462 ± 35 1.01 ± 0.10 0.76 ± 0.04 0.092 ± 0.011 

No 

22 

II isi1-3 534 ± 34 0.83 ± 0.06 0.64 ± 0.03* 0.099 ± 0.012 22 

aha1-7 
UBQ10:: 
GCaMP3 

Wound 
Col-0 937 ± 55 1.15 ± 0.05 2.08 ± 0.13 0.708 ± 0.039 

No 

17 

III aha1-7 934 ± 86 1.21 ± 0.09 2.37 ± 0.13 0.641 ± 0.039 15 

msl10-1 
UBQ10:: 
GCaMP3 

Wound 
Col-0 758 ± 49 1.19 ± 0.07 2.17 ± 0.13 0.712 ± 0.038 

No 

23 

IV msl10-1 736 ± 38 1.16 ± 0.07 1.93 ± 0.11 0.703 ± 0.034 23 

Touch 
Col-0 440 ± 29 0.94 ± 0.12 0.96 ± 0.06 0.105 ± 0.012 

No 

29 

V msl10-1 459 ± 23 0.79 ± 0.07 1.07 ± 0.15 0.095 ± 0.011 26 

msl10-3G 
UBQ10:: 
GCaMP3 

Wound 
Col-0 677 ± 49 1.18 ± 0.06 2.23 ± 0.10 0.594 ± 0.025 

No 

25 

VI msl10-3G 750 ± 48 1.37 ± 0.06** 2.33 ± 0.21 0.610 ± 0.043  19 

glr3.2a 
UBQ10:: 
GCaMP3 

Wound 
Col-0 704 ± 56 1.32 ± 0.10 2.06 ± 0.10 0.627 ± 0.034 

No 

20 

VII glr3.2a 762 ± 60 1.34 ± 0.09 1.95 ± 0.11 0.638 ± 0.043 21 

Touch 
Col-0 436 ± 42 0.99 ± 0.12 0.89 ± 0.24 0.109 ± 0.014 

No 

24 

VIII glr3.2a 488 ± 35 0.82 ± 0.07 0.87 ± 0.06 0.112 ± 0.016 24 

Table 6.1 Properties of wound- and touch-induced reporter s ignals in mutant A. thaliana l ines. 
Properties of stimulus-induced reporter signals assessed in mutant and control  A. thaliana  l ines expressing transgenic fluorescent reporters. All  
fluorescence intensity (F,  A.U.) values were recorded at 5 s intervals for 5 min prior to treatment with localised touch or wounding and for 30 min 
after treatment. F0 values were the mean F over the 5 min pre-treatment. F values were background corrected for all experiments other than for 
piezo-1 experiments in which the GCaMP6s basel ine intensity was too low for correction. Each investigat ion has an accompanying figure in Appendix 
I  which was used to assess if signal dynamics were altered in mutants. Experiments were performed independently for each mutant and stimulus.  
Peak Normalised ΔF/F0 and ΔR/R0 are displayed with units of ‘Stimulus ΔF/F0 – Control ΔF/F0’ and ‘Stimulus ΔR/R0 – Control  ΔR/R0’, respectively.  
Statist ical analyses were performed with t-tests or Wilcoxon rank-sum tests for  pairwise comparisons. For comparing multiple groups, ANOVAs or 
Kruskal-Wallis tests were used with Tukey and Wilcoxon post hoc tests, respectively. Statistical significance is indicated by *: p  ≤ 0.05, **: p  ≤ 0.01,  
***: p  ≤ 0.001, ****: p  ≤ 0.0001, or superscript letters with different letters for statistically different groups. Any comparison between a mutant and 
its control that gave a p  ≤ 0.05 is indicated in yellow.  
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tpc1-2 
UBQ10:: 
GCaMP3 

Wound 

Col-0 862 ± 52 1.00 ± 0.11ᵃᵇ 2.16 ± 0.19ᵃ 0.673 ± 0.081 

No 

13 

IX 

tpc1-2 743 ± 37 0.99 ± 0.06ᵃ 2.12 ± 0.12ᵃ 0.546 ± 0.037 14 

glr3.3a 736 ± 43 0.65 ± 0.04ᶜ 0.80 ± 0.08ᵇ 0.672 ± 0.085 11 

tpc1-2 glr3.3a 761 ± 51 0.74 ± 0.06ᵇᶜ 0.78 ± 0.04ᵇ 0.661 ± 0.074 12 

Touch Col-0 363 ± 33 1.21 ± 0.13 0.97 ± 0.07 0.081 ± 0.012 

No 

23 

X tpc1-2 404 ± 30 0.90 ± 0.07 1.00 ± 0.16 0.050 ± 0.006* 25 

rbohD,  
rbohF,  

rbohD rbohF 

35S:: 
GCaMP3 

Wound 

Col-0 735 ± 58ᵇ 1.36 ± 0.08 2.05 ± 0.14 0.584 ± 0.035ᵃ 

No 

14 

XI 

rbohD 801 ± 54ᵇ 1.19 ± 0.06 2.25 ± 0.10 0.599 ± 0.033ᵃ 15 

rbohF 863 ± 45ᵇ 1.12 ± 0.05 2.27 ± 0.11 0.581 ± 0.046ᵃ 15 

rbohD rbohF 1191 ± 102ᵃ 1.25 ± 0.11 2.39 ± 0.19 0.359 ± 0.062ᵇ 13 

tpk1-1 
35S:: 

GCaMP3 

Wound 
Col-0 1028 ± 54 1.09 ± 0.05 2.31 ± 0.12 0.604 ± 0.035 

No 

24 

XII tpk1-1 338 ± 26**** 1.09 ± 0.08 2.66 ± 0.11* 0.603 ± 0.037 26 

Touch 
Col-0 638 ± 41 0.89 ± 0.05 0.70 ± 0.03 0.104 ± 0.020 

No 

19 

XIII tpk1-1 106 ± 29**** 4.87 ± 1.14**** 1.06 ± 0.14** 0.096 ± 0.015 15 

mca1  
mca2 

UBQ10:: 
GCaMP3 

Wound 
Col-0 539 ± 47 1.54 ± 0.15 2.77 ± 0.13 0.575 ± 0.058 

No 

12 

XIV mca1 mca2 510 ± 24 1.56 ± 0.08 2.61 ± 0.11 0.540 ± 0.035 16 

Touch 
Col-0 629 ± 65 0.92 ± 0.10  1.09 ± 0.06 0.307 ± 0.043 

No 

19 

XV mca1 mca2 527 ± 44 0.76 ± 0.06 0.97 ± 0.07* 0.281 ± 0.037 22 

piezo-1 
UBQ10:: 

GCaMP6s 

Wound 
Col-0 2257 ± 32 0.22 ± 0.01 2.20 ± 0.12 0.859 ± 0.047 

No 

22 

XVI piezo-1 2271 ± 31 0.22 ± 0.01 2.22 ± 0.10 0.871 ± 0.041 17 

Touch Col-0 2034 ± 23 0.11 ± 0.00 0.82 ± 0.07 0.144 ± 0.016 

No 

25 

XVII piezo-1 2084 ± 20 0.11 ± 0.01 0.70 ± 0.03 0.174 ± 0.024 25 

gl1 
35S:: 

GCaMP3 

Wound 
Col-0 1157 ± 52 1.04 ± 0.05 2.09 ± 0.08 0.570 ± 0.034 

No 

21 

XVIII gl1 671 ± 23**** 0.93 ± 0.07 2.45 ± 0.12* 0.627 ± 0.041 21 

Touch Col-0 809 ± 44 0.71 ± 0.04 0.68 ± 0.02 0.104 ± 0.014 

No 

24 

XIX gl1 287 ± 17**** 1.21 ± 0.19** 1.11 ± 0.15**** 0.142 ± 0.012* 25 

Table 6.1 Continued  
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fer-4 

UBQ10:: 
GCaMP3 

Wound 

Col-0 577 ± 46ᵇ 1.36 ± 0.08ᵃ 1.91 ± 0.15ᵃ 0.263 ± 0.016ᵃ 

No 

25 

XX 

fer-4 1026 ± 74ᵃ 0.90 ± 0.06ᵇ 1.99 ± 0.16ᵃ 0.194 ± 0.010ᵇ 24 

glr3.3a 545 ± 30ᵇ 0.79 ± 0.06ᵇᶜ 1.10 ± 0.11ᵇ 0.208 ± 0.013ᵇ 29 

fer-4 glr3.3a 895 ± 40ᵃ 0.71 ± 0.05ᶜ 1.59 ± 0.17ᵃ 0.166 ± 0.013ᵇ 20 

Touch 
Col-0 573 ± 38 0.86 ± 0.07 0.85 ± 0.04 0.100 ± 0.015 

No 

24 

XXI fer-4 894 ± 49**** 0.73 ± 0.08 0.93 ± 0.09 0.077 ± 0.014 13 

35S::Apo- 
pHusion 

Wound 
Col-0 

RFP: 8114 ± 301  
GFP: 904 ± 49  0.30 ± 0.02 2.01 ± 0.13 0.207 ± 0.010 

No 

26 

XXII fer-4 
RFP:7914 ± 305  
GFP:1432 ± 67**** 0.23 ± 0.01** 2.99 ± 0.23*** 0.149 ± 0.012*** 23 

pepr1-1  
pepr2-3 

UBQ10:: 
GCaMP3 

Wound 
Col-0 597 ± 45 1.44 ± 0.12 2.13 ± 0.14 0.727 ± 0.058 

No 

17 

XXIII pepr1-1 pepr2-3 601 ± 34 1.40 ± 0.09 2.16 ± 0.08 0.672 ± 0.037 20 

Touch Col-0 451 ± 34 0.77 ± 0.06 0.85 ± 0.04 0.109 ± 0.015 

No 

20 

XXIV pepr1-1 pepr2-3 469 ± 31 0.81 ± 0.10 0.78 ± 0.03 0.123 ± 0.014 22 

mik2-6 
UBQ10:: 
GCaMP3 

Wound 

Col-0 518 ± 72  1.56 ± 0.13ᵃ 2.02 ± 0.09ᵃ 0.273 ± 0.014ᵃ 

No 

21 

XXV 

mik2-6 610 ± 56 1.45 ± 0.06ᵃ 2.01 ± 0.10ᵃ 0.228 ± 0.019ᵃᵇ 20 

glr3.3a 577 ± 74 0.98 ± 0.12ᵇ 1.11 ± 0.015ᵇ 0.201 ± 0.012ᵇ 26 

mik2-6 glr3.3a 655 ± 65 0.87 ± 0.07ᵇ 1.02 ± 0.06ᵇ 0.201 ± 0.017ᵇ 22 

dorn1-3 
UBQ10:: 
GCaMP3 

Wound 

Col-0 491 ± 31 1.49 ± 0.10ᵃ 2.02 ± 0.08ᵃ 0.317 ± 0.018ᵃ 

No 

19 

XXVI 

dorn1-3 493 ± 34 1.56 ± 0.11ᵃ 1.67 ± 0.09ᵇ 0.322 ± 0.018ᵃ 19 

glr3.3a 547 ± 55 0.98 ± 0.08ᵇ 0.89 ± 0.10ᶜ 0.255 ± 0.016ᵇ 21 

dorn1-3 glr3.3a 487 ± 29 1.11 ± 0.09ᵇ 0.92 ± 0.08ᶜ 0.291 ± 0.025ᵃᵇ 25 

Touch Col-0 502 ± 52 1.25 ± 0.24 1.00 ± 0.14 0.119 ± 0.017 

No 

23 

XXVII dorn1-3 425 ± 18 0.89 ± 0.07 1.10 ± 0.18 0.092 ± 0.014 23 

aca8  
aca10 

UBQ10:: 
NES-YC3.6 

Wound 
Col-0 

YFP: 480 ± 16 
CFP: 2848 ± 27 0.30 ± 0.01 5.89 ± 0.21 0.395 ± 0.019 

No 

36 

XXVIII aca8 aca10 
YFP: 423 ± 31 
CFP: 2869 ± 47 0.26 ± 0.02 7.05 ± 0.33** 0.311 ± 0.020** 28 

Table 6.1 Continued  
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bak1-5 
UBQ10:: 
GCaMP3 

Wound 

Col-0 646 ± 37 1.30 ± 0.06ᵃ 2.28 ± 0.11ᵃ 0.609 ± 0.024 

No 

27 

XXIX 

bak1-5 708 ± 40 1.26 ± 0.05ᵃ 2.37 ± 0.10ᵃ 0.660 ± 0.036 27 

glr3.3a 764 ± 41 0.69 ± 0.04ᵇ 1.13 ± 0.08ᵇ 0.561 ± 0.032 33 

bak1-5 glr3.3a 683 ± 33 0.71 ± 0.05ᵇ 1.06 ± 0.05ᵇ 0.553 ± 0.031 30 

Touch 
Col-0 458 ± 28 0.74 ± 0.05 0.76 ± 0.03 0.116 ± 0.012 

No 

27 

XXX bak1-5 422 ± 18 0.91 ± 0.07* 0.79 ± 0.03 0.109 ± 0.014 23 

sobir1-12 
UBQ10:: 
GCaMP3 

Wound 
Col-0 805 ± 46 1.21 ± 0.05 2.23 ± 0.09 0.626 ± 0.033 

No 

21 

XXXI sobir1-12 781 ± 54 1.38 ± 0.05* 2.10 ± 0.10 0.593 ± 0.032 19 
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6.2.2. Aphid extract induces [Ca2+] elevations in A. thaliana 

Next, I aimed to investigate whether aphid HAMP perception could contribute to M. 

persicae feeding-induced [Ca2+] elevations in A. thaliana by assessing if M. persicae aphid extract 

(‘aphid extract’) induces A. thaliana [Ca2+] elevations. To do so, I used a plate reader to monitor 

fluorescence intensity from A. thaliana seedlings expressing UBQ10::GCaMP3. The 

immunogenic flagellin peptide, flg22, was used as a positive control and induced GCaMP3 signals 

(Figure 6.1A) which gave significantly greater peak ΔF/F0 values than those for the H2O-treated 

controls (Figure 6.1B, Wilcoxon rank-sum after Kruskal-Wallis, p ≤ 0.0001). Aphid extract 

treatment induced GCaMP3 reporter signals (Figure 6.1A) that gave significantly greater peak 

ΔF/F0 values than those for the 0.25% v/v PBS-treated controls (Figure 6.1B, Wilcoxon rank-sum 

after Kruskal-Wallis, p ≤ 0.0001). As such, aphid extract induces [Ca2+] elevations in A. thaliana 

seedlings suggesting that aphid HAMP perception could contribute to M. persicae feeding-

induced [Ca2+] elevations and the perception of aphid feeding in A. thaliana.  

 

Figure 6.1 Aphid extract from M. persicae induces GCaMP3 signals in A. thaliana 
seedlings. 
 
