BENEFITS AND LIMITATIONS OF
GENETICALLY ENCODED BIOSENSORS USE
IN PLANTS: USE CASE OF WOUNDING
RESPONSE IN POTATO

Valentina Levak



Doctoral Dissertation
Jozef Stefan International Postgraduate School
Ljubljana, Slovenia

Supervisor: Prof. Dr. Kristina Gruden, National Institute of Biology, Ljubljana,
Slovenia

Co-Supervisor: Assist. Prof. Dr. Tjasa Lukan, National Institute of Biology, Ljubljana,
Slovenia

Evaluation Board:

Assist. Prof. Dr. Spela Baebler, Chair, National Institute of Biology, Ljubljana, Slovenia
& Jozef Stefan International Postgraduate School, Ljubljana, Slovenia

Assist. Prof. Dr. Anze Zupani¢, Member, National Institute of Biology, Ljubljana,
Slovenia

Prof. Dr. Saskia van Wees, Member, Utrecht University, Utrecht, The Netherlands



MEDNARODNA PODIPLOMSKA SOLA JOZEFA STEFANA
JOZEF STEFAN INTERNATIONAL POSTGRADUATE SCHOOL

Valentina Levak

BENEFITS AND LIMITATIONS OF GENETICALLY
ENCODED BIOSENSORS USE IN PLANTS: USE CASE
OF WOUNDING RESPONSE IN POTATO

Doctoral Dissertation

KORISTI IN OMEJITVE UPORABE GENETSKO
ZAPISANIH BIOSENZORJEV V RASTLINAH: PRIMER
ODZIVA NA RANJENJE PRI KROMPIRJU

Doktorska disertacija

Supervisor: Prof. Dr. Kristina Gruden

Co-Supervisor: Assist. Prof. Dr. Tjasa Lukan

Ljubljana, Slovenia, June 2026






To my family, who patiently watered the roots of my interest in
plants.






vii

Acknowledgments

This research took part at National Institute of Biology, in the labs of Department for
Biotechnology and Systems Biology. I would like to thank my mentor, Prof. Dr. Kristina
Gruden, and co-mentor, Assist. Prof. Dr. Tjasa Lukan, for their patient supervision and
insightful guidance. I would also like to thank Assist. Prof. Dr. Spela Baebler, Prof. Dr.
Saskia Van Wees and Assist. Prof. Dr. AnZe Zupani¢ for reviewing this work and providing
valuable feedback for its improvement. I would also like to thank all my colleagues who
made the difficult days bearable and the good days even more enjoyable. Thank you also
to my family and friends for their inexhaustible support and encouragement.

This work was funded by the Slovenian Research and Innovation Agency, research core
funding No. P4-0165 and No. P4-0463, project J4-1777, and program for young researchers.



viii Acknowledgments



ix

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 _ [uz). 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 omogocajo sprotno spremljanje obrambnih signalov in vivo z visoko prostorsko
in ¢asovno locljivostjo. S preusmeritvijo s staticnih meritev na dinami¢ne analize Casovne
dinamike, intenzitete in lokalizacije signalov biosenzorji razkrivajo pomembne znacilnosti,
ki so klju¢ne za ucinkovit imunski odziv.

To delo podaja pregled uporabe biosenzorjev v raziskavah rastlinske imunosti in pri
kulturnih rastlinah ter vkljucuje izvirne eksperimentalne raziskave. Preucevali smo
signalizacijo, povezano z jasmonsko kislino (JA) in salicilno kislino (SA) v krompirju (S.
tuberosum L.) pri odzivu na napad koloradskega hroséa (L. decemlineata [Say]) in na
mehansko ranjenje. Uporabili smo tri dopolnjujoce se biosenzorje: transkripcijski reporter
od JA-odvisnega izrazanja genov (MC::EYFP), biosenzor prisotnosti JA-Ile, ki temelji na
razgradnji JAZ degrona (AtJas9-Venus-N7), ter bakterijski bioluminiscen¢ni biosenzor za
SA (Acinetobacter ADPWH__ [uz). Biosenzorja JA smo spremljali na intaktnih rastlinah,
saj je locitev lista od rastline onemogocila zaznavo od JA-odvisnih odzivov, kar poudarja
pomen ¢n vivo pristopov. Uporabljeni biosenzorji so skupaj omogoc¢ili vizualizacijo razli¢nih
stopenj signalne kaskade JA ter njihove prostorske povezanosti s kopi¢enjem SA.

Rezultati uporabe navedenih biosenzorjev so razkrili doslej neopisano prostorsko
organizacijo hormonske signalizacije, sprozene z ranjenjem lista. Od JA-odvisno izrazanje
genov je bilo v celicah neposredno ob mestu poskodbe zavrto, kljub prisotnosti JA-Ile v
istem obmocju. Odziv z JA se je razsiril nekaj milimetrov stran od rane v okolisko tkivo,
medtem ko se je SA prednostno kopiéila ob robu rane. Preprecitev kopicenja 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 blizini rane. Ta prostorski
antagonizem med SA in JA je bil opazen tako po mehanski poskodbi kot po napadu
koloradskega hrosca, pri ¢emer je bil zavrti pas SirSi po napadu koloradskega hrosca. V
celicah ob robu rane, kjer je bilo od JA odvisno izrazanje genov trajno zavrto, je kasneje
prislo do nastanka sekundarne celicne stene, kar nakazuje vlogo lokalnega hormonskega
antagonisticnega delovanja pri celjenju ran in tvorbi zas¢itne pregrade pred skodljivci.

Da bi omogocili spremljanje ve¢ analitov hkrati, smo sistemati¢no ovrednotili strategije
za uporabo vec fluorescentnih biosenzorjev v zivem rastlinskem tkivu. Izbrano paleto
fluorescentnih proteinov smo okarakterizirali glede na svetlost in spektralne lastnosti ter
ovrednotili metode za lo¢evanje prekrivajocih se signalov. Locitev fluorescentnih proteinov
po standardnem veckanalnem slikanju je omogocilo zanesljivo razlocitev signalov, pri tem
pa tudi skrajsan Casa zajema, zmanjsano bledenje in zmanjsan nastanek artefaktov zaradi
gibanja. Razviti pristop za segmentacijo pa je omogocil kvantitativno analizo signalov v
razli¢nih celi¢nih razdelkih.

To delo prikazuje, kako genetsko zapisani biosenzorji omogocajo razumevanje
prostorsko-¢asovne 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 omicne analize in prispevajo k poglobljenemu
mehanisticnemu razumevanju rastlinske imunosti, tudi neposredno pri kulturnih rastlinah.
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Chapter 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 (PAMPSs) such as
bacterial flagellin or fungal chitin via cell-surface pattern-recognition receptors (PRRs),
leading to the activation of pattern-triggered immunity (PTT). 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 (ETT), 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 Ca?* 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).

Spatially organized
multicellular immune response
in ETI

a !
VSP1 active domain
(JA)

SA-JA a:lrigunism
PR1 active domain
(SA)

b -3

Figure 1: Spatial antagonism of salicylic acid (SA) and jasmonic acid (JA) in response to
P. syringae infection. SA-depended PRI gene expression and JA-depended VSPI1 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 Ca?* 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, Pepl, 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 (Sozen et al., 2020). Finally, wound responses involve the production and
release of bioactive hormone derivatives (Vega-Munoz 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 JARI, forming the
bioactive JA-Ile conjugate. This conjugate facilitates the interaction between the SCF“!
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 IT 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 SCF“!" 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, JARI, 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-Munoz et al., 2020). In addition to JA,
ET, ABA, and Aux have been shown to participate in wound responses (Vega-Munoz 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 (Marhavy 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 Ca*" signals following mechanical wounding
(Bellandi et al., 2022; Toyota et al., 2018) or during insect feeding (Vincent et al., 2017),
and Pepl 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-Recatala 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, B -glucuronidase, or a fluorescent protein. Luciferase
and f -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-Sikimi¢ et al.,
2021; Jedlickova 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; Ziircher 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 wvivo, (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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2.1 Biosensors: A Sneak Peek into Plant Cell’s Immunity

Valentina Levak, Tjasa Lukan, Kristina Gruden, Anna Coll

Life, 2021, 11(3):209. DOI: 10.3390/1ife11030209

This review examines how biosensors can be applied to study plant immunity by
monitoring defence signals, such as Ca*" 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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Abstract: Biosensors are indispensable tools to understand a plant’s immunity as its spatiotemporal
dimension is key in withstanding complex plant immune signaling. The diversity of genctically
encoded biosensors in plants is expanding, covering new analytes with ever higher sensitivity and
robustness, but their assortment is limited in some respects, such as their use in following biotic
stress response, employing more than one biosensor in the same chassis, and their implementation
into crops. In this review, we focused on the available biosensors that encompass these aspects. We

show that in vivo imaging of calcium and rec

‘Hive oxygen species is satisfactorily covered with the
available genetically encoded biosensors, while on the other hand they are still underrepresented
when it comes to imaging of the main three hormonal players in the immune response: salicylic
acid, ethylene and jasmonic acid. Following more than one analyte in the same chassis, upon one or
more conditions, has so far been possible by using the most advanced genetically encoded biosensors
in plants which allow the monitoring of calcium and the two main hormonal pathways involved
in plant development, auxin and cytokinin. These kinds of biosensor are also the most evolved in
crops. In the last section, we examine the challenges in the use of biosensors and demonstrate some
strategies to overcome them.

Keywords: genetically encoded biosensors; live spatiotemporal imaging; crops; plant immune

response; multiparameter imaging; biotic stress

1. Biosensors: Exploiting Molecular Hubs to Better Understand the Processes

A biosensor is a sensitive device that detects an analyte or event in a living organism
and consequently produces a measurable output [1]. Thus, it consists of two functional
parts: detector and reporter [2]. The detector domain must be specific and sensitive to
enable detection of the biological concentration of analytes or events. 'The biosensor as a
whole should enable detection with high signal to noise ratio (SNR), high spatiotemporal
resolution on the organelle level, enable fast response, and must be functional in different
cellular conditions (low pH, different redox states). Besides, it should not interfere with
cellular processes and should not be toxie to the cells. Although each of available biosensors
has its own limitations and cannot meet all of the abovementioned requirements, they are
vital to obtain an insight into cellular events.

According to their mechanism of action, they can be separated into direct and indirect
biosensors. Typical direct biosensors report protein activity upon ligand binding. Usually,
they consist of two protein domains, one serving as a ligand receptor while the other can
sense structural changes upon ligand binding and report it by measurable output. This is
the mode of action of one of the first known biosensors named Cameleon, which is still
widely used to measure Ca’' concentration (Iigure 1). It is translated as a single peptide
chain, with two flucrescent proteins on each side, which are either blue and green or cyan
and yellow, linked by calmodulin (CaM) and the M13 domain. When the concentration
of Ca?" in the cellular compartment increases, CaZ" binds to CaM, which twists around
the M13 domain and thereupon the two fluorescent proteins are close enough to enable

Life 2021, 11,209, https:/ /doi.org /10.3390/ife11030209
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Férster resonance energy transfer (FRET) and Ca2* binding can be detected through the
change of the fluorescence intensities [3]. Another kind of direct biosensors are degron-
based biosensors, which undergo degradation as a result of analyte binding. They exploit
the characteristics of the cellular signaling of some plant hormones. In the presence of
the hormone in the cell, related transcriptional repressors are degraded and thus the
transcription of the hormone-responsive genes is activated, This approach is used, for
example, in a plant biosensor for auxin detection, known as DII-VENUS (Figure 1). This
is a fusion protein of two domains, of which DII acts as a detector while fast-maturing
fluorescent protein VENUS acts as a reporter. The DIl domain is a part of the Aux/IAA
repressor involved in the binding of auxin and subsequent degradation of the repressor via
the ubiquitin /265 proteasome pathway. When auxin concentration in the cell increases, DII-
VENUS fusion is degraded and the fluorescence intensity decreases [4]. Direct biosensors
can be used for following changes in pH, redox state, ion and metabolite concentrations in
the majority of plant cell compartments.

Indirect biosensors are typically transcriptional reporters. Their detector domain is a
promoter sequence that contains analyte-responding cis-elements and drives transcription
of the reporter gene. The most commonly used reporters are beta-glucuronidase (GUS),
fluorescent proteins (FP’s) and luciferases. The signal produced by such biosensors is
delayed, but amplified in comparison with direct biosensors. In order to gain higher SNR,
specificity and sensitivity, native analyte-responsive promoter sequences are usually rebuilt
by fusing cis-elements to the minimal Cauliflower mosaic virus (CaMV) 35S promoter
sequence [5]. The most known example is the DR5 synthetic promoter, designed on the
basis of GH3 gene promoter for auxin detection, which maintains its activity also in reverse
orientation (DR5rev, Figure 1) [6]. The latter was improved to version DR5v2 with higher
expression and sensitivity and therefore enables detection with better spatial resolution [7].

Recently, another type of indirect biosensor was developed to follow translational
regulation of mRNA transcripts in the presence of ethylene. In this biosensor, the detector
module is the ethylene-responsive 3'-UTR part of mRNA coding for EBF2, while the
coding sequence is translated into reporter protein GFP (Figure 1). The mechanism of this
biosensor is based on the action of C-terminal peptide of EIN2, which is cleaved when the
concentration of ethylene increases, It can then bind to the 3'-UTR part from EBF2 mRNA
fused with the GFP coding sequence, and thus represses its translation. In this way, GFP
fluorescence decreases when the concentration of ET is increased [8-10].

During the last ten years, several informative reviews covering the topic of plant
biosensors have been published, showing the advances in this technology and its impor-
tance for the plant research community. They revise the type of available biosensors and
the recent results obtained [1], the use of biosensors to monitor plant hormones [11-13], the
principles of most widely used biosensors in plants [14] and quantitative measurements
with biosensors [15]. Some reviews are focused on biosensors of a single analyte such as
abscisic acid (ABA) [16], auxin [17], Ca?* [18], ethylene (ET) [10], gibberellins (GA) [19]
and reactive oxygen species (ROS) [20]. The span of the developed biosensors goes hand in
hand with advances of methodology, which exploits various principles and physical prop-
erties of the fluorescent proteins and other reporter proteins. The spectrum of advanced
fluorescence imaging methods available nowadays for the use in plants is reviewed in
Komis et al. [21]. The Fluorescent Biosensor Database [22] merges fluorescent genetically
encoded biosensors regardless of the chassis and welcomes new updates by the community.

Variability of the biosensors available nowadays is broad. However, their use in plants
is still limited to certain aspects. The majority of studies focus on the use of biosensors
in roots to follow development in the model plant Arabidopsis thalizna. Consequently, the
vast majority of biosensors were designed in this regard, providing even more than one
sensor for a single analyte involved in a plant’s growth and development, each of them
exploiting another cellular event. On the other hand, the span of available biosensors for
immune response is narrow. While Ca?* and ROS, involved in the first stages of signal
transmission in general, are satisfactorily covered, the main hormones of immune response,
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salicylic acid (SA), jasmonic acid (JA) and ET, lack specific, sensitive and thus reliable
biosensors to choose between. Leading research in plant development is also seen from
the reports on following more than one analyte simultaneously and the transmission of
the biosensors from model organisms to crops. Here, we report these findings. Finally, we
also discuss difficulties associated with the application of the biosensors in plants with the
aim of supporting the advancement of immune response biosensors and their application
to crops.

2. Genetically Encoded Biosensors for Following Plant Inmune Response

Plants respond to biotic stress by reprogramming a complex signaling network that
results in gene activity and metabolic changes. Translation of pathogen recognition into
effective defense response strongly depends on the action of several plant hormones and
other signaling molecules [23-25]. Early signaling events include changes of intracellular
Ca?" levels and a rapid increase of reactive oxygen species. Among plant hormones, SA, JA
and ET have been identified as main players [24,26]. In addition, recent evidence shows that
the effects of these three hormonal signaling pathways are balanced by ABA, GA, auxins,
cytokinins and brassinosteroids (reviewed by Verma et al. [27]), thus adding another layer
of regulation. Therefore, these are the best candidate analytes to follow general immune
response (Figure 1).
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Figure 1. Diversity of available biosensors for following immune response in plants. During the first stage of the immune
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response, Ca®* influx in the cytosol can be monitored with diverse reporter proteins. They can be Forster resonance energy
transfer (FRET) based, employing two FPs linked by calmodulin-sensing domain, e.g. Cameleons [3], or colourful GECOs
{genetically encoded Ca®* indicators for optical imaging) [28], employing one, circularly permutated fluorescent protein.
Prominent sensors of reactive oxygen species (ROS) are redox-sensitive GFPs in fusion with oxidant receptor peroxidase-1
(roGFP2-Orp1) [29] and glutaredeoxin 1 (Grx1-roGFP2) [30], H,O, and glutathione sensors, respectively, that were used to
distinguish the patterns of these two molecular species in the cytosol, chloroplast and mitochondria upon illumination [31].
The main three hormones of immune response, salicylic acid (SA), jasmonic acid (JA) and ethylene (ET), can be followed
with a direct degron-based sensor Jas$-VENUS in case of JA or with indirect transcriptional reporters based on defense
genes” promoters, such as pathogen-responsive PR1, PR2 and PR5 for SA- and plant defensin 1.2 (PDF1.2) and vegetative
storage protein (VSP) for JA-involving response. They can be additionally followed by transcriptional reporters that exploit
promoters of genes involved in hormone bicsynthesis, e.g. the promoter of 12-oxo-phytodienoic acid reductase 3 (OPR3)
gene, a constituent of JA biosynthesis. However, these transcriptional reporters can only complement other biosensors
as they are not sufficiently specific. SA in the apoplast can be followed through Acinetobacter sp. ADPWH_ux luciferase
(LUC) activity [32]. ET presence can be followed with translational reporter, joining 3’-UTR mRNA of EBF2, repressor of
ET-responsive genes, and coding sequence of FP [8,9]. Other hormones, such as auxin and gibberellins (GA), can also
be followed with degron-based sensors, employing DII domain of Aux/IAA repressor (in case of auxin [4]) and DELLA
repressor (in case of GA [33]). Auxin can also be monitored through more of its actions, not just directly with DII-FP, but
also indirectly with transcriptional reporters of auxin-responsive genes. These can employ synthetic (DR5 [6]) promoter
as a detector. On the other hand, GA can be followed with FRET-based direct biosensor exploiting interaction between
GID1 and DELLA repressor [34]. Interplay of immune response and plant’s growth and development can be followed with
biosensors of cell division, employing cyclins, e.g. CycB [35]. AtMPK4 and some other kinases’ activity can be detected with
kinase localization reporters, employing a domain for kinase docking and a phosphorylation site. When phosphorylated,
fluorescent reporter is exported from the nucleus [36]. Sighaling proteins are presented as orange, enzymes as brown-red
and transcription factors as grey ovals, respectively; metabolites are presented as thombs and genes as squircles. Full
and dotted arrows represent direct and indirect connection; orange and grey arrows represent biosynthetic pathways and
binding; point and block arrows represent activation and inhibition, respectively. ARF2, auxin response factor 2; Aux/IAA,
a member from the protein family of auxin-sensitive transcriptional repressors; CDPK, cyclin dependent phosphokinase;
DELLA, a member of the protein family of GA-sensitive transcriptional repressors; GID1, gibberellin insensitive dwarf 1;
JAZ, jasmonate ZIM-domain; MPK4, mitogen-activated protein kinase 4; PR1, 2 and 5, pathogenesis-related protein 1, 2 and
5, respectively. Figure was adapted on the basis of Figure 1c from Lukan et al. [37] with author’s permission.

