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Abstract 

Genetically encoded biosensors are powerful tools for studying plant immune response, as 
they enable real-time, in vivo monitoring of defence-related signals with high spatial and 
temporal resolution. By shifting the focus from static endpoint measurements to dynamic 
analyses of signal timing, intensity, and localization, biosensors reveal important features 
that are critical for effective immune responses.  

This work provides a critical review of biosensor applications in plant immunity and 
crops, together with original experimental research. We investigated jasmonic acid (JA) 
and salicylic acid (SA) signalling in potato (Solanum tuberosum L.) response to herbivory 
by the Colorado potato beetle (CPB, Leptinotarsa decemlineata [Say]) and to mechanical 
wounding. Three complementary biosensors were employed: a transcriptional reporter of 
JA-dependent gene expression (MC::EYFP), a direct reporter of JA-Ile signalling based on 
JAZ degron degradation (AtJas9-Venus-N7), and a bacterial bioluminescent reporter for 
SA (Acinetobacter ADPWH_lux). Imaging intact plants was essential, as tissue excision 
or leaf detachment abolished detectable JA-dependent responses, highlighting the 
importance of in vivo approaches. Together, these sensors enabled visualization of distinct 
stages of the JA signalling cascade and their spatial relationship with SA accumulation. 

Our results revealed a previously undescribed spatial organization of wound-induced 
hormone signalling. JA-dependent gene expression was consistently suppressed in cells 
immediately adjacent to wound sites, despite active JA-Ile signalling in the same region. 
In contrast, JA responses propagated into some millimetres of surrounding tissue, while 
SA accumulated preferentially near the wound edge. Depletion of SA and treatments with 
SA analogue INA and JA demonstrated that local SA signalling suppresses JA-dependent 
transcription in wound-proximal cells. This spatial antagonism between SA and JA was 
observed following both mechanical damage and herbivory, although the suppressed zone 
was broader after insect feeding. Cells at the wound margin showing persistent JA 
suppression later exhibited physiological features consistent with secondary cell wall 
formation, suggesting a role for localized hormone crosstalk in wound healing and barrier 
formation. 

To enable following more analytes simultaneously, we systematically assessed strategies 
for multiplexing fluorescent biosensors in living plant tissues. Multiple fluorescent proteins 
were characterized for brightness and spectral properties, and methods for separating 
overlapping signals were evaluated. Channel dye separation using standard multichannel 
imaging provided reliable signal discrimination while minimizing acquisition time, 
photobleaching, and motion artifacts, and an objective segmentation pipeline enabled 
quantitative analysis of compartment-specific signals. 

Overall, this work demonstrates how genetically encoded biosensors can resolve the 
spatiotemporal dynamics of plant defence signalling. Particularly, it identifies spatially 
confined SA–JA antagonism as a key regulatory feature of wound responses. These 
approaches complement omics-based analyses and advance mechanistic understanding of 
plant immunity directly in crop species. 
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Povzetek 

Genetsko zapisani biosenzorji so zmogljiva orodja za raziskovanje rastlinskega imunskega 
odziva, saj omogočajo sprotno spremljanje obrambnih signalov in vivo z visoko prostorsko 
in časovno ločljivostjo. S preusmeritvijo s statičnih meritev na dinamične analize časovne 
dinamike, intenzitete in lokalizacije signalov biosenzorji razkrivajo pomembne značilnosti, 
ki so ključne za učinkovit imunski odziv. 

To delo podaja pregled uporabe biosenzorjev v raziskavah rastlinske imunosti in pri 
kulturnih rastlinah ter vključuje izvirne eksperimentalne raziskave. Preučevali smo 
signalizacijo, povezano z jasmonsko kislino (JA) in salicilno kislino (SA) v krompirju (S. 
tuberosum L.) pri odzivu na napad koloradskega hrošča (L. decemlineata [Say]) in na 
mehansko ranjenje. Uporabili smo tri dopolnjujoče se biosenzorje: transkripcijski reporter 
od JA-odvisnega izražanja genov (MC::EYFP), biosenzor prisotnosti JA-Ile, ki temelji na 
razgradnji JAZ degrona (AtJas9-Venus-N7), ter bakterijski bioluminiscenčni biosenzor za 
SA (Acinetobacter ADPWH_lux). Biosenzorja JA smo spremljali na intaktnih rastlinah, 
saj je ločitev lista od rastline onemogočila zaznavo od JA-odvisnih odzivov, kar poudarja 
pomen in vivo pristopov. Uporabljeni biosenzorji so skupaj omogočili vizualizacijo različnih 
stopenj signalne kaskade JA ter njihove prostorske povezanosti s kopičenjem SA. 

Rezultati uporabe navedenih biosenzorjev so razkrili doslej neopisano prostorsko 
organizacijo hormonske signalizacije, sprožene z ranjenjem lista. Od JA-odvisno izražanje 
genov je bilo v celicah neposredno ob mestu poškodbe zavrto, kljub prisotnosti JA-Ile v 
istem območju. Odziv z JA se je razširil nekaj milimetrov stran od rane v okoliško tkivo, 
medtem ko se je SA prednostno kopičila ob robu rane. Preprečitev kopičenja SA ter 
tretiranje z 2,6-dikloroizonikotinsko kislino (INA), ki je analog SA, in z JA so pokazali, da 
SA zavira od JA-odvisno transkripcijo v celicah v neposredni bližini rane. Ta prostorski 
antagonizem med SA in JA je bil opažen tako po mehanski poškodbi kot po napadu 
koloradskega hrošča, pri čemer je bil zavrti pas širši po napadu koloradskega hrošča. V 
celicah ob robu rane, kjer je bilo od JA odvisno izražanje genov trajno zavrto, je kasneje 
prišlo do nastanka sekundarne celične stene, kar nakazuje vlogo lokalnega hormonskega 
antagonističnega delovanja pri celjenju ran in tvorbi zaščitne pregrade pred škodljivci. 

Da bi omogočili spremljanje več analitov hkrati, smo sistematično ovrednotili strategije 
za uporabo več fluorescentnih biosenzorjev v živem rastlinskem tkivu. Izbrano paleto 
fluorescentnih proteinov smo okarakterizirali glede na svetlost in spektralne lastnosti ter 
ovrednotili metode za ločevanje prekrivajočih se signalov. Ločitev fluorescentnih proteinov 
po standardnem večkanalnem slikanju je omogočilo zanesljivo razločitev signalov, pri tem 
pa tudi skrajšan časa zajema, zmanjšano bledenje in zmanjšan nastanek artefaktov zaradi 
gibanja. Razviti pristop za segmentacijo pa je omogočil kvantitativno analizo signalov v 
različnih celičnih razdelkih. 

To delo prikazuje, kako genetsko zapisani biosenzorji omogočajo razumevanje 
prostorsko-časovne dinamike obrambnega odziva pri rastlinah. Opredeljuje zlasti prostorski 
antagonizem med SA in JA pri odzivu na ranjenje listov. Tovrstni pristopi z genetsko 
zapisanimi biosenzorji dopolnjujejo omične analize in prispevajo k poglobljenemu 
mehanističnemu razumevanju rastlinske imunosti, tudi neposredno pri kulturnih rastlinah. 



xii  Povzetek 

 



 xiii 

Contents 

List of Figures xv 

1 Introduction 1 
1.1 Plant Defence Response ....................................................................................... 1 

1.1.1 More than gene-for-gene resistance: Plant immunity as a quantitative 
feature ...................................................................................................... 2 

1.1.2 Immune response is spatially coordinated ................................................ 3 
1.1.3 Stressful event: Herbivore attack .............................................................. 4 
1.1.4 Wounding-triggered signalling cascade ..................................................... 4 
1.1.5 Wounding response predominantly relies on jasmonic acid signalling 

pathway .................................................................................................... 4 
1.1.6 Involvement of other signalling pathways ................................................ 7 
1.1.7 At the wound edge: Localized response .................................................... 7 
1.1.8 At the wound edge: Induced resistance .................................................... 7 
1.1.9 At the wound edge: Cell death and healing ............................................. 7 

1.2 Employing Systems Biology Approaches to Follow and Understand Plant 
Defence Response ................................................................................................. 8 
1.2.1 Biosensors as tools in systems biology approach ...................................... 8 