GCaMP3 reporter signals in 10-day-old A. thaliana seedlings expressing UBQ10::GCaMP3  
treated with 20 nM flg22 (n = 14), H2O (flg22 negative control,  n = 16),  0.25% v/v aphid 
extract (n = 32) or 0.25% v/v 1 x PBS (aphid extract negative control, n = 29). Background 
corrected fluorescence intensity (F, A.U.) values were recorded at 1 min intervals  for 30 
min prior to treatment and 90 min after treatment. F values were then transformed into 
ΔF/F0 values with F0 for each sample being the mean F over the 30 min prior to 
treatment. (A) Mean ± S.E.M. ΔF/F0 traces over time with treatment occurring at 0 min 
(grey dashed line). (B) Boxplots for the peak ΔF/F0 values with grey dots associated with 
outliers. Statistical signif icance was assessed using a Kruskal-Wall is test with pairwise 
Wilcoxon post hoc tests.  Signif icantly different groups are indicated by the different 
letters.  

a 

b 

c 
c 
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6.2.3. BAK1 and SOBIR1 contribute to aphid extract-induced [Ca2+] elevations which are 

GLR3.1/3.3/3.6-independent 

Next, I investigated whether specific candidate genes, namely GLR3.1/3.3/3.6, BAK1 and 

SOBIR1, contribute to aphid extract-induced [Ca2+] elevations. To do so, I monitored aphid 

extract-induced reporter signals in the glr3.1a glr3.3a glr3.6a, bak1-5 and sobir1-12 A. thaliana 

mutants expressing UBQ10::GCaMP3 alongside Col-0 control samples. For all three genotypes, 

there were no differences in baseline intensities between the mutant and Col-0 samples (glr3.1a 

glr3.3a glr3.6a: Figure 6.2A, ANOVA, F = 0.70, p = 0.56; bak1-5: Figure 6.3A, Kruskal-Wallis, χ2 = 

8.78, p = 0.06; sobir1-12: Figure 6.4A, ANOVA, F = 0.28, p = 0.84). Aphid extract-induced GCaMP3 

signals in the Col-0 and glr3.1a glr3.3a glr3.6a samples also displayed similar ΔF/F0 traces (Figure 

6.2B) with no statistically significant differences in the peak ΔF/F0 values (Figure 6.2C, Tukey 

post hoc test following ANOVA, p = 0.98). However, compared with Col-0, the bak1-5 and sobir1-

12 mutants displayed aphid extract-induced GCaMP3 signals with reduced amplitude ΔF/F0 

elevations (Figure 6.3B, Figure 6.4B) and reduced peak ΔF/F0 values (bak1-5: Figure 6.3C, 

pairwise Wilcoxon rank-sum following Kruskal-Wallis, p ≤ 0.0001; sobir1-12: Figure 6.4C, 

pairwise Wilcoxon rank-sum following Kruskal-Wallis, p ≤ 0.0001). The reduction in aphid 

extract-induced ΔF/F0 elevations appeared more severe in the sobir1-12 mutants (Figure 6.4B) 

than in the bak1-5 mutants (Figure 6.3B). These data indicate that GLR3.1/3.3/3.6 do not 

function in aphid extract-induced [Ca2+] elevations whilst BAK1 and SOBIR1 do. As such, BAK1 

and SOBIR1 could contribute to M. persicae feeding-induced [Ca2+] elevations by mediating 

HAMP perception. 
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Figure 6.2 Aphid extract-induced GCaMP3 signals are not altered in glr3.1 glr3.3a glr3.6a 
mutants. 
 
GCaMP3 reporter signals in 10-day-old Col-0 or  glr3.1a glr3.3a glr3.6a  (‘Mutant’)  A. 
thaliana seedlings expressing UBQ10::GCaMP3  treated with 0.25% v/v aphid extract or 
0.25% v/v 1 x PBS (negative control). Background corrected f luorescence intensity (F, A.U.) 
values were recorded at 1 min intervals for 30 min prior to treatment and 90 min after 
treatment. F values were then transformed into ΔF/F0 values with F0 for each sample 
being the mean F over the 30 min prior to treatment. Boxplots are shown for the (A) F0 
values (A.U.) and (C) peak ΔF/F0 values. Statistical significance was assessed using an (A) 
ANOVA with a Tukey post hoc test or a (C) Kruskal-Wallis test with post  hoc pairwise 
Wilcoxon rank-sum tests. Significantly different groups are indicated by the different 
letters. (B) Mean ± S.E.M. ΔF/F0 traces over time with treatment occurring at 0 min (grey 
dashed line). Sample s izes were 0.25% PBS x Col-0: n  = 15,  0.25% Aphid Extract x Col-0: n
= 16, 0.25% PBS x Mutant: n  = 15, 0.25% Aphid Extract x Mutant: n  = 15.  
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Figure 6.3 Aphid extract-induced GCaMP3 signals are reduced in bak1-5 mutant A. 
thaliana.  
 
GCaMP3 reporter signals in 10-day-old Col-0 or bak1-5  (‘Mutant’) A. thaliana seedlings 
expressing UBQ10::GCaMP3  treated with 0.25% v/v aphid extract or 0.25% v/v 1 x PBS 
(negative control). Background corrected f luorescence intensity (F, A.U.) values were 
recorded at 1 min intervals for 30 min prior to treatment and 90 min after treatment. F 
values were then transformed into ΔF/F0 values with F0 for each sample being the mean 
F over the 30 min prior to treatment. Boxplots are shown for the (A) F0 values (A.U.) and 
(C)  peak ΔF/F0 values, with grey dots associated with outliers. Statistical significance 
was assessed using Kruskal-Wallis tests with post hoc pairwise Wilcoxon rank-sum tests 
and significantly different groups are indicated by the different letters.  (B) Mean ± 
S.E.M. ΔF/F0 traces over time with treatment occurring at 0 min (grey dashed l ine).  
Sample sizes were 0.25% PBS x Col-0: n  = 15,  0.25% Aphid Extract x Col-0: n  = 14, 0.25% 
PBS x Mutant: n  = 15, 0.25% Aphid Extract x Mutant:  n  = 16.  
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Figure 6.4 Aphid extract-induced GCaMP3 signals are severely reduced in sobir1-12 
mutant A. thaliana.  
 
GCaMP3 reporter signals in 10-day-old Col-0 or sobir1-12  (‘Mutant’) A. thaliana seedlings 
expressing UBQ10::GCaMP3  treated with 0.25% v/v aphid extract or 0.25% v/v 1 x PBS 
(negative control). Background corrected fluorescence intensity (F, A.U.) values were 
recorded at  1 min intervals for 30 min prior to treatment and 90 min after treatment. F 
values  were then transformed into ΔF/F0 values with F0 for each sample being the mean 
F over the 30 min prior to treatment. Boxplots are shown for the (A) F0 values (A.U.) and 
(C)  peak ΔF/F0 values, with grey dots associated with outliers.  Statistical  significance was 
assessed using an (A)  ANOVA with a post hoc Tukey test  and (C) a Kruskal-Wall is test with 
post hoc pairwise Wilcoxon rank-sum tests. Significantly different groups are indicated by 
the different letters. (B) Mean ± S.E.M. ΔF/F0 traces over t ime with treatment occurring 
at 0 min (grey dashed line). Sample sizes were 0.25% PBS x Col-0: n  = 14, 0.25% Aphid 
Extract x Col-0: n  = 12, 0.25% PBS x Mutant: n  = 15, 0.25% Aphid Extract x Mutant:  n  = 14.
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6.2.4. BAK1 does not appear to contribute to M. persicae feeding-induced [Ca2+] 

elevations in the glr3.3a background   

In Chapter 3, bak1-5 UBQ10::GCaMP3 mutants were found to display wildtype M. 

persicae feeding-induced GCaMP3 reporter signals. As bak1-5 mutants were impaired in aphid 

extract-induced responses which were GLR3.1/3.3/3.6-independent, I hypothesised that the 

contribution of BAK1 to aphid feeding-induced [Ca2+] elevations may only be visible in the glr3.3a 

mutant background. Therefore, I assessed M. persicae feeding-induced [Ca2+] elevations in Col-

0 and bak1-5 glr3.3a A. thaliana expressing UBQ10::GCaMP3. F0 values were not statistically 

different between these genotypes (Figure 6.5A, t-test, t = -0.84, p = 0.41). GCaMP3 reporter 

signals were clear in both genotypes as reflected in the normalised ΔF/F0 traces but the bak1-5 

glr3.3a mutant trace appeared smoother than the Col-0 trace (Figure 6.5B). There was no 

statistically significant difference in the peak values between the genotypes (Figure 6.5C, 

Wilcoxon rank-sum, W = 349, p = 0.14) but the signal propagation rates were significantly 

reduced in bak1-5 glr3.3a samples compared to in Col-0 samples (Figure 6.5D, Wilcoxon rank-

sum, W = 662, p = 0.0014). Signal areas did not differ significantly between the genotypes (Figure 

6.5E, Wilcoxon rank-sum, W = 483, p = 0.64). As the approaches used only facilitated the imaging 

of two genotypes in parallel, M. persicae feeding-induced GCaMP3 signals in the bak1-5 glr3.3a 

mutant were not directly compared to those in the glr3.3a mutant. However, the phenotype 

detected for the bak1-5 glr3.3a mutant recapitulated the phenotype demonstrated for A. 

thaliana carrying the glr3.3a mutation. Therefore, BAK1 appears not to contribute to M. persicae 

feeding-induced [Ca2+] elevations in the glr3.3a background. Directly comparing M. persicae 

feeding-induced GCaMP3 signals in the bak1-5 glr3.3a and glr3.3a A. thaliana mutants could 

further test this conclusion. 
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Figure 6.5 BAK1 does not appear to contribute to M. persicae feeding-induced GCaMP3 
signals in glr3.3a mutant A. thaliana .  
 
Properties of M. persicae feeding-induced GCaMP3 signals in Col-0 and bak1-5  glr3.3a  A. 
thaliana expressing UBQ10::GCaMP3 (n = 30). Elevations were recorded by imaging A. 
thaliana  leaves subjected to M. persicae  or no aphid control treatments.  Background-
corrected f luorescence intensity (F, A.U.) values were recorded over the area of feeding-
induced responses and at comparable control  sites and transformed into ΔF/F0 values
with F0 being the mean F over the 5 min prior to feeding. (B) Traces for the mean ± S.E.M.
normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0) over time with feeding beginning 
at 0 min (grey dashed l ine). Boxplots are displayed for the (A) feeding site F0 values  
(A.U.),  (C)  peak normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0), (D) signal 
propagation rates (µm s- 1) and (E ) signal areas (mm2), with grey dots associated with 
outliers. Statistical significance, tested using a (A) t-test or  a (C,  D,  E) Wilcoxon rank-sum 
test, shown by ns: p  > 0.05, **: p  ≤ 0.01.  
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6.2.5. SOBIR1 does not appear to contribute to M. persicae feeding-induced [Ca2+] 

elevations in the Col-0 or glr3.3a background 

To assess if SOBIR1 contributes to M. persicae feeding-induced [Ca2+] elevations, I 

investigated M. persicae feeding-induced GCaMP3 signals in sobir1-12 and sobir1-12 glr3.3a A. 

thaliana expressing UBQ10::GCaMP3 alongside Col-0 controls. For both genotypes, F0 values 

were not statistically different from those in their Col-0 controls (sobir1-12: Figure 6.6A, t-test, 

t = 0.42, p = 0.68; sobir1-12 glr3.3a: Figure 6.7A, Wilcoxon rank-sum, W = 375, p = 0.27). M. 

persicae feeding induced GCaMP3 reporter signals in both the sobir1-12 and sobir1-12 glr3.3a 

mutants and in their Col-0 controls. For the sobir1-12 mutant, the mean normalised ΔF/F0 trace 

was similar to the Col-0 trace (Figure 6.6B). However, as with the glr3.3a single mutant, the 

sobir1-12 glr3.3a mutant mean normalised ΔF/F0 trace was visibly smoother than the Col-0 trace 

(Figure 6.7B). There were no statistically significant differences between Col-0 and sobir1-12 

samples in peak normalised ΔF/F0 values (Figure 6.6C, Wilcoxon rank-sum, W = 733, p = 0.73), 

signal propagation rates (Figure 6.6D, Wilcoxon rank-sum, W = 680, W = 0.84) or signal areas 

(Figure 6.6E, Wilcoxon rank-sum, W = 715, p = 0.88). Reporter signals in Col-0 and sobir1-12 

glr3.3a samples were not statistically different in their peak normalised ΔF/F0 values (Figure 

6.7C, Wilcoxon rank-sum, W = 510, p = 0.38) or signal areas (Figure 6.7E, Wilcoxon rank-sum, W 

= 378, p = 0.29) but mutant signals did display reduced signal propagation rates (Figure 6.7D, 

Wilcoxon rank-sum, W = 705, p = 0.0001). As such, sobir1-12 mutants were not impaired in M. 

persicae feeding-induced GCaMP3 signals and the phenotype of the sobir1-12 glr3.3a mutant 

GCaMP3 signals could be fully explained by the glr3.3a mutation. Therefore, SOBIR1 does not 

appear to contribute to M. persicae feeding-induced [Ca2+] elevations in the Col-0 or glr3.3a 

background. Directly comparing M. persicae feeding-induced GCaMP3 signals in the sobir1-12 

glr3.3a and glr3.3a A. thaliana mutants could further test this conclusion. 
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Figure 6.6 The sobir1-12  mutation does not affect M. persicae feeding-induced GCaMP3 
signals in Col-0 A. thaliana.  
 
Properties of M. persicae feeding-induced GCaMP3 signals in Col-0 (n  = 35) and sobir1-
12  (n  = 40) A. thaliana expressing UBQ10::GCaMP3 .  Elevations were recorded by imaging 
A. thaliana  leaves subjected to M. persicae  or no aphid control treatments. Background-
corrected f luorescence intensity (F, A.U.) values were recorded over the area of feeding-
induced responses and at comparable control  sites and transformed into ΔF/F0 values
with F0 being the mean F over the 5 min prior to feeding. (B) Traces for the mean ± S.E.M.
normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0) over time with feeding beginning 
at 0 min (grey dashed l ine). Boxplots are displayed for the (A) feeding site F0 values  
(A.U.),  (C)  peak normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0), (D) signal 
propagation rates (µm s- 1) and (E ) signal areas (mm2), with grey dots associated with 
outliers. Statistical significance, tested using a (A) t-test or  a (C,  D,  E) Wilcoxon rank-sum 
test, shown by ns: p  > 0.05.  
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Figure 6.7 SOBIR1  does not appear to contribute to M. persicae feeding-induced 
GCaMP3 signals in the glr3.3a  background. 
 
Properties of M. persicae feeding-induced GCaMP3 signals in Col-0 and sobir1-12 glr3.3a  
A. thaliana expressing UBQ10::GCaMP3 (n  = 30). Elevations were recorded by imaging A. 
thaliana  leaves subjected to M. persicae  or no aphid control treatments.  Background-
corrected f luorescence intensity (F, A.U.) values were recorded over the area of feeding-
induced responses and at comparable control  sites and transformed into ΔF/F0 values 
with F0 being the mean F over the 5 min prior to feeding. (B) Traces for the mean ± S.E.M. 
normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0) over time with feeding beginning 
at 0 min (grey dashed l ine). Boxplots are displayed for the (A) feeding site F0 values 
(A.U.),  (C)  peak normalised ΔF/F0 values (Aphid ΔF/F0 – Control ΔF/F0), (D) signal 
propagation rates (µm s- 1) and (E ) signal areas (mm2), with grey dots associated with 
outliers. Statistical signif icance, tested using a Wilcoxon rank-sum test, shown by ns: p  
> 0.05, ***: p ≤ 0.001. 
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6.3. Discussion 

Live imaging of genetically encoded fluorescent reporters has provided insights into how 

A. thaliana recognises and responds to aphid and thrips feeding and the role of GLR3.3 in these 

responses. Coupling a reverse genetics approach with reporter imaging here facilitated 

investigations into additional candidate genes that could contribute to the perception of aphid 

and thrips feeding in A. thaliana. The potential of candidate genes to function in responses to 

localised aphid or thrips feeding was first assessed by testing whether they function in responses 

to wounding, touch, or aphid HAMP treatments. 

With the perception of mechanical stress and/or damage seemingly significant in aphid 

and thrips feeding-induced responses, many genes were investigated here for their known roles 

in damage or mechanical stress perception. Despite this, no candidate mutants were clearly 

impaired in wound- or touch-induced [Ca2+] elevations with only some differences identified that 

would require further investigation to evaluate definitively. For tpc1-2 and single or double 

mutants in RBOHD and RBOHF, recent data in cotyledons have supported that they do not 

contribute to localised wound-induced [Ca2+] elevations (Bellandi et al., 2022). The absence of 

strong phenotypes in investigations here may have resulted from the candidate genes not 

contributing to the responses investigated. However, functional redundancy in candidate gene 

function or epistatic interactions may have masked some contributions. This could have been 

particularly influential in wound responses in the wild-type background as GLR3.3-dependent 

wave [Ca2+] elevations appeared to suppress the GLR3.3-independent secondary [Ca2+] 

elevations (Chapter 4). To avoid this effect hiding the contributions of candidate genes to 

wound-induced [Ca2+] elevations, bak1-5, dorn1-3, fer-4, mik2-6, and tpc1-2 mutants were 

wounded in the wild-type and glr3.3a backgrounds. As touch responses recapitulate GLR3.3-

independent wound responses, touch stimuli provided the opportunity to investigate candidate 

gene function in mechanical stress-induced responses in the absence of GLR3.3 activation. Even 

with these efforts, no clear mutant phenotypes were identified in the touch- or wound-induced 

[Ca2+] elevations. Therefore, the genes investigated were deemed unlikely to contribute to 

damage or mechanical stress perception during aphid or thrips feeding. 