Ca?t is the most versatile messenger regulating a wide range of responses, including
biotic stress. After pathogen recognition, one of the earliest signaling events is the CaZ*
influx into the plant cell cytosol. Ca* signatures are also induced in the nucleus, mitochon-
dria or chloroplasts and there is a complex interplay between Ca?* and other messengers
and their signaling pathways [38]. Moreover, it has been shown that Ca?*-mediated sig-
naling is also involved in negative regulation of plant immunity [39]. Thus, there are still
many questions that should be addressed. Ca?* sensors are to date the most advanced
among all biosensors. They have progressed from bioluminescent aequorin, which is
natively anchoring calcium [40], to a wide range of designed fluorescent reporters employ-
ing calcium-binding domain CaM, e.g. FRET-based Cameleons (Figure 1) [3,41], single
fluorophore GCaMPs (composed of circularly permutated enhanced GFL, CaM and M13
peptide) [42] and GECOs (genetically encoded Ca®* indicators for optical imaging) [28]
(Figure 1), and even GFP-aequorin, exploiting bioluminescence resonance energy transfer
(BRET) [43]. Ca?* response is fast and thus demands constitutively and strongly expressed
direct biosensors, enabling subcellular [28], tissue and whole-plant imaging of calcium
release reaching very high temporal resolution measured in seconds [44].

Despite the new insights that have been brought into the role of redox mechanisms in
plant defence response, one of the major challenges still is to understand the spatial and
temporal redox processes occurring during the defence response and to associate the tran-
scriptional activity with the complex dynamics of these signaling molecules [45,46]. Several
related biosensors have been successfully used in plants (reviewed in Choi et al. [47]) to
help unravel the spatiotemporal redox signaling occurring during plant defense response,
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As an example, roGFPs are mutated GFP molecules sensitive to redox levels in the cell [48],
which were later fused to signal sequences to allow targeting to different subcellular or-
ganelles, such as mitochondria [49] and chloroplasts [50]. Fusion partners known to be
targets of redox transitions by glutathione (Figure 1) [30] or H>O» (Figure 1) [29] were also
designed and recently used for time-resolved measurements of both molecular species in
the cytosol, chloroplasts and mitochondria [31]. This allowed for better understanding
of the role of the mitochondria in sensing and signaling the cellular redox challenge in
response to abiotic stress [51], deciphering the role of redox state in intercellular trans-
port [50] or exploring the central role of glutathione in mediating redox signaling [52].
Another genetically encoded redox sensor used in plants is HyPer, based on circularly
permutated YFP coupled with the HyOp-sensitive domain of OxyR, a transcription factor
found in Escherichin coli [53]. A newly developed biosensor in plants, CROST (change in
redox state of thioredoxin) employs a FRET-pair linked with redox-sensitive domain CP12
from A. thaliang, known to be reduced in vivo by thioredoxin [54]. Still, available H>O»
and redox sensors are frequently limited by extreme pH and redox conditions which must
be considered when choosing the appropriate sensor for certain cellular compartments:
apoplast, vacuole, endoplasmic reticulum, chloroplast, and mitochondria [20].

Recent advances in the development of plant biosensors (see review Novak et al. [11])
have helped to better understand dynamics of plant signaling, in particular in develop-
mental processes [55]. Some of these can also be applied to monitor the immune response
as some parts of the signaling network modules overlap. The most successful biosensors
for hormones are transcriptional reporters, based on hormone-responsive promoter motifs
fused to a reporter element. The first generation used the synthetic promoter fused to GUS,
but, more recently, FPs have shown to be more versatile and have become the reporter of
choice [56].

Transcriptional reporters have worked well not just in case of the abovementioned
DR5 for auxin, but also in the case of the cytokinin Two Component System (TCS) [57]
that was developed and used to uncover the roles of cytokinin signaling in A. thaliana root
regeneration. It is named after the two-component phosphorelay cascade, the basis of
the cytokinin signaling. The final target of the phosphorylation-triggered activation are
transcription factors named B-type response regulators which activate the expression of
cytokinin responsive genes. Their DNA binding sites are highly conserved and are thus
exploited by TCS biosensors, joining six direct repeats to a minimal CaMV 355 promoter.
The synthetic sensor TCS and its improved variants TCSnew (TCSn) [58] and TCS version
2 (TCSv2) [59] have been widely used in the model plant A. thalizna. Recently, a new
synthetic transcriptional reporter for ABA was designed as six repeats of ABA-responsive
elements (ABRE) from RD29A or ABIl promoters fused to a minimal promoter, driving
expression of either GUS or GFP targeted to endoplasmic reticulum. It was shown that
both transcriptional reporters respond to osmotic stress [60].

Entanglement of the signaling pathways of the main three immune response hormones,
SA, JA and ET, challenges the search for their specific transcriptional reporters. Promoters
of pathogenesis-related proteins (PRs) are usually employed as transcriptional markers
for SA signaling (Figure 1), while promoters of genes involved in JA biosynthesis (e.g.
12-oxo-phytodienoic acid reductase 3, OFR3), regulators of transcription (jasmonate-ZIM-
domain 10, JAZ10) or target genes, e.g. plant defensin 1.2 (PDF1.2) and vegetative storage
protein (VSP), are analyzed in connection with JA signaling (Figure 1). However, these
promoters exhibit significant crosstalk between SA, JA and ET signaling pathways and are
thus treated as defense-responsive genes. To our knowledge, specific genetically encoded
promoter-based biosensors for SA and JA have not yet been developed in plants. ET
transcriptional reporters are based on a synthetic promoter composed of five repeats of the
EBthylene insensitive 3 (EIN3) binding site attached to the minimal CaMV 35S promoter [61].
So far, this has been used in combination with either luciferase or GUS due to its low
strength [10]. Lately, some new promoters responding to ABA, auxin, cytokinin, SA and JA
were identified in A. thaliana as promising candidates for transcriptional reporters [62].
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Available direct biosensors that track plant hormone concentrations are based on
either FRET or degrons. Recently, a major advance in high-resolution quantification of
spatiotemporal GA distribution was achieved with the development of a sensor directly
measuring GA. This exploits the interaction of GA receptor gibberellin insensitive dwarf
1 (GID1) with members of the DELLA family. Rizza et al. developed and implemented
this FRET-based sensor (Gibberellin Perception Sensor 1, GPS1, Figure 1) in A. thaliana [34].
In fact, the first FRET-biosensors were developed for ABA measurement and were pub-
lished in parallel by two different research groups: ABA concentration and uptake sensor
(ABACUS) [63], and ABAleons [64].

Using a degron design, Larrieu et al. developed a biosensor for JA perception (Jas9-
VENUS, Figure 1) and demonstrated its value for quantitative and dynamic analysis of JA
response in A. thaliana roots [65]. The Jas9-VENUS biosensor uses the Jas motif of Jasmonate-
ZIM-Domain (JAZ) proteins that are targeted to degradation via the ubiquitin/26S protea-
some pathway in the presence of the bioactive form of JA. Another degron-based biosensor
designed to monitor GA is the GFP-tagged DELLA protein repressor of GA1-3 (GFP-RGA,
Figure 1) that was used in the model plant A. thaliana and revealed asymmetric distribu-
tion of GA and GA signaling during root gravitropic growth [33]. StrigoQuant is also a
degron-based but luminescent reporter which includes two luciferases, firefly and Renilla
luciferase (FLUC and RLUC, respectively) that are expressed under the same promoter.
Co-translationally, fusion of FLUC and RLUC is cleaved by 2A self-cleaving peptide which
links both reporters: one is degraded upon presence of strigolactons, the other is used for
normalization of expression [66].

Both direct and indirect biosensors are now frequently designed along with their non-
responsive counterparts, which were constructed in the same way but are not responsive
to the analyte. Thus, they show the background signal from the biosensor itself, and can be
used directly for normalization when fused to another reporter protein. Some examples
are nlsGPS1 and nlsGPS1-NR (gibberellin) [67], Jas9-VENUS and m]Jas9-VENUS [65], DIL
and mDII (e.g. R2D2: DII-3xVENUS and mDII-ntdTomato) [7], TCS and TCSm [57].

Other useful biosensors of immune response are those following the activity of
mitogen-activated protein kinases (MAPKs) through the use of docking domain and
phosphorylation site (FRET biosensors and KTRs, kinase translocation reporters, in which
a reporter changes its intracellular localization when phosphorylated), namely A. thaliana’s
MPK3, MPK4, MPK6, which take part in response to flg22, chitin and NaCl (Figure
1) [36,68]. The SnRK2 (sucrose nonfermenting-1-related kinase 2) activity sensor (SNACS)
is another kinase activity FRET biosensor for ABA-responsive SnRK2 protein kinases
involved in stomata closure, stably transformed in A. thalinng and its mutants [69].

To follow the outcome of defence and growth antagonism in the whole plant, it
is possible to engage cell division reporters based on cyclins, for example, CYCB1;1,
B-type cyclin that is present only in late G2 phase and early M phase of the cell cy-
cle: AtpCYCBI1;1:CYCBL;1-tYFPnls (Figure 1), also available in fusion with GUS [35], or
CYCDeg;1, driving S-phase of DNA replication: CYCD6;1:GFP [70]. Recently, a three-
component biosensor was designed to follow the whole cell cycle in A. thaliana [71]. It
contains a multigene cassette expressing fusions of CDT1a-eCFE, HTR13-mCherry and
N-CYCBI1;1-YFP, each under the control of the native promoter of the first fusion partner.
CDTla is involved in initiation of DNA replication and is expressed during the S and G2
phases, HTR13 is histone H3.1 protein and is expressed during the M and G1 phases, while
N-CYCBI1;1 is expressed during the late G2 and prophase and metaphase of mitosis [71].
Some possible solutions have not yet been applied to plants. Recently, another promising
type of biosensor was established in the animalia kingdom, FlipGFP, for following protease
activity. This is based on tripartite GFF, which fluoresces only when reconstituted with two
missing beta-strands. These become available after the cleavage of their fusion by a specific
protease [72].
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3. Getting a Broader View and Deeper Understanding: More Than One Biosensorin
the Same Chassis

In the field, plants are rarely exposed to a single stress. They often interact with
different organisms, either simultaneously or sequentially, and can be affected by several
abiotic stresses such as drought, heat or salinity. The effects of these adverse conditions
in plant growth and yield can be devastating and are becoming more problematic with
the advent of climate change. Understanding the response of plants to environmental
conditions and how the different signaling pathways interact is crucial to guarantee efficient
crop protection strategies. Several studies have reported that the involvement of different
signaling pathways in response to multiple stresses and three-way interactions cannot be
inferred from the response to a single stress [73,74]. Therefore, it is of high importance to
gain better insights into the plant response to multiple stresses and the use of combined
biosensors could be a promising tool to greatly advance this field.

Employing more than one biosensor simultaneously can provide information for more
than one analyte or for the same analyte in more than one cell compartment. Although
it demands additional efforts in cloning, transforming, imaging and analysis, examples
have recently shown the value of this approach. Waadt et al. [75] investigated the inter-
dependence of calcium and ABA signaling in A. thaliana roots. The authors performed
multiparameter imaging of both analytes combining the red-emitting single-FP genetically
encoded Ca®* indicators for optical imaging (R-GECOL1) [76] and the FRET-based ABA
reporter ABAleon2.1 emitting in cyan/yellow [64]. Taking advantage of the high sensitivity
of GECOs, a dual sensor for monitoring Ca?t signal dynamics in the cytoplasm and the
nuclear compartments was developed by assembling the nuclear-R-GECO1 (NR-GECO1)
and the cytoplasmic green GECO1 (CG-GECQO1) in a single construct [28]. The dual GECO
sensor was shown to be a useful tool to monitor Ca®* signal response to biotic and abiotic
stress of Medicago truncatuly and A. thaliana roots [28]. Another example of dual sensors is
the use of transgenic A. thaliana plants simultaneously expressing DR5::3xVENUS-N7 [77]
and TCS:GFP [57] reporters to study the spatial patterns of auxin and cytokinins, respec-
tively [78].

The analysis of several analytes simultaneously requires the generation of transgenic
plants that express several genetically encoded sensors by co-transformations with single
transcriptional units or transformation with a multigene cassette following the assembly of
single sensors. The generation of transgenic plants is time-consuming and the insertion
of multiple transgenes into the A. thalinna genome could result in epigenetic silencing
effects [79]. In contrast, it has been shown that the inducible co-expression of two interacting
proteins, each tagged with FP, in a single multigene expression cassette reduces variability
in expression of the proteins in a single cell, avoids mosaicism and can increase FRET [80].
By expressing two biosensors from one single mRNA Waadt et al. introduced the concept
of dual-reporting transcriptionally linked genetically encoded fluorescent indicators (2-
in-1-GEFIs). The two fluorescent proteins are separated by 2A self-cleaving peptide. This
sensor was used for the multiparametric analysis of ABA, Ca?r, protons, chloride, the
glutathione redox potential, and H»O» in A. thaliana roots [81].

Many of these approaches are not specific to fluorescent proteins, but can be also
applied to the constructs with luciferases. Recent research provided new luciferases that
emit light of different wavelengths and can thus be used simultaneously (similar to FPs), or
even in fusion with FPs in BRET experiments [82]. Apart from StrigoQuant [66], a pair of
FLUC and RLUC was used as a sensor for miRNA silencing, where FLUC transcript was
miRNA'’s target while RLUC was used for normalization [83]. More recent luciferases that
complement each other with respect to emission wavelength are the red firefly luciferase
(redLUC) and Gaussia Dura luciferase (gLUC) that have already been used in a similar
manner to StrigoQuant [84]. NanoLUC is smaller than other luciferases, does not use
ATP and allows higher temporal resolution [85]. Light produced from another luciferase,
GeNL, performs high transmittance through plant tissue when used with appropriate
substrate [86].
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In order to follow various molecules and more aspects of a response in a spatiotempo-
ral manner, different approaches can be used simultaneously. We can exploit the options
of non-genetically encoded bicsensors such as nanosensors which are applied onto the
surface, such as carbon nanotubes that change their flucrescence when exposed to higher
HyOy concentrations [87]. Tt has also been shown in A. thalizna, wheat and maize that
plants can be fumigated with permeable fluorescent probes that irreversibly react with
ROS [88]. Microbial biosensors, such as Acinefobacter sp. ADPWH_Jux, can use SA as a
sole carbon source and can therefore be exploited for SA detection (Figure 1) [32]. Such an
approach is especially useful to gain appropriate time resolution when we want to avoid
laborious and time-consuming stable transformation or when stably and constitutively
expressed reporters cannot be obtained.

Single or multiple sensors can be used in parallel with reporter microorganisms that al-
low monitoring of the spatiotemporal response over the plant in relation to the signal from
the genetically encoded sensor. Among these we can find GFP-coding viral genome or GFP-
tagged infectious viral particles such as plum pox virus [89], potato virus X [90], cowpea
mosaic virus [91] or potato virus Y [92]. Several FP-tagged parasitic and (endo}symbiotic
bacteria have also been developed, while GUS reporter must be used cautiously because
some microorganisms show strong GUS or GUS-like background activity [93,94]. However,
the use of lacZ-labelled Rhizobium leguminosarum to study infection and nodule develop-
ment in legumes [95] and the efficiency of luminescent Ralstonia solanacearum reporter [96]
as a tool to assist potato breeding programs have been recently published. In the case of
bacteria, an improved variant of self-assembling split super-folder green fluorescent protein
system was optimized to investigate the spatiotemporal dynamics of effectors delivered by
the bacterial type Il secretion system into the plant cells [97]. Moreover, some FP-tagged
fungi are also available, such as Magnaporthe oryzae [98,99), Fusarium graminearum [100] and
Fusarium solani [101]. The availability of reporter-incorporated microorganisms is useful for
studying biofilm formation, to follow plant-host interaction and, in case of fungi, it enables
imaging of hyphae formation, from its passage through the apoplast to its entry into plant
cells. Combined with multiple genetically encoded sensors, this approach would allow us
to follow the plant response at the site of the interaction with spatiotemporal resolution.

4. Responses of the Cultivated: Biosensors in Crops

While A. thaliana serves as the playground where functionality of biosensors devel-
oped for animalia kingdom are usually first used, crops seem left behind, as only the most
used examples reach them after a delay. The reason for this frequently lies in unsuccessful
attempts to produce functionally stable transformants. Stable transformations of some
plant species are demanding due to the larger genome and higher ploidy, higher content of
repetitive regions and topologically associated domains (TADs), local intra-chromosomal
contacts that are species-specific [102]. Added to the challenge of transforming crops is
the fact that most can be unresponsive to tissue culture protocols and they have longer
growing seasons. Some crops lack (fertile) seed production which also makes it harder
to produce crossed lines that contain two or more stacked transgenes. Consequently, the
analyses of responses of crops to various stimuli mostly depend on transcriptomics studies
while the confirmation of results using biosensors is limited to the transient transformation
of Nicotiana spp. or A. thaligna protoplasts, which can provide much faster but less accurate
results. However, this restricts the span of the observable genes to those that have ortho-
logues in further-related species while those with different functions often fail to be more
closely observed in their native species.