1.2.1.1 Genetically encoded biosensors .................................................. 9 
1.2.1.2 Towards biosensors multiplexing: Discrimination of the 

fluorophores ............................................................................... 9 
1.3 Scientific Problems and Aims of the Thesis ........................................................ 10 
1.4 Research Hypotheses ........................................................................................... 11 
1.5 Publications Included and Candidate’s Contributions ........................................ 11 

2 Scientific Publications 13 
2.1 Biosensors: A Sneak Peek into Plant Cell’s Immunity ........................................ 13 
2.2 Jasmonic Acid and Salicylic Acid Interact to Determine Spatial Regulation of 

Gene Expression Responses in Potato Leaf to Herbivory by Colorado Potato 
Beetle and Mechanical Wounding ....................................................................... 32 

2.3 Robust Quantification of Multiplexed Fluorescent Protein-Based Biosensors in 
Plant Tissues ...................................................................................................... 46 

3 Discussion 79 

4 Conclusions 85 

Appendix A Supplementary Material of Included Publications 87 
A.1 Supplementary Material for Publication 2.2 ....................................................... 87 
A.2 Supplementary Material for Publication 2.3 ....................................................... 87 



xiv  Contents 

Appendix B Permission for Reproduction of Included Publications 88 
B.1 Permission for Reproduction of Publication 2.1 ................................................. 88 
B.2 Permission for Reproduction of Publication 2.2 ................................................. 89 
B.3 Permission for Reproduction of Publication 2.3 ................................................. 90 

References 91 

Bibliography 103 

Biography 105 
 

 



 xv 

List of Figures 

Figure 1: Spatial antagonism of salicylic acid (SA) and jasmonic acid (JA) in response to 
Pseudomonas syringae infection. ........................................................................................3 
Figure 2: JA biosynthesis. ..................................................................................................5 
Figure 3: JA-dependent transcriptional regulation. ............................................................6 
 



xvi  Contents 

  



 xvii 

Abbreviations 

13-LOX . . . 13-lipoxygenase 

ABA . . . abscisic acid 

AOC . . . allene oxide cyclase 

AOS . . . allene oxide synthase 

Aux . . . auxin 

Avr factor . . . avirulence factor 

BIK1 . . . Botrytis-induced kinase 1 

BR . . . brassinosteroid 

CK . . . cytokinin 

CPB . . . Colorado potato beetle 

CycB1 . . . cyclin B1 

DAMP . . . damage associated molecular pattern 

EDS1-PAD4-ADR1 . . . complex of proteins: enhanced disease susceptibility 1, 
phytoalexin deficient 4 and activated disease resistance 1 

ERF . . . ethylene responsive factor 

ET . . . ethylene 

ETI . . . effector triggered immunity 

ETS . . . effector triggered susceptibility 

EYFP . . . enhanced yellow fluorescent protein 

GA . . . gibberellic acid 

GUS . . . beta-glucosidase synthase 

HAMP . . . herbivore associated molecular pattern 

HDA . . . histone deacetylase 

hpt . . . hours post treatment 

HR . . . hypersensitive response 

Ile . . . isoleucine 

INA . . . 2,6-dichloroisonicotinic acid 

IPS . . . International Postgraduate School 

JA . . . jasmonic acid 

JAR1 . . . jasmonate resistant 1 protein 

JAZ . . . jasmonate ZIM-domain protein 

MAPK, MPK . . . mitogen-activated protein kinase 

MC . . . multicystatin 

MeJA . . . methyl jasmonate 

MKK . . . MAPK kinase 

MYB TF . . . myeloblastosis transcription factor 

NahG . . . salicylate hydroxylase, gene/protein G of naphthalene 
degradation operon 

NIB . . . National Institute of Biology 



xviii  Abbreviations 

NLR . . . nucleotide binding domain and leucine rich repeat receptor 

NPR1 . . . non-expressor of pathogenesis-related genes 1 protein 

OPDA . . . oxylipin 12-oxo-phytodienoic acid 

OPR3 . . . 12-oxophytodienoate reductase 3 

PAMP . . . pathogen associated molecular pattern 

PCD . . . programmed cell death 

PMT . . . photomultiplier tube 

PR1 . . . pathogenesis related protein 1 

PRR . . . pattern recognition receptor 

PSII . . . photosystem II 

PTI . . . pattern triggered immunity 

R-protein . . . resistance protein 

RbohD . . . respiratory burst oxidase homologue D 

REF1 . . . regeneration factor 1 peptide 

ROS . . . reactive oxygen species 

SA . . . salicylic acid 

SCFCOI1 . . . protein complex of Skp1-Cullin1-F-box protein and coronatine 
insensitive protein 

SNR . . . signal-to-noise ratio 

T3SS . . . type 3 secretion system 

TF . . . transcription factor 

TPL . . . topless protein 

VSP1 . . . vegetative storage protein 1 

 



1 

 

Chapter 1 

1 Introduction 

1.1 Plant Defence Response 

Plants respond to environmental stress by activating signalling cascades that lead to the 
synthesis of protective molecules and the formation of physical barriers, such as secondary 
metabolites and reinforced cell walls (Doughari, 2015). Plant hormones are central 
regulators of these cascades, coordinating efficient local and systemic responses and 
enabling crosstalk between distinct signalling modules. Classical growth regulators, 
including auxins (Aux), cytokinins (CK), gibberellins (GA), brassinosteroids (BR), and 
abscisic acid (ABA), are key drivers of plant growth and development and have been most 
extensively studied in this context. However, they also contribute to stress responses, for 
example, ABA in drought tolerance. 

In contrast, defence responses to biotic stressors such as microbes and herbivores are 
primarily governed by salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) signalling 
pathways (Bari & Jones, 2009). Plant defence against biotic stress is generally divided into 
two categories: (i) responses to biotrophs, which require living host tissue, and (ii) responses 
to herbivores and necrotrophs, the latter feeding on and proliferating in dead tissue. 
Defence against biotrophs is predominantly SA-dependent, whereas resistance to herbivores 
and necrotrophs relies mainly on JA and ET signalling. This distinction is referred to as 
trophic divergence (Huang et al., 2020). 

Plant immune responses rely on both the innate immunity of individual cells and 
systemic signalling that spreads from infection sites. This multilayered defence was 
conceptualized by the ‘zigzag model’ proposed by Jones and Dangl in 2006. According to 
this model, plants recognize pathogen-associated molecular patterns (PAMPs) such as 
bacterial flagellin or fungal chitin via cell-surface pattern-recognition receptors (PRRs), 
leading to the activation of pattern-triggered immunity (PTI). Pathogens can suppress PTI 
via effector proteins that interfere with host immune signalling, resulting in effector-
triggered susceptibility (ETS). Through coevolution, some of these effectors, termed 
avirulence (Avr) proteins, which are frequently species or strain-specific, have become 
recognizable by plant resistance (R) proteins, either directly or indirectly (for example, via 
perception of pathogen-induced modifications of host proteins). These R-proteins, often 
cytoplasmic nucleotide-binding domain leucine-rich repeat receptors (NLRs), mediate 
effector-triggered immunity (ETI), restoring plant defence capacity (Jones & Dangl, 2006).  