As aphid extract contains putative HAMPs that induce PTI-like responses through the 

BAK1 and SOBIR1 co-receptors (Prince et al., 2014; Canham, 2022), I tested whether aphid 

HAMP perception could contribute to M. persicae feeding-induced [Ca2+] elevations via BAK1 or 

SOBIR1. Aphid extract induced [Ca2+] elevations that were GLR3.1/3.3/3.6-independent 

suggesting that HAMP perception could contribute to aphid feeding-induced [Ca2+] elevations 

independently of these GLRs. Furthermore, aphid extract-induced [Ca2+] elevations were 
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partially BAK1- and SOBIR1-dependent. Despite this, neither protein clearly contributed to the 

[Ca2+] elevations induced by M. persicae feeding in the wild-type or glr3.3a background. This 

may be because the perception of aphid extract-associated HAMPs involves multiple redundant 

receptors. Alternatively, aphid HAMP perception may not significantly contribute to the aphid 

feeding-induced [Ca2+] elevations detected. In the latter case, it could be that M. persicae 

effectors suppress SOBIR1- and BAK1-dependent responses reducing their contribution to the 

feeding-induced [Ca2+] elevations. A candidate effector for this would be Mp10 which is 

delivered into plants with feeding, suppresses aphid extract-induced responses and targets 

BAK1-dependent responses (Mugford et al., 2016; Drurey et al., 2019). Nevertheless, BAK1 and 

SOBIR1 do not appear to influence M. persicae resistance in A. thaliana as M. persicae fecundity 

is unaltered on bak1 and sobir1 mutants (Prince et al., 2014; Canham, 2022; Drurey et al., 2019). 

Therefore, BAK1- and SOBIR1-dependent HAMP perception does not clearly contribute to M. 

persicae feeding-induced [Ca2+] elevations or determine M. persicae resistance in A. thaliana. 

The work presented here revealed that various candidate genes do not clearly contribute 

to localised wound- or touch-induced [Ca2+] elevations. Nonetheless, the approaches taken were 

not successful in identifying genes that function in the perception of aphid or thrips feeding in 

A. thaliana. Here, I will consider the approaches taken along with potential options for future 

efforts to identify components that underpin the perception of aphid or thrips feeding in A. 

thaliana. 

6.3.1. Outstanding candidates components for functioning in localised damage or 

mechanical stress perception in A. thaliana 

Using the reverse genetics approach taken here, many genes that could contribute to 

localised damage or mechanical stress perception were not investigated. These genes could 

form candidates for future investigations into aphid or thrips perception in A. thaliana. 

One group of candidates could focus on those linked to GLR3.3 regulation or activity. For 

example, GLR3.5 plays an intriguing role in systemic wound-induced action potential (AP) 

propagation as it prevents AP transmission to non-neighbouring leaves (Salvador-Recatalà, 

2016). As GLR3.3 contributes to this AP transmission (Salvador-Recatalà, 2016), it may be that 

GLR3.5 influences GLR3.3 activity and could do so in A. thaliana responses to aphid or thrips 

feeding. One way GLR3.5 could influence GLR3.3 activity may be through hetero-tetrameric 

complex formation as GLRs can form homo- or hetero-tetrameric channel complexes (Wudick 

et al., 2018a). Recently, the TGG1 and TGG2 thioglucosidase enzymes were implicated in large-

scale wound-induced systemic signalling responses (Gao et al., 2023). These enzymes appear to 

travel rapidly via the xylem and mediate glucosinolate hydrolysis upstream of systemic signalling 
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responses, including membrane depolarisations and [Ca2+] elevations, that are partially 

dependent on GLR3.3 (Gao et al., 2023). Whilst this TGG signalling is thought to be restricted to 

the vascular tissue (Gao et al., 2023), it may be possible that TGG activity indirectly or directly 

activates GLR3.3 in localised damage-induced responses. Additionally, IMPORTIN SUBUNIT α-2, 

IMPA2, was found in yeast to interact with GLR3.3 (Wu et al., 2022). Whilst impa2-1 mutants 

were not impaired in large-scale wound-induced systemic depolarisations (Wu et al., 2022), 

IMPA2 could still influence GLR3.3 activity in localised responses. Finally, the Cornichon family 

proteins, CNIH1 and 4, interact with GLR3.3 and can influence its conductance in COS-7 cells and 

its localisation in A. thaliana sperm (Wudick et al., 2018b). Therefore, CNIH proteins could 

influence GLR3.3 activity in leaf mesophyll or epidermal tissue. In summary, GLR3.5, TGG1/2, 

IMPA2 and CNIH proteins could influence GLR3.3 activity in A. thaliana responses to aphid or 

thrips feeding.  

Though many candidate genes were investigated for their contributions to large-scale 

wound-induced responses alongside GLR3.3, some candidates were not examined. For example, 

ANNEXIN1 has been implicated in large-scale wound-induced rapid systemic [Ca2+] elevations 

and in resistance against S. littoralis (Malabarba et al., 2021). Additionally, CNGC19 functions in 

the vascular propagation of large-scale wound-induced [Ca2+] elevations in wounded leaves and 

in JA-mediated resistance against S. littura (Meena et al., 2019). Mutants in CNGC19 are also 

impaired in PEP perception (Meena et al., 2019). Though pepr1 pepr2 mutants displayed wild-

type localised wound- and touch-induced [Ca2+] elevations here, CNGC19 could still function in 

these responses. Therefore, ANNEXIN1 and CNGC19 could function in A. thaliana responses to 

localised wounding or insect feeding alongside GLR3.3.  

Some mechanosensitive ion channels were not investigated here but could function in 

aphid or thrips feeding-induced responses. In addition to MSL10 which was investigated, there 

are 9 MSL proteins thought to function as stretch-activated ion-permeable channels (Hamilton 

et al., 2015b). MSL4, 5, 6 and 9 are unlikely candidates here as wound- and touch-induced gene 

expression was unaltered on quintuple A. thaliana mutants in these genes and MSL10 (Haswell 

et al., 2008). MSL8 is thought to be localised to pollen (Hamilton et al., 2015a) also making it an 

unlikely candidate for contributing to aphid or thrips feeding-induced responses in leaves. 

However, because MSLs have diverse functions that have been difficult to characterise (Basu 

and Haswell, 2017), they could reasonably contribute to A. thaliana responses to aphid or thrips 

feeding. The A. thaliana genome also encodes 15 OSCA proteins with some members known to 

function as mechanosensitive ion channels (Murthy et al., 2018) and be Ca2+-permeable (Yuan 

et al., 2014; Thor et al., 2020). Known A. thaliana OSCA functions are largely in root cells and 

guard cells (Guichard et al., 2022), with roles in osmosensing (Yuan et al., 2014) and stomatal 
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immunity (Thor et al., 2020). However, many OSCA proteins have poorly characterised functions 

(Hartmann et al., 2021) and some, such as OSCA1.1, have been identified in leaf mesophyll cells 

(Tenorio Berrío et al., 2022). With the potential then to mediate mechanosensing in leaves, 

OSCAs could be candidates for mechanical stress perception during aphid or thrips feeding along 

with MSLs.   

Additional candidate components that could contribute to perceiving aphid or thrips 

feeding include those that perceive mechanical stresses or cell wall damage through sensing 

physicochemical changes in the cell wall (Rui and Dinneny, 2020). Many of these are RLKs 

including THESEUS1 that binds RALF34 (Gonneau et al., 2018) and functions in responses to cell 

wall damage (Engelsdorf et al., 2018b). Wall-associated kinases (WAKs) are also RLKs that form 

cell wall integrity sensors. WAKs perceive the pectin derivatives of homogalacturonan and 

oligogalacturonides (OGs) to mediate responses such as to the pathogen, Botrytis cinerea 

(Brutus et al., 2010; Kohorn et al., 2009; Decreux and Messiaen, 2005). Beyond RLKs, other 

plasma membrane proteins can contribute to sensing mechanical stresses via cell wall changes 

including GPI-anchored proteins, Leucine-rich Repeat Extensins (LRXs) and proteins that link the 

cell wall and cytoskeleton (Rui and Dinneny, 2020). Whilst FER functions in sensing cell wall 

properties (Dünser et al., 2019) and did not show any clear contribution to wound- or touch-

induced responses here, other cell wall sensing components could still contribute to these 

responses. Therefore, proteins that sense cell wall properties may form candidates for 

functioning in A. thaliana responses to aphid or thrips feeding. 

Whilst not an exhaustive list, the proteins and genes outlined here are interesting 

candidates that may function in A. thaliana mechanical stress or damage perception during 

aphid or thrips feeding. These candidates could be considered for any future reverse genetics 

investigations into aphid or thrips feeding-induced responses in A. thaliana, especially if 

additional evidence supports their potential to contribute to these responses.  

6.3.2. Limitations of the reverse genetics approach 

Here, the screening approach taken focussed on coupling reverse genetics with 

genetically encoded [Ca2+] reporter imaging to assess the contribution of candidate genes to 

touch- and/or wound-induced responses. The [Ca2+] reporter imaging allowed rapid A. thaliana 

responses to be assessed with high spatiotemporal resolution and relevance to aphid and thrips 

feeding-induced responses. However, the approach taken experienced limitations which should 

be considered for future reverse genetics efforts to investigate plant responses to localised 

wounding, touch, aphid feeding or thrips feeding.  
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The approach taken here assumed that the [Ca2+] elevations imaged were actively 

regulated by A. thaliana proteins and were not passive responses to cell damage or mechanical 

stress. Support for active regulation comes from the contribution of GLR3.3 to some 

components of the [Ca2+] elevations induced by thrips feeding, aphid feeding and wounding. 

However, localised wounding by laser ablation in roots is thought to cause a loss of membrane 

integrity and a passive Ca2+ influx that drives MC4-dependent PEP1 release (Hander et al., 2019). 

Moreover, laser ablation in D. melanogaster epithelial cells causes cavitation induced microtears 

in neighbouring cells that allow Ca2+ influx and passive [Ca2+] elevations that spread via gap 

junctions (Shannon et al., 2017). Therefore, it could be that components of the [Ca2+] elevations 

induced by localised insect feeding, wounding, or even touch, are passive consequences of a loss 

of membrane integrity. Monitoring passive responses in candidate mutants would not reveal 

genes that actively and directly regulate responses to localised insect feeding, wounding or 

touch. An improved understanding of the cellular processes behind the [Ca2+] elevations induced 

by these localised stimuli would help establish whether any components are passive and aid the 

design of further investigations.  

The need to introduce reporter transgenes into the desired mutant backgrounds limited 

both the number of genes and mutant alleles that could be investigated and the ability to 

investigate higher-order mutants. To overcome this limitation with a reverse genetics approach, 

mutants could have been transformed with reporter transgenes or produced in a reporter 

expressing background by gene editing, as was performed to produce glr2.7 glr2.8 glr2.9 A. 

thaliana expressing YC3.6 (Bjornson et al., 2021). However, these approaches require further 

characterisation of reporter expression or mutation success, respectively, limiting their benefits. 

Alternatively, virus-induced gene silencing (VIGS), or other gene knockdown methods, could be 

used to silence candidate genes for investigation in A. thaliana plants expressing a reporter 

transgene (Fernandez and Gilroy, 2023). For each mutant of interest, VIGS plasmids must be 

developed, and the gene expression knockdown must be validated. Therefore, whilst this 

method eliminates the need for crossing, it can still be time consuming and challenging. To 

visualise [Ca2+] elevations in known mutant backgrounds without using a transgenic reporter, 

fluorescent [Ca2+] reporter dyes can be used. Loading [Ca2+] reporter dyes can be difficult and 

hard to standardise (Grenzi et al., 2021). However, a method has recently been developed for 

the reproducible and efficient loading of a ROS dye, H2DCFDA, into plants by fumigation 

(Fichman et al., 2019). This method has also been adapted to the [Ca2+] reporter dye, Fluo-4-

AM, and both dyes have been used to investigate large-scale wound-induced rapid systemic 

signalling (Fichman and Mittler, 2021a; Fichman et al., 2020; Fichman et al., 2019). Loading 

fluorescent reporter dyes into A. thaliana in this way could facilitate the visualisation of [Ca2+] 

elevations for a reverse genetics approach. However, this method has not yet been utilised to 
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visualise localised responses to stimuli and it is unclear whether it can provide a sufficient SNR 

and spatiotemporal resolution to do so. Therefore, whilst alternative methods exist that could 

facilitate a reverse genetics approach with [Ca2+] imaging, it is not clear whether these methods 

would be suitable and more efficient than the approaches taken here.  

In summary, the approaches taken here were based on the need for a high 

spatiotemporal resolution output, the knowledge of aphid and thrips feeding-induced responses 

and the proven techniques available. These approaches were limited in their throughput and 

did not identify novel genes involved in localised wound or touch perception. Future reverse 

genetics investigations into the responses induced by localised wounding, touch or insect 

feeding, may benefit from characterising the cellular responses to these stimuli and exploring 

alternative approaches to those used here.  

6.3.3. Alternative approaches to reverse genetics 

There are alternative approaches to reverse genetics that could help to identify 

components that function in the perception of aphid or thrips feeding in A. thaliana. These 

approaches could be screens broader in scope or methods that use existing information to focus 

investigations on relevant genes.  

A forward genetics screen could be used to search for components that function in A. 

thaliana responses to aphid or thrips feeding. The best read out for these localised responses 

may be [Ca2+] reporter signals. Therefore, a [Ca2+] reporter expressing A. thaliana population 

could be mutagenized for such a screen. A. thaliana expressing the [Ca2+] reporter, aequorin, 

has been used for forward genetics screens to identify genes involved in responses to various 

stimuli including pathogen exudates (Michal Johnson et al., 2014). Optimised protocols for 

forward genetics screens using aequorin have been developed (Sun et al., 2021). For the forward 

genetics screen proposed here, a non-FRET, ratiometric fluorescent [Ca2+] reporter could 

provide sufficient resolution for imaging whilst also helping to identify variation in reporter 

expression or background variables. Screening responses to aphid feeding would be challenging 

due to variation in aphid feeding behaviour and the responses induced. However, the wounding 

or touch stimuli could be amenable for the proposed screen. These stimuli were applied 

manually for data presented here and wounding occasionally caused damage to veins. For 

reproducibility in a screen, it may be beneficial to automate the wound and touch stimuli. 

Interestingly, thrips could be used for a forward genetics screen as thrips feeding reliably 

induced wave [Ca2+] elevations and often produced multiple responses on one leaf allowing any 

phenotypes to be assessed with higher confidence. In summary, a search to find components 
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involved in A. thaliana responses to aphid or thrips feeding may benefit from a forward genetics 

screen. 

The knowledge of components involved in responses to localised wounding, touch or 

insect feeding could be used to identify associated components that also function in these 

responses. For example, components that interact with GLR3.3 may also be implicated in 

responses to localised aphid or thrips feeding. A yeast-two-hybrid (Y2H) screen can be used to 

identify interactors of target proteins. This approach revealed that ISI1 interacts with GLR3.3 

and led to the discovery that ISI1 influences GLR3.3 activity in large-scale wound-induced 

responses (Wu et al., 2022). In planta, GLR3.3 interactors could be identified by performing 

GLR3.3 immunoprecipitation before mass spectrometry (IP-MS) on interacting proteins. For this, 

tagged GLR3.3 expressing A. thaliana lines could be used (Nguyen et al., 2018; Toyota et al., 

2018). This approach has recently been performed successfully for MSL10 (Codjoe et al., 2022). 