Despite the limitations, there are some crops available with biosensory properties
(Table 1). Ideally, the use of stable transformants is the most desirable approach but it is
time consuming and frequently unsuccessful. In some species, mainly in the family of the
legumes (but also many other species, e.g. barley [103]), Agrobacterium rhizogenes-mediated
transformation of roots provides an alternative approach [104]. These can suffice for
following various aspects of root development, interaction with microbiota and nodulation.
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Table 1. Examples of genetically encoded bicsensors applied to crops. Comments are added to those biosensors that were
used in multiparameter imaging.

Analyte Biosensor Crop Transformation Comments Reference
Ca®* NES-YC3.6 Lotus japonicus stable [105]
NLS-YC3.6 L. japonicus stable [105]
Medicago . dual sensor localized in
NRCG-GECO1 o roots - transient nttclets and eytoplasm [28]
NupYC2.1 M. truncatula rOOts - transient [106]
aequorin potato stable [107]
aequorin tomato stable [108]
YC3.6 tomato stable [109]
ROS roGFP1 tomato stable [110]
ROS: GSH chl-roGFP2 potato stable [111]
ROS: H,O, HyPer M. truncatula toots - transient [112]
awdn DILVENUS Brackypod it stable [112]
distachyon
DR5::nlsGEP Hieracium stable [114]
piloselloides
DR5:GFP-NLS L. japonicus 1OOts - transient [115]
DR5:GUS L. japonicus roots - transient inoculated with [116]

DsRed-tagged rhizobitm
co-expressed with

DR5:mCherry-NLS L. japonicus 1OOts - transient TCSmYFP-NLS [35]
DR5:tYFPnls L. japonicus roots - transient [35]
. . _ . co-expression of DII-tYFPnls
R2D2 L. japonicus roots - transient and mDILNLS-DsRed [35]
DII-VENUS-NLS maize stable [117]
DR5revimRFPer maize stable [118]
DPR5:GUS M. truncatula stable [119]
DR5:VENUS-N7 M. truncatula stable [120]
DR5rev:GFP M. truncatula stable [119]
DR5:GUS poplar stable [121]
DRerV1§);VENUS- potato stable [122]
DRSrev:iI);VENUS- tice stable [123]
DII-VENUS rice stable [123]
DR5:GUS Senecio stable [124]
vulgaris

TP _ . co-expressed with
DR5:GFP-NLS soybean roots - transient TCSnetd Tomato-NLS [125]
DR5:tdTomato soybean roots - transient co-expressed with sUbiz:GFP [126]
DPR5:GUS tomato stable [127]
DR5rev :ﬁ;VENUS— tomato stable [128]
DR5revimRFPer tomato stable [129]
cytokinin TCSn:VENUS-H2B barley roots - transient [130]

AT . . y . co-expressed with
TCSn::YFP-NLS L. japonicus 100ts -transient DR5:zmCherry-NLS [35]

, , inoculated with

TCSn::YFP-NLS L. japonicus stable DsRed-tagged thizobitm [131]
TCSn:GUS tice stable [132]

TCSn::td Tomato- . co-expressed with
NLS soybean 1OOts - transient DRE-GIP-NLS [125]
TCSv2:3xVENUS tomato stable [133]
TCSv2:GUS tomato stable [133]
cell division CycB1;1:GUS potato stable [122]

NES- and NLS-YC3.6, yellow cameleon 3.6 with nuclear export and nuclear localization signal, respectively; NRCG-GECO1, nucleus-red,
cytosol-green GECOL; NupYC2.1, nucleoplasmin-tagged yellow cameleon 2.1; tYFPnls, triple repeat YFP with nuclear localization sighal;
R2DD2, biosensor composed of DII-3xVENUS (fusion of DII and triple repeat VENUS yellow fluorescent protein) and mDII-ntd Tomato
(fusion of mDII and nudear tandem dimer Tomato red fluorescent protein); mRFPer, monomeric RFP targeted to endoplasmic reticulum;
N7 and H2B, nuclear localization signals, detived from ankyrin-like protein and histone H2B.

Usually, the sensors that have been applied to crops are the widely used transcriptional
reporters for cytokinin or auxin responses consisting of a synthetic promoter and a reporter.
In contrast, from the wide range of remaining available sensors, to our knowledge, only the
ones that enable monitoring Ca®*, ROS and cell division have been applied to a reduced
number of plant species other than A. thelianz (Table 1),
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Interestingly, multiparameter imaging has already been used in roots of legumes to
follow relations between auxin and cytokinin signaling during root growth and nodula-
tion. Fisher et al. assembled a multigene cassette carrying the GFP under the control of
synthetic promoter DR5 and the tandem-dimer Tomato (tdTomato) under the control of
the TCSn promoter, which enabled them to determine auxin and cytokinin response and
their ratios in root and nodule tissues of soybean [125]. Similarly, Nadzieja et al. monitored
auxin and cytokinin response of Lotus japonica roots, transformed with DR5:mCherry-
NLS and TCSn::YFP-NLS sensors, expressed from the same multigene cassette [35]. To
detect the spatial correlation between inoculation with symbiotic bacteria Meserhizobium
loti and cytokinin or auxin response, DsRed-marked bacteria were applied to roots of
L. japonicus expressing either TCSn::YFP-NLS [131] or DR5::GUS [116] biosensor, respec-
tively. DR5:tdTomato biosensor was co-expressed in soybean with GFP under constitutive
promoter super ubiquitin (sUbi::GFP). Spatial overlap of the signals from FPs enabled
discrimination between the red signal from the sensor and bright red autofluorescence [126]
(Table 1).

5. Challenges of Plant Biosensors’ Development and Use

There are many successful reported uses of biosensors, though their development can
be challenging and obtained results are not always straightforward to interpret. While
the vast majority of biosensor detection has been performed in plant roots, protoplasts
and transiently transformed tobacco pavement cells, imaging of photosynthetic tissue is
far less commonly reported. It is often limited to whole plant imaging which does not
allow high spatial resolution, while leaf tissue close-ups with subcellular resolution are rare.
Besides some general instrumentation constraints, for instance focus drift and unstable laser
power in the first couple of hours, uneven illumination and time-consuming high-quality
image acquisition [134], imaging of FPs in plants is affected by fluorescent compounds
found in cuticle, cell walls, plastids and vacuecles, such as lignin, chlorophyll and other
pigments, etc. [135]. These components generate high background and cause low SNR in
detection of fluorescent reporters, Apart from that, they can mislead our interpretation
of subcellular organization and structures. For example, during their imaging of GFP-
tagged plasmodesmata, Liu et al. reported strong reflection from the cell wall, which
could be mistakenly interpreted as plasmodesmata structure in both of the neighboring
cells [136]. They were able to avoid misinterpretation due to gene gun transformation with
lower density of transformed cells compared to agrobacteria-mediated transformation. As
microscopy is very time consuming it is in some cases not the method of choice, especially
in the first phases of biosensor development, such as optimization of promoter sequences.
Microplate reader fluorimetry/luminometry enables fast screening of many biological
replicates simultaneously and detection of crucial time points for further more detailed
observation [137,138], but lacks spatial resolution.

To follow a plant’s dynamic response through space and time with high resolution,
the problem of SNR should be addressed. Partly, we can achieve optimal SNR with proper
image acquisition and processing, and also region of interest (ROI) selection [134,139], but
this is not always sufficient. There are different strategies to overcome the problem of low
SNR at the level of biosensor construction. One option aims to overpower autofluorescence
with high expression of fluorescent proteins. This is commonly achieved with the help of
minimal CaMV 355 promoter. For transcriptional reporters the promoter can be coupled
with CaMV 355 enhancer region and two or more repeats of inducible parts of a certain
promoter, e.g. PR2 (from parsley) or AtCMPG1 [140,141]. Higher expression can also be
achieved with the use of proper combinations of 5’-UTR and 3’-UTR enhancer regions [142],
compatible with the plant of choice [143] as it is done for protein production in planta.
When a transcriptional reporter is under the control of a weak promoter, an additional
transcriptional regulator between the two can amplify its activity [144]. However, this
effort is frequently opposed by silencing [137].
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The proper choice of localization can also heighten SNR. The signal in plant cytoplasm
is weak, variable among cells, hard to quantify and more prone to silencing. On the other
hand, localization in other compartments can also have some constraints. Reporter pro-
tein localized in vacuole and apoplast should be pH stable, a condition refusing many
widely used fluorescent proteins [145]. For this reason, red variants of redox sensors
roGFP and HyPer were designed, namely Grx1-roCherry [146] and HyPerRed [147], respec-
tively. Additionally, HyPer and HyPerRed have their redox-non-sensitive and pH-sensitive
counterparts and can be used in parallel as a control of pH effect on measurements [147].
However, we have not found any report on their use in plants so far. Nucleus and mitochon-
drial localizations also have drawbacks. For example, small fluorescent proteins can exhibit
leaking when tagged with either nuclear localization signal (NLS) or nuclear exportation
signal (NES), while the mutants expressing fluorescent biosensors in the mitochondrial
matrix were shown to grow more slowly than others [29].

Higher analyte specificity is also helpful when dealing with low SNR. This can be
reached with a chimeric effector/detector module [148]. This often comes with lower
constant of dissociation for the chosen analyte and can therefore interfere with the analyte’s
availability for endogenous targets, which was the case in ABA sensors (reviewed in Isoda
etal. [13]). Potential slow release of the analyte from the binding pocket of direct biosensors
must also be considered to avoid misinterpretations of temporal dimension of the analyte
availability in vivo [67].

Lower SNR in transformants after agrobacteria-mediated transient transformations
can be caused by the expression of reporter proteins in agrobacteria, which can be overcome
by the promoter exchange [149] or the insertion of an intron [150], the last resulting in
higher expression in plant cells through intron-mediated enhancement [151].

Another common problem affecting the use of biosensors is their capacity for ana-
lyte quantification. Cell responses are not binary, but rather pattern- and concentration-
dependent, so the need for biosensors enabling dynamic quantitative imaging arises, espe-
cially when high spatiotemporal resolution and quantitative data are needed for systems
biclogy approaches [152]. Aequorin is a perfect example of absolute intensiometric biosen-
sor for Ca®" imaging as it enables measurement of absolute in vivo concentration [153].
Non-FRET ratiometric biosensors use a duet of reporter proteins, one as a reporter of
analyte and another as a reporter of expression in a certain cell or tissue. The second can be
expressed separately as a normalization transcriptional unit under constitutive promoter.
Expression under strong viral constitutive promoter CaMV 355 can experience silencing
or patterns in dividing cells [7] and is therefore often exchanged with plant constitutive
promoters, such as rice actin and maize ubiquitin promoters. 5till, variable expression
in different species forces the exploration of novel options [154,155]. On the other hand,
it is possible to opt for separation of two or more reporters at the protein stage. One
possibility is co-translational separation by a self-cleaving peptide [84,156]. However, after
the cleavage, the peptide is not excised but remains attached to the C-terminus of the
upstream protein sequence which can affect its folding or function. This can be overcome
by attachment of a peptide linker, which is a target of endogenous peptidases [157,158],
or mini-intein with N-terminal autocleavage ability [159]. Synchronized expression of
two proteins can also be obtained by using a polyprotein vector system that is based on
a pair of self-excising mini-inteins, called dual-intein domain, which allow the release of
both proteins (shown for tripartite sfGFP) [160]. In contrast, the use of internal ribosomal
entry site (IRES) was not successful and is not recommended, as the level of IRES-driven
translation can vary among cells [160].

To alleviate the problems associated with fluorescence imaging in plants, one can alsc
use luciferases as the reporter domain in biosensor. One of the drawbacks of luciferases
is the need for external application of the substrate which might not readily penetrate
into plant tissue. To overcome this issue, autoluminescent N. benthamiana plants were
engineered by the insertion of a fungal bioluminescence gene cluster (all with CaMV 355
promoter) [161]. Thus, the transgenic plants do not need any external substrate addition,
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as they produce fungal luciferin from caffeic acid. Treatment with methyl jasmonate,
ethylene and wounding caused higher luminescence within seconds [161,162]. However,
the use of the plant’s metabolite impacts the final luminescence produced according to
availability. For example, older leaves showed lower luminescence [161,162]. A similar
approach, avoiding exogenous substrate application, was explored in the reporter RUBY
which produces red betalain pigment. The three enzymes that cooperate in its biosynthetic
pathway from tyrosine were expressed under the control of various promoters in A. thaliana
and were co-translationally separated due to the addition of 2A self-cleaving peptide [163].

6. Concluding Remarks

Biosensors have become indispensable tools to gain new insights in molecular biol-
ogy with high spatiotemporal resolution. When being transferred to plants, especially
crops, the community experiences challenges. However, overcoming these challenges
is more and more supported by new achievements in synthetic biology, imaging and
plant transformation fields, and can lead to new discoveries. Biosensors have so far been
used individually, tracking only one analyte per experiment, with rare exceptions. We
believe that the field of biosensors is now ready for multiparameter imaging. Therefore,
this approach should now be used to obtain (quantitative) data with high spatiotemporal
resolution that offer high-quality input for mathematical modeling of the dynamic network
of plant responses to environment. Biosensors are promising tools to uncover the mysteries
of a plant’s orchestrated signaling network that leads to discrimination between specific
immune responses.
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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.
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Abstract

We investigated the spatial dynamics of potato (Solanum
tuberosum) responses to herbivory and mechanical wound-
ing. We first followed the spatiotemporal response of
jasmonic acid (JA) signaling, known to be involved in the
response. We generated two potato sensor lines: a JAZ
degradation sensor and a downstream multicystatin (MC)
transcriptional reporter. Both sensors revealed concentric,
locally restricted responses on wounded leaves. Notably, JA-
dependent gene expression was absent in cells immediately
adjacent to the wound, whereas JAZ degradation spread
continuously outward from the wound site. This pattern
occurred after both herbivore attack and mechanical
injury by the needle. To probe the mechanism, a salicylic
acid (SA) reporter showed SA accumulation near the
wound. Introducing the MC reporter into SA-depleted
NahG plants produced a uniform spread of MC expression,
confirming that 5A attenuates the JA response in proximal
cells. Together, these results show that a locally distinct,
spatiotemporal SA-JA crosstalk shapes wound responses in
potato, extending principles known from pathogen-plant
interactions to herbivory and mechanical damage.

Keywords: Colorado potato beetle ¢ herbivore « hormonal
crosstalk e jasmonic acid e potato e salicylic acid « wounding

Plants rely on two interconnected arms of innate immunity
to perceive and respond to pathogen attack (Jones et al.
2024). Pattern-triggered immunity uses cell-surface pattern-
recognition receptors to detect microbe-associated molecular
patterns, host-derived damage-associated molecular patterns,

Introduction

and herbivore-associated molecular patterns (Hou et al. 2019).
Effector-triggered immunity (ETI) employs disease-resistance
(R) proteins to recognize effector molecules delivered by
pathogens and herbivores (Nguyen et al. 2021). Invasion by
necrotrophic pathogens and herbivore infestation typically
causes wounding and initiates cascades of biochemical and
cellular signals, including calcium fluxes, phytohormone
signaling, and reactive oxygen species production.

Jasmonic acid (JA) is a central phytohormone in wound
responses. Its biosynthesis begins within minutes via 13-
lipoxygenase (13-LOX)-mediated oxidation of plastid farty
acids and does not require de novo transcription or trans-
lation (Chung et al. 2008, Glauser et al. 2008, Chauvin et al.
2013, Kimberlin et al. 2022). Subsequent steps yield 12-oxo-
phytodienoic acid, which is transported to peroxisomes and
converted to JA. JA then enters the cytosol, where JAR1
conjugates it to isoleucine (JA-lle), the most bioactive JA
derivative. JA-lle promotes assembly of the SCF™"" complex
with JAZ transcriptional repressors, triggering proteasomal
degradation of JAZ within minutes and releasing transcriptional
activatorssuch asMYC2/3/4 (Chiniet al. 2007, Fernéndez-Calvo
et al. 2071, Larrieu et al. 2015). These can then drive JA-
dependent gene expression. JA-dependent transcription is
temporally tuned. In Arabidopsis, transcripts encoding JA
biosynthesis regulators (e.g. MYC2, ORA47, MYBTS, JAZs) rise
about 15 min after JA treatment, followed by downregulation of
primary metabolism and salicylic acid (SA)-pathway regulators
(e.g. WRKY transcription factors) about 30 min after, and
upregulation of JA biosynthetic genes and defense proteins
(e.g. LOX, AOC, ACS, JAR1, VSP1/2) by 1 h after JA treatment
(Koo et al. 2009, Hickman et al. 2017).

Plant defense—including responses to wounding—is coor-
dinated not only by JA but also by other signaling pathways
that can be activated independently and intersect at distinct

Plant and Cell Physialogy, 2025, 00(00),1-13. https://doi.org/10.1093/ pcp/peaf120

© The Author(s) 2025. Published by Oxford University Press on behalf of the Japanese Society of Plant Physiologists.

This is an Open Access article distributed under the terms of the Creative Commeons Attribution-NonCommercial License (https://creativecommeons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obrained through our RightsLink
service via the Permissions link on the article page on our site—for further information please contact journals.permissions@oup.com.

1adey aenSay
czof Jaquasaq || uo Jasn euelign Aleiqi] AlIsianlun pue [euonen Ad |1ez9z9/0Z Liead/dad/cgol o Lopalone-aoueape/dadiuos dno alwapese;y sdiy wely ojumoq



34

Levak et al.

stages (Ramsak et al. 2018, Vega-Mufoz et al. 2020, Xu et al.
2024). Such orchestration constrains runaway responses that
could cause extensive tissue damage, including systemic cell
death or hypersensitivity to wounding (Cui et al. 2013, 2019,
Zhang et al. 2019). Although defense is often framed as SA-
dependent against biotrophs versus JA-dependent against
necrotrophs and herbivores, accumulating evidence shows that
processes once considered pathway-specific frequently require
integrated hormonal networks. For example, JA can drive
induced resistance to bacterial infection—previously viewed
as primarily SA dependent (Gaikwad et al. 2023). The exact
mechanisms of how the defense signaling network functions
are, however, currently not well understood. Crosstalk can
manifest in spatial separation of processes, as seen during ET|
in Arabidepsis infected with Pseudomonas syringae DC3000
(AvrRpt2) (Betsuyaku et al. 2018). By contrast, the contribution
of SA to wound responses is still unclear, aside from a single
report noting a transient SA increase after wounding (Ogawa
et al. 2010).