Increasing evidence shows that PTI and ETI terms were limited in their definition 
considering apoplastic and general (preserved e.g. among kingdoms) molecular patterns 
(PAMPs) and T3SS-secreted and more specific (e.g. species or strain-specific) effectors 
(Jones & Dangl, 2006, vs. Thomma et al., 2011). For example, considering their specificity, 
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some PAMPs were shown to be narrowly conserved while some effectors are widespread 
across species. Additionally, considering their involvement in pathogen fitness (PAMPs) or 
virulence (effectors), some PAMPs and effectors can have a role in both (Thomma et al., 
2011). The zigzag model related PTI and ETI terms are therefore nowadays replaced by 
other classifications, such as based on the structure of receptors (PRR- and NLR-mediated 
immunity) or, preferably, based on localization of detection of molecular patterns or 
effectors (extracellularly and intracellularly triggered immunity or surface-receptor and 
intracellular-receptor mediated immunity) (Ngou et al., 2022). Besides novel insights into 
the nature of perceived molecular patterns, research of signalling components also showed 
that extracellularly and intracellularly triggered immunity are highly intertwined and 
activate convergent downstream responses, including Ca²⁺ influx, reactive oxygen species 
(ROS) bursts, mitogen-activated protein kinase (MAPK) activation, induction of defence-
related genes, and phytohormone production (Lu & Tsuda, 2021; Tsuda & Katagiri, 2010). 
While extracellularly and intracellularly triggered immunity share broadly similar 
transcriptional signatures, intracellularly triggered immunity responses are typically 
stronger and more sustained (Bernoux et al., 2022). Intracellularly triggered immunity 
frequently, though not always, culminates in a hypersensitive response (HR)—a form of 
localized cell death that restricts pathogen spread (Morel & Dangl, 1997). In some cases, 
intracellularly triggered immunity can result instead in extreme resistance, where infection 
is effectively blocked without visible cell death, often when R-proteins are expressed at 
high levels (Ross et al., 2021). Extracellularly and intracellularly triggered immunity are 
mutually potentiated. For example, pathogen effectors can increase the abundance of 
proteins that contribute to extracellularly triggered immunity (Jones et al., 2024). 
Conversely, loss of extracellularly triggered immunity results in reduced cell death 
compared to the combined activation of extracellularly and intracellularly triggered 
immunity (Jones et al., 2024). Furthermore, several surface-receptor mediated immunity 
coreceptors have been shown to be essential for full intracellularly triggered immunity 
activation (Ngou et al., 2021; Yuan, Jiang, et al., 2021). On the other hand, signalling via 
intracellularly triggered immunity components EDS1-PAD4-ADR1 is required for 
extracellularly triggered immunity (Pruitt et al., 2021; Tian et al., 2021). The combined 
response of extracellularly and intracellularly triggered immunity exceeds the sum of the 
individual responses, both qualitatively, such as through phosphorylation of RbohD and 
MAPKs and generation of apoplastic ROS, and quantitatively, reflected in higher 
abundance of BIK1, RbohD, and MPK3 proteins. These synergistic effects occur at both 
transcriptional and post-transcriptional levels (Ngou et al., 2021; Yuan, Jiang, et al., 2021). 
Interestingly, during extracellularly triggered immunity, transcriptional and translational 
responses are less tightly correlated than during intracellularly triggered immunity (Yuan, 
Jiang, et al., 2021; Yuan, Ngou, et al., 2021). Extracellularly triggered immunity also 
amplifies the HR triggered by several effectors, involving MAPK and Rboh activity (Ngou 
et al., 2021). 

1.1.1 More than gene-for-gene resistance: Plant immunity as a 

quantitative feature  

The zigzag model involving PTI and ETI (or extracellularly and intracellularly triggered 
immunity, respectively) primarily describe immune responses based on pathogen 
perception. In this framework, ETS and ETI correspond to qualitative features of 
sensitivity or resistance to a specific pathogen genotype and typically involve a small 
number of genes with large effects (e.g. Avr paired with their recognizing R-genes, either 
by direct binding, through guarding or guardee-mimicking decoy [Dangl & Jones, 2001; 
Van Der Hoorn & Kamoun, 2008]). In contrast, quantitative resistance is governed by 
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numerous genes, often encompassing 10% or more of the genome, each contributing small 
to moderate effects on immunity. Many of these genes perform functions not traditionally 
associated with disease resistance. Despite their modest individual impacts, collectively 
they shape the outcome of most host–pathogen interactions. Quantitative resistance is 
generally more stable and durable and can confer protection against a broader spectrum 
(e.g. kingdom-wise) of pathogens, although certain pathogen genotypes may still overcome 
it (Bartoli & Roux, 2017; Corwin & Kliebenstein, 2017; Delplace et al., 2020). 

Another aspect of quantitative resistance lies in the abundance of immune receptors, 
kinases, and enzymes such as RbohD, where higher protein levels correlate with stronger 
defence activation (Jones et al., 2024; Lu & Tsuda, 2021; Yuan, Jiang, et al., 2021). 

1.1.2 Immune response is spatially coordinated 

Studies with high spatial resolution have revealed that immune responses are not uniformly 
distributed across the affected tissue (Betsuyaku et al., 2018; Calabria et al., 2025; 
Delannoy et al., 2023; Ghareeb et al., 2020; Hander et al., 2019; Jacob et al., 2023; Lukan 
et al., 2020, 2023; Salguero-Linares et al., 2022; Zhou et al., 2020). Instead, the energetically 
costly immune response is confined to specific subsets of cells, with the intensity and type 
of response depending on the distance from the infection site. For instance, during effector-
triggered immunity (ETI) in Arabidopsis infected with Pseudomonas syringae (Figure 1) 
or Fusarium oxysporum, spatial separation of the antagonistic hormones JA and SA has 
been observed (Betsuyaku et al., 2018; Calabria et al., 2025). SA signalling predominates 
at the boundary of the HR zone, whereas JA signalling is activated in cells located further 
away. This spatial organization allows for localized defence activation, ensuring that (i) 
defence does not spread unnecessarily and cause susceptibility to pathogens or pests of 
differing trophic strategies, and (ii) the interplay of distinct hormonal pathways fine-tunes 
the balance between defence, growth, and development (S. Huang et al., 2020). 

 

 

Figure 1: Spatial antagonism of salicylic acid (SA) and jasmonic acid (JA) in response to 
P. syringae infection. SA-depended PR1 gene expression and JA-depended VSP1 gene 
expression occur at mutually exclusive sites of Arabidopsis leaf. SA, which is involved in 
hypersensitive response (HR) cell death, is active in the region directly surrounding the 
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infected region while JA is active outwards of SA region. Republished from Betsuyaku et 
al., 2018, Plant and Cell Physiology, 59, 439 (CC-BY-NC). 

1.1.3 Stressful event: Herbivore attack 

Wounding is a common stress event in a plant’s life, caused by adverse weather conditions 
or herbivory. It often precedes pathogen invasion or occurs during the early stages of 
infection. Wound healing is essential to prevent water and nutrient loss and to restore 
tissue integrity, thereby limiting microbial entry. In certain organs, such as the roots, lost 
tissue must also be regenerated (Marhava et al., 2019). To mitigate the potentially harmful 
consequences of wounding and herbivory, plants have evolved complex responses that 
involve transcriptional reprogramming, enabling tissue repair and the production of 
protective compounds against herbivores, including secondary metabolites and 
antinutritive molecules such as proteinase inhibitors (e.g., multicystatin, MC) (Howe & 
Schaller, 2008). 

1.1.4 Wounding-triggered signalling cascade 

Wound response is initiated by DAMPs and HAMPs (damage- and herbivore-associated 
molecular patterns, respectively; reviewed in Hou et al. 2019), which trigger a cascade of 
cellular events. These include membrane depolarization (reviewed in Farmer et al., 2020), 
increase in Ca²⁺ levels in the cytosol and nucleus (Bellandi et al., 2022; Toyota et al., 2018) 
as well as the endoplasmic reticulum (Resentini et al., 2021), generation of ROS 
(Beneloujaephajri et al., 2013; L’Haridon et al., 2011), and the processing and release of 
signalling peptides—for example, Pep1, which spreads locally in Arabidopsis (Hander et 
al., 2019), or REF1 in tomato (Yang et al., 2024). In addition, wounding activates kinase 
cascades (Tang et al., 2017; Tena et al., 2011), such as two MAPK modules in Arabidopsis: 
MKK3–MPK1/2/7/14, which is JA-dependent, and MKK4/5–MPK3/6, which is JA-
independent (Sözen et al., 2020). Finally, wound responses involve the production and 
release of bioactive hormone derivatives (Vega-Muñoz et al., 2020). 