However, to derive the most relevant insights with IP-MS, it is necessary to perform 

investigations in the context of the stimuli or responses of interest. With the stimuli and 

responses here being localised, it may be challenging to acquire samples for investigation with 

IP-MS. Nonetheless, any components found to function in the perception of aphid feeding, 

thrips feeding, wounding or touch, could be built upon to identify associated components that 

also function in the perception of these stimuli. 

6.3.4. The search can continue 

This chapter aimed to identify additional components that function in responses to aphid 

or thrips feeding in A. thaliana. Of the candidate genes investigated, none were found to clearly 

contribute to localised wound- or touch-induced [Ca2+] elevations. Therefore, the genes 

investigated were deemed unlikely to function in A. thaliana responses to aphid or thrips feeding 

through damage or mechanical stress perception. Moreover, BAK1 and SOBIR1 were found not 

to contribute to M. persicae feeding-induced [Ca2+] elevations despite functioning in aphid 

extract-induced [Ca2+] elevations. Whilst there are remaining candidate genes that could be 

investigated with the same approaches used here, future investigations may benefit from 

utilising an alternative reverse genetics approach or a forward genetics screen. It may also 

benefit investigations to better understand the cellular processes that underpin the GLR3.3-

dependent wave [Ca2+] elevations and the burst and secondary [Ca2+] elevations in responses to 

localised stimuli. This will help identify any candidate genes that could be involved and whether 

any components of the [Ca2+] elevations are passively regulated. The results and material 

generated here should help guide future investigations that continue to search for molecular 

components involved in the perception of aphid or thrips feeding.   
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7.1. Summary and Discussion of Research Findings  

Plants must specifically perceive biotic stresses to be able to launch appropriate defence 

responses. Characterising inducible plant defence responses is of growing importance for efforts 

to enhance crop resistance against pests and pathogens. The mechanisms by which plants 

perceive and signal attack from chewing insect pests, such as caterpillars, have been heavily 

studied. In contrast, the mechanisms by which plants recognise and respond to insect pests with 

localised feeding behaviours, such as aphids and thrips, are less well characterised. In this thesis, 

I aimed to address the question of how plants initially perceive localised feeding from aphids 

and thrips.  

7.1.1. Developing methods for investigating plant responses to localised stimuli 

To facilitate investigations into how plants perceive aphid and thrips feeding, I first 

developed methods for assessing plant responses to localised stimuli (Chapter 3). These 

methods had to provide high spatiotemporal resolution insights into early plant responses whilst 

coping with the variability of insect behaviour. Imaging genetically encoded fluorescent 

reporters in real-time provides a unique opportunity to meet these demands. Therefore, I 

adapted existing methods for imaging aphid feeding-induced [Ca2+] elevations with GCaMP3 

(Vincent et al., 2017b) to be more robust and work with various intensiometric and ratiometric 

reporters as well as multiple stimuli.  

To ensure methods of genetically encoded fluorescent reporter imaging are robust, it is 

important to address any limitations in the methods. As intensiometric reporters utilise only a 

single fluorescent protein to report analyte levels, they are considered to be more likely than 

ratiometric reporters to produce artefacts as a result of variation in reporter expression (Grenzi 

et al., 2021). However, I demonstrated that differences in reporter expression between 

compared material can give rise to artefactual differences in normalised reporter signals from 

both intensiometric and ratiometric non-FRET reporters. The size of this effect was not 

compared between the reporter types nor were FRET-based reporters directly investigated. 

Nonetheless, methods for imaging any intensiometric and ratiometric reporters were adapted 

to limit the risk of reporter expression differences impacting comparisons of normalised 

reporter signals. To do so, methods incorporated checks for equal baseline fluorescence 

between compared material and background corrections wherever possible. These steps are not 

widely reported in investigations utilising genetically encoded fluorescent reporters. Moreover, 

differences in reporter expression between compared A. thaliana lines appeared to impact data 

that previously implicated BAK1 and TPC1 in M. persicae feeding-induced [Ca2+] elevations 
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(Vincent et al., 2017a). With the advanced methods, I found no phenotype for M. persicae 

feeding-induced GCaMP3 signals in bak1 or tpc1 mutant A. thaliana. Therefore, data presented 

here demonstrated the importance of ensuring equal reporter expression between compared 

material and of performing appropriate background corrections when possible.   

Using ratiometric rather than intensiometric reporters can help detect and control for 

variation in background variables, such as pH. Imaging methods developed here were adapted 

for the YC3.6 FRET-based ratiometric [Ca2+] reporter in investigations reported in Section 6.2.1. 

However, the limited dynamic range and more complex imaging requirements of YC3.6 

compared to GCaMP3 made the former reporter less favourable for investigations here (Grenzi 

et al., 2021; Rose et al., 2014). Ratiometric non-FRET [Ca2+] reporters, often formed of an 

intensiometric reporter and a linked reference FP, can combine the benefits of ratiometric and 

intensiometric reporters. For example, R-GECO1-mTurquoise employs the R-GECO1 [Ca2+]  

reporter with mTurquoise acting as a reference FP for ratiometry (Waadt et al., 2017). Whilst R-

GECO1-mTurquoise requires dual excitation, MatryoshCaMP6s is based on a similar principle 

but requires only one excitation wavelength for both the [Ca2+] reporter of GCaMP6s and the 

reference FP of LSSmOrange (Ast et al., 2017). MatryoshCaMP6s has been used to detect large-

scale wound-induced systemic [Ca2+] elevations (Moe-Lange et al., 2021) and seems suitable for 

visualising plant responses to localised stimuli. By utilising ratiometric non-FRET [Ca2+] reporters 

with the methods developed here, future investigations will be better equipped to identify and 

control for variation in background variables.  

In Chapters 4 and 5, imaging methods were adapted for the iGluSnFR intensiometric 

reporter and the apo-pHusion ratiometric reporter. These reporters were imaged along with 

GCaMP3 to investigate how GLR3.3 functions in responses to localised wounding, touch and 

insect feeding. However, because all three reporters contained a GFP-based protein, they had 

to be imaged independently. Such independent imaging of reporters limits the ability to directly 

compare signal properties between reporters and test for correlations in the associated plant 

responses. Deploying the methods developed here to simultaneously image multiple reporters 

with distinct emission spectra could help appreciate the correlations and interactions between 

multiple plant responses. The simultaneous imaging of co-expressed iGluSnFR and R-GECO has 

revealed a close relationship between signals from both reporters in responses to large-scale 

and localised wounding, trichome touch, and turgor pressure changes (Bellandi et al., 2022; 

Grenzi et al., 2023). Multi-parameter imaging can also be achieved by expressing a single protein 

that reports on multiple signalling species (Waadt et al., 2021). For instance, R-GECO1-GSL-

E2GFP simultaneously reports on intracellular [Ca2+] (R-GECO1), pH and [Cl-] (E2GFP) (Waadt et 

al., 2020). Similarly, the CapHensor reporter combines the R-GECO1 and PRpHluorin reporters 
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to allow simultaneous monitoring of intracellular [Ca2+] and pH, respectively (Li et al., 2021a). 

Even with simultaneous reporter imaging, differences in reporter properties, such as ligand 

binding and dissociation rates (Grenzi et al., 2021), can make interpreting the relationship 

between reporter signals challenging. Nonetheless, an improved understanding of plant 

responses to aphid or thrips feeding could be gained by adapting the methods developed here 

to perform simultaneous multi-parameter imaging. 

Identifying and monitoring additional plant responses that occur rapidly with aphid or 

thrips feeding will also help appreciate the plant perception of these insects and the 

corresponding function of any genes. There is an expanding toolbox of genetically encoded 

reporters that could facilitate such investigations. Infestation with some aphid species is known 

to cause elevations in ROS (Goggin and Fischer, 2022). Aphid and thrips feeding-induced ROS 

elevations could be assessed using genetically encoded ROS reporters such as roGFP2-Orp1 

(Nietzel et al., 2019) or HyPer7 (Ugalde et al., 2021). Additionally, as GLR3.3 contributes to large-

scale wound-induced systemic depolarisations (Mousavi et al., 2013), it may be informative to 

assess aphid or thrips feeding-induced membrane potential changes with reporters such as 

ArcLight (Matzke and Matzke, 2015). There is a wide range of genetically encoded reporters that 

have been expressed in A. thaliana allowing various signalling events to be monitored (Colin et 

al., 2021). Any reporters of interest will need to be assessed for their suitability for each stimulus 

and the imaging approaches available. The imaging methods developed here provide a 

foundation for imaging additional reporters to investigate the perception of aphid and thrips 

feeding in A. thaliana.  

In summary, the methods developed here facilitated investigations into the plant 

perception of aphid and thrips feeding. Future investigations may benefit from adapting these 

methods to image non-FRET ratiometric [Ca2+] reporters, to image more reporters or to monitor 

multiple parameters simultaneously. The use of genetically encoded fluorescent reporters to 

study wider plant-insect interactions is gaining popularity. For example, they have been used to 

investigate caterpillar feeding-induced responses in A. thaliana (Toyota et al., 2018; Nguyen et 

al., 2018), Venus flytrap leaf closure (Suda et al., 2020) and leaf movements in Mimosa pudica 

following grasshopper attack (Hagihara et al., 2022). The advances and considerations presented 

here can help ensure such investigations are effective and robust.  

7.1.2. GLR3.3 functions in localised wound-induced responses 

Using the improved methods, I identified that M. persicae feeding-induced [Ca2+] 

elevations are altered in glr3.3a glr3.6a mutant A. thaliana (Chapter 3). This led to an exploration 
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of how GLR3.3 and GLR3.6 contribute to the perception of localised damage and mechanical 

stress that could occur during aphid or thrips feeding (Chapter 4). 

Localised wound-induced [Ca2+] elevations in A. thaliana leaves were found to propagate 

radially as a wave dependent on GLR3.3 but not GLR3.6. In glr3.3a mutants, wounding induced 

an initial [Ca2+] elevation that remained highly spatiotemporally restricted as a ‘burst’ before 

being replaced by a lower intensity and radially propagating ‘secondary’ [Ca2+] elevation. Data 

indicated that the burst likely developed into the wave with the activation of GLR3.3. Moreover, 

the secondary [Ca2+] elevations appeared to be suppressed by the GLR3.3-dependent responses 

in wildtype plants. Therefore, localised wounding seems to induce three phases of [Ca2+] 

elevation: an initial burst elevation; a GLR3.3-dependent wave that develops from the burst; and 

a secondary [Ca2+] elevation that is suppressed in wildtype plants. At the time the investigations 

reported here begun, the only characterised function of GLR3.3 in wound responses was in 

large-scale wound-induced systemic signalling that propagates rapidly via the vascular tissue 

(Nguyen et al., 2018). However, since then collaborators have reported that GLR3.3 functions in 

responses to localised wounding in cotyledons providing support for the findings here (Bellandi, 

2021; Bellandi et al., 2022). Moreover, GLR3.3 has been found to be necessary for localised 

glutamate-induced [Ca2+] elevations in A. thaliana leaves and cotyledons (Grenzi et al., 2023; 

Bellandi et al., 2022). Whilst not directly studied, the large-scale wounding of glr3.3a mutants 

appears to induce [Ca2+] elevations with burst and secondary dynamics at the wound site 

(Nguyen et al., 2018). Therefore, GLR3.3 seems to function in the localised [Ca2+] elevations 

induced by large-scale and localised wounding as well as glutamate application.  

Localised touch-induced [Ca2+] elevations were GLR3.3-independent and displayed burst 

and secondary dynamics. These [Ca2+] elevations were similar to those induced by wounding in 

the glr3.3a mutant but were of a lower magnitude. Therefore, mechanical stress appears to be 

responsible for triggering burst and secondary [Ca2+] elevations in responses to wounding and 

touch.  This thesis proposes two hypotheses regarding the factors that determine the degree of 

GLR3.3 activation and GLR3.3-dependent propagation of burst [Ca2+] elevations: 1) the extent of 

cell damage-induced DAMP release and 2) the extent of mechanical stress experienced. 

Localised wounding, but not touch, induced GLR3.3-dependent responses. Therefore, data 

might suggest that cell damage-induced DAMP release is required for GLR3.3 activation. This 

notion is consistent with the hypothesis that localised damage leads to the release of Glu and 

other GLR3.3 amino acid agonists that spread by diffusion to propagate wave [Ca2+] elevations 

(Bellandi et al., 2022). However, GLR3.3 activation appears to be possible without cell damage 

in responses to mechanical stresses that are likely more severe than the touch stimuli applied 

here. For example, vascular turgor pressure changes can induce GLR3.3-dependent [Ca2+] 



 

239 
 

elevations (Grenzi et al., 2023) and larger leaf touch stimuli can induce GLR3.3/3.6-dependent 

hyponasty (Pantazopoulou et al., 2022). Moreover, trichome bending can induce wave-like 

[Ca2+] elevations (Bellandi et al., 2022; Matsumura et al., 2022) that appear to be GLR3.3-

dependent whilst lighter trichome touch only induces burst and secondary [Ca2+] elevations 

(preliminary data, not shown). These data suggest that the extent of mechanical stress 

experienced may determine the extent of GLR3.3 activation with wounding causing greater 

mechanical stress than touch. Resolving whether the extent of mechanical stress or damage-

induced DAMP release determines localised GLR3.3 activation will be important for a 

mechanistic understanding of its role in responses to localised touch and wounding. 

Localised wounding induced iGluSnFR reporter signals that spatiotemporally correlated 

with the GLR3.3-dependent [Ca2+] elevations. These findings suggest that the damage caused by 

localised wounding induces a release of glutamate as a DAMP that may contribute to the 

activation of GLR3.3. Similar apoplastic [Glu] increases have been reported in responses to large-

scale and localised wounding (Toyota et al., 2018; Bellandi et al., 2022; Grenzi et al., 2023). 

Consistent with apoplastic [Glu] increases activating GLR3.3, exogenously applied Glu can induce 

localised or systemic GLR3.3-dependent [Ca2+] elevations and GLR3.3 can be gated by Glu when 

expressed in the heterologous system of HEK293T cells (Toyota et al., 2018; Qi et al., 2006; 

Bellandi et al., 2022; Grenzi et al., 2023; Shao et al., 2020; Gao et al., 2023). Additionally, 

important ligand binding residues in GLR3.3 are required for [Ca2+] elevations induced by Glu 

treatment or induced systemically by leaf burning (Grenzi et al., 2023). However, in the localised 

wound-induced responses reported here, iGluSnFR signals were likely influenced by coinciding 

apoplastic alkalinisations. Therefore, it is unclear whether localised wounding induces apoplastic 

[Glu] increases that could activate GLR3.3. Similarly, apoplastic pH changes may have influenced 

other reported iGluSnFR signals. For example, trichome bending induces apoplastic 

alkalinisations that appear to correlate with reported iGluSnFR signals and [Ca2+] waves (Bellandi 

et al., 2022; Zhou et al., 2017). Interestingly, when expressed in HEK293T cells, relatively high 

Glu concentrations of 50 mM or above are required to activate GLR3.3 (Shao et al., 2020). 

Therefore, whilst GLR3.3 can be activated by exogenously applied Glu and its key ligand binding 

residues are important for activation, it is unclear whether localised damage causes a release of 

Glu that is sufficient to activate GLR3.3. 