Cultivated potato (Selanum tuberosum L.) is the world’s
most important dicot crop, with annual production of about
370 million tons (FAQ statistical database, fac.org/faostat/en/).
The Colorado potato beetle (CPB), Leptinotarsa decemlineata,
is a major global pest of potato, driving substantial economic
losses; without effective protection, yield losses to CPB and
other insect pests can reach up to 70% (Oerke 2006). As a
chewing herbivore, CPB causes intense defoliation, eliciting
defenses that overlap with mechanically induced responses
largely mediated by JA, though responses to herbivory and
mechanical wounding are not identical (Walling 2000). In
solanaceous plants, canonical markers of wounding and JA
signaling include proteinase inhibitors (Graham et al. 1986,
Farmer and Ryan 1990, Farmer et al. 1992), which can reduce
foliar nutritional value for herbivores (Martinez et al. 2016,
Divekar et al. 2022). CPB, however, has evolved countermea-
sures, such as expressing proteolytic or inhibitor-insensitive
digestive proteinases (Bouchard et al. 2003, Gruden et al. 2003,
2004) and deploying oral secretions containing SA-inducible
microbiota that modulate host signaling (Chung et al. 2013,
2017). CPB can also suppress the emission of defense-inducible
volatiles (Abdala-Roberts et al. 2022), a hallmark of herbivory
responses in other plant—pest systems (Grandi et al. 2024).

Understanding the mechanisms that confer crop resistance
to biotic and abiotic stress is essential for sustainable, environ-
mentally friendly protection. Although Arabidopsis provides
powerful mechanistic insight, its genes or their functions do not
always translate directly to potato or other crops. For example,
Arabidopsis | A-response markers AtVSP2 and AtPDF1.2 show
different expression profiles or do not have an ortholog in
potato, respectively (Wiesel et al. 2015).

Here, we use genetically encoded sensors of the JA pathway
in potato to resolve the spatiotemporal dynamics of responses
to herbivory and wounding. JA-lle accumulation was moni-
tored with the Jas9 degradation sensor (Larrieu et al. 2015),
and JA-dependent gene expression was tracked using a newly
engineered reporter in which the potato multicystatin (MC)
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promoter drives a fluorescent protein expression. Both sensors
revealed a locally confined wound response; however, their
activities diverged in cells closest to the wound. Specifically, JA-
dependent gene expression was suppressed in these proximal
cells despite detectable JA-lle. This pattern was not dependent
on insect saliva, as it also occurred after needle wounding
We next pursued the underlying mechanisms of the detected
phenomena and showed that it is SA-dependent. Together,
these findings indicate that spatially parterned SA-JA crosstalk,
previously characterized during bacterial and fungal infections
(Betsuyaku et al. 2018, Ghareeb et al. 2020, Liu et al. 2023,
Calabria et al. 2025), also governs the spatial dynamics of plant
responses to herbivory and mechanical injury.

Results I

Promoter of potato MC is a reliable transcriptional
reporter of JA-signaling in potato leaves

To build a JA-responsive transcriptional reporter in potato, we
selected the MC gene (Sotub06g027390/PGSC0003DMG40000
5950/S0ltu.DM.06G028940), previously shown to be induced
by CPB feeding and methyl jasmonate (Me] A) (Petek et al. 2014,
Wiesel et al. 2015). Canonical JA regulation was validated using
coiT murants, in which MC was not induced upon CPB larvae
feeding (Petek et al. 2014). MC encodes a cysteine proteinase
inhibitor with multiple cystatin domains; its orthologues are
present in other solanaceous species but absent from Arabidop-
sis (PLAZA database, bioinformatics.psb.ugent.be/plaza; Green
et al. 2014). Within the 1-kb MC promoter, we identified mul-
tiple JA-associated cis-elements, including MYC-recognition
sites, as well as motifs linked to SA (eg. TGATA and WRKY
binding sites), Ca’*, and ethylene signaling (Supplementary
Data S1; Supplementary Fig. S1; Supplementary Table S$1).
We generated two independent pMC:EYFP transgenic lines
in potato cv. Désirée (lines 14 and 18) that displayed normal
growth and robust MeJA inducibility by gPCR and confocal
microscopy (Fig. 1a; Supplementary Fig. S2a; 10.5281/zenodo.
16875336), and used these lines for subsequent experiments.

PMC:EYFP reporter reveals unexpected
spatiotemporal gene expression response after
herbivore feeding

After confirming MeJA inducibility, we exposed pMC:EYFP
reporter lines to herbivore, CPB larvae. We observed that
larvae exhibited two distinguishable behaviors on leaves (Ruan
et al. 2020): the first we termed probing, characterized by
light wounding with lateral mouthparts (maxillary palps and
mandibles) while moving across the surface, and the second
we termed biting, larva being located and biting the leaf
with medial mouthparts (labrum) (Fig. 1b; 10.5281/zenodo.
16875336). In both cases, pMC:EYFP signal formed a locally
confined, concentric zone around wounds. Notably, MC
expression was not continuous from the wound edge ourward;
instead, cells immediately adjacent to the wound showed a
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Figure 1. Transcriptional response of MC gene, downstream target of JAsignaling to larval feeding, is atten uated in the cells close vo the wound.
(@) pMC:EYEP biosensor fluorescence in leaves of stable transformants of potato cv. Désirée (line 14) after 24 h mock {left) or MeJA treatment
(middle}. pMC:EYTP fluorescence was measured in a Z-stack spanning the epidermis and mesophyll. Right: mean fluorescence intensity was
quantified in images of samples from 2-3 leaves of 3 plants per group. Student’s t-test was used to assess the significant difference between mock
and MeJA-treated plants (P < 001).JA-dependent induction of MC gene expression was also shown by using coii-deficient plants {Petek et al.
2014). Scale bar, 30 jum. (b} CPB larva feeding on a potato leaf. The arrows indicate larva's mouth parts used in distinct feeding behaviors, probing
(maxillary palpi and mandibles) and biting (labrum). (c} CPB-fed region on the leaf of pMC:L VTP potato sensor plant 20 h after feeding. Green:
EYFP fluorescence, purple: chlorophyll fluorescence. B: bite wound, P: wounds made during probing. Scale bar, 1 mm. Close-ups of response to
one of each wound are enlarged in (d} after probing, P, and (€} near the bite wound, B. The border of the observable response is shown with
dotted lines. Scale bar, 100 p.m. Raw images for all experiments are available ac Zenodo: https://doi.org/10.5281 /zenodo.16875336.
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no-MC-response zone lacking pMC:EYFP signal. Probing and
biting elicited distinct patterns: the no-MC-response zone was
broader and more variable in width after biting than after
probing (Fig. 1c—e; Supplementary Fig. 52b and ¢; 10.5281
/zenodo.16875336). The same response was observed in an
independent transgenic line (Supplementary Fig. S2b and ¢; 10.
5281/zenodo.16875336).

Mechanical wounding elicits similar
spatiotemporal response as herbivore feeding

To track in vivo dynamics, we imaged nondetached leaves
on soil-grown plants for 24 h after CPB feeding and quan-
tified pMC:EYFP activity (Fig. 2a; Supplementary Movies S1
and S2; 10.5281/zenodo.16875336). This analysis resolved
three wound-proximal regions of interest—ROIl A, B, and
C—contrasted with a distal control (ROl Ctr) (Fig. 2b). ROIs
were defined at the first appearance of pMC:EYFP signal. ROI
A—a band immediately surrounding the wound—lacked a
detectable reporter signal. The width of ROl A was greater
after biting (0.3-0.8 mm) than after probing (0.15-0.5 mm).
ROIB (0.2-1.3 mm wide), encircling ROl A, showed the highest
induction. In ROI C, pMC=EYFP signal increased with a slight
delay compared to ROI B and plateaued before ROI B, indicating
that the response is locally confined once established (Fig. 2b-d;
10.5281/zenodo.16875336). ROI Ctr displayed only background
reporter activity over time. These features were reproducible
across experimental repeats.

Because herbivore oral secretions can repress JA-dependent
outputs by inducing SA signaling (e.g. via saliva- or regurgitant-
associated microbiota; Weech et al. 2008, Chung et al. 2013 ), we
also tested mechanical wounding performed by needle punc-
tures to exclude saliva effects. Mechanical wounding produced
the same pMC:EYFP partern as CPB feeding across all four ROls
(Fig. 2c and d; Supplementary Movie S3; Supplementary Fig. S3;
10.5281/zenodo.16875336). Replicated trials yielded compara-
ble results.

Jas9-Venus-N7 sensor confirms that JA-lle is
produced confluently from the wound edge

Next, we designed experiments to decipher the mechanistic
basis for the lack of response in the region immediately adjacent
to both herbivore and mechanical wounding. We first tested
if spatial response was the same upstream the JA signaling
pathway. We introduced the JA-lle biosensor Jas9-Venus-
N7 (Larrieu et al. 2015) into potato plants. This CaMV 355-
driven sensor tracks proteasomal degradation of JAZ repressors
of MYC transcription factors that regulate targets such as
MC (Supplementary Fig. S1; Supplementary Table $1). Jas9-
Venus-N7 signal was detectable in mesophyll, epidermis, and
stomata. However, the signal was mostly below the limit of
detection in the mesophyll and epidermal cells compared to the
stomata at low magnification, which was selected for imaging
to avoid photodamage. Hence, only stomata nuclei were used
for quantitative analysis (Fig.3a; Supplementary Figs S4-56;
Supplementary Table 52), while the signal in the mesophyll was
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used to qualitatively validate that spatiotemporal pattern of the
JA-lle abundance is comparable between stomata and mes-
ophyll (see Supplementary Figs S4-56, also 10.5281/zenodo.
16875336: nuclei in palisade tissue with Jas9-Venus-N7 flu-
orescence are marked with arrows). We imaged at defined
times after CPB feeding or single-needle puncture across ROls
matching those used for pMC:EYFP (A-C). In both wounding
types, Jas9-Venus-N7 was degraded in a continuous front
extending outward from the wound, indicating confluent
accumulation of JA-lle (Fig.3a; Supplementary Figs S4-56;
10.5281/zenodo.16875336). The radial distance over which
JA-lle increased (sensor’s signal decreased) mirrored the MC-
reporter domain, but—critically—there was no attenuation
near the wound (ROl A). Thus, JA-lle is present in the proximal
zone where MC transcription is not induced. The MC reporter
lagged the Jas9-Venus-N7 response by approximately 6 h. An
in silico | A-pathway model recapitulated a =2 h delay, arising
primarily from fluorescent protein folding/maturation kinetics
and translation rates (Fig.3b and c¢). Together, these data
place the mechanism underlying the proximal no-MC-response
downstream of JAZ derepression.

SA accumulation at the wound edge spatially tunes
JA-dependent gene expression

Given the known antagonism between JA and SA, we asked
whether SA contributes to the proximal suppression of MC
expression despite the presence of JA-lle. Using the bacterial
SA biosensor Acinetobacter sp. ADPWH_jux (Huang et al. 2006,
Defraia et al. 2008), we quantified SA in nontransgenic leaves
microdissected into 0.7-mm (piece A) and 1-mm (pieces B-C
and Ctr) sectors corresponding to pMC:EYFP ROIs A—C and the
distal control (Ctr). Four hours after wounding, SA was highest
in piece A at the wound edge and declined with increasing
distance (Fig. 3d), consistent with attenuation of JA-dependent
rranscription in proximal cells.

To test whether SA accumulation causes the proximal no-
MC-response zone, we inserted the pMC:EYFP reporter into
potato plants expressing NahG, which disables the accumu-
lation of SA (Halim et al. 2007). Although NahG converts
SA to catechol and can elevate H,0;, prior work showed
no shift in chloroplast redox state in NahG potato (Lukan
et al. 2023), indicating that global homeostasis is not strongly
perturbed. We screened transgenic lines for MeJA inducibil-
ity (Supplementary Fig. 57, 10.5281/zenodo.16875336) and
selected four with normal phenotypes and robust pMC:EYFP
expression across cell types for spatiotemporal analysis after
mechanical wounding.

In NahG plants, pMC:EYFP was also induced within ROl
A, and its onset was comparable in timing to ROl B (Fig. 3e;
Supplementary Fig. S8 Supplementary Movies S4 and S5),
unlike the nontransgenic background (Supplementary Fig. $9;
Supplementary Movie S 10.5281/zencdo.16875336). Addi-
tionally, to acutely manipulate signaling, we treated leaves
with the SA analog INA (2,6-dichloroisonicotinic acid) or JA
immediately, 15 min, or 1 h before wounding. INA suppressed
pMCEYFP across all ROls, whereas JA induced and accelerated
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Figure 2. Dynamics of pMCEYIP gene expression after different wounding types is spatially determined. (a) Time series illustrating four
representative time points of pMC:EYFP induction following CPB feeding. Bite wounds (B) and probing arcempts {P) are indicaved. Scale bar,
0.5 mm. Transgenic line 18 was used in the experiment. The chlorophyll channel is shown in purple while the EYFP channel is shown in green. (b)
Schematic of distinct regions of interest (ROIs) A—C and distal background (Cur), within which pMC:LYEP signal was quantified. (¢} pMC:LYEP
response to needle wound beside CPB woundings 20 h after treatment. Overlay of chlorophyll (purple) and EYFP (green) is shown. Scale bar,
1 mm. {d) Kinetics of p#MC:EYEP response to bite, probing, and needle wound in differenc ROls. ROl A (cells closest to the wound) in red, ROI B
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pMC:EYEP signal) in gray. B: bive wound, P: probing wounds, N: needle wounds, $: CPB saliva autofluorescence in EYFP channel. Average response
in the distinctive ROIs with SE is shown. All raw images are available at Zenodo: https:/ /doiorg/10.5281/zenodo.16875336.

GZOZ Jequadad | Uo Jesn BUelqni] AEIgn Alsealun pus [BUoien Ad | L2970z Leadidadicsol o) aopmiue-saueape;dad o dno diwepe ey, sdiy LuO.IJIOuMO(]



38

Chapter 2. Scientific Publications

Leval et al,

70 o~
£ 65 + ‘S
g8 60 |87 i
_ s el §
=) 8
S Q ——Ctr
= @ 45 F -
Es = B
Z £ 40 o
] T~ o3
2% 35 1 -
L 30 & T D
d g | Tt 3
= i il

20

00:00 01:00 02:00 03:00 = 27:00

Time after wounding (h:min}

C 1
£0,8 ( —rlle

lag-Varus-NT

! :
50.6
W Yo YEP mANA
g 0.2 — ZVFP protein
MSIETFP g L EYFP gane) 1 10 100 1000

relative time

Q

z
o 200 Zan
2 £
=
= 150 £ s
2 i
5 3
S 100 E 0
£ g
515
& 50 =
&
z 10
0 00:00 06:00 12:00 18:00 24:00 30:00
A B CCtr Time after wounding (h:min)
= =) Graph legend
s INA g IA e
8 ] ROIA B
538 G 38
g g '
g g ROIB
328 S8
2 =
& a ROIC
g
> >
Giag [Tt
g g ROI Ctr =
= - P 2

o
o

0:00 6:00 12:00 18:00 24:00 30:00 0:00 6:00 12:00 18:00 24:00 30.00
Time after treatment (h:min) Time after treatment (h:min)

Figure 3. Spatial pattern of MC-response is S$A-dependent. (a) Response of JAle sensor to CPB wounding. Left: detection of Jas9-Venus-N7 signal
before treatment (transgenic line 1). Overlay of Venus signal (green) and chlorophyll autofluorescence (purple). White arrow: Jas9-Venus-N7
sensor's signal in the mesophyll cells, yellow arrows: Jas9-Venus-N7 sensor’s signal in the stomata. Scale bar, 100 pm. Results of an experiment
performed in an independent transgenic lineare shown in Supplementary Fig. $6. Right: Dynamics of ) A-llesensor response to woundingaccording
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EYFP channel in green). Scale bar, 1 mm. Right: Dynamics of pMC:EYEP sensor response to wounding in NahG plants according to the distance
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shown. (f) In nontransgenic background {wichout NahG transgene), 1 mM INA repressed pMC:EYEP induction in all ROls upon wounding, while
1 mM JA caused the pMCiEYEP induction in ROl A. Average response in the distincrive ROls with SEis shown. Legend of pMC:EYIP response in
distinct regions is on the right side of the graphs. All raw images are available at Zenodo: https:/ /doi.org/10.5281/zenodo. 16875336,
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Figure 4. Redox-related genes show a positive correlation with MC
gene activity. Hierarchical clustering heatmap of Pearson correlation
coefficients of marker genes at 1 and 4 h after mechanical (nee-
dle} or herbivore bite wounding across different positions (ROIs A-C
that correspond to ROIs A-C of pMCEYFP signal). Comrelations were
adjusted for multiple testing using Benjamini-Hochberg correction
and clustered using Euclidean distance. Asterisks denote significance
(*P < 0,05, **P < 001, **P < 0.00T).

reporter activation in ROI A (Fig 3f; Supplementary Fig. 510;
Supplementary Movies 57-514 10.5281/zenodo.16875336).
Together, these results demonstrate that local SA signaling—
not merely JA availability—governs the proximal attenuation
of JA-dependent transcription around wound sites.

ROS-related genes, TRXH and RbohD1, show
positive correlation with spatial regulation of MC
expression

To probe mechanisms underlying MC's spatiotemporal pattern,
we analyzed expression of MC, EYFP, and immune/signaling
genes across regions A-C (matching pMC:EYFP ROIs) at 1 hand
4 h after CPB biting or needle wounding Targets spanned JA
signaling (13-LOX, JAZ1, CPIB), ethylene (ACO2, ERFI, PTIS), SA
(PR1b, B-glu-2), auxin (ARF2), ABA (RD29), and redox pathways
(TRXH, CALS, RbohD1, CAT1). ERF1, PTIS, and PR1b were largely
below quantification limits in these microdissected sections
and were excuded from further analysis.