1.1.5 Wounding response predominantly relies on jasmonic acid 

signalling pathway 

The response to wounding predominantly relies on the JA signalling pathway. JA 
biosynthesis (Figure 2) is initiated within minutes of wounding (Chauvin et al., 2013; 
Glauser et al., 2008) and occurs independently of de novo transcription or translation 
(Chung et al., 2008; Kimberlin et al., 2022). The process begins with the oxidation of 
plastid fatty acids by 13-lipoxygenase (13-LOX), followed by a series of enzymatic reactions 
leading to the formation of 12-oxo-phytodienoic acid (OPDA). OPDA is then transported 
to the peroxisome, where it is further converted into JA. Subsequently, JA is translocated 
to the cytoplasm, where it is conjugated with isoleucine (Ile) by JAR1, forming the 
bioactive JA-Ile conjugate. This conjugate facilitates the interaction between the SCFCOI1 
complex and the transcriptional repressor JAZ, resulting in JAZ degradation via the 26S 
proteasome within minutes of JA exposure (Chini et al., 2007; Larrieu et al., 2015). The 
degradation of JAZ releases transcriptional activators, such as MYC2/3/4, which recruit 
RNA polymerase II through the multisubunit Mediator complex to drive JA-dependent 
gene expression (Figure 3) (Zhai et al., 2020). 
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Figure 2: Jasmonic acid (JA) biosynthesis. JA biosynthesis starts from fatty acids in 
chloroplast, where 13-LOX, AOS and AOC gradually convert them to OPDA. The latter 
is transported into peroxisome where it is oxidized by OPR3 to form JA. JA is then 
transported into cytosol, where it is conjugated with isoleucine by JAR1 to form the most 
bioactive JA derivative, JA-Ile. The latter is transported into nucleus. Republished from 
Liu & Timko, 2021, International Journal of Molecular Sciences, 22, 2914 (CC-BY). 
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Figure 3: Jasmonic acid (JA)-dependent transcriptional regulation. After transportation to 
nucleus, JA-Ile bridges SCFCOI1 E3 ubiquitin ligase complex with a complex of 
transcriptional repressor JAZ and corepressors NINJA, TPL and HDA. JAZ then 
undergoes ubiquitination and degradation via 26S proteasome. After repressor complex is 
released from transcriptional activator MYC2, which binds to G-box in promoters of JA-
responsive genes, the transcription is activated. Republished from Liu & Timko, 2021, 
International Journal of Molecular Sciences, 22, 2914 (CC-BY). 

The JA-dependent response is tightly regulated in time. Transcriptional repressors of 
the JAZ family are degraded within 15 minutes after wounding (Larrieu et al., 2015; Van 
der Does et al., 2013). Degradation of JAZs is coinciding with the transcriptional activation 
of JA biosynthesis genes, such as 13-LOX, AOS, AOC and OPR3, and JA biosynthesis 
regulators, either positive, such as transcriptional activator MYC2, or negative, such as 
transcriptional repressors JAZs (Hickman et al., 2017), suggesting the onset of both, 
positive and negative feedback loop. For several of these biosynthesis genes and regulators 
of their expression, basal and inducible expression occurs independently of de novo protein 
synthesis, meaning that their activity is regulated on the protein level, allowing them to 
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act immediately upon JA perception (Chung et al., 2008). This early response phase is 
followed by the downregulation of primary metabolism, along with the upregulation of JA 
biosynthetic genes and defence-related proteins such as 13-LOX, AOC, AOS, JAR1, and 
VSP1/2—a timeline that closely mirrors the wound-induced response (Koo et al., 2009). 
Approximately two hours after wounding, genes involved in regulatory functions and 
secondary metabolism become prominently upregulated (Hickman et al., 2017). 

1.1.6 Involvement of other signalling pathways 

JA-dependent regulation is not the only mechanism coordinating an appropriate response 
to wounding; other signalling pathways are also activated, either independently or through 
crosstalk at different stages of the response (Vega-Muñoz et al., 2020). In addition to JA, 
ET, ABA, and Aux have been shown to participate in wound responses (Vega-Muñoz et 
al., 2020). There is also limited evidence for a role of SA, such as its transient increase 
following wounding (Ogawa et al., 2010). This orchestrated signalling helps prevent spread 
of the cell death (Cui et al., 2013, 2019) and hypersensitivity to damage (Zhang et al., 
2019). 

Importantly, wound responses are tissue specific. In roots, for example, ET rather than 
JA plays a central role in mediating the response (Marhavý et al., 2019). Wounding of 
roots or stems can also trigger cell division in meristematic tissues via activation of the 
Aux signalling pathway; cells surrounding the wound re-enter the cell cycle to facilitate 
repair (Hoermayer et al., 2020). In contrast, leaves are composed mainly of differentiated 
cells, so the response focuses on limiting the spread of the wound and preventing cell decay 
rather than replacing damaged cells. 

1.1.7 At the wound edge: Localized response 

Local responses to mild wounding, which trigger concentric and confluent distributions of 
various molecules, have been observed using genetically encoded biosensors. These includes 
redox responses (Prasad et al., 2020) and Ca2+ signals following mechanical wounding 
(Bellandi et al., 2022; Toyota et al., 2018) or during insect feeding (Vincent et al., 2017), 
and Pep1 release, which is restricted to cells immediately adjacent to the wound site 
(Hander et al., 2019). Wound responses have been shown to depend on the intensity of 
damage, remaining locally confined in the case of mild wounding, but spreading 
systemically when larger veins are affected (Salvador‐Recatalà et al., 2014).  

1.1.8 At the wound edge: Induced resistance 

Wounding induces resistance to herbivores and necrotrophic pathogens by activating the 
JA signalling pathway. This activation upregulates genes involved in secondary 
metabolism, including anthocyanin, tryptophan, and‒in Arabidopsis‒glucosinolate 
biosynthesis, as well as the ABA-mediated signalling pathway. At the same time, it 
downregulates regulators of primary metabolism, innate immune responses, SA 
biosynthesis, developmental processes, and Aux polar transport (Hickman et al., 2017). 
Consequently, resources are reallocated from primary metabolism, growth, and 
development toward defence and resistance. 

1.1.9 At the wound edge: Cell death and healing 

Cells adjacent to the wound edge enter programmed cell death (PCD) (Cui et al., 2013), 
while the surrounding ones need to restore the tissue at the wound site, to prevent pathogen 
entry, and water and nutrient loss. Wound healing response includes ABA, as it induces 
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formation of suberin, a constituent of secondary cell wall (Serra & Geldner, 2022), and 
controls JA-dependent wound-induced wax formation in leaves through MYB96 
transcription factor (TF), which is involved in upregulation of wax biosynthesis enzymes 
(Lewandowska et al., 2024). On the other hand, JA-induced MYB108 TF is a negative 
regulator of ABA-induced cell death upon wounding (Cui et al., 2013).  

1.2 Employing Systems Biology Approaches to Follow and 

Understand Plant Defence Response 

In cases described by the zigzag model, the recognition of a single pathogen Avr factor by 
a corresponding plant R-protein can be sufficient to halt pathogen spread (Van Der Biezen 
& Jones, 1998). However, this model does not account for the broader molecular networks 
that underpin such responses (Tsuda et al., 2009) or that contribute to quantitative 
resistance. Considering these complex regulatory layers becomes particularly important 
when examining multifactorial stress scenarios, where plants must simultaneously respond 
to diverse challenges—such as combined heat and drought stress with herbivore attack, or 
waterlogging accompanied by fungal infection. 

Systems biology takes a holistic view of biological research, recognizing that biological 
systems are more than just the sum of their individual components. It focuses on three key 
principles: emergence, robustness, and modularity. Emergence refers to new properties that 
arise from interactions within the system and cannot be predicted from individual 
components alone. Robustness describes the ability of biological systems to maintain their 
function despite environmental changes, random fluctuations, or genetic variation, often 
through feedback regulation. Modularity means that biological systems are organized into 
interconnected modules that can function relatively independently, allowing damage to 
remain localized and enabling evolutionary adaptation through rewiring of these modules 
(Aderem, 2005). 

Accordingly, systems biology studies both biological networks and mathematical models 
of biological processes. Biological networks consist of entities such as genes, RNAs, proteins, 
and metabolites, connected through their interactions. Mathematical modelling is used to 
describe and predict biological behaviour by integrating information about network 
structure, time-series and omics data, spatial organization, and experimental perturbations, 
together with measurable outputs such as gene expression patterns and molecular 
distributions (Yue & Dutta, 2022). The field aims to generate large-scale datasets and 
apply an iterative cycle in which biological networks are constructed, modelled, 
experimentally tested, and continuously refined based on the obtained results (Aderem, 
2005). 