Apoplastic alkalinisations closely correlated with all phases of the wound- and touch-

induced [Ca2+] elevations and similar extracellular pH increases can activate GLR3.3 in HEK293T 

cells (Shao et al., 2020). As the touch-induced burst alkalinisations were of a lower magnitude 

than those induced by wounding, apoplastic alkalinisations could play a significant role in 

activating GLR3.3 in proportion to the extent of mechanical stress experienced. Moreover, 
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because [Ca2+] elevations can promote apoplastic alkalinisations (Monshausen et al., 2009), 

GLR3.3-dependent [Ca2+] and apoplastic pH elevations could form a positive feedback loop that 

promotes GLR3.3-dependent propagation. [Ca2+] elevations have been linked to cytosolic 

acidifications in responses to large-scale wounding in leaves (Behera et al., 2018). However, data 

presented here form the first report of apoplastic alkalinisations coinciding with GLR3.3-

dependent wound-induced responses. In support of GLR3.3 being gated by apoplastic pH in 

planta, H+-ATPase overactivation acidifies the apoplast and negatively regulates large-scale 

wound-induced GLR3.3/3.6-dependent systemic responses (Kumari et al., 2019; Shao et al., 

2020). Additionally, these GLR3.3/3.6-dependent responses are negatively regulated by the 

AHA1 H+-ATPase (Kumari et al., 2019; Shao et al., 2020). Despite this role, AHA1 did not appear 

to function in responses to localised wounding (Chapter 6). It is unclear whether pH gating could 

activate GLR3.3 without concurrent elevations in apoplastic GLR3.3 ligand concentrations. This 

uncertainty is because pH gating of GLR3.3 conductance in HEK293T cells requires at least 50 

mM glutamate (Shao et al., 2020). However, less than 100 µM [Glu] can induce GLR3.3-

dependent [Ca2+] elevations in A. thaliana leaves (Grenzi et al., 2023). With A. thaliana apoplastic 

[Glu] reported at 414.8 µM (Hirner et al., 2006), apoplastic pH changes may alone be sufficient 

to gate GLR3.3 without requiring elevated GLR3.3 ligand concentrations. Therefore, findings 

here are consistent with a model in which the extent of mechanical stress experienced 

determines the magnitude of the burst apoplastic alkalinisations, that subsequently determine 

the extent of localised GLR3.3 activation (Figure 7.1). 

In responses to localised wounding, glr3.3a mutants were impaired in JAZ10 JA marker 

gene expression. Moreover, systemic JAZ10 expression induced by large-scale wounding is 

impaired in glr3.3a mutants (Mousavi et al., 2013; Wu et al., 2022). Therefore, GLR3.3 appears 

to promote JA-mediated responses to both localised and large-scale wounding. However, 

localised wound-induced VSP2 and JOX3 JA marker gene expression in glr3.3a cotyledons is 

unaltered (Bellandi et al., 2022). As localised wound-induced AOS expression was also unaltered 

in glr3.3a mutants here, it appears that GLR3.3 promotes the localised wound-induced 

expression of a subset of JA-inducible genes. This finding indicates that GLR3.3 functions as an 

important component in the regulation of localised wound-induced JA defence signalling. 

In summary, I identified that localised wounding induces burst [Ca2+] elevations that can 

develop to propagate as waves via GLR3.3. In contrast, touch induces GLR3.3-independent burst 

and secondary [Ca2+] elevations. All the localised wound and touch-induced [Ca2+] elevations 

coincide with apoplastic alkalinisations. The extent of localised GLR3.3 activation could be 

determined by the extent of damage-induced DAMP release and/or mechanical stress 

experienced. Data presented here support a model in which the extent of mechanical stress 
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experienced determines the magnitude of the burst apoplastic alkalinisations that 

proportionally promote GLR3.3 activity (Figure 7.1). If the GLR3.3-dependent [Ca2+] elevations 

promote apoplastic alkalinisations, GLR3.3-dependent signal propagation may occur by a Ca2+-

H+ positive feedback loop. As GLR3.3 appears to promote JA-mediated defence gene expression, 

it could be that progressive GLR3.3 activation with increasing mechanical stress allows plants to 

tailor the extent of JA responses to the severity of the mechanical stress experienced. There is 

significant interest in how GLR3.3 functions in localised and large-scale wound-induced 

responses (Toyota et al., 2018; Shao et al., 2020; Moe-Lange et al., 2021; Bellandi et al., 2022; 

Grenzi et al., 2023; Gao et al., 2023). The model and data presented here highlight the potential 

for mechanical stress and apoplastic alkalinisations to determine GLR3.3 activity in planta, as 

well as the need for caution when utilising the iGluSnFR reporter to monitor apoplastic [Glu]. 

These findings could significantly support efforts to understand how GLR3.3 functions more 

broadly in plant responses to wounding and biotic stresses.   

7.1.3. GLR3.3 functions in responses to localised feeding from aphids and thrips 

With an improved understanding of how GLR3.3 contributes to localised damage and 

mechanical stress perception, I explored the role of GLR3.3 in the perception of aphid and thrips 

feeding (Chapter 5). For this, I investigated responses to three aphid species with contrasting 

abilities to colonise A. thaliana: the generalist aphid M. persicae and the specialist aphid B. 

brassicae, both of which readily colonise A. thaliana, and the specialist aphid R. padi, which 

cannot colonise A. thaliana. 

Thrips feeding induced apoplastic alkalinisations and iGluSnFR signals that correlated 

with wave [Ca2+] elevations. These wave [Ca2+] elevations were abolished in the glr3.3a mutant 

and were replaced with burst and secondary [Ca2+] elevations. Therefore, thrips feeding-induced 

[Ca2+] elevations recapitulated those induced by localised wounding. This similarity is consistent 

with both stimuli causing localised cell damage (Hunter and Ullman, 1989; Kindt et al., 2003). 

Furthermore, thrips feeding induced JA marker gene expression and thrips resistance was 

reduced in glr3.3a mutants. With the role identified for GLR3.3 in wound-induced JAZ10 

expression, these data suggest that GLR3.3 contributes to JA-mediated defence responses 

against thrips. This notion is consistent with JA signalling promoting thrips resistance in A. 

thaliana (Abe et al., 2008; Steenbergen, 2022). Taken together, these findings indicate that 

GLR3.3 performs a significant role in the perception of thrips feeding similarly to how it functions 

in the perception of localised wounding.  

Aphid feeding from all the aphid species induced correlated apoplastic alkalinisations, 

iGluSnFR reporter signals and [Ca2+] elevations. The aphid feeding-induced [Ca2+] elevations 
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included some that recapitulated those induced by touch and some that recapitulated the wave 

[Ca2+] elevations induced by wounding. The aphid feeding-induced wave [Ca2+] elevations 

appeared to be GLR3.3-dependent. Additionally, GLR3.3 appeared to contribute to the [Ca2+] 

elevations induced by each aphid species to different extents with a more major role in those 

induced by B. brassicae and R. padi than those induced by M. persicae. M. persicae feeding also 

rarely induced detectable JAZ10 expression and GLR3.3 did not contribute to M. persicae 

resistance. In contrast, JAZ10 expression was detectable in response to a higher proportion of 

R. padi feeding events than M. persicae feeding events and R. padi survival was increased on 

glr3.3a mutants. Finally, despite inducing GLR3.3-dependent [Ca2+] elevations to a similar extent 

as R. padi, B. brassicae rarely induced JAZ10 expression and GLR3.3 did not appear to contribute 

to B. brassicae resistance. Therefore, the signalling mechanism proposed here for localised 

GLR3.3 activity seems to function in responses to aphid feeding but the contribution of GLR3.3 

to the responses appears to vary depending on the aphid species involved.   

As with wound- and touch-induced responses, the extent of GLR3.3 activation induced 

by each of the insect species investigated may positively correlate with the extent of damage 

and/or mechanical stress that occurs during feeding. This is consistent with thrips feeding 

causing more mechanical stress and damage than aphid feeding as well as a greater extent of 

GLR3.3 activation. The extent of damage or mechanical stress caused by feeding may also differ 

between the aphid species, since their feeding behaviours are known to differ and can vary with 

the ability to colonise the host (Cole, 1997; Escudero-Martinez et al., 2021). To assess whether 

feeding behaviours differ between the aphid species and cause differences in cell damage or 

mechanical stress in A. thaliana, it would be informative to monitor the feeding behaviour for 

each aphid species with the electrical penetration graph (EPG) technology (Tjallingii, 1985; 

Tjallingii, 1978; Tjallingii and Esch, 1993). Moreover, coupling EPG with [Ca2+] reporter imaging 

could help identify what cellular events lead to GLR3.3 activation. As an alternative to this 

challenging combined approach, aphid feeding behaviour and the damage caused could be 

assessed after [Ca2+] imaging by visualising stylet tracks (Brennan et al., 2001) together with any 

cell death (Lei et al., 2014). These experiments could help identify if the extent of mechanical 

stress and/or damage caused with aphid or thrips feeding determines the extent of GLR3.3 

activation.  

The influence of aphid effectors on GLR3.3 activity or downstream signalling may also 

differ for the aphid species investigated. For example, M. persicae may deploy effectors that 

suppress GLR3.3 activation and GLR3.3-dependent [Ca2+] elevations. A candidate effector for 

this would be Mp10 which can suppress immune signalling (Bos et al., 2010; Drurey et al., 2019) 

and is delivered into mesophyll cells with aphid feeding (Mugford et al., 2016). R. padi may be 
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less effective at suppressing GLR3.3 activity since it has not evolved to colonise A. thaliana. 

Whilst B. brassicae can colonise A. thaliana, B. brassicae feeding induced GLR3.3-dependent 

[Ca2+] elevations to a similar extent as R. padi. However, B. brassicae did not induce JAZ10 

expression and B. brassicae resistance in A. thaliana did not seem to be GLR3.3-dependent. 

Interestingly, B. brassicae has specialised on Brassicas to sequester plant defensive 

glucosinolates, which then function in the aphids own defence responses (Kazana et al., 2007; 

Pratt et al., 2008). As many glucosinolates are JA regulated and can be induced by damage 

(Textor and Gershenzon, 2009), B. brassicae may have evolved to induce glucosinolate 

production by causing damage, which also activates GLR3.3. To limit GLR3.3-dependent plant 

defence responses, B. brassicae may have evolved effectors that suppress events downstream 

of GLR3.3 activation, such as JAZ10 expression. Whilst no B. brassicae effectors are yet known 

to display this activity, some caterpillar species can deliver the HARP1 effector that suppresses 

JA-dependent gene expression by preventing the degradation of JAZ repressor proteins (Chen 

et al., 2019). The newly discovered role of GLR3.3 in plant responses to aphid feeding could 

facilitate the identification of aphid effectors that target GLR3.3 activation or GLR3.3-dependent 

defence responses. 

In summary, I identified a novel role for GLR3.3 in responses to aphid and thrips feeding. 

The contribution of GLR3.3 to the perception of these insects is likely dependent on the extent 

of damage and/or mechanical stress that occurs with feeding. Therefore, GLR3.3 activation may 

provide a means for plants to tailor certain defence responses against these insects to the extent 

of mechanical stress and/or damage experienced. Additionally, aphid effectors could limit 

GLR3.3 activity or GLR3.3-dependent responses to promote colonisation. Without detailed 

knowledge of GLR3.3 gating in planta, it cannot be determined whether GLR3.3 functions as a 

receptor for DAMPs or as a signalling component in responses to localised insect feeding. 

Nonetheless, implicating GLR3.3 in the perception of damage and/or mechanical stress during 

aphid and thrips feeding advances the understanding of how plants perceive these insects. With 

this, the findings of this thesis have been synthesised into a summary model for how GLR3.3 

activation and mechanical stress perception could function in A. thaliana responses to localised 

wounding, touch, aphid feeding and thrips feeding (Figure 7.1). 
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Figure 7.1 Proposed model for  the function of mechanical stress perception and GLR3.3 
in responses to localised wounding, touch, aphid feeding, and thrips feeding. 
 
A proposed model for the mechanical stress perception of localised stimuli leading to 
[Ca2 +] elevations, apoplastic alkalinisations and JA-mediated defence responses. In this  
model,  the stimuli  shown cause different degrees of mechanical stress: localised 
wounding > F. occidentalis (thrips) > B. brassicae = R. padi > M. persicae > touch. The 
extent of mechanical stress determines the extent of GLR3.3 activation. A greater extent 
of GLR3.3 activat ion with more mechanical stress leads to further propagating wave 
[Ca2 +]  elevations and larger area apoplastic alkalinisations, whilst a lesser extent leads 
to more spatial ly restricted burst responses. The greater the GLR3.3 activation,  the 
greater the extent that GLR3.3-dependent s ignall ing can promote JA-mediated defence 
responses. Mechanical stress perception also proportionally  triggers secondary [Ca2+ ]  
elevations and apoplastic alkalinisations. Secondary responses appeared to be 
suppressed by GLR3.3 activity.  It is unclear whether secondary responses can promote 
JA-defence signal ling. M. persicae may deposit effectors that suppress GLR3.3 activation 
whilst B. brassicae may deploy effectors that impair GLR3.3-dependent JA-mediated 
defence responses. Arrows indicate promotional effects. Flat arrows indicate suppressive 
effects. Dashed l ines indicate unknown intermediate steps. Question marks indicate low 
confidence interactions. Red to white graded triangles indicate gradients of st imuli and 
responses.  
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7.1.4. The search for additional components involved in the perception of aphid or thrips 

feeding 

In Chapter 6, reverse genetics was combined with genetically encoded reporter imaging 

to search for additional components that function in responses to aphid or thrips feeding. Whilst 

touch and wound stimuli were used to increase throughput, efforts were limited by the need to 

introgress reporter transgenes into mutant backgrounds of interest. This resulted in a limited 

number of genes and alleles that could be investigated as well as limitations on investigating 

higher order mutants. Nonetheless, it emerged that many candidate components for the 

perception of damage or mechanical stress in A. thaliana showed no major contribution to the 

perception of localised wounding or touch. These components were therefore deemed unlikely 

to function in responses to aphid or thrips feeding. 

BAK1 and SOBIR1 have been implicated in the perception of putative aphid HAMPs 

(Prince et al., 2014; Drurey et al., 2019; Chaudhary et al., 2014; Canham, 2022). Moreover, aphid 

extract-induced [Ca2+] elevations were impaired in bak1-5 and sobir1-12 A. thaliana. However, 

data presented here found no clear contribution of BAK1 or SOBIR1 to M. persicae feeding-

induced [Ca2+] elevations. This may be because the putative aphid HAMPs that trigger BAK1- or 

SOBIR1-dependent responses are not sufficiently present at the aphid feeding site to induce 

detectable responses within the 30 min post-feeding period that was monitored here. 

Alternatively, it could be that aphid effectors delivered by M. persicae can suppress 

BAK1/SOBIR1-dependent HAMP-induced responses. In support of this, the M. persicae effector, 

Mp10, is delivered with aphid feeding and appears to suppress BAK1-dependent defence 

responses (Drurey et al., 2019; Mugford et al., 2016). Moreover, M. persicae performance is 

unaltered on bak1-5 mutants (Prince et al., 2014; Vincent, 2016). In contrast, bak1-5 mutants 

display reduced resistance against the pea aphid, A. pisum, which cannot colonise A. thaliana 

(Prince et al., 2014; Vincent, 2016). Testing whether BAK1 or SOBIR1 can function in [Ca2+] 

elevations induced by aphid species which cannot colonise A. thaliana, such as A. pisum, would 

help identify whether BAK1/SOBIR1-dependent HAMP perception can function in the initial 

responses to aphid feeding. Nonetheless, data presented here do not identify a role for BAK1 or 

SOBIR1 in the early plant responses to M. persicae feeding.  
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7.2. Focus for future investigations 

7.2.1. What determines GLR3.3 activation in planta?  

The understanding of how GLR3.3 contributes to the perception of localised wounding, 

aphid feeding, and thrips feeding is hindered by the lack of clarity around GLR3.3 activation. 

Specifically, whilst pH and glutamate gating of GLR3.3 has been demonstrated by 

electrophysiology in heterologous systems (Shao et al., 2020), further investigations are 

required to understand the cellular and molecular processes that determine GLR3.3 activation 

in planta. Such investigations will help identify whether GLR3.3 functions as a DAMP receptor or 

a signalling component in plant responses to localised wounding, aphid feeding and thrips 

feeding.  