Across remaining genes, MC and EYFP expression were pos-
itively correlated, validating pMC:EYFP as a faithful reporter of
native MC activity. Notably, TRXH and RbohD1 expression cor-
related with both EYFPand MC (Fig. 4; Supplementary Table 53),
implicating ROS-associated signaling in the proximal wound
response. By contrast, SA-marker transcripts showed no signifi-
cant correlation with MC at these time points (Supplementary

Table 53).
i

We investigated the spatiotemporal responses of potato
to herbivory and mechanical wounding and developed a
JA-responsive transcriptional reporter based on the MC
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proteinase inhibitor. In Solanaceae—analogous to VSP1/2 in
Brassicaceae—proteinase inhibitors are canonical markers of
JA-dependent gene expression (Ryan 1968, Benedetti et al
1995, Fujimoto et al. 2011). MC inhibits endogenous papain-
like cysteine proteinases (Popovic and Brzin 2007) as well as
cysteine proteinases abundant in herbivore guts (Murdock
et al. 1987, Orr et al. 1994, Gruden et al. 2003, 2004). We also
validated Jas9-Venus-N7 as a sensor of active JA signaling in
potato leaves; as in Arabidopsis, it is highly sensitive to elevated
JA (Larrieu et al. 2015, Forster et al. 2019, Supplementary Figs 54
and 55). The two sensors activated with distinct kinetics: Jas9-
Venus-N7 preceded pMC:EYFP, which lagged by several hours
primarily due to fluorescent protein folding/maturation, as
supported by a simple kinetic model (Fig. 3¢ Supplementary
Data 52). Comparable reporter delays have been cbserved in
Arabidopsis time-series imaging namely p/AZ10:FP (Bellandi
et al. 2022), pPR1=FP, and VSP1:FP (Betsuyaku et al. 2018) and
PR1:FP, VSP2-FP, and pPDF1.2a=FP (Ghareeb et al. 2020) (where
FP stands for fluorescent protein), although this could also
depend on other preceding processes.

Both JA-pathway reporters—Jas9-Venus-N7 and pmC:
EYFP—showed that needle puncture or brief CPB feeding elicits
a response confined to a mm-scale zone arcund the wound,
without spreading across the leaf (Supplementary Figs 1and 2;
Supplementary Figs 52 and 53; Supplementary Movies 51—
53). Similar locally restricted, concentric, and confluent signals
have been observed in Arabidopsis using other genetically
encoded sensors, including ROS bursts after mechanical
damage (Prasad et al 2020), Ca’* waves after mechanical
or insect wounding (Vincent et al. 2017, Toyota et al. 2018,
Bellandi et al. 2022), and Pep1 release (Hander et al. 2019).
Consistent with this spatial scale, JA-biosynthetic enzymes and
increased oxidized glutathione—both JA-dependent—were
enriched within 2.5 mm of distance from a mechanical wound
(Cfeller et al. 2011). Motably, Pep1 release was restricted to
cells immediately adjacent to the injured cell (Hander et al
2019). The extent of spread depends on wound intensity:
mild wounding produces a strictly local response, as in our
assays and the studies above, whereas damage to major veins
can trigger systemic signaling (Salvador-Recatala et al. 2014,
Kiep et al. 2015).

We found that wounding alone drives 5A accumula-
tion in cells immediately adjacent to the injury (Fig 3;
Supplementary Figs S8 and % Supplementary Movies 54 and 55
vs. Supplementary Movie 56). Although spatial antagonism
between JA- and SA-dependent transcription has been doc-
umented in several biotic interactions (Betsuyaku et al. 2018,
Ghareeb et al. 2020, Calabria et al. 2025), it has not, to our
knowledge, been shown following wounding per se. Our data
therefore indicate that ETI is not required to establish sparial
JA-SA crosstalk—at least during the first hours after wounding
and in potato. Prior non-spatial studies are consistent with this
view: Arabidopsis exhibits a transient SA increase after tooth-
pick or carborundum wounding (Ogawa et al. 2010, Ang et al.
2024), and PR1 transcripts accumulate in local and systemic
leaves after puncture in wild type but not in mpri mutants
(Myers et al. 2023).
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Herbivores—including CPB—can suppress JA-dependent
defenses via saliva or regurgitant that activates SA signaling
(McCloud and Baldwin 1997, Weech et al. 2008, Chung et al.
2013, 2017). Because SA antagonizes JA outputs, this shift
increases host susceptibility to herbivory (Consales et al. 2012,
Wang et al. 2017). SA accumulation may also fortify wound
sites against microbial ingress, offering a rationale for the SA-
dependent inhibition of pMC:EYFP we observed even after
sterile needle puncture without larval secretions. Notably,
the inhibited zone was broader after larval biting, consistent
with the additive effects of saliva-based and plant-based SA.
Exogenous JA restored reporter activation in ROl A (Fig. af,
Supplementary Fig. $10), indicating that output depends on
local hormone ratios. Nonetheless, aresidual delay in pMC:EYFP
induction persisted both in NahG plants and after JA treatment
of nontransgenic leaves, implying that factors beyond SA—
while SA is a major contributor—also restrain proximal JA-
dependent transcription.

The crosstalk occurred downstream of JA-lle-mediated JAZ
degradation, as the spatial pattern was absent with the Jas9-
Venus-N7 sensor. SA-dependent suppression of JA signaling
downstream of | A precursors and JA-lle has likewise been doc-
umented in Arabidopsis (Leon-Reyes et al. 2010). Given the
SA-related cis-regulatory motifs predicted in the MC promorter
(Supplementary Fig. S1; Supplementary Table S1), the inter-
action likely occurs at the level of transcriptional regulation.
Alternatively, JA-SA crosstalk may arise through protein-level
interactions, eg. NPR1 with MYC2 or EDS1-PAD4 with MYC2
(Cui et al. 2018, Nomoto et al. 2021).

Our gene expression analysis showed that induced pro-
teinase inhibitor genes did not spatially correlate with 13-LOX
or JAZ1. Instead, 13-LOX and JAZT correlated with the ethylene
biosynthetic gene ACO2, with peak expression in ROI A closest
to the wound (Fig. 4; Supplementary Table $3), suggesting
these upstream JA/ET nodes are largely insulated from SA-
JA antagonism. By contrast, TRXH and RbohD—key redox
regulators—coexpressed with the proteinase inhibitors (Fig. 4;
Supplementary Table $3), implicating ROS-linked signaling in
shaping the proximal transcriptional landscape. The role of
redox signaling in response to wounding was also confirmed
on a proteome level and GSH oxidation status, which was JA-
dependent, in Arabidopsis leaves (Gfeller et al. 2011). Addition-
ally, in hairy roots of tomaro, accumulation of antioxidants,
GSH and AsA, and expression of ROS scavenging enzymes were
found to be CO/1-dependent and si-CO/1 mutants showed more
oxidative stress (Kadam and Barvkar 2024).

Using genetically encoded, high-resolution reporters, we
show that spatial antagonism between JA and SA shapes the
response to mechanical wounding—without confounding
inputs from pathogens or herbivores. To our knowledge,
this proximal SA-mediated attenuation of JA-dependent
transcription after wounding has not been reported, helping
reconcile prior ambiguities in SA-JA crosstalk. Resolving the
dynamics of these interactions is essential for designing durable,
sustainable resistance strategies in the field. This and similar
studies using genetically encoded sensor plants (Betsuyaku
et al. 2018, Ghareeb et al. 2020, Lukan et al. 2020, 2023,

Salguero-Linares et al. 2022, Calabria et al. 2025) advance the
field of defense signaling in plants by intreducing a precise
spatiotemporal dimension.

Materials and Methods I

Plant material

We used three potato genotypes: cv. Rywal, cv. Désirée, and NahG-Désirée
transgenic lines (Baebler et al. 2011). Rywal plantets were obtained from the
Institute of Plant Breeding and Acdimatization—National Research Institute
(Mlochow, Poland), and Désirée from the Leibniz Institute of Plant Biochemistry
(Halle, Germany). Potato plants were grown in stem-node tissue culture as
previously described (Baebler et al. 2009). Two weeks after node segmentation,
planders were transferred to soil and maintained in a growth chamber under
previously reported controlled conditions (Baebler et al. 2014), Experiments
were performed 3-5 weeks after potting. For soil-grown plants, we carefully
avoided mechanical disturbance and any exposure—even viavolatiles—to pre-
viously treated plants to prevent priming or cross-contamination of biosensor
responses,

Insect maintenance

CPB larvae were kindly provided by Primoi Zigon (Agricultural Institute of
Slovenia). Lavae were maintained in dosed glass containers and fed daily
exchanged potato leaves, For feeding assays, third—fourth instar larvae were
used and starved for 24 h prior to experiments.

Cloning

The MC gene (Sowb06g027390/PGSCO003DMGA00005950/S0lnl.DM.06GO28
940) sequence was retrieved from the Solanaceae Genomics Resource (hoep:
[/solanaceae.plantbiology.msuwedu/pgse_downloadshtml) to  design  PCR
primers. Genomic DNA (gDNA) was isolated from potato using the DNeasy
Plant Mini Kit (Qiagen) per the manufacturer’s instructions, An approximately
1000 bp MC promoter fragment was amplified from gDNA by touchdown
nested PCR with VELOCITY DNA Polymerase (Bioline) using primer pairs
MC_F2.1/MC_R1and MC_F2.2/MC_R2 (primer sequences and PCR conditions.
are shown in Supplementary Table $4). Amplicons were gel-purified (Wizard"
5V Gel and PCR Clean-Up System, Promega) and doned into pJET1.2 blunt
cloning vector (Therme Fisher Scientific) according to the manufacturer’s
protocol. Chemically competent £ coli was transformed with the constructs,
plasmids were isolated using GenElute™ Plasmid Miniprep Kit (Sigma) and
sequenced (GATC Biotech, Supplementary Table $4 Sequencing primers).
For reporter construction, the MC promoter in pJET and the EYFP coding
sequence from pHZYWG2 (VIB; Karimi et al. 2005) were each amplified with
Phusion” High-Fidelity DNA Polymerase (NEB) using primer sets A/Gr and
Gf/D, respectively {(Supplementary Table 54), gel-purified as stated above, and
fused using the Gibson Assembly” Cloning Kit (Thermo Fisher Scientific). The
resulting pMC:EYFP cassette was subsequenty subdoned into pENTR/D-TOPO
(Thermo Fisher Scientific) following the manufacturer's protocol,

Analysis of promoter sequences

The MC promoter sequence from potato cv. Désirée was aligned to the ref
erence double-monoploid (DM) genome of Solanum tuberosum ssp. phureja
using AlignX (Lu and Moriyama 2004). Cis-regulatory motifs and transcription
factor binding sites were predicred with PlantCARE (Lescot et al. 2002), TRANS-
FAC (Wingender et al. 1996), and PLACE (Higo etal. 1999),

Stable transformations

Stable transformation of potato ev. Désirée and Désirée—NahG with pMC:EYFP,
and cv. Rywal with Jas9-Venus—N7, was performed via Agrobacterium tumefa-
ciens LBA4404 as described in (Lukan et al. 2023). The pMC:EYFP cassette was
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recombined from pENTR/D-TOPO into the binary destination vector pB7wWaG
(VIB) by LR reaction (Thermo Fsher Scientfic). The pH/m34GW plasmid
carrying Jas9—Venus—N7 (Larrieu et al. 2015) was kindly provided by Antoine
Larrieu (ENS Lyon). gDNA from transgeniclines was isolated from potate plants
as described above. Undiluted gDNA from pMC:EYFP lines was screened by PCR
using primer pair EYFP_C/EYFP_D; Jas9-Venus—N7 insertion was verified with
qJas9-VENUS-F/q)as-VENUS-R (Supplementary Table $4), using the KAPA2G
Robust HotStart PCR Kit (Kapa Biosystems) according to the manufacturer’s
instructions.

Treatments

To validate pMC:EYFP reporter function, soil-grown transgenic plants were
exposed to methyl jasmonate (MeJA; Sigma) in airtight plexiglass chambers for
either 1 h or 24 h. For the 1 h treatment, half of a single leaf per plant was
excised 5 h post-exposure for RT-qPCR. For the 24 h treatment, leaves were
imaged by confocal microscopy immediately after removal from the chamber.
Control plants were sealed inidentical empty chambers for the same durations.
Jas9-Venus—N7 sensor responsiveness was assessed in tissue-cultured plants
following mechanical wounding, and fluorescence was monitored to confirm
reporter degradation dynamics. Based on indudbility and signal quality, two
independent transgenic lines per sensor were selected for subsequent experi-
ments.

Mechanical wounding was made by piercing the leafwith a sterile needle.
Herbivory wounding was performed by the third or fourth instar CPBs' larvae,
During experiment, they were put on the leaf and their behavior was observed
continuously to distinguish two behaviors: probing—light wounding using
lateral mouthparts (maxillary palps and mandibles) while moving across the
surface—and biting—once located, larva fed on tssue using medial mouthparts
(labrum) (Ruanetal. 2020) (Fig, 1b). Thelarvae were removed immediately after
their firstbite. All wound treatments were run in more than three independent
experiments.

JA was prepared at 1 mM in water containing 0.1% DMSO. INA (2,6
dichloroisonicotinic acid) was prepared at 1 mM in water with 1% ethanol
(Baebler et al. 2011}, Solutions were applied with a brush to one half of a leaf
(one side from the midrib). To avoid within-plant signaling confounds, mock
treatments (0.1% DMSO in water or 1% ethanol in water) were performed on
separate plants. Leaves were then mechanically wounded with a sterile needle
eitherimmediately, 15 min, or 1 h after treatment.

Confocal microscopy

Spadotemporal reporter dynamics were imaged on a Leica TCS LSI confocal
macroscope {Leica Microsystems, Wetzlar, Germany) with Plan APO 5x
and 20 objectives. Nondetached leaves on soil-grown plants were used
throughout. For pMC:EYFP imaging, leaves were gently secured between two
glass slides and imaged for about 24 h after wounding. Time-series tilescans
were acquired every 12 min—1 h to minimize photobleaching, For each tilescan,
EYFP and chlorophyll signals from epidermis and palisade tissue were recorded
sequentially. EYFP: 488 nm excitation; 520-550 nm emission. Chlorophyll:
488 nm excitation; 690-750 nm emission. Z-stacks were collected using Z-
galvo (stage movement). For Jas9-Venus-N7 imaging nondetached leaves
were supported with aluminum foil. Z-stacks spanning epidermis and palisade
tissue were collected using Z-wide (objective movement). Venus: 488 nm
excitation; 515-550 nm emission. The confocal pinhole was set to 6 AU (at
580 nm) in all experiments to increase signal intensity. Within each sensor
dataset, images were taken atidentical laser power, detector gain, and tissue
depth. Because absolute fluorescence varied across experiments and transgenic
lines, intensity values should not be compared between separate experiments
(see Supplementary Table S5 for full settings). All raw images are deposited at
Zenodo (105281/zenodo.16875336).

ROIs were defined at the time point when pMCEYFP first became
detectable in ROI B. Widths and radial distances were measured at this
time point. Observed ranges were: ROl A, 0.15-05 mm after probing or
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needle wounding and 0.3-0.8 mm after biting; ROI B, 0.2-13 mm. To enable
cross-experiment comparisons, we then standardized ROl dimensions and
applied them consistently across assays with other sensors—Jas9-Venus—
N7, Aciretobacter ADPWH_fux, pMC:EYFP in the NahG background—and for
microdissection used in gene-expression analyses. Standardized widths were:
ROI A, 05-0.7 mm; ROI B, 0.7-1.0 mm; ROIC, 0.7-1.0 mm.

RT-qPCR

We quantfied transcripts in pMCEYFP plants for: MC, EYFP, 13-10X, JAZT,
PCPI8, ACO2, ERFi, PTIS, PRib, B-ghi-2, ARF2, RD29, TRXH, CALS, RBOHDT,
and CATI. Primers for MC and EYFP were designed in Primer Express 2
(Applied Biosystems) and synthesized by IDT; all primers/probes are listed
in Supplementary Table S4. Samples for RT-qPCR were taken as described in
(Lukan et al. 2020). Samples of ROls A-C (corres ponding to distinctive ROIs A-C
of pMC=EYFP sensor) were processed individually. Total RNA was extracted with
Direct-zol RNA Microprep (Zymo Research) per the manufacturer's protocol,
treated with DNase | (Qiagen; 0.5 pL per sample), and reverse transcribed using
the High-Capacity cDNA Reverse Transcription Kit (Therma Fsher Scientific).
RT—qPCR was run on ViiA 7, QuantStudio™ 7 Flex, and 7900HT Fast systems
(Thermo Fisher Scientfic) in 384-well plates under universal cycling conditions,
5 pL reacdon volume, with technical duplicates, Expression was normalized
to Cox and EFT (Baebler et al. 2011) using quantGenius (httpy//quantgenius,
nib.si, Baebler et al. 2017). Correlation between marker genes was calculated
using Pearson correlation coefficientwith Benjamini—Hochberg correction and
shown as heatmaps with hierarchical custering on Fuclidean distance in R
v.4.3.1 (www.R-projectorg) using package psych v.24.6,

SA measurements

Acinetobacter sp. ADPWH_fux (Huang et al. 2005, 2006) was kindly provided
by John P. Carr (University of Cambridge). Nontransgenic plants of potato cv.
Désirée were used for SA measurements. To assure comparable amount of
tissue, sampling was performed with biopunch of 2 mm diameter. Samples
were halved to get 0.7 mm wide (one third of each piece encompassed the
wound site) or 1T mm wide leaf pieces (for ROIs B and C) that corresponded
to the ROIs in confocal microscopy and control piece (Ctr, same leaf, distal
piece from the same leaf), Each leaf was pierced by needle three times and
samples collected from the same leaf were pooled and snap-frozen in liquid
nitrogen. Five plants were processed identically. Samples were homogenized in
a Tissuelyzer (1 min, 30 Hz). After homogenization, we followed an adapted
protocol by ( Defraia et al. 2008): 100 .l of buffer (10 mM MES + 10 mM MgCl;
diluted in dH;0) was added to each homogenate, centrifuged (14 000 rpm,
10 min), and 60 pl of supernatant was transferred to a white 96-well Corning
plate. Afterwards, 60 pl of Acinetobacter culture resuspended in the buffer
{ODgey 0.4) was added. Continuous luminescence measurement was recorded
immediately after the plate was filled with Acinetobacter resuspension using
Centro XS luminometer (Berthold). The time point of signal quantfication
was determined according to the time of establishment of linear correlation
berween log,, of SA concentration of the standard curve and corresponding
luminescence (20 min after start of the measurement). The standard curve was
generated from homogenized potato ov. Désirée leaves spiked with increasing
concentrations of SA (Supplementary Fig. 511).