1.2.1 Biosensors as tools in systems biology approach 

Biosensors are tools that detect specific analytes and report their presence or concentration 
through a measurable signal (Walia, Waadt & Jones, 2018). They can provide quantitative 
information on parameters such as the kinetics and duration of molecule production or 
their interactions, which can be used in mathematical modelling of organismal responses. 
By monitoring nodes of crosstalk or end products, biosensors allow tracking of interactions 
between different pathways as well as the activity of individual modules. Additionally, they 
can guide the design of high-throughput experiments by informing the optimal spatial and 
temporal resolution for sampling in genomics, transcriptomics, proteomics, and 
metabolomics studies. Comparing biosensor data across different organisms further enables 
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assessment of the spatiotemporal range of biological variability, which can be accounted 
for in sample collection strategies. 

1.2.1.1 Genetically encoded biosensors 

Genetically encoded biosensors are biomolecular tools expressed within the studied 
organism, composed of a detector module and a reporter module. The detector module may 
consist of a protein domain that binds a specific biomolecular analyte, or a gene promoter 
that is activated in response to the analyte. The reporter module typically contains a 
reporter protein, such as luciferase, β-glucuronidase, or a fluorescent protein. Luciferase 
and β-glucuronidase are enzymes that require a substrate to generate a measurable signal, 
either as luminescence or coloration, whereas most fluorescent proteins emit a signal 
without any additional substrate. Fluorescent proteins also provide the highest spatial 
resolution, reaching the subcellular level (Sadanandom & Napier, 2010). 

In plants, most genetically encoded biosensors are designed to track plant hormones, 
particularly those associated with growth and development, such as ABA, Aux, GA and 
CK (Andres et al., 2024; Brunoud et al., 2012; Griffiths et al., 2024; Herud-Sikimić et al., 
2021; Jedličková et al., 2022; Jones et al., 2014; Khakhar et al., 2018; Rowe et al., 2023; 
Sabatini et al., 1999; Shi et al., 2024; Steiner et al., 2020; Vernoux et al., 2011; Waadt et 
al., 2014; Zürcher et al., 2013). For these biosensors, at least one strategy of analyte 
detection was used. Direct biosensors generate a response when an analyte binds to a 
specific protein domain, whereas indirect biosensors produce a response through activation 
of a gene promoter or cis-regulatory element fused to a minimal promoter (Sadanandom & 
Napier, 2010). 

1.2.1.2 Towards biosensors multiplexing: Discrimination of the fluorophores 

The complexity of plant responses, e.g. achieving balances between opposing processes 
through crosstalk between different hormonal pathways, highlights the need to monitor 
multiple processes simultaneously. Such parallel monitoring can be achieved by introducing 
multiple genetically encoded biosensors that employ distinguishable fluorescent proteins as 
reporter modules. For instance, the simultaneous use of SA and JA reporters in the same 
plant could reveal their spatiotemporal interplay at the cellular level, providing more 
precise insights than comparing reporter activity in separate plants. For successful 
multiplexing, fluorescent proteins should differ in their localization, excitation, emission, 
or fluorescence lifetime spectra. However, spectral overlap between fluorophores leads to 
signal crosstalk, compromising accurate distinction of biological targets (Zimmermann, 
2005). Multiplexing in plants faces another challenge that does not exist while working 
with cell lines (Leiwe et al., 2022): autofluorescence produced by chlorophyll and secondary 
metabolites (Donaldson, 2020). 

These challenges have been addressed through several approaches, one of the most 
widely used being linear unmixing, which assumes that the total detected signal in each 
channel can be expressed as a linear combination of the contributing fluorophores (Leiwe 
et al., 2022; Zimmermann, 2005). This method enables not only visualization but also 
quantitative analysis of imaging data and is conveniently implemented in confocal 
microscope software such as Leica LAS X and Zeiss ZEN. Nonetheless, accurate fluorophore 
separation requires precise reference spectra, which may differ from those available in 
databases (e.g., FPbase.org; Lambert, 2019) due to instrument-specific limitations, such as 
filter configurations (Mylle et al., 2013). Importantly, the number of spectral detection 
channels must be at least equal to the number of fluorophores present in the sample, and 
all contributing fluorophores must be included in the unmixing calculation (Zimmermann, 
2005). 
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1.3 Scientific Problems and Aims of the Thesis 

Genetically encoded biosensors have been predominantly developed for the model plant 
Arabidopsis thaliana (Inzé & Nelissen, 2022; Uauy et al., 2025), while only a limited number 
have been applied to crop species such as potato (Hipsch et al., 2021; Joshi et al., 2016; 
Lukan et al., 2023; Moroz & Tanaka, 2020). Transferring biosensors from Arabidopsis to 
crop species presents several challenges, including difficulties in plant transformation and 
regeneration (Altpeter et al., 2016), gene silencing and mosaicism (Reddy et al., 2003), and 
increased autofluorescence caused by higher concentrations of secondary metabolites 
(Donaldson, 2020). In addition, the larger overall size of crop plants further complicates 
imaging. Moreover, in the case of transcriptional reporters, gene regulation may differ 
substantially between crops and Arabidopsis (Wiesel et al., 2015). The biosensors in 
Arabidopsis were mainly developed for studies of plant growth and development, with 
comparatively fewer applications in the investigation of stress responses. Yet, analysing 
stress responses directly in crops is essential for understanding underlying processes and 
ultimately ensuring food security. Our first aim was to compile existing knowledge on 
biosensors applicable for studying plant immune responses, their implementation in crop 
species, and strategies to overcome associated limitations. The second aim was to establish 
a protocol for monitoring genetically encoded biosensors in intact, soil-grown plants, in a 
manner suitable for the biosensors of choice, enabling us to follow entire processes in situ 
while minimizing sample size, monitoring biological variability such as spatial, temporal or 
response strength differences, and limiting artifacts introduced by sampling. This was 
exemplified using two genetically encoded biosensors implemented in potato that respond 
to JA. The first is a direct reporter of JAZ degradation AtJas9-Venus-N7, originally 
developed in Arabidopsis and transferred to potato (Larrieu et al., 2015; Mahkovec Povalej, 
2020). Apart from the first report, this sensor had so far not been used for following JA 
response in vivo. The second biosensor is a transcriptional reporter based on a potato native 
gene promoter, MC::EYFP (Lukan, 2018). Both sensors utilize fluorescent proteins as 
reporters and can be monitored using confocal imaging. Using these sensors, we aimed to 
identify (i) key timepoints and tissue regions for sampling in other analyses and (ii) 
parameters for mathematical modelling of the dynamic processes underlying plant stress 
responses. As a case study, our work focused on JA signalling, which is activated in 
response to mechanical damage and herbivory attack. Beyond developing an acquisition 
protocol, this work provided insights into the spatiotemporal dynamics of potato responses 
to CPB feeding, in comparison to purely mechanical wounding, which does not elicit 
response to herbivore saliva or regurgitant (Chung et al., 2013; Verhage et al., 2011). Our 
third aim was to investigate the potential and limitations of multiplexing genetically 
encoded biosensors. Such an approach would allow simultaneous tracking and integration 
of different processes. Specifically, we evaluated the potential of Leica’s LAS X Dye 
Separation for linear unmixing of co-expressed fluorescent proteins or of fluorescent 
proteins and autofluorescence with overlapping excitation, emission, and fluorescence 
lifetime spectra. 

In summary, this dissertation aims to: (i) review the available genetically encoded 
biosensors in plants used to study plant immune response, and revise their implementation 
in crop species such as potato, (ii) develop a strategy to follow genetically encoded 
biosensors in spatiotemporal manner in intact potato plants in vivo, (iii) use available 
genetically encoded biosensors in potato to explore spatiotemporal characteristics of JA 
signalling in response to mechanical and herbivore wounding, (iv) explore the possibilities 
to use more than one genetically encoded biosensor based on fluorescent proteins in the 



1.4. Research Hypotheses 11 

same plant by employing linear unmixing of the signals acquired with laser scanning 
confocal microscopy. 

1.4 Research Hypotheses 

1. Genetically encoded biosensors can be used to follow spatiotemporal responses in 
potato plants. 

2. JA signalling is differently spatiotemporally regulated in herbivore and mechanical 
wounding. 

3. Reliable multiplexing of genetically encoded biosensors based on fluorescent 
proteins as reporters in plants is feasible using linear unmixing. 