Investigations could assess whether the extent of mechanical stress or damage-induced 

DAMP release determines localised GLR3.3 activation in A. thaliana. An informative experiment 

would be to assess the dependency of [Ca2+] elevations on GLR3.3 in responses to localised 

stimuli that cause damage or mechanical stress without damage, with varying degrees of 

severity. If the extent of mechanical stress determines GLR3.3 activation, the GLR3.3 

dependency for the [Ca2+] elevations would positively correlate with the degree of mechanical 

stress applied. If damage is required for GLR3.3 activation, larger damage events may trigger 

GLR3.3-dependent [Ca2+] elevations with greater areas but mechanical stress without damage 

would not induce GLR3.3-dependent responses. For these experiments, it would be beneficial 

to be able to apply localised mechanical stress or damage stimuli reproducibly and 

quantitatively. Experimental design may therefore benefit from automating stimuli and utilising 

sensors that record each stimulus event. Interestingly, protruding trichome cells may provide an 

accessible system to apply different levels of mechanical stress. In preliminary experiments (data 

not shown), a light trichome touch induced burst and secondary [Ca2+] elevations whilst firmer 

touch induced wave-like GLR3.3-dependent [Ca2+] elevations revealing the tractability of this 

system. Laser ablation, which can induce wave-like [Ca2+] elevations in A. thaliana leaf epidermal 

cells (Guo et al., 2022), could be appropriate to apply graded damage stimuli to leaves. For all 

these experiments, it would be beneficial to perform higher resolution imaging than was 

performed here to reveal the effects of each stimulus on cells and identify any cell damage. 

These experiments would help reveal the cellular processes that determine GLR3.3 activation in 

responses to aphid and thrips feeding. 

Identifying whether amino acid ligands gate GLR3.3 in planta will be crucial for 

understanding GLR3.3 function in the perception of aphid and thrips feeding. To identify 

whether these ligands, such as glutamate, could activate GLR3.3, it would be beneficial to 
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advance the reporters available for visualising apoplastic [Glu]. For example, a [Glu]-insensitive 

iGluSnFR would help assess pH effects on iGluSnFR and test whether localised stimuli cause 

apoplastic [Glu] increases which could activate GLR3.3. This approach is similar to the HyPer ROS 

reporter being used alongside its ROS-insensitive partner, SypHer, to test for pH effects (Poburko 

et al., 2011; Smolyarova et al., 2022). Additionally, a FRET-based [Glu] reporter could be 

relatively insensitive to pH effects and thus help assess apoplastic [Glu] changes. FLIPEs are 

FRET-based [Glu] reporters which have been expressed freely in the apoplast and anchored at 

the extracellular face of the plasma membrane (Castro-Rodríguez et al., 2022). Whilst several 

FLIPE variants with different glutamate binding affinities have been developed, many cause 

developmental phenotypes which may make them unsuitable for use. Because glutamate 

performs many key roles in plants, including as an amino acid for protein synthesis (Liao et al., 

2022), apoplastic [Glu] cannot easily be significantly and specifically manipulated to investigate 

its importance in GLR3.3 activation. Therefore, characterising apoplastic [Glu] changes in 

responses to aphid or thrips feeding will be crucial for understanding their contribution to 

GLR3.3 gating.  

The potential for apoplastic pH to regulate GLR3.3 activity in planta is not well 

characterised. Quantifying the magnitude of the apoplastic alkalinisations associated with 

localised GLR3.3-dependent responses could help identify whether the pH changes are likely to 

activate GLR3.3. Such pH estimates could be achieved by calibrating the apo-pHusion reporter 

as has been done ex vivo for estimates of apoplastic alkalinisations during leaf senescence 

(Borniego et al., 2020). Additionally, there are other pH reporters that can be used quantitatively 

in the apoplast (Martinière et al., 2018; Bell et al., 2022; Moreau et al., 2022). For example, the 

ratiometric pHluorin pH reporter has been used in roots and revealed that the apoplastic pH can 

be elevated at the plasma membrane surface (~ pH 6.0-6.3) compared to the general apoplastic 

space (~ pH 5.0) (Martinière et al., 2018). Similarly, heterogeneity in apoplastic pH has been 

demonstrated for tobacco leaf epidermal cells with the Acidin pH reporters (Moreau et al., 

2022). These findings suggest that it may be necessary to monitor apoplastic pH specifically at 

the plasma membrane to assess the potential for any apoplastic pH increases to gate GLR3.3. 

Manipulating apoplastic pH genetically or pharmacologically could also help reveal whether pH 

can gate GLR3.3 in responses to localised stimuli. To buffer apoplastic pH in the present study, 

leaves were vacuum infiltrated pre-wounding with a citrate buffer (pH 5, Chapter 4). However, 

the infiltration process appeared to suppress GLR3.3 activation independently of the infiltrated 

solution. Whilst this suppression of GLR3.3 could have resulted from effects on apoplastic pH, it 

was not possible using this method to specifically manipulate apoplastic pH and assess the 

effects on GLR3.3 activation. Further efforts to manipulate and visualise apoplastic pH will help 
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reveal whether apoplastic alkalinisations can contribute to regulating GLR3.3 activity in 

responses to aphid or thrips feeding.    

The regulation of GLR3.3 activity in systemic responses to large-scale wounding is 

thought to involve several components in addition to pH and amino acid ligands. ISI1 interacts 

with GLR3.3 and suppresses large-scale wound-induced systemic responses (Wu et al., 2022). 

MSL10 contributes to large-scale wound-induced systemic membrane depolarisations which are 

thought to promote GLR3.3/3.6 activity (Moe-Lange et al., 2021). However, neither ISI1 nor 

MSL10 contributed to localised wound-induced [Ca2+] elevations here (Chapter 6). Recently, the 

thioglucosidase (TGG) enzymes, TGG1 and TGG2, have been implicated as the dominant mobile 

signals for mediating large-scale wound-induced rapid systemic signalling (Gao et al., 2023). 

These TGGs are released from myrosin cells in the phloem parenchyma and are required for the 

large-scale wound-induced systemic depolarisations and [Ca2+] elevations (Gao et al., 2023). 

Additionally, this function of TGG1/2 requires their enzymatic activity to cleave glucosinolates 

into reactive aglycones, which are also required for the responses (Gao et al., 2023). TGG1-

induced responses are partially dependent on GLR3.3 and fully dependent on GLR3.6 (Gao et al., 

2023). This suggests that GLR3.3 and GLR3.6 function as signalling components downstream of 

TGGs in large-scale wound-induced systemic responses. However, it is unknown at present how 

GLR3.3 and GLR3.6 are activated by TGG activity. It is possible that apoplastic pH could 

contribute to this regulation of GLR3.3/3.6 because AHA activity, that reduces apoplastic pH, can 

negatively regulate large-scale wound-induced rapid systemic signalling (Kumari et al., 2019; 

Shao et al., 2020). Storage of TGGs in the vascular bundle implies that they are unlikely to 

regulate localised wound-induced responses. Nonetheless, identifying how TGGs can activate 

GLR3.3/3.6 could help reveal how GLR3.3 functions in responses to localised stimuli.  

 The further characterisation of factors that determine GLR3.3 activity in planta will be 

significant for understanding how plants perceive localised feeding from aphids and thrips. 

Moreover, this characterisation will help understand the functions of GLR3.3 in responses to 

localised and large-scale wounding (Toyota et al., 2018; Shao et al., 2020; Moe-Lange et al., 

2021; Bellandi et al., 2022; Grenzi et al., 2023; Gao et al., 2023) and pathogens such as H. 

arabidopsidis and P. syringae (Manzoor et al., 2013; Li et al., 2013). With an improved 

understanding of GLR3.3 regulation, novel functions for GLR3.3 in plant stress responses may 

also become apparent. For example, if GLR3.3 functions in mechanical stress perception, it could 

underpin the apoplastic alkalinisations and [Ca2+] elevations induced by mechanical stress in 

roots (Monshausen et al., 2009). Therefore, the outlined experiments could build on data 

presented here to significantly advance the understanding how GLR3.3 functions more broadly 

in plant biotic stress responses.  
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7.2.2. How significant is GLR3.3 in promoting JA-mediated defence responses to localised 

stimuli?  

GLR3.3 promoted localised wound-induced JAZ10 expression indicating that localised 

GLR3.3 activation promotes JA defence signalling (Chapter 4). However, the investigations into 

the role of GLR3.3 in wound-induced JA-mediated responses were limited by assessing the 

expression of only two JA marker genes. Moreover, the role of GLR3.3 in aphid and thrips 

feeding-induced JA marker gene expression was not directly assessed. Therefore, whilst GLR3.3 

did contribute to F. occidentalis and R. padi resistance, it remains unclear how significant GLR3.3 

activity is in promoting JA-mediated defence responses to aphids and thrips. To further 

characterise this function of GLR3.3, investigations could assay various responses in Col-0 and 

glr3.3a A. thaliana following localised wounding, aphid feeding or thrips feeding. For example, 

the role of GLR3.3 in JA-mediated defence gene expression could be further assessed by RNAseq. 

Moreover, the accumulation of JA species could be monitored to test for GLR3.3-dependency. 

Desorption electrospray ionisation mass spectrometry can allow the quantification of 

metabolites across the leaf surface and could be used to assess the accumulation of JAs with 

spatial resolution (Zhang et al., 2021a). Additionally, the Jas9-VENUS genetically encoded 

fluorescent reporter, which is degraded with elevated JA levels, could allow JA levels to be 

monitored with high spatiotemporal resolution (Larrieu et al., 2015). Finally, the role of GLR3.3 

in JA-mediated defence outputs, such as the production of some glucosinolate species (Mitreiter 

and Gigolashvili, 2020), could be tested. Various methods exist for assaying glucosinolate 

profiles including methods using liquid chromatography and mass spectrometry (Glauser et al., 

2012). Quantifying JA-mediated responses to aphid or thrips feeding may prove challenging due 

to the highly localised and variable nature of the insect feeding behaviours. Nevertheless, it will 

be crucial to characterise the role of localised GLR3.3 activation in JA-mediated defence 

responses to better understand how GLR3.3 functions in plant resistance against aphids or 

thrips. 

7.2.3. What is the contribution of GLR3.3 to the perception of feeding from other insect 

pests? 

With data presented here indicating that GLR3.3 functions in responses to aphid and 

thrips feeding through damage or mechanical stress perception, it would be interesting to assess 

how GLR3.3 contributes to responses induced by other insect pests. Like aphids and thrips, 

spider mites display localised feeding behaviours. However, unlike aphids and thrips, spider 

mites navigate their stylets between epidermal cells to mesophyll cells, which they feed on by 

extracting the cell contents (Bensoussan et al., 2016). This spider mite feeding behaviour causes 
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death for a limited number of mesophyll cells (Bensoussan et al., 2016) and likely causes greater 

damage and mechanical stress than aphid feeding. Therefore, GLR3.3 may play a more dominant 

role in responses to spider mites than to aphids. Spider mite feeding is thought to induce JA 

signalling (Bruinsma, 2014; Santamaría et al., 2018) which could show dependency on GLR3.3. 

Chewing insects may also induce GLR3.3-dependent responses in epidermal and mesophyll cell 

layers because they cause damage to these cells during feeding. Indeed, preliminary data (not 

shown) indicated that feeding from the cabbage stem flea beetle induces GLR3.3-dependent 

[Ca2+] elevations in the non-vascular tissue of A. thaliana leaves. Characterising the function of 

GLR3.3 in plant responses to other insect pests may help determine how those insects are 

perceived and more broadly how GLR3.3 functions in plant-insect interactions.  

7.2.4. What other components contribute to the perception of aphid and thrips feeding? 

There are many factors that remain unknown in the perception of localised aphid and 

thrips feeding. Additional components may function in the perception of mechanical stress, 

damage, HAMPs, or effectors. To identify components involved in mechanical stress or damage 

perception, forward genetics or reverse genetics screens could be performed. These screens 

could be aided by the methods developed in this thesis and the considerations of Chapter 6. 

Whilst there have already been significant efforts to purify and characterise aphid HAMPs (De 

Vos and Jander, 2009; Prince et al., 2014; Chaudhary et al., 2014; Canham, 2022), the knowledge 

of aphid and thrips HAMPs remains highly limited. As these HAMPs may be present in saliva and 

interact with plants during the early phases of feeding, characterising any aphid or thrips HAMPs 

will be important for understanding how plants initially perceive aphid or thrips feeding. Finally, 

characterising aphid or thrips effectors, their activities and plant NLRs will be significant in 

understanding how plants perceive these insects and how the insects can manipulate hosts to 

promote colonisation. Any additional components characterised will help build the knowledge 

of how plants can perceive aphids and thrips and what factors determine the success of the 

plant defence responses.  

7.3. Conclusions 

This thesis has explored the mechanisms by which plants perceive the localised and 

intricate feeding behaviours of aphids and thrips. By developing methods for reporter imaging, 

I have established a foundation to robustly visualise plant responses to localised insect feeding. 

Moreover, I have deployed these methods to identify and characterise a role for GLR3.3 in 

responses to localised wounding. Although GLR3.3 activation in localised wound-induced 

responses may require damage-induced DAMP release, I have proposed a novel signalling 
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mechanism that links the extent of mechanical stress and the magnitude of initial apoplastic 

alkalinisations to the degree of GLR3.3 activation. With these findings, I have characterised the 

role of GLR3.3 in the perception of three aphid species and a thrips species. Efforts to identify 

additional components that function in the early plant responses to aphid or thrips feeding 

revealed that many candidate genes are unlikely to do so. 

Aphid and thrips perception in plants is complex and challenging to investigate. The 

discovery that GLR3.3 contributes to this perception is a significant advance and highlights the 

importance of mechanical stress and damage in early plant responses to aphid and thrips 

feeding. This thesis can now guide further investigations in exploring GLR3.3 activity and 

additional elements that allow plants to perceive insects with highly localised feeding 

mechanisms. Combined with the advances presented here, such investigations can help build a 

more complete understanding of how plants perceive aphids and thrips. This knowledge will 

support crucial efforts to enhance plant resistance against significant aphid and thrips pests.  
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Figure I. I Wound-induced GCaMP3 reporter signals in Col-0 and is i1-3 A. thaliana.  
 
Properties of wound-induced GCaMP3 signals in Col-0 and isi1-3  A. thaliana expressing 
UBQ10::GCaMP3 (n = 25). Background-corrected fluorescence intensity (F,  A.U.) values
were recorded over the area of the stimulus-induced responses and at comparable 
control sites. F values were transformed into ΔF/F0 values with F0 being the mean F over 
the 5 min prior to stimulus treatment. (B ) Traces for the mean ± S.E.M. normalised ΔF/F0
values (Stimulus ΔF/F0 – Control ΔF/F0) over time with st imulus treatment at 0 min (grey 
dashed l ine). Boxplots are displayed for the (A) st imulus-treated site F0 values (A.U.), (C)
peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), (D) signal propagation 
rates (µm s- 1) and (E ) s ignal areas (mm2), with grey dots associated with outliers.
Statist ical s ignificance, calculated using a t-test or a Wilcoxon rank-sum test,  is  shown by 
ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
 



 

254 
 

 

 

 

 

 

 

 

 

Figure I. II Touch-induced GCaMP3 reporter signals in Col-0 and is i1-3 A. thaliana .  
 
Properties of touch-induced GCaMP3 signals in Col-0 and isi1-3  A. thaliana expressing 
UBQ10::GCaMP3 (n = 22). Background-corrected fluorescence intensity (F,  A.U.) values
were recorded over the area of the stimulus-induced responses and at comparable 
control sites. F values were transformed into ΔF/F0 values with F0 being the mean F over 
the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. normalised ΔF/F0
values (Stimulus ΔF/F0 – Control ΔF/F0) over time with st imulus treatment at 0 min (grey 
dashed l ine). Boxplots are displayed for the (A) stimulus-treated site F0 values (A.U.),  (C)
peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), (D) signal propagation 
rates (µm s- 1) and (E) s ignal  areas (mm2), with grey dots associated with outliers.
Statist ical s ignificance, calculated using a t-test or a Wilcoxon rank-sum test, is  shown by 
ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I. II I Wound-induced GCaMP3 reporter s ignals in Col-0 and aha1-7 A. thaliana .  
 