Modeling sensors response

Temporal response of Jasg-Venus-N7 and pMC:EYFP sensors was modeled
using CellDesigner (Funahashi et al. 2003, 2008) by reconstiucting the
JA signaling pathway in sifico (Data $2). Deterministic simulations used
mass-action kinetics (rate=[reactants] x k). Relative rate constants (k)
were derived from values in BioNumbers (bionumbershmsharvard.edu/
searchaspx) and FPbase (fpbase.org) and set as follows: binding and
transcription = 1; basal degradaton=0.001; JAZ degradation and JAZ-TF
binding = 0.5; translation=0.1; EYFP folding = 0.6; EYFP maturation = 0.033,
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Initial concentrations (arbitrary units) were 1 for JA precursor, wound
perception, JART, JAZ, AtJas9—Venus—N7, MYC2 transcription factor, and the
PMCEYFP gene, and O for all other species.

Data analyses

For MeJA assays (pMC-EYFP), raw EYFP-channel images were exported for
whole-field analysis; mean pixel intensity was computed perimage. Differences
between moack and MeJA treatments were assessed by a two-tailed Student’s
t-test. For wounding assays with pMC:EYEP wransgenic plants, maximum-
intensity projections of merged tlescans were generated for each time
point, and 10 regions of interest were selected within each region (ROl A—
C and Ctr). Mean EYFP intensity and SE were calculated per region (ROl
A-C, Cu). For wounding assays with Jas9—Venus—N7 transgenic plants,
maximum-intensity Z-projections were used to identify paired stomartal nuclei
within fields comresponding to pMCEYFP ROIs. Mean Venus intensity and
SE were calculated across all nucleus pairs per field; qualitative inspection
of micrographs corroborated the quantitative results, All ROI selections and
intensity measurements were performed in LAS X (Leica). Exact analysis
parameters for each experiment type are listed in Supplementary Table S5.
For Acinetobacter ADPWH_fux measurements, five biological samples (each
pooled from three needle wounds) were averaged and SE reported. Pairwise
comparisons among regions (ROl A—C and Cur) used a two-tiled Student’s
t-rest.
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2.3 Robust Quantification of Multiplexed Fluorescent
Protein-Based Biosensors in Plant Tissues

Valentina Levak, AnZe Zupani¢, Karmen Pogacar, Nastja Marondini, Katja Stare, Tina
Arnsek, Katja Fink, Kristina Gruden, Tjasa 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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38  Summary

37 Genetically encoded biosensors are one of the essential tools in biological research. They
38 enable visualization of molecules of interest from the subcellular level to entire organism
39 level in vivo and can be used to monitor presence of small molecules, gene expression,
40  protein activity, and protein degradation. However, multiplexing fluorescent biosensors in
41  plants is notoriously difficult due to signal bleed-through and strong autofluorescence from
42 chlorophyll. In this study, we investigated the potential of multiplexing biosensors based on
43  the selection of reporter fluorescent proteins. We characterized the emission spectra,
44  fluorescence lifetimes, and relative brightness of diverse fluorescent proteins in plant leaves.
45  We show that selected proteins exhibit comparable brightness, supporting their use in co-
46  expression experiments and reliable quantification of individual signals. To separate three
47  overlapping signals, we applied two different linear unmixing approaches and compared
48 them to results obtained without unmixing. We identified channel separation unmixing
49  approach as the most suitable for biosensors. Additionally, we show how unmixing with the
50 selected approach can be applied to separate autofluorescence and five fluorescent proteins.
51  We further validated this approach in virus-infected cells by following organelle dynamics in
52  vivo. Finally, we demonstrate the feasibility of high-throughput segmentation and
53  quantification with a custom MATLAB workflow for nuclei, chloroplasts, and cytoplasm signal
54  analysis. Overall, our work demonstrates that biosensors can be multiplexed, even when

55  their emission specira overlap.

56 Significance statement

57  Multiplexing genetically encoded biosensors in plants has been limited by overlapping
58 fluorescent signals and strong autofluorescence. This study presents an optimized

59 framework for linear unmixing and provides a MATLAB-based organelle segmentation tool,
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allowing precise quantification of multiple fluorescent reporters in vivo and advancing real-

time visualization of complex cellular processes in plants.

Keywords

Genetically encoded biosensors, fluorescent proteins, linear unmixing, fluorescent protein
multiplexing, autofluorescence, organelle segmentation, potato transgenics, Solanum
tuberosum

Introduction

Since its discovery in 1961, green fluorescent protein (GFP) and its homologs from other
organisms have become indispensable tools in biological research (Shimomura, 2005). Over
the years, the fluorescent protein palette has expanded to include variants spanning from
UV-excitable to IR-emitting (Day & Davidson, 2009; Matlashov et al., 2020; Shu et al., 2009).
These proteins are widely employed in the development of genetically encoded biosensors,
enabling studies with high temporal (millisecond) and spatial resolution across scales—from
subcellular to organism level. Despite the availability of a broad range of biosensors, their
multiplexed use remains relatively uncommon, particularly in plant research. One of the main
challenges arises from the broader excitation and emission spectra of fluorescent proteins
compared to spectra of chemical dyes, which complicates simultaneous detection due to
spectral overlap. Simultaneous detection of multiple fluorescent proteins in plant tissues—
without spectral overlap between the fluorescent proteins or with autofluorescence—is
typically limited to two or three fluorescent proteins, each excited by a different laser.
However, multiplexing of existing spectrally overlapping biosensors would give an insight into
precise spatiotemporal coordination of multiple interacting proteins or processes. Moreover,
this approach is particularly advantageous in experimental settings that necessitate the
simultaneous use of a large number of fluorescent proteins, for which a sufficient set of

variants with non-overlapping spectral properties is not available.

Plant responses to environmental conditions, pathogens, and pests involve a wide range of
molecular players, including Ca?*, reactive oxygen species (ROS), hormones, and protein
kinases (Zhang et al., 2020, 2021). These signalling components interact through sequential
cascades and complex crosstalk to regulate and balance diverse physiological processes
(Lukan & Coll, 2022). To truly understand plant immune response, we need a way to
simultaneously visualize several molecular responses in the same cells at the same time.
Multiplexing of genetically encoded biosensors within the same organism and the evaluation
of their spatial and temporal interdependence is crucial for understanding how plants

integrate multiple signalling pathways (Xiao et al., 2025). The outcome of plant responses to
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94  environmental stressors depends not only on the qualitative presence of specific molecules
95  but also on their abundance (Delplace et al., 2020; Jones et al., 2024), making accurate
96 quantification of these biomolecules using genetically encoded biosensors essential. In our
97 observation, the relative brightness of fluorescent proteins strongly influences the successful
98 multiplexing, as sensors with markedly different brightness exhibit unequal sensitivity range
99  of quantification under the same imaging conditions. Moreover, imaging in plant tissues
100  presents additional difficulties due to strong autofluorescence, primarily from chlorophyll and

101 secondary metabolites (Donaldson, 2020).

102 In this study, we address the challenges of multiplexing genetically encoded biosensors
103  based on fluorescent proteins in plants and suggest optimal protocol for imaging considering
104  the error associated with it. We characterized eight fluorescent proteins—mTagBFP2,
105 mTurquoise2, Venus, mKO2, mCherry, mKate2, mCardinal, and miRFP713—in Nicotiana
106  benthamiana leaves, evaluating their emission spectra, fluorescence lifetimes, and
107  brightness. From this set, Venus, mKO2, and mKate2 were also assessed in Solanum
108  tuberosum in addition to N. benthamiana. To separate overlapping signals, we successfully
109  applied two different linear unmixing approaches. Qur protocols could separate overlapping
110  fluorescent protein signals as well as fluorescent protein signal and autofluorescence. Finally,
111 we demonstrate the feasibility of high-throughput segmentation and quantification with a

112 MATLAB workflow for nuclei, chloroplasts, and cytoplasm signal analysis.

113 Results and Discussion

114  The emission spectra of fluorescent proteins depend more on the

115 imaging system than on the plant matrix

116  Efficient separation of fluorescent proteins depends on differences in their excitation and
117  emission spectra or fluorescence lifetimes (Tau, 1), as well as comparable brightness to
118  ensure accurate spectral unmixing. Therefore, we first checked if the published emission
119  spectra are comparable to the ones acquired with different confocal systems and in different
120  plant matrices. Additionally, we assayed the fluorescent proteins and autofluorescence of
121 chlorophyll for their fluorescence lifetimes to provide experimental evidence that they can be

122 separated based on their lifetimes in planta.

123  We selected a palette of reported highly bright proteins (mTagBFP2, mTurquoise2, Venus,
124  mKO2, mCherry, mKate2, mCardinal, and miRFP713) and measured their emission spectra
125  and fluorescence lifetimes in plant leaves to detect any potential matrix dependent effects. To
126  enable quantitative imaging, each protein was localized in N. benthamiana nuclei using N7
127  nuclear localization signal and expressed under strong constitutive CaMV 35S promoter in a

128  transient setup. Imaging was performed using Leica's TCS LSI, Stellaris 5, and Stellaris 8
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systems. All proteins except miRFP713 were detectable by all three imaging systems under
these conditions; the lack of miRFP713 signal likely reflects insufficient cytoplasmic and
nuclear biliverdin, its required cofactor (Matlashov et al., 2020). Notably, we successfully
detected mCardinal in plant leaves for the first time, while mKO2 and mTagBFP2 detection
had been previously reported in planta (Rigoulot et al., 2021). The use of other fluorescent
proteins is well-documented in plants (Brunoud et al., 2012; Ghareeb et al., 2016; Mylle et
al., 2013).

We first compared the emission spectra of the selected fluorescent proteins obtained by
different confocal systems. Consistent with previous observations (Mylle et al., 2013), we
noted discrepancies relative to the spectra reported in FPbase (Lambert, 2019), particularly

in the red range when using HyD S detectors (Figure 1a, Stellaris 5 and Stellaris 8).

To evaluate the influence of the plant matrix, we compared the emission spectra of Venus,
mKO2, and mKate2 in stable potato transformants, which closely matched those obtained in
transient N. benthamiana expression (Figure 1b). These results suggest that while the
recorded emission spectra highly depend on the used confocal system, they can be used

interchangeably across different plant matrices.

In addition to spectral properties, fluorescence lifetime offers an alternative means of
separation. Chlorophyll autofluorescence generally exhibits shorter lifetimes than fluorescent
proteins, enabling separation via Tau gating. Our measurements showed that all proteins
except mCardinal and mCherry could be fully separated from chlorophyll autofluorescence
using Tau gating, even in cases of overlapping emission spectra, such as with mKate2
(Figure 1c¢). Tau gating imaging can thus aid separation when these proteins are used as

reporters.

o1



52

Chapter 2. Scientific Publications

bioRxiv preprint doi: https:#/doi.org/10.64888/2026.03.13.711581; this version posted June 18, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

152

153
154
155
156
157

available under a CC-BY-NC 4.0 International license.

a) FPbase
i ‘
o 08 3
a I
-4 -4
3 % 3
- h-]
& 04 g
5 |3
2 0.2 g
0
400 450 500 550 600 B0 700 750 800
Emission wavelength {nm)
Stellaris 5
1 [
a @
g o0z =
g 2
g g
g 04 S
&= =
T °
3 Y
2 04 p ]
® B
£ E
c =]
Z 02 =
6 : s
400 aso sco 550 600 €50 700 750 200
Ermission wavelength (nm) Emnission wavelength (nm)

b) .
3 2 8
e 2 2 mKate2
2 0,8 g S 08
4 @ 3
8 8 g
5 0.6 _g g 08
h=3 T o
504 A 8 04
5 = 3
E £ £ -
5 0.2 5 5 N2
E 2 2
0 =3 0
470 495 520 545 570 595 620 435 520 545 570 505 620 550 575 600 625
Emission wavelength (nm) Emission wavelength (nm) Emission wavelength (nm)
C —mTagBFP2
% —mTurquoise2
4 -Venus
5
2 mKO2
o
2 ——mCherry
s
§ —mKate2
= .
——mCardinal
—Chlorophyll

Fluorescence lifetime (ns)

Figure 1: Emission and fluorescence lifetime spectra of a diverse set of fluorescent
proteins across confocal systems and plant species. (a) Emission spectra of transiently
expressed fluorescent proteins in N. benthamiana, measured with optimized settings on
Leica’s TCS LSI, Stellaris 5, and Stellaris 8, show imaging system-dependent variations,
particularly in the red part of emission spectra compared to FPbase reference spectra. (b)
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Comparison of three selected fluorescent proteins emission spectra in N. benthamiana
(green) and potato (Solanum tuberosum, gray) reveals similar spectral profiles. (c)
Fluorescence lifetime of selected fluorescent proteins and chlorophyll, recorded on Stellaris 8
using white light laser excitation, highlighting clear separation of mKate2 signal from other
red spectra emission fluorescent proteins.

All selected fluorescent proteins, except mTurquoise2, show comparable
brightness using standard lasers in confocal system

Fluorescent protein brightness is determined not only by extinction coefficient and quantum
yield, but also by level of expression, maturation efficiency and pH stability (Cranfill et al.,
2016), with additional contributions from laser power and detector sensitivity. Maintaining
comparable brightness among spectrally overlapping proteins is essential for accurate
separation and broad quantification range: the dimmer fluorophore must remain detectable,

while the brighter should avoid oversaturation.

To assess fluorescent proteins’ brightness, we measured cumulative brightness using
standard lasers setting (Stellaris 5) or a white light laser or 405 nm laser (Stellaris 8). We
limited emission detection to 640 nm to minimize chlorophyll interference. All fluorescent
proteins exhibited similar brightness except mTurquoise2 if excited with 405 nm laser, which
showed lower brightness compared to FPbhase predictions (Figure 2a, b). However, excitation
with white light laser (440 nm) resulted in comparable brightness of mTurquoise2 with other
fluorescent proteins, although it was still much lower compared to FPbase predictions (Figure
2c, e). These results suggest that although valuable, FPbase predictions might not

necessarily reflect the achievable brightness in planta.

We selected Venus, mKO2 and mKate2 for additional analysis as their brightness was the
highest in N. benthamiana leaves (Figure 2a; highlighted in yellow in Figure 2). Stable
expression of Venus, mKO2, and mKate2 in potato produced fluorescence signals in leaves,
which were 100-500x weaker than in transient expression in N. benthamiana (see y-axis
values in Figure 2d, f versus Figure 2a, b), possibly due to silencing of the transgene
(Rajeevkumar et al., 2015).
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187  Figure 2. Brightness comparison of fluorescent proteins in N. benthamiana and S.
188  tuberosum leaves. mTagBFP2, mTurquoise2, Venus, mKO2, mChery, mKate2, and
189 mCardinal exhibit approximately comparable brightness across different excitation
190 conditions. All fluorescent proteins were fused to a nuclear localisation signal. (a) Cumulative
191  fluorescence intensity (RFU) of transiently expressed proteins in N. benthamiana, measured
192  using standard laser lines on the Leica Stellaris 5 microscope. (b) The same measurement
193  performed using the 405 nm or a white light laser on Stellaris 8, with excitation wavelengths
194  set just below each protein's emission peak. Fluorescent proteins are indicated below each
195  bar chart, while laser wavelengths and power settings are shown above. Detector gain was
196  kept at the minimum setting for all fluorescent proteins. For each condition, at least two
197 independent images were analysed. Mean fluorescence intensity per nucleus was plotted as
198 bar charts with overlaid points (each dot represents one nucleus). (c, e) Expected
199 fluorescence intensity based on FPbase.org data (excitation x brightness), shown for (c)
200  Stellaris 5 and (e) Stellaris 8, calculated for (a) and (d) standard laser lines, and (b) and (f)
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white light laser excitation. Among the tested fluorescent proteins, Venus, mKO2 and mKate2
were selected for stable transformation in potato (highlighted in yellow across all charts). (d,
f) Brightness of fluorescent proteins measured in S. fuberosum (potato) leaves (d) using
standard laser lines or (f) the white light laser, as described in panels (ab). Brightness is
shown for one transgenic line per fluorescent protein. Analysis of a second transgenic line
gave similar results (results available on Zenodo: 10.5281/zenodo.19691651 ).

Spectrally overlapping fluorescent proteins can be distinguished using
linear unmixing

Next, we evaluated the available linear unmixing approaches for separation of fluorescent
proteins. Linear unmixing is a powerful method for resolving mixed spectral contributions
within individual pixels Zimmermann, 2005). Previous studies have applied this approach to
separate two fluorescent proteins in plant leaves using Olympus and Zeiss systems (Mylle et
al., 2013). These authors reported acquiring lambda scans of a combination of two selected
fluorescent proteins followed by linear unmixing and its qualitative evaluation. Here, we
acquired images by Leica’'s Stellaris 5 and applied two linear unmixing strategies. The first
one was spectral unmixing, which processes xyA(z) (lambda scan) images across the entire
emission range with fixed wavelength steps. This method works by taking emission spectra
(a lambda scan) of every single pixel and then mathematically calculating how much of each
known fluorophore (e.g., 60% GFP, 40% Venus) is in each pixel. However, this process is
time-consuming, as it requires the microscope to scan the entire emission spectrum for every
pixel, typically in 5 or 10 nm steps. The second strategy was channel separation, which
processes images obtained by standard acquisition in channels with defined, typically wider
emission windows (xy(z) images), where the number of the detection channels must be
equal to or greater than the number of fluorophores. This simpler and faster method uses
standard channel images (e.g., a 'green’ channel and an 'orange’ channel) and calculates a
correction matrix based on how much 'green’ signal is known to bleed into the 'orange’
channel (and vice-versa) to remove the crosstalk. To set up optimal image acquisition and
analysis protocol, we co-expressed three fluorescent proteins: EGFP, Venus, and mKO2,
selected for their strong spectral overlap and high brightness. Each protein was targeted to
its own cellular compartment; EGFP was localized in the cytoplasm, Venus in chloroplasts
(pt-Venus) and mKO2 in nuclei (mKO2-N7). We opted for nuclei and chloroplasts localisation
to enable automated segmentation and thus robust quantification. We have previously
developed a script for chloroplast segmentation and quantification (Lukan et al., 2023), which
we have now adapted for nuclei segmentation and quantification, allowing parallel analysis of
up to four different fluorescent proteins (https://github.com/NIB-Sl/Nuclei-segmentation).
Cytoplasmic fluorescent proteins can altematively be quantified using mean or cumulative
fluorescence across the entire field of view or the remaining part that was not segmented,

which is also an available option in the MATLAB script. Apart from co-expression of these
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239  three fluorescent proteins, we transformed plants with each of the proteins separately for
240 generation of experimentally determined reference spectra (for spectral unmixing) or
241  reference channels (for channel separation).