1.5 Publications Included and Candidate’s Contributions 

Our first publication (Biosensors: A Sneak Peek into Plant Cell’s Immunity) is a review of 
the existing literature on biosensors that can be used to follow plant immune responses. It 
highlights the potential of using multiple biosensors within a single plant, a strategy still 
rarely applied, and reviews existing tools applied in crop species. Key challenges, including 
autofluorescence, low signal-to-noise ratio, and quantification issues are also discussed 
alongside possible solutions.  

Our second publication (Jasmonic Acid and Salicylic Acid Interact to Determine Spatial 
Regulation of Gene Expression Responses in Potato Leaf to Herbivory by Colorado Potato 
Beetle and Mechanical Wounding) investigates JA and SA signalling dynamics in potato 
leaves following CPB herbivory and mechanical wounding. Using fluorescent biosensors, 
we show that JA dependent gene expression is absent in cells at the wound edge but is 
present outwards, while SA accumulates predominantly at the wound edge and suppresses 
JA-dependent gene expression in this region. In SA-deficient plants, JA-dependent gene 
expression expands confluently from the wound edge. These findings reveal a spatial 
crosstalk between SA and JA that shapes wound responses, extending concepts from 
pathogen defence to herbivory and mechanical injury. 

Our third publication (Robust Quantification of Multiplexed Fluorescent Protein-Based 
Biosensors in Plant Tissues) identifies a palette of fluorescent proteins that exhibit 
comparable brightness in planta, making them suitable for simultaneous use. It also 
evaluates different strategies for unmixing of emission-overlapping fluorescent proteins 
based on linear unmixing and highlights the approach that is the fastest. Thus, it not only 
allows separation of fluorescent proteins from autofluorescence, originating from 
chlorophyll or root cell walls, but also facilitates monitoring the dynamics of multiple 
cellular components, including organelles and proteins, within plant cells.  
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Chapter 2 

2 Scientific Publications 

2.1 Biosensors: A Sneak Peek into Plant Cell’s Immunity 

Valentina Levak, Tjaša Lukan, Kristina Gruden, Anna Coll 

Life, 2021, 11(3):209. DOI: 10.3390/life11030209 

This review examines how biosensors can be applied to study plant immunity by 
monitoring defence signals, such as Ca2+ fluxes, ROS, and hormonal signalling pathways, 
in real time. By enabling dynamic, spatiotemporal observations, these tools shift the focus 
from static measurements to the timing, intensity, and localization of immune responses, 
which are often critical for effective defence. Investigating interconnected processes requires 
the use of multiple biosensors within the same plant, reducing the variability that can arise 
when comparing different plants. The paper highlights that the simultaneous application 
of more than one sensor in a single plant has been rarely explored. Additionally, the authors 
summarize the genetically encoded biosensors that have been implemented in crop species, 
underscoring the importance of developing sensors directly in target plants rather than 
relying solely on model systems. Finally, the paper highlights the challenges of applying 
these tools in plants—such as autofluorescence, low signal-to-noise ratio, and difficulties in 
quantification—and suggests approaches to overcome them. 

The paper was selected as Editor’s Choice and was cited in six other papers. 

The PhD candidate is the first author of the paper. She contributed to the design of 
the paper, selected and reviewed the cited literature, was involved in the preparation of 
the figure and the table, and wrote the first draft. 
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2.2 Jasmonic Acid and Salicylic Acid Interact to Determine 

Spatial Regulation of Gene Expression Responses in 

Potato Leaf to Herbivory by Colorado Potato Beetle and 

Mechanical Wounding 

Valentina Levak, Tjaša Mahkovec Povalej, Karmen Pogačar, Katja Stare, Maja Zagorščak, 
Tim Hawkins, Joanne Robson, David Dobnik, Tjaša Lukan, Kristina Gruden 

Plant and Cell Physiology, 2025, 66, 1878‒1890. DOI: 10.1093/pcp/pcaf120 

The study examines the spatial dynamics of JA and SA signalling in potato (S. 
tuberosum L.) leaves in response to herbivory by the CPB and to mechanical wounding. 
Using genetically encoded biosensors, the authors found that JA-dependent gene expression 
was absent in cells immediately adjacent to the wound, while JA signalling spread outward 
from the wound site. In contrast, SA accumulated near the wound, and in SA-depleted 
plants, JA signalling spread uniformly, indicating that SA locally suppresses JA responses. 
These results reveal a distinct spatiotemporal crosstalk between SA and JA that shapes 
wound responses in potato, extending concepts previously established in pathogen-plant 
interactions to herbivory and mechanical damage. By illustrating how these hormones 
interact to regulate gene expression in a spatially precise manner, the study provides new 
insights into the local regulation of plant immune responses and advances our 
understanding of the complex mechanisms underlying plant defence. 

The paper was selected as Editor’s Choice.  

The PhD candidate is the first author of the paper. She contributed to experimental 
design, execution of most experiments, reviewed the relevant literature, prepared all figures 
and wrote the first draft. 
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2.3 Robust Quantification of Multiplexed Fluorescent 

Protein-Based Biosensors in Plant Tissues 

Valentina Levak, Anže Županič, Karmen Pogačar, Nastja Marondini, Katja Stare, Tina 
Arnšek, Katja Fink, Kristina Gruden, Tjaša Lukan 

bioRxiv, 2026, 711581. DOI: 10.64898/2026.03.13.711581. Accepted for publication in 
The Plant Journal, 19 June 2026. 

This study tackles the challenges of multiplexing genetically encoded fluorescent 
biosensors in living plant samples, with an emphasis on separating and quantifying 
overlapping fluorophores. Eight fluorescent proteins were characterized in Nicotiana 
benthamiana for emission spectra, fluorescence lifetimes, and brightness. Three fluorescent 
proteins were stably expressed in S. tuberosum to compare signal intensity with transient 
expression in N. benthamiana. Using Leica’s LAS X Dye Separation module, the authors 
assessed Spectral Unmixing and Channel Dye Separation tools, highlighting their strengths, 
limitations, and ability to reduce autofluorescence and mitigate effects of specimen 
movement. The paper also provides a MATLAB script for the objective segmentation of 
cellular compartments, such as nuclei and chloroplasts. 

The PhD candidate is the first author of the paper. She contributed to the experimental 
design, execution of most experiments, reviewed the relevant literature, prepared all figures 
and tables and wrote the first draft. 
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Chapter 3 

3 Discussion 

Biosensors, including genetically encoded biosensors, became indispensable tools in 
biological research. Especially genetically encoded biosensors that rely on fluorescent 
proteins, enable insights into spatiotemporal dynamics in vivo at whole organism, tissue, 
cell and subcellular level. Considering novel insights into plant immunity, biosensors are 
key to research the quantity of the involved molecules or their spatiotemporal coordination. 
With that, they inform and complement omics analyses by contextualizing the results and 
highlight critical time points and spatial context. Their time-series data can also infer 
parameters for mathematical models, detect emergent behaviours (thresholds, crosstalk 
between the modules, feedback loops) and validate them. 

In our experiments, we used genetically encoded biosensors in potato leaves and 
followed responses to herbivore and mechanical wounding. Wounding often precedes or 
occurs concurrently with pathogen infection, making it impossible to study the infection 
process independently of wounding. Single-cell sequencing is increasingly used to 
investigate various plant-pathogen systems, with the goal of identifying cell-specific 
responses based on cell type or distance from the infected tissue. However, in plants, single-
cell approaches require protoplasting—the removal of cell walls—which itself triggers a 
response similar to wounding (Delannoy et al., 2023). As a result, early wounding-related 
gene responses are often masked in the data, appearing in both mock treatments and 
negative controls. Although studies suggest that relatively few genes are affected in this 
way (Delannoy et al., 2023; Zhu et al., 2023), there remains a need for complementary 
tools to study wound responses. Genetically encoded biosensors offer one such approach, 
allowing in vivo imaging without the destruction of the tissue under study. Response to 
wounding is known to be governed by JA, so we selected biosensors to track JA signalling.  