Properties of wound-induced GCaMP3 signals in Col-0 (n = 17) and aha1-7 (n = 15) A. 
thaliana expressing UBQ10::GCaMP3.  Background-corrected fluorescence intensity (F, 
A.U.)  values were recorded over the area of the stimulus-induced responses and at 
comparable control sites.  F values were transformed into ΔF/F0 values with F0 being the 
mean F over the 5 min prior  to stimulus treatment. (B) Traces for the mean ± S.E.M. 
normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0) over time with stimulus 
treatment at 0 min (grey dashed line). Boxplots are displayed for the (A)  stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), 
(D) signal propagation rates (µm s- 1) and (E)  signal areas (mm2), with grey dots associated 
with outliers. Statistical significance,  calculated using a t-test or a Wilcoxon rank-sum 
test, is shown by ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001. 
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Figure I. IV Wound-induced GCaMP3 reporter signals in Col-0 and msl10-1 A. thaliana .  
 
Properties of wound-induced GCaMP3 signals in Col-0 and msl10-1  A. thal iana expressing 
UBQ10::GCaMP3 (n = 23). Background-corrected fluorescence intensity (F,  A.U.) values 
were recorded over the area of the stimulus-induced responses and at comparable 
control sites. F values were transformed into ΔF/F0 values with F0 being the mean F over 
the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. normalised ΔF/F0
values (Stimulus ΔF/F0 – Control ΔF/F0) over time with stimulus treatment at 0 min (grey 
dashed l ine). Boxplots are displayed for the (A) stimulus-treated site F0 values (A.U.),  (C)
peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), (D) signal propagation 
rates (µm s- 1) and (E) s ignal  areas (mm2), with grey dots associated with outliers.
Statist ical significance, calculated using a t-test or a Wilcoxon rank-sum test, is indicated 
by ns: p  > 0.05,  *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.V Touch-induced GCaMP3 reporter signals in Col-0 and msl10-1 A. thaliana.  
 
Properties of touch-induced GCaMP3 signals in Col-0  (n = 29) and msl10-1 (n = 26) A. 
thaliana expressing UBQ10::GCaMP3.  Background-corrected fluorescence intensity (F, 
A.U.)  values were recorded over the area of the stimulus-induced responses and at 
comparable control sites.  F values were transformed into ΔF/F0 values with F0 being the 
mean F over the 5 min prior  to stimulus treatment. (B) Traces for the mean ± S.E.M.
normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0) over time with stimulus 
treatment at 0 min (grey dashed line). Boxplots are displayed for the (A)  stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), 
(D) signal propagation rates (µm s- 1) and (E)  signal areas  (mm2), with grey dots associated 
with outliers. Statistical significance,  calculated using a t-test or a Wilcoxon rank-sum 
test,  is shown by ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001. 
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Figure I.VI Wound-induced GCaMP3 reporter signals in Col-0 and msl10-3G A. thaliana . 
 
Properties of wound-induced GCaMP3 signals in Col-0 (n = 25) and msl10-3G  (n = 19) A. 
thaliana expressing UBQ10::GCaMP3.  Background-corrected fluorescence intensity (F, 
A.U.)  values were recorded over the area of the stimulus-induced responses and at 
comparable control sites.  F values were transformed into ΔF/F0 values with F0 being the 
mean F over the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. 
normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0) over time with stimulus 
treatment at 0 min (grey dashed line). Boxplots are displayed for the (A)  stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), 
(D) signal propagation rates (µm s- 1) and (E)  signal areas  (mm2), with grey dots associated 
with out liers. Statistical  significance, calculated using a t -test or a Wilcoxon rank-sum 
test, is shown by ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001. 
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Figure I.VII Wound-induced GCaMP3 reporter signals in Col-0 and glr3.2a A. thaliana .  
 
Properties of wound-induced GCaMP3 signals in Col-0  (n = 20) and glr3.2a  (n = 21) A. 
thaliana expressing UBQ10::GCaMP3.  Background-corrected fluorescence intensity (F, 
A.U.)  values were recorded over the area of the stimulus-induced responses and at 
comparable control sites.  F values were transformed into ΔF/F0 values with F0 being the 
mean F over the 5 min prior to stimulus treatment. (B ) Traces for the mean ± S.E.M.
normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0) over time with stimulus 
treatment at 0 min (grey dashed line). Boxplots are displayed for the (A)  stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), 
(D) signal propagation rates (µm s- 1) and (E)  signal areas  (mm2), with grey dots associated 
with outliers. Statistical significance, calculated using a t -test or a Wilcoxon rank-sum 
test, is shown by ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001. 
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Figure I.VIII Touch-induced GCaMP3 reporter signals in Col-0 and glr3.2a A. thaliana .  
 
Properties of touch-induced GCaMP3 signals in Col-0 and glr3.2a  A. thaliana expressing 
UBQ10::GCaMP3 (n = 24). Background-corrected fluorescence intensity (F,  A.U.) values
were recorded over the area of the stimulus-induced responses and at comparable 
control sites. F values were transformed into ΔF/F0 values with F0 being the mean F over 
the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. normalised ΔF/F0
values (Stimulus ΔF/F0 – Control ΔF/F0) over time with st imulus treatment at 0 min (grey 
dashed l ine). Boxplots are displayed for the (A) stimulus-treated site F0 values (A.U.),  (C)
peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), (D) signal propagation 
rates (µm s- 1) and (E) s ignal  areas (mm2), with grey dots associated with outliers.
Statist ical s ignificance, calculated using a t-test or a Wilcoxon rank-sum test, is  shown by 
ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.IX Wound-induced GCaMP3 reporter signals in Col-0, tpc1-2, glr3.3a and  tpc1-2 
glr3.3a A. thaliana .  
 
Properties of wound-induced GCaMP3 signals in Col-0 (n = 13), tpc1-2 (n = 14),  glr3.3a (n 
= 11) and  tpc1-2 glr3.3a  (n = 12) A. thaliana expressing UBQ10::GCaMP3 .  Background-
corrected fluorescence intensity (F, A.U.) values were recorded over the area of the 
stimulus-induced responses and at comparable control s ites. F values were transformed 
into ΔF/F0 values with F0 being the mean F over the 5 min prior to stimulus treatment.  
(A) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Stimulus ΔF/F0 – Control  
ΔF/F0) over time with stimulus treatment at 0 min (grey dashed line). Traces are displayed 
for Col-0 and tpc1-2 in the wildtype A. thaliana  background (‘Wildtype’) and in the glr3.3a 
A. thaliana background  ( ‘glr3.3a’).  Boxplots are displayed for the (B) stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0),  
(D) signal propagation rates (µm s- 1) and (E ) signal areas (mm2), with grey dots associated 
with outliers.  Statistical significance levels are indicated by letters if genotypes 
significantly differed. Significance was assessed using an ANOVA with a Tukey post hoc 
test or a Kruskal-Wall is test with post hoc pairwise Wilcoxon rank-sum tests.  
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Figure I.X Touch-induced GCaMP3 reporter signals in Col-0 and tpc1-2 A. thaliana .  
 
Properties of touch-induced GCaMP3 signals in Col-0 (n = 23) and tpc1-2  (n = 25) A. 
thaliana express ing UBQ10::GCaMP3.  Background-corrected fluorescence intensity (F, 
A.U.)  values were recorded over the area of the stimulus-induced responses and at 
comparable control sites.  F values were transformed into ΔF/F0 values with F0 being the 
mean F over the 5 min prior to stimulus treatment.  (B) Traces for the mean ± S.E.M.
normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0) over time with stimulus 
treatment at 0 min (grey dashed l ine). Boxplots are displayed for the (A)  stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), 
(D) signal propagation rates (µm s- 1)  and (E)  signal areas (mm2), with grey dots associated 
with outliers. Statistical significance, calculated using a t -test or a Wilcoxon rank-sum 
test, is shown by ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001. 
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Figure I.XI Wound-induced GCaMP3 reporter signals in Col-0, rbohD, rbohF and rbohD 
rbohF A. thaliana.  
 
Properties of wound-induced GCaMP3 signals in  Col-0 (n = 14), rbohD (n = 15),  rbohF (n = 
15) and rbohD rbohF (n = 13) A. thaliana expressing 35S::GCaMP3 .  Background-corrected 
fluorescence intensity (F, A.U.) values were recorded over the area of the stimulus-
induced responses and at comparable control s ites.  F values were transformed into ΔF/F0 
values with F0 being the mean F over the 5 min prior to stimulus treatment. (B) Traces  
for the mean ± S.E.M. normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0) over t ime 
with stimulus treatment at 0 min (grey dashed l ine). Boxplots are displayed for the (A) 
stimulus-treated site F0 values  (A.U.),  (C)  peak normalised ΔF/F0 values (Stimulus ΔF/F0 
– Control ΔF/F0), (D) signal propagation rates (µm s- 1) and (E) signal areas (mm2), with 
grey dots associated with outliers. Statist ical significance levels are indicated by letters 
if genotypes s ignificantly differed. Signif icance was assessed using an ANOVA with a 
Tukey post hoc test or  a Kruskal-Wall is test with post hoc pairwise Wilcoxon rank-sum 
tests.  
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Figure I.XII Wound-induced GCaMP3 reporter s ignals in Col-0 and tpk1-1 A. thaliana.  
 
Properties of wound-induced GCaMP3 signals in Col-0 (n = 24) and tpk1-1  (n = 26) A. 
thaliana expressing 35S::GCaMP3.  Background-corrected fluorescence intensity (F, A.U.)  
values were recorded over the area of the stimulus-induced responses and at comparable 
control sites. F values were transformed into ΔF/F0 values with F0 being the mean F over 
the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. normalised ΔF/F0 
values (Stimulus ΔF/F0 – Control ΔF/F0) over time with st imulus treatment at 0 min (grey 
dashed l ine). Boxplots are displayed for the (A) st imulus-treated site F0 values (A.U.), (C)  
peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), (D) signal propagation 
rates (µm s- 1) and (E ) s ignal areas (mm2), with grey dots associated with outliers. 
Statist ical s ignificance, calculated using a t-test or a Wilcoxon rank-sum test, is  shown by 
ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.XIII Touch-induced GCaMP3 reporter signals in Col-0 and tpk1-1 A. thaliana.  
 
Properties of touch-induced GCaMP3 signals in Col-0 (n = 19)  and tpk1-1  (n = 15) A. 
thaliana expressing 35S::GCaMP3.  Background-corrected fluorescence intensity (F, A.U.)  
values were recorded over the area of the stimulus-induced responses and at comparable 
control sites. F values were transformed into ΔF/F0 values with F0 being the mean F over 
the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. normalised ΔF/F0 
values (Stimulus ΔF/F0 – Control ΔF/F0) over time with st imulus treatment at 0 min (grey 
dashed l ine). Boxplots are displayed for the (A) stimulus-treated site F0 values (A.U.),  (C) 
peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), (D) signal propagation 
rates (µm s- 1) and (E) s ignal  areas (mm2), with grey dots associated with outliers. 
Statist ical s ignificance, calculated using a t-test or a Wilcoxon rank-sum test, is  shown by 
ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.XIV Wound-induced GCaMP3 reporter signals in Col-0 and mca1 mca2 A. 
thaliana.  
 
Properties of wound-induced GCaMP3 signals in  Col-0 (n = 12) and mca1 mca2  (n = 16) A. 
thaliana expressing UBQ10::GCaMP3.  Background-corrected fluorescence intensity (F, 
A.U.)  values were recorded over the area of the stimulus-induced responses and at 
comparable control sites.  F values were transformed into ΔF/F0 values with F0 being the 
mean F over the 5 min prior  to stimulus treatment. (B) Traces for the mean ± S.E.M.
normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0) over time with stimulus 
treatment at 0 min (grey dashed line). Boxplots are displayed for the (A)  stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), 
(D) signal propagation rates (µm s- 1) and (E)  signal areas  (mm2), with grey dots associated 
with outliers. Statistical significance,  calculated using a t-test or a Wilcoxon rank-sum 
test,  is shown by ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001. 
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Figure I.XV Touch-induced GCaMP3 reporter signals in Col-0 and mca1 mca2 A. 
thaliana.  
 
Properties of touch-induced GCaMP3 signals in Col-0 (n = 19) and mca1 mca2  (n = 22) A. 
thaliana expressing UBQ10::GCaMP3.  Background-corrected fluorescence intensity (F, 
A.U.)  values were recorded over the area of the stimulus-induced responses and at 
comparable control sites.  F values were transformed into ΔF/F0 values with F0 being the 
mean F over the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. 
normalised ΔF/F0 values (St imulus ΔF/F0 – Control ΔF/F0) over t ime with stimulus  
treatment at 0 min (grey dashed line). Boxplots are displayed for the (A)  stimulus-
treated site F0 values  (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control 
ΔF/F0), (D) signal propagation rates (µm s- 1) and (E) signal areas (mm2), with grey dots 
associated with outliers. Statist ical s ignificance,  calculated using a t-test or a Wilcoxon 
rank-sum test,  is shown by ns: p  > 0.05,  *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: 
p  ≤ 0.0001.  
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Figure I.XVI Wound-induced GCaMP6s reporter signals in Col-0 and piezo-1 A. thaliana . 
 
Properties of wound-induced GCaMP6s signals in  Col-0 (n = 22) and piezo-1  (n = 17) A. 
thaliana expressing UBQ10::GCaMP6s.  Non-corrected fluorescence intensity (F, A.U.)
values were recorded over the area of the stimulus-induced responses and at comparable 
control sites. F values were transformed into ΔF/F0 values with F0 being the mean F over 
the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. normalised ΔF/F0
values (Stimulus ΔF/F0 – Control ΔF/F0) over time with st imulus treatment at 0 min (grey 
dashed l ine). Boxplots are displayed for the (A) st imulus-treated site F0 values (A.U.), (C)
peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), (D) signal propagation 
rates (µm s- 1) and (E ) s ignal areas (mm2), with grey dots associated with outl iers.
Statist ical s ignif icance, calculated using a t-test or a Wilcoxon rank-sum test, is  shown by 
ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.XVII Touch-induced GCaMP6s reporter signals in Col-0 and piezo-1 A. thaliana . 
 
Properties of touch-induced GCaMP6s signals in Col-0 and piezo-1  A. thaliana expressing 
UBQ10::GCaMP6s (n = 25).  Non-corrected fluorescence intensity (F, A.U.) values were 
recorded over the area of the stimulus-induced responses and at comparable control 
sites. F values were transformed into ΔF/F0 values with F0 being the mean F over the 5 
min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. normalised ΔF/F0 values 
(St imulus ΔF/F0 – Control ΔF/F0) over t ime with stimulus treatment at 0 min (grey dashed 
line). Boxplots are displayed for the (A) stimulus-treated site F0 values (A.U.), (C) peak 
normalised ΔF/F0 values  (Stimulus ΔF/F0 – Control ΔF/F0), (D)  signal propagation rates 
(µm s- 1)  and (E ) signal areas (mm2), with grey dots associated with outliers. Stat istical 
significance, calculated using a t-test or a Wilcoxon rank-sum test,  is shown by ns: p  > 
0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.XVIII Wound-induced GCaMP3 reporter signals in Col-0 and gl1 A. thaliana.  
 
Properties of wound-induced GCaMP3 signals in Col-0 and gl1  A. thaliana expressing 
35S::GCaMP3 (n = 21). Background-corrected fluorescence intensity (F, A.U.) values were 
recorded over the area of the stimulus-induced responses and at comparable control 
sites. F values were transformed into ΔF/F0 values with F0 being the mean F over the 5 
min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. normalised ΔF/F0 values 
(St imulus ΔF/F0 – Control  ΔF/F0) over t ime with stimulus treatment at 0 min (grey dashed 
line). Boxplots are displayed for the (A) st imulus-treated site F0 values (A.U.),  (C) peak 
normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), (D)  signal propagation rates 
(µm s- 1) and (E) signal areas (mm2),  with grey dots associated with outliers. Stat istical 
significance, calculated using a t-test or a Wilcoxon rank-sum test,  is shown by ns: p  > 
0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.XIX Touch-induced GCaMP3 reporter signals in Col-0 and gl1 A. thaliana .  
 