242  We first tested the spectral unmixing approach. As the selected fluorescent proteins have
243  emission peaks close together, the narrowest possible (5 nm) A-steps for the Leica's system,
244  were required in image acquisition. Reference spectra were derived from FPbase or acquired
245  experimentally from single-object regions of interest (ROIs) in plants expressing individual
246  fluorescent proteins (Figure 3). Figure 3a illustrates spectral overlap between fluorescent
247  proteins in selected xyA images: at 510 and 525 nm EGFP (cytoplasm) overlaps with Venus
248  (chloroplasts) and mKO2 (nuclei); and at 560 nm Venus and mKO2 overlap. Using FPbase
249  specira as references (Figure 3b) resulted in incomplete separation, with residual signals in
250  unintended compartments (arrows, Figure 3b). Improved separation was achieved using
251  experimentally acquired reference spectra (Figure 3c). However, we still observed an
252  insignificant crosstalk signal (Figure 3c, arrows). This is likely due to organelle movement
253  during prolonged imaging, especially at higher magnifications, and reduced signal-to-noise

254  ratio due to narrow A-steps imaging (Zimmermann, 2005).
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Figure 3: Accurate reference spectra are critical for effective spectral unmixing. (a)
Selected images of an xyA image show crosstalk between fluorescent proteins localized in
different cellular compartments. From left to right: images taken at emission peak of EGFP
(510 nm), Venus (525 nm) and mKO2 (560 nm). Spectral unmixing results using different
reference spectra: (b) FPhase obtained reference spectra, and (c) experimentally recorded
reference spectra. From left to right: images obtained after spectral unmixing showing EGFP,
Venus and mKO2 channel. Examples of remaining crosstalk from mKO2 in the nucleus and
Venus in the plastids after unmixing are pointed with red and blue arrows, respectively. Scale
bar: 25 ym.

For unmixing of images obtained by standard acquisition channels (channel separation),
reference channels were recorded from plants expressing single fluorescent proteins: (a)
EGFP, (b) Venus, and (c) mKO2 (Figure 4). Experimental images were acquired from plants
co-expressing all three proteins with the same acquisition settings as for reference channels.

In all cases, imaging was performed in three channels with optimized emission windows for
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270  the selected fluorophores. Reference channels were then used to manually construct the
271 crosstalk matrix, which was subsequently applied to the experimental images. This approach,
272 which requires substantially shorter acquisition times and can also include channels excited
273  with different lasers, produced results comparable to spectral unmixing using system-
274  acquired reference spectira (Figure 4di e vs. Figure 3). Quantitative analysis of residual
275  crosstalk error across all unmixing approaches supported the qualitative observations (See
276  Methods for quantification approach; results are presented in Table S1). The most effective
277 separation across all acquired images was achieved using time-demanding spectral
278  unmixing, followed by channel separation, both using experimentally obtained reference
279  spectra. However, even when approximate spectra from FPbase were used, unmixing
280 improved fluorophore separation compared to unprocessed images. For multiplexed
281  fluorescent protein imaging, we therefore recommend channel separation as the preferred
282 method, as its shorter acquisition time reduces motion artifacts and photobleaching while
283 introducing only minimal residual crosstalk. While we used organelle-targeted fluorescent
284  proteins for a robust quantification of unmixing accuracy, linear unmixing can also separate
285  more than three overlapping and colocalized signals with comparable precision. As a proof of
286  principle, we performed channel separation of five fluorescent proteins and chlorophyll
287  (Figure 5). After channel separation, the remaining crosstalk (normalized to the unmixed
288  signal in the main channel) was insignificant (2% for Vlenus signal in chlorophyll channel, 1%
289  and 4% for chlorophyll signal in mCherry channel and mCardinal channel, respectively, 1%
290 for mKO2 signal in the channels of chlorophyll, mCherry and mCardinal, 3% for mCherry
291  signal in mCardinal channel and 2% for mCardinal signal in mCherry channel; Figure 5). All
292  the remaining combinations of detected signal in other channels resulted in less than 1% of
293  the remaining crosstalk. This demonstrates a significant improvement in signal separation
294  compared to the crosstalk observed before separation (Table 4). However, any residual
295 crosstalk should be taken into account when quantifying individual signals. In addition,
296  crosstalk can be evaluated on a case-by-case basis by comparing subcellular localization at
297  high magnification: strong pixel-wise spatial correlation between channels suggests

298  persistent crosstalk, whereas distinct localization pattems indicate effective signal separation.
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Figure 4. Channel separation produces results comparable to spectral unmixing.
(a—c) Reference channels used to generate the unmixing matrix for individual fluorescent
proteins: (a) EGFP, (b) pt-Venus, and (c) mKO2-N7. Input (d) and output (e) of channel
separation for co-expressed EGFP, pt-Venus, and mKO2. Examples of crosstalk from mKO2
in the nucleus, Venus in the plastids and EGFP in the cytoplasm before unmixing are pointed
with red, blue and yellow arrows, respectively. Scale bar: 25 pm.

Table $1: Quantification of successfulness of signal separation

Crosstalk Improvement of error
Qriginal or unmixed set of images error compared to original
estimate image set (%)
Original set 2.29 0
Spectral unmixing using FPbase reference spectra 195 14.9
Channel separation using recorded reference images 1.89 17.5

Spectral unmixing using recorded reference spectra 1.80 21.2
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Figure 5: Channel separation enables separation of multiple overlapping fluorescent
proteins and chlorophyll. (a) Reference channels of single fluorescent proteins with N7
localization signal for nuclei (mTagBFP2, Venus, mKO2, mCherry, and mCardinal), and
chlorophyll channel were used to generate the crosstalk matrix. Images were acquired
covering epidermis and mesophyll. (b) Reference channels after channel separation based
on the crosstalk matrix produced from images in (a). Note a significant improvement after
signhal separation. (c-d) Coexpression of five fluorescent proteins (mTagBFP2, mKO2,
mCherry and mCardinal in nuclei, and Venus in chloroplasts) and chlorophyll, before (c) and
after (d) channel separation with crosstalk matrix calculated from (a). Images were acquired
covering epidermis in a single plane. Full image diameter (instead of scale bar): 581 pm.
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Dye separation in practice: monitoring cell dynamics and distinguishing
fluorescent proteins from autofluorescence

Segmenting nuclei in roots
Finally, we applied linear unmixing under realistic experimental conditions to demonstrate its

potential for uncovering new biological insights. As shown earlier, fluorescent protein signals
were markedly weaker in potato than in N. benthamiana, which limited detection due to a low
signal-to-noise ratio. Plant roots are also highly autofluorescent, and in potato, root
autoflucrescence strongly overlaps with Venus emission, hindering automated nuclear
segmentation (Figure 6). Image acquisition on the Stellaris 5 system followed by either
spectral unmixing with 5 nm A-steps or channel separation (Figure 6) increased the contrast
between Venus-labelled nuclei and autofluorescent cell walls. Both approaches remarkably
improved Venus detectability, enabling reliable automated nuclear segmentation and

subsequent quantitative analysis (Figure S1).
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Figure 6: Spectral unmixing and channel separation enhance signal-to-noise ratio for
fluorescent protein detection in plant roots. (alib) Overlap of Venus-labelled nuclear
emission (shown in green) with potato root autofluorescence (shown in purple). (c) Spectral
unmixing of Venus and autofluorescence. (d) Channel separation of Venus and
autofluorescence. From left to right: unmixed Venus, autofluorescence and overlay of both
unmixed channels. Scale bar: 100 pm.
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343  Figure S1: Spectral unmixing and channel separation enable correct segmentation of
344 nuclei in plant root. Ground truth nuclei are marked in green, automatically segmented
345 nuclei in purple. (@) Many nuclei were falsely segmented on image before unmixing (some
346 instances pointed with arrows). Segmentation after (b) spectral unmixing and (c) channel
347  separation is correct. Scale bar: 100 pm.

348

349  Separation of red fluorescent prolteins from chiorophyill autofluorescence
350 Comparable to nuclear Venus fluorescence from potato root cell walls, nuclear mKate2

351 fluorescence could be clearly separated from chlorophyll autoflucrescence in N.

352  benthamiana leaves (Figure 7). In addition to spectral unmixing and channel separation
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described above, we evaluated a combined approach that exploits fluorescence lifetime
differences together with channel separation, using pulsed white-light laser excitation on the
Stellaris 8 system. Amaong the three methods, channel separation yielded the most effective
fluorophore distinction (Figure 7). Spectral unmixing performance was limited by sample
movement during long acquisition times (arrows in Figure 7 indicate nuclei appearing in the
chlorophyll channel). While the Tau gating lifetime-based approach also achieved satisfactory
signal separation, it resulted in an overall reduction of fluorescence intensity in both
channels, making this combined approach less effective than channel separation alone. Both
spectral unmixing and channel separation also enabled complete separation of mCardinal

and chlorophyll signals, despite their even larger emission overlap (Figure S2).
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364 Figure 7: Chlorophyll autofluorescence can be unmixed from mKate2 based on
365  spectral or lifetime properties. Arrows point to mKate2 crosstalk in the chlorophyll channel
366 before and after unmixing. (a) Before unmixing, (b) spectral unmixing using recorded
367 reference spectra, (c) channel separation of mKate2 and chlorophyll, (d) Tau gating followed
368 by channel separation for unmixing. From left to right: mKate2, chlorophyll and overlay of
369  both channels. Scale bar: 50 pym.
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mCardinal channel hlorophyll channel Overlay

Spectral unmixing & Before unmixing @,
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Figure $2: Chlorophyll autoflucrescence can be unmixed from mCardinal based on
emission spectra. (a) Before unmixing, (b) spectral unmixing using recorded reference
spectra, (c) channel separation of mCardinal and chlorophyll. From left to right: mCardinal,
chlorophyll and overlay of both channels. Scale bar: 50 pm.

Channel separation in live cell imaging
Channel separation can be effectively applied to study organelle dynamics and protein

relocalization. As shown in Figures 3blic and 6b, long acquisitions required for spectral
unmixing are prone to disruption by organelle movement and dynamic changes in protein
localisation. To overcome these limitations, we recommend simultaneous rather than
sequential imaging of overlapping fluorophores, followed by channel separation. This
approach enables faster acquisition and thus even real-time tracking of cellular dynamics.
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385 Using co-expression of strongly overlapping fluorescent proteins, pt-Venus and mKO2-N7
386 located in the plastids and nuclei, respectively, in N. benthamiana cells infected with GFP-
387 tagged PVY (Lukan et al., 2023), where GFP localized to the cytoplasm and nuclei of
388 infected cells, we demonstrated that channel separation supports the visualization of rapid
389 and dynamic intracellular processes (Figure 8, Movie 1, Movie S1). Besides faster
390 acquisition, channel separation offers greater flexibility, as it can incorporate fluorescent
391  proteins excited by different laser lines and does not require exact reference spectra, which
392 are strongly system dependent. However, successful application of this method requires
393 reference images of individually expressed fluorescent proteins with comparable brightness

394  in the experimental samples, in order to ensure sufficient signal and avoid signal saturation.

395
396 Figure 8: Capturing cell dynamics in PVY-infected cells of N. benthamiana. Channel
397 separation enables distinction of cytoplasmic (blue, PVY-GFP) and organellar (yellow,
398 chloroplasts tagged with pt-Vlenus, and red, nuclei tagged with mKQO2-N7) movements in
399 infected cells. Bottom right: tracked movement of selected plastids through time course
400 aligned to the first image (0 s). Scale bar: 25 ym.

401 Conclusion

402 We compared different approaches for separating fluorescent proteins with overlapping
403  excitation and emission spectra in plant leaves. Both spectral unmixing and channel
404  separation effectively distinguished fluorophores, with spectral unmixing achieving the
405  highest accuracy when exact reference spectra were available. However, its application was
406 limited by long acquisition times and motion artifacts, especially at higher magnifications.
407  Channel separation, in contrast, provided comparable separation accuracy with substantially
408 faster acquisition and greater flexibility, allowing the use of multiple laser lines or
409 fluorescence lifetimes. While fluorescence lifetime-based unmixing offered partial

410 improvements, it resulted in lower overall signal intensity.
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Overall, our results demonstrate that channel separation offers the best balance between
accuracy, speed and robustness and provide a practical framework for optimizing multiplexed
fluorescent imaging in plant systems. We showed that five fluorescent proteins and
chlorophyll can be separated with insignificant crosstalk. This practical framework would be
especially valuable when combining multiple fluorescent protein-based transcriptional
reporters in the same plant to follow precise spatiotemporally linked processes, such as
different hormonal signalling pathways. Moreover, fluorescent protein multiplexing can prove
useful when combining new fluorescent proteins with the existent genetically encoded
biosensors which rely on fluorescent proteins with special features (such as fast-maturing
Venus in markers of protein degradation (Larrieu et al., 2015; Mir et al., 2016; Song et al.,
2021)), e.g. to follow proposed consecutive steps in signalling cascades. However, this
approach has limitation for applications requiring high precision, such as colocalization
studies, and cannot be used within the same excitation/emission range of ratiometric
biosensors such as FRET-based biosensors or roGFP and HyPer and biosensors with
normalization channel (Belousov et al., 2006; Hanson et al., 2004; Miyawaki et al., 1997). In
such cases, we recommend using non-overlapping fluorophores, such as a combination of
mTagBFP2, Venus, and mKate2 or mCardinal, or targeting overlapping fluorophores to
different subcellular compartments. To promote reproducibility, we provide MATLAB scripts

for nuclear segmentation and signal quantification.

Finally, although databases such as FPbase provide valuable reference data on fluorescent
protein brightness and emission spectra, these values may not accurately represent
achievable brightness in planta or the detected emission profiles. The latter are influenced
primarily by the specific confocal system and acquisition settings rather than by the plant

tissue itself.

Materials and methods
Plant Material and Growth Conditions

NahG-Désirée potato plants were obtained from the Leibniz Institute of Plant Biochemistry,
Halle, Germany. Désirée, NahG-Désirée and newly transformed potato plants were
maintained in stem node tissue culture as previously described by Baebler et al. (2009). Two
weeks after node segmentation in MS30 agar medium, the plants were transferred to soil
and cultivated in a growth chamber under controlled environmental conditions I 22 °C in the
light and 19 °C in the dark, at a relative humidity of 55%, with 120 umol/m?s radiation for
potato (35% white, 5% deep-red and 10% far-red LED lights; PSI, Brno, Czechia) with 16 h

photoperiod. N. benthamiana were grown from seeds sown to soil and grown as potato
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446  plants but with 80 pmol/m?/s radiation (20% white, 3% deep-red and 3% far-red LED lights;
447  PSI, Bmo, Czechia). Three to five weeks old, soiled potato and N. benthamiana plants were
448  used for the experiments.

449  Cloning and Vector Construction

450  Fluorescent protein coding sequences and localization signals were obtained from various
451  sources. N7 localization signal together with mTurquoise2, Venus, and mKate2 (plasmids
452  pHG128, pHG132, and pHG154, respectively) were kindly provided by Hassan Ghareeb
453  (Ghareeb et al., 2016). mTagBFP2 (plasmid pJL1-mTagBFP2; Addgene #102638; (Stark et
454  al., 2018)), mKO2 (plasmid pTU-A-005; Addgene #124412; (Santos-Moreno & Schaerli,
455  2019)), mCardinal (plasmid mCardinal-pBAD; Addgene #54800; (Chu et al., 2014)) , and
456 miRFP713 (plasmid pmiRFP713-N1; Addgene #136559; (Matlashov et al., 2020)) were
457  obtained from Addgene. The plastid transit peptide was amplified from pt-roGFP plasmid
458  kindly provided by Jacob O. Brunkard (Stonebloom et al., 2012), and the H2B nuclear
459  localization signal from the H2B-RFP plasmid kindly provided by Jim Haseloff and Fernan
460  Federici (University of Cambridge, UK).

461  Fluorescent protein and localization signal coding sequences were assembled through PCR
462  (Table S2) using Phusion® High-Fidelity DNA Polymerase (New England Biolabs, Ipswich,
463  MA, USA) with primers listed in Table S3. PCR products were cloned into the pENTR/D-
464  TOPO vector (Thermo Fisher Scientific, MA, USA) following the manufacturer’s instructions.
465  Constructs were then recombined into binary destination vectors (pB7WG2, pK7WG2, or
466  pH7WG2; VIB Vector Vault, Belgium) via LR reaction (Thermo Fisher Scientific, MA, USA).
467  Chemically competent E. coli were transformed with the constructs with heat shock. After
468 growth on selection, plasmids were isolated from transformed E. coli colonies using the
469  GenElute™ Plasmid Miniprep Kit (Merck, Vienna, Austria). Sequencing was performed by
470  GATC Biotech using commercial M13 forward and reverse primers (Thermo Fisher Scientific,
471 MA, USA). Finally, constructs were introduced into Agrobacterium tumefaciens strains
472  GV3101 and LBA4404 via electroporation for transient or stable transformation of A
473 benthamiana and potato as explained below.