Plant vegetative tissues are scarce in proteins and thus nitrogen content. While these 
tissues represent the only protein source for herbivores, they largely rely on digestive 
proteinases in their guts. However, in defence against herbivores, plants produce proteinase 
inhibitors (Martinez et al., 2016). We therefore exploited a promoter of the proteinase 
inhibitor multicystatin (MC), which is upregulated upon CPB infestation and coi1-
dependent (Petek et al., 2014) and used it as a sensor. In tomato, MC showed high 
induction in roots following methyl jasmonate (MeJA) spraying of the leaves, even to 
relatively low MeJA concentrations, already 1 hpt (Fujimoto et al., 2011), and was along 
with some other proteinase inhibitors of tomato better marker of MeJA response compared 
to JA-biosynthesis genes (Fujimoto et al., 2011). MC functions as a proteinase inhibitor 
with multiple cystatin inhibitory domains that was shown to strongly inhibit endogenous 
cysteine proteinases of the papain family (Popovič & Brzin, 2007) and cysteine proteinases 
which are abundant in herbivores’ guts (Gruden et al., 2003, 2004; Murdock et al., 1987; 
Orr et al., 1994). Potato MC protein is also present in tubers in a very stable crystalline 
form and solubilizes at acidic pH (Nissen et al., 2009). After wounding, the MC protein 
content is induced in leaves to up to 2% of the soluble protein fraction (Walsh & Strickland, 
1993). Our results with MC::EYFP after MeJA application and mechanical and herbivore 
wounding confirmed that MC expression can be used as a marker of JA-dependent gene 
activity in potato locally and systemically. 
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Beside a transcriptional reporter of JA-dependent gene expression MC::EYFP, we also 
employed another two genetically encoded biosensors, direct reporter of JA signalling that 
is based on JAZ degron sequence which binds JA-Ile, AtJas9-Venus-N7 (Larrieu et al., 
2015), and a bacterial transcriptional reporter of SA, Acinetobacter ADPWH_lux (Huang 
et al., 2005, 2006). Before our work on MC::EYFP and AtJas9-Venus-N7 sensors, 
biosensors were already implemented and used in potato plants, namely aequorin to track 
Ca2+ responses in different sampled tissues upon treatments with DAMPs and PAMPs 
(Moroz & Tanaka, 2020), chl-roGFP2 to track redox changes in the chloroplasts upon 
abiotic stresses on the level of whole plants (Hipsch et al., 2021) and upon PVY infection 
where imaging was performed on sampled leaves (Lukan et al., 2023), and 
DR5rev::3xVenus-N7 and CycB1;1::GUS to track Aux signalling and cell division in stem 
cuttings that formed adventitious roots (Joshi et al., 2016). Our work thus extended the 
use of biosensors in potato to three novel ones. We prepared protocols to track the JA 
sensors on intact plants, which enabled us to follow plant response to wounding in vivo 
and in a spatiotemporal manner, thus confirming our first hypothesis. In fact, the need for 
imaging of intact plants arose from the fact that we did not observe any MC::EYFP 
response when the smaller portion of the leaf was sampled or when leaf was detached from 
plant and the petiole was immersed in water. The imaging of MC::EYFP required covering 
sufficient portion of the leaf where we predicted the occurrence of its signal, therefore the 
imaging was performed as tilescan, merging neighbouring fields of view. On the other hand, 
imaging of AtJas9-Venus-N7 required gentle handling of plants and imaging without 
mounting the leaf. Low signal-to-noise ratio of both JA biosensors was complemented by 
increasing the confocal pinhole diameter to maximum and thus extending the obtained 
signal from thicker portion of the tissue. The comparison of spatial response between 
inducible MC::EYFP and strongly constitutively expressed AtJas9-Venus-N7 revealed their 
similarity, indicating that the presence of the biosensors did not perturb the system, as 
previously demonstrated for ABA biosensors (Isoda et al., 2020). However, we observed 
relatively long lag in the response of transcriptional reporter, which results from additional 
steps in fluorophore formation, including protein maturation, which is temperature 
dependent and thus slower in plants compared to mammalian cells (Balleza et al., 2018). 
While JA was followed by biosensors in planta, tracking SA levels with Acinetobacter 
ADPWH_lux was not possible following infiltration of potato leaves with the bacterial 
biosensor. Therefore, we adapted the protocol by Defraia et al., 2008, for tracking of SA 
levels in potato plant leaf homogenates. While the JA sensors used are limited in terms of 
in planta calibration due to the unknown penetration of potential calibrating solutions, this 
limitation was overcome by using Acinetobacter ADPWH_lux in homogenized tissue. All 
three sensors and the corresponding protocols can now be used over a range of research 
areas that include JA and SA signalling. 

The MC::EYFP and AtJas9-Venus-N7 sensors were used to track two stages in the JA 
signalling cascade following herbivory attack and mechanical wounding of potato leaves. 
The literature so far distinguished the responses between these two types of wounding, as 
it reported that herbivore’s saliva and the microbes present in it can cause inhibition of 
JA-dependent response through triggering SA-dependent response (Chung et al., 2013), 
leaving plant more susceptible to herbivory attack (Consales et al., 2012; Wang et al., 
2017). It was also reported that oral secretions can induce ERF branch of JA signalling, 
which opposes MYC2 branch that triggers anti-herbivore defence (Verhage et al., 2011). 
Therefore, we expected that the responses of both sensors would differ in action followed 
herbivore compared to mechanical wounding. The responses observed following both types 
of wounding were largely comparable, particularly between wounds caused by CPB larval 
probing and those produced by piercing the leaf with a sterile needle. However, MC::EYFP 
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activity was weaker in cells surrounding CPB bite wounds. Therefore, the second 
hypothesis was partially rejected. 

Moreover, we continuously observed that JA-dependent gene expression was inhibited 
in cells closest to the wound in both, herbivory and mechanically applied wounds, although 
JA-Ile dependent AtJas9-Venus-N7 degradation was active there. Responses to both types 
of wounding in this region were surprisingly comparable, especially between needle and 
probing wounds, while in case of bite wounds the region without JA-dependent gene 
expression was wider. The reason for this might lie in differences in applied mechanical 
forces during wounding, amount of produced DAMPs or content of microbiota in insect 
saliva. While such spatial response has not been previously described in this context, similar 
patterns of JA-dependent gene expression have been noted after mechanical wounding in 
Arabidopsis, such as JAZ10 and LOX2 in cotyledon leaf (Farmer et al., 2014; Gasperini et 
al., 2015) or OPR3 in leaves, especially following high (but not low) concentration of JA 
application (Body et al., 2019). In search for the mechanism of MC::EYFP non-activation 
in cells closest to the wound, we used Acinetobacter ADPWH_lux to check for an increase 
of SA in wound proximity. This observation was confirmed by introducing MC::EYFP into 
SA-depleted NahG lines and by treating the MC::EYFP sensor in nontransgenic 
background with JA and SA analogue, INA. Following MC::YFP sensor over 7 days post 
wounding revealed that its activity in cells around the wound was transiently inhibited in 
majority of cells surrounding the wound, and permanently inhibited in 2‒3 cells wide band 
right at the wound edge. These cells lost chlorophyll fluorescence and showed increased 
autofluorescence in cell walls, probably due to formation of the lignin-rich secondary cell 
wall. We propose that in this band of cells, within the first two days after wounding, SA-
JA crosstalk occurs with the final aim to select the cells which then form a secondary cell 
wall, supposedly to limit water and nutrient loss and to prevent microbial infection at the 
wounded site. This is in accordance with results showing that herbivory activity on N. 
attenuata leaves caused reduced maximal efficiency of PSII (Fv/Fm) in cells proximal to 
the wound edge and that this effect was reduced in transgenics with silenced LOX that 
contain lower levels of JA (Nabity et al., 2013). 

Spatial antagonism between SA and JA was first time observed in ETI following P. 
syringae pv. tomato DC3000 carrying AvrRpt2 effector infection of Arabidopsis leaves 
through spatially distinct expression of SA-dependent PR1 and JA-dependent VSP1 
(Betsuyaku et al., 2018). This phenomenon was also observed for TFs WRKY70 and 
WRKY11, of which the first was expressed in SA-dependent HR zone and the latter in JA-
dependent surrounding tissue in hemibiotrophic F. oxysporum infection of Arabidopsis root 
(Calabria et al., 2025). Considering SA-JA antagonism, JA mutants showed enhanced SA 
and callose deposition after wounding (Lewandowska et al., 2024). JA-dependent 
expression upon wounding of Arabidopsis leaves was shown for DHS1, an enzyme of lignin 
biosynthesis (McConn et al., 1997). Although not spatially resolved, some reports have 
already suggested involvement of SA-dependent gene expression in response to wounding: 
a transient increase of SA in the wounded leaves (Ang et al. 2024; Ogawa et al. 2010), and 
PR1 transcript was detected in both, local and systemic leaves after wounding by 
puncturing the leaves (Myers et al., 2023) in wild type, but not in npr1 (SA perception) 
mutants. Our results suggest that these unresolved dependencies between SA and JA are 
spatially regulated, and that spatial SA-JA antagonism is established in response to 
wounding. 