Properties of touch-induced GCaMP3 signals in Col-0 (n = 24)  and gl1  (n = 25) A. thaliana 
expressing 35S::GCaMP3.  Background-corrected fluorescence intensity (F, A.U.) values 
were recorded over the area of the stimulus-induced responses and at comparable 
control sites. F values were transformed into ΔF/F0 values with F0 being the mean F over 
the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. normalised ΔF/F0 
values (Stimulus ΔF/F0 – Control ΔF/F0) over time with st imulus treatment at 0 min (grey 
dashed l ine). Boxplots are displayed for the (A) stimulus-treated site F0 values (A.U.),  (C) 
peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), (D) signal propagation 
rates (µm s- 1) and (E) s ignal  areas (mm2), with grey dots associated with outliers. 
Statist ical s ignificance, calculated using a t-test or a Wilcoxon rank-sum test, is  shown by 
ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.XX Wound-induced GCaMP3 reporter signals in Col-0, fer-4 ,  glr3.3a and fer-4 
glr3.3a A. thaliana .  
 
Properties of wound-induced GCaMP3 signals in Col-0 (n = 25), fer-4 (n = 24), glr3.3a (n 
= 29)  and fer-4 glr3.3a (n = 20)  A. thaliana expressing UBQ10::GCaMP3 .  Background-
corrected fluorescence intensity  (F, A.U.) values were recorded over the area of the 
stimulus-induced responses and at comparable control  sites. F values were transformed 
into ΔF/F0 values with F0 being the mean F over the 5 min prior to stimulus treatment.  
(A) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Stimulus ΔF/F0 – Control  
ΔF/F0) over time with stimulus treatment at 0 min (grey dashed l ine). Traces are displayed 
for Col-0 and fer-4 in the wildtype A. thaliana  background (‘Wildtype’) and in the glr3.3a 
A. thaliana background  ( ‘glr3.3a’).  Boxplots are displayed for the (B) stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), 
(D) signal propagation rates (µm s- 1)  and (E)  signal areas (mm2), with grey dots associated 
with outliers.  Statist ical significance levels are indicated by letters if genotypes 
significantly differed. S ignificance was assessed using an ANOVA with a Tukey post hoc 
test or a Kruskal-Wall is test with post hoc pairwise Wilcoxon rank-sum tests.  
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Figure I.XXI Touch-induced GCaMP3 reporter signals in Col-0 and fer-4 A. thaliana.  
 
Properties of touch-induced GCaMP3 signals in Col-0 (n = 24) and fer-4  (n = 13) A. thaliana 
expressing UBQ10::GCaMP3 .  Background-corrected fluorescence intensity (F,  A.U.) 
values were recorded over the area of the stimulus-induced responses and at comparable 
control sites. F values were transformed into ΔF/F0 values with F0 being the mean F over 
the 5 min prior to stimulus treatment. (B ) Traces for the mean ± S.E.M. normalised ΔF/F0 
values (Stimulus ΔF/F0 – Control ΔF/F0) over time with st imulus treatment at 0 min (grey 
dashed l ine). Boxplots are displayed for the (A) stimulus-treated site F0 values (A.U.),  (C)  
peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), (D) signal propagation 
rates (µm s- 1) and (E ) s ignal areas (mm2), with grey dots associated with outliers. 
Statist ical s ignificance,  calculated using a t -test or a Wilcoxon rank-sum test,  is shown by 
ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.XXII  Wound-induced apo-pHusion reporter signals in Col-0 and fer-4 A. thaliana.  
 
Properties of wound-induced apo-pHusion signals  in Col-0 (n = 26) and fer-4  (n = 23) A. 
thaliana expressing 35S::Apo-pHusion .  Background-corrected fluorescence intensity (F,  
A.U.)  values were recorded over the area of the stimulus-induced responses and at 
comparable control sites for GFP and RFP. The GFP/ RFP ratio (R) values were calculated 
from the F values and transformed into ΔR/R0 values. R0 and F0 were the mean R and F 
values, respectively, over the 5 min prior to stimulus treatment. (B ) Traces for the mean 
± S.E.M. normalised ΔR/R0 values (Stimulus ΔR/R0 – Control ΔR/R0) over t ime with 
stimulus treatment at 0 min (grey dashed l ine). Boxplots are displayed for the (A)  
stimulus-treated site F0 values (A.U.)  for  GFP and RFP, (C)  peak normalised ΔR/R0 values 
(St imulus ΔR/R0 – Control ΔR/R0), (D) s ignal propagation rates (µm s- 1)  and (E)  signal 
areas (mm2), with grey dots associated with outliers. Statist ical signif icance, calculated 
using a t-test or a Wilcoxon rank-sum test, is shown by ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 
0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.XXIII Wound-induced GCaMP3 reporter signals in Col-0 and pepr1-1 pepr2-3 A. 
thaliana.  
 
Properties of wound-induced GCaMP3 s ignals in Col-0 (n = 17) and pepr1-1 pepr2-3  (n = 
20) A. thaliana expressing UBQ10::GCaMP3.  Background-corrected f luorescence intensity 
(F, A.U.) values were recorded over the area of the stimulus-induced responses and at 
comparable control sites.  F values were transformed into ΔF/F0 values with F0 being the 
mean F over the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. 
normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0) over time with stimulus 
treatment at 0 min (grey dashed line). Boxplots are displayed for the (A)  stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), 
(D) signal propagation rates (µm s- 1) and (E)  signal areas  (mm2), with grey dots associated 
with outliers. Statistical significance, calculated using a t -test or a Wilcoxon rank-sum 
test, is shown by ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001. 
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Figure I.XXIV Touch-induced GCaMP3 reporter signals in Col-0 and pepr1-1 pepr2-3 A. 
thaliana.  
 
Properties of touch-induced GCaMP3 signals in Col-0 (n = 20) and pepr1-1 pepr2-3 (n = 
22) A. thaliana expressing UBQ10::GCaMP3.  Background-corrected f luorescence intensity
(F, A.U.) values were recorded over the area of the stimulus-induced responses and at 
comparable control sites.  F values were transformed into ΔF/F0 values with F0 being the 
mean F over the 5 min prior  to stimulus treatment. (B) Traces for the mean ± S.E.M.
normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0) over time with stimulus 
treatment at 0 min (grey dashed line). Boxplots are displayed for the (A)  stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), 
(D) signal propagation rates (µm s- 1) and (E)  signal areas  (mm2), with grey dots associated 
with outliers. Statistical significance,  calculated using a t-test or a Wilcoxon rank-sum 
test,  is shown by ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001. 
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Figure I.XXV Wound-induced GCaMP3 reporter signals in Col-0, mik2-6, glr3.3a and 
mik2-6 glr3.3a A. thaliana.  
 
Properties of wound-induced GCaMP3 signals in Col-0 (n = 21), mik2-6 (n = 20),  glr3.3a 
(n = 26)  and mik2-6 glr3.3a (n = 22)  A. thaliana expressing UBQ10::GCaMP3 .  Background-
corrected fluorescence intensity (F, A.U.) values were recorded over the area of the 
stimulus-induced responses and at comparable control  sites. F values  were transformed 
into ΔF/F0 values with F0 being the mean F over the 5 min prior to stimulus treatment.  
(A) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Stimulus ΔF/F0 – Control 
ΔF/F0) over time with stimulus treatment at 0 min (grey dashed line). Traces are displayed 
for Col-0 and mik2-6 in the wildtype A. thaliana  background (‘Wildtype’)  and in the 
glr3.3a A. thal iana background  (‘glr3.3a’).  Boxplots are displayed for the (B) stimulus-
treated site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control 
ΔF/F0), (D) signal propagation rates (µm s- 1) and (E) signal areas (mm2), with grey dots 
associated with outliers. Statistical significance levels are indicated by letters if  
genotypes significant ly differed. Significance was assessed using an ANOVA with a Tukey
post hoc test or a Kruskal-Wallis test with post hoc pairwise Wilcoxon rank-sum tests.  
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Figure I.XXVI Wound-induced GCaMP3 reporter signals in Col-0, dorn1-3,  glr3.3a and 
dorn1-3 glr3.3a A. thaliana.  
 
Properties of wound-induced GCaMP3 signals in Col-0  (n = 19), dorn1-3  (n = 19), glr3.3a 
(n = 21) and dorn1-3 glr3.3a  (n = 25) A. thaliana expressing UBQ10::GCaMP3 .  Background-
corrected fluorescence intensity  (F, A.U.) values were recorded over the area of the 
stimulus-induced responses and at comparable control  sites. F  values were transformed 
into ΔF/F0 values with F0 being the mean F over the 5 min prior to stimulus treatment. 
(A) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Stimulus ΔF/F0 – Control 
ΔF/F0) over time with st imulus treatment at 0 min (grey dashed l ine). Traces  are displayed 
for Col-0 and dorn1-3 in  the wildtype A. thaliana  background (‘Wildtype’) and in the 
glr3.3a A. thaliana background  (‘glr3.3a’).  Boxplots are displayed for the (B) stimulus-
treated site F0 values (A.U.),  (C)  peak normalised ΔF/F0 values (St imulus ΔF/F0 – Control  
ΔF/F0), (D) signal propagation rates (µm s- 1) and (E) signal areas (mm2), with grey dots 
associated with outliers. Statist ical significance levels are indicated by letters if 
genotypes s ignificant ly differed. Significance was assessed using an ANOVA with a Tukey 
post hoc test or a Kruskal-Wallis test with post hoc pairwise Wilcoxon rank-sum tests.  
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Figure I.XXVII Touch-induced GCaMP3 reporter s ignals in Col-0 and dorn1-3 A. thaliana.  
 
Properties of touch-induced GCaMP3 signals in Col-0 and dorn1-3  A. thaliana express ing 
UBQ10::GCaMP3 (n = 23). Background-corrected fluorescence intensity (F,  A.U.) values 
were recorded over the area of the stimulus-induced responses and at comparable 
control sites. F values were transformed into ΔF/F0 values with F0 being the mean F over 
the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M. normalised ΔF/F0 
values (Stimulus ΔF/F0 – Control ΔF/F0) over time with st imulus treatment at 0 min (grey 
dashed l ine). Boxplots are displayed for the (A) st imulus-treated site F0 values (A.U.), (C)  
peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), (D) signal propagation 
rates (µm s- 1) and (E ) s ignal areas (mm2), with grey dots associated with outliers. 
Statist ical s ignificance, calculated using a t-test or a Wilcoxon rank-sum test, is  shown by 
ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.XXVIII Wound-induced YC3.6 reporter signals in Col-0 and aca8 aca10 A. 
thaliana.  
 
Properties of wound-induced YC3.6 s ignals in Col-0 (n = 36) and aca8 aca10  (n = 28) A. 
thaliana expressing UBQ10::NES-YC3.6.  Background-corrected fluorescence intensity (F,  
A.U.)  values were recorded over the area of the stimulus-induced responses and at 
comparable control s ites for cpVENUS and eCFP. F values were then converted into 
cpVENUS/eCFP ratio (R) values and transformed into ΔR/R0 values. R0 and F0 values were 
the mean R and F values, respectively, for the 5 min prior to stimulus treatment. (B )  
Traces for the mean ± S.E.M. normalised ΔR/R0 values (Stimulus ΔR/R0 – Control ΔR/R0) 
over t ime with stimulus treatment at 0 min (grey dashed l ine). Boxplots are displayed for 
the (A) stimulus-treated site R0 values (A.U.), (C) peak normalised ΔR/R0 values (Stimulus 
ΔR/R0 – Control ΔR/R0), (D) signal propagation rates (µm s- 1) and (E ) s ignal areas (mm2), 
with grey dots associated with out liers. Statist ical significance, calculated using a (A)  
Wilcoxon rank-sum test and (C,  D,  E) an ANOVA (Repeat + Genotype), is shown by ns: p  > 
0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001.  
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Figure I.XXIX Wound-induced GCaMP3 reporter signals in Col-0, bak1-5, glr3.3a and 
bak1-5 glr3.3a A. thaliana.  
 
Properties of wound-induced GCaMP3 signals in Col-0 (n = 27), bak1-5 (n = 27), glr3.3a  
(n = 33) and bak1-5 glr3.3a (n = 33)  A. thaliana expressing UBQ10::GCaMP3 .  Background-
corrected fluorescence intensity  (F, A.U.) values were recorded over the area of the 
stimulus-induced responses and at comparable control  sites. F  values were transformed 
into ΔF/F0 values with F0 being the mean F over the 5 min prior to stimulus treatment.  
(A) Traces for the mean ± S.E.M. normalised ΔF/F0 values (Stimulus ΔF/F0 – Control 
ΔF/F0) over time with stimulus treatment at 0 min (grey dashed l ine). Traces  are displayed 
for Col-0 and bak1-5 in the wildtype A. thaliana  background (‘Wildtype’)  and in the 
glr3.3a A. thaliana background  (‘glr3.3a’).  Boxplots are displayed for the (B) stimulus-
treated site F0 values (A.U.),  (C)  peak normalised ΔF/F0 values (St imulus ΔF/F0 – Control  
ΔF/F0), (D) signal propagation rates (µm s- 1) and (E) signal areas (mm2), with grey dots 
associated with outl iers. Statist ical significance levels are indicated by letters if 
genotypes s ignificantly differed. Significance was assessed using an ANOVA with a Tukey 
post hoc test or a Kruskal-Wallis test with post hoc pairwise Wilcoxon rank-sum tests.  
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Figure I.XXX Touch-induced GCaMP3 reporter signals in Col-0 and bak1-5 A. thaliana .  
 
Properties of touch-induced GCaMP3 signals in Col-0 (n = 27) and bak1-5  (n = 23) A. 
thaliana expressing UBQ10::GCaMP3.  Background-corrected fluorescence intensity (F, 
A.U.)  values were recorded over the area of the stimulus-induced responses and at 
comparable control sites.  F values were transformed into ΔF/F0 values with F0 being the 
mean F over the 5 min prior to stimulus treatment. (B ) Traces for the mean ± S.E.M. 
normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0) over time with stimulus 
treatment at 0 min (grey dashed line). Boxplots are displayed for the (A)  stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), 
(D) signal propagation rates (µm s- 1) and (E)  signal areas  (mm2), with grey dots associated 
with outliers. Statistical significance, calculated using a t -test or a Wilcoxon rank-sum 
test, is shown by ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001. 
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Figure I.XXXI Wound-induced GCaMP3 reporter signals in Col-0 and sobir1-12 A. 
thaliana.  
 
Properties of wound-induced GCaMP3 signals in Col-0 (n = 21) and sobir1-12  (n = 19) A. 
thaliana expressing UBQ10::GCaMP3.  Background-corrected fluorescence intensity (F, 
A.U.)  values were recorded over the area of the stimulus-induced responses and at 
comparable control sites.  F values were transformed into ΔF/F0 values with F0 being the 
mean F over the 5 min prior to stimulus treatment. (B) Traces for the mean ± S.E.M.
normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0) over time with stimulus 
treatment at 0 min (grey dashed line). Boxplots are displayed for the (A)  stimulus-treated 
site F0 values (A.U.),  (C) peak normalised ΔF/F0 values (Stimulus ΔF/F0 – Control ΔF/F0), 
(D) signal propagation rates (µm s- 1) and (E)  signal areas  (mm2), with grey dots associated 
with outliers. Statistical significance, calculated using a t -test or a Wilcoxon rank-sum 
test, is shown by ns: p  > 0.05, *: p  ≤ 0.05, **: p  ≤ 0.01, ***: p  ≤ 0.001, ****: p  ≤ 0.0001. 
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