474  Transient transformation

475 For transient transformation, Agrobacterium tumefaciens sirain GV3101 carrying
476  pB7WG2_Venus-N7, pB7WG2_mTurquoise2-N7, pB7WG2_mCherry-N7, pB7WG2_mKate2-
477 N7, pK7WG2_mKO2-N7, pK7WG2_miRFP713-N7, pK7WG2_mCardinal-N7,
478  pK7WG2_mTagBFP2-N7, pH7WG2_ Venus, pH7WG2_pt-Venus, and pH7WG2_H2B-Venus
479 and strain  LBA4404 carrying pB7WG2_Venus-N7, pB7WG2_mTurquoise2-N7,
480 pB7WG2_mCherry-N7, pK7WG2_mKate2-N7, pKTWG2_mKO2-N7, pK7WG2_mCardinal-
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N7, pK7WG2_ mTagBFP2-N7, pH7WG2_ Venus, pH7WG2_pt-Venus, and pH7WG2_H2B-
Venus were grown overnight at 28 °C with shaking at 200 rpm. After 18 h, cultures were
centrifuged, and the pellet was resuspended in infiltration buffer containing 10 mM MES, 10
mM MgCl. and 0.15 mM acetosyringone to an ODsgye 0.3-0.5. For signal comparison, the
ODgqp of Agrobacteria suspensions was adjusted to ensure a maximum difference of 0.05.
The suspension was incubated at room temperature with gentle shaking (about 20 rpm) for
2-4 h prior agroinfiltration. Three- to five-week-old N. benthamiana were used for transient
transformation. For comparison of fluorescent protein brightness only GV3101 strain was
used.

Virus inoculation

On the day of agroinfiltration, four weeks old N. benthamiana were first inoculated with PVY-
N605(123)-GFP (Lukan et al., 2023) as previously described (Milavec et al., 2008). Briefly,
systemic leaves of N. clevelandii plants inoculated with PVY-N605(123)-GFP were
homogenized in PBS, pH 7.6 (4 ml of buffer per 1 g of infected tissue). The homogenized
solution was gently rubbed on the N. benthamiana leaf surface sprinkled with carborundum

and washed after 10 min.
Stable transformation

Stable transformations of potato plants cv. Désirée or NahG-Désirée with fluorescent protein
constructs (pK7WG2_mKate2, pK7WG2_mKO2, and pB7WG2_Venus) were carried out as
described in Lukan et al. (2023). Transgenic lines were screened for construct expression

using confocal microscopy.

Confocal microscopy

Confocal imaging was performed using a Leica TCS LSl system with a PMT detector or
Leica Stellaris 5 and Stellaris 8 systems with three HyD S detectors. All images were
acquired with Plan APO 20%/0.75 NA objectives using LAS X software (Leica Microsystems,
Wetzlar, Germany). Exact imaging settings are available in _lif files, image Properties (.lif files
are available on Zenodo:10.5281/zenodo.19691651). To enable cross-comparison with other
laser scanning confocal systems, we provide the then-current maximum laser powers
measured by our service provider: Leica TCS LSI: 405 nm — 2.6 m\W, 488 nm - 5.8 mW, 532
nm - 7.0 mW, 635 nm - 2.4 m\W. Stellaris 5: 405 nm — 48 mW, 488 nm — 59 mW, 561 nm —
165 mW, 638 nm — 159 mVV. Stellaris 8: 405 nm — 50 mW, 488 nm — 20 mW, WLL 5 m\W. To
enable cross-comparison of fluorescent protein excitability primarily based on laser intensity,

we performed brightness imaging using 20 nm-wide emission windows and the same
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514  detector, whose sensitivity was kept constant across different lasers within the same confocal

515  system.
516  Emission Spectra and Brightness Measurements

517  Emission spectra were measured in xyA scanning mode (A scan) with 5C'nm wide steps and
518 5 nm apart on leaves of transiently transformed N. benthamiana plants and stably
519  transformed potato plants. Excitation was performed using 405, 488 or 532 nm lasers (TCS
520 LSI), 405, 488, or 5610 nm lasers (Stellaris 5) and 405/ inm or a white light laser with
521  wavelength selected just below the emission range (Stellaris 8).

522  Linear unmixing: Spectral unmixing approach

523  For spectral unmixing, xyA images were acquired with steps 5'nm wide and 5 nm apart.
524  Experimental and reference spectra were acquired with identical A-steps to ensure accurate

525  spectral matching. Imaging was performed on Stellaris 5 using 488 nm laser.

526 Linear unmixing: Channel separation approach

527  For channel separation, images were acquired in multi-channel mode, with each fluorophore
528 captured in its own channel. Detectors gain and emission windows were optimized to
529  balance fluorophore brightness and minimize bleed-through (Table 1, Table 2), ensuring
530 effective separation with minimal signal loss. For separation of mKate2 and chlorophyll based

531  on their fluorescence lifetime, Tau gating was applied at 1.5 ns.

532 Table 1: Optimal confocal settings for Channel separation imaging of 4 fluorophores

Fluorophore Excitation laser (nm) Emission window (nm) Detector gain
and laser power

EGFP 488. 5% 497-515 70

Venus 488. 5% 515-547 50

mKO2 561. 2% 572-623 2

Chlorophyll 488. 5% 663-740 50

533

534  Table 2: Optimal confocal settings for Channel separation imaging of 6 fluorophores

Fluorophore Excitation laser (nm) Emission window (nm) Detector gain
and laser power

mTagBFP2 405. 42% 425-470 2
Venus 488. 2% 515-520 2
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Chlorophyll 488. 2% 670-730 2
mKO2 WLL 540. 2% 550-570 2
mCherry WLL 580. 2.5% 505-635 2
mCardinal WLL 640. 2% 645-700 2

WLL, white light laser.
Data analyses
All results of image analyses have been deposited on Zenodo: 10.5281/zenodo.19691651.

Emission and Tau spectra analysis

Average emission and Tau spectra were determined from 15-30 manually selected nuclei
across 2-3 micrographs. Chlorophyll autofluorescence was measured in non-transformed N.
benthamiana by analysing the entire field of view. Average emission and Tau spectra across

all nuclei were exported from LAS X (Figure 1).
Brightness analysis

Fluorescent protein brightness was quantified as cumulative fluorescence from manually
selected nuclei in xyA images, measured from 5 nm above the laser wavelength (Stellaris 5)
or from the beginning of the emission range (Stellaris 8) up to 640 nm to exclude chlorophyll
interference (Figure 2). Brightness was determined on 15-30 manually selected nuclei
across 2—-3 micrographs. Expected relative fluorescence (Figure 2) was calculated from data
available at FPbase.org: achievable brightness = brightness x excitation strength at used

laser wavelength.

Linear unmixing: Spectral unmixing approach

Spectral unmixing was used to separate fluorophores excited by the same laser with
overlapping emission spectra. Spectral unmixing was performed on xyA images using LAS X
Dye Separation module, Spectral Unmixing tool. Reference spectra were obtained from
FPbase.org or acquired on plants expressing single fluorescent protein and used by the LAS
X Spectral Unmixing tool to mathematically assign emission contributions to individual

fluorophores.
Linear unmixing: Channel separation approach

Channel separation was used to separate fluorophores with overlapping emission, with
excitation from the same or different laser lines using LAS X Dye Separation, Channel Dye
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561  Separation tool. Channel separation was performed using the LAS X Dye Separation module
562  with the Automatic Dye Separation tool in manual mode. Reference images of single
563 fluorescent proteins were used to calculate a crosstalk matrix (Table 3), with the following
564  assignments: Dye 1 — EGFP (cytoplasm), Dye 2 — Venus (plastids), Dye 3 — chlorophyll, and
565 Dye 4 — mKO2 (nuclei). Channels were defined as Ch1 — primarily EGFP, Ch2 — primarily
566 Venus, Ch3 — primarily chlorophyll, and Ch4 - primarily mKO2. Crosstalk matrix was
567 determined on images acquired on plants expressing single fluorescent protein, normalized
568 to its main channel. More specifically, the brightest object with least chlorophyll bleed-through
569 for each fluorescent protein was manually selected, and its pixel intensities across individual
570 channels were used to build the matrix. Average pixel intensities across individual channels
571  were normalized to the brightest channel of the corresponding fluorescent protein. The matrix
572  was corrected for chlorophyll contributions, which were present in Ch3 for all dyes, by
573  assigning a value of 0 for Dye 1, 2, and 4. This corrected matrix was then applied to unmix

574 images acquired in multichannel mode.

575 Table 3: Matrix used for unmixing of 4 fluorophores

Ch1 Ch2 Ch3 Ch4
Dye 1 1.00 0.16 0.00 0.00
Dye2 0.41 1.00 0.00 0.00
Dye 3 0.00 0.00 1.00 0.00
Dye 4 0.34 0.17 0.00 1.00

576  For separation of six fluorophores, new reference and experimental images containing
577  individual fluorophores were acquired and crosstalk matrix (Table 4) was calculated based on
578  the signal in the nuclei (fluorescent proteins with N7 nuclear localization marker) or within a
579 large portion of image (chlorophyll). Dye 1 — mTagBFP2, Dye 2 — Venus, Dye 3 — chlorophyll,
580 Dye 4 — mKO2, Dye 5 — mCherry, Dye 6 — mCardinal; Ch1 — primarily mTagBFP2, Ch2 —
581 primarily Venus, Ch3 — primarily chlorophyll, Ch4 — primarily mKO2, Ch5 — primarily mCherry,
582  Ch6 — primarily mCardinal. The matrix was not corrected for chlorophyll contributions. This
583  crosstalk matrix was applied to unmix images of separate (Figure 5b) and mixed (Figure 5d)

584  fluorophores.

585 Table 4: Matrix used for unmixing of 6 fluorophores

Ch1 Ch2 Ch3 Chd Ch5 Ché
Dye 1 1.00 0.02 0.03 0.00 0.00 0.00
Dye 2 0.00 1.00 013 0.08 0.01 0.02
Dye 3 0.00 0.00 1.00 0.00 0.00 0.35
Dye 4 0.00 0.06 0.18 1.00 0.45 0.15
Dye § 0.00 0.00 017 0.01 1.00 0.56

Dye 6 0.00 0.00 041 0.00 0.23 1.00
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Segmentation folfowed by estimation of error after linear unmixing

Residual crosstalk after channel separation or spectral unmixing was quantified using
histogram areas of segmented objects, with each fluorescent protein localized to a distinct
cellular compariment. The segmentation and histograms were acquired using MATLAB script
(https://github.com/NIB-SI/Nuclei-segmentation). The parameters used in the script to
achieve appropriate segmentation are listed on GitHub, Case 1 (https:/github.com/NIB-

S|/Nuclei-segmentation).

Crosstalk error was quantified as eror = squ(((pﬂ-pm,,)/c1)2+ (pz-p.wz)fog)z), where p is an
average value of histogram area for unmixed signal of the segmented FP in a channel with
the residual crosstalk and o is standard deviation of histogram area for unmixed signal of the
segmented FP in the same channel. E.g. crosstalk error of mKO2 was calculated using the
average value of histogram area in segmented nuclei in Venus (y,), and EGFP (p,), channel,
and standard deviation in the segmented nuclei in corresponding channels. pieqr equals 0 as
theoretical remaining crosstalk after unmixing equals 0. Fifteen images were used for
quantification of crosstalk error. Error was estimated for each cellular compartment
(containing one fluorescent protein) separately and an average error calculated for all three

fluorescent proteins is presented in Table S1.
Nuclei segmentation in images with root autofluorescence

Automated segmentation of nuclei in root was performed using the provided MATLAB script
using the parameters listed on GitHub, Case 2 (hitps://github.com/NIB-SI/Nuclei-

segmentation).
Plastid tracking

For visualization and to distinguish plastid movements from sample drift, we used a MATLAB
tracking tool (Track2, custom script). Time-lapse confocal stacks were split into individual
frames in FIJI (Imaged) and imported into Track2. A stable nucleus was tracked first to
estimate in-plane stage drift (x—y), which was subtracted from all frames for drift correction.
We then tracked multiple plastids. Track coordinates were exported to Excel for plotting, and

tracks were overlaid on the first confocal frame for visualization.
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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 coil-
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 (Popovi¢ & 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.



80 Chapter 3. Discussion

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_ [uz (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
Ca”" responses in different sampled tissues upon treatments with DAMPs and PAMPs
(Moroz & Tanaka, 2020), chl-toGFP2 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__luz 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__ [uz 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 OPRS3 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 PRI and JA-dependent VSPI
(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. ozysporum 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 npri (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-Recatala, 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 Ca*" 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
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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Supplementary Material of Included
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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-ST/Nuclei-segmentation  (Accessed
December 23, 2025).
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stress response, employing mare than one biosensor in the same chassis, and their implementation

into crops. In this review, we focused on the available bios

snsars that encompass these aspects, We
show that in vivo imaging of calcium and reactive oxygen species is satisfactorily covered with the
available genetically encoded biosensors, while on the other hand they are still underrepresented
when it comes to imaging of the main three harmonal players in the immune response: salicylic

acid, ethylene and jasmonic acid. Following more than one analyte in the

me chassis, upon one or
more conditions, has so far been possible by using the most advanced genetically encoded biosensors
in plants which allow the monitoring of calcium and the two main hormonal pathways involved
in plant development, auxin and cytokinin. These kinds of biosensor are also the most evelved in
crops. In the last section, we examine the challenges in the use of biosensors and demonstrate some
strategies to overcome them.

Keywords: genetically encoded bicsensors; live spatioter

poral imaging; crops; plant immune

response; multiparameter imaging,; biotic stress

1. Biosensors: Exploiting Molecular Hubs to Better Understand the Processes

A biosensor is a sensitive device that detects an analyte or event in a living organism
and consequently produces a measurable output [1]. Thus, it consists of two functional
parts: detector and reporter [2]. The detector domain must be specific and sensitive to
enable detection of the biological concentration of analytes or events. The biosensor as a
whaole should enable detection with high signal to noise ratio (SNR), high spatiotemporal
resolution on the organelle level, enable fast response, and must be functional in different
cellular conditions (low pH, different redox states). Besides, it should not interfere with
cellular processes and should not be toxic to the cells. Although each of available biosensors
has its own limitations and cannot meet all of the abovementioned requirements, they are
vital to obtain an insight into cellular events.

According to their mechanism of action, they can be separated into direct and indirect
biosensors. Typical direct biosensors report protein activity upon ligand binding. Usually,
they consist of two protein domains, one serving as a ligand receptor while the other can
sense structural changes upon ligand binding and report it by measurable cutput. This is
the mode of action of one of the first known biosensors named Cameleon, which is still
widely used to measure Ca®' concentration (Iigure 1). Itis translated as a single peptide
chain, with two flucrescent proteins on each side, which are either blue and green or cyan
and yellow, linked by calmodulin (CaM} and the M13 domain. When the concentration
of Ca?* in the cellular compartment increases, (Ca?* binds to CaM, which twists around
the M13 domain and thereupon the two fluorescent proteins are close enough to enable

Life 2021, 11,209, https:/ /doi.org /10.3390/life] 1030209
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Abstract .

We investigated the spatial dynamics of potato (Solanum
tuberosum) responses to herbivory and mechanical wound-
ing. We first foll d the spati poral resp of
i ic acid (JA) signali

known to be involved in the
response. We generated two potato sensor lines: a JAZ
degradation sensor and a downstream multicystatin (MC)
transcriptional reporter. Both sensors revealed concentric,
locally restricted responses on wounded leaves. Notably, JA-
dependent gene expression was absent in cells immediately
adjacent to the wound, whereas JAZ degradation spread
continuously outward from the wound site. This pattern
occurred after both herbivore attack and mechanical
injury by the needle. To probe the mechanism, a salicylic
acid (SA) reporter showed SA accumulation near the
wound. Introducing the MC reporter into SA-depleted
NahG plants produced a uniform spread of MC expression,
confirming that SA attenuates the JA response in proximal
cells. Together, these results show that a locally distinct,
spatiotemporal SA-)A crosstalk shapes wound responses in
potato, extending principles known from pathogen—plant
interactions to herbivory and mechanical damage.

Keywords: Colorado potato beetle  herbivore e hormonal
crosstalk e jasmonic acid e potato e salicylic acid ¢ wounding

Introduction .

Plants rely on two interconnected arms of innate immunity
to perceive and respond to pathogen attack (Jones et al.
2024). Partern-triggered immunity uses cell-surface pattern-
recognition receptors to detect microbe-associated molecular
patterns, host-derived damage-associated molecular patterns,

and herbivore-associated molecular patterns (Hou et al. 2019).
Effector-triggered immunity (ETI) employs disease-resistance
(R) proteins to recognize effector molecules delivered by
pathogens and herbivores (Nguyen et al. 2021). Invasion by
necrotrophic pathogens and herbivore infestation typically
causes wounding and initiates cascades of biochemical and
cellular signals, including calcium fluxes, phytchormone
signaling, and reactive oxygen species production.

Jasmonic acid (JA) is a central phytohormone in wound
responses. Its biosynthesis begins within minutes via 13-
lipoxygenase (13-LOX)-mediated oxidation of plastid fatty
acids and does not require de novo transcription or trans-
lation (Chung et al. 2008, Glauser et al. 2008, Chauvin et al.
2013, Kimberlin et al. 2022). Subsequent steps yield 12-oxo-
phytodienoic acid, which is transported to peroxisomes and
converted to JA. JA then enters the cytosol, where JAR1
conjugates it to isoleucine (JA-Ile), the most bioactive JA
derivative. JA-lle promotes assembly of the SCF™"' complex
with JAZ transcriptional repressors, triggering proteasomal
degradation of JAZ within minutes and releasing transcriptional
activatorssuch asMYC2/3/4 (Chiniet al. 2007, Fernandez-Calvo
et al. 2011, Larrieu et al. 2015). These can then drive JA-
dependent gene expression. JA-dependent transcription is
temporally tuned. In Arabidopsis, transcripts encoding JA
biesynthesis regulators (e.g. MYC2, ORA47, MYB7S, JAZs) rise
about 15 min after JA treatment, followed by downregulation of
primary metabolism and salicylic acid (SA)-pathway regulators
(eg. WRKY transcription factors) about 30 min after, and
upregulation of JA biosynthetic genes and defense proteins
(e.g. LOX, AOC, AOS, JART, VSP1/2) by 1 h after JA treatment
(Koo er al. 2009, Hickman et al. 2017).

Plant defense—including responses to wounding—is coor-
dinated not only by JA but also by other signaling pathways
that can be activated independently and intersect at distinct

Plant and Celf Physiology, 2025, 00(00),1-13. httpsi//doi.org/10.1093/pcp/ peaf120
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