Spatial separation of processes supports a balance between defence against pathogens 
and pests with opposing strategies: biotrophic microbes and viruses on one side and 
necrotrophic fungi and herbivores on the other. Moreover, another balance is needed 
between defence and growth. Spatially confined activation of defence thus conserves 
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resources. Interestingly, it has been shown that response to wounding relies on its extent, 
thus being limited (and localized) as in our and above-mentioned cases or reaching systemic 
response when larger veins are wounded (Farmer et al., 2013) as these are required for 
systemic spread of the signal (Salvador‐Recatalà, Tjallingii & Farmer 2014; Farmer et al. 
2020; Farmer, Gasperini & Acosta 2014; Gao & Farmer 2023). Larger damage indicates 
more intensive insect pressure, making investment into systemic defence economic. 

Compared to omics analyses, a limitation of biosensors lies in the necessity to monitor 
a limited number of analytes, focusing on the most informative ones, due to constraints in 
discriminating fluorescent proteins during imaging. To address this issue, the third aim of 
our work was to research the possibilities of multiplexing sensors within the same organism. 
Specifically, we hypothesized that we could discriminate between sensors employing 
different fluorescent proteins, even if their emission spectra overlap. With this, we could 
expand the number of analytes we follow. For example, we could correlate multiple 
pathways spatiotemporally, e.g. SA and JA-dependent gene expression and corresponding 
redox state in different cellular organelles, as the expression analysis revealed that redox-
related enzymes correlate with JA-dependent gene expression. Moreover, we could test 
other possible hypotheses for the observed SA-JA spatial antagonism at cell-level 
resolution, such as that Ca2+ influx signatures differ at different regions in wound proximity 
(Bellandi et al., 2022; Nakai et al., 2001), or that the expression of the two MAPK kinases, 
StMKK6 and StMKK3, correlates with SA and JA region, respectively, or show distinct 
phosphorylation states in these two regions (Lazar et al., 2014; Seitz & Krysan, 2020). 
Besides that, we could examine the possibility of NPR1-MYC2 interaction in the 
MC::EYFP attenuation zone as a possible crosstalk hub (Nomoto et al., 2021). 

While multiplexing enables us to follow multiple targets within the same tissue or a 
cell, it is subjected to crosstalk of excitation and emission ranges of the fluorophores. This 
problem can undermine accurate distinction of the followed biological targets. Key 
determinants in successful unmixing are comparable brightness of overlapping fluorescent 
proteins and high signal-to-noise ratio (SNR).  

Comparable brightness can be expected while using comparably bright fluorescent 
proteins and similarly expressed targets, e.g. promoters of similar strength. When 
comparable brightness of the selected targets cannot be achieved, e.g. due to large 
differences in expression, it is recommended to use spectrally nonoverlapping fluorescent 
proteins to enable their distinction. On the other hand, fluorescent proteins of lower 
brightness can be used to follow highly expressed targets, such as proteins produced during 
virus multiplication. As candidates for unmixing, we selected a palette of fluorescent 
proteins previously published for their brightness and monomeric quality (Cranfill et al., 
2016) and transiently expressed them in N. benthamiana and three of the brightest were 
also stably expressed in potato. We showed that mTagBFP2, Venus, mKO2, mCherry, 
mKate2 and mCardinal show comparable brightness, while mTurquoise2 was much weaker 
than expected from FPbase data (Lambert, 2019). 

SNR depends on more than absolute brightness. Increased SNR can also be achieved 
by concatenation of more than one fluorescent protein, such as 3xVenus (Steiner et al., 
2020) or tdTomato (Nagano et al., 2020) and its localization in a smaller compartment, 
such as nucleus. Optimizing SNR to minimize background fluorescence (autofluorescence) 
or crosstalk can also be achieved by adjusting laser scan speed, reducing PMT voltage 
(detector gain), and applying line or frame averaging. For applications where high axial 
resolution is not critical, such as tissue-level imaging, increasing the pinhole beyond 1 Airy 
unit can further enhance signal detection (Deagle et al., 2017; Jonkman et al., 2020). 
Indeed, the latter approach enabled imaging of MC::EYFP as it strongly increased SNR. 
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As a proof of principle, we assessed the possibility of unmixing three spectrally 
overlapping fluorescent proteins, EGFP, Venus and mKO2, which can all be excited by 
the same standard laserline at 488 nm. They were expressed in distinct cellular 
compartments to qualitatively and, by using the segmentation script, also quantitatively 
measure the unmixing efficiency. Spectral unmixing, which relies on high-resolution lambda 
scans, provided the most precise signal separation but required long acquisition times and 
was therefore more sensitive to organelle movement and noise. In contrast, channel 
separation—using standard multichannel images and experimentally derived reference 
spectra—offered comparable separation with much shorter acquisition times, minimizing 
motion artifacts and photobleaching. Because the latter are frequently more important 
than the higher spectral precision of a slow lambda scan while achieving comparable 
fluorophore separation, we recommend channel separation as the most efficient and reliable 
method. 
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Chapter 4 

4 Conclusions 

A deep understanding of plant responses underlies the development of stress-tolerant and 
disease-resistant cultivars. In the context of emerging insights into plant immunity, 
biosensors are crucial for investigating the abundance of key molecules and their 
spatiotemporal dynamics. They complement omics analyses by providing contextual 
information that highlights critical time points and spatial patterns. Moreover, time-series 
data obtained from biosensors can inform and parameterize mathematical models, reveal 
emergent behaviours, such as signalling thresholds, pathway crosstalk, and feedback loops, 
and serve to validate model predictions. 

In this study, we focused on JA-responsive genetically encoded biosensors to monitor 
responses to mechanical and herbivore-induced wounding in potato leaves. By combining 
these biosensors with precise leaf sectioning and subsequent quantification of SA levels, we 
identified two distinct regions in the vicinity of wounds: one located at the wound edge, 
where both JA and SA accumulate and JA-dependent gene expression is suppressed, and 
another, situated a few cells away, where JA-dependent gene expression is active. These 
spatially defined hormonal patterns are accompanied by two distinct cellular outcomes 
near the wound — one promoting wound healing, localized cell death, and protection 
against biotrophic invasion, and the other supporting the production of defensive 
compounds, such as proteinase inhibitors, that counteract necrotrophs and herbivores. 
Interestingly, this wounding response mirrors the hypersensitive response previously 
described in plant–pathogen interactions. 

Because processes, including the response to wounding, involve multiple interacting 
hormonal pathways, employing multiple biosensors simultaneously is desirable to capture 
their precise coordination. Accurate discrimination between different reporters, such as 
fluorescent proteins, is essential to achieve this. By multiplexing fluorescent protein–based 
biosensors and applying linear unmixing to resolve overlapping signals, it becomes possible 
to monitor a larger number of analytes concurrently and to correlate multiple signalling 
pathways in space and time. In this study, we show that at least three spectrally 
overlapping proteins excited with the same laserline can be successfully unmixed using 
linear unmixing. This work, therefore, paves the way to multiplexing biosensors and thus 
identifying the occurrence of important steps in the cascades as well as crosstalk hubs 
between different signalling pathways and their spatiotemporal coordination. 
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Appendix A 

Appendix A Supplementary Material of Included 

Publications 

A.1 Supplementary Material for Publication 2.2 

All supplementary material is available at https://academic.oup.com/pcp/advance-
article/doi/10.1093/pcp/pcaf120/8262811#supplementary-data (Accessed December 23, 
2025). All raw files were deposited to Zenodo, DOI: 10.5281/zenodo.16875337. 

A.2 Supplementary Material for Publication 2.3 

All raw files were deposited to Zenodo, DOI: 10.5281/zenodo.19691651. The code was 
deposited to GitHub: https://github.com/NIB-SI/Nuclei-segmentation (Accessed 
December 23, 2025). 
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